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The effect of forming process on the corrosion characteristics of DX51D
galvanized steel sheets

Sekillendirme isleminin DX51D galvanizli ¢elik sacin korozyon davranisina
etKisi
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Abstract

This study examines the effect of forming (bending and folding)
procedures on the corrosion behavior of galvanized sheet steel in
poultry manure. It also aims to compare the corrosion behavior in
poultry manure with salty and atmospheric environments. To achieve
this objective, samples were prepared by laser cutting DX51D
galvanized sheets. These samples were then subjected to various
bending processes, including V, L, U, and Z-bendings, as well as multiple
bending, folding, and folding+bending techniques. The samples
underwent salt spray testing to determine the percentages of white and
red rust on their surfaces. The samples, including laser cut, V-bendings,
multiple bending, and folding, were exposed to the atmosphere and
poultry manure settings for 28 days. The corrosion rates in these
environments were calculated by measuring the mass losses every seven
days. In the salt spray test, 60° bent samples exhibited the most
corrosion resistance compared to the other forms, showing minimum
percentages of white (56%) and red (4%) rust. The frame-cut sample
showed a maximum corrosion rate of 0.00152 mm/year in the
atmosphere. Bending and folding processes had no detrimental effect on
the galvanized coating, such as peeling or flaking the coating. However,
corrosion affected the bent and folded regions negatively by decreasing
the coating thickness.

Keywords: Galvanized steel, Bending, Salt spray test, Corrosion rate.

(0)4

Bu ¢alisma gsekillendirmenin (egme ve katlamanin) galvanizli ¢elik
sacin tavuk giibresindeki korozyon davranisini incelemektedir. Ayni
zamanda ¢alisma, tavuk giibresindeki korozyon davranisini tuz sisi ve
atmosfer ortamlart ile karsilastirmayr hedeflemektedir. Bunun igin
DX51D galvanizli celik lazer yontemiyle kesilerek numuneler elde
edilmistir. Daha sonra bu numunelere degisik formlarda egme islemleri
uygulanmistir. Bunlar V, L, U, ve Z-egme ile ¢oklu egme, katlama ve
katlama art1 egme islemleridir. Numuneler tuz sisi deneyine tabi
tutularak yiizeylerinde olusan beyaz ve kirmizi pas oranlari
belirlenmistir. Lazer kesim, V-egme, coklu egme ve katlama ile
sekillendirilen numuneler atmosfer ve tavuk giibresi ortamlarinda 28
gtin bekletilmislerdir. Bu ortamlardaki korozyon hizlart numunelerin
her yedi giinde ortamdan alinarak kiitle kaybi élctimlerinden
hesaplanmistir. Tuz sisi deneyinde 60° egme ile sekillendirilen
numuneler %58 beyaz pas ve %4 kirmizi pas oranlart ile diger
sekillendirmelere gore en yiiksek korozyon direnci géstermislerdir.
Atmosfer ortaminda cerceve kesim numuneleri 0.00152 mm/yil degeri
ile en yiiksek korozyon hizi gdstermislerdir. Egme ve katlama
islemlerinin galvaniz kaplamaya, kaplamanin soyulmast veya pul pul
dékiilmesi gibi zararl bir etkisi olmamistir. Ancak korozyon kaplama
kalinligint azaltarak egilen ve katlanan bélgeleri olumsuz yénde
etkilemistir.

Anahtar kelimeler: Galvanizli ¢elik, Egme, Tuz sisi testi, Korozyon
hiz.

1 Introduction

Galvanizing is a very efficient method for safeguarding Fe-
based alloys from corrosion. It provides long-lasting
durability, economic advantages, and dependable application
performance. Zinc coatings by galvanizing are protected
against corrosion in three different ways: the environmental
barrier effect of the zinc layer, the secondary barrier effects of
zinc corrosive products that occur over time, and the cathodic
protection of the steel by sacrificing itself when there is an
inconsistency in the coating [1],[2]. Galvanizing offers
extensive protection, encompassing corners, edges, and
recessed places that may be difficult by alternative coatings.
The galvanizing process forms a strong metallurgical link
between zinc and steel, guarantees exceptional adhesion, and
prevents peeling or flaking [3]. Galvanizing is a versatile
process that may be used on a diverse array of steel goods and

*Corresponding author/Yazisilan Yazar

structures, making it well-suited for several industries such as
building, automotive, farming, petrochemical, electrical, and
marine industry [4].

The zinc coating obtained by the hot dip galvanization process
consists of a series of Fe-Zn intermetallic phases of different
thicknesses and properties, increasingly enriched in Fe from
the coating surface to the substrate material. The zinc coating
consists of the intermetallic Fe-Zn compounds called eta
(m-%0.03 Fe) and zeta (§-%6-7 Fe), delta (6-%8-13 Fe), and
gamma (I-%18-31 Fe) phases, with increased Zn content
towards the outer surface. Fe-Zn alloy layers are less tough
and fragile and have limited mechanical shaping abilities. The
pure zinc layer is softer and more resistant to this type of
mechanical stress [2].

Galvanized steels typically require shaping into different
forms using various processes such as bending, drawing,
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stamping, and roll forming. The galvanized steel can be formed
because the zinc is soft and ductile. For instance, compressive
stress may easily occur by press forming without peeling off in
galvanized steel sheets [5]. But still, forming techniques should
be applied with great attention to prevent any cracking or
flaking of the coating. When forming, it is important to
consider the thickness of the coating and its brittleness.
Increased coating thickness can make the surface more
susceptible to breaking, especially at low temperatures, where
the zinc coating may become brittle. Certain precautions, such
as lubricating the forming tool, using appropriate tools and
zinc coating, and processing at a reasonable temperature, are
essential to ensure non-damaged formed coatings. If the
galvanized surface has sustained damage despite using these
safeguards, it is possible to repair it. If the extent of the damage
is significant, the affected portion can undergo a process of re-
galvanization. For tiny damages, it is possible to apply thermal
spraying, paint with zinc-rich paints, and solder with a zinc-
alloy stick [6].

Several types of corrosion on the formed galvanized steels can
occur over time according to the service environment, such as
white rust, red rust, and pitting corrosion. Damages during
forming, coating thickness (beneficial in corrosion resistance
but detrimental in forming due to brittleness), moisture, and
external mechanical damages, such as scratches, abrasions,
and cuts, are primary factors affecting the corrosion behavior
of formed galvanized steels. Forming type and deformation
modes can also affect the corrosion behavior of galvanized
surfaces. Vagge et al. reported that the biaxial deformation
mode caused low resistance to corrosion in the hot-dip
galvanized steel sheets [5]. Ploypech et al. studied crack
formation and propagation in galvanized steel under loads at
four-point bending conditions [7]. They found that
longitudinal cracks formed in the & layer due to thermal
stresses resulting from cooling, and the cracks spread
outwards with increasing bending forces. In the other study,
the fracture toughness of the galvanized low and medium-
carbon steels was investigated using three-point bending [8].
The authors concluded that the low carbon (0.08%) steel
showed higher resistance to fracture compared to the medium
carbon (0.24%) steel after galvanization. Camurri et al
examined the effect of static (three-point bend) and dynamic
(fatigue bending) stresses on hot dip galvanized SAE 1020
steel [9]. They concluded that the zinc bath composition
should be adjusted to minimize the thinner brittle layers to
achieve good fatigue resistance. They succeeded in this with
the Zn-Fe-Ti-0.012%Al and Zn-Fe-Ti-0.01%AI1-0.037%Ni bath
compositions. Forming methods have primarily been utilized
on standard test samples under controlled laboratory
circumstances, as evidenced by the previously mentioned
research and numerous more. Nevertheless, many laboratory
conditions cannot replicate the same situations seen in the real
world.

This study is organized to investigate the effect of forming
methods that have equivalents in the poultry industry on
galvanized steel in terms of corrosion. In this industry, many
chemicals, such as nitrates, sulfates, chlorides, hydrogen
sulfide, and ammonia, induce corrosion [10]. Oyewole et al.
searched the surface degradation of galvanized steel used in
farm structures in poultry dung, pig dung, and urea solutions
using an inhibitor, rice straw extract [10]. The phytochemical
analysis verified the good inhibition effect of rice husk. They
achieved the highest inhibition efficiency of 88.59% by the

passive film formation, which was attributed to the adsorption
via rice straw extract.

This study aims to investigate the effect of actual forming
processes (V, L, U, Z-bendings, multiple bending, and folding)
on the corrosion behavior of galvanized steel sheets (DX51D)
commonly used in chicken farms. The corrosion behavior of
the formed galvanized sheets in the poultry manure has been
compared with the corrosion behaviors in salt spray and
atmospheric conditions.

2 Materials and method

The chemical composition of a 1 mm thickness galvanized
DX51D sheet steel supplied from Gokmetal A.S is given in
Table 1.

Table 1. Chemical composition of DX51D steel (wt.%).

C: | 0.0451 Cr: | 0.0284
Si: | 0.0226 Al: | 0.0466
Mn: | 0.1720 Cu: | 0.0290
P: | 0.0180 Zn: | 0.0022
S: | 0.0069 Fe: | balance

The galvanized coating thickness was determined by
Fisherscope X-Ray XDL and XDLM X-ray fluorescence
spectrometer following ISO 3497 standard. Three
measurements were done and averaged as 6.64 pm for coating
thickness. A Hitachi M-1000 scanning electron microscope
(SEM) was used to view the galvanized coating thickness.

Galvanized sheet steels were cut with a Mekotek FLO-1530
model fiber laser machine in dimensions of 70x70 mm?. The
cutting speed was set to 6 m/min, and the distance between
the cutting tip and the sheet was 1 mm. Following the cutting
procedure, the samples were shaped using the forming
techniques, which involved V, L, U, and Z bendings, multiple
bending, folding, and folding+bending processes. The
Durmazlar brand press brake machine was utilized for the
shaping procedure. The blade used is EURAM-1012/A35/1
type. The CKB brand D2088/88/V6/H80 model lower mold
was used for L-bending. The bending load for L bending is 800
kg. CKB brand D2030/30/V8/H80 model was used as the
lower mold in 40° and 60° V bendings. In folding+bending, the
D3001/35/6/H90 model of the CKB brand was used as the
lower mold. Sample codes are given in Table 2 with their
shaping methods. After the bending and folding processes, no
cracks, peeling, flaking, or any failure on the galvanized
surfaces of samples were observed by the visual inspection.

Salt spray tests were carried out at Uzman Katoferez (Bursa).
The salt spray test was performed under the BS EN ISO
9227:2006 requirements. Sodium chloride is dissolved in
deionized water with a conductivity of 0.2 uS/cm at 25 °Cto a
concentration of 50 g/l for obtaining a 5% salt solution
according to the standard. The specific weight of the solution
at 25 °C is 1.032 gr/cm3. The salt test cabin’s pH is set to
6.9. The pH was adjusted by adding sodium hydroxide into the
salt solution. The temperature in the cabin was fixed at 35 °C
+3 °C utilizing heaters. Salt mist spraying was carried out in
the range of 1.5%0.188 bar. The devices used for placing
samples in the cabin have phosphorized surfaces and are
subsequently painted and baked with electrostatic powder
paint. No corrosion occurred in these devices in the test cabin.
The samples had been kept in the salt spray testing cabin for
72 hours. Then, the samples were digitally photographed.
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Table 2. Sample codes and shaping methods.

Codes Process View

£

Frame Cutting
FC (70 mm x70 R
mm)

40VB 40° V Bending

60VB 60° V Bending

~o
LB L Bending
@
o
)
™
UB U Bending e
4

-
&
7B Z Bending
&
Multiple
MB Bending
F Foldi = '—j
olding
58,17
o

FB Folding+Bending @_g

The red and white rust percentages on the samples were
determined via the template method. In this method, a square
of size 70 x 70 mm2is drawn on an acetate paper. Twenty-five
equal squares are drawn inside the drawn square. Each small
square corresponds to 4%. The template is placed on the
samples, and the red and white rust falling inside the squares
is evaluated in terms of % rust. Since the formation of red rust
will occur after the formation of white rust, the occurrence of
red and white rust in the same frame is counted as two ratios.
Under these conditions, the red rust rate in galvanized parts
cannot be higher than the white rust.

After salt spray tests, red and white rust formations were
scraped from the surfaces and placed in separate closed
containers. These samples were analyzed with the ICP-OES
device, and the Fe and Zn ratios in the rust content were
analyzed. The given samples were dissolved in acid cocktails
(HNO3, HCl, HF, HCIO4), the solutions were placed in
pressurized containers, and the content was determined by
stimulating them with Ar gas. This test was carried out
according to standard SM 3120 B. Furthermore, white and red
rusted sites were investigated with a Fisherscope X-ray device
for coating thickness and elemental analysis.

Some forms of the galvanized sheets were tested in the
atmospheric and poultry manure environments between
25.04.2024 and 23.05.2024 dates. The samples were placed on
a 10 cm x 10 cm grooved wooden wedge for the atmospheric
corrosion tests. Atmospheric conditions include rain, dew, sun,
temperature difference, humidity, and wind. The samples
were left in an open area with constant sunlight and nightfall
during the day.

Products used in the poultry industry are produced from
galvanized sheets. Sheets are exposed to various compounds
in poultry manure. Therefore, the samples were buried in the
poultry manure, using a container of 26.5cmx17cmx3.5cm in
dimension. Constituents of poultry manure are given in
Table 3.

Table 3. Constituents and pH of a poultry manure [12].

pH: 6.95 NO3-N: | %0.02

N: %0.96 Ca: %1.34
ocC: %4.67 K: %0.13

P: %0.27 Na: %0.026
NHs-H: | %0.42 Cu: 6.89 ppm

The samples, held in the atmosphere and poultry manure,
were taken from the corrosive environments every seven
days, and their surfaces were gently cleaned and dried. After
that, weight measurements were made with a Denver
Instrument SI-234 Summit analytical balance with 0.1 mg
sensitivity. Using the weight losses, corrosion rates were
determined by Equation 1, where W is mass loss (mg), D is
density (g/cm3), 4 is area (cm?2), and T is duration (h) [11].

87.6 xW

=" 1
ot T DS AXT (1)

3 Results and discussion

The cross-sectional view of the galvanized coating obtained by
SEM is given in Figure 1. The zinc coating is measured at 6 um
in this figure, corresponding well with the X-ray measurement
(6.64 pm).

Figure 2 illustrates the identification of white and red rust
rates by the template method for the frame-cut (FC) sample
with no forming process tested in the salt spray. Due to the
flexibility of acetate paper, this measurement technique was
easily applied to all formed samples, even those with complex
forms.

The percentages of white and red rusts of all salt spray tested
samples are given in Figure 3. White rust is a prevalent type of
corrosion that initially occurs on galvanized steel when it
encounters moisture and oxygen. Corrosion frequently occurs
during the initial phases of exposure to a corrosive
atmosphere, such as in a salt spray test.
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Figure 1. The cross-section of the galvanized coating.

Figure 2. White and red rust rate identification for the FC
sample via the template method.
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Figure 3. White and red rust percentages after salt spray
tests.

The white, chalky deposit is visible on the surface of the
galvanized coating. Although white rust may impact the visual
aspect of galvanized steel, it often does not substantially
diminish the zinc coating's protective qualities. Red rust forms
as the steel beneath the coating erodes by depletion of the zinc
coating. This suggests the zinc coating has been compromised
or fully corroded in specific regions [13]. The reddish-brown
rust observed is characteristic of iron oxide, indicating the
oxidation of the steel substrate. Red rust occurs when the
integrity of the zinc coating is damaged, enabling moisture and
oxygen to penetrate the steel and start the corrosion process.
Red rust is a more severe issue than white rust since it signifies

the failure of the protective zinc coating in those specific
regions. This results in the corrosion of the steel, which may
threaten the structural stability and durability of the material
[14].

After the inspection of the rust analysis by the ICP-OES device,
it was found that the white rust had 70.5% Zn, while the red
rust contained 34.8% Fe. The amount of Fe in the gamma (T'),
the coating's bottom and adjacent phase layer to the steel, is
reported to be between 18% and 31% in the literature [2]. This
result confirms that the galvanized coating disappeared before
the red rust formed and rust reached the steel base, showing a
problematic situation in terms of corrosion of sheet steel.

The white rust percentages are higher for all samples, as
expected. The minimum red rust percentage is obtained in 60°
V (60VB) and Z-bent (ZB) samples as 4% Figure 4(a). The
highest red rust percentage is in the multiple-bent (MB)
sample at 56% Figure 4(b). The 60VB sample showed
minimum percentages of both white and red rust. The red rust
percentages of the three samples (L-bent, multiple-bent, and
folded+bent) are higher than 50%. Generally, the white rust is
recognized in all shaped samples by the duration of 72 h in the
salty environment. This result is consistent with literature.
Haiducu et al. observed white rust formation on steel
galvanized at various batch temperatures and durations
within 48 h of exposure in salt spray testing [15].

(b)
Figure 4. After the salt spray test. (a): ZB sample with
minimum red rust. (b): MB sample with maximum red rust.

The X-ray of the MB sample, showing the highest red rust after
the salt spray test, is given in Figure 5, depicting the elemental
analysis of the white and red rust in this sample. By examining
the white rust, the galvanized coating thickness is averaged by
three measurements as 4.20 pm, an acceptable coating
thickness for corrosion resistance (Figure 5(a)). On the other
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hand, the zinc coating thickness in the red rust region was
1.4 pm by averaging five measurements (Figure 5(b)). There
were coating thickness values below 1 pm, indicating
destroyed coating and vulnerable to corrosion. This result is
confirmed by the Zn amounts, where red rust has rather less
Zn than white rust. Inversely, the Fe amount is higher in red
rust, meaning that the zinc coating disappeared and the red
rust containing iron oxides formed. The chromium (Cr)
element was also identified in the galvanized coatings.
According to the literature, the Cr element comes from the
passivation treatment, applied after galvanizing to form a
dense protective film for extending the service life of the
galvanized coating [16]. The film produced by the passivation
prevents the formation of white rust or delays the onset of
white rust, maintaining the appearance of the coating.
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Figure 5. X-ray analysis of (a): White rust, and (b): Red rust in
salt spray tested MB sample.

Figure 6 illustrates the corrosion rates of some samples (FC,
40VB, 60VB, MB, and F) over 28 days in the atmosphere,
measuring mass losses at the end of every 7 days. After the
seventh day, while the F sample showed a maximum corrosion
rate of 0.00204 mm/year, the 40VB one had a minimum value
of 0.00086 mm/year. The F sample’s corrosion rates
decreased gradually towards day 28. Inversely, the 40VB
sample’s corrosion rate increased with duration. After the end
of the 28th day, the F sample’s corrosion rate was lower than
that of 40VB. These two samples showed nearly the same
corrosion rates at the end of the 14t day.

The corrosion rates of the 60VB sample on the 7th and 28th
days are close to each other. This sample showed a relatively
stable corrosion rate throughout the period, with a slight peak
around the 21stday. When the corrosion rates of a material are
stable, it means that the material has established a consistent
state in its association with the corrosive environment. Based
on the findings of the present study, it can be inferred that the
60VB sample is more trustworthy for extended periods of use
in atmospheric situations.
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Figure 6. Corrosion rates of some samples in the atmosphere.

In the FC sample, the second highest corrosion rate is inferred
on the 7th day, showing a decrease in the next seven days, then
increasing for the remaining duration. At the end of the 28th
day, the frame cut sample had the highest corrosion rate of
0.00152 mm/year.

The MB sample’s corrosion rate showed a maximum peak
value of 0.00227 mm/year on the 14t day, then decreased
relatively rapidly at the end of the next seven days (the 21st
day), continuing to decline but more slightly. After 28 days, its
corrosion rate is below the frame-cut sample's.

The corrosion rates of the samples held in the atmosphere are
given in Figure 7 for the poultry manure environment. In this
environment, after the 7 days of corrosion, while the frame-cut
sample showed a maximum corrosion rate of
0.04810 mm/year, the 60VB sample had a minimum value of
0.02208 mm/year, below nearly half of the FC sample value.
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Figure 7. Corrosion rates of some formed samples in a poultry
manure environment.

The corrosion rates of the 60VB and MB samples show
relatively stable behavior, suggesting better corrosion
resistance in poultry manure after 28 days. The FC and 40VB
samples’ corrosion rates are decreased gradually with the
duration time. The folded (F) sample has a peak value of
corrosion rate (0.05730 mm/year) on the 14th day, then
decreases after that. Despite this decrease, the highest
corrosion rate is determined for the F sample as
0.03234 mm/year at the end of 28 days. All samples, except for
the F, showed nearly similar corrosion rates after 28 days in
the poultry manure environment. The decrease in corrosion
rates over time is in line with the development of protective
layers and the stabilization of corrosion rates. Decreases in
corrosion rates with elapsed time were explained by
Hernandez-Alvarado et al. with the formation and growth of
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an adherent, white corrosion layer composed of zinc
hydroxychloride and zinc hydroxide [17].

All obtained corrosion rates, even those measured in the
poultry manure environment, are acceptable. According to the
literature, corrosion rates between 25-100 pm/year are
considered excellent per widely used classifications [17].

Comparing the corrosion rates of the same formed samples in
two environments (atmosphere and poultry manure), the
60VB sample showed the most stable behavior by showing
little corrosion rate differences between the 7th and 28th days.
In addition, the corrosion rates of all samples are very high in
poultry manure. The corrosion rates for FC, 40VB, 60VB, MB,
and F samples are, respectively, 14, 15, 21, 17, and 23 times
higher in poultry manure after 28 days of corrosion. This
result suggests that poultry manure is a more corrosive
medium than the atmosphere due to many chemicals
(Table 2). When used in natural atmospheric conditions,
galvanized sheets have a thin passive zinc carbonate layer that
begins to form immediately after production and continues to
slow down. This layer, which is the product, partially protects
the sheet from severe corrosion that may occur later, but this
natural barrier is insufficient for many strong corrosive
environmental conditions. The mechanism of formation of this
corrosion layer is as follows [18]:

1
Zn+§0 - 7Zn0

Zn0 + H,0 = Zn(OH),
Zn(OH)z + C02 - ZnC03 + H20

Figure 8 illustrates the corroded surfaces of FC and MB
samples after 28 days of corrosion in the atmosphere and
poultry manure. It is inferred from the figure that poultry
manure showed a more severe corrosive effect, showing clear
surface degradations on both sample surfaces Figure 8(c) and
(d). In the atmospheric condition, Figure 8(a) and (b), in
parallel with the low corrosion rates, generally smooth and
unaffected surfaces are seen, showing the protective layer
effect of the zinc coating. Few local degradations can be seen,
especially near the cut edges, showing that laser cutting has a
detrimental effect on corrosion resistance. This result can be
attributed to the generated high temperatures, above the
melting point of zinc, and burning galvanized coating in and
near the cut sections by laser cutting. Therefore, the
galvanized layer's protective effect may have been
compromised in these specific places, leading to its
accelerated deterioration due to increased reactivity with the
corrosive environment. No visible reddish-brown rust
formation is recognized in the FC, MB, and other sample
surfaces (40VB, 60VB, and F) in the poultry manure after 28
days. However, the coating thicknesses were measured below
1 pm, as 0.634 pm and 0.427 um, respectively, too low for
corrosion resistance at dark-colored corroded surfaces of MB
and F samples. This suggests that the red rust formation may
begin, even if not visible to the naked eye, due to the low
coating thickness in these places.

During the galvanized coating in the atmosphere, a film of zinc
compounds, highly insoluble in water, such as ZnO and ZnCOs,
occurs. This film protects the zinc coating by isolating the
sensitive substrate from an aggressive environment. However,
this film is affected by certain ions, such as chlorine and sulfate
ions, which react with the protective film and form soluble

compounds, decreasing the corrosion resistance and forming
red rust on the surface [19]. The absence of aggressive ions in
the atmosphere, according to salty and poultry manure
environments, smooth and non-corroded surfaces are seen in
atmospheric conditions by comparing Figures 4 and 8.

(b)

(d)
Figure 8. Corroded surfaces of (a): FC, (b): MB samples in the
atmosphere, and (c): FC, (d): MB samples in poultry manure.
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Figures 9(a) and (b) show the corroded surface morphologies
in the atmosphere for the 60VB and FC samples, respectively.
A relatively uniform corrosion with evidence of small pittings
is seen in both figures. These pittings are more on the 60VB’s
surface. Figures 9(c) and (d) illustrate the corroded surfaces of
the 60VB and F samples in the poultry manure. Contrary to
Figures 9(a) and (b), these surfaces depict severe localized
corrosion with clear irregular corrosion products. The
aggressive constituents of the poultry manure, such as
ammonia and organic acids, could have caused these products.
The surfaces appear rougher with deeper pittings due to
higher corrosion rates in the poultry manure, as verified by
Figure 7.

(d)
Figure 9. Corroded surfaces of (a): 60VB, (b): FC samples in
the atmosphere, and (c): 60VB, (d): F in the poultry manure.

Evaluating salt spray, atmosphere, and poultry manure
corrosive environments, 60VB samples showed the highest
corrosion resistance with the minimum white and red rust
percentages in salt spray tests and steady and lowest
corrosion rates at 28 days of duration in the atmospheric and
poultry manure environments. In the salt spray testing, the
multiple-bent (MB) sample has higher white and red rust
percentages. While this sample showed high corrosion rates in
the atmosphere, in line with the salt spray testing result, it had
low and steady corrosion rates in the poultry manure. This
result shows that the corrosion environments do not show a
parallel effect on the same formed galvanized sheets. This
result can be attributed to the different corrosion product
formations on the galvanized surface in various corrosive
environments.

After the corrosion tests, the bent and folded regions of the
samples were macro-investigated by a digital camera. This
inspection detected no cracks, peeling, flaking, or any other
failure on the formed galvanized coating. Only the corrosion
phenomenon affected these formed surfaces adversely by
depleting or thinning the galvanized coating. For instance, the
60VB sample had 1.97 pm and 5.11 pm coating thicknesses at
the critical surface (upper of the angle) in the poultry manure
and atmosphere, respectively. The coating thicknesses of the
plane surfaces of this sample had relatively higher values,
meaning that the critical surfaces were prone to corrosion
sensitivity. This effect may be attributed to the residual tensile
stresses on the outer surface that occur due to bending. Yang
et al. reported that tensile stress may increase active, reactive
sites, increase the zinc dissolution rate, and result in the
depletion process of zinc coating [20].

4 Conclusions

The corrosion behavior of DX51D galvanized steel sheets was
examined in three environments (salty, atmosphere, and
poultry manure) with frame-cut and V, L, U, Z-bent, multiple
bent, folded, and folded+bent samples. According to the
results, the following conclusions can be drawn:

e Inthe saltspray test, 60° bent samples (60VB) exhibited
the most corrosion resistance compared to the other
forms, showing minimum percentages of both white
(56%) and red (4%) rust. After the salt spray tests,
white and red rusts had 70.5% Zn and 34.8% Fe atoms,
respectively,

e After 28 days, while the frame-cut (FC) sample showed
a maximum corrosion rate of 0.00152 mm/year in the
atmosphere, the folded (F) sample exhibited the highest
corrosion rate (0.03234 mm/year) in the poultry
manure. The 60VB samples are the most corrosion-
resistant form in the salty, atmosphere, and poultry
manure,

e  The poultry manure was a more corrosive medium,
showing 14-23 times higher corrosion rates for the
same formed samples than the atmosphere, due to
having many chemicals,

e  While the reddish-brown corrosion products had not
been observed in the poultry manure for 28 days, the
zinc coating thickness decreased below 1 um, which is
sensitive to corrosion,

e  (Cutting the edges by laser technique is not
recommended because of burning the zinc coating at
and near the cut edges due to high temperatures when
cutting. These burned edges could be priority locations
for the beginning corrosion,
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e Forming processes (bending and folding) had no
detrimental effect on the galvanized coating layer.
Additionally, no peeling or flaking occurred in the critic-
shaped surfaces after corrosion tests. However, coating
thicknesses decreased below 1 pm on these surfaces in
the poultry manure due to residual tensile stresses
generated by forming processes.
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Abstract

This study evaluates the effects of welding parameters, particularly
amperage, on the mechanical properties and microstructures of AISI
1040 and AISI 316 steels joined using Electric Arc Welding (EAW), Metal
Inert Gas (MIG), and Tungsten Inert Gas (TIG) welding techniques.
Experimental samples were subjected to tensile, bending, and
microhardness tests, followed by microstructural analysis using optical
microscopy. The results showed that welding amperage significantly
influences tensile and bending strengths, as well as hardness values. For
AISI 1040 steel, TIG welding at 100 amperes achieved the highest tensile
strength (543 MPa) and bending strength (181 N), while EAW at
70 amperes exhibited the lowest values. For AISI 316 stainless steel, MIG
welding at 70 amperes yielded the highest tensile strength (491 MPa),
and EAW at 90 amperes demonstrated the highest bending strength
(150 N). Microhardness analysis indicated that rapid cooling in surface
regions increased hardness. Microstructural examination revealed
grain refinement and uniformity at optimal amperages, contributing to
improved mechanical properties. The study underscores the importance
of selecting appropriate welding parameters to enhance joint
performance and weld quality.

Keywords: Welding parameters, AISI 1040 steel, AISI 316 stainless
steel, Mechanical properties, Microstructural analysis.

(0)4

Bu ¢alisma, kaynak parametrelerinin, ézellikle akim siddetinin, Electric
Arc Welding (EAW), Metal Inert Gas (MIG) ve Tungsten Inert Gas (TIG)
kaynak teknikleri ile birlestirilen AISI 1040 ve AISI 316 celiklerinin
mekanik  ézellikleri ve mikro yapilart lizerindeki etkilerini
degerlendirmektedir. Deneysel érnekler, gerilme, egilme ve mikrosertlik
testlerine tabi tutulmugs ve ardindan optik mikroskopi ile mikro yapi
analizi yapimistir. Sonuclar, kaynak akiminin, gerilme ve egilme
dayanimlart ile sertlik dederlerini 6nemli 6lciide etkiledigini
gostermistir. AISI 1040 celigi icin, 100 amperde yapilan TIG kaynagi en
yiiksek gerilme dayanimini (543 MPa) ve egilme dayanimint (181 N)
saglarken, 70 amperde yapilan EAW kaynak islemi en diisiik degerlere
sahiptir. AISI 316 paslanmaz celik icin ise, 70 amperde yapilan MIG
kaynagi en yliksek gerilme dayanimini (491 MPa), 90 amperde yapilan
EAW kaynagi ise en ytiksek egilme dayanimint (150 N) gdstermistir.
Mikrosertlik analizi, yiizey bolgelerinde hizli sogumanin sertligi
artirdigint ~ belirtmistir.  Mikroyapt  incelemesi, optimal akim
siddetlerinde tane incelmesi ve homojenlik saglandigini, bunun da
mekanik 6zellikleri iyilestirdigini ortaya koymustur. Calisma, uygun
kaynak parametrelerinin secilmesinin, birlesim performansini ve
kaynak kalitesini artirmadaki 6nemini vurgulamaktadir.

Anahtar kelimeler: Kaynak parametreleri, AISI 1040 celigi, AISI 316
paslanmaz celigi, Mekanik 6zellikler, Mikroyapi analizleri.

1 Introduction

Welding is a critical fabrication process utilized across various
industries, with several methods frequently employed, each
offering distinct applications and advantages. Among the most
widely used techniques are Electric Arc Welding (EAW), Metal
Inert Gas (MIG) welding, and Tungsten Inert Gas (TIG) welding.
MIG welding is valued for its speed and versatility, making it
suitable for thin materials and automated operations. TIG
welding, on the other hand, is renowned for producing high-
quality, precise welds, particularly in stainless steel and
aluminum applications. Each method necessitates specific
techniques and equipment, enabling welders to choose the
most appropriate approach based on material properties and
project requirements [1],[3].

*Corresponding author/Yazisilan Yazar

While each welding method has its advantages, they also have
disadvantages. Selecting appropriate welding parameters
based on the method and material characteristics is essential.
The most critical parameter in the welding process is amperage
[4]. The amperage determines how much heat the welding
process will create on the material and thus how strong a weld
bond will be formed. Low amperages are generally used on thin
materials, providing a more careful and controlled weld. High
amperages are used to make stronger welds on thicker and
stronger materials. If the amperage is not adjusted correctly,
several negative situations may occur. If low amperages are
used, insufficient heat is produced, and the welding line may be
weak. The material cannot be fully melted, and a good
connection cannot be achieved. High amperages can create
excessive heat on the material, causing the material to burn or
deform [5],[6]. Many studies have been carried out to
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determine the correct welding parameters. Venkatratnam and
Rao (2020) examined dissimilar joints of AISI 202 and AISI 316
steels, produced using Metal Inert Gas (MIG) welding. Welding
current, wire feed speed, gas flow rate, and edge preparation
angle were chosen as production parameters. Tensile strength,
impact strength, and maximum bending load were obtained as
outputs of the study [7]. Acar et al. (2023) investigated the
weldability of dissimilar stainless steels using different gas
combinations with MIG welding. AISI 316 austenitic stainless
steel and AISI 430 ferritic stainless steel were joined using MIG
welding with various shielding gas combinations. The welded
sheets underwent metallographic testing as well as hardness,
tensile, and bending tests. The effects of these parameters on
mechanical and microstructural properties were analyzed [8].

Ogbonna et al. (2023) used the gray-based Taguchi method to
optimize multiple responses in TIG welding for AISI 1008 mild
steel and AISI 316 stainless steel. The gray-integrated Taguchi
optimization approach was applied to optimize welding
process parameters-such as current, voltage, and gas flow rate-
based on multiple performance characteristics, including
ultimate tensile strength, yield strength, elongation percentage,
and Vickers microhardness of the weld zone. The study
identified welding current as the most critical parameter
influencing multiple performance characteristics of the welded
joint [9]. Ramakrishnan et al. (2021) conducted experimental
research on the mechanical properties of TIG-welded dissimilar
AISI 304 and AISI 316 stainless steels using 308 filler rods. But
joints were created with three different current levels. The
study examined the effects of welding current on TIG welding
and employed various mechanical tests to control the
mechanical properties of the weld. The current levels were set
at 30, 45, and 60 amperes, while the corresponding voltages
were 40 V, 60 V, and 80 V. Hardness and tensile tests were
performed on each sample [10]. Ongun et al. (2017) studied the
effects of heat treatment on the mechanical properties of AISI
1040 steel joined by electric arc and MIG welding. Tensile,
three-point bending, notched impact, and hardness tests were
conducted on both heat-treated and untreated samples. The
tensile deformation of the untreated samples was found to be
higher than that of the welded samples [11]. Adin (2024)
performed a parametric study on the mechanical properties of
dissimilar cylindrical steel joints of AISI 1040 and AISI 8620,
welded using MIG and TIG techniques. Additionally, the
fracture surfaces of the samples were examined using scanning
electron microscopy (SEM) and energy-dispersive X-ray
analysis (EDAX) [12]. Sakthivel and Sivakumar (2014)
investigated the effects of vibration in TIG and arc welding of
AISI 316 stainless steel. Their research revealed that welding
with mechanical vibrations resulted in smoother and finer-
grained structures [13]. Math and Kumar (2022) qualitatively
examined the effects of shielded metal gas welding techniques
(MIG and TIG) on AISI 1040 steel. Parameters such as arc
voltage, arc current, welding speed, nozzle-to-work distance,
and gas pressure were found to significantly influence welding
quality. The thickness of the support plate and the material
itself also played a crucial role [14]. Ates et al. (2017)
investigated =~ the  mechanical and  microstructural
characteristics of AASXXX aluminum plates connected by MIG
welding. They carried out several tensile, bending, and
hardness tests. Compared to the untreated material (UT),
tensile strengths of 12 h and 24 h sub-zero temperature treated
(CT) specimens increase substantially by 12% and 14%,
respectively [15].

Improper selection of amperage in welding processes can
result in suboptimal welding quality, diminished joint strength,
and potential defects such as porosity, incomplete fusion, or
excessive spatter. These issues not only compromise the
structural integrity of the weld but also increase the likelihood
of premature failure in critical applications. Therefore,
determining the optimal amperage values is paramount to
ensuring high-quality welds that meet both mechanical and
structural performance standards. In this study, extensive
experimental investigations were carried out to identify the
ideal amperage values for the selected materials and welding
methods. By analyzing the influence of amperage on the
mechanical properties and microstructural characteristics of
the welds, this research aims to provide valuable insights into
parameter optimization. The findings are expected to
contribute to the development of standardized practices for
welding AISI steels, enhancing joint strength and durability
across various industrial applications. Furthermore, this work
builds upon the existing body of knowledge by addressing the
interplay between amperage and other key welding
parameters, ultimately paving the way for more efficient and
reliable welding processes.

2 Material and methods

In this study, AISI 1040 and AISI 316 materials with dimensions
of 3x150x300 mm were used. Each material was joined using
Electric Arc, MIG, and TIG welding methods. For Electric Arc
Welding of low-carbon steel, 3.25 mm diameter rutile
electrodes were used, while for stainless steel, 3.25 mm
diameter electrodes containing Cr-Ni were employed. In MIG
welding of low-carbon steel, SG3 brand welding wire
conforming to EN ISO 636-A W4Sil standards with a 1 mm
diameter was used. For stainless steel, welding wire
conforming to EN ISO 14343-A G199 LSI standards with a 0.8
mm diameter was utilized. For TIG welding, low-carbon steel
was joined using 1.6 mm diameter Mo70 filler wire, while
TW308L wire was employed for stainless steel. The chemical
composition of the TW308L wire was 0.45 Si, 1.70 Mn, 20 Cr, 10
Ni, and 0.15 Mo. Argon gas with a purity of 99.99% was used as
a shielding gas in MIG and TIG welding. The gas flow rate was
set to 10 liters per minute. Tungsten electrodes with a 1.6 mm
diameter were utilized.

2.1 Welding parameters

Different current values were used in Electric Arc Welding
(EAW). For both low-carbon and stainless steel, three different
current levels were applied. The welding parameters for each
material are detailed in Tables 1 and 2.

Table 1. Electric arc welding parameters for AISI 1040 steel.

Amperage Electrode Duration Current
Diameter (s) Type
(mm)
EAK70 70 3.25 100 DC
EAK80 80 3.25 90 DC
EAK90 90 3.25 85 DC
Table 2. Electric arc welding parameters for AISI 316 stainless
steel.
Amperage Electrode Duration Current
Diameter (s) Type
(mm)
EAK70 70 3.25 100 DC
EAK80 80 3.25 90 DC
EAK90 90 3.25 87 DC
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In MIG welding, different current levels were applied. Tables 3
and 4 present the parameters for low-carbon and stainless
steel, respectively.

Table 3. MIG welding parameters for AISI 1040 steel.

Amperage Electrode Duration  Current Type
Diameter (s)
(mm)
MIG70 70 1.00 98 DC
MIG80 80 1.00 93 DC
MIG90 90 1.00 84 DC

Table 4. MIG welding parameters for AISI 316 stainless steel.

Amperage Voltage Electrode Duration Current

Diameter (s) Type
(mm)
MIG70 70 16 0.8 100 DC
MIG80 80 16.8 0.8 95 DC
MIG90 90 17.2 0.8 87 DC

In TIG welding, three different current levels were applied for
both materials. The parameters are presented in Tables 5 and
6.

Table 5. TIG welding parameters for AISI 1040 steel.

Amperage Electrode Duration  Current Type
Diameter (s)
(mm)
TIG80 80 1.60 245 DC
TIG90 90 1.60 240 DC
TIG100 100 1.60 237 DC
Table 6. TIG welding parameters for AISI 316 stainless steel.
Amperage Electrode Duration Current
Diameter (s) Type
(mm)
TIG80 80 2.00 246 DC
TIG90 90 2.00 242 DC
TIG100 100 2.00 236 DC

2.2 Tensile testing

Tensile test samples for the welded steel and stainless-steel
materials were prepared in accordance with TS 5789 standards
using a laser cutting unit. Samples were prepared with the
dimensions specified in Figure 1. From each welded plate, three
tensile test samples were extracted and tested, and the average
values were determined.

v
o o
3 o\
1

i - By, . )
50
70 s
- 220 " Unit: mm

Figure 1. Dimensions of tensile test samples as per TS EN 5789
standards.

Tensile-elongation diagrams were plotted based on the
parametric values of the samples. Tensile tests were conducted
to evaluate the mechanical properties of the butt-welded
materials and assess the influence of welding current on joint
properties.

2.3 Bending testing

Samples from each material, welded under specified
parameters, were subjected to bending tests using a bending

test device. The tests were conducted using the three-point
bending method in accordance with ASTM E190-14 standards.
The procedure for the bending test is schematically presented
in Figure 2.

d+2a <1<d+3a

Figure 2. Schematic of bending test sample.

2.4 Microhardness testing

Hardness scans were performed on samples obtained from all
welded materials using a Vickers microhardness tester.
Measurements were taken starting from the base material,
progressing through the HAZ (Heat Affected Zone) and weld
metal, at 0.5 mm intervals. The test load was set at 50 g
(HV 0.05).

2.5 Macro and microstructure analysis

Samples from the welded materials were mounted in bakelite
to facilitate handling. They were sequentially ground with 60,
200, 400, 600, 800, and 1200 grit sandpapers under water,
changing the sanding direction at each stage. The polished
samples were further refined with alumina powder on a felt
cloth. After washing with water, the samples underwent
electrolytic etching. The welded surfaces of the prepared
samples were examined under a Nikon microscope, as shown
in Figure 3.

Figure 3. The image of the Nikon Eclipse L150A optical
microscope.

3 Results and discussion

3.1 Tensile test results

The tensile test samples, having been subjected to different
welding currents, exhibited varying mechanical properties and
elongation values. In the study, AISI 1040 steel joined using
EAW (Electric Arc Welding) at 70 amperes for 100 seconds

1127



Pamukkale Univ Muh Bilim Derg, 31(7), 1125-1131, 2025
Y. Yasar, I. Aslan, H.B. Kaybal, H. Yaka

experienced insufficient heat input, leading to inadequate
fusion and fracture in the weld zone. At 80 and 90 amperes,
fusion improved significantly. Among the samples, the one
welded at 80 amperes demonstrated the highest tensile
strength. For MIG welding of AISI 1040 steel at 70 amperes for
98 seconds, inadequate heat input led to insufficient fusion and
failure in the weld zone. Similar results were observed at 80
amperes. However, at 90 amperes for 84 seconds, fusion was
easier, resulting in higher tensile strength. In TIG welding of
AISI 1040 steel at 80 amperes for 245 seconds, insufficient heat
input caused inadequate fusion and tearing in the weld zone.
The sample welded at 90 amperes fractured in the weld zone.
However, at 100 amperes for 237 seconds, fusion was achieved
more effectively, yielding higher tensile strength. The tensile
test results of AISI 1040 steel joined using EAW, MIG, and TIG
at different currents are presented in Figure 4.
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Figure 4. Tensile test results for AISI 1040.

For AISI 316 stainless steel, EAW at 70, 80, and 90 amperes
resulted in insufficient heat input, leading to inadequate fusion
and weld zone failure. However, samples welded at 80 and 90
amperes exhibited higher tensile strength. In MIG welding, the
sample joined at 70 amperes for 100 seconds showed higher
tensile strength compared to those joined at higher currents.
Despite improved fusion with increasing current, the lower
tensile strength in some cases may be attributed to chromium
carbide precipitation. Similarly, in TIG welding, the sample
joined at 80 amperes for 246 seconds exhibited higher tensile
strength compared to those welded at higher currents.
Chromium carbide precipitation, resulting from rapid cooling
post-welding, could explain the lower tensile strength. To
mitigate this, welded materials were cooled in room-
temperature water immediately after welding. The tensile test
results of AISI 316 stainless steel joined using EAW, MIG, and
TIG at different currents are shown in Figure 5.
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Figure 5. Tensile test results for AISI 316.

4 Bending test results

The bending test results for AISI 1040 and AISI 316 stainless
steel joined using EAW, MIG, and TIG at three different currents
are shown in Figure 6. For AISI 1040 steel, the highest
compressive force in EAW and MIG welding was obtained at 80
amperes. In TIG welding, the maximum compressive force was
achieved at 100 amperes. The maximum displacement
occurred at 90 amperes for EAW and MIG welding, while for TIG
welding, it occurred at 100 amperes.
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Figure 6. Bending test results for (a): AISI 1040. (b): AISI 316.

1128



Pamukkale Univ Muh Bilim Derg, 31(7), 1125-1131, 2025
Y. Yagar, L. Aslan, H.B. Kaybal, H. Yaka

For AISI 316 stainless steel, the highest strength was observed
in samples welded at 90 amperes using EAW and TIG. In
contrast, for MIG welding, the maximum compressive force was
achieved at 80 amperes. The maximum displacement occurred
at 90 amperes for EAW and at 80 amperes for MIG and TIG
welding.

4.1 Microhardness test results

Microhardness tests were conducted on samples obtained from
all welded parts using a Vickers microhardness tester.
Measurements were taken from the base material, HAZ (Heat
Affected Zone), and weld metal at 0.5 mm intervals. The test
load was set at 50 g (HV 0.05).

The hardness measurement points on the cross-section of the
weld zone are shown in Figure 7. The microhardness values for
AISI 1040 steel welded using EAW, MIG, and TIG at different
currents are presented in Figure 8.
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Figure 8. Microhardness values of AISI 1040 steel joined using
EAW, MIG, and TIG at different current levels.

For EAW, the highest hardness value of 400 kg/mm? was
observed at point 5 of the sample welded at 80 amperes. In MIG
welding, the highest hardness value of 310 kg/mm? was
observed at point 2 of the sample welded at 80 amperes. In TIG
welding, the highest hardness value of 275 kg/mm? was
recorded at point 6 of the sample welded at 90 amperes. Since
point 6 is on the top surface, higher hardness due to rapid
cooling is acceptable [16]. The results showed that the base
metal had lower hardness values compared to HAZ and weld
metal.

The hardness values obtained from welding AISI 316 stainless
steel using EAW, MIG, and TIG methods at different current
levels are presented in Figure 9. In EAW and MIG welding, the
hardest region was found at point 7. Since point 7 is close to the
surface, it is normal for it to exhibit relatively higher hardness
due to rapid cooling. For EAW, the highest microhardness value
of 310 kg/mm? was recorded in the sample welded at
90 amperes. In MIG welding, the highest microhardness value
was 280 kg/mm? also observed in the sample welded at
90 amperes. For TIG welding, the highest hardness value of
245 kg/mm? was measured at point 2 of the sample welded at
90 amperes.
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Figure 9. Microhardness values of AISI 316 steel joined using
EAW, MIG, and TIG at different current levels.

1129



Pamukkale Univ Muh Bilim Derg, 31(7), 1125-1131, 2025
Y. Yagar, L. Aslan, H.B. Kaybal, H. Yaka

4.2 Microstructure and macrostructure image analysis

Surface examinations of the weld samples were conducted
using a microscope to inspect their microstructures. Images of
the samples that exhibited the highest and lowest tensile and
compressive strengths for AISI 1040 and AISI 316 steels are
provided. The microscopic images of the weld samples are
presented in Figures 10, 11, 12, and 13.

v, T L A LR LN

TIG 80A TIG 100A

Figure 10. Tensile strength of AISI 1040; lowest in TIG 804,
highest in TIG 100A.

{100

EAW 70A MIG 70A

Figure 11. Tensile strength of AISI 316; lowest in EAW 70A4,
highest in MIG 70A.

EAW 704 TIG 1004

Figure 12. Bending strength of AISI 1040; lowest in EAW 70A4,
highest in TIG 100A.

TIG 80A EAW 90A

Figure 13. Bending strength of AISI 316; lowest in TIG 804,
highest in EAW 90A.

For AISI 1040 steel, the lowest tensile strength of 425 MPa was
observed in the TIG weld made at 80 amperes, while the highest
tensile strength of 543 MPa was achieved in the TIG weld made
at 100 amperes. As shown in Figure 10, the grain size of the
sample welded at 100 amperes is smaller and more uniformly
distributed compared to the sample welded at 80 amperes. The
grain sizes of the base metal and weld metal in the 100-ampere
sample are also more consistent. In contrast, grain growth was

observed in the weld metal and HAZ of the 80-ampere sample.
For AISI 316 stainless steel, the lowest tensile strength of
442 MPa was observed in the EAW weld made at 70 amperes,
while the highest tensile strength of 491 MPa was achieved in
the MIG weld made at 70 amperes.

As shown in Figure 11, the EAW weld at 70A exhibited two
distinct regions within the weld metal. Near the HAZ, a more
columnar grain structure was observed, while a more
homogeneous grain structure was seen closer to the weld
metal. The microstructure of the weld metal was found to
consist of austenite and ferrite. In the MIG 70A sample, the weld
metal predominantly consisted of austenite. Additionally,
differences in grain orientation at the region boundaries
created a distinct appearance. This structural alignment
contributed to the higher tensile strength of the MIG weld.
Uygur (2006) observed fine grains owing to nucleation of
martensite and fine precipitates at low welding currents in his
study [17].

For AISI 1040 steel, the lowest bending strength of 140 N was
observed in the EAW weld made at 70 amperes, while the
highest bending strength of 181 N was achieved in the TIG weld
made at 100 amperes. As shown in Figure 12, the EAW 70A
sample exhibited very small grains in the weld metal, which
progressively grew toward the HAZ and base metal. This
variation in the microstructure resulted from the heat's
influence as it dissipated from the weld point toward the base
metal [18],[19]. These differences in grain size contributed to
the lower bending strength. In the TIG 100A sample, better
cooling resulted in finer grains in the weld metal compared to
the other samples, leading to the highest bending strength for
AISI 1040 steel in the TIG 100A sample. For AISI 316 stainless
steel, the lowest bending strength of 131 N was recorded in the
TIG weld made at 80 amperes, while the highest bending
strength of
150 N was observed in the EAW weld made at 90 amperes. In
the TIG 80A sample, the weld metal was predominantly
composed of austenite with large grains. In the EAW 90A
sample, although austenite was still predominant, the
microstructure also included austenite + ferrite. Additionally,
the grains in the EAW 90A sample were smaller, which
contributed to its higher bending strength.

5 Conclusions

The study comprehensively examined the influence of welding
parameters, particularly amperage, on the mechanical
properties and microstructures of AISI 1040 and AISI 316 steels
joined using Electric Arc Welding (EAW), Metal Inert Gas (MIG),
and Tungsten Inert Gas (TIG) welding techniques. The findings
demonstrated that for tensile strength, AISI 1040 steel achieved
its highest value (543 MPa) with TIG welding at 100 amperes,
while the lowest value (425 MPa) was observed with TIG
welding at 80 amperes. Similarly, for AISI 316 stainless steel,
the highest tensile strength (491 MPa) was attained with MIG
welding at 70 amperes, whereas EAW welding at 70 amperes
exhibited the lowest tensile strength (442 MPa). Regarding
bending strength, TIG welding at 100 amperes resulted in the
highest value (181 N) for AISI 1040 steel, while EAW welding at
70 amperes yielded the lowest (140 N). In AISI 316 stainless
steel, the highest bending strength (150 N) was recorded with
EAW welding at 90 amperes, and TIG welding at 80 amperes
exhibited the lowest (131 N). For microhardness, AISI 1040
steel showed the highest value (400 kg/mm?) in EAW welding
at 80 amperes, while AISI 316 stainless steel achieved its peak

1130



Pamukkale Univ Muh Bilim Derg, 31(7), 1125-1131, 2025
Y. Yasar, I. Aslan, H.B. Kaybal, H. Yaka

microhardness (310 kg/mm?) with EAW welding at 90
amperes. Microstructural analysis revealed that grain
refinement and uniform distribution, particularly in TIG
welding at optimal amperages, contributed to superior
mechanical properties, whereas rapid cooling in surface
regions caused localized increases in hardness. These results
underscore the pivotal role of welding parameters, particularly
amperage and cooling conditions, in determining the
mechanical and microstructural quality of welded joints,
emphasizing the importance of parameter optimization to
enhance weld performance.
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8 Nomenclature

EAW : Electric arc welding,
MIG :  Metal inert gas,

TIG :  Tungsten inert gas,
HAZ : Heat-affected zone.
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Bu ¢alismada, eklemeli imalat yéntemleri ile aliiminyum alasimlarinin
savunma sanayiindeki kullanimina odaklaniimis ve ASELSAN
envanterindeki bir giindiiz nisangdhi okiiler gévdesinin tasarimi
degistirilerek agirligi azaltilmistir. Mevcut okiiler govde Al7075-T6
malzemeden geleneksel talas kaldirma yéntemleri ile imal edilmistir.
Eklemeli imalatyéntemi kullanilarak yeni bir okiiler gévde tiretmek icin
okiiler gévdenin digs élctilerini koruyarak tasariminda ve malzemesinde
degisiklikler yapilmistir. Tasarimi degistirilen ve LPBF yéntemi ile imal
edilen yeni okiiler gévde icin AI7075 malzemeye gére daha iyi kaynak
edilebilir 6zellik gdsteren AlSi10Mg malzemesi tercih edilmistir. Mevcut
ve yeni tasarim okiiler gévdeler, ayni sinir sartlari ve ytiklemeler altinda
sonlu elemanlar yontemiyle analiz edilmistir. Agirlik azaltmaya yénelik
calismalar sonucunda, yeni okiiler gévde mevcut okiiler gévdeye gére
~ %16 daha hafiftir. Yeni okiiler gévdeye yapilan zamana bagl sicaklik
analizi sonucunda, pim cevresindeki toplam deformasyon degeri
mevcut okiiler gévdeye kiyasla ~ %18 artmis; esdeger gerilme degeri
malzemelerin akma dayanimlarindaki farktan dolayr ~ %62 oraninda
azalmigstir. Titresim altinda hasar analizi sonuglar incelendiginde, yeni
okiiler govdenin hasar orani (1.447x10-32), mevcut okiiler gévdeninkine
(2.061x108) kiyasla ¢cok daha diistik oldugu gézlemlenmistir. Sonuglar,
yeni tasartma sahip okiiler gévdede giivenlik faktérii degerinde iyilesme
oldugunu, ancak deformasyon degerinde bir artis gériildiigiinii ortaya
koymustur.

Anahtar Kkelimeler: Eklemeli imalat, Aliminyum alasimlari, Sonlu
elemanlar analizi, Lazer toz yatak fiizyonu.

Abstract

In this study focuses on the use of aluminum alloys in the defense
industry using additive manufacturing methods, and the design of a day
sight ocular body in ASELSAN'’s inventory was changed to reduce its
weight. The existing ocular body was manufactured from Al7075-T6
material using conventional machining methods. In order to produce a
new ocular body using the additive manufacturing method, changes
were made to the design and material of the ocular body while
preserving its external dimensions. For the new ocular body, which was
redesigned, and manufactured using the LPBF method, AlSi10Mg
material, which has better weldability than Al7075 material, was
preferred. The existing and new design ocular bodies were analyzed
using the finite element method under the same boundary conditions
and loadings. As a result of weight reduction studies, the new ocular
body is ~16 % lighter than the existing ocular body. As a result of the
time-dependent temperature analysis performed on the new ocular
body, the total deformation value around the pin increased by ~18%
compared to the existing ocular body; The equivalent stress value
decreased by ~62% due to the difference in yield strength of the
materials. When the results of the damage analysis under vibration
were examined, it was observed that the damage rate of the new ocular
body (1.447x10-32) was much lower than that of the existing ocular body
(2.061x108). The results showed that there was an improvement in the
safety factor value in the new designed ocular body, but an increase in
the deformation value.

Keywords: Additive manufacturing, Aluminum alloys, Finite element
analysis, Laser powder bed fusion.

1 Giris

Nesnelerin, bilgisayar ortaminda hazirlanan ii¢ boyutlu (3B)
dijital modellerinden elde edilen verilerine gére metal, seramik
ve plastik malzemeler kullanilarak katman katman imal
edilmesi prensibine dayanan yontemler, eklemeli imalat
teknolojilerini olusturur. Giiniimiizde bu yontemler, enerji, yap1
sektorli, sanat, medikal, otomotiv, havaciik ve uzay
endiistrilerinde giderek daha fazla kullanilmaktadir. Bu
teknolojiler, pargalarin bir biitiin halinde karmasik geometrili
imalatin1 saglamakla kalmaz, ayni zamanda kaynak veya
montaj gibi ek islemlere gerek kalmadan i¢ bosluklu yapilar
olusturarak agirligi azaltma gibi avantajlar da sunar.

Otomotiv, savunma, havacilk ve wuzay endiistrilerinde
hafiflikleri nedeniyle sik¢a tercih edilen aliiminyum ve

*Corresponding author/Yazisilan Yazar

aliminyum alasimlari, eklemeli imalatta kullanilan toz
malzemeler arasinda yer alir.

Herhangi bir parcanin eklemeli imal (Ei) edilmesinde ana
unsur, bilgisayar destekli tasarimin ardindan modelin
parametrelerine uygun olarak iiriniin katman katman
olusturulmasidir. Bu siiregte taramanin mesafesi, yonii, hizi,
lazerin giicii, katmanin kalinligi, kullanilan malzemeler ve
imalat sekli gibi faktorler, tiretilen parganin yiizey kalitesini,
imalat maliyetini, imalat hizin1 ve mekanik 6zelliklerini etkiler
[1],[2]. Eklemeli imalat uygulamalarinin genel islem adimlari,
Sekil 1'de gosterilen akisa benzer sekilde uygulanmaktadir

(11,2]-
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3B ¢izim, STL. Malzeme tipi,
3B tarama OBJ.. Katman kalinlig,
X3 D'. Bask1 yogunlugu,
gl Baski sicakligy,
Shay Bask1 hiz1,
Obje konumu,
G-kod

3B BASKI ADIMLARI
3B Dosya ot Dosya =
> > £ B B2 )

Cikarilabilir disk. Malzemenin Destek yapilarin
Ag lizerinden yazictya sokilmesi,
transfer yiklenmesi, Zimparalama,
Kalibrasyon ayari, Polisaj,
Sicaklik ayar Boyama,
Dolgu yapma,
Epoksi kaplama

Sekil 1. Eklemeli imalatta islem adimlari [3].

Figure 1. Process steps in additive manufacturing [3].

2 Eklemeli imalatta kullanilan aliiminyum
alagimlarn

Son on yida, eklemeli imalat ile ilgili bilimsel yayinlarin
sayisinda O6nemli bir artis olmustur. Metal eklemeli imalat
alaninda genel olarak; paslanmaz celik, Ti6Al4V, Inconel 625,
Inconel 718 ve AlSil0Mg en ¢ok incelenen malzemelerdir.
Aliiminyum alasimlari, eklemeli imalatin ana tiirlerinden biri
olan, segici lazer ergitme (SLM) veya toz yatak flizyonu-lazer
151n1 (PBF-LB) olarak da bilinen lazerle toz yataginda ergitme
yonteminde (LPBF) kullanilirlar [4],[5].

Havacilik ve otomotiv endtistrilerinde yaygin olarak kullanilan
Al alasimlar1 arasinda, daha yiiksek siineklik sunan yiiksek
mukavemetli 2xxx, 5xxx, 6xxx ve 7xxx serileri yer alir. Ancak,
bu alasimlarin LPBF ile islenebilirlikleri heniiz istenilen
seviyede degildir. Islemle ilgili yiiksek soguma hizlar1 séz
konusudur. Pargalarin imalat siirecinde maruz kaldigi
karmasik termal degisimler, kendi kendini dengeleyen yliksek
bir kalinti gerilime yol acgar. Alasimin mukavemeti kalinti
gerilmeden daha az oldugunda, catlaklarin olusmasi ve
yayllmasi yoluyla par¢adaki kalinti gerilim serbest birakilir.
Sonug¢ olarak imalat sirasinda mikro catlak olusma egilimi
goriilir, bu da parcalarda yapisal biitiinliigiin zayiflamasina
neden olur [6]-[8].

Literatiirde, LPBF icin yeni alasimlara yonelik g¢alismalar
yiriitilmektedir. Ornegin, Airbus grubu, El i¢in 6zel bir Al-Mg-
Scalasimi1 (SCALMALLOY®RP) gelistirmistir. Bu alasim, yliksek
korozyon direnci, yiiksek 06zgiill mukavemet, olaganiisti
yorulma ve tokluk 6zellikleriyle bilinmektedir. Addalloy™ gibi
yeni bilesimler gelistirmek i¢in Al-Mg alasimina Sc ve Zr
eklenmesi, mikro yapiy1 iyilestirmis ve malzemeyi
gliclendirmistir. Ayrica Sc, sicak ¢atlama olasilhigini azaltarak

kaynak kabiliyetini gelistirmistir [6]. Alliminyum Dernegi ise
eklemeli imalatta kullanilan aliiminyum tozu miktarindaki
biiylimeyi g6z oniinde bulundurarak, o6zellikle aliiminyum
alasim tozlari i¢in Purple Sheets olarak bilinen bir alasim kayit
sistemi gelistirmistir. 2019 yilinda Purple Sheets kapsaminda
kayit altina alinan ilk aliminyum tozlari, HRL Laboratuvarlari
tarafindan LPBF ig¢in gelistirilen ve 7A75.50, 7A75.51, 7A77.50
ve 7A77.51 olarak adlandirilan yiiksek dayaniml birkag 7xxx
alasimiydi. Giiniimiizde Purple Sheets kapsaminda bulunan ve
imalatta kullanilan alasimlarin artan sayisi, eklemeli imalat i¢in
cok cesitli alliminyum alasimlarina olan talebin kanitidir [4].

Aliiminyum tozlari, dogalari geregi hafiftir, yiiksek yansiticiliga,
yuksek 1s1] iletkenlige sahiptir. Yapilan arastirmalarda tozun
akis ozelliklerinin ytiksek sicaklik ve diisiik nem kosullarinda
korundugu gorilmistiir [9]. AlSi1OMg alasimi yiiksek 1s1
yansiticiligl nedeniyle yiiksek yogunluklu pargalar imal etmek
icin diger malzemelere gore daha fazla enerji girdisi gerektirir
[10]. Aliiminyum ve alasimlari 1s1l gerilmeleri azaltan ve yiiksek
1s1l iletkenlige sahiptir. Gliniimizde en yaygin kullanilan
alasimlar AlSi10 Mg ve AlSi12Mg bulunmaktadir [11]. LPBF'de
geleneksel olarak kullanilan fiber lazerlerin (siirekli veya
modiile edilmis) dalga boyu araliginda (1.06 um) diistik lazer
emiciligi sergiledigi gorilmiistiir. Dolayisiyla Al alasimlarini,
LPBF ile islemek kolay degildir. LPBF ile islenebilirlik acisindan
imit verici olanlar genellikle aliiminyum dékiim alasimlaridir.
Bunlarin arasinda en ¢ok ilgi géren AlSi10Mg'dur ve ardindan
AlSi12 gelir. Al-Si alasimlar igerdikleri Si oranina gore
adlandirilir ve 577 °C'de %12.5-12.6 silisyum igerigi ile bir
otektik alasim meydana getirir. Silisyum, ergimis aliminyumun
akiskanligini artirirken soguma sirasinda biiziilmesini de
azaltir. Al-Si alasiminin doékiilebilirligi, silisyum icerigi ile dogru
orantilhdir ve yaklasik %17 Si degerinde en iyi seviyeye gelir.
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Al-Si alasimlarinin ¢ekme mukavemetleri 140-260 MPa
araligindadir ve stineklikleri dustiktiir (~%4) [6]. Alasimdaki Si
agirhkca %11-13 arasinda ise otektik, %11'den az ise
hipoodtektik ve %13'ten fazla oldugunda hiperdtektik alasim
kabul edilir [15]. AISi10Mg alasimi ise hipodtektik aliiminyum
alasimlari grubuna dahildir.

Al7075

7075 en ¢ok, ucak pargalar1 gibi yiiksek gerilmeli yapisal
parcalarda kullanilir ve yaygin kullanilan baz1 yapisal
celiklerden daha giigliidiir [12]. Ornegin, ASTM standardi
B209-14'e gore islenmis Al7075-T6 i¢cin ¢cekme dayanimi 530
MPa'yi asarken, uzama degeri %9'u gecer. Ancak Al7075, LPBF
icin zayif islenebilirlik gosterir ¢ilinkii disik kaynak
edilebilirlige ve katilasma ¢atlamasina karsi ytliksek hassasiyete
sahiptir.

2.1

Yapilan bir¢ok arastirma, eklemeli imalat ile ¢atlaksiz Al7075
parcalarin iretiminin mimkin oldugunu ve aliiminyum
alasimlarina bilesen eklendiginde Al7075'teki katilasma
catlaklarinin oniline gecildigini gostermistir [13].
Al7075-T6’nin yogunluk degeri 2.81 g/cm3’tiir.

Tablo 1’de Al7075 alasimina ait kimyasal bilesim verilmistir
[14].

Al7075-T6 malzemesi miikemmel mekanik dzelliklere sahiptir.
Yiikksek mukavemet, tokluk ve yorulmaya karsi iyi direng
saglamaktadir. Tipik uygulamalar1 arasinda havacilik,
otomotiv, kaliplar, disliler, saftlar ve yapisal cerceve bilesenleri
bulunur.

2.2 AlSi10Mg

AlSi10Mg alasimin farkli ortamlardaki korozyon direnci
lizerinde birka¢ calisma yiiriitiilmis, oOzellikle tuzlu suda
korozyon direnci incelenmistir. Isil islem yapilmadiginda, Si ile
Al arasinda mikro galvanik ciftlerin olustugu belirlenmistir. Bu
olusum, bilesen yiizeyinde korozyonun yayilmasini engelleyen
koruyucu bir oksit film meydana getirir [15]. AlSi10Mg'un,
otomotiv ve havacilik endistrilerinde tercih edilmesinin
nedeni, ¢ok iyi dokiilebilirligi, korozyon direncinin yiiksekligi,
hafiflik, dinamik yiik tasima kapasitesinin yiiksekligi, iyi 1sil
nitelikler ve sertliginin AIMnCu, AIMg3 ve AlFeSi alasimlara
gore daha yiiksek olmasi gibi cesitli dzellikler sergilemesidir
[16]. Bu alasim, genellikle ytiksek ylik tasiyacak ince duvarh ve
karmasik geometrili dokiim pargalarin imalatinda tercih edilir
[17]. AlSi10Mg alasimi tozlar kullanilarak LPBF ile yapilan
imalat, yiiksek mukavemetli aliiminyum alasimlarinin talash
islenmesi ile yapilana gore daha kolaydir. Havacilik ve otomotiv
endiistrilerinde ihtiya¢ duyulan parg¢alarin eklemeli imalatinda,

gaz atomizasyonu yontemi ile elde edilen 20 ila 63 pm
boyutlarindaki AlSi10Mg alasimi tozu kullanilarak, basarili
sonuglara ulasilmaktadir.

AlSi10Mg alasimiyla imal edilen pargalara, 1sil islem
uygulanarak mikro yapilar1 ve ¢cekme 6zellikleri iyilestirilebilir
[18]. Parganin mekanik 6zelliklerini etkileyen dnemli faktorler
arasinda, AlSi10Mg alasimindaki 6tektik Silisyumun sekli ve
boyutu da yer almaktadir. Al-Si alasimindaki magnezyum,
mukavemet ve siineklik saglayan Mg2Si fazinin ¢ékeltmesine
olanak tanir [19].

AlSi10Mg alasiminin sertlestirilmesi i¢in ¢6zeltiye alma 1s1l
islemi yapay yaslandirma ile uygulanir. Mamullerin mekanik
ozelliklerini daha da iyilestirmek icin platform 1sitma stratejisi,
yaslandirma sertlestirmesi etkilerine katki saglayabilecegi
disiiniilmektedir [20]. EKlemeli imalat ile elde edilen AlSi10Mg
alasimi parganin mekanik o6zelliklerinin dékiim AlSi10Mg
alasimi  parcaninkinden daha iyi degerler sergiledigi
gozlenmistir [21],[22]. AlSi10Mg alasiminin kimyasal bilesimi
ve mekanik test sonuglari Tablo 2 ve Tablo 3'te verilmistir [23].
AlSi10Mg'un yogunluk degeri 2.68 g/cm3’tiir.

AlSi10Mg, El yéntemlerinde kullanilan en yaygin aliiminyum
alasimidir. Yiiksek mukavemet, sertlik ve dinamik ozelliklere
sahiptir [12].

AlSi10Mg, nispeten yiiksek sicakliklarda kullanim i¢in uygun ve
iyi korozyon direncine sahiptir. Bu o6zelliklerden dolay1 1s1
transferi gerektiren uygulamalarda kullanilmak i¢in ideal bir
malzemedir. Alliiminyum malzemeden imal edilen mamullerin
islenmesi kolaydir ve iyi yiizey kalitesi elde etmek miimkiindiir
[24],[25]. Yapisindaki silisyumun varligy, aliiminyum alasimini
saf aliminyuma gore hem daha sert hem de daha direngli hale
getirir [19],[26].

Yiiksek mukavemet-agirlik orani sayesinde otomotiv, havacilik
ve otomasyon uygulamalari, disli kutulari, motor pargalari, 1s1
esanjorleri, yiiksek basingli borular, manifoltlar, govdeler ve
yliksek ytlike maruz kalan braketler i¢in iyi bir se¢imdir.

3 Okiiler gévdenin eklemeli imalata
uyarlanmis tasarimi ve sonlu elemanlar
yontemi ile analizi
Savunma sanayiinde uzun namlulu silahlarda kullanilan
giindiiz nisangahi i¢ aksaminin eklemeli imalata uyarlanarak
agirhigini azaltmaya yonelik yapilacak ¢calisma icin okiiler govde

secilmistir. Okiiler gévde, Sekil 2’de verilen diirbiine montaj
edilmektedir [27].

Tablo 1. Al7075 alasiminin kimyasal bilesimi.
Table 1. Chemical composition of Al7075 alloy.

Element Si Fe Cu

Mn Mg Cr Zn Ti Al

Agirlik bilesimi maks (%) 0.4 0.5 2.0

0.3 2.9 0.28 6.1 0.2 Geri kalan

Tablo 2. AlSi10Mg tozu (% agirlik) kimyasal bilesimi.

Table 2. Chemical composition of AlSi10Mg powder (weight %).

Element Si Mg Cu Ni Fe Mn Ti Al
Agirlik bilesimi (%) 10 0.4 0.25 0.05 0.25 0.1 0.15 Geri kalan
Tablo 3. Cekme testleri ve Vickers sertlik 6l¢iimlerinin sonuglari.
Table 3. Results of tensile tests and Vickers hardness measurements.
Cekme mukavemeti (MPa) Uzama (%) Sertlik (HV)
AlISi10Mg (yatay) 451 48 127
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Sekil 2. A940 1x-4x glindiiz nisangahi. [27]
Figure 2. A940 1x- 4x day sight.

3.1 Mevcut par¢a ve yeni tasarim

Sekil 3’ te verilen okiiler govde Sivas ASELSAN Hassas Optik A.S
firmasinda geleneksel talash imalat yontemleri (tornalama,
frezeleme) ile imal edilmistir. Okiler govde, Al-7075-T6
aliiminyum alasimi gévde ve sonradan montaji gerceklestirilen
303 paslanmaz ¢elik pim olmak iizere iki ayr1 malzemeden
olugmaktadir. Okiiler gévde ve govdeye monte edilen pimin
toplam agirhig1 41.15 g'dir.

Okiiler
Gévde

Sekil 3. Mevcut okiiler gévde ve pim.
Figure 3. Existing ocular body and pin.

Bilindigi iizere Ei yontemlerinden LPBF ile imalatta, tipki
kaynak isleminde pargalarin ergitilip katilastirilarak
birlestirilmesinde oldugu gibi metal tozlarinin da ergimesi ve
katilasmas1 s6z konusudur. Dolayisiyla LPBF ile imalat
isleminde kullanilacak malzemenin de kaynak edilebilirliginin
iyi olmasi par¢a mukavemeti icin gereklidir. Mevcut gévdenin
malzemesi Al7075’nin kaynak edilebilirligi iyi olmadigindan,
parcanin eklemeli olarak imal edilmesinin uygun olmadigi
goriilmiistiir. Bu nedenle LPBF ile imal edilecek yeni parga icin
kaynak edilebilirlii daha iyi olan AISi10Mg malzemesi
secilmistir.

Calismada, mevcut okiiler gévdenin agirligini %10-20 oraninda
azaltmak hedeflenmistir. Bu amagla parga tasariminda
degisiklik yapilmis ve yeni tasarim Sekil 4’te verilmistir. Yeni
parcanin tasariminda SolidWorks 2023 SP4 programi
kullanmilmistir.

Okiiler govdenin dis formu degistirilmeden 2.5 mm’lik et
kalinlig1 olan kisimdan 1.5 mm genisliginde kanal agilmis ve her
18 derecede bir slot destekler eklenmistir. Ei sonrasi govde
icerisinde kalan tozun uzaklastirilmasi icin de pim deligine
yonelik kanal agcilmistir.

2,5 mm'lik
et kalinlig
olan kisim

Tozun
uzaklastinimasi
igin pim
delifine agilan
kanallar

&

()

IZOMETRIK GORUNTM ON GORUNTM

PiM_/
DELIGI/

KESITA-A

(b)
Sekil 4(a): Yeni tasarim okiiler gévde. (b): Yeni tasarim okiiler
govdenin i¢ kanal detay1.

Figure 4(a): New design ocular bod. (b): Internal channel detail
of the new design ocular body.

Monte edildigi giindiz nisangdhina pimden yataklama
yapildigindan pim deligi ¢cevresinin +15° lik boliimiinde agirlik
azaltumi yapilmamistir. Yapilan degisiklik sonras1 Sekil 4’te
verilen yeni tasarim okiiler gévde ve pimin toplam agirhgi
34.66 g'a distirilmiis boylece hedeflenen %10-20’lik agirlik
azaltimi gerceklestirilmistir.

3.2 Sonlu elemanlar yontemi

Gerilmelere ve deformasyonlara neden olan yiiklerin sonlu
elemanlar yontemi ile analizinde ag o6rgiisii kalitesi 6nemli rol
oynamaktadir. Eleman kalitesi, ortagonal kalite ve c¢arpiklik,
sonlu elemanlar analizinde 6ncelikle incelenen biiyiikliklerdir.
Eleman kalitesi ve ortagonal kalite biytkliklerinin 1 (bir);
carpiklik biyikliginin ise 0 (sifir) kritik degerine yakin
olmasi istenir.

Sonlu elemanlar analizinde ANSYS 2023 R1, yapisal analiz ve
yapisal analiz altinda 1s1l kosul modiilleri kullamild1. ideal ag
Orgiisli degerlerine ulasmak amaciyla mevcut ve yeni tasarim
okiiler govdeleri ve pim ile ¢cevresinin analizinde yararlanilan
kiiresel bolge i¢in lokal ag 6rgiisii ayarlari Tablo 4’te verilmistir.
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Tablo 4. Lokal ag orgiisti ayarlari.

Table 4. Local mesh settings.

Eleman boyutu (mm)

Parca Eleman Digim P -
‘ sayisl sayisl Okiiler govde 1m Ve sevrest
icin icin (alman
§ kiire #10 mm)
Mevcut 96179 156672 1.2 0.5
Yeni 93247 158701 1.2 05
tasarim

Yapilan ¢alismada eleman kalitesinin 0.86; ortogonal kalitenin
0.75 ve carpikligin da 0.25 degerlerinde yogunlasarak istenilen
1(bir) ve 0 (sifir) kritik degerlerine yakin olduklari
gorilmistir.

Sekil 5’te mevcut ve yeni tasarim okiiler gévdelere ait lokal ag
orgiisii dagilimi ile eleman kalitesi gorselleri verilmistir.

() (d)

Sekil 5(a): Mevcut Okiiler gévdenin lokal ag érgiisii dagilimi.
(b): Mevcut okiiler gévdenin eleman kalitesi. (c): Yeni tasarim
okiiler govdenin lokal ag 6rgiisii. (d): Yeni tasarim okiiler
govdenin eleman kalitesi.

Figure 5(a): Local meshwork distribution of the existing ocular

body. (b): Element quality of the existing ocular body. (c): Local

mesh of the new design ocular body. (d): Element quality of the
new design ocular body.

Lokal ag orgiisii ayarlar1 uygulandiktan sonra hem mevcut
okiiler gévdenin hem de yeni tasarim okiiler gévdenin eleman
kalitesi grafigi incelendiginde ag orgiisi yogunlugunun

cogunlugu 1’e yakin, ¢arpiklik grafigi incelendiginde ise ag
orgisiinin  yogunlugunun ¢ogunlugu 0’a yakin oldugu
gozlemlenmistir. Bu durum ideal ag orgiisii kalitesine
yaklasildigi anlamina gelmektedir. Ayrica lokal ag orgiisii
ayarlari sonucu diigiim ve element sayisinin global ag orgiisii
ayarlarina kiyasla az olmasi analizin daha hizli sonuglanmasini
saglayacaktir.

3.3 Sicaklik ve titresim analizleri

Mevcut ve yeni tasarim okiiler gévdeye sicaklik ve titresim
analizleri yapilmis olup, kritik olarak belirlenen bolgede
gerilme ve deformasyonlar sonlu elemanlar ydntemi
araciligiyla hesaplanmis ve uygunlugu kontrol edilmistir.

3.3.1 Calisma ve depolama sicakligl analizi

Zamana bagh calisma sicakligl analizi, okiiler govde igin
ASELSAN Hassas Optik A.$ tarafindan test laboratuvarlarinda
uygulanan kosullar dikkate alinarak, yiiksek sicaklikta ve diistik
sicaklikta tanimlanan stireler boyunca uygulanmistir. Sekil 6’da
sicaklik analizi i¢in sabitleme bolgesi verilmistir.

50,00(mm)

12,50 37,50

Sekil 6. Sicaklik analizi i¢in pimden yataklama.
Figure 6. Pin bearing for temperature analysis.

Gindliz  nisangdhina pimden yataklanarak montaji
gerceklestirilen okiiler govdenin sicaklifga maruz kalma
adimlari sirasiyla asagida verilmistir.

- Oktler govde 23 °C’'de 1 sa. bekletildi,

- Sicaklik dakikada 3 °C’lik adimlarla azaltilarak sicakligin
-40 °C'ye gelmesi beklendi,

- Sicaklik -40 °C’ye geldikten sonra 2 sa. bekletildi,

- Sicaklik dakikada 3 °C'lik adimlarla artirilarak sicakligin
23 °C’ye gelmesi beklendi,

- Sicaklik 23 °C’ye geldikten sonra 1 sa. beklendi,

- Sicaklik dakikada 3 °C'lik adimlarla artirilarak sicakligin
70 °C’ye gelmesi beklendi,

- Sicaklik 70 °C’ye geldikten sonra 2 sa. beklendi,

- Sicaklik dakikada 3 °C’lik adimlarla azaltilarak sicakligin
23 °C’ye gelmesi beklendi,

- Sicaklik 23 °C'ye geldikten sonra 20-40 dk. bekletildi.

Yukarida belirtilen siire¢ adimlar1 Sekil 7’de gosterilmistir.
Yukarida verilen zamana bagh sicaklik degisimleri, ANSYS-
Workbench programinda 3 dk'lik periyot 1 sn’de kabul
edilmistir.
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Sekil 7. Mevcut ve yeni tasarim okiiler gévdenin zamana bagh
¢alisma sicaklik dagilim profili.

Figure 7. Time-dependent operating temperature distribution
profile of the existing and new design ocular body.

Zamana bagli depolama sicaklig1 analizinde okiiler gévde MIL-
STD-810H standardina gore yiiksek sicaklikta ve disiik
sicaklikta tanmimlanan slire boyunca bekletilir. Giindiiz
nisangahina pimden yataklanarak montaji gerceklesen okiiler
govdenin sicaklia maruz kalma adimlari sirasiyla;

- Okiiler govde 23 °C’'de 1 sa. bekletildi.

- Sicaklik dakikada 3 °C’lik adimlarla azaltilarak sicakligin
-40 °C'ye gelmesi beklendi.

- Sicaklik -40 °C’ye geldikten sonra 2 sa. beklendi.

- Sicaklik dakikada 3 °C’'lik adimlarla artirilarak sicakligin
70 °C’ye gelmesi beklendi.

- Sicaklik 70°C’ye geldikten sonra 2 sa. beklendi.

- Sicaklik dakikada 3 °C’'lik adimlarla artirilarak sicakligin
55 °C’ye gelmesi beklendi.

- Sicaklik 55 °C'ye geldikten sonra 2 sa. beklendi.

- Sicaklik dakikada 3 °C’lik adimlarla azaltilarak sicakligin
23 °C’ye gelmesi beklendi.

- Sicaklik 23 °C'ye geldikten sonra 1 sa. bekletildi.

Yukarida belirtilen adimlar Sekil 8'de gosterilmistir. Yukarida
verilen zamana bagli depolama sicaklik degisimleri ANSYS
programinda 3 dk.’'lik periyot 1 sn. kabul edilmistir.

80 o
704
60 4

50 4

Sicaklik (°C)

-40 u T T T T T T T T T 1
0 25 50 75 100 125 150 175 200 225 250 275
Zaman (s)

Sekil 8. Mevcut ve yeni tasarim okiiler ggvdenin zamana bagh
depolama sicaklik dagilim profili.

Figure 8. Time-dependent storage temperature distribution
profile of the existing and new design ocular body.

Yapilan zamana bagh ¢alisma ve depolama sicaklig1 analizleri
sonucunda minimum ve maksimumum sicakliklarin ayni

degerde olmasindan dolayr pim deligi ve cevresine gelen
gerilme ve gerilmelere bagl deformasyon degerlerinin de ayni
oldugu gozlemlenmistir. Mevcut okiiler govdenin, Sekil 9(a)
pim cevresinde toplam deformasyon degeri ~0.011 mm,
Sekil 9(b) pim ¢evresindeki zamana bagh esdeger gerilme
degeri 473.77 MPa ve Sekil 9 (c) ¢evre kosullar1 analizinde
giivenlik faktérii ~1.1 olarak hesaplanmistir. Yeni tasarim
okiiler goévdenin, Sekil 9 (d) pim c¢evresindeki toplam
deformasyon degeri ~0.013 mm, Sekil 9 (e) pim ¢evresindeki
zamana baglh esdeger gerilme degeri 180.25 MPa ve Sekil 9 (f)
cevre kosullar1 analizinde giivenlik faktérii ~1.5 olarak
hesaplanmistir.

\ St swuctr
Equnalent Stress -

Type: Equavalent {von-Mises) Stress

Unit: MPa

Time; 2045

23.002024 0142

473,77 Max

Type: Total Deformation
Unit: mm

Time: 2045
BOL201342

0,013417 Max

4]

Sekil 9(a): Mevcut okiiler gévdenin pim cevresindeki toplam
deformasyon degeri. (b): Mevcut okiiler govdenin zamana
bagl esdeger gerilme dagilimi. (c): Mevcut okiiler gévdenin
cevre kosullarinda giivenlik faktorii. (d): Yeni tasarim okiiler
govdenin pim ¢evresindeki toplam deformasyon degeri.
(e): Yeni tasarim okiiler gévdenin zamana bagli esdeger
gerilme dagilimu. (f): Yeni tasarim okiiler gévdenin cevre
kosullarinda gtivenlik faktorti.

Figure 9(a): Total deformation value of the existing ocular body
around the pin. (b): Time-dependent equivalent stress
distribution of the existing ocular body. (c): Safety factor of the
existing ocular body under environmental conditions. (d): Total
deformation value of the new design ocular body around the pin.
(e): Time-dependent equivalent stress distribution of the new
design ocular body. (f): Safety factor of the new design ocular
body under environmental conditions.
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Mevcut ve yeni okiiler govdeye ANSYS-Workbench 10
programinda yapilan analizlerin sonuglar1 Tablo 5’te
verilmistir. g,
Tablo 5. Okiiler govdelerin analiz sonuglar. g
Table 5. Analysis results of ocular bodies. g
E
Toplam Esdeger gerilme Glivenlik 5.
deformasyon degeri (MPa) Faktori "
degeri (mm) s : =
Mevcut 0.011 473.77 1.1 Frekans (Hz)
;(2;111 ‘Voi(él(i) 0/1 ig%f) Y 3,1 65(1) Sekil 10. Bilinmeyen y6n i¢in ortak tasiyic1 (ABD otoyol
2 0 2 kamyonu titresimine maruz kalma).

3.3.2 Rastgele titresim analizi

Figure 10. Common carrier for unknown direction (exposure to

Savunma sanayi alaninda g¢alisan  firmalarm  test
diizeneklerinde uygulamis oldugu MIL-STD-810H’ye (ABD
Savunma Bakanligi Test Yonetim Standardi) gore giindiiz
nisangahinin nakliyesi sirasinda okiiler govdenin maruz kaldig:
titresimlerin etkilerini incelemek i¢in Tablo 6’da verilen metot
514.8-prosediir I'e gore kamyon ile giivenli kargo yodntemi
secilmistir [28].

Tasima esnasinda okiiler govdenin yonii bilinmedigi i¢cin ANSYS
programinda Sekil 10 (MIL-STD-810H-Sekil 514.8C-3 Kategori
4) ve Tablo 7'de (MIL-STD-810H-Sekil 514.8C-II Kategori 4)
verilen frekansa bagli ASD (g2/Hz) egrisinin degerleri okiiler

US highway truck vibration).

()

(b)

govdeye uygulanmistir [28]. Sekil 11’de titresim analizi i¢in

sabitleme bolgesi verilmistir.

Sekil 11. Titresim analizi icin mesnet yerleri. (a): Conta ile
sabitleme yiizeyi. (b): Pimden yataklama.

Figure 11. Support locations for vibration analysis. (a): Fixing
surface with gasket. (b): Bearing from pin.

Tablo 6. Titresim ortami kategorileri.

Table 6. Vibration environment categories.

Omiir Asamasi Platform

Kategori

Malzeme Aciklamasi

Imalat / Bakim Fabrika tesisi / Bakim tesisi

1. Imalat/Bakim siirecleri
2. Nakliye/tasima
3. Cevresel stres taramasi

Malzeme / Montaj / Par¢a

Kamyon ve romorklar

4. Guvenli kargo

5. Gelisigiizel kargo

6. Biiyiik montaj tasimacihigl

Giivenli kargo olarak malzeme

Gelisigiizel kargo olarak malzeme

Biiyiik montaj gruplari, siginaklar, van
ve romorklar

Tasima 7 Jet
Ugak 8. Pervane
9. Helikopter Kargo olarak malzeme
Deniz tagitlar 10. Deniz araglari
Demiryolu 11. Tren
12. Jet
Ugak 13. Pervane Kurulu malzeme
14. Helikopter
15. Jet Depoda monte edilmis
Ugak gerecleri 16. Jet Depoda kurulmus
17. Pervane Depoda kurulm
18. Helikopter P uruimus
Operasyonel - - -
Flizeler 19. Taktik fiizeler Flizeler monte edilmis (Serbest ugus)
Arazi 20. Arazi araclar Tekerlekli /'pal§1et11 /vanlara monte
edilmis malzeme
Deniz tagitlar 21. Deniz araglar1 Kurulu malzeme
Motorlar 22. Tirbin motorlar: Motorlara monte edilmis malzeme
Personel 23. Personel Personelce tasinan malzeme
Tiim 24. En kiiciik biitinlik [zolatorlerle kurulmus/émiir dongisii
Tamamlayici tamamlanmig

Tim araglar

25. D1s konsollu

Antenler, kanat profilleri, kuleler vb.
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Tablo 7. Bilinmeyen yon i¢in ortak tasiyici (Sekil 10°da verilen
egriler icin kirllma noktalar).

Table 7. Common carrier for unknown direction (breaking
points for the curves given in Figure 10).

Sinir Degerleri
Otomatik spektral yogunluk

Frekans (Hz)

5 0.015
40 0.015
120 0.002025
121 0.003
200 0.003
240 0.0015
266 0.000475
500 0.00015

rms = 1.17g

MIL-STD-810H standardinda (Metot 514.8 Ek-C) belirtildigi
gibi okiiler govde 60 dakika boyunca titresime maruz
birakilmistir [28]. Yapilan titresim analizi sonucunda pim deligi
ve ¢evresine gelen hasar orani degerlerinin 1’ den kii¢iik oldugu
gozlemlenmistir. Sekil 12(a)’da verilen mevcut okiiler gévdenin
pim cevresindeki toplam hasar orani degeri ~2.061x10-8 olarak
olciilmiistiir.

1374e-8
1,145¢-8

9,161e-9
6871e-9
4581e-9
2,29e-9
1,153¢-25 Min

(@) (b)
Sekil 12(a): Mevcut okiiler gévdenin hasar analizi. (b): Yeni
tasarim okiiler gévdenin hasar analizi.

Figure 12(a): Damage analysis of the existing ocular body.
(b): Damage analysis of the new design ocular body.

Sekil 12’de verilen hasar analizlerine gore pim ¢evresindeki
toplam hasar orani degerleri; mevcut okiiler goévdede
~2.061x108 iken, yeni tasarim okiiler govdede ~1.447x10-32
olarak ol¢iilmustiir.

Yapilan titresim analizi sonucunda gozlemlenen pim
cevresindeki toplam hasar orani degerinin yeni tasarimda,
mevcut tasarima gore azalmis olmasi, yeni tasarimda pim
cevresinin titresime daha dayanikli oldugunu goéstermektedir.

4 Yeni okiiler govdenin eklemeli imalati

4.1 Parc¢anin tasarimi ve eklemeli imalati

Sekil 13’te verilen yeni okiiler govde SolidWorks 2023 SP4
programinda tasarimi tamamlandiktan sonra Metarialise Magic
25.02 programinda baski ayarlar1 (eklemeli imalat
platformunda konumlandirilmasi, destek yapilari ve katman
kalinlig1 vs.) yapilmistir.

Sekil 13. Yeni okiiler govdenin destek yapilart.
Figure 13. Support structures of the new ocular body.

El platformunda imalati yapilacak okiiler gévdenin &lgii
hassasiyetinin yiiksek olmasi hedeflendiginden Sekil 13’te
gorildiigii {izere pargcamin dikey ile 45° < aciya sahip
yuzeylerinin tamamina destek yap1 eklenmistir.

Sekil 14’te verilen yeni okiiler gévdenin imalati, Sivas Bilim ve
Teknoloji Universitesi Ileri Alasimlar Uretim Merkezi
bilinyesinde yer alan ERMAKSAN Enavision 130 model lazer toz
yatak flizyonu sisteminde AlSi10Mg alasim tozu (<53 pm)
kullanilarak, 2433 katman olarak 20 saatte (ilk 1 saat ortamin
sartlanmasi) gerceklestirilmistir.

(b)

()
Sekil 14. Yeni tasarim okiiler gévdelerin lazer toz yataginda
imalat. (a): Lazer toz yatak fiizyonu sistemi. (b): Imal edilmis
yeni tasarim okiiler govdeler. (c): imalat platformu detay.

Figure 14. Laser powder bed fabrication of new design ocular
bodies. (a): Laser powder bed fusion system. (b): Fabricated new
design ocular bodies. (c): Detail of the manufacturing platform.

Yeni okiiler govdenin, lazer toz yatak fiizyonu sisteminde
imalati i¢in kullanilan parametreler Tablo 8’de verilmistir.
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Tablo 8. islem parametreleri.

Table 8. Process parameters.

Lazer Lazer Tarama Katman
N Lazer hiz1 . Tarama o
giicii (mm/s) cap1 mesafesi stratejisi kalinhig
W) (um) (um) (nm)
320 800 85 110 Chess 30

4.2 Imalat sonrasi parcaya uygulanan ikincil islemler

Parca, spiral kesici araciligiyla eklemeli imalat platformundan
ayrilmistir. Ayirma isleminden sonra ytiksek sicaklik kapasiteli
kil firininda atmosferik basing altinda 2 sa. stire ile 300 °C’'de
gerilim giderme tavlamasi uygulanmistir. Isil islem sonrasi
parcanin yiizeyinin temizlenmesi icin kumlama islemi
yapimistir (Sekil 15).

g t- b

(b)
Sekil 15(a): Kiil firini. (b): Tezgah tistii kumlama makinesi.

Figure 15(a): Muffle furnace. (b): Bench top shot blasting
machine.

Parcanin gerilim giderme tavlamasi ve kumlama islemi
bittikten sonra destek yapilari, mini disli ince kargaburun el
aleti ile par¢adan uzaklastirilmistir (Sekil 16).

Destek yapilar

(b)
Sekil 16(a): LPBF ile yapilan imalatta yeni okiiler govde
izerinde olusan destek yapilar. (b): Yeni okiiler gévdenin
destek yapilardan temizlenmis hali.

Figure 16(a): Support structures formed on the new ocular
body in the manufacturing with LPBF. (b): The new ocular body
cleaned of support structures.

El ile imal edilen okiiler gévdenin yiizey piiriizliiliigiiniin
giderilmesi, el ile temizlenen destek yapilarindan kalan
plriizlerin parcadan tamamen temizlenmesi ve nihai
geometrinin elde edilmesi i¢cin par¢a CNC torna ve freze
makinelerinde islenmistir (Sekil 17).

Sekil 17. Yeni okiiler gévdenin destek yapilar1 sokiildiikten
sonra torna ve freze ile talash islenerek nihai boyuta getirilmis
hali.

Figure 17. The new ocular body was machined to its final size
using a lathe and milling machine after the support structures
were removed.

5 Sonuglar

Calismanin amaci, savunma sanayiinde kullanilan ve talash
imalat yontemleri ile imal edilen A940 tifek giindiz
nisangadhinin agirhgim azaltmaktir. Bu amacgla giindiz
nisangdh1 i¢ bileseni olan okiiler goévdenin tasarimi
degistirilmis ve eklemeli imalat yontemlerinden LBPF ile imal
edilmistir. Al7075-T6 olan ilk malzemesi yerine, kaynak
edilebilir 6zelligi sayesinde eklemeli imalata uygun AISi10Mg
kullanilmistir. Tasarim ve malzeme degisikliklerinin ardindan
hem o6nceki hem de yeni tasarim okiiler gévdenin ANSYS -
Workbench programinda analizleri yapilmis ve parganin yeni
malzeme ile eklemeli imalat1 gerceklestirilmistir. Sonug olarak;

- Yeni (AISi10Mg malzeme kullanilan ve tasarimi
degistirilen) okiiler govde, agirlik azaltmaya yonelik
yapilan calisma sonucunda mevcut okiiler gévdeye
gore ~%16 daha hafiftir,

- Yeni okiiler gévdeye yapilan zamana bagl sicaklik
analizi sonucunda, pim c¢evresindeki toplam
deformasyon degeri (0.013 mm) mevcut okiiler
govdeye (0.011) kiyasla ~%18 artmus, esdeger gerilme
degeri (mevcut: 473.77 MPa, yeni tasarim: 180.25 MPa)
malzemelerin akma dayanimlarindaki farktan dolay:
~%62 oraninda azalmistir,

- Hem mevcut okiiler govdenin hem de yeni okiiler
govdenin, esdeger gerilme degerleri yiiksek olsa da
giivenlik kat sayilarinin >1’ in istiinde olmasindan
dolay1 nihai akma sinirin1 agsmadigl gézlemlenmistir,

- Titresim altinda hasar analizi sonuglari incelendiginde,
yeni okiiler gévdenin hasar oranmnin (1.447x10-32),
mevcut okiiler gévdeninkine (2.061x10-8) kiyasla ¢ok
daha diisiik oldugu gozlemlenmistir.

6 Conclusions

The aim of the study is to reduce the weight of the A940 rifle
day sight used in the defense industry and manufactured by
machining methods. For this purpose, the design of the ocular
body, which is the internal component of the day sight, was
changed and manufactured with LBPF, one of the additive
manufacturing methods. Instead of the original Al7075-T6
material, AlSi1l0Mg, which is suitable for additive
manufacturing due to its weldable properties, was used. After
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the design and material changes, both the previous and the new
design ocular body were analyzed in ANSYS - Workbench
program and additive manufacturing of the part was carried
out with the new material. As a result;

- The new (AlSi10Mg material and redesigned) ocular body
is ~16% lighter than the existing ocular body as a result of
weight reduction efforts,

- As aresult of the time-dependent temperature analysis of
the new ocular body, the total deformation value around
the pin (0.013 mm) increased by ~18% compared to the
existing ocular body (0.011), while the equivalent stress
value (existing: 473.77 MPa, new design: 180.25 MPa)
decreased by ~62% due to the difference in the yield
strength of the materials,

- It was observed that both the existing ocular body and the
new ocular body did not exceed the ultimate yield limit,
even though the equivalent stress values were high,
because the safety factor was >1,

- When the results of the damage analysis under vibration
are analyzed, it is observed that the damage rate of the new
ocular body (1.447x10-32) is much lower than that of the
existing ocular body (2.061x10-8).

7 Yazar katki beyani

Gergeklestirilen calismada Cem Ertek, fikrin olusmasi, yeni
tasarimin degerlendirilmesi, yazim denetimi ve icerigin kontrol
edilmesi, makalenin yazilmasi ve sonuglarin irdelenmesi
hususunda; Ramazan Evrensel, literatiir taramasi, yeni
tasarimin cizimi, sayisal analizlerin yapilmasi ve sonuglarin
elde edilmesi hususunda katkida bulunmustur.

8 Etik kurul onay1 ve cikar ¢catismasi beyani

“Hazirlanan makalede etik kurul izni alinmasina gerek yoktur”.
“Hazirlanan makalede herhangi bir kisi/kurum ile ¢ikar
catismasi bulunmamaktadir”.
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Abstract

Ductile cast irons (DI) are promising candidates for forged steels due to
their lower density (10-15 %), lower production cost and good specific
strength. The mechanical properties of DIs are heavily influenced by
matrix (ferrite, pearlite, or ferrite+pearlite), type and concentration of
alloying elements (Si, Cu, Sn, Cr and Ni. etc). The pearlite phase, which
is stronger and harder than ferrite phase, depends not only on the
chemical composition but also the cooling rate of sections having
various section thickness. In this situation non-uniform microstructure
and mechanical properties occur between the thick and thin sections of
the parts. In this manner solid solution strengthened (with Si) ferritic
DIs become prominent with more uniform microstructure and
mechanical properties. In the present study, the microstructural
properties, mechanical properties (tensile properties, hardness, and
impact energy), wear resistance and tool life (turning machining
operations) of EN-GJS-500-7 grade ductile cast irons, having modified
composition (increased amount of Si, decreased amount of C and
pearlite former), are studied in detail. The resultant microstructures
and mechanical properties are compared with those for having
traditional composition. For modified composition, the ferrite (solid
solution strengthened with excess Si) amount considerably increases,
and so the cast part exhibits uniform hardness distribution among the
surface layer and center regions). In addition, the yield strength and the
ultimate tensile strength (UTS) of the modified composition is slightly
lower than those for traditional composition. In addition, modified
composition exhibits better wear resistance (lower wear loss and
friction coefficient) and longer tool life compared to those for
traditional composition. As a result, an alloy with improved mechanical
properties and good machinability has begun to be applied industrially.

Keywords: Ductile cast iron, Chemical composition, Microstructure,
Mechanical properties, Wear behavior.

Oz

Kiiresel grafitli dokme demirler (KGDD), diistik yogunluklari (%10-15),
diistik tiretim maliyetleri ve iyi 6zgiil mukavemetleri nedeniyle dévme
celikler icin aday malzemeler olarak diistintilmektedir. KGDD'lerin
mekanik 6zellikleri matris tipine (ferrit, perlit veya ferrit + perlit),
alasim elementlerinin tiirii ve konsantrasyonuna (Si, Cu, Sn, Cr ve Ni.
vb.) baglidir. Ferrit fazina gére daha giiclii ve daha sert olan perlit fazi
sadece kimyasal bilesime degil ayni zamanda farkll kesit kalinligina
sahip parcalarda soguma hizina da baghdir. Bu durum pargalarin kalin
ve ince boltimleri arasinda farkli mikroyapilarin olusmasina ve farkl
mekanik 6zelliklerin ortaya ¢ikmasina sebep olmaktadir. Bu durumda
kati ¢ézeltiyle giiclendirilmis (Si) ferritik KGDD'ler daha homojen
mikroyapt ve mekanik ozelliklere sahip olarak éne c¢ikmaktadir.
gelistirilmis bilesime sahip (arttirilmis Si miktari, azaltilmis C miktari
ve perlit olusturucu) EN-GJS-500-7 kalite KGDD’lerin mikroyapisal ve
mekanik ozellikleri (cekme ézellikleri, sertlik ve darbe enerjisi), asinma
direnci ve takim oOmrii (tornalama sirasinda) detayli bigcimde
incelenmistir. Elde edilen mikroyapilar ve mekanik ézellikler, geleneksel
bilesime sahip KGDD’lerin mikroyapt ve mekanik 6zellikleri ile
karsilastirilmistir.  Gelistirilmis  bilesim icin, ferrit (fazla Si ile
gliclendirilmis kati ¢ézelti) miktart onemli élciide artmakta ve bunun
sonucunda dokiim parcanin yiizey bélgeleri ile merkez (cekirdek)
arasinda diizgiin bir sertlik dagiimi elde edilmistir Ek olarak,
gelistirilmis bilesimin akma ve cekme mukavemeti, geleneksel bilesime
gore ¢ok az daha diistiktiir. Buna ilaveten, geleneksel bilesime kiyasla
gelistirilmis bilesimin daha tistiin asinma direncine (daha diisiik asinma
kaybu ve stirtiinme katsayist) sahip oldugu ve talasl imalat stire¢lerinde
uzun takim émriinii uzattigi tespit edilmistir. Sonug olarak, gelistirilmis
mekanik ézelliklere ve lyi islenebilirlige sahip bir alasim endiistriyel
olarak uygulanmaya baslanmigtir.

Anahtar kelimeler: Kiiresel grafitli dékme demir, Kimyasal bilesim,
Mikroyapi, Mekanik 6zellikler, Asinma davranisi.

1 Introduction

Ductile iron (DI) is a well-known ferrous alloy composed of
mainly Fe, C and Si [1]. DIs have a very wide application field
such as crankshafts, heavy-duty engine parts, railway brake
systems, pistons, wind-turbine parts, pumps, valves due to their
good mechanical properties, high castability, good

*Corresponding author/Yazisilan Yazar

machinability, moderate fatigue, and wear resistance [1]-[9].
Compared to steels, DIs have lower production cost and lower
densities (10%) [2]. Therefore, the quality, lower weight and
lower cost make DIs suitable candidates for steels. The lower
specific weight of DIs enables the casting of thinner-sectioned
parts with good mechanical properties [4]. On the other hand,
DIs can exhibit the best combination of mechanical properties
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(strength, ductility, and fracture toughness) among other cast
irons (gray and white cast iron) [10],[11].

The matrix of the DIs can be ferritic, pearlitic, or a combination
of ferritic and pearlitic. The type of the matrix is responsible for
the variations in mechanical properties [3],[12]. The chemical
composition of the DIs strongly affects the microstructure
which further controls the resultant mechanical properties
[13]. Moreover, the chemical composition may be responsible
for the formation of casting defects such as exploded graphite,
chunky graphite, dross, graphite flotation, nodule alignment,
shrinkage, and gas porosity [14]-[17]. The DIs are designated
as EN-GJS (European Standard for ductile castiron) grades [18].
EN-GJS-500-7 is a traditional grade with ferritic/ pearlitic
matrix containing 3.85-3.95 % C and 2.30-2.40 % Si. In addition,
Cu or Sn is added as pearlite forming elements. The Cueq of EN-
GJS-500-7 grade is in the range of 0.35-0.45 % [19]. EN-GJS-
500-7 castings having various section thicknesses may result in
strongly various pearlite concentrations which further lead to
important differences in hardness values throughout the
casting. The amount of pearlite phase is influenced not only by
the chemical composition but also by the cooling behavior. The
thick sections of the casting contain relatively lower amounts of
pearlite due to slower cooling rate and as a result relatively
softer. On the other hand, the thin sections of the casting
contain relatively higher amounts of pearlite due to faster
cooling rate and exhibit higher hardness values. The important
differences between the hardness values have some
disadvantages:

i. Difficulty in achieving similar hardness tolerances, and
ii. Poor machinability [18].

Researchers have been making efforts to develop a ductile cast
iron that exhibits the best combination of mechanical
properties and improved machinability. In this sense, solid
solution strengthening of ferrite phase with high amount of Si
seems to be the most effective way to obtain uniform
mechanical properties throughout the casting [20]-[28].
Recently, a previous work [29] stated a new DI grade of EN-G]JS-
500-14. Compared to conventional EN-G]JS-500-7 grade, this
new grade is a solid solution strengthened ferritic DI. The new
composition possesses higher tensile strength, higher
elongation and better machinability than conventional grade.
These outstanding features of the new grade can be ascribed to
the relatively high Si concentration. Furthermore, it is also
reported that this new grade can be a candidate for steel. Thus,
this study aims to investigate the microstructural properties,
mechanical properties (yield strength, ultimate tensile
strength, ductility, impact toughness and hardness), wear
behavior and machinability of EN-GJS-500-7 (GGG50) grade
ductile irons having modified chemical composition. In this
manner, two different ductile irons are cast. One of them has
the traditional EN-GJS-500-7 (GGG50) chemical composition
and the other one has modified composition with decreased C
and Cueq (pearlite former) and increased Si amount. In addition,
this study mainly emphasizes the comparison of
microstructural and mechanical properties of ductile irons
having traditional and modified compositions.

Kandemir et al. [30] investigated the wear behavior of various
DIs having various pearlite and ferrite amounts with respect to
section size and chemical composition. They showed that the
alloy showing minimum wear loss did not exhibit the highest
strength. Emre Aydin [31] investigated the mechanical
properties, wear performance, machinability and corrosion

resistance of EN-GJS-500-7 grade DIs having various ferrite and
pearlite amounts. Like Kandemir et al. [30], Emre Aydin [31]
also stated that the composition having the highest pearlite
exhibited the best mechanical properties, but the lowest wear
loss was not observed. Moreover, he also showed that the
composition having highest amount of ferrite encountered
lowest cutting forces during machining. On the other hand,
Bjorkegren and Hamberg [32] compared the tool lives of
traditional EN-GJS-500-7 and relatively high Si (3.27 %)
containing DIs. They showed that under cutting speed of 240
m/min the tool lives of traditional and high Si containing DIs
until flange wear were determined as 12 and 17 minutes
(nearly 1.5 times longer), respectively. They also presented that
surface roughness is lower for high Si containing DI.

Recently, there was an increasing tendency to develop DIs by
exhibiting the best combination of mechanical properties,
physical properties, machinability, and wear resistance [29].
Therefore, we have tried to design and develop a modified
composition, which can be considered as the originality of the
present study. The modified chemical composition of the EN-
GJS-500-7 DI is developed by our research team.

The chemical composition of the modified composition is
determined considering the castability, solidification defects
and resultant mechanical properties. The DIs having good
castability, sufficient mechanical properties, reduced shrinkage
and non-formation of other solidification/casting defects
should have a carbon equivalent (CE) close to the eutectic
composition of 4.3%. High CE (>4.3%) have several artefacts:
(i) if the composition has an excess C content, primary graphite
can form and results in a harmful influence on mechanical
properties due to the graphite flotation as a casting defect on
the upper regions of parts, (ii) if the composition has an excess
Si content, the brittle to ductile transition temperature
increases, ferrite phase becomes brittle (rapid drop of
elongation) and exploded graphite forms as a result of lower
solidification rate. In the modified composition, firstly, it is
aimed to decrease the amount of pearlite to obtain a uniform
distribution of hardness between thick and thin sections (or
surface and center of specimens). Thus, the amount of pearlite
forming elements Cu and Sn is reduced. Secondly, the hardness
lose due to the decrease in the amount of pearlite can be
compensated by solid solution strengthening of softer ferrite
phase by increasing Si content. Hence, the amount of Si is
increased. However, Si content is not much increased since the
detrimental effects of high amount of Si. Thirdly, the C content
is decreased to ensure CE to be close to 4.3.

2 Experimental procedures

2.1 Production of the specimens

The GGG-50 (EN-GJS-500-7) ductile cast iron is produced
utilizing a medium frequency induction furnace with a 1500 kg
capacity at Mesa Machinery (Konya, Turkey). The charge is
composed of pig iron, foundry return scraps (runners, risers,
etc.) and steel scraps. The spheroidization is done with
FeSiMg7 utilizing the tundish ladle method. Then, the melt is
inoculated with FeSi75 alloy (containing 2-3% Ba). Finally, the
molten material is poured into sand molds shaped like standard
keel blocks.

2.2 Characterization

Scheme 1 lists all analyses and tests applied to the traditional
and modified EN-GJS-500-7 compositions.
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analysis -Impact test -Machinability

Scheme 1. The flowchart showing the study plan.

The chemical compositions (traditional and modified) of the
specimens (Table 1) are analyzed utilizing an Oxford Foundry
Master model optical emission spectrometer (OES). The
microstructural investigation of the samples is performed
utilizing a Nikon Eclipse MA 100 model inverter type optical
microscope. Prior to the microstructural examination, the
specimens are prepared using standard metallographic sample
preparation techniques. Firstly, disc shape specimens (40 mm
diameter and 10 mm height) are cut using an abrasive cutter.
Then The specimens are mechanically ground using SiC emery
papers (ranging from 180 to 1200 grit), polished with a 1 um
alumina suspension, and finally etched with a 3% Nital solution.
In addition, the fundamental microstructural parameters of
cast irons such as nodularity, nodule count graphite amount
and ferrite/pearlite ratio are determined using image analyzer
software.

Brinell hardness measurements are conducted utilizing a Bulut
Machinery BMS 3000-0OB model Brinell hardness tester under
a load of 3 tons on polished surfaces. The load is applied for 8
seconds. The tensile tests of the specimens (Figure 1) are
conducted utilizing an ALSA KTM 600 Model (60 tons/600 kN)
hydraulic wuniversal tensile testing apparatus with a
deformation rate of 8 mm/min. The tensile tests are performed
according to the TS EN 1563 (tension test of metallic materials
at room temperature) standard. The yield strength, ultimate
tensile strength (UTS) and percent elongation values are
determined with tension tests. Charpy impact tests are
performed at room temperature using an ALSA ZBC 300 model
impact tester in accordance with ASTM E23-18 (Standard Test
Methods for Notched Bar Impact Testing of Metallic Materials)

standard. The cast specimens are cut and machined to produce
standard rectangular un-notched specimens with dimensions
of 10 x 10 x 55 mm.
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Figure 1. The geometry and dimensions of standard tensile
test specimens used in the tensile tests.

Prior to abrasive wear tests, disc-shaped samples with a
diameter of 30 mm and a thickness of 10 mm are prepared by
cutting them with an electric saw. The samples are then ground
and polished. The abrasive wear tests are performed using a
UTS Tribolog tribometer with the reciprocating ball-on-disc
method, in accordance with ASTM G133 (Standard Test Method
for Linearly Reciprocating Ball-on-Flat Sliding Wear).
Moreover, the wear tests are performed in dry sliding
conditions at ambient temperature and with a relative humidity
of 68 %. A WC ball, having 6 mm diameter, is used during the
tests. The test parameters are listed in Table 2.

The friction force and friction coefficient between the abrasive
ball and the specimen are measured during the abrasive wear
tests. The frictional force is measured with a load cell, and the
coefficient of friction is obtained by dividing this force by the
normal load. The 2D wear profile (depth and width) of the wear
tracks is examined by a Nanomap LS stylus profilometer [33].
The wear loss is calculated as the volume of wear track. After
the tests, the worn surfaces of the samples are investigated by
light optical microscopy.

The effect of different compositions on machinability is
investigated by calculating the tool life. Two different
specimens (specimenl: 66 mm diameter and 125 mm length,
specimen2: 48 mm diameter and 125 mm length) of each
composition are considered in turning operations.
DNMG150608-PM4 carbide inserts are wused in the
experiments. Table 3 provides the cutting speed, feed rate, and
depth of cut for the specimens. During machinability tests, the
total number of specimens were recorded until the cutting tool
fails.

Table 1. The chemical analysis (wt.%) of EN-GJS-500-7 grade ductile irons having traditional and modified compositions.

Composition Fe C Si Mn P Mg Sn Cr Cu Mo Ni
Traditional bal. 3.95 2.32 0.152 0.034 0.04 0.059 0.035 0.023 0.066 0.003 0.001
Modified bal. 3.45 2.80 0.127 0.038 0.012 0.061 0.023 0.020 0.029 0.011 0.001

Table 2. The test parameters of the abrasive wear test.

Force 20N
Sliding distance 100 m
Frequency 5Hz
Stroke length 10 mm
Sliding speed 100 mm/s

Table 3. Cutting parameters used in the machinability tests.

Specimen 1 Cutting Speed (rpm) Feed rate (mm/min) Depth of cut (mm)
Specimen 1 ($66, L125) 850 0.16 5
Specimen 1 (¢$48, L125) 1000 0.25 3
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3 Results and discussion

The chemical compositions (wt.%) of the traditional and
modified EN-GJ]S-500-7 nodular cast irons are displayed in
Table 1. Compared to the traditional composition, % C is
reduced and % Si is increased somewhat. In addition, Sn,
which is used as a pearlite former, also decreased in the
modified composition. The carbon equivalents (CE) for
studied compositions are calculated by the equation given
below.
%Si + %P

CE=%C+T (1

The calculated CE values for the traditional and modified EN-
GJS-500-7 nodular castirons are 4.435 and 4.396, respectively.
To obtain a nearly constant CE value, the increase in Si content
is compensated for the decrease in C content.

The optical micrographs of surface regions (Figure 2) clearly
indicate the microstructural differences between traditional
and modified compositions. For modified composition
Figure 2(b), the amount of ferrite (white regions) is evidently
greater than that of traditional composition Figure 2(a).

(a)

Figure 2. The optical micrographs of the near surface layers
of (a): Traditional, and (b): Modified compositions.

For the center part of the casting (Figure 3), the amount of
ferrite (white regions) and pearlite (dark non-spherical
regions) seem to be similar. Moreover, the difference between
the determined ferrite/pearlite ratio of modified and
traditional compositions (Table 1) is more pronounced in the
surface regions. Thus, it can be concluded that the optical
micrographs and determined microstructural features via
microscopy software are consistent with each other.

The optical micrographs of studied cast irons are shown in
Figures 2-4. The microstructures of both compositions are
composed of graphite (black spheres), ferrite (light regions)
and pearlite (dark regions) phases. Neither carbide formation
nor any casting defects (i.e., chunky graphite, exploded
(degenerated) graphite, spiky graphite, shrinkage, graphite

flotation and dross) are observed in the microstructures of
studied alloys.

Figure 3. The optical micrographs of the central parts of
(a): Traditional, and (b): Modified compositions.

The important microstructural features (Figure 4 and Table 4)
such as nodularity, nodule count, and ferrite/pearlite ratio are
also determined via microscopy software. Ten independent
micrographs are considered for each composition (traditional
or modified) and each location (surface or center).

5 "?..:.A e
S NN ® 9,
SR SSER . e ! € 32 0
-, ® oV @ -
< ey sar e ) »
b, NS . .,i, B P
3 ‘4 og < Qg 1
el R et ovgiee
Yo @ LA AR TR O
. ;. « 09005 .. T Y .
- . y Y s l"- . LRy ~ .
s " L) | $ .
L] b3S S - .

Figure 4. The optical micrographs showing the distribution of
spheroidal graphite for (a): traditional, and (b): modified
compositions.

Table 4. The microstructural features of traditional and
modified EN-GJS-500-7 compositions determined with
microscopy software.

Parameter Traditional Modified
Nodularity (%) 731 74+ 1
Nodule Count (1/mm?2) 257172 2734+8.1
Ferrite/pearlite ratio surface  0.35+0.01 0.85 % 0.02
Ferrite /pearlite ratio center 0.47 +0.01 0.90 £ 0.02
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The Brinell hardness profile of the studied compositions are
shown in Figure 5. The overall hardness value of traditional
composition is considerably higher than that of modified one.

surface

+

223+x3HB

+
199+ 3HB
+ center

199+ 3HB

surface

+

194+ 4HB

+

202+4HB
(b) center

201 +4HB

+
194 + 4HB

surface surface

Figure 5. The hardness profile of the (a): Traditional, and
(b): Modified compositions.

For traditional composition, the center of the specimen is
softer compared to the specimen surface. As the specimen
surfaces of the cast parts are prone to pearlite formation due
to the higher cooling rates, the specimen surface is expected to
exhibit higher hardness values. On the other hand, for the
modified composition, the situation is vice versa. In this case,
the center of the sample is harder than the sample surface and
the hardness variation between the surface and center is less
pronounced. The results of Brinell hardness measurements
confirm the microstructural differences of traditional and
modified EN-GJS-500-7 ductile iron compositions. For
modified composition, increased ferrite concentration and
uniform distribution of ferrite phase among the parts result in
a uniform distribution of hardness values. Although the
ferrite/pearlite ratio is lower in surface compared to the
center for modified composition, the center region is
somewhat harder than surface layer. This contradiction can be
explained with the chemical analysis of modified composition.
The main differences between the chemical compositions of
traditional and modified DIs are increased C, reduced Sn as a
pearlite former and increased Si. For modified composition,
the decrease in Sn and increase in Si lead to a strong decrease
in pearlite ratio and solid solution strengthening of softer
ferrite phase. It is well-known that Si acts as a strong solid
solution strengthener for ferrite phase [20],[21],[34].
Therefore, the hardness of the center region is somewhat
higher than surface despite its lower pearlite ratio.

The results of tension and Charpy impact tests for traditional
and modified EN-GJS-500-7 compositions are listed in Table 5.
The standard data for EN-GJS-500-7 composition present in
EN 1563 standard [19] is also presented for comparison.
According to these results, both traditional and modified
compositions exhibit better tensile properties (higher yield
strength, UTS and percent elongation) than that of standard
data. The modified composition exhibits slightly lower
strength values and very similar elongation values compared
to those for traditional composition. The resultant tensile
properties agree well with the obtained hardness values.
Additionally, the impact energy for modified composition is
also somewhat greater. However, the impact energies of both
traditional and modified compositions are considerably lower
than the value present in the EN 1563 standard. This situation
can be explained with the higher yield and strength values
compared to the values present in the standard. For DlIs,
impact energy values are inversely proportional to
strength/hardness values. For example, the softest EN-GJS-
400-18 grade exhibits the highestimpact energy of 120 ], while

the hardest grade EN-GJS-800-2 grade exhibits the lowest
impact energy of 15 J.
Table 5. Tensile properties and impact energies of traditional

and modified EN-GJS-500-7 compositions. (The standard data
is given for comparison).

. - . EN 1563
Mechanical Property Traditional Modified Standard
Yield Strength (MPa) 477 £12 461+ 11 Min. 320

Ultimate Tensile .
Strength (MPa) 735+18 665+ 19 Min. 500
% elongation 10.8 £ 0.6 109 £ 0.6 Min. 7
Impact Energy (J) 51.2+34 57.3+3.8 Min. 70

The mechanical tests reveal that EN-GJS-500-7 ductile iron can
exhibit a good combination of mechanical properties with
modified composition. Satisfactory yield and tensile strength,
high elongation and uniform hardness values would provide
better machinability and uniform mechanical properties
among the layers having various section thicknesses. The wear
profiles along with optical micrographs of worn surfaces of
traditional and modified EN-GJS-500-7 DIs are illustrated in
Figures 6 and 7.
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Figure 6. Wear profiles along the vertical direction of wear
tracks. (a): Modified, and (b): Traditional compositions.

Traditional Modified

Figure 7. The optical micrographs of worn surfaces after
abrasive wear test.
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In addition, the volume loss of both specimens is determined
from the wear profiles and listed in Table 6. The wear profiles
reveal that modified composition, traditional composition
shows wider (317 um) and deeper (5.7 pm) wear profile.
Moreover, the average coefficient of friction value (Table 6) is
also higher for traditional composition than that of modified
composition. The results of the wear tests clearly indicate that
the wear resistance of modified composition is considerably
higher than that of traditional composition. The results of the
wear tests imply that tensile properties significantly affect
wear resistance. Due to the higher tensile and yield strength of
the modified specimens, they exhibit greater wear resistance
and lower volume loss. Specifically, the volume loss in the
traditional specimen is 3.7 times higher than that of the
modified specimen.

Table 6. The coefficient of friction and wear loss values of
traditional and modified EN-GJS-500-7 ductile cast irons.

Composition  Coefficient of friction  Wear loss (mm3)
Traditional 0.21 0.0181
Modified 0.15 0.0049

Additionally, the tool life (Table 7) is investigated during the
machining (turning process) of the traditional and modified
specimens. For the modified composition, the tool life is
importantly higher for both investigated specimen
geometries. The tool lives are nearly 1.3 times higher in the
machining of modified specimens rather than traditional
composition. Moreover, the tool life of specimen 2 (48 mm
diameter and 125 mm length) is longer than that of specimen
1 (66 mm diameter and 125 mm length). It is believed that the
smaller radius of specimen 2 directly influences the tool life.

Table 7. The tool life of traditional and modified EN-GJS-500-
7 ductile cast irons during the turning process.

Tool life (number of machined

Composition specimens)
Specimen 1 Specimen 2
(p66, L125) ($48,L125)
Traditional 113 197.3
Modified 143.5 257.3

Bjorkegren and Hamberg [32] studied the hardness
distribution and machinability of DIs having high Si contents
(3.27 and 3.72 %) than traditional compositions and
compared the results with those for traditional compositions.
They showed that there was no uniform hardness distribution
between the sections having different thickness for traditional
composition. In addition, the matrix phase of traditional
composition was composed of pearlite and ferrite. For
compositions containing high Si contents, the matrix phase
was ferrite, and the hardness was nearly same throughout the
part. They also stated that the tool lives of high Si containing
DI is nearly 1.5 times higher than tool live of traditional
composition. They reported that harder pearlite-softer ferrite
matrix phase led to interrupted cuts for traditional
composition. For compositions containing high Si contents, no
interrupted cuts were observed since the matrix phase was
composed of only ferrite phase. Furthermore, Dawson and
Hollinger [35] presented that increasing pearlite
concentration improved milling tool life, while it reduced the
tool life in turning operations.

4 Conclusion

The microstructural properties and mechanical properties of
EN-GJS-500-7 (GGG50) grade DIs having modified chemical
compositions are studied in detail, and following conclusions
can be drawn:

. EN-GJS-500-7 (GGG50) grade DIs having modified
composition are successfully produced without any
important casting defects,

e The ferrite amount of modified composition is significantly
higher because of the high amount of Si and low amount of
pearlite former,

. For modified composition, the microstructures are nearly
uniform among the surface and the center regions,

. For modified composition, uniform hardness distribution is
observed,

. The tensile properties of both modified and traditional
compositions are better than those for present in the
standard,

. For modified composition, the yield strength and the
ultimate tensile strength is slightly lower than those for
traditional composition, while impact energy is a bit higher,

e The ductility of both compositions is similar,

. Modified composition exhibits better wear resistance (less
wear loss and lower friction coefficient) compared to
traditional composition,

. For the modified composition, the tool life is also strongly
longer than traditional composition.
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Abstract

The optimal design of compound cylinders is crucial due to their high-
pressure load-bearing requirements and significant manufacturing
costs. This study focuses on optimizing the design parameters of
compound cylinders to achieve minimal equivalent stress and
production costs. To this end, a weighted multi-objective Grey Wolf
Optimization (GWO) algorithm was employed. Furthermore, the
influence of design parameters on shrinkage pressure and the
equivalent stresses of the inner and outer cylinders was analyzed using
detailed statistical methods. As a result of the multi-objective
optimization, two reference designs were considered for comparison:
one prioritizing minimum stress and the other minimizing
manufacturing cost. Both the design parameter levels and weight ratios
were systematically optimized. Using the optimal weight ratios and the
GWO method, the maximum equivalent stress in the inner cylinder
increased by 20%, while the total cost was reduced by a factor of 2.75.
Consequently, a design with sufficient structural reliability was
achieved, significantly lowering the manufacturing costs of compound
cylinders.

Keywords: Compound cylinder, Design parameter, Grey wolf
algorithm, Multi-Objective-Optimization, Total cost.

(0)4

Bilesik silindirlerin tasarimi, yiiksek basing tasima gereksinimleri ve
6nemli liretim maliyetleri nedeniyle biiyiik énem tasimaktadir. Bu
calisma, bilesik silindirlerin tasarim parametrelerini, minimum esdeger
gerilme ve fdiretim maliyeti elde edecek sekilde optimize etmeyi
amaclamaktadir. Bu dogrultuda, agirlikli ¢ok amagh Bozkurt
Optimizasyonu (BO) algoritmast kullanmilmistir. Ayrica, tasarim
parametrelerinin araylizey basinct ve ic-dis silindirlerin esdeger
gerilmeleri tlizerindeki etkisi ayrintili istatistiksel yéntemlerle analiz
edilmistir. Cok amacl optimizasyon sonucunda, karsilastirma amaciyla
iki referans tasarim ele alinmistir: biri minimum gerilmeye oncelik
veren, digeri ise liretim maliyetini en aza indiren tasarimdir. Hem
tasarim parametre seviyeleri hem de agirlik oranlari sistematik olarak
optimize edilmistir. Optimum agirlik oranlart ve BO yéntemi
kullanilarak, ic silindirdeki maksimum esdeger gerilme %20 artarken,
toplam maliyet 2.75 kat azaltilmistir. Bdylece, yeterli yapisal
gtivenilirlige sahip bir tasarim elde edilerek, bilesik silindirlerin iiretim
maliyeti 6nemli él¢ctide diistirtilmiistiir.

Anahtar kelimeler: Bilesik silindir, Tasarim parametreleri, Bozkurt
algoritmasi, Cok amach optimizasyon, Toplam maliyet.

1 Introduction

Thick-walled cylinders (TWC) are defined as cylinders with a
wall thickness of at least ten times the inside radius [1]. TWCs
are one of the widely used metal structures in many
engineering fields [2]. TWCs are used in the hydraulic, chemical,
machinery manufacturing, petroleum, military, and nuclear
power plant industries. There are many applications, such as
high-pressure reactor vessels, rocket engines, process plants,
air compressor units, hydraulic tanks, extrusion containers,
barrels, and gas storage tanks [3]. TWCs generally work under
high pressures, and both hoop and radial stresses occur in
TWCs. These stresses are not evenly distributed throughout the
wall thickness of the cylinder [4]. The resulting stresses are not
only due to internal pressure on the cylinders. As a result of
their shrink fit, a significant amount of tension occurs. The
manufacturing method of the cylinder, finishing method, notch
effect, and radii (closed-end cylinders) affect the stresses in
TWCs and reduce their fatigue life. However, the dimensions of
the cylinders are the most critical factor in the occurrence of
these stresses. In engineering applications, compound
cylinders are used instead of thickening the walls to reduce

*Corresponding author/Yazisilan Yazar

stresses in TWCs working under high pressures. Compound
cylinders consist of two or more TWCs assembled by shrink-
fitting them to each other. Shrink fit is a non-permanent
assembly process performed without the use of any fasteners.
The shrink-fit process is done as follows: the outer cylinder is
heated and then expanded, and the inner cylinder is pressed
into the hub of the outer cylinder. The primary purpose of the
shrink-fit process is to both assemble and create a shrinkage
pressure at the interface [4]. Shrinkage pressure generates
compressive stresses on the outer surface of the inner cylinder.
It has been proved analytically and numerically in many studies
that this effect of the shrinkage pressure reduces the maximum
equivalent stresses, especially when working under internal
pressure. As a result of the stress state generated by the shrink
fit, a metal structure that resists higher pressures is
manufactured by using less material than the total material
used in a single cylinder [5]. There are methods to reduce stress
levels in order to increase the fatigue life of the cylinders. Using
shrink-fitted compound cylinders is one of them. A schematic
and real illustration of the shrink-fit process is shown in
Figure 1.
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Figure 1. Illustration of the shrink-fit process. (a): Schematic,
(b): Real.

Firstly, the shrinkage allowance (§) is determined, and the
cylinders are manufactured by adding this tolerance to the
outer diameter of the inner cylinder. Then, the outer cylinder is
heated and is waiting for expansion. Expansion varies
according to the type of material and the maximum
temperatures that can be reached. After expansion, the inner
cylinder is centered into the outer cylinder and pressed to the
hub. The cylinders are then allowed to cool. During cooling, the
puckering of the outer cylinder is prevented by the inner
cylinder, thus creating shrinkage pressure. The shrinkage
pressure acts as an external pressure applied to the outer
surface of the inner cylinder. High tensile stresses in the
cylinders operating under high internal pressure may cause the
part to fatigue after a while. In compound cylinders, the
shrinkage pressure creates localized residual compressive
stresses and increases the fatigue life [6]. Therefore, the
calculation of the stresses in TWCs is very important for safe
design and determination of the amount of material to be used.
Radial and hoop stresses and shrinkage pressures of compound
and unlayered TWCs under internal pressure were first
analytically calculated by French engineer G. Lame in 1833 [7].
These stresses are used for simple geometry cylinders. Finite
element methods (FEM) have been developed for more
complex structures [5]. In the literature, there are many
analytical and numerical calculations of the stress of compound
cylinders and the changes in the fatigue life of the cylinders with
the shrink fit process [3],[5],[6],[8]-

One of the critical areas of use of compound cylinders is
"pressure intensifiers," which sheds light on this study. Ultra-
high pressures are used in industry for hydroforming, water jet
cutting, sealing, blast resistance, and fatigue tests. In addition,
ultra-high pressures are also used in autofrettage, industrial
cleaning, and high-pressure pasteurization processes, which
increase the pressure-bearing capacity of structures. Ultra-high
pressures are achieved using pressure intensifiers. By using
pressure intensifiers, ultra-high pressures of 200-600 MPa are
obtained. In pressure intensifiers, as shown in Figure 2, the low-
pressure chamber is a standard hydraulic cylinder and operates
with standard hydraulic pressures such as 25 MPa. The
pressure of the liquid-filled into the high-pressure chamber is
increased by the area ratio [3]. At ultra-high pressures, damage
in the cylinders can be dangerous and costly.

High — pressure
fluid

High pressure
chamfer

Hydraulic
line

Low pressure
chamfer

Hydraulic
line

(@ (b)
Figure 2. Illustration of the pressure intensifier with 350 MPa
working pressure [9]. (a): Real, (b): Schematic.

For this reason, TWCs, which are subjected to cyclic high
stresses in pressure intensifiers, are generally manufactured in
multiple layers and from materials with high yield and fatigue
strength. In addition, it is also important to determine the
dimensions that can be used safely in the design of hydraulic
cylinders.

The pressure intensifier in Figure 2 operates as a single-acting
hydraulic cylinder and can generate a maximum pressure of
350 MPa pressure. At such high pressures, high radial and hoop
stresses occur in both the inner and outer cylinders of the high-
pressure chamber. In the high-pressure chamber, pressure
intensifiers operating under ultra-high pressures may cause
fatigue damage. The hypothesis of this study was based on the
fatigue damage and fracture of the pressure intensifier (shown
above) while operating under a pressure of 350 MPa. The
pressure intensifier that caused fatigue damage is shown in
Figure 3.

~ - 5 Fatigued Part

High pressure chamfer of (Inner Cylinder)
Pressure Intensifier

(Compound Thick Walled Cylinder)

Figure 3. Fatigue damage in the Pressure intensifier [9].

In metal constructions operating under high pressures, the
factor of safety should be kept high. Furthermore, the design
should be analytically and numerically examined
experimentally. In the industry, the wall thickness of the inner
cylinder is generally increased to ensure the safety of such
constructions. However, some studies in the literature show
that thickening the inner cylinder is not the most critical change
that can lead to stress reduction and decreased fatigue life [3].
The dimensions of the outer cylinder and the minimal
shrinkage allowance are of high importance for the stresses in
the cylinders.
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Paredes et al. have studied shrink-fitted fasteners in an elastic
region. They used the Lame formula to analyze the average
contact stress in the hole walls and verified the analytical
results by finite element analysis and experimental methods
[10]. Benuzzi and Donzella examined the forces applied in the
shrink-fitting of a railway axle and wheel with a complex
structure using analytical and numerical studies [11]. It is
concluded that SEA results are better than analytical results for
complex components. Oztiirk analytically and numerically
evaluated the shrinkage pressure occurring at different
interference tolerances of thick-walled compound cylinders
with steel-steel and steel-aluminum materials [5]. The stresses
that occurred in the shrink-fitting process were calculated by
FEA along the wall and compared with analytical values. As a
result of the comparisons, it was stated that FEMs successfully
estimated the shrinkage pressures in the compound cylinders.
In addition, it has been stated that FEAs are more reliable than
analytical methods in determining the stresses of shrink-fitted
parts with complex geometry. Ozel et al. analyzed the stress and
deformation for different hub-shaft connections by FEA to
determine the shrinkage allowance [12]. The stresses on the
outer surface of the inner cylinder were analytically calculated
and verified by Lame equations. Similar to other studies in the
literature, it is stated that Finite Element results are more
valuable than analytical results in the calculations of shrink-
fitted specimens with complex geometry. As a result of the
studies, it was stated that the end regions of the cylinders are
more unsafe, and higher stresses occur than in the center
regions. Aydin et al. have investigated the effect of shrinkage
pressure on the fatigue life of cylinders in shrink-fitted
compound cylinders [6]. As a result of the FEAs, fatigue life
increased as the shrinkage allowance increased. Under the
same conditions, the life of the single-layer cylinder was 5586
cycles, while the life of the optimum compound cylinder
increased by 99% to 9530 cycles. In the study by Aydin and
Tiirkéz, it was found by numerical analyses that the weight can
be reduced by up to 36% compared to a single-layer structure
in compound cylinder designs formed with different material
pairs [13]. Aydin et al. calculated the maximum equivalent
stresses occurring in the compound cylinders used in pressure
intensifiers analytically and numerically [3]. They then
conducted a validation study. They concluded that the most
influential parameter in the inner cylinder at 350 MPa internal
pressure is the shrinkage allowance. They also proved that the
inner cylinder wall thickness does not contribute to the
maximum stress and fatigue life of the material. Akay and
Ridvanogullar1 researched the optimum turning process
parameters for the shrink fit in the train wheel [14]. The surface
roughness must be in the range of 0.8-3.2 micrometers in order
for this shrink fit to be adequately performed. In order to
achieve these levels, they optimized the cutting depth, feed, and
cutting girl parameters. Campos and Hall have simplified
Lame's equations [15]. Simplified formulas and classical Lame
equations were compared with SEA results. The simplified
equations were found to agree with both results. In addition, it
has been found that the radial stress does not depend on the
thickness in thin-walled shrink-fit processes. Wang et al.
proposed a new theoretical model that predicts nonuniform
stress distributions in shrink-fitted constructions [16].
Experiments and analytical analysis have validated the
theoretical model. In the study, contact length and shrinkage
ratio in the shrink fit process were also investigated as effect
parameters. Stress distributions of different material pairs
(Ni36CrTiAl - 50Ni-50Fe, AISI 1045 - AISI 1045) at full contact

conditions were analyzed. As a result, the theoretical model has
been shown to have high accuracy in estimating the stress
distribution. It is stated that the same model can be used in
different material pairs. Wang et al. stated that non-uniformly
contacting regions will cause stress concentration, and this
causes deviations in the results in Lame equations [17]. Wang
et al. derived a stress formulation in a double-layer TWC
operating under internal pressure [18]. They also used the bi-
modulus of the material while deriving this formulation. Zhu et
al. produced a composite elastoplastic solution for a double-
layer or multi-layer cylinder using the ratio of tensile strength
o to compressive strength o.. In addition to the importance of
estimating the stresses occurring in compound TWCs, it is also
very important to make the optimum geometric design
according to these stresses [19]. Designers must present ideas
that reduce stresses while reducing material and
manufacturing costs. This problem raises an optimization
problem.

The originality of this study is to optimize the compound
cylinder used in pressure intensifiers for total equivalent stress,
total weight, and manufacturing cost using the grey wolf
algorithm. The detailed statistical analysis and multi-objective
weighted optimization for total equivalent stress and total cost
of compound cylinders were performed for the first time in the
literature. In this context, it is aimed at designing both lower
cost and constructions with lower stresses at ultra-high
pressures. The performance criteria in this study are,
respectively, the interface pressure, the maximum stress
occurring in the inner cylinder, the maximum stress occurring
in the outer cylinder, and the total cost. The maximum stress
values of the outer cylinder were constrained, and the
parameters were optimized by determining the optimal
weights of the total cost, as well as the maximum stress that
occurred in the inner cylinder. After that, constrained and
weighted optimization performed using the optimal weight
ratios. The results of this study will shed light on the industrial
organizations that design compound cylinders and academic
studies on the subject.

2 Material and method

In this study, the compound high-pressure chambers of
pressure intensifiers used to achieve ultra-high pressures such
as 450 MPa will be optimized in terms of total equivalent stress
and total cost. In this context, the effects of the inner radius of
the inner cylinder (R;) the thickness of the inner cylinder (T;),
the thickness of the outer cylinder (73), and the shrinkage
allowance (&) on the shrinkage pressure, the maximum
equivalent stresses in the inner cylinder and the total cost
(material and manufacturing) were investigated. The optimum
parameter levels were obtained for two different scenarios. The
parameters were given schematically in Figure 4. In Figure 4,
the inner radius of the inner cylinder is indicated by R4, outer
radius of the inner cylinder by R,, outer radius of the outer
cylinder by R, the wall thickness of the inner cylinder by T;,
and the wall thickness of the outer cylinder by T,. The outer
radius of the inner cylinder (which is also the inner radius of
the outer cylinder) is given by R, + Ty, while the outer radius of
the entire assembly is R; + T; + T,. The symbol § represents the
shrink fit allowance (interference) between the inner and outer
cylinders.

1152



Pamukkale Univ Muh Bilim Derg, 31(7), 1150-1163, 2025
M. Aydin, A. Cakan, M. Tiirkéz

Shrinkage
Allowance
>

After shrink fit assembly
(Compound Cylinder)

Figure 4. Schematic representation of shrink fit assembly and
shrinkage allowance.

2.1 Shrinkage pressure and stress calculation in
compound cylinder

High stresses occur in TWCs operating under ultra-high
pressure. Properly dimensioned construction is crucial for
operating under high stresses without damage. In compound
TWCs, the shrinkage pressure generates a pre-stress in the
compression direction on the inner cylinder surfaces. The
compressive pre-stress in the inner cylinder reduces the tensile
stress resulting from the internal pressure. In fact, the
compressive stresses on the inner surface increase the fatigue
strength of the structure by preventing the progression of
micro-cracks. Therefore, compound cylinders can withstand
much higher stresses than single-layer cylinders of equivalent
thickness. The number of layers is decided according to the
intensity of the internal pressure and the resulting stresses. The
assembly of compound cylinders is done by press-fitting or
heating. The most widely used assembly process is the heated
fitting process. To assemble the cylinders, the outer cylinder is
heated, and the inner cylinder is inserted into it. In the
meantime, due to the size difference, the so-called "shrinkage
pressure” (p) occurs at the interface [7]. Equation 1 shows the
formula of the interface pressure resulting from the shrink fit
of two cylinders [20]. In the formula, E represents the modulus
of elasticity of the material.

The radial (o) and hoop (a3,) stresses occur in TWCs under
internal and external pressures. The stresses in the inner and
outer cylinders are shown schematically in Figure 5.

P
(Pressure)

Stress Distribution af
Inner Cylinder

After shrénk fit assembly
(€ompound Cylinder)

Figure 5. Stress distribution of inner and compound cylinders
under inner and shrinkage pressure.

Lame equations (Equations 2 and 3) are used for the calculation
of stresses [20]. In the equations, E is the modulus of elasticity,
vis the Poisson's ratio, r is a constant indicating at which radius
“r” of the cylinder the stress is calculated, and C is the stress
constant. C; and C, are constants that vary with internal and
external pressure and are shown in Equations 4 and 5. In this
equations p; is the inner pressure, p, is the outer pressure.

_E«d (RE—RD)+ (RE = R)

1
P="R, " 2+RZ+(RZ-RD) M
E 1-v
o= e -] @
E 1-v
O'h=1_—vz*[C1*(1+17)+Cz*r—2] 3
o L=v [RE*p) — (R *p,) @
17 E (R —R?)
c _1-v, R? * R3 * (p; — po) )
2T E (R; — R})

Radial and hoop stresses calculated (in equation 6 and 7) as
when C and C, values are substituted in Equations 2 and 3;

_ [RE *p) — (b x p,) B (p; — o) * RZ * b? ©
T ®-RD " (R = RD)

_[RE *p) = (RS * )] . [(Pi = Po) * R} * RS @
RS r2+ (R} - RD)

To determine the maximum equivalent stress in the cylinder,
the Von-Mises equivalent stress theory was used;

Oeq. = \/orz — 0, x oy + 07 (8)

2.2  Calculation of total cost in compound cylinders

Total cost is an important factor in the manufacture of
compound cylinders in pressure intensifiers. This study aims to
optimize the dimensions of cylinders operating at ultra-high
pressures, which are planned to be manufactured at low
stresses and low costs. Hence, material and machining costs
were taken into account when calculating the total cost.
Compound cylinders are generally manufactured by turning
hollow cylinders. In order to normalize the material cost, the
cylinder materials will be considered as solid cylinders. Firstly,
the volumes of the inner and outer cylinders in each experiment
were calculated, and then the weights were calculated by
multiplying the density of the steels (7.8 g/cm?). The liquid
volume capacity of the pressure intensifier whose TWC was
designed was determined as 0.3 liters. Therefore, the internal
volume of the inner cylinder was 0.3 liters (300000 mm3). Due
to the different diameter of the inner cylinder, the lengths of all
cylinders were calculated as shown in Equation 10 to fix the
volume capacity.

chlinder =T* R% * lcylinder 9
300,000
leyiinger = 7T*—R12 (10)

The total material cost was then found by multiplying the
market value of AISI 4340 (inner cylinder) and AISI 1050 (outer
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cylinder). The total weight and total cost calculation are
detailed in equations 11-15, respectively. In the equations, V
represents the volume, [ represents the cylinder length, and m
represents the mass.

Vinner =1 * RS * | [mm?] (11
Vouter =1 * R3 * | [mm?] (12)
Minner = Vinner * 7.8x107° (kg) (13)
Mouter = Vouter * 7.8x107° (kg) (14)
Total CoStmgterial
= Minner(kg) * 20 (%) (15)
+ Mouter (kg) * 12((15%

For the manufacturing cost of the cylinders, the machining cost
presented in literature [21]-[23] is adapted in this study. In
calculation, we assumed that the tool must be replaced when
one operation is finished. The total cost for the compound
cylinders was calculated by summation of Total Costyaterial
and Total Costmanyfacturing- The total cost for manufacturing
formulated as follows:

Total Costmanusacturing = Co * Ty + C¢ * 76‘ (16)
where C, is the operating cost per minute (3$/min), C; is the
cutting tool cost (10$/piece), Tuis the total manufacturing time,
T, is the turning time, and T is the tool life. The operation cost
C, is the combination of labor and depreciation cost. The total
manufacturing time, T,,, is defined as follows:

Tc
TuzTc‘l‘?*TR‘}‘TL"'Tp (17)
where Ty, is the time of replacing the used cutting tool, T} is the
presetting time, and Tp is the time for changing the parts. Since

the cutting insert is replaced after each operation, the % ratio is
assumed to be 1. The operation times are considered as follows:
Tr is 2 minutes, T, is 2 minutes, and Tp is 3.5 minutes. The
cutting time T is calculated using the Equation 18.

_mxDxl -
c= 7 (18)
where D is the diameter of the cylinder, [ is the length of the
cylinder, v is the cutting speed and f is the feed value in
(mm/rev). After calculating the machining costs for the inner

and outer cylinders as presented above, the total
manufacturing cost was determined by adding them. The total
cost of the compound cylinders was calculated by summing the
total material cost (given in Equation 15) and the total turning
cost.

2.3

A parametric optimization was performed for three different
scenarios using a weighted objective function. Firstly, a full
factorial design with 81 experiments consisting of four
parameters and three levels of each parameter was created.
Then, detailed statistical analyses were performed for all
performance criteria, followed by determining the constraint
for optimization. These constraints include the maximum
equivalent stress in the outer cylinder. After determining the
coefficient of the constraints, optimization was performed
using the grey wolf algorithm based on weighted objective
functions. Finally, three different scenarios were compared
with the optimum levels obtained for all performance criteria.

Study’s methodology

Parameter levels shown in Table 1 were used to investigate the
effects of the geometrical parameters in the TWC. The full
factorial design (shown in Table 2) was used in this study.
Although wall thickness is given as the second and third
parameters, the results are given according to the radii of the
cylinders. Regression and variance analyses were applied to the
results, and the significance and effect levels of the parameters
on the results were expressed in detail.

Table 1. Parameters and levels of this study.

Parameters Parameter levels
1 2 3
Inner radius of inner cylinder (R1) 175 25 325
(mm)
Inner cylinder wall thickness (T1) 15 30 45

(mm)

Outer cylinder wall thickness (T2)

1 4
(mm) 5 30 5

One-sided shrinkage allowance (&)

(mm) 0.03

0.06 0.09

2.4

In this study, detailed statistical analyses are performed for the
output parameters of shrinkage pressure, maximum equivalent
stress in the inner cylinder, maximum equivalent stress in the
outer cylinder, and total cost. Firstly, variance analysis
(ANOVA) was applied to the output parameters.

Detailed statistical analysis of performance criteria

Table 2. Full factorial experimental plan.

Exp. Ri (mm) T1 (mm) T2 (mm) 6 (mm)
1 17.5 15 15 0.03
2 17.5 15 15 0.06
3 17.5 15 15 0.09
4 17.5 15 30 0.03
5 17.5 15 30 0.06
6 17.5 15 30 0.09
7 17.5 15 45 0.03
8 17.5 15 45 0.06
9 17.5 15 45 0.09
10 17.5 30 15 0.03
11 17.5 30 15 0.06
12 17.5 30 15 0.09
13 17.5 30 30 0.03
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Table 2. Continued.

Exp. Ri (mm) T1 (mm) T2 (mm) 6 (mm)
14 17.5 30 30 0.06
15 17.5 30 30 0.09
16 17.5 30 45 0.03
17 17.5 30 45 0.06
18 17.5 30 45 0.09
19 17.5 45 15 0.03
20 17.5 45 15 0.06
21 17.5 45 15 0.09
22 17.5 45 30 0.03
23 17.5 45 30 0.06
24 17.5 45 30 0.09
25 17.5 45 45 0.03
26 17.5 45 45 0.06
27 17.5 45 45 0.09
28 25.0 15 15 0.03
29 25.0 15 15 0.06
30 25.0 15 15 0.09
31 25.0 15 30 0.03
32 25.0 15 30 0.06
33 25.0 15 30 0.09
34 25.0 15 45 0.03
35 25.0 15 45 0.06
36 25.0 15 45 0.09
37 25.0 30 15 0.03
38 25.0 30 15 0.06
39 25.0 30 15 0.09
40 25.0 30 30 0.03
41 25.0 30 30 0.06
42 25.0 30 30 0.09
43 25.0 30 45 0.03
44 25.0 30 45 0.06
45 25.0 30 45 0.09
46 25.0 45 15 0.03
47 25.0 45 15 0.06
48 25.0 45 15 0.09
49 25.0 45 30 0.03
50 25.0 45 30 0.06
51 25.0 45 30 0.09
52 25.0 45 45 0.03
53 25.0 45 45 0.06
54 25.0 45 45 0.09
55 325 15 15 0.03
56 325 15 15 0.06
57 325 15 15 0.09
58 325 15 30 0.03
59 325 15 30 0.06
60 325 15 30 0.09
61 325 15 45 0.03
62 325 15 45 0.06
63 325 15 45 0.09
64 325 30 15 0.03
65 325 30 15 0.06
66 325 30 15 0.09
67 325 30 30 0.03
68 325 30 30 0.06
69 325 30 30 0.09
70 325 30 45 0.03
71 325 30 45 0.06
72 325 30 45 0.09
73 325 45 15 0.03
74 325 45 15 0.06
75 325 45 15 0.09
76 325 45 30 0.03
77 325 45 30 0.06
78 325 45 30 0.09
79 325 45 45 0.03
80 325 45 45 0.06
81 32.5 45 45 0.09
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Minitab 21 was used to obtain the ANOVA table, and the P-value
and contribution ratio of the parameters on the results were
interpreted. Then, the plots for the main effects were obtained
and interpreted for all performance criteria. After ANOVA,
regression analyses were performed. Within the scope of
regression analysis, regression curve, R-square value, and
histogram graph were obtained. The regression analysis results
obtained for all performance criteria are also comprehensively
interpreted.

2.5 Constrained and weighted Grey Wolf algorithm
optimization for total equivalent stress and total
cost

Today, optimization processes are frequently used in design
and various engineering problems. The main reasons for this
are environmentally friendly design, energy efficiency, cost
reduction, weight reduction, and making designs more useful.
In this study, the optimum design parameters of shrink-fitted
cylinders were determined. In the optimization process, the
grey wolf algorithm introduced by Mirjalilil et al. was used [24].
Grey wolf optimization has been used in the literature for both
single-objective and multi-objective optimization problems for
many different engineering disciplines [25]-[28]. There are
four different grey wolf groups to mimic the leadership
hierarchy of grey wolves used for the implementation of the
grey wolf algorithm. In the leadership hierarchy shown in
Figure 6, the first layer is alpha (@), representing the most
robust and most capable head wolf. In the second layer, the beta
(B) wolves command the other lower-level wolves and
communicate with the alpha wolves.

V'N
AR
AR
e

Figure 6. Hierarchy of grey wolf (dominance decreases from
top down) [24].

In the optimization algorithm, they amplify the alpha's
commands tra, transmit them to the lower-level wolves, and
provide feedback to the alpha wolf. In the lowest layer are the
omega wolves (w), which occupy a large part of the total and
are mainly responsible for stabilizing the internal relations of
the population and protecting and monitoring the young wolf
population. Wolves in the third stratum are categorized as delta
wolves (§), which do not belong to the other three strata and
must submit to alpha and beta class wolves but dominate
omega wolves [24]. MATLAB software was used to perform
optimization.

Beyond their hierarchical structure, cooperative hunting is
another key behavior modeled in the GWO algorithm. As
outlined by Muro et al. (2011), the hunting strategy of gray
wolves consists of three main stages: (i) tracking and
approaching the prey, (ii) encircling and exhausting it, and (iii)
launching a final coordinated attack. These stages are

algorithmically mapped to exploration, encircling, and
exploitation phases in GWO.

Assuming the dimension of the solution space in the GWO
algorithm is d and the gray wolf population size is N, the
position of the i-th gray wolf is expressed in Equation 19:

X, ={X}, X2 ....X8},  i=12,..,N (19)
In GWO, the best, second-best, and third-best solutions are
denoted as «,f,and §, respectively, while the remaining
individuals are classified as w. The position of the a-wolf
represents the estimated location of the prey, i.e., the best
current solution. The encircling mechanism, which mimics the
wolves’ strategy to restrict prey movement, is mathematically
formulated as follows:

D=|C+X,t) - X(®)| (20)
Xt+1)=X,(t)—A+D 21)
Where t is the current iteration, A and C are the coefficient

vectors, (XT,) is the location vector of the prey and X is the

location vector of the grey wolf. Aand C vectors are calculated
in Equation 22 and 23, respectively:

A=2+d+7—d (22)
C=2+7; (23)

Here the components of d are linearly decremented from 2 to 0
over the iterations, and ry, , are random vectors in (0, 1) [24].

In nature, gray wolves locate and encircle their prey under the
leadership of the a-wolf, with assistance from the - and &-
wolves. In the context of optimization, the exact location of the
global optimum is unknown; thus, the top three solutions-a, f3,
and &-serve as guides to approximate its position. The
remaining wolves, including the w group, update their
positions, accordingly, enabling the population to converge
toward the optimal solution. This leadership-based hierarchy
ensures that the top solutions are preserved while others adjust
based on their influence [24]. This behavior is mathematically
expressed by the following equations (Equations 24-30), and
the overall flow of the GWO algorithm is illustrated in Figure 7.

start > Update the position of
wolves based on best

Initialize parameters
A, C, Qnays Qin, Sett=0

By using randomly
generated data as the
initial population
information

!

Calculate fitness values
of each grey wolf

performed wolves

(@, 8, 8)

]

Update control
parameters of algorithm

I

Calculate the fitness of
the wolves and update
Xoo Xp. X5

Find Xo. Xz, X
t=T,

<>

Stop and Output the
Optimal Solution

1

Figure 7. Flow chart of GWO algorithm [29].
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Dy =Gy — Xo(t) — X(0)] (24)
Dg =|C;, — Xp(0) = X ()| (25)
Ds = |C; — Xs(t) — X ()| (26)
Xy =Xq — Ay * D (27)
Xo=Xp— Ay * Dy (28)
X; = Xs— A3 * Ds (29)
X(t+1) = it Xt X X; MRS (30)

3 Results and discussion

In this study, the shrinkage pressure, maximum equivalent
stresses, and total cost, shown in Figure 8, were calculated
analytically. Based on the analytical results, detailed statistical
analyses were performed, and multi-objective weighted
optimization was performed using the grey wolf algorithm.
Details of the statistical results and the optimization process's
results according to each performance criterion are described
below.

i |
|

| Weighed Optimization |

|
.......................................... A

Total Cost

| Total Equivalent | | (\cterial and Manufacturing) |

[ Smess

Figure 8. Output parameters and optimization of this study.

3.1 Shrinkage pressure

The shrinkage pressures of 81 different compound cylinders
working under 350 MPa ultra-high internal pressure are given
in Table 3. The highest shrinkage pressure was obtained at
175 MPa in the 9th design. The lowest shrinkage pressure was
obtained as 11.1 MPa in the 73t design. In order to determine
the effects of design variables on the shrinkage pressure
variance analysis (ANOVA) were performed. To interpret the
results of the ANOVA, P — value and contribution ratios are
usually evaluated, respectively. The P — value is known as a
measure of significance. A small P-value (typically less than
0.05) indicates a statistically significant difference between the
means of the groups. The contribution ratio measures the
proportion of the total variation in the response variable
explained by a given independent variable. A high contribution
ratio indicates that the independent parameter has a strong
influence on the output, while a low contribution rate indicates
a weak influence. The ANOVA table for the shrinkage pressure
results is given in Table 4. The P — wvalue of all input
parameters in the table is less than 0.05. This result shows that
the input parameters have significant effects on the shrinkage
pressures. The parameter with the highest contribution to the
shrinkage pressure was shrinkage allowance with a rate of
47.09%. The findings of this study agree with an earlier study
[5], which also showed the importance of the shrinkage
allowance on the von-mises stress of the inner and outer
cylinder.

Table 3. Shrinkage pressure results.

p
Exp. p (MPa) Exp. p (MPa) Exp. (MPa)
1 413 29 55.6 57 59.8
2 82.7 30 83.4 58 26.1
3 124.0 31 36.2 59 52.2
4 53.2 32 72.3 60 78.3
5 106.4 33 108.5 61 289
6 159.6 34 39.9 62 57.8
7 58.3 35 79.9 63 86.8
8 116.7 36 119.8 64 15.2
9 175.0 37 19.5 65 30.5
10 25.6 38 389 66 45.7
11 51.3 39 58.4 67 22.3
12 76.9 40 28.2 68 44.5
13 36.8 41 56.5 69 66.8
14 73.6 42 84.7 70 26.2
15 110.4 43 33.0 71 52.3
16 42.7 44 66.0 72 78.5
17 85.5 45 99.0 73 111
18 128.2 46 13.5 74 22.2
19 16.7 47 27.0 75 33.4
20 334 48 40.5 76 17.3
21 50.1 49 20.8 77 34.6
22 25.6 50 41.7 78 51.9
23 51.1 51 62.5 79 211
24 76.7 52 25.3 80 42.2
25 30.8 53 50.6 81 63.3
26 61.7 54 76.0
27 92.5 55 19.9
28 27.8 56 39.9

Table 4. The ANOVA table for the shrinkage pressure results.

Source F-value P-value Cont% Remarks
R1 (mm) 539.5 <0.0001 15.1 Significant
T1 581.7 <0.0001 16.2 Significant
T2 357.8 <0.0001 10.0 Significant
Shrinkage allowance  1681.4  <0.0001 47.1 Significant
Ri* T1 61.6 <0.0001 3.4  Significant
Ri* T2 6.8 <0.0001 0.4  Significant
Ri* Shrinkage 449  <0.0001 25 Significant
allowance
Tu* Shrinkage 484  <0.0001 27  Significant
allowance
T2" Shrinkage 298  <0.0001 17 Significant
allowance
Error 0.7
Total 100.0

The shrinkage allowance tolerance levels selected in this study
are relatively small, and controlling manufacturing is quite
tricky. However, it is the most influential parameter on the
pressure at the interface. Therefore, the shrinkage allowance
needs to be set very precisely, and it should be as high as
possible when manufacturing compound cylinders that operate
under ultra-high internal pressures. The lowest contribution in
terms of input parameters was the outer radius of the outer
cylinder, with 10.0%. Interaction effects of the parameters
were found to be low in the variance model. The error rate of
the ANOVA analysis was calculated as 0.7%

A main effects plot is a type of graph used in statistics and data
analysis to represent the relationship between input
parameters and results visually. It is used to understand the
effect of an input parameter on the result while other variables
are held constant. The main effects plot for the shrinkage
pressure is given in Figure 9.
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Figure 9. The main effects plot for the shrinkage pressure.

The effects of the parameters on the shrinkage pressure were
linearly increasing or decreasing. While the inner radius (R;)
and thickness of the inner cylinder (T;) are inversely
proportional to the shrinkage pressure, the thickness of the
outer cylinder (T,) and shrinkage allowance (§) are
proportional to the shrinkage pressure. While the average
interfacial pressure was 73 MPa at the 17.5 mm R;, the average
interfacial pressure decreased by 43% to 41 MPa when the R;
was 32.5. The increase of T, caused an increase in the shrinkage
pressure. However, increasing T, causes an increase in the
amount of material, and this creates a disadvantageous
situation regarding the total cost. The primary purpose of this
study is to optimize by considering the total cost while doing
this kind of geometric dimensioning. Considering the shrinkage
allowance, the average interfacial pressure was 29 MPa with a
6 of 0.03 mm, but this value increased by 193% to 85 MPa with
a 6 of 0.09 mm. It is desirable to increase the shrinkage
pressure, but for safety reasons, the total stress in the cylinders
must be calculated.

The R-squared value is a statistical measure of how well the
regression curve approximates the actual data points. The R-
square value ranges from O to 1, where 0 indicates that the
model explains none of the variability around the mean of the
output parameters data, and 1 indicates that the model explains
all of the variability around the mean of the output parameters.
A high R-squared value indicates the predictability of the
outcome with a high success rate using the input parameters.
R-squared adjusted is a modified version of R-squared, a
statistical measure of the fit of a linear regression model. R-
squared adjusted is used to compare models with more than
one independent variable. R-square and R-square adjusted
values are 0.983 and 0.980, respectively. It is concluded that the
parameters have high predictability on the shrinkage pressure.

An interaction plot is a type of plot used to visualize the
relationship between two or more input parameters and the
result. It is a way to see how the effect of one parameter on the
result depends on the levels of another factor. The 6 interaction
graphs obtained for the shrinkage pressure are shown in
Figure 10. First of all, it can be said that all interactions are
proportional and as they do not coincide each other, there is not
an interaction between the parameters. However, it can be
observed that the effect of changing inner cylinder thickness
(T1) on shrinkage pressure is most pronounced when the
shrinkage allowance is at its highest value. Again, it was
observed that when the thickness of outer cylinder is its
minimum level, there is not any effect of inner cylinder
thickness.
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Figure 10. The interaction graphs for shrinkage pressure.

3.2 Maximum equivalent stress in the outer cylinder

The maximum equivalent stresses occurring in the outer
cylinders under ultra-high internal pressure of 350 MPa are
given in Table 5. The outer cylinders are generally
manufactured from low-strength materials. Therefore, it is
absolutely important to calculate the stresses occurring in the
outer cylinder. Designing the outer cylinder as unsafe may
cause sudden fatigue damage. The highest stress was obtained
as 668.5MPa in the 57t design. The lowest equivalent stress
was obtained as 131.9 MPa in the 25t design.

Table 5. The maximum equivalent stresses in the outer

cylinder of 81 different compound cylinders.

Uoufer gouter UGufEr
Exp. (MPa) Exp. MPa) PP (MPa)
1 350.1 29 525.9 57 6685
2 489.6 30 632.9 58 4264
3 629.1 31 3708 59  500.4
4 3208 32 4655 60 5745
5 4486 33 560.1 61 3963
6 576.4 34 350.9 62 4651
7 309.4 35 4404 63 5340
8 4327 36 530.0 64 2930
9 555.9 37 245.9 65 3736
10 205.0 38 3394 66 45422
11 315.8 39 4329 67 2667
12 426.7 40 227.6 68 340.1
13 193.2 41 314.1 69 413.5
14 297.7 42 400.6 70 253.5
15 402.2 43 218.8 71 323.3
16 188.0 44 302.0 72 3930
17 289.6 45 385.2 73 2010
18 3913 46 168.9 74 2707
19 141.9 47 247.0 75 3404
20 2303 48 325.0 76 1876
21 318.7 49 159.3 77 2527
22 135.2 50 232.9 78 3177
23 219.4 51 306.5 79 1802
24 303.7 52 154.2 80 2428
25 131.9 53 225.5 81 3053
26 214.1 54 296.7
27 296.3 55 496.2
28 419.0 56 582.4

The ANOVA table for the maximum equivalent stress in the
outer cylinder is given in Table 6. The P-value of all input
parameters in the table is less than 0.05. These results show
that changing the levels of the input parameters has statistically
significant effects on the equivalent stress of the outer cylinder.
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Table 6. The ANOVA table for the maximum equivalent stress

in the outer cylinder.
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Source F-value P-value Cont% Remarks
R1 (mm) 805.6 <0.0001 2.1  Significant
T1 6488.6  <0.0001 61.8 Significant
T2 46.1 <0.0001  2.47 Significant
Shrinkage allowance 1090.0 <0.0001 309 Significant
R1*T1 19.2 <0.0001 0.1  Significant
R1* T2 23.2 <0.0001 0.2  Significant
R1* Shrinkage 5.5 <0.0001 0.8  Significant
allowance
T1* T2 22.8 <0.0001 0.8  Significant
T1* Shrinkage 136.2 <0.0001 0.4  Significant
allowance
T2* Shrinkage 16.2 <0.0001 0.1  Significant
allowance
Error 0.23
Total 100.0

However, the thickness of the inner cylinder (T;) was the most
important parameter, with a contribution rate of 61.8%, and
the effects of the other parameters were less pronounced.
While the contribution rate of the § was calculated as 30.1%,
the effect of R, and T, seems nearly no effect on its stress value
with a contribution rate of 2.1% and 2.4%, respectively. The
main effects plot of the parameters is given in Figure 11.
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Figure 11. The main effects plot for the maximum equivalent
stress in the outer cylinder.

As can be seen from the figure, an increase in the R; and a
decrease in T, parameters causes a slight increase in the stress
level. The stress level decreases significantly with the increase
in the T; parameter. Again, increasing § caused an increase in
the stress level. An interesting result is that there is no need to
increase the thickness of the outer cylinder to reduce the stress
level in the outer cylinder. This information is important for
designing the compound cylinders as safely and economically.

The R-squared and R-squared adjusted values are 0.997 and
0.996, respectively. R-square adjusted values of 0.7 and above
are accepted in engineering problems. So, it is concluded that
the parameters have high predictability on the maximum
equivalent stress in the outer cylinder. When the interaction
plots given in Figure 12 are examined, it is seen that there is
only a slight interaction between the parameters of R; and &.
When the level of § was 0.03 mm changing of R, affected the
stress level but when it is 0.09, changing of R; did not affect the
stress of outer cylinder.

Figure 12. The interaction graphs for maximum equivalent
stress of outer cylinders.

3.3

The maximum equivalent stresses occurring in the inner
cylinder of 81 different compound cylinders when internal
pressure was 350 MPa are given in Table 7.

Maximum equivalent stress in the inner cylinder

Table 7. The maximum equivalent stresses in the inner
cylinder of 81 different compound cylinders.

o Total o Total o Total
Exp. tnner - Cost Exp. mner Cost Exp. tnner Cost
(MPa) %) (MPa) (%) (MPa) (%)

1 600.6 534 29 606.0 395 57 636.4 330
2 503.5 534 30 528.9 395 58 651.1 386
3 416.5 534 31 592.1 479 59 566.2 386
4 530.0 686 32 4939 479 60 486.2 386
5 416.0 686 33 406.8 479 61 597.4 454
6 3319 686 34 551.1 584 62 506.7 454
7 500.5 878 35 447.5 584 63 424.6 454
8 3829 878 36 362.1 584 64 701.5 506
9 311.0 878 37 652.9 654 65 664.1 506
10 606.4 986 38 609.9 654 66 627.2 506
11 555.8 986 39 567.9 654 67 639.0 574
12 507.1 986 40 602.0 759 68 586.0 574
13 565.5 1179 41 541.7 759 69 534.8 574
14 495.7 1179 42 484.4 759 70 605.1 654
15 431.5 534 43 574.9 883 71 544.3 654
16 544.3 534 44 506.1 883 72 486.3 654
17 465.5 534 45 442.3 883 73 669.2 727
18 395.7 686 46 637.1 989 74 645.2 727
19 607.4 686 47 610.0 989 75 621.6 727
20 576.3 686 48 583.4 989 76 631.0 806
21 545.8 878 49 605.2 1114 77 594.6 806
22 580.9 878 50 564.4 1114 78 558.9 806
23 534.3 878 51 524.7 1114 79 607.8 898
24 489.7 986 52 586.1 1259 80 564.0 898
25 565.3 986 53 537.3 1259 81 521.5 654
26 510.1 986 54 490.5 1259

27 458.0 1179 55 771.5 330

28 686.5 1179 56 703.2 330

The highest stress was obtained in experiment 55 as 771.5 MPa.
The lowest equivalent stress was obtained in the 9th design as
311 MPa. However, since the outer cylinder stress exceeded the
allowable stress in the 9th design, the lowest equivalent stress
was 395 MPa in the 18th design. The ANOVA table is given in
Table 8. The P-value of all input parameters in the table is less
than 0.05. This result shows that all input design parameters
have significant effects on the equivalent stress in the inner
cylinder. Except for the thickness of the inner cylinder (T1), all
design parameters exhibit similar effects on the stress level.
The shrinkage allowance (8) contributes the most with a ratio
of 32.7%, while the thickness of the outer cylinder (Tz) and the
inner radius of the inner cylinder (R1) have effects of 27.4% and
22.3%, respectively.
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Table 8. The ANOVA table for the maximum equivalent stress
in the inner cylinder.

Source F-value P-value Cont.% Remarks
R1 (mm) 1199.8 <0.0001  22.3 Significant
T1 3333 <0.0001 6.2  Significant
T2 1476.6 <0.0001  27.4 Significant
Shrinkage allowance  1757.2 <0.0001  32.7 Significant
R1*T1 81.5 <0.0001 3.0  Significant
R1*T2 19.5 <0.0001 0.7  Significant
R1* Shrinkage 7.2 <0.0001 0.3  Significant
allowance
T1* T2 70.7 <0.0001 2.6 Significant
T1* Shrinkage 97.6 <0.0001 3.6 Significant
allowance
T2* Shrinkage 15.5 <0.0001 0.5  Significant
allowance
Error 0.4
Total 100.0

These results also verified the results of a previous study
conducted according to Taguchi L9 orthogonal design [3]. The
parameters have high predictability on the maximum
equivalent stress in the inner cylinder. Because R-square and R-
square adjusted values are 0.976 and 0.972, respectively. The
main effects plot for the maximum equivalent stress in the inner
cylinder is given in Figure 13.
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Figure 13. The main effects plot for the maximum equivalent
stress in the inner cylinder.

While increasing R, caused a significant increase in the stress
value, conversely, increasing T, and § reduced the stress level
considerably. Despite its minimal effect, interestingly, an
increase in Ty caused a higher stress level. That is because as
the inner cylinder wall thickness increases, the outer cylinder
wall thickness decreases and therefore the compressive stress
in the inner cylinder decreases. The reduction in equivalent
stress observed in the compound cylinder is consistent with the
findings of Aydin et al. who demonstrated that outer layers
significantly lower the tensile stresses in the inner cylinder
under internal pressure [3],. When interaction plots given in
Figure 14 were examined, there is an interaction between T;
and 6. T; does not have any effect when § has 0.03 mm. In the
design of compound cylinders, T; is generally taken at
maximum values in order to make a safe design. However, the
results showed that it should be taken with minimum
dimensions. The inner cylinders are generally manufactured
from high-strength and overcasting materials. Therefore,
designing compound cylinders to have minimum T7; will also
provide a more economical solution.

15 30 45 15 30 45 0.03 0.06 0.09
700
.
. R{
- - *— 175
L * : * . » 600 = 250
- - . [ * = * *- 325
-
. ] .. - 500
. * .
700
T1 Ti
. - 15
. g o0 w30
" . " e 45
. - * u 500
.
.
700
T2 - T2
- . 15
: o . 3
» -
= - 45
. 500
=
-
Shrinkage allowance

Figure 14. The interaction graphs for maximum equivalent
stress of inner cylinders.

Again, for a more economical design, instead of increasing T, it
is recommended to select the § value at higher levels so as not
to cause yield in the outer cylinder. The smaller R; reduces the
stress of inner cylinder but for a given volume capacity, the
length of the cylinders should be increased as the radius
decreases. Therefore, an optimization is required for the
economical design of the compound cylinders.

3.4 Determination of optimum parameter levels using
the constrained Grey Wolf Algorithm

Before the optimization process, reference parameter levels
were determined for comparison. The reference parameter
levels are the parameter levels that give the minimum stress in
the inner cylinder (18th design in Table 7) and the lowest total
cost (58th design in Table 7). The designs with an equivalent
stress in the outer cylinder above the safety yield strength (430
MPa) are excluded from the full factorial design table. These
reference values are called Ref; and Ref,. The parameter levels
of Ref] and Ref, and the results obtained at these two reference
levels are shown in Table 9.

Table 9. Parameter levels, maximum equivalent stresses, and
total cost of reference compound cylinders.

R1 T1 T2 ) Ginner Gouter Total
(mm) (mm) (mm) (mm) (MPa) (MPa) Cost
(%)

Refi  17.5 30 45 0.09 395 391 1413
Ref; 325 15 30 0.03 651 426 386

The objective functions for the equivalent stress in the inner
cylinder and total cost are given by eq. 31 and 32 are given
respectively

Equivalent stress of inner cylinder (MPa)
=564.7+14.14 xRy + 2995* T,
—7.779 T, — 4194 x § — 0.0059
* R? — 0.0366 = TZ + 0.0867 = TZ
+3615* 82 —0.1986 « Ry = T,
—0.0978* Ry * T, + 29.33* Ry %0
+0.08812*T; *T, + 5436« T; 6
— 2111 Ty %6

(1)

Total Cost ($) = 921 — 90.36 * R, + 48.99 + T, + 17.88
* Ty + 2.272  R? + 0.2032 x T2
+0.0544 % T2 — 1.6019 * Ry * Ty
—0.6196 % Ry * T, + 0.1088 + T; * T,

(32)

In this study, the optimization process was conducted by
applying weighting to the mathematical models of output
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parameters. This weighting approach facilitates the
simultaneous evaluation of multiple objectives within the
optimization process. By assigning a specific level of
importance to each objective, weighting enables the integration
of all objectives into a single objective function. Mathematically,
the total weighted objective function can be represented as:

Frotar = Wi * f1(X) + wy * fo(x) (33)

Where w; is the weight assigned to the objective function f; and
these weights reflect the degree of priority or importance
between the objectives. In the present study, two distinct
performance criteria weighted to execute the optimization
process.

The weight ratios for the two objective functions total cost and
equivalent stress of inner cylinder were optimized for finding
the best weight ratio. The optimization of the weight ratios was
done as follows.

Optimum parameter levels were obtained with a total of nine
different weight ratios starting from 90% (0)-10%
(Total Cost) up to 10% (0)-90% (Total Cost). o and Total Cost
(T.C.) are the objective functions for the equivalent stresses in
the inner cylinder and total cost of compound cylinders,
respectively. Equivalent stresses in the inner cylinder and the
total costs were calculated using nine different weighed
optimization as shown in Table 10.

Table 10. The parameter levels and results obtained for all
weight ratios.

No matws M M5 Gmy oo
1 gf:fr’ o 1750 15 5039 0062 369 970
2 B0t 3043 2325 5824 0090 423 664
3 g;:,‘r’g 2607 15 4616 0055 467 535
4 gf:; o 2663 15 3985 0051 500 473
5 J2°Y 2622 15 3070 0045 547 415
6 g_g:fr’_ o 2610 15 2362 0040 600 373
7 30r 2583 15 1667 003t 668 336
8 gé:,‘r’g 2528 15 1174 0030 727 314
9 g;:fr’g 2467 15 1053 003 736 313

Since the two performance criteria do not have same units, the
equivalent cylinder of the inner cylinder and total cost was
normalized according to Eq. 34. Hence the equivalent stress and
normalized cost results obtained for nine different weight
ratios were calculated as shown in Table 11.
X — Xmin

1% | normatizea Xmax — Xmin (34)
After the normalization process the results of the equivalent
stresses and total costs were shown in the same graph as in
Figure 15. The optimum weight ratios were determined as the
intersection point of two-line graphs (Stress and Total cost). As
a result, the optimum weight ratios were calculated as 67% for
equivalent stress and 33% for the total cost.

The optimization was done again by using the optimum weight
ratio. The optimization results with optimum weight ratio were
given in Table 12.

Table 11. The equivalent stress and normalized cost results.

Weight Ratios (nofggﬁrzed) Total Cost ,ormatised
0.9%¢ + 0.1*T.C. 0.000 1.000
0.8*c + 0.2*T.C. 0.147 0.534
0.7*c + 0.3*T.C. 0.267 0.338
0.6*c + 0.4*T.C. 0.357 0.244
0.5*%c + 0.5*T.C. 0.485 0.155
0.4*c + 0.6*T.C. 0.629 0.091
0.3*c + 0.7*T.C. 0.815 0.035
0.2*c + 0.8*T.C. 0.975 0.002
0.1*c + 0.9*T.C. 1.000 0.000

Table 12. Optimization results (comparison with reference
compound cylinders).

Oinner(MPa) Total Cost ($)
Ref; 395 1413
Ref, 651 386
Optimum Levels 477 514

(Opt_Weighted)

Lo

Normalised equivalent stress
and total cost

0.1 02 0.3 04 0.5 0.6 0.7 0.8 0.9

Weight Ratio

Figure 15. The graphical representation of the results for the
ten weight ratios.

The optimum values of R1, T1, T2 and 8 were 26.42 mm, 15 mm,
44.66 mm and 0.054 mm, respectively. The results were
compared with the parameter levels which gives minimum
equivalent stress in the inner cylinder (Ref;)and the
parameter levels which gives minimum total cost of compound
cylinder (Ref,). The optimization led to a 20% increase in
maximum equivalent stress; however, this value remains
within safe design limits and is accompanied by a remarkable
2.75-fold reduction in total cost. This configuration offers a
well-balanced and highly efficient solution. This result shows
that it is possible to achieve significant cost reduction by
allowing some increase in stress. Compared to the Ref,, there
is a significant reduction in equivalent stress level of 26.7%. As
a result, thanks to multi-objective optimization, both an
economical and safe design has been achieved.

4 Conclusions

The design of compound thick-walled cylinders is very
important to obtain safety and economical solutions. Cylinders
designed with high safety coefficients are manufactured at very
high costs. Therefore, optimum design parameter levels should
be calculated. The main objective of this study is firstly
determine the effect of geometrical design parameters of
compound cylinders on their stress values. Secondly determine
the optimum design parameter levels of compound thick-
walled cylinders. As a result of the study, the optimum
dimensions of compound thick-walled cylinders with low
stress levels and economical cost were determined. The
outputs of the study are summarized below:
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1) The most effective parameter of the shrinkage
pressure was the shrinkage allowance (§). Very small
changes in shrinkage allowance cause significant
changes in shrinkage pressure and stress levels,

2) The parameter with the highest contribution to the
equivalent stress in the outer cylinder was the
thickness of the inner cylinder (7;) and there is nearly
no effect of the thickness of the outer cylinder on its
stress. Therefore, there is no need to increase the
thickness of the outer cylinder to reduce the stress
level of its,

3) Except for the thickness of the inner cylinder (T3),
almost all parameters affect the maximum stresses of
the inner cylinder to almost the same degree.
Therefore, the T; value should be chosen as low as
possible to achieve a more economical design,

4) The smaller inner cylinder radius (R;) reduces the
stress of inner cylinder but for a given volume
capacity, the length of the cylinders should be
increased as the radius decreases. Therefore, an
optimization is required for the economical design of
the compound cylinders,

5) For a more economical design, instead of increasing
thickness of the outer cylinder (7,), it is
recommended to select the shrinkage allowance (§)
value at higher levels so as not to cause yield in the
outer cylinder,

6) As a result of multi-objective weighted optimization
to get the optimal solution in terms of safety and cost,
the optimum weight ratios were calculated as 67% for
equivalent stress and 33% for the total cost,

7) As a result of the optimization, the maximum
equivalent stress in the inner cylinder increased by
20% (395 MPa to 477 MPa) while the total cost
decreased by 2.7 times (1413$ to 514$),

8) Using the optimum design parameters instead of the
parameters that give the minimum cost, there is a
significant reduction in the equivalent stress of the
inner cylinder by 26.7% (651 to 477 MPa).
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Abstract

Understanding the mechanical behavior of the human lumbar spine is
important in spinal disorders and treatment. For this reason, spinal
mechanics is examined in many biomechanical studies. The aim of this
study is to examine the mechanical behavior of the human lumbar spine
with the finite element method and to verify it by comparing it with
experimental data in the literature. In addition, by trying different
models, it is aimed to determine which structure in the spine functions
under which loads and to show new researchers how these processes are
applied. The human L1-L5 vertebrae were used. There were two models;
one had facets as a single body in each without ligaments and the second
one had facets as paired bodies at opposing bones with ligaments. Each
intervertebral disc included nucleus pulposus, annulus fibrosus, and two
end plates. Flexion, extension, left lateral bending, and right lateral
bending loads were applied to the models with 4 Nm moment. The range
of motions of each spinal segment in degrees were used as the analysis
output and compared to the experimental data in the literature to
validate the results. According to the results, modeling the facets as a
single body caused excessive stiffness, while modeling them as facet
pairs at opposing bones caused excessive movement. It can be said that
using a model which, has paired facet joints and ligaments, provided
converged range of motion values in each L1-L5 spinal segment under
flexion/extension and left/right lateral bending moments.

Keywords: Lumbar spine, Biomechanics, Finite element method.

(0)4

Insan lomber omurgasinin mekanik davranmisinin anlasilmasi, omurga
rahatsizliklarinda ve tedavisinde énemli bir yer tutmaktadir. Bu sebeple
pek cok biyomekanik calismada omurga mekanigi incelenmektedir. Bu
calismanin amaci, insan lomber omurgasinin mekanik davranisini
sonlu elemanlar yéntemi ile incelemek ve literatiirdeki deneysel veriler
ile karsilastirarak dogrulamaktir. Ayrica, farklt modeller deneyerek,
omurgada hangi yapmin hangi yiikler altinda islev gordiigiinii
belirlemek ve bu stireclerin nasil uygulandigini yeni arastirmacilara
gostermektir. Bu calismada insan L1-L5 omurgast kullanilmistir. Ilki,
faset eklemlerin tek bir gévde olarak modellendigi ligamentsiz bir
omurga modeli ve ikincisi faset eklemlerin karsilikli kemiklerde iki
farkli gévde cifti olarak modellendigi ligamentli omurga modeli olmak
tizere iki farkli model incelenmistir. Her bir intervertebral disk, niikleus
pulpozus, aniiliis fibrozus ve iki adet end-plate’ten olusmaktadir.
Modellere, fleksiyon, ekstansiyon, sola egilme ve saga egilme yiikleri 4
Nm’lik moment ile uygulanmistir. Her bir spinal segmentin derece
cinsinden dénme miktari analiz ¢iktisi olarak kullanilmis ve dogrulama
icin literatiirdeki deneysel veriler ile karsilastirilmistir. Sonuglara gére,
fasetleri tek bir gévde olarak modellemek agsirt direngenlige neden
olurken, karsit kemiklerde faset ciftleri olarak modellemek asir
harekete neden oldu. Fasetlerin karsilikli kemiklerde faset ciftleri
olarak  modellendigi ve ligamentleri olan  bir  modelin,
fleksiyon/ekstansiyon ve sola/saga egilme momentleri altinda her bir
L1-L5 spinal segmentinde deneysel verilere yakinsayan donme miktari
degerleri sagladigi séylenebilir.

Anahtar kelimeler: Lomber omurga, Biyomekanik, Sonlu elemanlar
metodu.

1 Introduction

The spine is a structure that helps to keep the human body
standing and provides an ability to move in three axes. From
the mechanical perspective, each vertebra in the spine acts as
levers, intervertebral discs and facet joints as pivots, ligaments
as passive restrictors, and muscles as actuators. [1] Due to its
location, the lumbar spine is the most load-bearing section of
the spine. For this reason, the lumbar vertebrae have larger
surface areas compared to other vertebrae. Intervertebral discs
and facets, which serve as pivots, ensure force transmission and
damping between the vertebral bodies. They enable the flexion
and bending of the spine and assist in the absorption of shock
impacts. There are seven different ligaments acting as
connectors and restrictors in spinal movement.

*Corresponding author/Yazisilan Yazar

Due to the large loads that they bear, spinal disorders and
injuries are frequently observed in the lumbar vertebrae. Due
to this, it has been an important topic for studies [2]-[4]. The
understanding of the mechanics of these disorders that occur
because of large loads on the lumbar spine is also crucial for
treatment. To achieve this, experimental and numerical
methods are conducted. Experimental studies are conducted in
laboratory environments where the load-displacement
behavior of spinal segment is simulated under physiological
loading or many different loading conditions. In this type of
studies, human or animal cadavers [5]-[7] or artificial bone
samples [8] may be used. However, due to the complex
geometry of the lumbar spine, it is generally difficult to
investigate mechanical data such as stress and strain on spinal
structures in experimental studies.

1164


mailto:bernasevaldogan@gmail.com
https://orcid.org/0009-0000-3096-8918
https://orcid.org/0000-0002-3916-1261

Pamukkale Univ Muh Bilim Derg, 31(7), 1164-1169, 2025
B.S. Dogan, M. Ozkaya

Obtaining stress and strain data effectively and easily is
achieved by implemented finite element (FE) method, which is
a numerical procedure and allows the examination of the
mechanical effects of material and geometric diversity of the
structures. By using the FE method, it is possible to investigate
the mechanical effects of various spinal disorders and
deformities or surgical treatment methods of these disorders in
a faster and easier manner [9]-[11]. From here, the aim of this
study is to understand the mechanical behavior of the lumbar
spine by examining it using the FE method and obtain a
validated original FE model of the lumbar spine (L1-L5) by
comparing it to experimental data from literature. This
validated spinal model is important for future numerical
studies that may investigate the mechanics of disorders,
deformities, or possible treatment methods of lumbar spine.
The second aim of this study is to investigate the mechanical
behavior of different spine models and thus determine which
structure in the spine functions under which loading
conditions. With this method, it is possible to have an idea
about which structures are important in approximating the real
spine mechanical behavior. The difference of this study from
the other studies in literature is to compare different lumbar
spine models and to explain to the new researchers what they
should do to obtain a validated lumbar spine model in detail.

2 Materials and methods

2.1 Generation of lumbar spine model

The 3D CAD model of the human spine can be created using
various methods. In the most used approach, DICOM images
obtained from CT (Computed Tomography) scans are
converted into STL format using softwares such as Mimics
Materialise (Materialise NV, Belgium) or 3D Slicer (3D Slicer,
United States) and then transformed into a three-dimensional
solid model. The present study investigates the mechanical
behavior of the L1-L5 lumbar spine. The solid model of the
lumbar spine examined in this study was created using an STL
model obtained from CT scans which has been previously used
in the study of Sengul et al [12]. The CAD model of the lumbar
vertebrae was created by using Space Claim (Ansys Inc., US).
Each step performed when creating the CAD model of the
vertebrae from the STL model is shown in Figure 1 on the
illustration of a single vertebra. The STL model of a single
vertebra can be seen on Figure 1(a). The STL model shown here
consists of a coarse mesh, so the creation of a solid may lead to
inaccurate results in its current form. For this reason, the STL
model was converted to a fine mesh STL model to better
resemble an anatomically accurate bone structure. The fine STL
model corresponds to the outer boundary of the cortical bone.
This STL model was offset inward by 0.5 mm to create the inner
boundary of the cortical bone. This offset value was assumed as
0.5 mm based on literature research [13]-[16]. Then, two 3D
solid models were created for each vertebra by using these two
boundary layers (Figure 1(b)). Inner one of them represents to
trabecular part and the other one represents to cortical part. To
create the cortical shell around the trabecular bone, the
intersection of two parts was subtracted from the cortical part.
By this way, the cortical shell with 0.5 mm thickness and the
trabecular bone inside were obtained as in Figure 1(c).

Following bones, intervertebral discs were created in each level
between the two vertebrae. Each intervertebral disc was
modeled with annulus fibrosus, nucleus pulposus, and two end-
plates positioned above and below them (Figure 1(d)). The
endplates were created like shell elements with the thickness

of 0.5 mm [14]. Determining the size of the nucleus pulposus is
crucial for accurately modeling the intervertebral disc
structure. When the literature is examined, the ratio of the
nucleus pulposus to the total volume of the disc varies
approximately from 20% to 50% depending on the condition of
the disc [17]-[20]. In several studies, it has shown that the
numerical results converged to experimental ones in the
literature when the ratio of the nucleus pulposus to the total
volume of the disc was assumed approximately 40% [1],[17].
For this reason, the nucleus pulposus in each disc were
modeled to occupy approximately 40% of the disc's volume.
After modeling the intervertebral discs, the facet joints located
posteriorly were modeled, appropriately.
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Figure 1(a): The coarse mesh STL model of a vertebra.
(b): The solid cortical bone and solid trabecular bone inside it.
(c): Cortical shell and solid trabecular bone. (d): The
intervertebral disc.

In this study, two different spinal models were created to
observe the effect of lumbar spine components on the
mechanical behavior of spine. This approach allows for an
understanding of which structures carry loads under specific
loading conditions and provides foresights into which
components should be included in the model to enhance its
convergence with experimental data. Model 1 consisted of the
L1-L5 spine, which included cortical and trabecular
components of the bone, intervertebral discs comprising the
annulus fibrosus, nucleus pulposus, and end plates, as well as
facet joints that were modeled as single bodies each
(Figure 2(a)). In contrast to the first model, the facets of Model
2 were designed as two thin plates formed on the surfaces of
two opposing bones that constitute the joint, rather than as a
single body (Figure 2(b)). In this model, the distance between
the opposing facet pairs was approximately 0.5 mm. Also,
ligaments were added to Model 2. Six types of ligaments were
added to the spine here including, anterior longitudinal
ligament (ALL), supraspinous ligament (SSL), posterior
longitudinal ligament (PLL), ligamentum flavum (LF),
interspinous ligament (ISL), and capsular ligament (CL). These
ligaments can be seen on Figure 2(c).

2.2  FE analysis

In this study, all FE analyses were conducted using the Ansys
Workbench (Ansys Inc., US) software. In this section, detailed
information about the settings used in the analysis will be
provided.
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Figure 2(a): Facet joint in Model 1. (b): Facet joint in Model 2.
(c): L1-L5 spine with ligaments in Model 2.

Boundary and loading conditions are important in FE analysis.
To apply them correctly, a coordinate system was defined first
at top surface of the L1 vertebra as shown in
Figure 3. In this coordinate system, the Z axis was gone through
the instantaneous center of motion of the lumbar spine. With
this way, the physiological loading conditions of the lumbar
spine may be acquired. The bottom surface of the L5 vertebra
was fixed to restrict its motion to six degrees of freedom
(Figure 3). In the present study, the lumbar spine models were
separately subjected to flexion, extension, right lateral bending,
and left lateral bending loads through the upper surface of the
L1 vertebra. To simulate the flexion and extension loading
scenarios, +4 Nm and -4 Nm moments were applied along Y
axis, respectively. Similarly, +4 Nm and -4 Nm moments were
applied along X axis to simulate the right lateral bending and
left lateral bending, respectively. These load values were taken
from the literature [21].

The meshing of the model is another crucial part in the FE
analysis because different mesh models may have totally
different results. To increase the accuracy of the numerical
results, the second-order tetrahedral, hexahedral, and
pentahedral elements were used to create the mesh model in
the present study. The mesh model of the vertebral bodies,
discs, and facets predominantly comprised of the hexahedral
elements, while the other two types of elements were used as
necessary (Figure 4). In this study, Model 1 had 460539 nodes
and 134806 elements whereas Model 2 used 487093 nodes and
142966 elements.

Another important aspect of FE analysis is the assignment of
appropriate material models to the structures being analyzed.
There are many different studies in literature for this purpose.
In this study, a homogeneous, linear elastic, and isotropic
material model was used for the cortical and trabecular bones,

nucleus pulposus, end plates, and facets. For the annulus
fibrosus, an isotropic Mooney-Rivlin material model was used.
All the material models are presented in
Table 1 with their references. The ligaments were modeled as
linear spring elements that only carry tensile forces. The spring
constants are also provided in Table 1.

Moment «

Fixed Support

Figure 3. Boundary and loading conditions, the figure in left
shows left lateral bending as an example.

A B

Figure 4. The mesh model of the L1-L5 spine from.
(a): Posterior view and (b): Lateral view.

Table 1. Materials properties of the structures.

Structures Young’'s Modulus (MPa) Poisson’s ratio Element Type References
Cortical Bone 12000 0.3 Hexahedral [22]
Trabecular Bone 100 0.3 Hexahedral [22]
Annulus Fibrosus Mooney Rivlin: C1=0.13, C2=0.03, D=0.6 Hexahedral [23]
Nucleus Pulposus 1 0.499 Hexahedral [24]
Endplate 24 0.4 Hexahedral [22]
Facet 11 0.499 Hexahedral -

ALL Ligament 7.8 0.3 Springs [22],[25]

PLL Ligament 10 0.3 Springs [22],[25]

SSL Ligament 8 0.3 Springs [22],[25]

ISL Ligament 10 0.3 Springs [22],[25]

CL Ligament 7.5 0.3 Springs [22],[25]

LF Ligament 15 0.3 Springs [22],[25]
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Modeling contacts between structures correctly is critical for
obtaining accurate analysis results. In all models of this study, a
"bonded" connection type was used between cortical bone and
trabecular bone, between endplate and cortical bone, between
endplate and disc structures, between annulus fibrosus and
nucleus pulposus, and between facets and cortical bone.
Additionally, in Models 2, a frictional contact definition with a
static friction coefficient of 0.1 was assigned between the
opposing facet pairs.

2.3 Validation of the FE model

In their experimental study [21], Guan et al. have investigated
the mechanical response of the L1-S1 vertebrae under
flexion/extension and left/right lateral bending loads.

They have applied moments up to 4 Nm and report the Range
of Motions (ROM) of each spinal segment in degrees (°). In the
present study, 4 Nm moment was applied to models. The ROM
values obtained from each spinal unit were compared to ROM
values of Guan and colleagues to validate the results of the
present study. For a specific spinal segment, if the ROM of the
present study was in between the maximum and minimum
values of ROM of their study, it is assumed that the segment was
validated.

3 Results and discussion

The primary aim of this study is to investigate the mechanical
behavior of a lumbar spine model under physiological loading
conditions using the FE method, and to validate the model with
experimental data available in the literature. A validated spine
model in this manner can be used in future studies. For
example, with a validated FE model, a foresight can be obtained
about the mechanical behaviors of different spinal
instrumentation techniques in future numerical studies.
Another aim of this study is to examine the mechanical behavior
of different spine models and thus determine which structure
in the spine functions under which loading conditions. With this
method, it is possible to have an idea about which structures
are important in approximating the real spine mechanical
behavior. This is very important for the researchers who want
to study the mechanical behavior of the lumbar spine with FE
analysis to understand the key points of the subject and in this
way, this study is intended to be a guide for them.

Here, it would be more beneficial to compare each model with
the reference data from Guan et al. [21]. When the results of
Model 1 examined carefully, Figure 5 shows that all segments,
except L1-L2 in extension and left lateral bending and L4-L5 in
extension, were not in the reference ranges of the Guan et al
[21]. This showed that these segments were not validated
under the applied loading conditions. These unvalidated
segments showed less angular movement under applied
conditions compared to the reference data of the Guan et al
[21]. This means that these segments exhibit higher stiffness in
the specified directions of movement compared to the
reference. This also indicates that the lumbar spine behaves
stiffer than lumbar spines examined in Guan et al [21]. The
reason for this stiffer behavior exhibited by each segment and
consequently the lumbar spine is attributed to the facet joints
being modeled as a single body in Model 1. Although facet joints
restrict the movement of the spine, they allow a certain amount
of frictional movement. However, modeling the facet joints as a
single body in Model 1 means that such frictional movement
cannot be simulated for Model 1.

mGUAN,2007 ®mModell mModel2
3 Extension
2.5
2
1.5
1
0.5
0
L1-12 L2-L3 L3-L4 L4-L5
mGUAN,2007 = Model 1 m Model 2
7 Flexion
6
5
4
3
2
1
0
L3-L4 L4-L5

mGUAN,2007  mModel 1 mModel 2
Right Lateral Bending

thlil

L2-13 L4-L5

m GUAN,2007 m Model 1 um Model 2
5 LeftLateral Bending

Hulld

L2-L3 L4-L5

45

Figure 5. The ROM (degree) values obtained from the analyses
and the results of Guan et al [21]. The reference results of the
Guan et al [21] were given with average values and standard

deviations.
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As mentioned in the previous paragraph, modeling the facet
joints as a single body restricts spinal movement. To converge
the results with the experimental data of Guan et al [21], the
lumbar spine needs to become more flexible. Before discussing
the results of Model 2, strictly speaking, another model was
tried in which facets were modeled as two facet pairs on the
opposing bones. However, because of the excessive movement,
no results could be achieved. As a result, Model 2 is the ligament
added version of this model with no results.

As can be seen in Figure 5, in the second model, the ROMs of
each vertebral segment were in the range from the reference
study [21]. Here, it can be said that the results of Model 2 were
validated for each spinal level in every loading condition. As a
result, in the case of creating paired facets and adding the
ligaments like in Model 2 resulted in a converged mechanical
behavior to that of the real spine just in the study of Guan et al
[21].

When comparing Model 1, Model 2 and the other model which
is the version of Model 2 without the ligaments, the results
clearly showed that modeling the facets as a single body caused
excessive stiffness, while modeling them as facet pairs at
opposing bones caused excessive movement. In the first case,
the results did not converge with the experimental data [21],
while in the second case, no results could be obtained from the
analyses due to excessive movement. Using the paired facets
may solve the excessive stiffness by giving the spine extra
movement. Moreover, adding the ligaments may overcome the
problem of excessive movement by providing it sufficient
stiffness. Consequently, Model 2, which has paired facet joints
and ligaments provided converged ROM values in each L1-L5
spinal segment under flexion/extension and left/right lateral
bending moments. This validated FE model may be used in
future studies.

4 Conclusions

This numerical study presents a validated FE model of the L1-
L5 lumbar spine. This model may be used in future studies.
According to the results, modeling the facets as a single body
caused excessive stiffness, while modeling them as facet pairs
at opposing bones caused excessive movement. Using the
paired facets may solve the excessive stiffness by giving the
spine extra movement. Moreover, adding the ligaments may
overcome the problem of excessive movement by providing it
sufficient stiffness. It can be said that using a model which, has
paired facet joints and ligaments, provided converged ROM
values in each L1-L5 spinal segment under flexion/extension
and left/right lateral bending moments.
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Abstract

In this article, Swarm UAV Formation Control Problem which is
Homogeneous, Time-Window, Central Control Architecture, Uncertain,
Dynamic Structure, and Leaderless (HTUDL-S-UAV) are obtained. For
the solution of the problem, a new solution algorithm with generic and
dynamic properties based on the annealing simulation algorithm is
developed. The formation control architecture is determined as 5 layers
and a new geometric approach to unit circle systematics has been
developed to create formations. Tra-Coll and CCA algorithms are
proposed in literature for tracking the trajectories of UAVs and
preventing collisions. The application study is carried out on 9 different
formations (Triangle, Square, Pentagon, V Shape, Crescent, Star,
Rhombus Formation with 4 and 8, Line) and 7 different missions
(Swarm Navigation Mission, Formation-Switching Mission, The mission
to Remove UAV from the Swarm, The mission of adding UAV to the
Swarm, Swarm Rotation Mission, Swarm Division/Unification Mission,
Trajectory Tracking Mission as a Swarm) using Crazfly 2.0 drones in a
ROS simulation program and on the real system. The proposed solution
approach carried out all of these tasks in line with the specific
conditions of the mission and achieved 3rd place in the Teknofest-2021
Swarm UAV Competition in Turkey. Furthermore, thanks to the study, it
is aimed to create a decision support system for the optimal success of
strategic and critically important Swarm UAV missions and other fleet
autonomous systems.

Keywords: UAV swarm formation control problem, Metaheuristic
algorithm, Formation tracking and obstacle avoidance networks,
Geometric system architecture.

Oz

Bu makalede, Homojen, Zaman Pencereli, Merkezi Kontrol Mimarili,
Belirsiz, Dinamik Yapilh ve Lidersiz (HTUDL-S-IHA) Siirii [HA
Formasyon Kontrol Problemi elde edilmigstir. Problemin ¢oztimii icin
tavlama benzetim algoritmasina dayali jenerik ve dinamik ézelliklere
sahip yeni bir ¢éziim algoritmasi gelistirilmistir. Formasyon kontrol
mimarisi 5 katman olarak belirlenmis ve formasyonlarin olusturulmasi
icin birim ¢ember sistematigine yeni bir geometrik yaklasim
gelistirilmistir. ~Literatiirde [HA'larin  yériingelerinin  takibi ve
carpismalarin  énlenmesi icin  Tra-Coll ve CCA algoritmalar
énerilmistir. Uygulama calismast 9 farkli formasyon (Ucgen, Kare,
Begsgen, V Sekli, Hilal, Yildiz, 4'Tii ve 8'li Eskenar Dértgen Formasyonu,
Cizgi) ve 7 farkli gorev (Siirti Navigasyon Gorevi, Formasyon Degistirme
Gérevi, [HA'y1 Siiriiden Ctkarma Gérevi, [HA'y1 Siiriiye Ekleme Gérevi,
Stirti Rotasyon Gorevi, Siirti Bélme/Birlestirme Gorevi, Stirti Olarak
Yériinge Takip Gérevi) lizerinde Crazfly 2.0 [HA'lart kullanilarak ROS
simiilasyon programinda ve gergek sistem tlizerinde gerceklestirilmistir.
Onerilen ¢éziim yaklasimi tiim bu gérevieri, gérevin kendine é6zgii
kosullar1 dogrultusunda yerine getirmis ve Teknofest-2021 Siirii [HA
Yarismasi'nda Tiirkiye 3.lligt elde etmistir. Ayrica ¢alisma sayesinde
stratejik ve kritik éneme sahip Siirii [HA gérevlerinin ve diger filo
otonom sistemlerinin optimum bagarisi icin bir karar destek sistemi
olusturulmasi hedeflenmektedir.

Anahtar kelimeler: IHA siirii formasyonu kontrol problemi,
Metasezgisel algoritma, formasyon takibi ve engelden kaginma aglari,
Geometrik sistem mimarisi.

1 Introduction

UAVs are autonomous systems that can be controlled remotely
and can fly without the use of a pilot. These systems are less
affected by geographical and meteorological conditions and
become an effective means of transportation in cases of heavy
traffic. By increasing their payload capacities, developing
imaging systems, and improving power units, UAVs can move
comfortably at long ranges and high altitudes. Due to these
functional structures, the usage area of UAVs is expanding and
they are used in swarms to fulfill their missions more
effectively, quickly, flexibly, and reliably. Reconnaissance and
surveillance, monitoring of traffic density, logistics, military
operations, agriculture, and natural disasters such as fire and
earthquake are the areas where Swarm UAVs are used
intensively. One of the most important points in the use of UAV

*Corresponding author/Yazisilan Yazar

swarm is formation control. [1]. There is a need for an accurate
formation control algorithm that includes many parameters
and constraints to perform the tasks in a simultaneous and
collaborative structure. The charge status of UAVs, the
communication range of each, and avoidance of collision with
each other are some of these constraints. In addition, in cases
where a UAV disappears from the system or anew UAV is added
to the system, the formation is not disrupted and the formation
control algorithm responds quickly to changing situations are
other constraints affecting the system. In recent years,
researchers have been making an intense effort on the
formation control of UAV Swarm [2]-[9].

Swarm UAVs are generally divided into two groups
homogeneous and heterogeneous. While all UAVs have the
same characteristics in homogeneous swarms, UAVs in
heterogeneous swarms may differ due to their payload
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capacity, automation levels, and platform configurations. In
terms of control architecture, Swarm UAVs are divided into two
centralized [10],[11] and decentralized [12] control
architectures. In the central control architecture, UAVs do not
communicate with each other, UAV information is collected in
a center and UAVs are configured from this center. In the
decentralized control architecture, UAVs communicate with
each other and make the necessary decisions. Swarm UAVs are
divided into three terms Static, Dynamic, and Hybrid. In a static
swarm, the number of UAVs in the system is fixed and UAV tasks
are predetermined. In these swarms, the number of UAVs in the
system does not change and a new UAV cannot be included in
the system. In dynamic swarms, a new UAV may be added to the
system at any time or may leave the system. In the hybrid herd,
there is a static swarm in the center and new individuals can be
included in the system or leave the system in line with the
permission of this static swarm [13].

In recent years, many methodologies related to formation
control algorithms have been presented by researchers.
Leader-follower-based strategy is generally used in these
studies. In this strategy, a leader is generally determined in the
swarm, and the formation is formed over this leader [1]. This
strategy is used intensively by scientists because it facilitates
application and analysis studies [14]-[28]. In real-life
applications such as military operations and fires, leader-
follower swarm strategies are insufficient due to not meeting
the dynamic requirements. For this reason, researchers spend
intense efforts on leaderless swarm strategies. Apart from the
leader-follower, there are "Virtual Structure [29]-[31]",
"Behavior-Based [32]", "Artificial Potential Field [33]",
"Hierarchical Method [34],[35]", "Consensus-Based [36]-[39]"
and "Intelligent Control Approaches [40]-[44]" strategies as
formation control mechanisms [45].

Many methods have been developed for Swarm UAV Formation
Control Algorithms in the literature. Wu et al. obtained swarm
formation control problem-based leader-follower and use the
theory of consistency for solving the problem [46]. Dong et al.
examined the swarm formation control problem where the
speeds of UAVs are different from each other and formations
change over time. They proposed a Formation Protocol Design
considering time-varying the solution to the problem [47].
Liang et al. discussed the formation control problem-based
leader-follower for the UAVs with fixed wings and considered
limited movement and unknown distribution in the problem.
Liang et al. discussed the formation control problem based on
leader-follower for the UAVs with fixed wings and considered
limited movement and unknown distribution in the problem
[48]. Guo et al. focused on the relative position and formation
control of the UAV swarms [49]. Fu et al. dealt with the swarm
formation control and reconstruction problem for obstacle and
unobstacle situations. In this study, they developed the collision
estimate mechanism to avoid obstacles [50]. Yu et al. addressed
the formation control problem in which swarm structure
changes over time and carried out both numerical and
experimental studies in the application section [51]. Speck and
Bucci tackled the formation control problem that is
decentralized for the UAV swarms which are fixed wings and
proposed a new solution approach with multi-objective based
on reinforcement learning formulation [52]. Zhu et al. handled
the formation control problem with a leader-follower strategy
for heterogeneous UAV swarm and concentrated on the display
and verification system in this study [53]. Ali et al. developed a
solution approach based on the Particle Swarm Optimization

Algorithm for the swarm formation control problem consisting
of 10 UAVs and used a leader-follower-based strategy [54].
Yang et al. conducted survey research on metaheuristic
algorithms using swarm intelligence considering the studies
done in literature in recent years [55].

Fu et al. developed a virtual leader-based control algorithm
considering the "V" type and line type formations and made a
simulation study [56]. Wu et al. proposed a consensus
algorithm for formation control and used the Particle Swarm
Optimization algorithm to avoid the obstacle [57]. Wang et al.
examined the formation control problem in terms of discrete
and continuous times [58]. Li and Fang focused on the static and
dynamic obstacle avoidance problems of the swarm and
realized simulation study for “V”, “W” and “X” formations [59].
Liu et al. obtained a formation control problem with limited
time regarding anti-collision and enter saturation [60]. Shen et
al. concentrated on reducing computation and communication
difficulties when the number of UAVs in the formation
increased [61]. Chen and Duan designed a two-layer solution
architecture for the formation control problem of UAVs with
fixed-wing [62]. Shen and Wei generated a control algorithm
based on the behaviors of birds for the swarm control problem
and realized a simulation study in Matlab [63]. An et al. used
AESO and TV-BLF methods for swarm quadrotor formation
control problems in terms of leader-follower and time-varying
[64]. The solution methodology with two layers for the UAVs
formation control problem was produced by Shao et al. This
method, which has multiple leaders and followers, has been
tested in simulation studies [65].

In addition to these articles, the articles published in 2024 were
analyzed and summarized as follows. In general, the papers
addressed issues related to the control of autonomous systems
such as multi-agent systems, unmanned aerial vehicles (UAVs)
and surface vehicles (SAVs). The main problems have been
found to be the safe and stable management of heterogeneous
and nonlinear systems, communication delays, tracking error
constraints and coordination challenges. In particular,
solutions have been developed to improve the performance of
autonomous systems, focusing on specific application areas
such as fixed-wing drones and UAV-ASV systems. Another focus
of the studies is the safe and efficient implementation of control
methods with low computational cost. Advanced control
techniques such as local control barrier functions (CBFs),
Lyapunov-based methods and leader-follower control laws
have been used to solve these problems. In addition, fuzzy logic
systems (FLS), virtual leaders and adaptive control approaches
are also frequently used. The results obtained show that the
proposed methods are validated through theoretical analysis
and simulations and significantly improve the system
performance. These studies, supported by simulations and
experiments, have made significant contributions to making
autonomous systems more reliable and effective [84]-[107].

In this study, Swarm UAV Formation Control Problems with
Homogeneous, Time-Window, Central Control Architecture,
Uncertain, Dynamic Structure, and Leaderless (HTUDL-S-UAV)
are discussed and a new solution approach based on Annealing
Simulation Algorithm has been developed to solve the problem.
In the problem, 9 different formations and 7 different missions
were defined and the effectiveness of the algorithm was tested
on these tasks. In the testing phase, the algorithm was first
implemented on Crazyfly 2.0 virtual drones on the ROS
Simulation Program. In the next step, the algorithm performed
the specified tasks on real Crazyfly 2.0 drones. This article is the
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first in literature, as far as is known, due to the proposed
problem and the developed solution architecture. The
contributions of the article to the literature are expressed in the
following items.

e There is no study in literature in which the
"Simulation Annealing Algorithm" is used in Swarm
UAV Formation Control Architecture,

e Itis the first study in literature to consider 9 different
formations and 7 different tasks together. The
developed method differs from other solution
methodologies in literature as it provides solutions to
all of these mission combinations,

e Itis envisaged that the separation of the swarm into
different formations and the merging of two swarms
from different formations into a third different
formation have been studied for the first time in
literature to the best of our knowledge,

e A new geometric solution approach based on the unit
circle and center of gravity is proposed in the
formation-creating architecture,

e  The new heuristic algorithms for trajectory tracking
and collision avoidance are proposed.

The rest of the article is arranged as follows. In Chapter 2, the
problem is defined and the variables related to the problem are
expressed. The solution architecture developed in Chapter 3 is
presented. In Chapter 4, simulation and experimental
applications are made. In addition, the application results are
analyzed in this section. In Chapter 5, the article is summarized;
general evaluations and suggestions for future studies are
made.

2 Preliminaries and problem statement

2.1 Theory ofthe UAV swarm formation control problem

UAV Swarm Formation Control Problems is a multi-disciplinary
problem that has been studied intensively in recent years and
can be addressed from different perspectives

A swarm system with “n” elements has a weighted directed and
undirected graph “G = (W,E,A)” structure formed by nodes
set “W = {1,2,...,n}", set of edge “E < {(i,j) : i,j € W}" and a
weighted adjacency matrix A = [ai'f]zvxzv [1],[22]. In the graph,
each UAV is expressed with the index “i=j” and the UAV cluster
isrepresentedby N = {1, ...,i =, ...,n}

a1 Q12 Q13 Ain-2 A1n-1 A1n
[a2,1 A2 QA3 Az, n-2 QA2n-1 az,n]
A= [ : : 1)
ai1 Qiz Qi3 Ain-2  Qin-1 QAin
an1 Ap2 Qng3 Ann-2 Ann-1 Ann

In Equation 1, A Matrix defines whether there is a connection

nen nen

between nodes "i" and"j". If there is a path between nodes"i"

and"j"; "a;; = 1", otherwise; "a;; = 0". Furthermore, it is
"a;; = 0" in the matrix [1,22].

Finally, let's define the Laplacian Matrix (L ERVNand L =

[li'j]NxN) which has an important place in describing the
neighborhood relations of a graph. The following assumptions
are made regarding the Laplacian Theorem in the Swarm
Formation Control Problem on an undirected graph [1],[66].

i. The matrix L has at least one zero eigenvalue element
and 1 is the corresponding eigenvector. Accordingly,
L1=0,

ii. If graph G consists of an architecture with a spanning

tree, then a simple eigenvalue of the matrix L is zero,
and all of the other eigenvalues which are N-1 are
made up of positive real sections.

2.2 HTUDL-S-UAV problem

UAV Swarm Formation Control Problems is a multi-disciplinary
problem that has been studied intensively in recent years and
can be addressed from different perspectives according to
application areas. Military operations [67]-[69], surveillance
and reconnaissance activities [70]-[71], agriculture [72],[73],
logistics [74],[75], and forest fires [76],[77] are some of the
areas where the problem is applied. Since there is more than
one UAV in the problem, they have moved autonomously, the
ideal formation geometry is revealed and the formation control
algorithm is developed, communication between the swarm
and the central computer requires the collaboration of many
science fields (geometry, mathematical, industrial engineering,
computer engineering, automotive engineering, electronic
engineering) and takes on a multi-disciplinary structure. The
HTUDL-S-UAV problem addressed in this article has the
following characteristics.

. All UAVs in the swarm have the same characteristics,

e  Formation tasks must be completed within a certain time
window and an unfulfilled task is considered
unsuccessful. In addition, each UAV can stay in the air for
a certain period due to its battery charge state. As the
state of charge decreases, the stabilization of the UAV
decreases and the UAV leaves its orbit. In this case, the
UAV is damaged by hitting obstacles or other UAVs and
causing the formation to deteriorate. For these reasons,
UAVs must perform their duties within the specified time
intervals,

e  UAV information is monitored instantly on the central
computer and all formation tasks are carried out on this
computer. Commands are sent to UAVs by this computer.
For this reason, the problem has central control
architecture,

e  There are different formation tasks in the problem and
the transitions between these formations are determined
randomly. Each formation mission has a different
geometric structure, and therefore the number of UAVs
varies in each mission. For this reason, the problem has a
dynamic structure,

. In some formation missions, any UAV can be removed
from the system at any "t" moment while the swarm is in
the air. In this way, if any UAV leaves the swarm, itis tried
to understand whether its formation is disrupted and the
reaction of the algorithm. The problem has an uncertain
structure because it is not clear when which UAV will be
removed from the system and the order of formation
missions is not clear,

e Due to the uncertain and dynamic nature of the problem,
non-leader-based solution architecture is being
developed. In this way, it is aimed to perform the
formation task without dispersion in case of loss of UAV
due to signal failure and charging status.

The problem stated in this article is proposed based on the
TEKNOFEST-2021 Swarm UAV Competition. In the problem,
there are 9 different formations (triangle, square, pentagon, v,
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crescent, star, equilateral quadrangle with 4 UAV and 8 UAV,
line) and 7 different missions (navigation as a swarm,
formation transformation, adding and removing individuals
from a swarm, swarm rotation, swarm division, and merging
swarm trajectory tracking) to which these formations can be
applied.

In the problem, UAVs start to move from different coordinate
points and these points are determined randomly. In this case,
generic solution geometry must be created for each formation.
To overcome this problem in the article, a solution architecture
based on coordinate-independent and analytical circle
geometry is developed. This solution architecture is thought to
be used for the first time in literature. Information on the
formations considered in the article and suggested generic
solution geometries are given below.

2.3 Geometric solution approach

In the Geometric Solution Approach, a center of gravity is
formed in the direction of “x” and “y” coordinates for UAVs at
different starting points. This center is considered as the origin
point. Aradius r is generated according to the distance between
the two UAVs in the formation and the geometric shape of the
formation. Depending on this radius, a circle is created and
UAVs are placed on this circle according to the origin
coordinates and radius length. As a result, shapes of pentagonal,
triangular or other formation types are generated with a
distance between them equal to the distance between the two
UAVs. At the same time, the “x” and “y” coordinates of each UAV
in the formation can be calculated w1th this formulation. The
most important innovation here, unlike other studies in
literature, is the creation of a center of gravity for the UAVs and
the generation of the reference point of all UAVs with generic
equations according to the radius “r” depending on the circle
developed. In literature, vector-based approaches are generally
used, which are time-consuming and computationally
expensive. With the method proposed here, reference points
can be determined in a faster and more practical way.
Formation types and proposed geometric formulations are
described in the following sections.

2.3.1 Triangle formation

In the triangle formation, it is desired that the UAVs, which are
at random positions on the ground, change into a triangle form
with an "x" distance between them within the "t" period. This
"t" time and "x" distance can take different values depending on
the type of task. The proposed solution geometry for the
triangle formation is shown in Figure 1 and Equation 2.

Figure 1. Triangle solution geometry.

a = distance between two UAVs
x; = initial x coordinate of "i. UAV"
x = Yx
3
y; = initial y coordinate of "i.UAV"
y = Xy
3
R = formation circle radius
R = an2
2_ (4 2
2% |la (2) ( )
3
Xy = X—R=x*cos30
¥y = Yy—Rxsin30
X, = X
Y. = Y+R
X3 = X+ Rx*cos30
y3 = Yy—R=*sin30

2.3.2 Square formation

In the square formation, 4 drones randomly positioned on the
ground are expected to enter the formation at any "t" time, with
an "x" unit distance between each of them. The "t" time and "x"
distance here vary according to the problem type. The solution
architecture developed for the square formation is shown in

Figure 2 and Equation 3.
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Figure 2. Square formation geometry.

a = distance between two UAVs
x; = Initial x coordinate of "i.UAV"
x = XX

4
y; = initial y coordinate of "i. UAV"
y = Xy

4
R = formation circle radius
R = T

: (3)

Xy = X—Rxcos45
Y1 = Y —Rxsin45
X, = X—R=xcos45
y, = Y+ R=#sin45
X3 = X+ Rx*cos45
Y3 = ¥+ R=xsin45
Xy = X+ Rx*cos45
Y4 = Y—Rxsin45

2.3.3 Pentagon formation

In the pentagonal formation, there are five drones randomly
placed at different coordinates on the ground. In this formation,
at any "t" moment determined by the competition jury, 5
drones are expected to enter the formation with an "x" distance
between them. The solution mechanism based on the circle
formulation suggested for the pentagonal formation is given in
Figure 3 and Equation 4.
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Figure 3. Pentagon formation geometry.

a = distance between two UAVs
X; = initial x coordinate of "i.UAV"
x = Yx
5
y; =  initial y coordinate of "i. UAV"
y = Xy
5
R = formation circle radius
R | = ( 50 + 10\/§> X
1
B (4)
Xy = X
Y = ¥-R
X, = X—R=xcosl8
¥y, = y— Rxsinl8
X3 = X—R=xcos54
y3 = y+ R=xsin54
Xy = X+ R=xcos54
Yy, = Jy+ R=xsin54
Xs = X+R=x*cosl8
¥s =  ¥Y— Rxsinl8

2.3.4 "V” Formation

In the V formation mission, 5 drones are randomly placed on
the ground and then the drones are asked to line up in a "V"
shape with an "x" distance between them at any "t" moment.
The geometric solution steps for the V formation task are
shown in Figure 4 and Equation 5.

a = distance between two UAVs
X; = initial x coordinate of "i. UAV"
x = Xx
3
y; = initial y coordinate of "i. UAV"
y = In
3
R = formation circle radius
R = a? (5)
2_(=Z
2+ e -]
3
X4 = X—R=*cos30
V1 = Yy —R=xsin30
Xy = X
Y, = JV+R
X3 = X+ R=*cos30
Y3 =  ¥—R=x*sin30

Figure 4. “V” formation geometry.

2.3.5 Crescent formation

The crescent formation consists of 6 drones located at different
starting coordinates. In the formation, the time is determined
instantly by the jury, the distance between each drone is "x"
units and this "x" distance can vary. The proposed geometric
approach for crescent formation is shown in Figure 5 and

Equation 6.

Figure 5. “Crescent” formation geometry.

a = distance between two UAVs
x; = initial x coordinate of "i. UAV"
X = Xx
6
y; = initial y coordinate of "i. UAV"
v o= In
6
R = formation circle radius
R = P
2 % (1 — cos45)
x; = (R =*co0s67.5° (6)
y; = —(R*sin67.5°)
x;, = —(Rxco0s67.5°
y, = —(R*sin67.5°)
x3 = —(R*co0s22.5°)
y3 = —(R*sin22.5°)
x, = —(R*cos22.5°)
vy, = (R *sin22.5°
xz = —(R*cos67.5°)
ys = (R *sin67.5°)
X¢ = (R =*co0s67.5°
Y6 = (R *sin67.5°

2.3.6 Star formation

The star formation consists of 10 drones, and initially, the
drones are randomly deployed on the ground. At a "t" moment
determined by the jury, the drones take off from the ground and
must move to star formation within "a" time. Information about
the formation is shown in Figure 6 and Equation 7.
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Figure 6. Star solution geometry.

2.3.7 Rhombus Formation created from four UAVs

Information about the equilateral formation consisting of four

drones is shown in Figure 7 and Equation 8.

(7

Figure 7. Rhombus formation geometry for 4 UAVs.

a = distance between two UAVs
x; = initial x coordinate of "i. UAV"
4
y; = nitial y coordinate of "i. UAV"
y = Xy
4
R = formation circle radius
- a

R =25

2 (8)
Xy = X
»n o= ;_82

Y73
X, = x-—R
Y2 =y
X3 | = | %
y3 = @&

2
X, = R
Yo =y

2.3.8 Rhombus formation created from four UAVs
rhombus formation created from eight UAVs

In a rhombus formation with 8 drones, the distance between
each drone should be equal. Drones rise from the ground at
different coordinates and pass to the relevant formation within
the "p" time with the command of the jury. The geometric
representation and mathematical formulation of the relevant
formation are shown in Figure 8 and Equation 9.

a = distance between two UAVs
X; = initial x coordinate of "i. UAV"
x = In
8
Vi = initial y coordinate of "i. UAV"
y = Xy
8

R = formation circle radius
R = a+3
X1 = X
Y1 = y- ‘;2
X = _ R

—
Y2 = | y=- =

Y73
X3 = X-—R
Y3 =y 9)
X4 = R

2
Ya =2

2
X5 = x
Vs = a R
Xg = _ R

T3
Yo = @

2
Xy = R
Y7 =y
Xg = 5

2
Vs = _¢

2
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Figure 8. Rhombus formation geometry for 8 UAVs

2.3.9 Line formation
In line formation, 5 drones taking off from different coordinates

are required to move on a single line with a certain "x" distance
between them. Information about the formation is shown in

Figure 9 and Equation 10.
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Figure 9. Line formation geometry.

a = distance between two UAVs
x; = initial x coordinate of "i. UAV"
x o= Ix
4
y; = initial y coordinate of "i.UAV"
y = X¥
4

R = formation circle radius
R =  2=xa
X3, = X
yo =7y (10)
X, = X
Y2 = 5

2
X3 = X
Y3 = - _ 5

73
X, = X
Yo = R
X5 = X
Ys = y-R

3 Solution methodology

The formation control problem is a type of problem where the
solution becomes very difficult as the number of individuals in
the swarm increases and a manual solution is impossible.
Solving the problem using mathematical modelling is difficult
and takes a lot of time, since individuals in the system are
constantly changing places, adding/removing individuals, and
the type of task can change atany time. In addition, the difficulty
of the problem increases when individuals do not collide with
each other, and battery status and trajectory tracking are
considered. In this article, a new solution approach is
developed for the formation control problem by using a

simulated annealing algorithm based on geometric models. The
formation control architecture is used in solving the problem in
section 3.1. and the developed solution algorithm is in sections
3.2,,3.3. and 3.4 are also shown.

3.1 Formation control architecture

Trajectory tracking, anti-collision, stabilization, modularity,
efficiency, non-dissipation, and dynamics are some of these
indicators. To realize these indicators in a successful swarm
duty, an architecture consisting of hierarchical layers must be
created. In this article, a 5-layer control architecture is created
for the swarm routing task, as shown in Figure 10.
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Figure 10. 5-layer formation control architecture [78].
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At the Mission Planning Level, the tasks described in Chapter 4
and the formations to be applied in these tasks are planned.
Parameters such as formation time, take-off time, landing time,
hovering time, starting coordinates, total mission time, and
number of UAVs are entered into the algorithm at this level.

At the formation realization level, using the proposed algorithm
in section 3.2, taking into account the parameters of the
previous level, the UAVs to be taken in the formation and their
positions at each "t" time are determined. While determining
the UAV movement routes, it is aimed that the two UAVs will
not collide with each other and that the mission will be
completed before the UAV battery capacity is exceeded.

3.2 Formation control algorithm based on simulated
annealing

In this paper, Formation Control Algorithm Based on Simulated
Annealing (FCA-SA) is developed to solve the HTUDL-S-UAV.
The simulated annealing algorithm, which is a stochastic
search, Kirckpatrik et al. developed by taking the physical
annealing process of solids as an example. The algorithm
progresses as iterative and uses different movement
mechanisms to improve solution quality. While the movements
increasing solution quality are accepted as the initial solution,
actions that do not improve solution quality are admitted with
a certain percentage so as not to get stuck local optimum. The

Boltzman stochastic factor (P = e(_AE/ 1)) is also used for the
acceptance probability of the poor-quality solution. The
simulated annealing has many parameters [79]-[81]. Many
parameters need to be decided in the simulated annealing
algorithm. The objective function, selection of neighbouring
solutions, initial solution, initial temperature, and cooling rate
can be given as an example of these parameters.

In this paper, the objective function is the minimization of the
total mission (operation) time. The swap method is used as the
neighbour generation mechanism. The initial solution, initial
temperature, cooling rating, and final temperature, which is the
stopping criterion, were determined as a result of simulation
experiments. In line with this information, the developed
interface and the solution algorithm proposed for the problem
is demonstrated in Figure 11 and Table 1.

Figure 11. Interface developed for formation control.

Figure 11 shows the interface used for UAV pattern generation
and control. In the system where mission information, number
of UAVs and mission type are entered, the optimal formation
structure and formation type are output. In addition, mission
time and whether there is a collision or not are defined in the
interface. Simulated Annealing algorithm is used in the
interface.

Table 1. Formation optimization algorithm based on simulated
annealing method.

- initial temperature = 1000; final temperature = 1;
- cooling rate = 0.95; enter mission type;
— enter mission parameters;

— enter initial UAV speed and control information;

— Randomly generate an initial solution = init,;

= Calculate fitness value;
= f(init_x) = Calculatefitnessfunction(init_x);
while (temperature < final temperature)

- X
= new produced solution based on the swap mechanism

- x =
[order of mission, UAV x coordinate, UAV y coordinate ]

Calculatefitnessfunction(x)

— update the global best solution and local best solution|
information to be passed to the next iteration according

the fitness function;

— If the global solution does not improve for a certain

number of iterations — PerturbationMechanism(x);
— temperature = temperature * cooling rate;
Calculatefitnessfunction(x)

— fitnessfunction = totalmissionduration =

takeof f time + formation time + landing time

— if the mission area has been exceeded —

totalmissionduration = totalmissionduration * 1000;

— If the departure time is more than the jury's mission
departure time —

totalmissionduration = totalmissionduration * 1000;
- totalmissionduration = Tra — Coll_Control(x);

- If totalmissionduration is greater than the
total mission time specified by the jury —

totalmissionduration = totalmissionduration * 1000;
Tra — Coll_Control(x)

- If two UAVs collided during the formation —

totalmissionduration = totalmissionduration * 1000;
Pertrurbation Mechanism

N
“Split the ‘solution x’ into two parts and reassemble it

by swapping the parts;

1177



Pamukkale Univ Muh Bilim Derg, 31(7), 1170-1191, 2025
U.U. Ugar, B. Tanyeri

3.3 Tra-Coll (Trajectory-Collision) algorithm

Tra-Coll is an algorithm that controls whether it is progressing
within the determined route of each UAV during operation. The
algorithm tracks the distance of each UAV to the other UAVs,
which is predetermined by the jury. If a deviation occurs in the
trajectory or tracking distance, the algorithm instantly and
automatically updates the heading of the UAV and keeps it on
the mission route. The steps of the developed algorithm for the
deviation control for any “t” time is calculated according to the
formula in Equation 11.

N = Total number of UAV

T = Taskendtime

i = The index number of the UAV : i =
=j =1,...,N

t = Thetime period in which the UAV is

controlled : T=1,..,T

xiy = "x"coordinate at"t" time of "i".UAV
(11

Yie = "y"coordinate at "t"timeof "i".UAV
X, = xcoordinate to be found along the

trajectory
yp = ycoordinate to be found along the

trajectory
sm = permissible amount of deviation from

the relevant coordinates
xb—xi,t<sm,Viandt
yb-yi,t<sm,Viandt

In addition, the distance between each UAV needs to be
maintained throughout the flight process. In this sense, the
distances between UAVs are computed at every "t" time. If the
distance between the UAV pair falls below the predetermined
safety distance, the system gives a warning and updates the
headings of the relevant UAVs to prevent collisions. Based on
the above formulation, the distance between the two UAVs is
calculated as follows in Equation 12.

d;j: = thedistance between UAV "i" and UAV"j'
at time t
Qije the safety distance between UAV a
" and UAV "b" at time t (12)
2 2
dije = \/(xi.t = %) = (Vie = ¥je)
Vi, j, t&i # j

According to the above distance, the distance between the two
UAVs is checked by the formula below in Equation 13.

dije 2 @je (13)

3.4 Collision control algorithm

The Collision Control Algorithm (CCA) is a control mechanism
used in the FCA-SA. This mechanism controls whether the UAVs

collide at any time in the form produced in the solutions in the
Algorithm. The information related to the algorithm is given in
Figure 12 and Equation 14.

A (4, A,) emmmlp Reforence pointofthe relevant formation

Another reference point of the relevant formation j

TwoUAV crash sites

Figure 12. UAV collision control architecture.
T =
(Dy = Cy) * (Cx = A) = (Cy = Ay) * (Dx = Cy)
(Dy — Cy) * (By —Ay) — (By — Ay) * (D — Cy)

E, = Ax+(Bx_Ax)*T

Ey:Ay"‘(By_Ay)*T

_ |BE| . _ IpE| (14)
1~ V1 2 VZ
tl = tz i

There is a collision, the solution is cancelled

ti #Ft, >

there is no collision, the solution is valid.

4 Experimental study and analysis

In this article, the missions in the Teknofest 2021 Swarm UAV
Competition are considered for experimental study. These
missions are important to test the performance of the proposed
algorithm in terms of genericity and dynamic. The information
about these duties is provided below in Table 2.

Table 2. The missions in the application studies.

Mission No Mission Name
1 Swarm Navigation Mission
2 Formation-Switching Mission
3 The mission to remove UAV from the
Swarm
4 The mission of adding UAV to the Swarm
5 Swarm Rotation Mission
6 Swarm Division/Unification Mission
7 Trajectory Tracking Mission as a Swarm

Crazyfly 2.0 drone was used in Teknofest 2021 Swarm UAV
Competition. Since Crazyfly 2.0 drone was used in Teknofest
2021 Swarm UAV Competition, all applications in the article
were carried out on this drone. The flight area has a width of 3.5
m, alength of 3.5, and a height of 2 m, and is shown in the figure.
"Loco positioning nodes" are placed at each corner of this flight
area and are used for positioning UAVs. Besides, the “Loco
positioning deck” and “Flow deck” are installed on each UAV for
the positioning system. In Figures 13 and 14, the flight area set
up for the experiments and the visuals of the flights are given.
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Figure 13. Flight area technical dimensions.

Figure 14. Real swarm flight area [82].

4.1 Swarm navigation mission

In this task, the swarm will be navigated to the desired
landmarks in a way that preserves the desired formation. The
flock will take off in the desired formation at an altitude of 1
meter and within 3 seconds, with a distance of 1 meter between
them. After the takeoff phase, the swarm will maintain its
formation for 15 seconds. Aiming at the specified landmarks,
the swarm will begin its navigation mission. The swarm must
reach each landmark within 3 seconds at the most. When the
flock reaches each landmark, it will maintain its formation for
20 seconds and switch to the other landmark. Finally, the
swarm will be returned to the starting point. At the final
landmark, the herd will wait 20 seconds and move on to the
descent phase. The swarm landing phase will take 5 seconds.
Triangles will be determined by the jury. At all of these stages,
the altitude of the swarm, and the distance between the UAVs
and its formation should be maintained [83]. The information
about Swarm Navigation Mission is given in Figure 15.

In Figure 15, Swarm Navigation Mission for Pentagon
Formation is illustrated. The most important point in the
mission is that each UAV remains in the same position
throughout the operation. The developed algorithm has
successfully performed the navigation task in all different
formations. As an example, simulation videos of navigation

tasks for the crescent formation and square formation are
shown in links 1 and 2.

Mission Phases Duration of the Mission Phase
Swarm Take-off : Max 3 Seconds
Formation Protection of the Swarm :15Seconds
Passage of the Swarm to the Triangulation : Max 3 Seconds
Swarm Waiting After Triangulation : 20Seconds
Swarm Waiting for the Last Triangle : 20 Seconds
Swarm Landing : Max 3 Seconds
N Start Giving the Swarm
o LN Operstion Command
¥y ¥ |
Voo Vo
At - Bt
B-i R Eater Mission The swarm takes off
Information keeping its formation

Calculate Reference ‘The swarm maintains its ‘

Points formation and navigates
I to the waypoints
i, l l

B
[
I
d A
AL .14 - Making Assigament When the swarm asrives
N According to FCA- atits destination, it
SA maintains its formation.
AN AN and lands
G-
[
,'Q A
o ‘*.?'f ‘ Printing the Optimal Finish
hd Route to the Screen

Figure 15. Swarm Navigation Mission and the solution
architecture.

Link 1. Swarm Navigation Mission for Crescent formation.

Gorev_1-Hilal Formasyon.mp4-Google Drive

L IR

Link 2. Swarm Navigation Mission for Rhombus formation

Gorev_1-Eskenar Dortgen Formasyon(4°1ii).mp4 - Google Drive

4.2 Formation-switching mission

In this mission, the swarm must take off in the formation
requested by the jury and switch to a second different
formation requested by the jury. The swarm will take off at an
altitude of 1 meter to the desired formation and within 3
seconds, which will be 1 meter between the UAVs. It will retain
its formation for "x" seconds after the take-off phase is
complete. After this stage, the swarm will be asked to switch to
the desired second formation within 3 seconds. During and
after the transition phase, the herd should maintain its altitude
and the distance between the UAVs. The 2nd formation must be
protected for "y" seconds. After the formation protection phase,
the swarm should descend within 3 seconds. Starting from the
starting formation, the competitors may be asked to take more
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than one formation. Features related to this mission are shown
in Figure 16, [83].

Mission Phases Duration of the Mission Phase
Swarm Take-off + Max 3 Seconds
Formation Protection of the Swarm + 20 Seconds
Formation Switching Time + Max 3 Seconds
Second Formation Protection Time : 20 Seconds
Swarm Landing - Max 3 Seconds
3 Start Giving the Swarm

| Operation Command

The swarm takes off

A Enfer Mission
keeping its formation

The swarm switches to

Calculate Reference
L the second formation

oints.

‘The swarm switches to
the third formation

Making Assigament

,‘-\ ,“\ According to FCA-
Y R A
FARY PR l

N .

Printing the Optimal
Route to the Screen

The swarm lands up by
maintaining its own
formation.

Figure 16. Formation-switching mission and the solution
architecture.

The results of the application study for this task are given in the
link 3 and 4.

Link 3. Pentagon>Line>Pentagon formation.
Gorev_2-Besgen-Cizgi-Besgen Formasyon.mp4-Google Drive

Link 4. Square-rhombus-square formation.

Gorev-2-Kare-Eskenar Dortgen (4'li))-Kare Formasyon.m4v -
Google Drive

4.3 The mission to remove UAVs from the swarm

UAVs randomly deployed on the ground rise to an altitude of 1
meter at the same time. Then the command to enter the
formation is sent to the swarm system and the UAVs enter the
desired formation. The entry time to the formation must be less
than 3 seconds. After the formation is formed, a random UAV is
selected and removed from the swarm manually by a person in
charge. The remaining herd members wait while maintaining
their altitude and formation for the specified time. Then the

landing command is sent and it lands on the ground keeping the
swarm formation. The details of the stated mission are shown
in Figure 17 [83].

Mission Phases Duration of the Mission Phase
Swarm Take-off : Max 3 Seconds
Formation Protection of the Swarm :15 Seconds
Removing Any UAV from the Swarm :-
Altitude, Formation, and Distance Protection after UAV  :15 Seconds
Take-off
Swarm Landing : Max 3 Seconds

LN
AV ’.1"' N
= Ny N7
1 1 1
1} — 1 1
1} \ 1
Loxceerin, Roceiead
" H H H\

A v Ny NP

{IJAVi UAV (v AV
4D Loy 4D o

Figure 17. The mission to remove UAVs from the swarm and
the solution architecture.

?‘]
=

Some of the visuals related to the application work made by
using the developed solution algorithm and considering the
task information is shown in links 5 and 6.

)

OS> 0

Link 5. Remove/Add UAV For Pentagon formation
Gorev-3- Besgen Formasyon.mp4 - Google Drive

Since there is no guide UAV in the developed formation creation
algorithm and the whole system is created by utilizing the
formation center of gravity, other individuals will not be
affected by this situation when any related individual leaves the
formation. In this mechanism, the rapid change in the “x”, and
“y” coordinates of the UAV is considered in the determination
of the individual removed from the swarm. If the change
difference between the relevant coordinates is greater than the
predetermined parameter value, the algorithm will perceive
this change as removing the individual from the system and will
make the related UAV passive. The formulation in Table 3 will
be applied in calculating the relevant difference.

18

I~ 39)

Link 6. Remove/Add UAV for Rhombus formation.

Gorev-3- Eskenar Dortgen(4°1i) Formasyon.mp#4 - Google Drive
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Table 3. Coordinate change detection algorithm.

cp = maximumdif ference between coordinates
between any time "t" and "t + 1"
Vit = "y"coordinate of the "i." UAV at "(t)." time
Xit¢41 = "X"coordinate of the"i." UAV at"
(t+1)." time
Vie+1 "y" coordinate of the i.UAV at
"(t+1)." time

fort=1t<15t++
fori=1;i < Number of UAVs;i + +

if((lxi,t+1 - xi,tl) >cpor (|Yi,t+1 - yi,tl)
>cp )

Remove "i. UAV" from swarm array

4.4 Swarm rotation mission

In this task, the swarm is required to turn at certain angles and
reach the desired points while maintaining its formation.
Information regarding the swarm rotation task is given in
Figure 18.

o In this task, the flock is required to tum at J
certain angles and reach the desired points
while maintaining its formation.

o With the take-off command, it rises to the AN UV

desired altitude while preserving the flock =

formation. I\

The swarm waits for "x" seconds. h)"—

The flock enters a desired intermediate point by \. B

maintaining its formation. YRS

The swarm waits for "x" seconds. \7

It rotates "a" degrees in "y" seconds around the I\

Figure 20. Pentagonal formation with “a” Length, “r” radius.

In Figure 20, the length "a" indicates the distance between each
UAV. According to the "a" value, the "r" radius is calculated for
each formation in Table 4.

Table 4. Coordinate calculation for each degree in the rotation
task.

2" axis while maintaining the flock formation. \" |V
The swarm waits for 'x” seconds. l
It descends to the ground while maintaining its o=

swarm formation.
o For example: x = 3 sec, y=5 sec, b=90 degree

Figure 18. The swarm rotation mission and the solution
architecture.

It is desirable to perform this mission at any angle, both
clockwise and counterclockwise. To solve this problem, it is
planned that the UAVs will make their turns by advancing with
one-degree angles at v speed on the unit circle drawn according
to the center of gravity of the formation. The unit circle
structure and pentagonal formation examples related to the
method are shown in Figures 19 and 20.

“ n

According to the formulas in Table 4, “x” and “y” coordinates for
each degree are computed as in Table 5. Based on the radius
formulas above, the "v" forward speed of the UAV is calculated
using the formula below.

2xmxT
= —— 14
v 12 14

Angle (a) Coordinate

x" coordinate

y" coordinate

information of the UAV of the UAV

0 X0, Yo Xo Yo

1 X1, Y1 X1 y, =1 * cos(a)
=r*cos(a)

2 X2,Y2 X2 V2
=rxcos(a) =r=*cos(a)

3 X3,Y3 X3 V3
=r=xcos(a) =r=*cos(a)

358 X358, Y358 X358 Y358
=rxcos(a) =r=*cos(a)

359 X359, Y359 X359 V359
=r=xcos(a) =r=*cos(a)

360 X360, Y360 X360 V360
=r=xcos(a) =r=*cos(a)

1181



Pamukkale Univ Muh Bilim Derg, 31(7), 1170-1191, 2025
U.U. Ugar, B. Tanyeri

The algorithm developed for the rotation mission of the UAVs
is shown in the table 5.

Table 5. Rotation mission algorithm.

Step 1. x[i, k]
= "x" position ofthe "i." UAV in the "k." step & x[j, 0]
= the current reference position”
ylik]
="y" position ofthe "i." UAV in the "k." step & y[i, 0]
= the current reference position”
ang[i, k] =
the angle of the i. UAV in the "k". step & ang[i, 0] =
the current
Step2. fork=1;k<360; k++
fori= 1;i < the number of UAVs;i + +
if the rotation is clockwise
angli, k] = ang[i,k— 1]+ 1
Xk = I * cos(ang[i, k]) & y;x
=r
* sin(ang[i, k])
if (ang[i, k] > 360) then ang[i,k] = 0
if the rotation is counterclockwise
angli, k] = ang[i,k— 1] —1
Xix = I * cos(ang[i, k]) & y;
=r
* sin(ang[i, k])
if (ang[i, k] < 0) then ang[i, k] = 360

end
end

Some of the application studies for the rotation mission are
given in the link 7 and 8.

=
3
B
B
<
A
3]
B

Link 7. Rotation mission for pentagon formation.

Gorev_4-Besgen Formasyon.mp4 - Google Drive

SO DD 20

Link 8. Rotation mission for the square formation.

Gorev_4-Kare Formasyon.m4v - Google Drive

4.5 Swarm division/unification mission

The mission details for Swarm Division/Unification are shown
in Figure 21. The solution approach used in the merger and
separation task is expressed below on the star formation.
Initially, the flock in star formation is divided into V and
pentagonal formations. In the next stage, the two swarms
separated will merge to form a "star formation".

¢ Swarm agents are placed on the ground in the
desired formation. I
+  After the fakeoff command is given, it rises to the v
desired altitude while maintaining the swarm oy A
formation. \
¢ Swarmwaits"x' seconds i ECRY )
+ The herd s divided into two parts. P T A
o The flocks wait while maintaining the 's' second Vv V) ooV
formation. I I
¢ The swarms go to the desired intermediafe points " ,‘\’“ v
while maintaining their formation. ORI coow R
o Swarmwaits "' seconds N ! '
+  The swarms converge. W R &
¢ The merging swarm waits for 'x" seconds. (AR
+  Maintaining the last flock formation, it arrives at R
the first take-off point, waits "x" seconds, and O
descends.

Figure 21. The swarm rotation mission and the solution
architecture.

In the formation in Figure 22, there is a UAV at each reference
point and these are indicated by letters. The first task in the
separation of formations is to determine which UAV will join
which formation and which reference points will be assigned.
According to the number of individuals in the formation, the
UAVs will be assigned to two different arrays according to the
"M" axis and each array will form the UAVs of the relevant
formation. While forming groups, the closest UAVs to each
other are selected and clustered. Based on the determined UAV
groups, the centers of gravity of each group are established.
Then, reference diagonal points are determined by reference to
these centroids and using the formation generation algorithms
in section 2.2. Finally, according to the results obtained from
the FCA-SA, the UAVs in the clusters are assigned to the
reference points. The centers of gravity of pentagonal and
triangular formations are shown in Figure 23, and the
formations and reference points to which UAVs are assigned as
a result of swarm separation in Figure 24.

B G N axis
. o |
.n K
A "
| T
J H
M axis

Figure 22. Star formation in the starting phase.

Figure 23. Centers of gravity of pentagonal and V formations.
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Figure 24. UAVs assigned to separate swarms.

In the merger task, the center of gravity of the merger formation
of the previously separated swarms is determined as the center
of gravity of the mission area. According to this center of
gravity, the reference diagonal points of the desired formation
are determined and the function of assigning UAVs in two
different swarms to the relevant reference points is performed.
The FCA-SA Algorithm is used to determine which UAV will be
assigned to which point. A visual representation of the swarm
reunion is shown in Figure 25. The videos of the experimental
studies for this mission are shown in links 9 and 10.

@

SO Zu

Link 9. Rhombus(8’s) = 2x Rhombus(4's) - Rhombus(8's)
Formation.
Gorev_5-Eskenar Dortgen(8'li),2x-Eskenar
Dértgen(4'li),Eskenar Dortgen(8'li) Formasyon.mp4 - Google
Drive

Link 10. Rhombus(8’s) - Rhombus(4’s) and Square =>
Rhombus (8’s) Formation

Gorev_5-Eskenar Dortgen(8'li), Kare, Eskenar Dortgen(4'li),
Eskenar Doértgen(8'li) Formasyon.mp4 - Google Drive

4.6 Trajectory tracking mission as a swarm

In this mission, the swarm takes off in the designated formation
and completes the operation by following the pattern defined
by the jury. The specifications for the mission are shown in
Figure 26.

¢ The pwarmrises o the desed alliude with e
Halee-oif command fq\
+ The swamswvait foe " secoeds. Lty
» The center of the fock stars to foow the \,,'.'F' Y
desiond trajectony 25 i the fizure om Ehe right) k;\
with & speed of "y" my's while muntainng s Y/
formation.
o The swamm complebes one roend on fe
apeetory i then weiits " sevonds, kepag i
formation.

o The swam descends fo the ground wide
stz th bmation.

Figure 26. Trajectory Tracking Mission as a Swarm and the
solution architecture.

Some of the application studies related to the mission
performed using FCA-SA are shown in links 11 and 12.

oK

OS> 0

Link 11. Trajectory Tracking Mission for Square formation.
Gorev-6- Kare Formasyon.mp#4 - Google Drive

Link 12. Trajectory Tracking Mission for Rhombus Formation
(4’s).

Gorev_6- Eskenar Dortgen(4'li) Formasyon .mp4 - Google

Drive

4.7 Experimental design and application

In this paper, nine different missions and six different
formation types are defined. For each formation task, five
different formation types were defined and the success of the
algorithm was tested on a total of 30 scenarios. With these
experiments set, the performance of the algorithm was tested
for different starting positions, number of IHAs, formation
types and formation tasks. Summary information about the
sample experimental set is given in Table 6.
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Table 6 shows the number of UAVs, mission specifications, UAV assignments and total mission time for the formation as a
formation types and locations in the relevant scenario. This result of the optimization are presented in Table 7. For
information differs in each scenario. example, in the M1F2 scenario, 5 UAVs were used and the

When clicking on the scenario names in Table 7, detailed swarm navigation task (4.1) was performed.

information about the scenarios is presented. In addition, the

Table 6. Sample experiment set.

Scenario No: M...F...

Mission Name: Swarm Navigation Departure Time: 3 seconds
Formation Type: Pentagon Duration of Stay in Formation: 20 seconds
Number of UAVs: 3 Time for the swarm to move 30 seconds

to the next point:
Distance between UAVs: 0.8 meter Landing duration: 5 seconds

Mission Height: 1 meter Mission Area: 3.5 meter (x)

3.5 meter (y)
2 meter (z)
UAV Start Location Information
UAV velocity 5 meter/seconds
Coordinate Information
X y zZ
UAV-1 0.5 0.5 0
UAV-2 1 1 0
UAV-3 1.5 1.5 0
UAV-4 2 2 0
UAV-5 2.5 2.5 0
Mission Location Information
Starting Point Navigation-1 Navigation-1 Landing Point
[0,0,0] [1,1,1] [2,2,1] [2,2,0]
Table 7. Scenario information and application study results.
Scenario No (Link)  Mission Type Mission Name Total Number of UAVs Optimal Mission Time Optimal Mission Details
(seconds) (Link)
1 4.1. 3 56,6448 OptRest
M1F1 [Reference Point] - [label of the UAV]
[0,1,2] - [0,1,2]
1 4.1. 5 56,79881 OptRest
M1F2 [Reference Point] - [label of the UAV]
[0,1,2,3,4]-[1,0,3, 2, 4]
1 4.1. 5 57,13983 OptRest
M1F3 [Reference Point] - [label of the UAV]
[0,1,2,3,4]-[0,2,4,1,3]
1 4.1. 6 57,38266 OptRest
M1F4 [Reference Point] - [label of the UAV]
[0,1,2,3,4,5]-[2,1,0,5, 3, 4]
2 4.2. 5 36,82478 OptRest
M2F1 [Reference Point] - [label of the UAV]
[0,1,2,3,4]-[1,0,3, 4, 2]
2 4.2. 5 36,84202 OptRest
M2F2 [Reference Point] - [label of the UAV]
[0,1,2,3,4]-[2,0,3,4,1]
2 4.2. 5 36,86703 OptRest
M2F3 [Reference Point] - [label of the UAV]

[0,1,2,3,4]-[1,0,3, 4, 2]
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Table 7. Continued.

Scenario No (Link)  Mission Type Mission Name Total Number of UAVs ~ Optimal Mission Time (seconds) Optimal Mission Details
2 4.2. 5 37,49077 (L OptRest
M2F4 [Reference Point] — [label of the UAV]
[0,1,2,3,4]-11, 3,2,4,0]
3 4.3. 5 31,81641 OptRest
M3F1 [Reference Point] — [label of the UAV]
[0,1,2,3,4]-12,0,3,1, 4]
3 4.3. 6 32,37558 OptRest
M3F2 [Reference Point] — [label of the UAV]
[0,1,2,3,45]-[2,0,5,3,1,4]
3 4.3. 10 32,03764 OptRest
M3F3 [Reference Point] — [label of the UAV]
[0,1,2,3,4,5,6,7,89]-1[0,3,4,5,7,1,8,6,9, 2]
3 43. 4 31,77630 OptRest
M3F4 [Reference Point] — [label of the UAV]
[0,1,2,3]-10,3, 1, 2]
4 4.4. 10 48,865507 OptRest
M4F1 [Reference Point] — [label of the UAV]
[0,1,2,3,45,6,7,89]-10,6,4,5,2,1,9,3,8,7]
4 4.4, 6 49,257288 OptRest
MA4F2 [Reference Point] - [label of the UAV]
[0,1,2,3,4,5]-[2,5,0,1, 3, 4]
4 4.4 4 47,943598 OptRest
M4F3 [Reference Point] - [label of the UAV]
[0,1,2,3]-[0,3,1,2]
4 4.4, 3 47,3187067 OptRest
MA4F4 [Reference Point] - [label of the UAV]
[0,1,2] - [1, 0, 2]
5 4.5. 8 63,31696 OptRest
M5F1 [Reference Point] - [label of the UAV]
[0,1,2,3,4,5,6,7]-[6,1,0,3,5,7,4, 2]
5 4.5. 10 63,058963 OptRest
M5F2 [Reference Point] - [label of the UAV]
[0,1,2,3,4,5,6,7,89]-[0,6,7,5,2,8,4,3,9,1]
5 4.5. 8 63,290337 OptRest
M5SF3 [Reference Point] - [label of the UAV]
[0,1,2,3,4,5,6,7]-[7,1,0,3,6,5,4,2]
5 4.5. 10 62,783912 OptRest
M5F4 [Reference Point] - [label of the UAV]
[0,1,2,3,4,5,6,7,89]-[3,6,4,2,7,8,0,9,5,1]
6 4.6. 4 35,398707 OptRest
M6F1 [Reference Point] - [label of the UAV]

[0,1,2,3]-[0,3,2,1]
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Table 7. Continued.

Scenario No (Link)  Mission Type Mission Name Total Number of UAVs ~ Optimal Mission Time (seconds) Optimal Mission Details
6 4.6. 3 34,857218 (L OptRest
M6F2 [Reference Point] - [label of the UAV]
[0,1,2]-[1,0,2]
6 4.6. 6 39,2844345 OptRest
M6F3 [Reference Point] - [label of the UAV]
[0,1,2,3,4,5]-[2,4,0,3,1,5]
6 4.6. 5 36,76892755 OptRest
M6F4 [Reference Point] - [label of the UAV]

[0,1,2,3,4]-[1, 3,0, 4, 2]

As aresult of the optimization, UAV 1 was assigned to reference
point 0 of the triangle formation and UAV 2 was assigned to
reference point 3. The minimum mission time was calculated as
56,53211. The details of the task are given in the link in the first
and last column of the table. The time spent by each UAV in
M1F2 during the relevant mission is shown in Table 8. The UAV
with the highest mission time in the table constituted the final

2.54

2.0 4

88 grps

iHAS
F6

mission duration of the formation.
Table 8. Time spent by each UAV in the M1F2 mission

Stage UAV1 UAV2 UAV3
Take-off 0.310630752 0.249087255  0.210875426
Formation 15 15 15
Protection
Transition to 0.410744581 0.410000007 0.410744581
Next Point
Formation 20 20 20
Protection
Return to the 0.410744581 0.410000007 0.410744581
starting flock
point
Formation 20 20 20
Protection
Landing 0.4 0.4 0.4
Total time 56.53211 56.46908 56.43236
Stage UAV4 UAV5
Take-off 0.100158962 0.264398358
Formation 15 15
Protection
Transition to 0.410744581 0.410744581
Next Point
Formation 20 20
Protection
Return to the 0.410744581 0.410744581
starting flock
point
Formation 20 20
Protection
Landing 0.4 0.4
Total time 56.32164 56.48588

General Mission Time = MAX(UAV1, UAV2, UAV3, UAV4, UAV) =56.53211

In the M1F4 problem in Figure 27, 6 UAVs were asked to create
a crescent formation and perform the navigation task (4.1). As
a result of the optimization study, the method created 6
different reference points for the crescent formation based on
the geometric solution approach and assigned UAVs to the
reference points according to the mission parameters and UAV
technical constraints.

JHA?2
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EF4
154
104
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HA1
T T
05 1.0

Figure 27. UAV start coordinates and creating of reference
point for Crescent Formation in M1F4 (IHA=UAV,
REF=Reference Point).

The UAVs were initially dropped at different points and entered
the crescent formation in the air after the take-off order. The
initial coordinates of the UAVs were UAV1: [0.58, 2.99, 0.0],
UAV2: [1.04, 1.57, 0.0], UAV3: [2.06, 2.92, 0.0]. Then, the UAV
formed the relevant formation and navigated as a swarm.
Finally, the landing took place. The steps of the swarm
throughout the mission are shown in Figure 28.

dam1

Figure 28. Step-by-step movement of UAVs throughout the
mission for M1F4 (Adim= Step).

Figure 28 shows the movements of the UAVs in the x and y axis
at a height of 1 meter.
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Figure 29 shows the UAV initial coordinates for the M6F4
mission (UAV 1: [0.30, 1.80, 0.00] UAV 2: [1.50, 0.60, 0.00] UAV
3:[2.00, 1.10, 0.00] UAV 4:[0.80, 0.40, 0.00] UAV 5: [2.40, 1.90,
0.00]) and the reference points and UAV assignments
determined as a result of the optimization are shown. In this
scenario, the task of swarming trajectory tracking (4.6) with a
pentagonal formation is performed and the movements of the
UAVs during the mission are shown in Figure 30.
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Figure 29. UAV start coordinates and creating of reference
point for pentagon formation in M6F4.

Figure 30 graphically shows the movement of the flock in the
pentagonal formation during the mission period. In the figure,
the coordinates of each UAV are tracked in stages.
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Figure 30. Step-by-step movement of UAVs throughout the
mission for M6F4

In addition, the results for all scenarios are shown in the
“OptRes” links.

5 Conclusion

The formation control for Swarm Unmanned Aerial Vehicles is
an optimization problem that includes many constraints and
parameters. In this article, the problem is examined under the
conditions "homogeneous”, " Time-Window ", "Central Control
Architecture”, "Uncertain”, "Dynamic Structure”, and
"Leaderless ". The FCA-SA Algorithm, which is a new solution
approach, is developed to solve the problem and the proposed
methodology is implemented on real data used in the
TEKNOFEST-2021 Swarm UAV Competition. The competition

consists of 9 different formations and 7 different tasks, and the
tasks are required to be completed within the specified time
limits under the task area and time constraints. The application
study using Crazfly 2.0 drones was carried out on the ROS
Simulation Platform and in a real competition environment. As
a result of the experimental studies, the developed algorithm
completed all the tasks within the minimum operation time. In
addition, it was determined that the swarms did not disrupt
their formation, the UAVs did not collide with each other and
did not deviate from their trajectories during the operations.
The proposed solution approach reacted quickly to all
formation changes and task changes and was able to generate
the optimal tour route within seconds. As a result of the
scenario studies, the robustness of the algorithm was proven on
different data sets. Furthermore, the analysis results showed
that the UAVs completed their mission without violating the
competition area boundary. Finally, the algorithm has
produced optimal solutions for tasks involving uncertain
situations and dynamic conditions. Thanks to this structure, the
algorithm will be able to be used in the routing of different
autonomous vehicles and the control of their formations.

In future studies, UAV formation control is an area that has been
intensively studied in recent years and will continue to be
studied in the coming years due to both defense problems and
the development of UAV technologies. It is predicted that the
first priority area for researchers will be applications in the
defense sector and in the battlefield. Formation of formations
by taking into account certain and uncertain situations in this
field will create new branch problems. Secondly, applications in
the field of agriculture are expected to have a wide range of
applications. The use of these technologies in problems such as
spraying, fertilization, development of agricultural products,
protection from pests and other animals will create an
application area for UAV formation control. In addition,
unmanned land and sea vehicles will continue to constitute
other application areas of this formation control problem.

With the development of new mathematical models for these
problems and the use of artificial intelligence and metaheuristic
algorithms in a hybrid way, it is predicted that more effective
solutions will be obtained in shorter times. In addition,
hybridization of swarm UAV problems with image processing
techniques and the problems of preventing communication
interference can be different study topics for researchers.
Finally, it is expected that researchers will be directed to multi-
objective optimization studies by working with different UAVs
and considering different parameters and objectives.
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Egitimin énemi, gelecek nesillerin ilerlemesini tesvik etme kapasitesine
baghdir. Etkili isleyen bir egitim sistemi bu hedefe ulasmada énemli bir
rol oynamaktadir. Dolayisiyla, gelismekte olan egitim kurumlarinda en
elverigli egitim, 6gretim ve 6grenme firsatlarint garanti etmek icin bir
kalite giivencesi sisteminin kurulmasi zorunlu hale gelmektedir.
Yiiksekdgretim kurumlarinda ise bu sistemler i¢ ve dis kalite giivencesi
ile akreditasyon prosediirlerinin planlanmasina ve uygulanmasina
iliskin tiim ilkeleri kapsamaktadir. Bu c¢alismada, kurulus asamasini
tamamlamis ve gelismekte olan bir devlet liiniversitesinde kalite
gtivencesi  sisteminin  yapilandirilmasint  amaglayan  stireclerin
sistematik olarak uygulanmasi i¢in bir yénetim modeli énerilmektedir.
Onerilen model, periyodik izleme - iyilestirme faaliyetleri ve paydas
katiliminin igsellestirilmesi yoluyla, stratejik yonetim stirecine dayali
yenilik¢i bir kalite giivencesi sisteminin miihendislik disiplini bakis
acistyla kurulmasini amaglamaktadir. Model, 6zellikle yiiksekégretim
kurumlarindaki stireclerin kalite gtivencesi kapsaminda yonetilmesine
ve egitim-6gretim ortaminda siirdiirtilebilir kalite standartlarinin
saglanmasina yénelik stratejik bir cerceve sunmaktadir. Bu kapsamda
paydas memnuniyetini degerlendirmeye yénelik bir anket sistematigi
de calisma kapsaminda gelistirilerek ilgili yiiksekégretim kurumunda
uygulanmistir.  Uygulamadan elde edilen veriler kullanilarak
gergeklestirilen faktér ve regresyon analizleri sonucunda, énerilen
modelin yiiksek diizeyde paydas memnuniyeti saglayabildigini ve
kurum yénetiminin hangi alanlara odaklanarak memnuniyeti
stirdiirtilebilir kilabilecegini géstermistir. Yeni kurulan ve gelismekte
olan yiiksekdgretim kurumlari icin bu ¢alisma, rehber niteligindedir.

Anahtar kelimeler: Kalite giivencesi sistemi, Paydas memnuniyeti,
Faktor analizi, Stratejik yonetim.

Abstract

The importance of education is tied to its capacity to promote the
progress of future generations. A well-functioning educational system
plays a key role in achieving this goal. Therefore, in developing
educational institutions, it becomes essential to establish a quality
assurance system to guarantee the most favorable educational,
teaching, and learning opportunities. In higher education institutions,
these systems encompass the planning and implementation of all
principles concerning internal and external quality assurance and
accreditation procedures. This paper proposes a management model for
the systematic implementation of processes aimed at structuring a
quality assurance system in a newly established and developing state
university. The proposed model, based on a strategic management
process with periodic monitoring-improvement activities and the
internalization of stakeholder participation, aims to establish an
innovative quality assurance system with a perspective rooted in
engineering disciplines. The model presents a strategic framework for
managing processes within higher education institutions to maintain
sustainable quality standards in educational environments. A survey
methodology to assess stakeholder satisfaction was developed and
implemented in this context. Factor and regression analyses based on
the data obtained indicate that the proposed model can achieve high
stakeholder satisfaction and identifies the areas in which institutional
management should focus to maintain this satisfaction sustainably. This
paper serves as a guide for newly established and developing higher
education institutions.

Keywords: Quality assurance system, Stakeholder satisfaction,
Factor analysis, Strategic management.

1 Giris
Kalite Glivencesi Sistemi (KGS) yiliksekdgretim kurumlarinin
egitim-68retim, arastirma-gelistirme, toplumsal katki
faaliyetleri ile idari hizmetlerinin i¢ ve dis kalite gilivencesi ile
akreditasyon siireglerini planlama ve uygulama temelini
olugturur. Bu sistem, bir kuruma dair ulusal ve uluslararasi
standartlar1 karsilayan bir yapiyla baslar, ancak zaman i¢inde
kurumun amaglarina ve hedeflerine uyumlu hale gelerek
kurumsal performans yonetim sistemine doniisir. Yeni
kurulmus ve gelisme asamasinda olan yiliksekdgretim
kurumlarinda stratejik yonetim esasli KGS hizmetlerin
kalitesini korumay, siirekli iyilestirme felsefesini tesvik etmeyi
ve paydas memnuniyetini artirmayr amaglar. Bu amag,

*Yazisilan yazar/Corresponding author

kurumun rekabetci olabilmesine ve uzun vadede basari elde
etmesine yardimci olur.

Kalite gilivencesi ile dogrudan iliskili olan stratejik yonetimin
basarili bir sekilde gerceklestirilebilmesi icin gerekli olan
cerceveler kurum politikalari ile olusturulmaktadir. Politikalar,
organizasyonun uzun vadeli gelisim yol haritasini belirleyen
ilkelere, diizenlemelere ve standartlara atifta bulunan
metinlerdir. Organizasyonlarin kapsami, beklentileri, hedefleri,
sahiplik yapis1 ve kaynaklari yani diger bir deyisle kurumlarin
misyonu, vizyonu, degerleri ve hedefleri kurum politikalari ile
belirlenmektedir. Stratejik yonetim ise s6z konusu hedeflere
nasil ulasilacagini belirlemek i¢in politika metinlerini kullanir.
icinde bulundugumuz dijitallesme ve dijital déniisiim cag,
kurumlari, 5 yildan daha kisa siirede s6z konusu politikalar
giincellemeye zorlayan dinamiklere sahiptir. Dolayisiyla bu
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anlamda, stratejik yonetim modelinin uygulanmasi, kurumlara
onemli avantajlar saglamaktadir. Bu hususlar yiliksekégretim
kurumlarn i¢in degerlendirildiginde, yasal zorunluklarin ¢ok
daha otesinde tercih edilebilirliklerini arttirarak 6nemli
rekabet avantaji yarattigini da gormek miimkiindiir.

Stratejik yonetim modelinin kapsaminda amaglar, hedefler,
faaliyetler, tiim bunlar1 6lgmek i¢in kullanilan performans
gostergeleri ile modelin etkinligini anlamaya yarayan izleme ve
degerlendirme siireci yer almaktadir. Bu yapilanmada,
yonetim-kontrol-dlgme faaliyetleri ile KGS'min etkilesimi
saglanmaktadir (Sekil 1).

—
e

AMAGLAR
A
HEDEFLER
\
FAALIVETLER
v

I_ > PERFORMANS GOSTERGELER]
I— > iZLEME ve DEGERLENDIRME

YONETIM

':; KALITE GUVENCESI SISTEMI

OLEME

Sekil 1. Stratejik yonetim modeli.
Figure 1. Strategic management model.

Ozellikle, performans gostergelerinin tespiti ile dlgme
faaliyetini ve akademik ve idari faaliyet raporlar: gibi kapsaml
degerlendirme raporlari ile izleme ve degerlendirme siirecinin
kontrol faaliyetini yerine getirmesi, kalite giivencesini
yonetilebilir kilmaktadir. Ayrica, KGS stirekli iyilestirme
felsefesini barindiran PUKO (Planla, Uygula, Kontrol Et ve
Onlem Al) déngiisii gibi dnemli bir yénetim araci icerdiginden,
modelin siirdiiriilebilirligini de saglamaktadir. Siirekli
iyilestirme anlayisina dayanan PUKO déngiisii, kalite yénetimi
sistemlerinin temel yap1 taslarindandir. Bu model kapsaminda
stirecler planlama, uygulama, kontrol ve o6nlem alma
asamalariyla dongiisel olarak yonetilmekte ve her asama bir
sonraki adimi besleyecek sekilde yapilandirilmaktadir. KGS,
ulusal ve wuluslararasi standartlari, belgelendirmeleri ve
kurumsal hedefleri izleyerek olusturulur. Bu husus, girdi ve
cikti bazli degerlendirmelerde standartlarin goz Onilinde
bulundurulmasini ve amag¢ ve hedeflere uygunlugun temel
kriter olmasini destekler. Yiiksekogretim kurumlar1 igin
stratejik  yonetim ve kalite giivencesi prensiplerini
benimsemek, rekabetci bir konumda olabilmek ve egitim
kalitesini artirabilmek icin 6nemlidir. KGS yliksekégretim
kurumlarinin egitim-6gretim, arastirma-gelistirme, toplumsal
katki ve uluslararasilasma gibi temel faaliyet alanlarinda
kalitenin stirekliligini ve gelisimini saglamay1 hedefleyen
biitiinciil bir yaklagimdir.

Calismanin odak noktasinda yer alan yeni kurulan ve
gelismekte olan iiniversiteler kavrami ile son 5-7 y1l igerisinde
kurulmus, kurumsal altyapilar1 heniiz tam olarak
kurgulanmamis, yonetisim siirecleri dinamik bir yapida olan ve
akademik-idari insan kaynagi planlamasi gelisim asamasinda
olan iiniversiteler tanimlanmaktadir. Bu tiniversitelerde kalite
glivencesi sistemleri heniiz tam anlamiyla
kurumsallagsmadigindan, kalite  ydnetimi  siireglerinde
sistematik bir yap1 olusturulmasi ve siirekli iyilestirme
mekanizmalarinin  hayata  gegirilmesi  biiylikk  6nem

tasimaktadir. Ayrica, paydas beklentilerinin belirlenmesi,
stratejik yonetim slireclerine entegrasyonu ve performans
gostergelerinin olusturulmasi gibi kritik asamalar, gelismekte
olan iiniversiteler i¢in daha fazla planlama ve veri odakl karar
alma slirecglerini gerektirmektedir. Calisma kapsaminda
onerilen model, bu kurumsal dinamikleri g6z Oniinde
bulundurarak, yeni kurulan ve gelismekte olan liniversitelerin
ihtiyaclarina yonelik stratejik yonetim tabanli bir kalite
giivencesi yaklasimi sunmaktadir. Modelin en 6nemli 6zgiin
yonlerinden biri, kalite yonetim siireclerini sadece mevzuat
uyumu ve akreditasyon gereklilikleri ¢ercevesinde ele almak
yerine, sistematik ve miithendislik tabanl bir yaklasimla siirekli
gelisimi desteklemesidir. Boylece, kalite stireglerinin kurumsal
kiltiire entegre edilmesi ve uzun vadede siirdiiriilebilir
kilinmasi amac¢lanmaktadir.

Yiiksekogretim kurumlarinda kalite giivencesi, kurumlarin
faaliyet alanlarinda stirekli iyilesmeyi saglamak amaciyla
sistematik olarak yiirtitiilmesi gereken bir siirectir. Bu stire¢
ayn1 zamanda, kurumlarin stratejik hedeflerine ulagsmasini ve
paydas memnuniyetini artirmasini da hedeflemektedir.
Bilimsel literatiir incelendiginde, son yillarda yiiksekdgretim
kurumlarinda kalite giivencesi sistemlerinin ve stratejik
yonetim yaklasimlarinin, 6nemli sayida bilimsel ¢alismaya
konu oldugu goriilmektedir. Ozellikle paydas memnuniyetine
dayali sistemler, kalite akreditasyon siirecleri ve dijital
dontisiim temelli kalite yonetimi konularina odaklanan giincel
arastirmalar, yliksekdgretim yoOnetiminde sistematik ve
stirdiiriilebilir yaklagimlarin benimsenmesi gerektigini ortaya
koymaktadir. Ayrica, Yiiksekogretim Kalite Kurulu'nun
(YOKAK) 2024 yilinda diizenledigi Yiikksekoégretimde Kalitenin
Icsellestirilmesi ve lyilestirilmesi temali YOKAK Uluslararasi
Kalite Glivencesi ve Akreditasyon Konferansinda da bu
konularin 6nemi vurgulanmis olup, son yillarda yapilan
calismalarin kalite giivencesi siireglerini iyilestirmede etkin bir
yol haritas1 sundugu goriilmektedir.

Bu baglamda Celik, Bologna Siireci kapsaminda yiiriitiilen iki
dongiilii sisteme gecis, 6grenci ve personel hareketliliginin
tesvik edilmesi, Avrupa Kredi Transfer Sisteminin uygulanmasi
ve kalite glivencesine ve ulusal yeterlilik cercevesine yonelik
calismalarin Avrupa Yiiksekogretim Sistemi tizerindeki etkisini
incelemistir [1]. Elestirel bir bakis acisiyla degerlendirme
yapilan ¢alismada, kurgulanan/kurgulanmaya ¢alisilan
sistemlerin yiiksekogretim kurumlarinda
biirokratiklestirmeye, tek tiplestirmeye ve hiyerarsiklesmeye
sebep oldugu belirtilmistir. Avrupa haricinde gerceklestirilen
bir calismada Almussalam, Suudi Arabistan'in lise sonrasi
egitim sisteminin demografik degisikliklere ve artan katilim
taleplerinin yani sira ekonomik ve endiistriyel kalkinma ve
uluslararas1 rekabete maruz kalma nedeniyle hizla
genisledigini tespit ederek Suudi Arabistan'da yeni kalite
glivencesi ve akreditasyon sisteminin uygulanmasindaki
6nemli sorunlari ve zorluklar1 vurgulamistir [2]. Benzer sekilde
Miliani Cezayir Yiiksekdgretim Sistemi i¢in i¢ kalite kiiltiiriintin
6nemini, KGS’deki uyumunu ve yiiksek 6gretim kurumlarinda
KGS’yi degerlendirmistir [3]. Calisma kapsaminda ilgili
bakanligin 2030 yilina kadar olan hedeflerinde yer alan Lisans-
Master-Doktora egitim paketi, ulusal yeterlilikler gercevesi,
KGS, referans kalite glivencesi ¢ercevesi, ulusal standartlar ve
temel performans  gostergeleri  konularina  yonelik
uygulanmalar sunulmustur. Kog¢dar ve Kapar Tiirkiye'deki
uzaktan egitim programlar1 i¢in program akreditasyon
uygulamalarini inceleyerek bu alandaki sorunlar tespit edip,
¢ozlim Onerileri gelistirmeyi amaclamistir [4]. Tirkiye'deki
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dokuz ulusal akreditasyon kurulusundan yetkililerin
degerlendirici olarak yer aldig1 ¢alismada veriler anket ve yar1
yapilandirilmis goériismeler yoluyla toplanmistir. Calisma
sonucunda, mevcut akreditasyon kuruluslarinin herhangi bir
uzaktan egitim programini akredite etmedigini ve yalnizca az
saylda programin ¢alisma alanlariyla uyumlu oldugunu ortaya
konmustur. Senol ve dig. 2016-2020 yillar1 arasinda Akdeniz
Universitesi biinyesinde bulunan Egitimde ve Ogretimde
Miikemmellik Arastirma ve Uygulama Merkezi koordinasyonu
ile yiiriitiilen egitim iyilestirme ¢alismalarini degerlendirmistir
[5]- Logic model kullanilan ¢alismada, diger iniversitelere
kalite kiiltiiriiniin yayginlasmasi agisindan kurumsal diizeyde
olsa da egitimde miikemmellik merkezlerinin olusturulmasi
onerilmistir. Tastan ve Yilmaz, kalite yonetiminin getirdigi
kurumsal degisimi anlayabilmek ve kalite yonetiminin
ylksekogretimde nasil tanimlanip uygulandigini
kesfedebilmek icin Yiiksekogretimde Kalite Yonetimi Uyma
Olgegi gelistirmistir [6]. Olgek analizi, kalite yonetimini erken
benimseyen kurumlarin daha yiiksek derecede normatiflige
sahip oldugunu, yani kalite giivencesi baglaminda daha gelismis
olduklarim1 ortaya koymustur. Yanmaz Arpact ve dig.
ylksekogretim KGS'lere odaklanarak bir devlet iiniversitesinde
kalite yonetim sistemi uygulamalarini sunmustur [7]. Calisma
kapsaminda farkli kalite yonetim sistemi araglar1 uygulama
ornekleri ile tamimlanmistir. Kalite yonetimi uygulamalari
gerceklestirilen kurumda PUKO déngiisiiniin, “Planla-Uygula”
asamalarinda basarili oldugu gériilmiistiir. “Kontrol et - Onlem
al” asamalarininsa kanitlariyla birlikte sunulmasi halinde kalite
yonetimini daha sistematik ve siirdiriilebilir hale
déniistiirecegi belirtilmigtir. Hamutoglu ve dig. YOKAK'in 2016,
2017 ve 2018 yillarinda degerlendirme ve kalite glivencesi
kapsaminda yayinladigi durum raporlarinin tematik olarak
incelenmesini gerceklestirmis ve elde edilen sonuglar
Ingiltere’nin KGS ile karsilastirmistir [8]. Bu amagla 77 farkh
kaynak, icerik analizi ydnteminden  yararlanilarak
incelenmistir. Calisma sonucunda Tiirkiye’'deki yliksekogretim
kurumlarina yonelik is birligi ile diploma ve mikro
kredilendirme konularinda o6neriler sunulmustur. Taner yeni
kurulan bir devlet iniversitesinde KGS yapilandirilmasina
odaklanmistir [9]. Benzer durumdaki yliksekégretim kurumlari
icin rehber niteliginde olan calismada, 11 farkli kalite giivencesi
araci kurgulamasi 6nerilmistir. Calisma sonucunda s6z konusu
kurumlarin her alanda yasal mevzuata uygun slireg¢
yonetmelerinin, stratejik yonetim yaklasimini
benimsemelerinin ve ISO 9001:2015 Kalite Yonetim Sistemi
yaklasimina uygun olarak siireclerini tasarlamalarinin kalite
bilincini ve kiiltiiriinii yayginlastiracagi belirtilmistir.

Yiiksekogretim  kurumlarinda kalite gilivencesi kavrami
stratejik yonetim ve paydas memnuniyeti gibi kavramlarla
yakindan iligkilidir. Bu kavramlar arasindaki iligkiyi anlamak,
kalite giivencesinin etkin bir sekilde yiiriitilmesini saglamak
icin Onemlidir. Stratejik yonetim ve paydas memnuniyeti
konularmin, bilimsel literatiirde ¢ok sayida calismaya konu
oldugu goriilmektedir. Calisma kapsaminda ytiksekogretim
kurumlarinda séz konusu konularda gergeklestirilen énemli
bilimsel ¢alismalar incelenerek analiz edilmigtir.
Yiiksekogretimde stratejik yonetim perspektifinin
gelistirilmesi konusunu Gokbel ve dig. degerleri doniistiirme
baglaminda irdelemistir [10]. Calismada Tiirkiye'nin 6nde
gelen devlet iiniversitelerinin stratejik planlarin1 ve Selguk
Universitesi tarafindan yiiriitilen “Arama Konferans:”
sonuglarini analiz eden “Selcuk Universitesi Stratejik Yol
Haritasi Belirleme” 6rnegi lizerine karsilastirmali bir analiz

sunulmustur. Ayrica, iiniversitelerin gii¢lii ve zayif yonlerinin
yani sira tehdit ve firsat algilari da tanmimlanmistir. Bu
kapsamda onceliklerin ve stratejik politikalarin
belirlenmesinde disiplinler arasi ¢alismalarin, stratejik
ortakliklarin, arastirma faaliyetlerinin, lisansiistii egitimin,
paydaslarla is birliginin ve uluslararasilasmanin 6nemi
vurgulanmistir. Calismada, KGS faaliyetlerinin tamamlanmasi
ve etkili stratejik planlama ve yonetim icin benzersiz bir
“Stratejik Yonlendirme Komitesi” kurulmasi onerilmistir.
Cevher ve Yiiksel, Tiirkiye'deki devlet iiniversitelerindeki
egitimin mevcut durumunu degerlendirmistir  [11].
Yiiksekogretim stratejisi cercevesinde giiclii ve zayif yonler ile
firsatlarin ve tehditlerin (GZFT) tespitine odaklanilan
calismada, Tiirkiye'nin yiiksekégretim stratejisi ¢ercevesinde
universitelerin mevcut durumu tartisilarak Onerilerde
bulunulmustur. Kapucugil ve dig, o6grencilerin aldiklar
hizmetlerden genel memnuniyet diizeylerini dlgen ve 6l¢iim
sonuglarini kurum yonetimine yapilandirilmis bir sekilde
sunan bir bilgi sistemi tasarimi gelistirmistir [12]. Sistem ile
gerekli alanlarin iyilestirilmesine yonelik kararlar alma, egitim
kalitesini ve 6grenci memnuniyetini artiracak politika ve
hedeflerin belirlenmesi ve bu hedeflere ulagsmak i¢in sistematik
performans degerlendirme firsatlariin saglanmasi
bakimindan bir devlet {iniversitesinin stratejik planina girdi
olusturma amaglanmigtir. Ozcan ve dig. degisen kosullar1 ve
yliksekogretim kurumlarina artan talebi goéz Oniinde
bulundurarak Tiirk, Avrupa ve Amerikan ytksekogretim
sistemlerindeki kurumsal kalite degerlendirme siireglerini
analiz ederek karsilastirmistir [13]. Calismada degerlendirme
sistemleri, boyutlar, yaklasimlar ve ilgili Kkisilerdeki
benzerlikler ve farklhiliklar vurgulanarak, Tiirk yiiksekdgretim
sisteminde sistematik ve derinlemesine kalite degerlendirme
stireclerine duyulan ihtiya¢ 6n plana gikmistir. Onen ve Uysal
stratejik planlamanin bilesenleri olan misyon, vizyon, temel
degerler ve GZFT verilerini nitel arastirma yontemine dayall
icerik analizi kullanilarak agiklamistir [14]. Yapilan analiz
sonucunda ilgili Giniversitelerin yiiksekdgretim esaslari iginde
kendi cografik konumuna ve ihtiyaclarina gore kendi misyon,
vizyon ve temel degerlerini olusturduklari, GZFT analizi ile hem
ic faktorleri hem de dis faktorleri acik bir sekilde
degerlendirdikleri sonucuna erisilmistir. Tarakcioglu ve dig.
diinya ¢apinda yliksekogretim kurumlari tarafindan yayinlanan
entegre raporlarin icerik unsurlarina, sermaye bilesenlerine,
calisma modellerine, paydas analizine, deger yaratma
modellerine ve entegre raporlamaya yonelik farklh
yaklasimlara  odaklanarak karsilastirmali  bir  analiz
gerceklestirmistir [15]. S0z konusu raporlarin Uluslararasi
Entegre Raporlama Konseyi tarafindan belirtilen ilkelere
uygunlugu incelenen ve icerik unsurlarinin egilimleri ile
kapsami1 arastirllan c¢alisma ile entegre raporlamanin
yliksekdgretim kurumlari igin gecerli oldugunu ve sektdrdeki
stirdiriilebilirlik  faaliyetlerine, kalite ¢alismalarina ve
kurumsal sosyal sorumluluga katkida bulunabilecegi sonucuna
ulasilmistir. Calismada ayrica entegre raporlar yayinlayan
simirlh  sayida yiiksekdgretim kurumlarinin ve entegre
raporlamanin gelecekte daha fazla analiz ve uygulanmasi
ihtiyaci olacag1 vurgulanmistir.

Ugurlu yiiksekogretim kurumlari arasinda 6grenci ve egitmen
degisim programi olan Farabi Degisim Programi'na
odaklanmistir ~ [16]. Ogrenci degisim programlarinin
Universiteler ve 0gretmen yetistirme kurumlar1 lizerindeki
etkisi, sosyal ag analizi kullanilarak degerlendirilmistir.
Calisma cercevesinde 6grenci degisimi agisindan liniversiteler
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arasindaki iligkiler de analiz edilmistir. 18 {liniversiteye dair
veriler kullanilarak gercgeklestirilen ¢alismada, egitim
fakiilteleri arasindaki aglarin nispeten daha zayif oldugu ve bu
ekosistem icerisinde birbirinden kopuk ve izole aktdrlerin
sayisinin fazla olmasinin 6gretmen yetistiren kurumlar ile
egitim fakdlteleri arasindaki baglantilarin giiclendirilmesinin
gerekliligini gosterdigi sonucuna ulasilmistir. Paydaslara ve
paydas memnuniyetine yonelik gerceklestirilen ¢alismalar
irdelendiginde, Olgun ve Ozdemir, egitim hizmetlerinde kalite
faktorlerini belirleme ve memnuniyetsizlik kaynaklarini
iyilestirme gerekliligine odaklanarak 6nem-memnuniyet
modeli ile kaliteyi etkileyen faktorleri belirlemis ve iyilestirme
onceliklerini Taguchi’'nin istatistiksel deney tasarimi yontemi
ile saptamigtir [17]. Sileyman Demirel Universitesi Endiistri
Miihendisligi B6limii'nde yiiriitiilen bu ¢alismada, 6grencilere
iki asamali anket uygulanarak egitim kalitesiyle ilgili kritik dort
faktor tespit edilmistir. Taguchi metoduyla deneme sayisi
azaltilarak optimize edilen analiz, egitimde hizmet kalitesini
artirmak adina oncelikli faktorlerin belirlenmesine onemli
katkilar sunmus ve yiiksekdgretimde kalite giivencesi
sistemlerinde sistematik iyilestirme yaklasimlarinin dnemini
vurgulamistir.  Damar ve dig. Bologna Siirecinin
ylksekogretimdeki o6nemine dikkat cekerek bir devlet
tniversitesinde  egitim  kalitesini degerlendirmek ve
iyilestirmek icin gelistirilen metodolojileri
degerlendirmektedir [18]. Calismalarin gercgeklestirildigi
yliksekdgretim kurumunda, geri bildirim toplamak ve 6gretim
ve dgrenmeyi gelistirmek icin Ogrenci Ders Geri Bildirim
Sistemi gibi yenilikg¢i farkl sistemler gelistirilmistir. Gelistirilen
sistemin diger mevcut sistemlerle entegrasyonu, derslerin
kapsamli bir sekilde degerlendirilmesine izin vermekle beraber
kanita dayali karar vermede ve siirekli iyilestirmede 6nemli
avantajlar sagladigl belirtilmistir. Strdirilebilir mantikla
calisan bu yaklagimin, bir yasam KGS'nin kurulmasinda énemli
kilometre taglar1 olarak kabul edildigi goriilmektedir.
Omiirgéniilsen ve dig. miisteri ihtiyaglarimi belirleyerek ve
onceliklendirerek bir lisans dersinin kalitesini artirmak i¢in
kano modelini ve kalite fonksiyon gécerimini kullanmistir [19].
Bu kapsamda en 6nemli 68renci ve teknik gereksinimleri iceren
odaklanmis bir kalite evi yaratilmasi amaglanmis ve elde edilen
sonuglar, dne ¢ikan teknik gereksinimlerin biitgce/fon, derse
kayitli 6grenci sayisi, 6gretim elemaninin is yiiki, fabrika gezisi,
iyi iletisim/empati, 6gretim elemaninin niteligi ve 6gretim
yeterliligi oldugunu goéstermistir. Ayrica teknik geziler ve
paneller gibi etkinliklerin 6grenci memnuniyeti iizerinde
olumlu etkileri oldugu da belirtilmistir. Tekindal ve dig. iyi
yoOnetisimin gerektirdigi siirekli iyilestirme ilkesini benimseyen
izmir Katip Celebi Universitesi'nde akademik ve idari personel
memnuniyetini 6lgmek icin iki ayr1 6lcek gelistirilmesine
odaklanmaktadir [20]. Olcek 6gelerinin agiklayici faktdr analizi
kullanilarak belirlenen boyutlarla uyumlarinin kontrolii
saglanmistir. Analiz sonuglari, 6l¢eklerin hem akademik hem de
idari personel igin memnuniyet diizeyini 6lgebildigini
gostermistir.

Bu calismada, literatiirde onerilen farkli kalite yonetimi ve
paydas memnuniyeti 6l¢lim yaklasimlar1 dikkate alinarak,
gelismekte olan bir devlet iiniversitesinde KGS yapilandirilmasi
icin stratejik yonetim temelli ve mihendislik disipliniyle
desteklenen 6zglin bir model onerilmektedir. Literatiirde,
kalite giivencesi sistemlerine yonelik bir¢ok c¢alisma
bulunmasina karsin, yeni kurulan ve gelismekte olan devlet
iiniversitelerine 6zel bir model gelistirilmedigi tespit edilmistir.
Literatliirde Kkalite gilivencesi sistemleri iizerine yapilan

arastirmalar arasinda, paydas memnuniyetine dayali analitik
yontemlerin (faktér analizi ve regresyon modeli) stratejik
yonetim ile biitiinlesik olarak kullanildigi siirdiirtlebilir bir
model sunan ¢alismalara siirll sayida rastlanmaktadir.
Calismamiz, bu eksikligi gidermek amaciyla, paydas
memnuniyeti odakli sistematik bir yaklasim benimseyerek
kalite glivencesini stratejik planlama ve uygulama stirecleriyle
biitiinlestiren bir yénetim modeli sunmaktadir. Onerilen
model, yliksekdgretim kurumunun egitim-6gretim, arastirma-
gelistirme, toplumsal katki ve idari stireclerini biitiinciil bir
cercevede ele alan ve kalite glivencesini siirdiirtilebilir kilmay1
amaglayan sistematik bir yapiya sahiptir. Modelin dayandig:
temel unsurlar arasinda endiistri miithendisligi disipliniyle
iliskili analitik yaklasgimlar, PUKO doéngiisii ile siirekli
iyilestirme mekanizmasi, veriye dayali karar alma siirecleri ve
faktor analizi ile desteklenen paydas memnuniyeti
degerlendirme metodolojisi yer almaktadir. Bu ydniyle
calisma, yalnizca yonetisim tabanli bir kalite yonetim modeli
degil, ayn1 zamanda miihendislik disiplininin analitik ve
sistematik yaklasimlarini ytiksekogretim yonetimine entegre
eden 0zgln bir modeldir. Ayrica, ¢alismada benzer
arastirmalardan farkll olarak anket verilerinin analizi i¢in
faktor analizi ve regresyon modeli kullanilmis, paydas
memnuniyetinin kalite giivencesi sistemine etkisini istatistiksel
olarak test eden bir yontem izlenmistir. Bu nedenle, calismamiz
onerdigi metodolojiyle literatiirde mevcut olan boslugu
doldurmay1 hedeflemektedir. Bu yontem sayesinde, kurumun
paydas memnuniyetini siirdiiriilebilir kilmak icin hangi
alanlara oncelik vermesi gerektigi bilimsel bir ¢ercevede
belirlenmis olacaktir. Daha dnce kalite gilivencesi alaninda
onerilen modeller incelendiginde, bu bilesenleri iceren,
ozellikle yeni kurulan {niversitelere 6zgii sistematik bir model
sunan herhangi bir ¢alismaya rastlanmamistir. Bu dogrultuda,
calisma Kkalite giivencesi modellerine miithendislik prensipleri
ve stratejik yonetim perspektifi ekleyerek hem akademik hem
de pratik katkilar sunmaktadir.

Calismanin devam eden bdliimiinde dnerilen kalite glivencesi
modeli sunulmustur. Ugiincii béliimde paydas memnuniyetine
yonelik gelistirilen anket sistematigi detayli olarak aktarilirken,
doérdiinct boliimde bu anketlere yonelik gerceklestirilen analiz
calismalarina yer verilmistir. Besinci ve son boéliimde ise
calisma sonuglandirilarak elde edilen bulgular paylasilmistir.

2 Stratejik yonetim tabanh yiiksekégretim
kalite giivencesi modeli

Yeni kurulan ve gelismekte olan {iniversitelerde KGS, kurumun
kurulusundan itibaren 6ncelikli olarak ele alinmalidir. KGS,
universitenin egitim-6gretim, arastirma-gelistirme, toplumsal
katki ve yonetim faaliyetlerinin kalitesini siirekli iyilestirmek
ve bu iyilestirmenin siirdiiriilebilirligini saglamak amaciyla
planlanan ve yiiritiilen bir siirectir. Sistematik bir yaklasimla
uygulandiginda, KGS zamanla kurum kiiltiiriintin ayrilmaz bir
pargasi haline gelir ve kurumun amaglarina ve hedeflerine
uyumlu, 6zgiin bir yapiya biiriinerek kurumsal performans
yonetim sistemine doniisiir [21].

Bu noktada Tiirkiye Yiiksek6gretim Ekosisteminde kurumlarin
KGS’yi gelistirmek ve degerlendirmelerde bulunmak iizere
2015 yilinda Yiiksekdgretim Kalite Kurulu (YOKAK)
kurulmustur. YOKAK tarafindan sunulan Yiiksekogretim Kalite
Giivencesi Yonetmeliginde de PUKO esash bir sistemi éngéren
ve Stratejik Planla etkilesim icinde bulunan bir ydnetisim
yapisl, yliksekdgretim kurumlarina dnerilmektedir. Dolayisiyla
calismada onerilen model gerek misyon, vizyon ile amag ve
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hedeflerle etkilesim, gerekse izleme ve degerlendirme
slireclerinin mevcut olmasi bakimindan stratejik planla siirekli
bir iliski icerisindedir. Biitiinciil bir bakis agisini1 gerektiren bu
husus, s6z konusu kuruluslarda uygulanacak KGS modelinin
stratejik yonetim esasli olmasim1 kaginilmaz kilmaktadir.
Sekil 2’de Onerilen Stratejik Yonetim Tabanlh Yiiksekégretim
Kalite Giivencesi Modeline dair akis semasi sunulmus ve devam
eden alt boliimlerde bu modelin uygulama adimlar1 detayh
olarak aciklanmistir. Sekil 2’de sunulan Stratejik Yonetim
Tabanli Yiiksek6gretim Kalite Gilivencesi Modeli, kalite
slireclerinin ~ sistematik ve siirdiriilebilir bir yapiya
kavusmasini saglamak icin tasarlanmistir. PUKO déngiisii,
modelin her asamasinda temel yonetim felsefesi olarak
benimsenmistir ve gorselde dongiilerle temsil edilmistir.
Modelin farkli asamalarinda kullanilan yéntemler (PUKO
dongiisti, acgiklayici faktor analizi, regresyon analizi) ilgili
slirecler kapsaminda uygulanmistir. Model, kalite yonetim
stireglerinin stratejik planlama, stire¢ yonetimi ve geri bildirim
sistemleri ile entegrasyonunu esas alarak, kalite glivencesinin
kurum genelinde etkin bir sekilde yiritilmesini
hedeflemektedir. Bu kapsamda, modelde yer alan her bir siirec,
ylksekogretim kurumlarinin kalite yonetimi cercevesinde
uygulayabilecegi somut adimlar icermektedir. Onerilen
modelin uygulanabilirligini artirmak amaciyla, yliksekogretim
kurumlarinda her bir siirecin nasil yiiriitiilebilecegine dair
érnek uygulamalar sunulmustur. Ornegin, stratejik plan
olusturma siirecinde veri odakli analizler kullanilarak kalite
hedefleri  belirlenmekte ve performans gostergeleri
olusturulmaktadir.  Benzer  sekilde, kalite yonetimi
organizasyonu yapilandirilarak siireclerin sistematik hale
getirilmesi saglanmaktadir. Bu siireglerin yiliksekégretim
kurumlarina uyarlanabilirligi, Sekil 2’de &zetlenen modelin
temel bilesenleriyle takip eden altbéliimlerde agiklanmaktadir.

yonetim  ve  kalite  politikalarinin  entegrasyonunu
saglamaktadir. Ozellikle kalite degerlendirme siireglerinde
stirekli geri bildirim mekanizmalarinin olusturulmasi, paydas
memnuniyeti analizleriyle desteklenerek liniversitelerin kalite
yOnetim performanslarini Ol¢limlemelerine ve
iyilestirmelerine olanak  tanimaktadir. Bu  model,
yliksekogretim kurumlarinin i¢ kalite glivencesi siireglerinde
sistematik bir yaklasim benimsemelerini tesvik etmektedir.

Onerilen kalite giivencesi modeli, miihendislik disiplininde
yaygin olarak kullanilan sistematik analiz, veri odakl karar
verme, sire¢ yonetimi ve siirekli iyilestirme prensipleriyle
tasarlanmistir. Modelin temelinde, siireglerin diizenli olarak
gozden gecirilmesini ve iyilestirilmesini saglayan PUKO
dongiisii yer almaktadir. Bu c¢ercevede, kalite gilivencesi
sisteminin etkinligi ve siirdirilebilirligi, veriye dayali
analizlerle desteklenen bir siire¢ yonetimi anlayisiyla ele
alinmigtir. Model kapsaminda, paydas memnuniyetini
degerlendirmek amaciyla faktér analizi ve regresyon
modellemesi kullanilmis ve kalite algisini etkileyen temel
degiskenler tespit edilmistir. Kurum i¢i kalite yonetimi
stireclerinde geri bildirim mekanizmalarindan elde edilen
verilerin sistematik analizlere tabi tutularak karar alma
stireclerinin bilimsel yontemlerle desteklenmesi
ongorilmustir. Stratejik yonetim siirecinde, miihendislikte
yaygin olarak kullanilan siire¢ haritalama ve veri tabanl
performans dl¢lim yontemleri ile kurumsal stratejilerin tespiti,
olctilebilir ve takip edilebilir olmasi saglanmistir. Strekli
iyilestirme ve geri bildirim mekanizmalari, 6nerilen modelin
temel bilesenlerinden biri olarak ele alimmistir. Anket
verilerinin ve kalite gostergelerinin diizenli araliklarla analiz
edilerek modelin gilincellenmesi ve adaptasyonu saglanmasi
gerekmektedir. Bu baglamda, akreditasyon siireci ve kalite
yonetim sistemleri, endiistri mithendisligi disiplini i¢cinde yer

Modelin ytliksekdgretim kurumlarinda uygulanmasi, kalite alan  kalite  giivence yaklasimlarindan  esinlenerek
glivencesi slireclerinde strdiriilebilirligi artirarak stratejik kurgulanmistir.
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Sekil 2. Stratejik yonetim tabanl yiiksekdgretim kalite glivencesi modeli akis semasi.

Figure 2. Strategic management based higher education quality assurance model flow chart.
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Miihendislik disiplininin sundugu sistematik yontemler, kalite
giivencesi siireclerinin yalnizca teorik bir cercevede degil,
pratik olarak uygulanabilir bir yap1 icinde ele alinmasini
saglamaktadir. Boylece, onerilen model sadece istatistiksel
analizlere dayali bir degerlendirme sunmakla kalmayip stire¢
yonetimi, veri analizi ve optimizasyon gibi miihendislik
yontemlerini de iceren biitiincil bir sistem olarak
tasarlanmistir.

2.1 Politikalarin belirlenmesi

Politikalar, yiiksekégretim kurumlari igin ilgili fonksiyonlarin
ne anlama geldigini, hangi mekanizmalar igerdigini, hangi

slireclerden olustugunu ve kimler tarafindan
gerceklestirildigini kisaca 6zetleyen, kapsayici ve katilimer bir
yaklasimla olusturulmus metinlerdir. Politikalarin

olusturulmasi siireci kurum st yonetimi sorumlulugunda
gerceklestirilmeli ve mutlaka paydas goriisleri alinmalidir.
Miihendislikte sik¢a kullanilan sistematik analiz ve siirec¢
yonetimi prensipleriyle uyumlu olarak, politika gelistirme
slireci; ihtiya¢ analizi, veri toplama ve paydas goriislerinin
degerlendirilmesi asamalarini icerecek sekilde veriye dayali bir
yaklasimla yapilandirilmalidir. Bu yapi, tiim siireglerin
oOlciilebilir, izlenebilir ve iyilestirilebilir olmasini saglayacaktir.
Bu baglamda, ozellikle performans kriterlerinin
belirlenmesinde veri odakli bir yaklasim benimsenmelidir.
Ayrica, politikalar kurumsal yonetimin bir gerekliligi oldugu
gibi stratejik plan hazirlanmasi siirecinde de strateji ve
hedeflerin olusturulmasinda rehber olarak kullanilabilir. Diger
taraftan stratejik plan kapsaminda olan stratejik amaglar,
hedefler ve bunlarin altinda yer alan faaliyetler ile performans
gostergeleri izleme ve Degerlendirme faaliyetlerinin de
kapsamini politikalar olusturmaktadir [22].

Bir yiiksekdgretim kurumunda bulunmasi gerekli goriilen
temel politikalar ile bunlarin icerik 6zetleri su sekildedir:

Aragtirma - Gelistirme ve Inovasyon Politikasi: Yiiksekogretim
kurumlari, bilgi iretimi, teknolojik ilerleme ve inovasyon
siiregleri araciligiyla toplumsal kalkinmaya katkida bulunmak
icin disiplinlerarasi, yenilik¢ilik ve girisimcilik odakl, is
birliklerine 6nem veren politikalar benimsemelidir. Bu
politikalar, arastirma faaliyetlerini tesvik etmeyi, bilimsel
calismalar1 desteklemeyi, teknolojik gelismeleri takip etmeyi,
inovasyon siire¢lerini yonetmeyi ve akademik kadrolarin
niteligini artirmay1 hedefleyen stratejiler icermelidir. Egitim-
O0gretimin odagina arastirma ve gelistirme faaliyetlerini alan,
toplumsal katkiy1 nitelikli arastirma-gelistirmenin bir ¢iktis
olarak goren, aragtirma-gelistirme politikasini egitim-6gretim,
toplumsal katki ve dijitallesme gibi politikalarina entegre
edebilen ve inovasyon gelistirme potansiyeline sahip
ylksekogretim  kurumlarinin  arastirma  performansini
gelistirici stratejiler bu politikayla belirlenmelidir.

Egitim-Ogretim Politikas:: Yiiksekoégretim kurumlarinin temel
faaliyet alani olan egitim-6gretim politikalar, 6grencilerin bilgi,
beceri ve yetkinliklerini gelistirmeye odaklanmalidir. Ogrenci
merkezli bir yaklasim benimseyen bu politikalar, 6grenme-
O0gretme siireglerini etkili bir sekilde yonetmeyi, egitim
programlarini giincellemeyi, 6gretim yontemlerini gelistirmeyi,
0grenci basarisini izlemeyi ve destekleyici 6grenme ortamlar:
tasarlamay1 hedefleyen stratejiler belirlemelidir.

Kalite Giivencesi Politikas1: Kalite yonetim siirecinde Kkilit rol
oynayan kalite giivencesi politikasi, KGS ile ilgili faaliyetleri
yonlendirir. Kurumlarin kalite kontrol ve kalite giivencesi

stireclerini belirlemesi, kalite standartlarini ve kalite yonetim
sistemi  belgelerinin  gerekliliklerini yOonetmesi, kalite
degerlendirme siireclerinin tasarlanmasi, PUKO felsefesi ile
stirekli iyilestirme faaliyetlerinin gerceklestirilmesi, paydas
katilmin1 6ngdérmesi ve kalite gilivencesi ile ilgili tim
faaliyetlerin takip edilmesi i¢in stratejiler belirlemelidir.

Toplumsal Katki Politikas1:  Yiiksekdgretim  kurumlar:
toplumsal katki siireclerini dort ana faaliyet etrafinda
yonetmelidir: Yagsam boyu 6grenme faaliyetleri, nitelikli egitim-
6gretim ve Ar-Ge’'den elde edilen bilginin (know-how) c¢iktiya
doniistiirilmesi  (sirket kurulumlar1 ve  danigsmanhk
hizmetleri), sosyal sorumluluk projeleri ve toplumsal
dayanisma faaliyetleri. Toplumsal katki politikalari, toplumun
ihtiyaclarina cevap verecek ve toplumla is birligini
giiclendirecek stratejiler icermelidir. Bu sayede, yliksekogretim
kurumlar1 toplumun sosyal, kiiltiirel ve ekonomik gelisimine
daha etkin bir sekilde katkida bulunabilirler.

Uluslararasilasma Politikasi: Kiiresellesen diinyada rekabet
edebilmek icin yliksek6gretim kurumlarinin
uluslararasilagmasi biiyiik onem tasimaktadir.
Uluslararasilasma politikalari, kurumlarin uluslararasi alanda
taninirhigini artirmayi, égrenci ve akademik personel degisim
programlar1 gelistirmeyi, uluslararasi is birligi projeleri
ylriitmeyi ve yabanci 6grenci sayisini artirmay1 hedefleyen
stratejiler icermelidir.

Yonetim Politikasi:  Yonetim politikasi, yiiksekdgretim
kurumlarinin idari ve akademik yonetimini diizenleyen temel
bir politikadir. Kurumun yoénetim yapisini, yodnetim
kadrosunun gorev ve sorumluluklarini, ydnetim siireglerini ve
karar verme mekanizmalarini kapsayan bu politika, katilimci
bir ydnetim anlayisiyla kaliteyi kurum kiiltiirii haline getirmeyi,
stirekli iyilestirmeyi ve paydas memnuniyetini 6n planda
tutmay1 amaglamalidir.

Belirtilen bu 6 politikaya ek olarak, bazi yiliksekdgretim
kurumlarinda Insan Kaynaklari, Mali ve Bilgi Yonetimi
Politikasi gibi politikalarin da yer aldig1 gériilmektedir. Politika
metinlerinin yazimi siireci metinlere dair paydas goriislerinin
alinmasi, kurum ydnetimi onay1 ve internet sayfasinda ilan
edilerek tiim paydaslara duyurulmasi asamalari olusturularak
tamamlanmaktadir.

2.2  Stratejik planin olusturulmasi

Giintimiizde ytksekogretim kurumlarinin basarisi, biiytik
o6lclide stratejik yonetim becerilerine baghdir. Stratejik yonetim
modeli, tiniversitelerin misyon ve vizyonlarini belirlemelerine,
stratejik amag¢ ve hedefler dogrultusunda planh faaliyetler
ylriitmelerine ve kaynaklarini etkin bir sekilde kullanmalarina
olanak tanir [21].

Tiirkiye'de kamu idareleri i¢in stratejik plan hazirlama
zorunlulugu, 2003 yilinda 5018 sayili Kamu Mali Yonetimi ve
Kontrol Kanunu ile getirilmistir. Bu yasal dilizenlemeyle,
yliksekdgretim kurumlarinin da stratejik yonetim yaklasimini
benimsemesi saglanmistir. Ayrica, T.C. Cumhurbaskanligi
Strateji ve Biitce Baskanlig1 tarafindan sunulan "Universiteler
icin Stratejik Planlama Rehberi", kurumlara 5 yillik stratejik
planlarini hazirlama konusunda yol géstermektedir. Bu rehber,
yuksekogretim kurumlarinin stratejik yonetim siireglerini daha
sistematik ve etkili bir sekilde yiriitmelerine yardimc
olmaktadir.

Yiiksekogretim kurumlarinda Stratejik Plan Hazirlama
Siirecinden yetkili ve sorumlu birim Strateji Gelistirme Daire
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Baskanligi olarak belirlenmistir. S6z konusu rehberde hazirlik
slireci, durum analizi, gelecege bakis, amac-hedef ve
performans gostergeleri ile stratejilerin belirlenmesi ve izleme
ve degerlendirme olmak iizere Stratejik Plan hazirlama siireci
5 ana baghkta belirlenmistir. Ayrica, gelecek dénemde
iiniversiteler arasinda farklilasma egiliminin, kapsam ve
derinliginin artmasina yol acacak temel nedenler; “Universite
sayisinda artisin devam etmesi”, “Yiiksekogretim sektoriinde
cesitliligin  artmas1”, “Universitelerin  uluslararasilasma

» o«

egiliminin artmas1”, “liniversitelerin maddi kaynak ihtiyacinin
artmast”, “liniversitelerin yerel, bolgesel ve ulusal rekabet giicii
elde etme veya kalkinma araci olarak degerlendirilmesi” ve
“liretilen bilginin ticarilestirildigi tgiincii kusak (girisimci)
tiniversitelerin ortaya c¢ikmas1” seklinde ongorildiagi de
Rehberde belirtilmektedir. Stratejik plan performans programi,
izleme ve degerlendirme siireglerini iceren faaliyet raporlari ile
ilgili stireclerden olusan stratejik yonetim dongilisii bir
biitiinlik olusturacak sekilde tasarlanmakta ve
uygulanmaktadir [21].

Stratejik planlama siireci, miihendislik disiplininde yaygin
olarak kullanilan sistematik planlama ve veri analizi
yontemleriyle uyumlu olarak tasarlanmalidir. Miihendislikte
kullanilan sistematik analiz teknikleri ve veri odakli karar alma
stirecleri, stratejik planlama asamasinda da tercih edilmeli,
kurumsal hedeflerin gercek¢i ve ulasilabilir olmasina 6zen
gosterilmelidir. Bu dogrultuda, veri toplama, analiz ve
raporlama asamalar1 detaylandirilarak, stratejik planin etkili
bir sekilde uygulanabilirligini artirmaya yoénelik miihendislik
tabanli bir ¢ergeve gelistirilmelidir.

2.3  Kalite giivencesi sistemi (KGS) hazirhiklar:

KGS, bir yiiksekogretim kurumunun {iriin ve hizmetlerinin
kalitesini siirekli olarak artirmak ve paydas memnuniyetini
saglamak i¢in uygulanan kapsaml bir ydnetim sistemidir. KGS,
ic ve dis kalite giivencesi olmak lizere iki temel bilesenden
olugur. I¢ kalite giivencesi sistemi, kurumun kendi biinyesinde
olusturdugu mekanizmalar1 ifade eder. Bu mekanizmalar
arasinda kalite glivencesi birimleri, kalite komisyonlari, kalite
yonetim sistemi, egitim ve 6gretim gibi farkli konulardaki kalite
alt komisyonlar: ve 6grenci degerlendirme sistemleri yer alir.
Dis kalite gilivencesi sistemi ise, ulusal ve uluslararasi
akreditasyon kuruluslari tarafindan saglanan
mekanizmalardir. YOKAK tarafindan yiiriitillen kurumsal
akreditasyon ve uluslararasi akreditasyon kuruluslarinin
denetimleri, dis kalite glivencesi sisteminin temel unsurlaridir.

Yiiksekdgretim kurumlari, akademik faaliyetlerinin kalitesini
stirekli artirmak amaciyla KGS'yi etkin bir sekilde
uygulamalidir. Ozellikle yeni kurulan ve gelismekte olan
ylksekogretim kurumlari, KGS yapilandirma ¢alismalarina
biiylik 6nem vermelidir. Bu ¢alismalar, kurumun politikalari,
misyonu ve vizyonu dogrultusunda belirlenen hedefler ve
performans gostergeleri cercevesinde yiiriitiilmelidir. KGS'nin
kurumun mevcut durumuna ve ihtiyaglarina uygun olarak
tasarlanmasi i¢in kapsamli bir durum analizi yapilmal,
sorunlar tespit edilerek ¢6ziim 6nerileri gelistirilmelidir.

Miihendislik disiplini cer¢evesinde yapilandirilan KGS, sistemin
titizlikle tasarlanmasi, standart hale getirilmesi ve
iyilestirilmesi i¢in sistematik ve veri odakli bir yaklasim
benimser. Bu siire¢te, miithendislik prensipleri dogrultusunda,
KGS’'nin standartlara uygun olarak yapilandirilmasi, stireglerin
Olgiilebilirligi ve performans optimizasyonu oncelikli hedefler
arasinda yer almahdir. Mithendislikte yaygin olarak kullanilan
sistematik tasarim, siire¢ iyilestirme ve optimizasyon

yontemleri, KGS'nin siirdiiriilebilir bir yapiya kavusmasi ve
etkinliginin arttirilmasinda o6nemli katkilar sunacaktir.
Ornegin; siirec haritalama, hata tiirii ve etkileri analizi (FMEA),
stirekli iyilestirme (Kaizen) gibi miihendislik araglari, KGS'nin
uygulamalarinda Kkaliteyi saglama ve siirekli iyilestirme
stireclerinde kullanilabilir. Bu yaklasimla hazirlanan KGS,
yalnizca bir yonetim araci degil, ayn1 zamanda miihendislik
yontemleriyle desteklenen bir yapi olarak, kurumun kalite
hedeflerine ulasmasinda etkin bir arag olarak islev gorecektir.
Bu sistem, yiliksekdgretim kurumlarinda siireglerin kontrol
edilebilir, izlenebilir ve optimize edilebilir olmasini saglayarak
kalite giivencesi hedeflerine ulasilmasini destekler.

KGS hazirliklari, 6ncelikle kalite yonetim sistemlerinin tanimi
ve gerekliliginin tiim paydaslar tarafindan anlasiimasini
saglamalidir. Kurum genelinde bir kalite yonetim sistemi
olusturulmaly, stirekli iyilestirme siireci baslatilmali ve tim
birimler bu siirece aktif olarak dahil edilmelidir. Akademik
programlar ve hizmetlerle ilgili standartlar belirlenmeli, kalite
giivencesi mekanizmalari olusturulmali ve kurum ici iletisim ve
koordinasyon gii¢lendirilmelidir. Tiim birimler arasinda sinerji
olusturularak, herkesin KGS'ye katkida bulunmasi tesvik
edilmelidir. Bu noktada, kalite yo6netimi egitimleri ve
bilgilendirme faaliyetleri, Kkalite gilivencesi bilincinin ve
kiltiriiniin kurum genelinde yayginlasmasi agisindan kritik
6neme sahiptir [21].

KGS’lerini yapilandirmak isteyen yiiksekdgretim kurumlarinda
bazi 6n hazirliklarin yapilmasi gereklidir. Bu 6n hazirlklar:
“Kalite Gilivencesi Yonergesinin Olusturulmasi”, “Kalite
Yonetimi  Organizasyonun  Olusturulmas1” ve “Kalite
Komisyonun Olusturulmasi” faaliyetlerinden olusmaktadir.

Kalite Giivencesi Yonergesi, KGS'nin kurulmasinda temel ve
kritik bir adimdir. Bu yonerge, sistemin yasal altyapisin
olusturarak Kalite Komisyonu'nun amaglarini, gérevlerini,
yetkilerini ve sorumluluklarini tanimlar. Ayrica, egitim-
Ogretim, arastirma-gelistirme, toplumsal katki faaliyetleri ve
idari hizmetlerin i¢c ve dis kalite giivencesi, akreditasyon
stirecleri ve Kkomisyonun c¢alisma sekli gibi konular:
kapsamalidir. Kalite Koordinatérliigi ve Birim Kalite
Komisyonlarinin gérev ve calismalarina iligkin hiikiimler de bu
yonergede yer almalidir [9]. Kalite Yonetimi Organizasyonun ve
Kalite Komisyonunun olusturulmasi, Kkalite glivencesi
stirecinde kritik bir adimdir. Yiiksekogretim Kalite Gilivencesi
ve Yiiksekogretim Kalite Kurulu Yonetmeligi, bu konuda genel
bir cerceve sunsa da yeni kurulan lniversitelerin geng¢ ve
dinamik yapisi goz 6niline alindiginda, birim ydneticileri yerine
birim  ydnetici yardimcilarinin  komisyona atanmasi
onerilmektedir. Bu sayede Kkalite giivencesi faaliyetlerinin tiim
alt birimlere etkili bir sekilde yayilmasi hedeflenmektedir.
Sekil 3'te  sunulan O6rnek  organizasyon  semasl,
universitelerdeki kalite yonetimi organizasyonuna dair bir fikir
vermektedir. Ancak, yeni kurulan tniversitelerin sinirl insan
kaynagr gz  Onlinde  bulunduruldugunda, = KGS'nin
stirdiiriilebilirligi icin bir akademik ve bir idari personelin
Kalite Koordinatorliigi ~ bilinyesinde  tam  zamanli
gorevlendirilmesi 6nem tasimaktadir. Unutulmamahdir ki,
siirdiiriilebilir bir i¢ kalite gilivencesi sistemi icin insan
kaynaginin yani sira {ist ydnetimin destegi de kritiktir. Ozellikle
i¢ paydaslarin sistemi benimsemesinde, liniversite iist yonetimi
ve kalite yoneticilerinin tesvik edici rolii biliyilk 6nem
tasimaktadir [23].
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Sekil 3. Kalite yonetimi organizasyon semasi érnegi [9].

Figure 3. Quality management organization chart example [9].

2.4 Egitimler

Yiiksekdgretim kurumlarinda, kurumsallasmanin bir pargasi
olarak genellikle Personel Daire Baskanligi tarafindan koordine
edilen hizmet i¢i egitimler diizenlenmektedir. Bu egitimler
cogunlukla aday memurlara yonelik temel egitimler veya
oryantasyon c¢alismalar1  seklindedir. Ancak, KGS’nin
yapilandirilmasi kapsaminda kalite bilincini artirmaya y6nelik
egitimlere de ihtiya¢ duyulmaktadir. Bu baglamda, i¢
paydaslara ve o6grencilere yonelik “Kalite Bilinglendirme
Egitimi”, “Toplam Kalite Yonetimi Egitimi”, “Organizasyon
Semasi, Gérev Tanimi ve Is Akiglar1 Egitimi” ve “Kurumsal I¢
Degerlendirme Egitimi” gibi egitimler 6nerilmektedir. Kalite
konusunun yani sira, egiticilerin gelisimine katki saglayacak
egitimler de Onemlidir. Bu kapsamda alinmasi gereken
Egiticilerin Egitimi; “Etkili Iletisim Becerileri Egitimi”, “Olgme
ve Degerlendirme Egitimi”, “Ogretim ilke ve Yéntemleri
Egitimi”, “Egitim Psikolojisi Egitimi”, “Sinif Yonetimi Egitimi” ve
“Dijital Ogrenme Egitimi” konularin1 kapsamahdir. Bu
egitimler, paydas memnuniyetini esas alan bir anlayisin kurum
kiiltira haline gelmesine ve kurumsallagsmaya katki saglamay1
amaglamaktadir. Egitimler, kurum i¢i insan kaynaklarn
tarafindan veya T.C. Cumhurbagskanlig1 Uzaktan Egitim Kapisi
tizerinden ¢evrimici olarak gergeklestirilebilir [9].

2.5 Dokiimantasyon

Kalite giivencesi siireglerinin etkili yonetimi i¢in, tiim stireclere
ait dokliimantasyonun (organizasyon semalari, gorev tanimlari,
is akislari, prosediirler) eksiksiz ve giincel olmasi ve yazildigi
gibi uygulanmasi kritik éneme sahiptir. I¢ kalite giivencesi
sisteminin 6nemli mekanizmalar1 olan organizasyon semalari,
gorev tanimlari ve is akislarinin etkin bir sekilde hazirlanmasi
gerekmektedir. Organizasyon semalari, birimlerin mevcut
yapisini dogru bir sekilde yansitmalidir. Gérev tanimlari,
organizasyon semalarinda yer alan pozisyonlara ait gorev, yetki
ve sorumluluklari, gorevin gerektirdigi nitelikleri ve 6zellikleri
ayrintili olarak aciklamalidir. Is akislar ise kurumun tiim

birimlerindeki siirecleri kapsamall, siireclerin kisa tanimlarini,
girdilerini, ¢iktilarini, ilgili mevzuat bilgilerini, is akis
adimlarini, performans gostergelerini ve is akis semalarim
icermelidir.

Dokiimantasyonun sistematik bir yapiya sahip olmasi, siirekli
iyilestirme siireclerinde 6nemli bir rol oynamaktadir. Ornegin;
is akislarinin ve prosediirlerin detayl olarak belgelenmesi, her
bir siirecin adimlarinin izlenebilir olmasini saglar. Bu
izlenebilirlik, kalite yonetimi ekiplerinin siireclerde meydana
gelen sapmalari veya gelisim firsatlarini daha hizli ve etkin bir
sekilde belirlemesine yardimci olacaktir. Bu dokiimantasyon,
kalite gilivencesi slireglerinin seffafligini ve izlenebilirligini
artirarak, stirekli iyilestirme cabalarina rehberlik eder. Ayrica,
dokiimantasyonun miihendislik yaklasimiyla yapilandirilmasi,
veri giivenligi acisindan da faydali olacaktir. Tiim siirecin
ayrintili bir sekilde belgelenmesi, siireglerdeki degisikliklerin
izlenmesine olanak taniyarak bu degisikliklerin stirekli
iyilestirme kapsaminda degerlendirilmesini kolaylastiracaktir.
Mihendislik  disiplini  dogrultusunda tasarlanan  bu
dokiimantasyon yapisi, kalite glivencesi  sisteminin
giivenilirligini artiracak, siireglerin yeniden yapilandirilmasi
gerektiginde yol gosterici bir kaynak saglayacak ve kurumsal
hafizay1 gliclendirecektir.

2.6  Geri bildirim sistemleri

KGS'nin etkinligi i¢in, tiim birimleri kapsayan geri bildirim
sistemleri hayati 6neme sahiptir. Bu sistemler araciligiyla
toplanan "Tesekkiir, Oneri, Sikdyet ve Bilgi Talebi" gibi geri
bildirimler, kurumlar tarafindan bilgi sistemleri tlizerinden
kay1t altina alinmalhdir. Miithendislik siireclerinden esinlenerek
olusturulan geri bildirim sistemleri, 6zellikle PUKO
dongiisiiniin  daha etkin ¢alismasina katki saglamaktadir.
Miihendislik disiplini, geri bildirimlerin sadece toplanmasiyla
siirl kalmayip analiz edilerek sistemli bir iyilestirme siirecine
yonlendirilmesini amaglar. Geri bildirim mekanizmalar:
sayesinde  siireclerdeki iyilestirme  firsatlar1  tespit
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edilebilmekte, veriye dayali analizlerle bu iyilestirmelerin
planlanmasi ve uygulanmasi saglanabilmektedir. Bu yaklasimla
geri bildirimlerin miihendislik tabanli yontemlerle analiz
edilmesi, sorunlarin kokenine inerek ¢6ziim Onerilerinin
gelistirilmesi agisindan 6énem tasir.

Sistematik bir geri bildirim yonetimi, siirecin her asamasinda
oOlciilebilir veri saglamayr ve alman geri bildirimlerin
iyilestirme dongiisiinde etkin kullanilmasim destekler. Bu
sayede, kurum genelinde stirekli iyilestirme ve kalite artisi
saglanabilecektir. Miihendislik disipliniyle biitlinlesmis geri
bildirim sistemleri, stireclerin izlenebilirligini artirarak KGS'nin
stirdiiriilebilirligine ve gelisimine dnemli katkilar sunar. Kalite
Komisyonu, belirledigi periyotlarda tiim birimlerden bu geri
bildirimlere iliskin raporlar1 alarak degerlendirmeli ve
gerektiginde birimlere diizeltici veya Onleyici faaliyet
onerilerinde bulunmalidir. Bu sayede, kurum genelinde stirekli
iyilestirme ve kalite artis1 saglanabilir.

2.7 Anketler

KGS kapsaminda, yiiksekégretim kurumlari tiim paydaslarinin
hizmet memnuniyetini, kurumsal aidiyetini ve motivasyonunu
olemek, degerlendirmek ve gelistirmek amaciyla diizenli olarak
anketler uygulamalidir. Bu amagla Kalite Komisyonu
biinyesinde bir calisma grubu olusturulabilir. {lk asamada
akademik personel, idari personel, dgrenci ve dis paydas
memnuniyetine odaklanilarak, zamanla 06zel yaklasim
gerektiren paydas memnuniyeti anketi, yeni mezun
degerlendirme anketi, mezunlara yonelik egitim-6gretim
programlarini degerlendirme, istihdam durumu degerlendirme
ve Universiteye yonelik genel goriis anketleri, ders
degerlendirme anketi, ilk adim anketi, etkinlik degerlendirme
anketi gibi farkli anketler de uygulanabilir. Anket sonuglari,
kurumun Kalite Komisyonu veya Kalite Koordinatorliigi
internet sayfasinda kamuoyuyla paylasilabilir.

2.8 Mezun bilgi sistemi

Yiiksekdgretim kurumlarindan mezun olan bireylerle iletisim
ve dayanismay1r sirdirmek, gorlis ve oOnerilerini almak
amaciyla kurumlar bilinyesinde mezun bilgi sistemleri
kurulmustur. internet tabanli bu sistemler kuruma dair
haberler, anketler, diger mezunlarla iletisim imkan1 ve kisisel
bilgilerin gilincellenebilecegi alanlar icermektedir.

2.9 Veridegerlendirme ve bilgi yonetim sistemleri

Kalite giivencesi sistemleri veriye dayali olmalar1 sebebiyle
kurumlarda verilerin etkin ve gilivenilir bir sekilde yonetilmesi
biliylik 6nem tasimaktadir. Dijitallesmenin yayginlasmasiyla
birlikte, verilerin elektronik ortamlarda islenmesi ve veri
tabanlarinda saklanmasi 6nem kazanmustir. Yiiksekogretim
kurumlari, bu verileri analiz ederek raporlayabilecek uzman
sistemlere ihtiya¢ duymaktadir. Ancak, yeni kurulan devlet
tiniversitelerinin sinirh kaynaklar1 nedeniyle bu tiir sistemleri
devreye almalari zor olabilir. ihtiyaglara cevap verebilen,
dinamik raporlama sunan ve kullanici dostu bilgi ydnetim
sistemleri, liniversitelerin rekabet giiclinii artiracaktir.

Veri degerlendirme ve bilgi yonetim siireglerinde miihendislik
odakli tekniklerin uygulanmasi, verinin analiz edilmesi ve
slireclerin iyilestirilmesi acgisindan oOnemli katkilar saglar.
Miihendislikte kullanilan siire¢ optimizasyonu, performans
Ol¢limii ve istatistiksel analiz gibi yontemler, verilerin anlaml
hale getirilmesini kolaylastirarak kalite yonetim sisteminin
etkinligini  arttiracaktir.  Ornegin; performans 6l¢iim
teknikleriyle siirece dair elde edilen veriler, stireclerdeki

verimlilik ve kalite diizeylerinin anlik olarak izlenmesine
olanak tanimaktadir. Siire¢ optimizasyonu yontemleri ise
verimliligi artirmak i¢in hangi adimlarin iyilestirilmesi
gerektigini belirlemekte kullanilabilir. KGS agisindan, izleme ve
degerlendirme ¢alismalarinin daha verimli, tutarli ve glivenilir
bir sekilde gergeklestirilmesi i¢in bu sistemlerin kullanimi
biiyiik 6nem tasimaktadir.

2.10 Akreditasyon hazirliklari

Program akreditasyonu, bir akreditasyon kurulusu tarafindan
belirlenen akademik ve alana 06zgli standartlarin bir
ylksekogretim programi tarafindan karsilanip
karsilanmadigin1 degerlendiren bir dis kalite giivencesi
stirecidir. Tiirkiye'de akreditasyon kuruluslarinin
yetkilendirme ve taninmasi1 YOKAK tarafindan yapilmaktadir.
Yeni kurulan iniversiteler icin, onerilen zaman diliminde
akreditasyon siirecine yodnelik hazirlk ¢alismalarina
baslanmasi 6nemlidir. Bu kapsamda, her donem sonunda ders
dosyalarinin hazirlanmasi1 ve program o6z degerlendirme
calismalarinin yapilmasi tavsiye edilmektedir.

2.11 KGSile iliskili diger calismalar

Kalite Koordinatorligii gibi kaliteden sorumlu birimler
tarafindan desteklenen, ancak dogrudan sorumluluklar altinda
olmayan ve diger birimlerin sorumlulugunda olan “Fiziki
Mekanlarin Standardizasyonu”, ilgili mevzuat geregi tiim
birimlerde uygulama birliginin saglanmasi1 amaciyla “Arsiv ve
Depo Hizmetlerinin Standardizasyonu”, binalarda
yonlendirme, koruma, giivenlik, kat plani gibi levhalarin is
saghgl ve giivenligi, deprem vb. ilgili mevzuatlara uyumlu
olmas1 amaciyla “Bina Levhalar1 Standardizasyonu”, “Bilgi ve
fletisim Giivenligi Denetim Rehberi Uygulamalar1”, “Dosyalama
Sistemleri Standardizasyonu” ve resmi yazisma mevzuatl
cercevesinde kullanilan “Desimal Dosya Sistemi Diizeninin
Standartlastirilmas1 (dosya sirtliklari, dolap i¢ci ve disi
diizenlemeler)” gibi calismalar KGS ile dolayl olarak iligkilidir.
Bu c¢alismalar, KGS'nin kapsamli ve etkili bir sekilde
uygulanmasi i¢cin 6nemlidir, ancak kaliteden sorumlu birimler
bu calismalar1 dogrudan yiiriitmek yerine, ilgili birimlere
destek ve rehberlik saglarlar.

3 Yiiksek 6gretim kurumlarinda paydas
memnuniyeti analizi icin anket sistematigi

KGS, yiliksekégretim kurumlarinin hizmet Kkalitesini stirekli
iyilestirmeyi hedefleyen yapyj, siire¢ ve politikalarin biitiinidir.
Oz degerlendirme ve dis degerlendirme siirecleri aracihgiyla
kurumlarin performansini ve kalitesini objektif bir sekilde
degerlendiren KGS'nin stirdiiriilebilirligi, paydas
memnuniyetinin 6l¢iilmesine baghdir.

Paydas memnuniyeti 6l¢iimi, 6grenciler, akademik ve idari
personel, mezunlar, is diinyasi, toplum ve diger paydaslarin
egitim-6gretim, arastirma-gelistirme, toplumsal katki ve diger
hizmet sunumlarindan duyduklari memnuniyet dizeyini
belirlemeyi amaglar. Bu 6l¢iimler, yiiksekdgretim kurumlarinin
kalite giivencesi slireclerine katki saglayarak kurumlarin
stirekli gelisimine ve basarisina yonelik dnemli veriler sunar.
KGS ise paydas memnuniyetini artirmak i¢in gerekli énlemleri
ve siiregleri belirleyerek kurumlarin kaliteli ve basarili bir
egitim ortami sunmasini saglar.

Yeni kurulan ve gelismekte olan yiiksekdgretim kurumlarinda
paydas memnuniyetinin oOl¢iilmesi, kurumun stirdirilebilir
basaris1 ve gelisimi igin kritik 6neme sahiptir. Bu siireg,
asagidaki alt1 adimdan olusur:
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1. Hedef Belirleme: Paydas memnuniyeti 6l¢iimiiniin
amact ve hedefleri belirlenir. Hangi paydas
gruplarinin (6grenciler, akademik ve idari personel,
mezunlar, isverenler vb.) hangi boyutlarda
memnuniyetlerinin dl¢iilecegi netlestirilir,

2. AnKket Gelistirme: Paydas memnuniyetini 6l¢mek i¢in
uygun bir anket gelistirilir. Anket, paydaslarin
kurumla ilgili farkli boyutlarda memnuniyetlerini
degerlendirecek dnermeler icermelidir. Literatiirdeki
ya da diger yiliksekdgretim kurumlarinda
uygulanmakta olan 6rneklerden yararlanilabilir veya
tamamen yeni bir anket tasarlanabilir. Onermelerin
dil ve igerik uygunlugu titizlikle kontrol edilmelidir,

3. Orneklem Secimi: Arastirmanin hedef kitlesi olan
paydas gruplarini temsil edecek bir 6rneklem segilir.
Ornekleme yontemleri kullanilarak farkll paydas
gruplarindan uygun érneklem olusturulur,

4. Veri Toplama: Secilen oOrneklem {izerinde anket
uygulanir. Anketlerin hedef kitleye dagitilmasi ve
toplanmasi saglanir,

5. Veri Analizi: Toplanan veriler istatistiksel olarak
analiz edilir. Frekans dagilimlari, ortalamalar,
standart sapmalar ve ilgili istatistiksel testler
kullanilarak paydas memnuniyet diizeyleri anlasilir,
farkli gruplar arasinda karsilastirmalar yapilir ve
onemli iligkiler belirlenir,

6. Raporlama: Veri analizi sonuglar1 detayli bir sekilde
incelenir ve yorumlanir. Paydas memnuniyetinin
genel durumu ve farkli boyutlardaki memnuniyet
diizeyleri  hakkinda  bilgi  verilir.  Bulgular
yorumlanarak paydas geri bildirimlerine dayal
olarak gliclii yonler ve gelismeye acik alanlar
belirlenir. Hazirlanan rapor, paydas memnuniyeti ile
ilgili bulgulari, istatistiksel analiz sonuglarini, ankette
alman geri bildirimleri ve iyilestirici Onerileri
icermelidir. Kalite Komisyonu onayiyla kurum
yonetimi ve ilgili paydaslara sunulur.

Paydas memnuniyeti 6l¢iimii tek seferlik degil, sistematik bir
sekilde gerceklestirilmelidir. Kurum, diizenli araliklarla paydas
memnuniyetini izlemeli ve degerlendirmelidir. Bu siirekli
izleme ve degerlendirme, kurumun gelisimi i¢in 6énemli bir geri

bildirim mekanizmas1 saglayarak gelecekteki iyilestirme
¢alismalarinin temelini olusturur.

4 Gelismekte olan bir yiiksekégretim
kurumunda paydas memnuniyeti analiz
calismasi

Bu c¢alismada, Kalite Gilivencesi Sistemi'nin  (KGS)
yapilandirilmast  ve  siirdiiriilebilirligi  amaciyla, tiim
paydaslarin kuruma iliskin genel algilarin1 ve diistincelerini
O6lcmek ve genel memnuniyeti saglamak {izere kurum
yonetiminin hangi alanlara odaklanmasi gerektigini tespit
etmek icin memnuniyet anketleri gelistirilmis ve dnerilmistir.
Gelismekte olan bir yiiksekdgretim kurumunda uygulanan bu
anketlerden elde edilen veriler, istatistiksel analizlerle
degerlendirilmistir. Calisma kapsaminda tim paydas gruplari
icin analiz calismalari gerceklestirilmis olup, elde edilen genel
bulgular o6zetlenmistir. Kullanilan yontemin aciklayic1 bir
sekilde aktarilmasini saglamak ve modelin uygulanabilirligini
gosterebilmek adina akademik personel grubu tzerinden
detayl analizler takip eden altbdliimlerde sunulmustur. Analiz
sonuglary, KGS'nin stirdiiriilebilirligi icin gerekli dnlemlerin
belirlenmesinde ve i¢c ve dis paydaslarin memnuniyetini
artirmaya yonelik calismalarda kullanilacaktir. Ayrica, bu
sonuglar, kurumun KGS'yi siirdiiriilebilir kilmak icin yapacag:
iyilestirmeleri belirlemede de 6nemli bir kaynak olusturacaktir.

4.1 Metodoloji

Analiz calismas1 kapsaminda paydas memnuniyetini 6lgmek
uzere, ilgili literatiir taramasi ve uzman gorisleri
dogrultusunda anketler gelistirilmistir. Gelistirilen
anketlerdeki dnermeler Ek-A'da ayrintili olarak sunulmustur.
Anketler, ytliksekdgretim kurumunun doért temel paydas
grubunu hedeflemektedir: 6grenciler, akademik personel, idari
personel ve dis paydaslar. Her bir paydas grubunun kurumla
etkilesim bicimleri ve beklentileri farkliik gosterdiginden,
anketler bu farkliliklar1 dikkate alacak sekilde 6zel olarak
tasarlanmistir. Tablo 1'de, her bir paydas grubu icin anketlerde
yer alan boyutlar ve bu boyutlardaki Onerme sayilar
dzetlenmistir. Boyutlar “Yiiksekogretimde Ogrenci Yasamindan
Memnuniyet”, “Liderlik, Yonetisim ve Kalite”, “Egitim ve
Ogretim”, “Arastirma ve Gelistirme”, “Toplumsal Katki”, “Temel
Deger Analizi”, “Universiteye Yénelik Genel Algi Diizeyi” ve
“Genel Memnuniyet” ile ilgili 6nermeleri kapsamaktadir.

Tablo 1. Paydaslar bazinda 6nerme gruplart.

Tablel. Suggestion groups by stakeholders.

Anket boyutlar1 (Toplam 6nerme sayisi) Akademik personel idari personel Ogrenci Dis paydas
1. Yiiksekdgretimde 6grenci yasamindan memnuniyet (10) (1\{))
v v v
2. Liderlik, yonetisim ve kalite (29
yonetis 29 ) (29) ©)
3. Egitim ve 6gretim (10
g g (10) ) (10)
4. Aragtirma ve gelistirme (9) v v
(3) J (3)
5. Toplumsal katki (6
P (©) (6) 4) 3) ,
6. Temel deger analizi (16) (16)
7. Universiteye yénelik genel alg1 diizeyi (15) (1\{5]
8. Genel memnuniyet (1) Vv v V
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Bu calismada, kalite giivencesi modelinin uygulanabilirligini
degerlendirmek icin ¢oklu dogrusal regresyon analizi
kullanilmistir. Regresyon analizi, paydas memnuniyeti
iizerinde etkili olan faktorleri belirleme ve modelin ¢iktilarinin
karar alma siire¢lerinde nasil kullanilabilecegini ortaya koyma
acisindan uygun bir yontemdir. Bagimli degiskenin birden fazla
bagimsiz degisken ile olan iligkisini analiz etmeye yarayan bu
yontem, paydas memnuniyeti lizerinde etkili olan faktorlerin
belirlenmesinde kullanilmistir. Literatiirde yapisal esitlik
modellemesi (Structural Equation Modeling-SEM) gibi
yontemler, degiskenler arasindaki karmasik iliskileri
incelemek ve teorik model test etmek icin yaygin olarak
kullanilmaktadir [20, 24]. Ancak bu ¢alismanin amaci teorik
model gelistirmek degil, kalite giivencesi sisteminin
uygulanabilirligini test ederek yonetimsel karar siireglerine
yonelik somut 6neriler sunmaktir. Yeni kurulan iiniversitelerde
veri setleri genellikle sinirlidir ve SEM gibi karmasik modellerin
gecerli sonuglar lretebilmesi i¢cin daha genis érneklemler ve
dogrulayic1 faktor analizleri gereklidir. Regresyon analizi ise
kiiciik veri setlerinde bile giiclii ve anlamli sonuglar
saglayabilen bir yontemdir. Bu baglamda, regresyon analizi ile
SEM arasindaki temel farklar Tablo 2’de 6zetlenmistir.

Anketlerden elde edilen verilerin analizi, iki evrede
gerceklestirilmistir. Oncelikle, her bir paydas grubu icin
memnuniyete etki eden temel faktdrleri belirlemek amaciyla
aciklayia faktor analizi (AFA) kullanilmistir. AFA, degiskenler
arasindaki iliskilere dayanarak, bu degiskenlerin sayisini
azaltmay1 ve 6zetlemeyi amaglayan bir istatistiksel yontemdir
[25]. Veriler arasindaki yapisal iliskileri kesfetmek amaciyla
kullanilan AFA, gozlenen degiskenleri daha az sayidaki gizil
faktorler altinda toplamayi hedefler. Bu yontem, paydas
memnuniyet anketinde yer alan ifadelerin altinda yatan ortak
boyutlar1 tanimlamak amaciyla tercih edilmistir. Cok degiskenli
analizlerde kullanilan degisken sayilarinin artmasiyla 6nemli
bir gelisme gosteren faktor analizinde, gizli faktorlerle ilgili
temel fikirlerin olusumu 1888 y1linda Galton'a kadar uzanirken,
faktor yapisi icin asil matematiksel model, Karl Pearson'un
1904 yilinda gelistirdigi "Temel Eksenler Yontemi" ile ortaya
cikmistir. Bu yontem, Spearman'in akilc test sonuglari
arasindaki iligkilerin genel bir zeka faktori tarafindan
aciklanabilecegi ve diger faktorlerin bireysel testlerdeki 6zgiin
ozellikleri yansittigi seklindeki hipotezinden farklilik goésterir

[26]. Sonraki c¢alismalarda, bu model bircok ortak faktorii
iceren daha karmasik modellere doniistiiriilmiistiir. Bu alanda
ozellikle L. L. Thurstone'un ¢alismalar1 énemlidir. Thurstone,
ayn zamanda "Orneklem Matrisinden Faktér Cikarilmasi”
iizerinde de ¢alisarak faktdr analizi yonteminin gelisimine katki
saglamistir. Bu yontem sayesinde, ¢ok sayida degisken, kendi
icinde homojen, ancak birbirleriyle heterojen olan daha az
sayida faktor (degisken) altinda toplanabilir [27]. Faktor
analizi, tlim degiskenlerin es zamanl olarak degerlendirildigi
ve bu degiskenlerin bazi 6nemli, gizli faktorlerin bir fonksiyonu
olarak diisiiniildiigii bir bagimhlik teknigidir. Faktor analizi,
temelde bir veri azaltma teknigidir. Birbiriyle iligkili verileri ve
bu verileri temsil eden veri setlerini, daha az sayida ve anlamh
degiskenlere veya faktorlere indirgemeyi amaclar. AFA,
arastirmacinin degiskenler arasindaki iligkilere dair dnceden
bir hipotezi veya beklentisi olmadig1 durumlarda, bu iligkileri
ortaya c¢ikarmak icin kullanilan bir yontemdir [28]. AFA,
herhangi bir gostergenin herhangi bir faktorle iligkili
olabilecegi varsayimiyla hareket ederek, biiyiik bir degiskenler
kiimesinin altinda yatan yapiy1 kesfetmeye calisir [29]. Bu
calismada da kalite giivencesi sistemine yonelik literatiirde
belirli ve test edilmis bir faktdr yapisi olmadigindan dolay:
paydas memnuniyetine etki eden faktorleri belirlemek ve bu
faktorlerin memnuniyet tizerindeki etkisini analiz etmek
amaciyla AFA kullanilmistir. Alternatif olarak kullanilabilecek
Dogrulayici Faktor Analizi (DFA) ve Yapisal Esitlik Modellemesi
(SEM), 6nceden tanimlanmis faktdr yapilarini dogrulamak igin
uygundur. Ancak bu c¢alismanin amaci faktér yapisini
kesfetmek oldugundan, AFA daha uygun bir yontem olarak
degerlendirilmistir.

Son evrede ise, AFA sonrasinda elde edilen faktdrler, regresyon
analizinde bagimsiz degisken olarak kullanilarak modelin
aciklayiciligi test edilmistir. Belirlenen faktorlerin memnuniyet
uzerindeki etkisini incelemek ve bu etkinin derecesini
belirlemek amaciyla ¢oklu dogrusal regresyon analizi
uygulanmistir. Regresyon analizi, bir bagimli degisken ile bir
veya daha fazla bagimsiz degisken arasindaki iliskiyi
modelleyen bir istatistiksel yontemdir. Bu ¢alismada bagiml
degisken olarak paydas memnuniyeti, bagimsiz degiskenler
olarak ise faktor analizi ile belirlenen faktorler (boyutlar)
kullanilmistir.

Tablo 2. Coklu dogrusal regresyon ile SEM yontemlerinin karsilastirilmasi.

Table2. Comparison of multiple linear regression and SEM methods.

Ozellik Coklu Dogrusal Regresyon (Kullanilan Yéntem)

Yapisal Esitlik Modellemesi (SEM)

Amag

Veri ihtiyaci

Yontem tahmin eder.

Uygulanabilirlik Yonetimsel karar alma stireglerinde pratik sonuglar sunar.

Avantajlar Hizl ve basit analiz, yonetim kararlari i¢in uygulanabilir
sonuglar sunar.

Sinirliliklar Yalnizca dogrudan etkileri gdsterir, dolaylh etkileri

modelleyemez.

Degiskenler arasindaki dogrudan etkileri 6l¢mek, karar
slireclerine rehberlik etmek.

Kiigiik ve orta 6l¢ekli veri setleriyle uygulanabilir.

Bagimsiz degiskenlerin bagimli degisken tizerindeki etkisini

Degiskenler arasindaki karmasik iliskileri
modellemek, teorik cergeve dogrulamak.

Biiytik veri setleri gerektirir.

Dogrudan ve dolayl etkileri hesaplar.

Teorik model testi i¢in uygundur.
Karmasik iligkileri modelleyebilme
yetenegine sahiptir.

Biiylik 6rneklem gerektirir, yorumlanmasi
karmasiktir.
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Bu yontem, kalite giivencesi siireglerinin  paydas
memnuniyetine etkisini bilimsel bir yontemle belirlemek ve
analiz etmek amaciyla tercih edilmistir. Faktor analizi sonrasi
yapilan regresyon analizi, bagimsiz degiskenlerin paydas
memnuniyeti lizerindeki etkisini agiklamaya yardimci olmus ve
modelin dogrulugunu artirmistir.

Analiz calismasinin uygulama evreni olarak, 2018 yilinda
kurulmus ve halen gelisme asamasinda olan bir devlet
liniversitesi secilmistir. Tasarlanan anketler, bu tliniversitenin
farkli paydas gruplarinin katihmiyla gergeklestirilmistir. S6z
konusu yiiksekdgretim kurumu, 7 Fakiilte, 1 Enstitii, 3 Meslek
Yiiksekokulu ve 1 Yiiksekokuldan olusan bir yapiya sahip olup,
246 akademik personel, 198 idari personel ve 4452 6grenciye
ev sahipligi yapmaktadir. Egitim-6gretim faaliyetleri
kapsaminda, akademik birimlerde 26 Lisansiistii, 18 Lisans ve
23 On Lisans programi aktif olarak yiiriitilmektedir.
Arastirmada, belirli sayidaki érneklemin yigini temsil ettigi
varsayimiyla hareket edilerek, elde edilen verilerin
genellestirilmesi i¢in basit tesadiifi ornekleme yontemi
kullanilmistir. Bu yontemle, arastirma evrenindeki tiim
paydaslarin goriislerinin temsil edildigi kabul edilmistir. Bu
sayede, anket sonuglarinin iiniversitenin genel durumu
hakkinda anlamli ve giivenilir  bilgiler = sunacag:
diistiniilmektedir.

Calismada, veri toplama siirecinin hizli ve etkili bir sekilde
gerceklestirilmesi amaciyla, iniversitenin mevcut bilgi yonetim
sistemi altyapisinda yer alan Google Forms kullanilmistir. Bu
sayede, anketler hedef kitleye kolaylikla ulastirllmis ve elde
edilen veriler elektronik tablolar aracilifiyla toplanarak analiz
slirecine hazir hale getirilmistir. Anketlerdeki o6nermeler,
katiimcilar1 ydnlendirmemeye 06zen gosterilerek titizlikle
hazirlanmigtir.  Farkli  boyutlar1  kapsayan onermeler,
katilmcilarin kolaylikla anlayabilecegi ve cevaplayabilecegi
sekilde kisa, basit ve acik bir dille ifade edilmistir. Ayrica,
katilimcilara verdikleri cevaplarin herhangi bir yiikiimliiliik
veya baglayicilik dogurmayacagi ve 6698 sayil Kisisel Verilerin
Korunmasi Kanunu kapsaminda gizli tutulacagr acike¢a
belirtilmistir. Anket formunda isim, soy isim gibi Kkisisel
bilgilere yer verilmeyerek katilimcilarin ¢ekinmeden ve
diiriistce cevaplar vermeleri saglanmistir. Veri toplama siireci
tamamlandiktan sonra, tiim anket formlari tek tek incelenerek
hata ve eksiklikler kontrol edilmistir. Yaniltict 6nermelere
farkli yanitlar veren katilimcilarin anketleri analiz dis
birakilarak, verilerin giivenilirligi ve tutarhligi saglanmistir. Bu
titizlikle yiiritiilen veri toplama ve temizleme siireci, analiz
sonuglarinin gecerliligini ve giivenilirligini artirmistir.

Analiz edilebilir nitelikteki anketler, SPSS (26.0) programi
kullanilarak islenmistir. Anket formunun ilk bdliimiinde,
katiimcilarin demografik ozelliklerini belirlemek amaciyla
akademik ve idari personele bir soru yoneltilirken, dis
paydaslara bes soru yéneltilmistir. Ogrencilere ait demografik
veriler, kurumun bilgi yénetim sisteminden elde edilebildigi
icin 6grencilere bu bdliimde soru sorulmamistir. Anketin ikinci
bélimiinde ise katihmcilarin memnuniyet diizeylerini 6lgen
énermeler yer almaktadir. Ogrenciler icin hazirlanan anket,
"Yiiksekdgretimde  Ogrenci Yasamindan Memnuniyet",
"Liderlik, Yonetisim ve Kalite", "Egitim ve Ogretim", "Arastirma
ve Gelistirme", "Toplumsal Katki" ve "Genel Memnuniyet"
olmak tlizere alt1 boyut ve toplam 39 6nermeden olusmaktadir.
Akademik personel anketi ise "Liderlik, Yonetisim ve Kalite",
"Arastirma ve Gelistirme", "Egitim ve Ogretim", "Toplumsal
Katki” ve "Genel Memnuniyet" olmak tizere bes boyut ve 50
énerme icermektedir. idari personel anketi, "Liderlik,

non

Yonetisim ve Kalite", "Toplumsal Katki" ve "Genel Memnuniyet"
olmak lizere li¢ boyut ve 34 dnermeden olusmaktadir. Dis
paydas anketi ise "Temel Deger Analizi", "Universiteye Yénelik
Genel Alg1 Diizeyi" ve "Genel Memnuniyet" olmak iizere li¢
boyut ve 32 6nerme igermektedir. Anketlerdeki 6nermeler 1-5
Likert olceginde degerlendirilmistir. Ayrica, katilimcilarin
goris ve Onerilerini almak iizere her anketin sonunda bir agik
uclu soruya yer verilmistir. Bu agik u¢lu soruyla nicel verilerin
yani sira nitel veriler de elde edilerek paydas memnuniyetinin
daha derinlemesine anlasilmasinin saglanmasi
amaclanmaktadir.

4.2 Bulgular ve analiz

Uygulama kapsaminda, anketlere 119 akademik personel
(toplam akademik personel sayisinin %48.37'si), 110 idari
personel (toplam idari personel sayisinin %55.5') ve 2 749
ogrenci (toplam 6grenci sayisinin %54.1'i) katilim saglamistir.
Katilmcilarin demografik dagilimi incelendiginde, akademik
personelin %65.5'inin 6gretim tyesi, %24.4'inlin 6gretim
gorevlisi ve %10.1'inin arastirma goérevlisi oldugu goriilmiistiir.
Ogrenci katihmcilarin ise %2.2'si lisansiistii, %38.8'i lisans ve
%>59"u 6n lisans 6grencisi oldugu tespit edilmistir.

Anketlerdeki 6nermeler 1-5 Likert dlgeginde degerlendirilmis
olup, "kesinlikle katiliyorum" secenegi 5 puan, "katiliyorum”
secenegi 4 puan, "kararsizim" secenegi 3 puan, "katilmiyorum"
segenegi 2 puan ve "kesinlikle katilmiyorum” secenegi 1 puan
olarak kodlanmistir. Elde edilen veriler, "Olumlu” (4 ve 5 puan),
"Olumsuz" (1 ve 2 puan) ve "Kararsiz" (3 puan) olmak iizere ti¢
grupta incelenmistir. 1-5 Likert 6lceginin tercih edilme nedeni,
katilimcilarin farkli akademik ve idari profillere sahip olmasi
nedeniyle o0Olgek kullaniminin kolay ve anlasilir olmasini
saglamaktir. Ayrica, yiiksekdgretim kalite giivencesi alaninda
yapilan benzer c¢alismalarda yaygin olarak kullanilan bir
yontem  olmasi  nedeniyle, literatiirdeki  bulgularla
karsilastirilabilir sonuglar elde edilmesi amaglanmistir. Anket
verilerine faktoér analizi uygulamadan ©nce, o0lgeklerin
giivenilirligi Cronbach Alpha katsayisi ile test edilmistir.
Ogrenci memnuniyet anketi icin Cronbach Alpha degeri 0.958,
akademik personel memnuniyet anketi icin 0.972 ve idari
personel memnuniyet anketi i¢in 0.962 olarak bulunmustur.
Ayrica 6rneklem biiytikliigiiniin yeterliligini degerlendirmek
icin Kaiser-Meyer-Olkin (KMO) testi analiz verilerine
uygulanmis olup, akademik personel i¢in 0.904, idari personel
icin 0.902 ve o6grenciler i¢in de 0.976 degerleri KMO testi
sonucunda elde edilmistir. Bu yliksek degerler, ankette yer alan
onermelerin tutarh oldugunu ve aymi ozelligi Ol¢tiigiini
gostermektedir. Ogrenci katihmci grubunda, lisansiistii
6grencilerin oraninin goérece diisiik olmasi, tiniversitenin genel
6grenci demografisiyle uyumlu karsilanmaktadir. Calismanin
gerceklestirildigi evren yeni kurulan ve gelismekte olan bir
iniversite olmasi sebebiyle, lisansiistii 6grenci sayisi toplam
6grenci sayisina kiyasla siirli kalmistir. Bu durum 6rneklem
dagilimina dogal olarak yansimis olup, ¢alismanin temel amaci
dogrultusunda anket verileri tim 6grenci gruplarini temsil
edecek sekilde analiz edilmistir. KMO testi sonuglarinin ytliksek
olmasi da orneklem biiyiikligiiniin yeterliligini
desteklemektedir.

Anket sonuglarinin analizi, 6ncelikle 6nermelere dair yanitlarin
dagihimlarinin grafiksel olarak incelenmesiyle baslamistir.
Ardindan, kurum paydaslar1 unvan bazinda gruplandirilarak
normallik analizi, faktor analizi ve regresyon analizi yapilmistir.
Faktor analizi sonuglarinin detayll bir sekilde incelenmesi
amaciyla, toplam varyans, dondiirilmiis bilesen matrisi, faktor
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ortalamalari, madde ortalamalari, faktor ylik degerleri ve faktor
soru dagilimlari gibi temel ¢iktilar titizlikle analiz edilmistir. Bu
analizler, verilerin yapisal diizenini anlamlandirmak ve paydas
memnuniyetini etkileyen temel faktorleri belirlemek ic¢in
onemli birer ara¢ olarak kullanilmistir. Calisma kapsaminda
tiim paydas gruplarina yonelik analizler gerceklestirilmistir;
ancak Dis Paydas Memnuniyet Anketi icin yeterli sayida yanit
elde edilemedigi icin, bu anket analizlere dahil edilmemistir.
Analizler sonucunda ortaya ¢ikan faktor ortalamalari Tablo 3'te
detayli bir sekilde sunulmustur.

Akademik Personel Memnuniyet Anketi'ne iligskin faktor analizi
siirecinde, 29 No.lu maddenin tek basina bir faktér olusturdugu
ve diger maddelerle anlaml bir iliski gostermedigi tespit
edilmistir. Bu nedenle, 29 No.lu madde analizden ¢ikarilmis ve
veriler tekrar analiz edilmistir. Yapilan bu ikinci analiz
sonucunda, faktorlerin anketi aciklama oram %72.33 olarak
belirlenmis ve 6z degeri 1'den biiylik olan 8 alt boyutun
olustugu gorilmistiir. Bu alt boyutlar, akademik personelin
memnuniyetini etkileyen temel faktorleri temsil etmektedir.
Tablo 3'te sunulan faktdr ortalamalari, her bir faktoriin genel
olarak ne diizeyde memnuniyet sagladigina dair 6nemli bilgiler
sunmaktadir. Bu bilgiler, kurumun hangi alanlarda daha
basarili oldugunu ve hangi alanlarda iyilestirme yapmasi
gerektigini belirlemek i¢in kullanilabilir. Faktor yiik degerleri
ve faktor soru dagilimlari incelendiginde, her bir faktoriin hangi
maddelerden olustugu ve bu maddelerin faktére ne kadar katki
sagladigi detayll bir sekilde anlasimaktadir. Ayrica,
katilmcilarin bu maddelere verdikleri cevaplarin dagilimi,
faktorlerin 6nemini ve iyilestirilmesi gereken alanlarn
belirlemede 6nemli ipuglar: sunmaktadir.

Tespit edilen 8 faktdriin yiik degerlerine gore dagilimlar
incelendiginde, bu faktorlerin "Toplumsal Katki ve Ar-Ge
Etkilesimi”, "Kurumsal Yénetim", "Universite Iimkanlar”,
"Egitim ve Ogretim Faaliyetlerinde Is Birlikleri", "idari
Hizmetler", "Fiziksel ve Sosyal imkanlar”, "Ogrenme Altyapis1"
ve "Arastirma ve  Gelistirme  Olanaklar’" olarak
adlandirilabilecegi 6ngoériilmiistiir. Bu faktorler, akademik

memnuniyetlerini farkli boyutlarda yansitmaktadir. Faktor
analizi sonucunda elde edilen bu 8 faktdér i¢in regresyon
skorlar1 hesaplanmis ve bu skorlar kullanilarak "Genel
Memnuniyet" lizerindeki faktor etkilerini arastirmak tizere
¢oklu dogrusal regresyon analizi uygulanmistir. Bu analiz,
hangi faktorlerin genel memnuniyet tizerinde daha belirleyici
oldugunu ve bu faktoérlerin memnuniyet lizerindeki etkisinin ne
yonde ve ne kadar glgli oldugunu belirlemek igin
kullanilmistir.

Faktor analizi ile tespit edilen 8 faktore iliskin regresyon analizi
sonuglar1 Tablo 4'te detayll olarak sunulmustur. Bu tabloda,
regresyon denkleminin anlamlihigl ve hangi degiskenlerin
istatistiksel olarak anlamli oldugu bilgisi, katsayilariyla birlikte
verilmistir. Modelin aciklayiciik giiclinii gosteren belirlilik
katsayisi (R?) 0.697 olarak hesaplanmis ve F istatistigi anlaml
bulunmustur. Bu sonuglar, kurulan modelin akademik personel
memnuniyetini aciklamada olduk¢a basarii oldugunu
gostermektedir.

Anket calismasinin  bagimli  degiskeni, "Genel olarak
Universitemizden —memnunum.” ©6nermesidir. Bagimsiz
degiskenler ise faktor analizi sonucunda elde edilen 8 faktorii
temsil eden faktor skorlaridir. Bu faktdrlerin genel
memnuniyet lizerindeki etkilerini gdsteren regresyon analizi
sonuglar1 Tablo 5'te sunulmustur.

Tablo 5 incelendiginde, 5. faktér ("idari Hizmetler") ve 8. faktér
("Arastirma ve Gelistirme Olanaklar1")'nin %5 anlamhilik
diizeyinde genel memnuniyet {lzerinde istatistiksel olarak
anlamh bir etkisinin olmadig1 goriilmektedir. Bu durum, s6z
konusu faktorlerin regresyon modelinde yer almasina ragmen,
akademik personelin genel memnuniyetini agiklamada diger
faktorler kadar giiclii bir rol oynamadigini gostermektedir.
Regresyon analizi sonuglarina gore, diger faktorlerin genel
memnuniyet tizerindeki etkileri su sekildedir:

personelin  iniversite ile ilgili  deneyimlerini ve
Tablo 3. Faktor ortalamalari (akademik personel memnuniyet anketi).
Table 3. Factor averages (academic staff satisfaction survey).
Baslangi¢ 6z degerleri Yiiklenen faktorlerin karelerinin dagilim toplamlari
Toplam Varyans (%) Birikimli (%) Toplam Varyans (%) Birikimli (%)

1 22.188 47.209 47.209 7.833 16.667 16.667
2 2.647 5.631 52.840 6.457 13.739 30.406
3 2.030 4319 57.159 4712 10.025 40.430
4 1.861 3.959 61.118 3.815 8.118 48.548
5 1.502 3.196 64.314 3.154 6.711 55.260
6 1.448 3.080 67.394 3.095 6.584 61.844
7 1.250 2.660 70.054 2.815 5.989 67.833
8 1.069 2.274 72.327 2.112 4.494 72.327
9 937 1.994 74.321

10 864 1.837 76.158
47 .045 .096 99.949
48 024 .051 100.000
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Tablo 4. Regresyon analizi-varyans analizi.

Table 4. Regression analysis-variance analysis.

Toplam kareler Serbestlik derecesi Kare ortalamasi F p
Regresyon 42.521 5.315 30.790 0.000
Artik 18.471 107 173
Toplam 60.991 115
R R kare Diizeltilmis R kare
.835 .697 675
Tablo 5. Regresyon analizi.
Table 5. Regression analysis.
Standartlastirilmis regresyon katsayisi t p
F1. Toplumsal katki ve ar-ge etkilesimi 296 5.557 .000
F2. Kurumsal y6netim 574 10.784 .000
F3. Universite imkanlar 312 5.860 .000
F4. Egitim ve 6gretim faaliyetlerinde is birlikleri 244 4.588 .000
F5. Idari hizmetler .033 612 542
F6. Fiziksel ve sosyal imkanlar 236 4.437 .000
F7. Ogrenme altyapisi .190 3.577 .001
F8. Arastirma ve gelistirme olanaklari .010 184 .854

Bagimli degisken(S1): Genel olarak tiniversitemizden memnumum.

Bagimli degisken(S1) = (0.296) * F1+ (0.574) * F2 + (0.312) * F3 + (0.244) * F4+ (0.033) * F5+ (0.236)
* F6 + (0.190) * F7 + (0.010) * F8

*p < 0.05

1. Faktor ("Toplumsal Katki ve Ar-Ge Etkilesimi"): Bir
birimlik artis, genel memnuniyette 0.296 birimlik bir
artisa neden olmaktadir,

2. Faktor ("Kurumsal Yonetim"): Bir birimlik artis, genel
memnuniyette 0.574 birimlik bir artisa neden
olmaktadir,

3. Faktér ("Universite imkanlar1"): Bir birimlik artis,
genel memnuniyette 0.312 birimlik bir artisa neden
olmaktadir,

4. Faktér ("Egitim ve Ogretim Faaliyetlerinde Is
Birlikleri"): Bir birimlik artis, genel memnuniyette
0.244 birimlik bir artisa neden olmaktadir,

5. Faktér ("Fiziksel ve Sosyal Imkanlar™): Bir birimlik
artis, genel memnuniyette 0.236 birimlik bir artisa
neden olmaktadir,

6. Faktor ("Ogrenme Altyapis1"): Bir birimlik artis, genel
memnuniyette 0.190 birimlik bir artisa neden
olmaktadir.

Bu sonuglar, bagimli degisken olan "Genel olarak
Universitemizden memnunum.” 6nermesi ile bagimsiz
degiskenler olan faktor skorlar1 arasindaki iliskiyi
matematiksel bir model olarak ifade eden regresyon denklemi
ile 6zetlenebilir. Standartlastirilmis regresyon katsayilari ve F
degerlerinin ¢arpimlari ile olugturulan bu denklemde, bagimsiz
degiskenlerin bagimli degisken lizerindeki etkisi 6l¢ciilmektedir.
Ancak, 5. ve 8. faktdrlerin standartlastirilmis regresyon
katsayilarinin 0.1'den kii¢iik olmasi ve p degerlerinin 0.05'ten

biiyiik olmasi, bu faktorlerin kurulan matematiksel modelde
anlamli bir etkisinin olmadigini géstermektedir.

4.3 Analizlerin genel degerlendirilmesi

Calisma kapsaminda gercgeklestirilen 6grenci, akademik ve
idari personel memnuniyet anketlerine faktdr analizi ve
regresyon analizi uygulanarak "Genel Memnuniyet" tizerindeki
etkiler arastirilmistir. Bu yontemle, yeni kurulan ve gelismekte
olan yiiksekdgretim kurumlar1 i¢in paydas memnuniyetini
artirict  dnlemlerin belirlenmesi ve o6ncelikle dirilmesine
yonelik 6nemli bir yol haritas1 sunulmasi amaglanmistir.

Akademik Personel Memnuniyetinin Artirilmasi: Regresyon
analizi sonuglarina gore, akademik personelin genel
memnuniyetini artirmada en etkili faktorler sirasiyla
"Kurumsal Yénetim" (%57.4) ve "Universite Imkanlar"
(%31.2) olarak belirlenmistir. Bu bulgu, kurumsal y6netim
slireclerinin iyilestirilmesi ve tiniversite imkanlarinin (6rnegin,
arastirma fonlari, laboratuvarlar, sosyal alanlar)
gelistirilmesinin akademik personel memnuniyetini 6nemli
6lciide artirabilecegini gostermektedir. Diger faktorler olan
"Toplumsal Katki ve Ar-Ge Etkilesimi" (%29.6), "Egitim ve
Ogretim Faaliyetlerinde s Birlikleri" (%24.4), "Fiziksel ve
Sosyal imkanlar" (%23.6) ve "Ogrenme Altyapisi” (%19) da
genel memnuniyet lizerinde anlaml bir etkiye sahiptir.

idari Personel Memnuniyetinin Artirlmasi: idari personel
memnuniyet anketinde, "Kurumsallasma" (%60.7) ve
"Universite  Imkanlar" (%55.8) faktorlerinin  genel
memnuniyet lizerinde en etkili faktérler oldugu belirlenmistir.
Bu sonuglar, idari personelin kurumun ydnetim siire¢lerine ve

1205



Pamukkale Univ Muh Bilim Derg, 31(7), 1192-1210, 2025
M.E. Taner, S. Sadirli

sagladigi  imkanlara daha fazla dahil edilmesinin,
memnuniyetlerini artirmada 6nemli bir rol oynayabilecegini
gostermektedir. "Sosyal Imkanlar”, "Yénetisim Memnuniyeti"
ve "Calisma Kosullar1" faktorleri de idari personel memnuniyeti

iizerinde anlamli bir etkiye sahiptir.

Ogrenci Memnuniyetinin Artirilmasi: Ogrenci memnuniyet
anketi sonuglari, "Universite Yénetimi ve Kurumsallasma"
faktoriiniin genel memnuniyet tizerinde %90 oraninda
belirleyici oldugunu ortaya koymustur. Bu bulgu, iiniversitenin
yonetim sitireglerinin iyilestirilmesi, karar alma
mekanizmalarinin seffaflastirilmas1 ve kurumsal kimligin
gii¢lendirilmesinin 6grenci memnuniyetini onemli o6l¢lide
artirabilecegini gostermektedir. Diger faktorler olan "Gelisim
Firsatlar1” ve "Egitim, Ogretim ve Ogrenme Imkanlar" da
6grenci memnuniyeti tizerinde anlamli bir etkiye sahiptir.

Anket sonuglari, incelenen yiiksekogretim kurumunda genel
olarak  yiiksek  bir memnuniyet diizeyi oldugunu
gostermektedir. Ancak, her paydas grubu icin farkli éncelikli
alanlar oldugu tespit edilmistir. Bu nedenle, kurum yénetiminin
gerceklestirecegi planlamalarda bu farklhiliklar dikkate
almmarak, her paydas grubunun memnuniyetini artirmaya
yonelik 6zel hedefler belirlenmeli ve bu hedeflere ulasmak icin
gerekli faaliyetler gerceklestirilmelidir. Ozellikle, "Kurumsal
Yonetim" ve "Universite Imkanlar" faktorlerinin hem
akademik hem de idari personel memnuniyeti tzerinde
belirleyici olmasi, bu alanlara yonelik iyilestirme ¢alismalarinin
tiim paydaslarin memnuniyetini artirmada énemli bir kaldirag
etkisi yaratabilecegini gostermektedir.

5 Sonug

Bu ¢alisma, gelismekte olan bir devlet Ulniversitesinde kalite
giivencesi sisteminin (KGS) stratejik yonetim tabanli bir
modelle yapilandirilmasina odaklanmigtir. Literatiir taramasi,
yeni kurulan ve gelismekte olan iliniversitelere 6zgii bir KGS
modelinin eksikligini ortaya koymustur. Bu eksikligi gidermek
amaciyla, bu ¢alisma kapsaminda paydas odakl, sistematik ve
stratejik bir yaklasim benimsenerek mihendislik disiplini
prensiplerine dayali yenilik¢i bir KGS modeli gelistirilmistir.

Onerilen model, PUKO déngiisii felsefesini temel alarak siirekli
gelismeyi ve kaliteyi giivence altina almay1 miihendislik bakis
acistyla hedeflemektedir. Siirekli gelisimin yani sira énerilen
model, uzun vadede tiniversitenin kalite giivencesi sisteminin
stirdiiriilebilirligine de katkida bulunarak hem mevcut
kaynaklarin verimli kullanimini hem de gelecekteki Kkalite
gereksinimlerinin karsilanmasini miimkiin hale getirmektedir.
Model, paydas memnuniyetine dayal sistematik geri bildirim
dongiileriyle stirdiiriilebilir bir gelisime imkan saglamaktadir.
Bu yaklasim, yalnizca kisa vadeli iyilestirmelere odaklanmayip,
tiniversitenin uzun vadede stratejik hedeflerine ulagmasim
destekleyen siirdiiriilebilir bir kalite yonetimi yapisi
olusturacaktir. Modelin uygulanabilirligini ve etkinligini test
etmek amaciyla, 2018 yilinda kurulmus olan bir devlet
liniversitesinde akademik personel, idari personel, 6grenciler
ve dis paydaslardan olusan dort farkli paydas grubuna yonelik
memnuniyet anketleri uygulanmistir. Anket verilerinin faktor
ve regresyon analizleri ile degerlendirilmesi sonucunda,
modelin paydas memnuniyeti lizerinde olumlu etkileri oldugu
ve genel memnuniyeti artirdig tespit edilmistir.

Analizler, farkli paydas gruplarinin memnuniyetini etkileyen
faktorlerin farklilik gosterdigini ortaya koymustur. Akademik
personel icin "Kurumsal Yénetim" ve "Universite imkanlan",
idari personel i¢in "Kurumsallasma" ve "Universite Imkanlar”,

ogrenciler icin ise "Universite Yonetimi ve Kurumsallasma"
faktorleri genel memnuniyet lizerinde en belirleyici faktorler
olarak tespit edilmistir. Bu bulgular, kurum yonetimine,
KGS'nin stirdiiriilebilirligini saglamak ve paydas
memnuniyetini artirmak icin hangi alanlara dncelik vermesi
gerektigi konusunda 6nemli bilgiler sunmaktadir.

Calismanin sonuglari, yeni kurulan ve gelismekte olan
ylksekogretim kurumlarimin KGS'lerini yapilandirirken ve
gelistirirken stratejik bir yaklasim benimsemeleri gerektigini
gostermektedir. Onerilen model, bu tiir kurumlar icin bir yol
haritas1 sunarken, paydas memnuniyeti anketleri ve analizleri
de kurumlarin kendi baglamlarina o6zgii ihtiyaglarini
belirlemelerine ve  KGS'lerini bu ihtiyaglara gore
uyarlamalarina yardimc olabilir. Bu model, yalnizca mevcut
kalite standartlarini strdirmekle kalmayip, iiniversitenin
rekabet giiciinii ve kalite hedeflerini gelecege tasiyan bir yapi
saglamaktadir. Bu model, sadece egitim, d6gretim ve 6grenme
stireclerinin degil, ayn1 zamanda kurumsal kaynaklarin da
stirdiiriilebilir bir sekilde yonetilmesine olanak taniyan bir yap1
sunmaktadir. Modeldeki miihendislik prensipleriyle uyumlu
slirec iyilestirme ve kaynak optimizasyonu, kurumlarin rekabet
gliciinli artirarak kalite hedeflerini siirdiiriilebilir kilmaktadir.
Siirekli iyilestirme siireglerinin yani sira, teknolojik gelismelere
uyum saglama ve dijitallesmenin kalite siireglerine
entegrasyonunu destekleyerek stirdiiriilebilirligi
saglamaktadir. Bu sayede, yiiksekogretim kurumlari hem
mevcut kalite standartlarin1 koruyabilir hem de gelecekteki
gereksinimlere uyum saglayacak esnek bir yapiya sahip
olabilirler.

Bu ¢alisma, literatiirde eksikligi tespit edilen, yeni kurulan ve
gelismekte olan tiniversiteler icin 6zel olarak tasarlanmis bir
kalite giivencesi modeli sunarak ©6nemli bir boslugu
doldurmaktadir. Onerilen model, miihendislik tabanh
sistematik yaklasimlar, stratejik yonetim ilkeleri ve veriye
dayali karar mekanizmalarini entegre ederek kalite yonetimi
stireclerine yenilikgi bir bakis ac¢is1 kazandirmaktadir.
Literatiirde kalite giivencesi sistemleri lizerine ¢ok sayida farkli
calismalar bulunmasina ragmen, paydas memnuniyeti temelli
analitik yontemlerin (faktor analizi ve regresyon modeli)
kullanildi8y, stratejik yonetim ile biitiinlesik ve siirdiiriilebilir
bir model gelistiren c¢alismalara rastlanmamaktadir. Bu
yoniliyle calisma hem akademik arastirmalar hem de
yuksekogretim kurumlarinda Kkalite giivencesi siireglerinin
yapilandirilmasi agisindan uygulanabilir ve yayginlastirilabilir
bir ¢erceve sunmaktadir.

Calismanin tek bir devlet Universitesinde gergeklestirilmis
olmasi sebebiyle bulgularin diger yliksekdgretim kurumlarina
genellenebilirligi sinirh olabilir. Gelecekteki arastirmalar, farkl
universitelerde ve farkli paydas gruplariyla yapilacak
calismalarla bu modelin genellenebilirligini test edebilir.
Ayrica, nitel arastirma yontemleri kullanilarak paydas
memnuniyetinin daha derinlemesine incelenmesi ve modelin
uzun vadeli etkilerinin degerlendirilmesi de faydali olacaktir.

Sonug olarak, bu ¢alisma, ytliksekogretimde kalite giivencesi
alanina énemli katkilar saglamaktadir. Onerilen miihendislik
prensipleriyle desteklenen stratejik yonetim tabanli KGS
modeli, yeni kurulan ve gelismekte olan tiniversitelerin kalite
slireclerini daha etkin ve verimli bir sekilde yonetmelerine
yardimci olabilir. Ayrica, paydas memnuniyeti odakl
sistematik yaklasimiyla, kurumlarin siirekli gelisimine ve
basarisina katki saglayabilir.

1206



Pamukkale Univ Muh Bilim Derg, 31(7), 1192-1210, 2025
M.E. Taner, S. Sadirli

6 Conclusion

This paper focuses on structuring the quality assurance system
(QAS) in a developing state university through a strategic
management-based model. A review of the literature revealed
a gap in QAS models specifically designed for newly established
and developing universities. To address this gap, a novel QAS
model based on stakeholder-driven, systematic, and strategic
approaches, utilizing principles from the engineering
discipline, has been developed within the scope of the paper.

The proposed model aims to ensure continuous improvement
and quality assurance by employing the Plan-Do-Check-Act
(PDCA) cycle philosophy from an engineering perspective. In
addition to fostering continuous improvement, the model
contributes to the long-term sustainability of the university's
quality assurance system, ensuring both efficient use of current
resources and the fulfillment of future quality requirements.
The model allows for sustainable development by integrating
systematic feedback loops based on stakeholder satisfaction.
This approach not only focuses on short-term improvements
but also establishes a sustainable quality management
structure that supports the university’s long-term strategic
goals. To test the applicability and effectiveness of the model,
satisfaction surveys were conducted with four different
stakeholder groups-academic staff, administrative staff,
students, and external stakeholders-at a state university
established in 2018. Factor and regression analyses of the
survey data revealed that the model had a positive impact on
stakeholder satisfaction and significantly increased overall
satisfaction.

The analyses also showed that the factors influencing
satisfaction vary among different stakeholder groups. For
academic staff, "Institutional Governance" and "University
Facilities" were identified as the most influential factors, while
for administrative staff, "Institutionalization” and "University
Facilities" were key. For students, the most critical factors were
"University Governance" and "Institutionalization." These
findings provide important insights for university management
on which areas to prioritize to ensure the sustainability of QAS
and enhance stakeholder satisfaction.

The results suggest that newly established and developing
higher education institutions should adopt a strategic approach
when structuring and improving their QAS. The proposed
model offers a roadmap for such institutions, while the
stakeholder satisfaction surveys and analyses can help
universities identify their specific needs and tailor their QAS
accordingly. This model not only maintains current quality
standards but also provides a structure that enhances the
university's competitive strength and helps achieve its future
quality goals. The model's alignment with engineering
principles of process improvement and resource optimization
supports the sustainability of quality objectives by increasing
institutional competitiveness. Furthermore, it promotes
sustainability by facilitating adaptation to technological
advancements and integrating digital transformation into
quality processes. In this way, higher education institutions can
maintain existing quality standards while also developing a
flexible structure capable of meeting future demands.

This paper fills a significant gap in the literature by presenting
a quality assurance model specifically designed for newly
established and developing universities. The proposed model
integrates engineering-based systematic approaches, strategic
management principles, and data-driven decision-making

mechanisms to introduce an innovative perspective to quality
management processes. Although numerous studies on quality
assurance systems exist in the literature, there is a lack of
research that develops a comprehensive, stakeholder
satisfaction-based analytical model utilizing factor analysis and
regression models, integrated with strategic management and
sustainability principles. In this regard, this paper provides an
applicable and scalable framework for both academic research
and the structuring of quality assurance processes in higher
education institutions.

As this paper was conducted at a single state university, the
generalizability of the findings to other higher education
institutions may be limited. Future research could test the
model's generalizability through studies conducted at different
universities and among various stakeholder groups.
Additionally, qualitative research methods could be used to
gain deeper insights into stakeholder satisfaction and evaluate
the long-term effects of the model.

In conclusion, this paper makes significant contributions to the
field of quality assurance in higher education. The strategic
management-based QAS model, supported by engineering
principles, can help newly established and developing
universities manage their quality processes more effectively
and efficiently. Furthermore, its systematic, stakeholder
satisfaction-focused approach can contribute to the continuous
development and success of institutions.

7 TesekKiir

Calismamiz siiresince bizlere yol gosteren ve katki saglayan
tiim kisi ve kurumlara tesekkiir ederiz. Ozellikle vizyonu ve
destekleriyle siirece degerli katkilarda bulunan Tarsus
Universitesi Kurucu Rektdrii Prof. Dr. Orhan Aydin’a ve
uygulama asamasinda desteklerini esirgemeyen Rektor
Yardimcisi Prof. Dr. Ali Deran’a siikranlarimizi sunariz. Ayrica,
yapicl degerlendirmeleriyle calismamizin gelisimine katkida
bulunan degerli hakemlere ve Pamukkale Universitesi
Miihendislik Bilimleri Dergisi editér kuruluna da igten tesekkiir
ederiz.

8 Yazar katki beyam

Gergeklestirilen bu ¢alismada Mustafa Egemen Taner modelin
kurgusunu olusturarak c¢alismaya %50 Kkatki saglarken,
Samet Sadirl anket uygulamasi ve analiz ¢alismalarini
gerceklestirerek calismaya %50 katki saglamistir. Yazarlar
arasinda herhangi bir ¢ikar ¢akismasi olmamistir.

9 Etik kurul onay1 ve ¢ikar catismasi beyan

“Hazirlanan makalede etik kurul izni alinmasina gerek yoktur”.
“Hazirlanan makalede herhangi bir kisi/kurum ile ¢ikar
¢atismasi bulunmamaktadir”.
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Ek A

Anketlerdeki Onermeler

1. Yiiksekogretimde Ogrenci Yasamindan Memnuniyet

1.1 Ogrenci isleri hizmetlerinden memnunum.
1.2 Bilgi islem hizmetlerinden (teknik destek, e-posta
servisi, bilgisayar laboratuvari vb.) memnunum.

1.3 Ogrenci topluluklarinin faaliyetlerini yeterli buluyorum.

1.4 Kiiltiir, sanat ve spor faaliyetlerinden memnunum.

1.5 Uluslararasi iligkiler ofisinin sundugu hizmetlerden
(Erasmus+, Mevlana, Farabi) memnunum.

1.6 Kariyer planlamasi konusunda sunulan hizmetlerden
memnunum.

1.7 Yerleskedeki 6grencilik yasamimdan memnunum.

1.8 Kiitiiphane hizmetlerinden memnunum.

1.9 Temizlik hizmetlerinden memnunum.

1.10  Giivenlik hizmetlerinden memnunum.
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2. Liderlik, Yonetisim ve Kalite

4. Arastirma ve Gelistirme

2.1 Akademik/idari personele sunulan kendini
gelistirme /hizmet ici egitim olanaklarindan
memnunum.

2.2 Stratejik Planin uygulanma siirecleri yeterli diizeydedir.

2.3 Gorislerimi yonetime iletebilecegim taniml
mekanizmalar mevcuttur.

2.4 Universitemizin kurumsallagsma anlayisindan
memnunum.

2.5 Bilgi yonetim sistemi (e-kampiis) uygulamalarini etkin
buluyorum.

2.6 Akademik personel arasindaki is birligi yeterli
diizeydedir.

2.7 Idari personel ile olan iletisim yeterli diizeydedir.

2.8 Ogrenciler ile olan is birligi yeterli diizeydedir.

2.9 Universite yonetimi profesyonel bir yénetim anlayisina
sahiptir.

2.10  Bagli oldugum yoneticilerim lider yoneticilerdir.

2.11 Kendimi Universitemin bir pargasi olarak gériiyor ve
degerli hissediyorum.

2.12  Universitemiz politikalarindan memnunum.

2.13  Bilimsel etkinlikler (webinar, soylesi, panel vb.) yeterli
diizeydedir.

2.14 Universite Yonetimi tarafindan gerceklestirilen
bilgilendirme toplantilarini yeterli buluyorum.

2.15  Universitemizin kurum kiiltiirinden memnunum.

2.16  Cahstigim ortamin fiziksel sartlarini (iklimlendirme,
aydinlatma, bina tasarimi) yeterli buluyorum.

2.17  Gahstigim ortamin donanimsal kosullarini (bilgisayar,
yazicl, biiro malzemeleri vb.) yeterli buluyorum.

2.18  Kiiltiir ve sanat faaliyetlerinden memnunum.

2.19 Sosyal tesislerin  (yemekhane)  hizmetlerinden
memnunum.

2.20  Kantin hizmetlerinden memnunum.

2.21 Birimimizdeki idari personelin  hizmetlerinden
memnunum.

2.22  Bilgi islem hizmetlerinden (teknik destek, bilgisayar
laboratuvari vb.) memnunum.

2.23  Bilgi ve iletisim Ofisinin faaliyetlerinden memnunum.

2.24  Uluslararas: iliskiler Ofisinin sundugu hizmetlerden
(Erasmus+, Mevlana, Farabi) memnunum.

2.25  Yapim onarim hizmetlerinden memnunum.

2.26  Temizlik hizmetlerinden memnunum.

2.27  Birimimizdeki idari personel sayisi yeterlidir.

2.28 Gorev ve sorumluluklarimin yetkinliklerime uygun
oldugunu diisiiniiyorum.

2.29  Birimimizdeki is yiikii dagilimi dengelidir.

3. Egitim ve Ogretim

3.1 Bolimiimiizdeki egitim programinin is diinyasinin
gereksinimlerini karsiladigini diisiiniiyorum.

3.2 Karma/Hibrit egitim-6gretim uygulamalarini etkin ve
verimli buluyorum.

3.3 Ders sorumlularina kolaylikla ulagabiliyorum.

3.4 Derslik ve laboratuvar gibi egitim alanlarin1 ve bu
alanlardaki teknolojik araglar1 yeterli buluyor.

3.5 Bolumiimiizdeki yan dal, ¢ift anadal, ortak dersler vb.
imkanlardan memnunum.

3.6 Akademik danigmanimla olan iletisimimden
memnunum.

3.7 Sinav, o6dev, proje gibi degerlendirme ydntemlerini
yeterli buluyorum.

3.8 Toplanty, sdylesi ve webinar gibi faaliyetleri gelecegim
acgisindan faydali buluyorum.

3.9 Bolumumiuizdeki Erasmus+, Mevlana ve Farabi
imkanlar yeterlidir.

3.10 Dezavantajli, kirillgan ve az temsil edilen gruplara

yonelik hizmetleri yeterli buluyorum.

4.1 Arastirma ve gelistirme faaliyetleri Universitenin
oncelikli alanlar (uluslararasi ticaret ve lojistik, finans,
ileri ve akilli imalat) ile uyumludur.

4.2 Birimimizde uluslararasi is birlikleri ile yiiriitiilen Ar-Ge
faaliyetleri yeterli diizeydedir.

4.3 Kiitiphane tarafindan sunulan arastirma olanaklari
beklentilerimi karsilamaktadir.

4.4 Universitemde bilimsel arasgtirma projelerine (BAP)
verilen desteklerden memnunum.

4.5 Arastirma ve gelistirme ¢alismalarina yonelik 6zendirici
uygulamalardan (tesvik,  odil, kurum  disi
gorevlendirme vb.) memnunum.

4.6 Arastirma ve gelistirme ile egitim-6gretim faaliyetleri
arasindaki etkilesim yeterli diizeydedir.

4.7 Arastirma ve gelistirme faaliyetlerinin siirdiiriilmesinde
paydaslarla (endiistri, kamu kurum ve kuruluslar, sivil
toplum kuruluslar1 vb.) kurulan iliskiler yeterli
diizeydedir.

4.8 Arastirma ve gelistirme faaliyetlerinin sonuglarinin
kurumsal ve toplumsal faydaya doniisimi yeterli
diizeydedir.

4.9 Proje Ofisinin sundugu hizmetler beklentilerimi
karsilamaktadir.

5. Toplumsal Katki

5.1 Toplumsal katki faaliyetlerine iliskin olanaklar
yeterlidir.

5.2 Universitemizin toplumsal katki faaliyetlerini yeterli
buluyorum.

53 Egitim-Ogretim ile toplumsal katki faaliyetleri
arasindaki etkilesim yeterli diizeydedir.

5.4 Ar-Ge ile toplumsal Kkatki faaliyetleri arasindaki
etkilesim yeterli diizeydedir.

5.5 Topluma yonelik sunulan hizmetlerin duyurulmasi ile
ilgili ara¢ ve mekanizmalar yeterlidir.

5.6 Universitemiz, tilkemizin gelisimi ve kalkinmasina katki
saglar.

6. Temel Deger Analizi

6.1 ##4% (Jniversitesi birimleri ile siirdiirdiigiim iliskiden
memnunum.

6.2 #+64% (Iniversitesi personeli giiler yiizlidiir.

6.3 *+k% (Jnjversitesi personeli isinde etkin ve verimlidir.

6.4 #xx6% (Tniversitesi personeli is ve islem hakkinda yeterli
bilgi sahibidir.

6.5 #x66% {Jnjversitesi personeli sorulariniza / taleplerinize
detayl / anlasilir cevap verir.

6.6 #+65% (Iniversitesi adaleti gozetir.

6.7  **e(Jniversitesi liyakati esas alir.

6.8 #xxxx (Jniversitesi istisarede bulunur.

6.9  *eex(Jniversitesi seffaftir.

6.10  ***** (niversitesi etik degerlere baghdir.

6.11  **** (Jniversitesi miilkemmeliyetgi yaklagima sahiptir.

6.12  *** {niversitesi sitirekli iyilesmeye ve gelismeye
aciktir.

6.13  **=* (Jniversitesi yenilikgidir.

6.14  *eex (niversitesi 6zglindiir.

6.15  **e* (Jniversitesi yerele odakhdir.

6.16  ****(niversitesi kiiresel rekabeti hedefler.

7. Universiteye Yonelik Genel Algi Diizeyi

7.1 #kkik (Jniversitesi, paydaslarinin goriis ve onerilerine
6nem vermektedir.

7.2 #kkkk (Jniversitesi, kurumsal kimligi ile bélgede saygin
bir imaja sahiptir.

7.3 sk (Jniversitesi, stirdiirtilebilir biiyiime ve gelisim
gostermektedir.

7.4 sk (Jniversitesi, ortak proje gelistirme gibi tiretken is

birliklerine agiktir.
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7.5

7.6

7.7
7.8
7.9
7.10

7.11

#kkk% - (Jniversitesi, tanitim  faaliyetlerini  etkin
yuritmektedir.
*kxk Universitesi  personelinin  Universite  dis1

etkinliklere katki saglama yetkinligi beklentileri
karsilamaktadir.

#kkk%  niversitesinin  dis  paydasglara sundugu
hizmetlerin kalitesi beklentileri karsilamaktadir.

#+4% (Jniversitesi mezunlar is ve meslek yasantisinin
gerektirdigi niteliklere sahiptir.

Universite adaylarina ***** Universitesini éneririm.
###4%  [Iniversitesi akademik personeli, arastirma-
gelistirme faaliyetlerinin yiritilmesi icin gerekli
niteliklere sahip, alanlarinda uzman kisilerdir.

#k4% {Jniversitesinin is diinyasina yoénelik sagladig
laboratuvar hizmetleri yeterli diizeydedir.

7.12

7.13

7.14

7.15

#kkkk - {Jniversitesinin sanayi ile etkilesimli olarak
gerceklestirdigi arastirma ve gelistirme faaliyetleri
beklentileri karsilamaktadir.

##+6% [Jniversitesinin, arastirma-gelistirme faaliyetleri
ile topluma katki sagladigini diistiniiyorum.

#kkkk - (Jniversitesi, gerceklestirdigi  bilgilendirme
faaliyetleri (egitimler, calistaylar, kongreler, seminerler,
webinarlar vb.) ile topluma katki saglamaktadir.

#Rk6% kentinin gelismesinde, ***** Universitesi'nin etkin
bir rolii bulunmaktadir.

8. Genel Memnuniyet

8.1

Genel olarak Universitemizden memnunum.
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0z

Giintimiizde hala farkl sektérlerde ve bireyler arasinda yaygin olarak
kullanilan ve mobil iletisimde énemli bir yere sahip olan kisa mesaj
servisi, ¢esitli sektérlerdeki isletmelere operasyonel verimlilik,
pazarlama ve miisteri hizmetlerine yonelik gelistirilen stratejiler gibi
cok farkh alanlarda faydalar iiretmektedir. Bu ¢alismada, cift tstel
diizeltme, ARIMA ve yapay sinir aglar1 kullanilarak kisa mesaj servisi
icin miktar tahmini ve ortalama mutlak yiizde hata ve ortalama kare
hatast kullanilarak elde edilen tahminlerin karsilastirilmasi yapilmigtir.
Calismada, yapay sinir aglart en yiiksek tahmin dogrulugunu vermis,
bunu cift tstel diizeltme yéntemi ve en son olarak ARIMA yéntemi
izlemistir. Tahmin hatalarinin tek yénlii ANOVA karsilastirmalari,
yapay sinir aglari ile cift tstel diizeltme yéntemi arasinda istatistiksel
olarak anlaml bir fark olduguna dair yeterli kanit saglamamaktadir.
Ancak, ARIMA yéntemi her iki yénteme kiyasla onemli él¢tide daha kétii
performans géstermektedir. Deneyler sonucunda elde edilen bir diger
bulgu; katman, néron ve epok (6grenme déngiisii) sayilarinin
artmasinin yapay sinir aglarinin tahmin performansini genel olarak
iyilestirdigi yoniindedir. Ayrica ¢alismada, yapay sinir aginin cikti
katmaninda kullanilan sigmoid aktivasyon fonksiyonunu diizeltilmis
dogrusal birim, hiperbolik tanjant ve dogrusal fonksiyonlariyla
degistirilerek yapilan denemeler sonucunda dogrusal fonksiyonunun
daha iyi performans gosterdigi gériilmiistiir.

Anahtar Kelimeler: Zaman serileri tahmini, Cift tstel diizeltme,
ARIMA, Yapay sinir aglari, SMS.

Abstract

The short message service, which is still widely used to this day in
different sectors and among individuals and has an important place in
mobile communication, provides benefits to businesses in various
sectors in many different areas, such as operational efficiency,
marketing, and customer service strategies. In this study, double
exponential smoothing, ARIMA, and artificial neural networks are used
to forecast the short message quantity, and mean absolute percentage
error and mean squared error measures are used to compare the
forecasts. In this study, the artificial neural networks yield the highest
forecast accuracy, followed by double exponential smoothing and,
lastly, the ARIMA method. One-way ANOVA comparisons of forecast
errors do not provide sufficient evidence to declare a statistically
significant difference between artificial neural networks and the double
exponential smoothing method. However, ARIMA method performs
significantly worse than both. Another finding obtained as a result of
the experiments is that increasing the number of layers, neurons, and
epochs (learning cycles) improves the forecasting performance of
artificial neural networks in general. Additionally, the experiments done
by replacing the sigmoid activation function used in the output layer of
the neural network with rectified linear unit, hyperbolic tangent, and
linear functions showed that the linear function performs better.

Keywords: Time series forecasting, Double exponential smoothing,
ARIMA, Artificial neural networks, SMS.

1 Giris

Mobil haberlesmenin dnemli yapi taslarindan birini olusturan
kisa mesaj servisi (SMS) giiniimiizde elektronik bankaciliga
giris yapilabilmesinde, isletmelerin kampanyalariyla ilgili
miisterileriyle iletisime gec¢mesinde, saglkla ilgili randevu
hatirlatma ve recete bilgilendirmesinin yapilmasinda, bir
etkinlik alimi sonucunda miisterilere onay bilgilerinin
gonderilmesinde, vergi ve yasal bildirimler gibi kamusal
hizmetlerle ilgili vatandaslarin bilgilendirilmesinde, satin
alinan ulasim biletlerinin onaylarinin iletilmesinde, e-ticaret
kapsaminda satin alma silirecinin 6deme dogrulama
asamasinda ve daha bir¢ok farkli alanda yaygin olarak
kullanilmaktadir. SMS’yle sadece bireyler arasindaki degil, ayni
zamanda isletmelerin miisterileriyle olan iletisimi de
saglanmaktadir.

*Yazisilan yazar/Corresponding author

Finans, pazarlama, ticaret, saglik, egitim ve kamusal hizmetler
gibi sektorler i¢in kritik 6neme sahip SMS miktarinin tahmini
ile telekomiinikasyon sektoriinde faaliyet gdsteren isletmeler
miisteri stratejilerini daha kolay belirleyebilmektedir. SMS
miktarinin dogru tahmini sayesinde kaynaklar1 etkin
kullanmak, miisteri memnuniyetini artirmak ve daha iyi
yatirim planlar1 yapmak miimkiin olabilir. Ayrica, tahmin
bulgular1 miisteri iligkileri yonetimi (CRM) ve dijital pazarlama
gibi alanlarda da kullanilabilir. CRM kapsaminda, dogru SMS
talep tahmini isletmelerin miisteri iletisim stratejilerini
optimize etmelerine yardimci olarak promosyon veya islem
mesajlarinin en etkili zamanlarda génderilmesini saglayabilir.
Dijital pazarlama agisindan ise zamanlamas iyi ayarlanmis
kampanyalar olusturulmasina katkida bulunarak miisteri
etkilesimini ve doniisiim oranlarini artirabilir.
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Tiirkiye’de gonderilen SMS sayis1 diisiis egilimindedir
(Sekil 1). Bu diisiis egiliminin 6nemli sebeplerinden birisi
internet tabanli mesajlasma  uygulamalarinin  artan
popiilaritesidir [1]. Ayrica, internet kullaniminin yayginlasmasi
ile SMS ve MMS'yi birlestirerek farkli marka telefonlar/servis
saglayicilar arasindaki mesajlasmaylr daha kaliteli ve ek
ozelliklerle sunabilecek yeni teknolojiler de giindemdedir.
Bunlardan, Zengin iletisim Hizmetlerinin (RCS) gelecek yillarda
benimsenme oranlarinin daha da artacagi 6ngorilmektedir [2].
Dolayisiyla, hem servis saglayicilarin altyapr gelistirme ve
modernizasyonu ile yeni teknolojilere  yatirimlarini
planlamalarinda hem de diger sektdrlerin dijital pazarlama
stratejilerini belirlemelerinde mesajlasma egilim ve trendlerini
analiz etmelerinin énemi artarak siirmektedir.

Bu calismada, SMS sayisinin tahmini icin gercek veriler
kullanilarak ~ verinin  yapismma uygun klasik tahmin
modellerinden c¢ift iistel diizeltme ile ARIMA'nin yani sira
ozellikle son zamanlarda literatiirde olduk¢a sik olarak
karsilagilan makine 6grenmesi modellerinden yapay sinir
aglar1 kullanilmistir. Bu modeller icin en iyi parametre
degerleri  belirlenerek tahminler gerceklestirilmis ve
modellerin performanslari karsilastirilmistir.

Calismanin devami su sekilde organize edilmistir: Bolim 2’de
bazi ge¢mis tahmin calismalarina deginilerek literatiire katkilar
anlatilmistir. Bolim 3’te, ¢alismadaki girdiler, veriler,
performans Olgiitleri, aktivasyon fonksiyonlari ve tahmin i¢in
kullanilan yontemler ile uygulamalari verilmistir. Boliimler 4 ve
5’te sonuglar ele alinarak calisma sonlandirilmistir.

2 Geg¢mis calismalar

Literatiirde tahminleme konusu tizerine ¢ok farkli alanlarda
yapilmis olan ¢alismalar bulunmaktadir. [3]’te iirilin talep, [4]'te

trafik kazasi1 ve yarali sayilari, [5]'de seker iiretiminde kalite
kontrol kriterlerinden biri olan ¢ézelti rengi, [6]'da 112 Acil
Cagr1 Merkezine gelebilecek c¢agri sayisi, [7]'de COVID-19
pandemi déneminde bir liglincii parti lojistik firmasinin talep
tahminleri i¢in cesitli klasik istatistiksel ve makine 6grenmesi
yontemleri kullanilmistir. Bu c¢alismanin konusu olan SMS
miktari gibi telekomiinikasyon sektorii i¢in kritik 6neme sahip
degiskenlerin tahminine yonelik gecmis ¢calismalar incelenerek
Tablo 1’de 6zetlenmistir. Calismalarda kullanilan kisaltmalar
Ek Tablo A.1’de verilmistir.

Tablo 1'de o6zetlenen telekomiinikasyon sektoriine ait
calismalardan [8]'de kullanilan o6zellikler mobil sebeke
sistemlerindeki teknik bilgilerden olusmaktadir. Oznitelik
secimi, korelasyon ve siralama kullanilarak yapilmistir.
Calismada, degisik egitim-test oranlari incelenmemistir. [9]'da
ARIMA icin parametre optimizasyonu yapilmis ancak farklh
modeller incelenmemistir. [10]’da YSA tiirevlerinden olan
LSTM ve RNN gibi derin 6grenme modellerinde, hiicre ve gizli
katman sayilari i¢in parametre degerleri belirlenmistir. Ancak
egitim-test orani tek bir degerde sabit birakilmistir. [11]'de,
basit yapili bir YSA tizerinde bir 6zellik ve bir egitim-test orani
kullanilarak tahmin gergeklestirilmis, farkli ydntemlerle
karsilagtirma ve hata analizi yapilmamistir. [12]'de YSA ve
LSTM modellerinin benzer performans gosterdigi, ancak
YSA’nin ¢alisma siiresinin LSTM’ye gore ¢ok daha diisiik oldugu
vurgulanmistir. Calismamaizla en ilgili olan [16]'da SMS, arama
ve internet hizmetlerine iliskin trafik tahminleri tarihsel
ortalama, c¢esitli makine ve derin 06grenme yontemleri
kullanilarak yapilmistir. Calismada, ConvLSTM-GNN hibrit
modeli en iyi performansi gostermistir. Ancak, modellerde
kullanilan parametrelerin optimizasyonu yapilmamis, bunlar
bastan sabitlenerek tahminler tiretilmistir.

Tablo 1. Telekom sektdriindeki bazi tahmin ¢alismalari.

Table 1. Some forecasting studies in the telecommunication sector.

Calisma Hedef degisken Yontemler Metrikler Veri En iyi yontemler
[8], 2016 Sebeke hiicresindeki MLP/MLPWD/SVM MAPE/RMSE 25.01.2015-31.01.2015, 168 Deney 1: SVM
aktif kullanici sayis1 adet veri (Deney 1: 24 6zellik, Deney 2: MLPWD
Deney 2: 1 6zellik)
[9], 2016 Mobil abone sayis1 ARIMA AIC/MAD/MAPE/RMSE/SBC  2000-2014, yilik 15 adet veri  ARIMA (1,2,1)
[10],2017  Mobil internet trafigi RNN/3D CNN/CNN-RNN/ARIMA (STL)/LM MAE/MAPE/RMSE Kasim-Aralik 2013, 6 farkli CNN-RNN
(STL)/RNN (MTL)/3D CNN (MTL)/CNN- zaman dilimi i¢in onar
RNN (STL)/CNN-RNN (MTL) dakikalik veriler*
[11],2021  GSM kullanici sayisi MLP MSE/RE Aralik 2008-Agustos 2020 -
yillik 140 adet veri
[12],2022  Deney 1: internet trafik YSA/LSTM/ARIMA/SMA MAE/MAPE/MSE/RMSE/R?  Deney 1: 07.07.2005- Deney 1: YSA
hacmi 28.07.2005, Deney 2: LSTM
Deney 2: Ortalama Deney 2:15.06.2021-
giden ve gelen trafik 15.07.2021,
ayriminda internet beser dakikalik veriler*
trafik hacmi
[13],2024  Mobil sebeke trafigi HA/SVR/FNN/STGCN/ASTGCN/Graph- MAE/RMSE 23.12.2019-5.1.2020 beser HSeq2Seq
WaveNet/HGCN/HSeq2Seq dakikalik veriler*
[14],2024  5G hiicresel sebekelerin LSTM/BiLSTM/YSA/RF MSE/R? 35 farkli veri kiimesi* BiLSTM, LSTM
verimliligi
[15],2024  Uydu iletisimindeki Seq2Seq-LSTM MAE/MSE 14 giinliik 5555 adet veri -
trafik talebi
[16],2024  SMS, arama ve internet  Son deger/HA/STCnet/GASTN/STAGCN/ MAE/RMSE/R? 01.11.2014-01.01.2023, onar ~ ConvLSTM-GNN
trafigi DMFSMF/Conv3D/ConvLSTM/ConvGRU/C dakikalik veriler*
onvLSTM-GNN/Stdense net
Bucalisma  SMS miktari DES/ARIMA/YSA MAPE/MSE/Kruskal-Wallis 2009, 3. ii¢ aylik dénem-2023, YSA ve DES

4. li¢ ayhk donem, 58 adet veri

*: Net veri adeti belirtilmemistir.
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Yazarlarin bilgisi dahilinde bu c¢alismaya benzer baska bir
calismaya literatiirde rastlanilmamis olup katkilarimiz asagida
O0zetlenmistir:

e  Veriyapisina uygun tahmin modelleri belirlenerek model
performanslar1i  MAPE ve  MSE  metrikleriyle
karsilagtirilmigtir.  Ayrica, modellerin  tahminleri
arasinda istatistiksel olarak anlamli bir fark olup
olmadig test edilerek ¢alismanin bulgular1 daha objektif
hale getirilmistir,

e  YSA modeliyle tahmin performansim iyilestirebilmek
icin alana o6zgli 15 girdi belirlenerek gercek veriler
toplanmistir. Raporlanmis verinin biitiiniinde zamansal
harmoniyi olusturabilmek icin yilhik miktar olarak
yayimlananlari dogrusal interpolasyon yaklasimiyla,
orantisal olanlar secilen periyotta ayni olacak sekilde
diizenlenmistir,

e YSA modelinin kurulmasi asamasinda RFE o6zellik secimi
yapilarak siralamalar belirlenmis, her 6zellik sayisi igin
denemeler yapilmis ve girdilerden hedef degiskenle en
ilgili olanlar1 bu sayede belirlenmistir. Ozellik seciminde
ikili bir siire¢ ytiriitiilerek 6zelliklerin hem ham degerleri
hem de birinci dereceden farklar1 kullanilmistir.

e  Modeller icin parametre optimizasyonu yapilmis,
ozellikle YSA modelinde parametre degerlerinin
tahminlere etkileri duyarlilik analiziyle incelenmistir.

3 Veri kiimesi ve yontem

Bu béliimde, ¢alismada kullanilan girdiler, veriler ve tahmin
yontemleri agiklanmaktadir. Sekil 1’de goruldiigl lizere SMS
miktarinin zaman serisi azalan bir trende sahiptir. Calismada,
bu durum dikkate alinarak trende sahip zaman serilerinin
tahmini icin uygun olan cift listel diizeltme yontemi, ARIMA
metodu ve YSA kullanilmistir.

50,000
40,000
30,000
20,000
10,000

——Gergek veri
Dogrusal trend

SMS miktar (milyon)

1 4 7101316192225283134374043 4649525558
Periyotlar

Sekil 1. Ceyrek donemlerde gonderilen SMS miktarinin zaman
serisi ve trendi (2009, 3. ceyrek-2023, 4. ceyrek).

Figure 1. Time series plot and trendline of the quarterly SMS
quantity sent (2009, 31 quarter-2023, 4th quarter).

SMS miktarini etkileyebilecek 15 6zellik belirlenerek Tablo 2'de
listelenmistir.

I1gili 6zelliklerden;

e  Mobil abone sayisi, sadece mobil abonelige sahip
bireylerin SMS hizmetinden yararlanabilecegi;

e  2G ve 3G abone sayisi, 2G ve 3G teknolojisini kullanan
bireylerin internet kullanimmnin 4.5G’yi kullanan
bireylere gore daha az gergeklesebilecegi;

e  H-TUFE, haberlesme sektoriinde gergeklesen fiyatlari,
abonelikleri ve dolayisiyla isletmelerin sundugu paket
veya tarifelerin tercih edilmesini etkileyebilecegi;

e  Ulusal egitim istatistikleri, SMS kullaniminin egitim
durumundan ve niifustan etkilenebilecegi;

e SMS ve MMS gelir orani, isletmelerin gelir orani gibi
stratejilerini 6nceden belirleyebilecekleri ve kendileri
icin daha 6nemli olan gelir tiiriine yonelik yatirimlarini
planlayabilecekleri;

e  Mobil genisbant abone sayisi, mobil internete sahip
bireylerin sayisini gostermekte olup bu bireylerin
mesajlasma i¢cin SMS’yi daha az tercih edebilecekleri
dusiinceleriyle;

. Zamansal sira, SMS'nin zaman serisi olmasi sebebiyle

secilmistir.
Tablo 2. SMS miktarini etkileyebilecek 6zellikler.
Table 2. Features that may affect the SMS quantity.

Ozellik

Mobil abone sayis1

2G ve 3G abone sayisi

Haberlesme tiiketici fiyat endeksi (H-TUFE)

Okuma yazma bilmeyen kisi sayis1

Okuma yazma bilen fakat bir okul bitirmeyen Kkisi sayis1
Ortaokul veya dengi mezunu kisi sayisi

fIkégretim mezunu kisi sayisi

Lise veya dengi meslek okulu mezunu kisi sayisi
Yiiksekokul veya fakiilte mezunu

10.  Yiiksek lisans mezunu kisi sayisi

11.  Doktora mezunu Kisi sayis1

12.  Egitim durumu bilinmeyen kisi sayis1

13.  SMS ve cokluortam mesaj hizmeti (MMS) gelir oranm
14.  Mobil genisbant abone sayisi

15.  Zamansal sira

Z
o

O XN W

3.1 Verilerin elde edilisi

Calismada tahminler her ti¢ aylik periyot icin yapilmustir. ilgili
veriler, Bilgi Teknolojileri ve iletisim Kurumunun iicer aylik
periyotlarla yayimladigi Tiirkiye Elektronik Haberlesme
Sektérii U¢ Aylik Pazar Verileri Raporu ile Tiirkiye Istatistik
Kurumu tarafindan 2009 ile 2023 yillar1 arasinda yayimladigi
calismalardan elde edilen 58 periyotluk girdi ve ¢iktilardan
olusmaktadir ([17]-[19]). Ulusal egitim istatistikleri yillik
olarak  yayimlanmakta olup, ¢eyrek yilik veriler
bulunmamaktadir. Bu ¢alismada, ulusal egitim istatistiklerinin,
yil icindeki ¢ceyrek yillik periyotlarda biiyiik dalgalanmalar veya
mevsimsel davranis gostermesi beklenmeyecegi varsayimi
yapilmistir. Dolayisiyla, yillik verilerin tiger aylik dénemlere
dontstirilmesi islemi dogrusal interpolasyonla yapilmistir
([20],[21]). SMS ve MMS gelir orani sadece o yila ait olan ilgili
gelirlerin tim gelirlere oranini temsil ettigi icin y1l boyunca
sabit alinmistir.

3.2  Ozellik se¢imi

YSA modelinde kullanilmak {tizere girdi olarak belirlenen
o6zelliklerin yiiksek korelasyona sahip olduklar1 belirlenmistir.
Tahmin performansinin olumsuz etkilenmesini 6nlemek ve en
iyi performansi veren 0Ozellikleri belirlemek icin RFE
yontemiyle ozellik secimi yapilmistir. RFE, 6zellikleri énem
degerine gore siralamak yerine en 6nemsizleri eler ve bunu
istenen sayida oOzellik kalana kadar yineler. RFE yontemi
herhangi bir makine 06grenme algoritmasin isleyebilme
6zelligine sahiptir [22]. Bu duruma istinaden, ¢alismadaki
6zellik sec¢imi i¢in RFE rastgele orman teknigiyle kurulmus ve
Python programlama dilinde kodlanarak uygulanmistir.
Rutin 1, ilgili siirecin s6zde kodunu vermektedir.
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Rutin 1. RFE yontemiyle 6zellik se¢ciminin sézde kodu.

Routine 1. Pseudocode for feature selection with RFE.

Hem ham hem de 1. dereceden fark alinmis veriler igin:
Veri kiimesini girdi ve ¢ikti degiskenleri i¢in ayir.
n girdi sayisi i¢in (n-1)’den 1’e kadar:
Rastgele orman teknigini kullanan RFE yontemini uygula.
Secilen ozellikleri raporla.

Ozellik seciminde iki veri kiimesi kullanilmistir. Bunlardan ilki
tiim girdi parametrelerinin ger¢ek degerleri, digeri ise SMS
miktarinin azalan bir trende sahip olmasina bagl olarak tiim
girdi degerlerinin birinci dereceden farklarinin alinmasiyla
olusan degerlerdir. Ozellik secim siireci, 5nem diizeyi yiiksek ilk
14 ozelligin belirlenmesiyle baslayip tek bir 6zelligin
belirlenmesine kadar siirdiriilmistiir. RFE yoOnteminin
girdilere uygulamasini gosteren S$ekil 2’'de, dikey eksen
ozelliklerin siralamasi (ve sayisi), yatay eksen ozelliklerin
numaralaridir.

—“WO~NO=Wwawn
T .

Ham veri igin
segilen dzellik sayis

U4ﬂ( mwmﬂ. .F-

5 6 7 8 9 10 11 12 13 14 15
Ozellikler

HD3455 (Ww

7 8 9 10 11 12 13 14 15
Ozellikler

1 2

=W NO =W

Fark verisi igin
segilen ozellik sayisi

Sekil 2. RFE yonteminin uygulanmasi.
Figure 2. Application of the RFE method.

Istenen 6zellik sayisma denk gelen cubuk yiiksekliginin
altindaki o6zellikler secilirken Ttstiindeki o6zellikler elenir.
Ornegin, tek bir 6zellik secmek istenirse bu 6zellik, ham veriler
kullanildiginda 10., birinci dereceden fark alinmis veriler
kullanildiginda 3. o6zellik olur. Tablo 3, 6zelliklerin 6nem
diizeylerini sirali olarak gostermektedir.

Tablo 3. Ozelliklerin RFE yéntemine gére 6nem siralamas.
Table 3. Ranking of the features based on RFE.

3.3  Ozellik Normalizasyonu

Normalizasyon, kullanilacak o6zelliklerin odlgekleri arasinda
belirgin farkliliklar oldugunda verileri [0,1] veya [-1,1]
araliklarindaki degerlere doniistiirerek verilerin birbirleriyle
karsilastirilabilmesini saglar ([23],[24]). Calismadaki veriler,
literatiirde siklikla kullanilan min-max normalizasyonuyla [0,1]
araligina sinirlandinlmistir [25]. ilgili notasyon Tablo 4’te,
formiilasyon Denklem (1)’de verilmistir [26].

Tablo 4. Min-max normalizasyonunda kullanilan notasyon.

Table 4. The notation used in the min-max normalization.

Sembol Aciklama

X Veri kiimesi
min Xvemax X  Veri kiimesindeki en kii¢lik ve en biiyiik
degerler
Xi Veri kiimesindekKi i. verinin gercek degeri
xi’ Veri kiimesindeki i. verinin normalize
edilmis degeri

Siralama Ham Fark alinmis

(6nem diizeyi) Veri Veri
1 10 3
2 8 15
3 11 5
4 5 14
5 9 10
6 6 2
7 15 4
8 3 13
9 12 1
10 1 7
11 14 6
12 4 9
13 13 11
14 7 8
15 2 12

x, _ x;—minX
{7 maxX-minXx 1)
3.4 Performans metrikleri

Literatiirde, tahmin modellerinin performanslarinin él¢iilmesi
ve karsilastirilmasi i¢in farkli hata metrikleri bulunmaktadir
[27]. Bu g¢alismada MAPE ve MSE tercih edilmis ve ilgili
metriklerin notasyonu Tablo 5’te verilmistir.

Tablo 5. Tahmin performans 6l¢iimiinde kullanilan notasyon.

Table 5. Notation used in the forecast error measures.

Sembol Aciklama
Di i periyodundaki gercek deger
Fi i periyodundaki tahmin degeri
n Periyot (gozlem) sayisi

3.4.1 Ortalama mutlak yiizde hata

MAPE, gercek ve tahmin degerleri arasindaki farkin gercek
degere oranina dayali oldugundan diger metriklere goére daha
objektif bir gosterge olarak kabul edililir. Veri 6l¢egine duyarl
olmayan MAPE degeri sifira ne kadar yakinsa tahmin o kadar
basarilidir [28]. MAPE, Denklem (2) kullanilarak hesaplanir.

MAPE = 1zn: |D"_Fi| 2
=225 )
i=

MAPE, gercek degerin iistiindeki tahminlere, altindakilerden
daha yiiksek bir ceza uyguladigindan, ytiksek hatalarin
beklendigi modellerde kullanimi elestiri konusudur [29]. Bu
sebeple, ¢calismada ikinci bir metrik olarak MSE kullanilmistir.

3.4.2 Ortalama kare hata

YSA’da girdilerin normalizasyona tabi tutuldugu modelden elde
edilen c¢iktilar da normalize degerler verir. Hata hesaplamasi
yapabilmek i¢in tahmin degerlerini tekrar gercek degerlere
dontistiirmek gerekir [30]. Bu calismada, veri degerlerini
gercek Olcekte ele almak ve MAPE metrigindeki olasi
dezavantajlardan korunmak i¢in yaygin olarak kullanilan ve
Denklem (3)’te formiilii verilen MSE metrigi tercih edilmistir.

1 n
MSE = - Z (D; — F;)? (3)

i=1
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3.5 Aktivasyon fonksiyonlar:

Aktivasyon fonksiyonu, yapay sinir hiicresinin giris verilerini
isleyerek bir c¢ikt1 degerinin tliretilmesini saglar. Fonksiyonun
dogru sekilde secilmesi modelin performansini dogrudan
etkiler [31]. Bu se¢cim genelde veriye degil, deneylere bagh
olarak yapilir [32]. Sigmoid, ReLU, hiperbolik tanjant (tanh) ve
dogrusal en sik kullanilan aktivasyon fonksiyonlarindandir.

3.5.1 Sigmoid

Sigmoid fonksiyonu, negatif degerleri sifira, biiyik pozitif
degerleri ise 1'e yaklastirarak c¢iktilar1 [0,1] arahigindaki
degerlere atar. Sigmoid, genelde siniflandirma problemlerinin
ciktisini modellemede kullanilmaktadir. Formiili
Denklem (4)’te verilen sigmoid fonksiyonunun iistel islem
icermesinden dolayr hesaplama karmasikligi yiiksektir
([33],[34]) ve ¢alismamizda sadece ¢ikti katmaninda
kullanilmigtir.

sigmoid(x) = 1+1_x 4

3.5.2 RelLU

ReLU fonksiyonu, negatif girdi degerlerini sifira, pozitif girdi
degerlerini kendisine dondiiriir [35]. Parcali dogrusal bir
fonksiyon olarak betimlenebilen ReLU’nun formiilasyonu
Denklem (5)’te verilmistir. ReLU, pratikte iyi sonug verdigi i¢in
siklikla tercih edilir ([32],[36]) ve ¢alismamizda YSA'nin gizli
katmanlarinda kullanilmistir.

ReLU(x) = max {0, x} (5)

3.5.3 Hiperbolik tanjant

Formiilasyonu Denklem (6)'da verilen tanh aktivasyon
fonksiyonu sigmoide benzer bir yapiya sahiptir, ancak ¢ikti
degerleri [-1,1] araligindadir. Tirevi sigmoide gore daha dik
oldugundan daha genis bir deger aralig1 elde edilir [36].

2

tanh(x) = m -

1 (6)

3.5.4 Dogrusal

Dogrusal aktivasyon fonksiyonu, yorumlanabilirlik gerektiren,
girdi-gikt1 iliskisinin basit ve dogrusal oldugu durumlarda
kullanilir. Denklem (7)’de verilen dogrusal aktivasyon
fonksiyonundaki a ¢arpaninin degerini kullanici belirler [37].

F(x) = ax (7)

3.6 Yontem

Bu calismada, ele alinan SMS miktarinin azalan trend
gostermesinden dolay: bu tiir zaman serilerinin tahmini i¢in
uygun olan cift listel diizeltme y6ntemi, ARIMA metodu ve YSA
kullanilmistir. Tahmin modelleri Python programlama dilinde
kodlanarak JupyterLab lizerinde ¢alistirilmis, uygun parametre
degerleri ile model yapilar1 belirlenmistir. Modellerin
karsilastirilmalart MAPE ve MSE metrikleri, performanlari
arasinda istatistiksel olarak anlaml bir fark olup olmadig1 da
Kruskal-Wallis testi [38] kullanilarak yapilmistir.

3.6.1 (iftiistel diizeltme yontemi

Literatiirde yaygin olarak kullanilan {stel diizeltme
yonteminde, yakin tarihli gézlemlere eski gozlemlere gore daha
fazla agirlik verilir ([39],[40]). Bu yontemin siklikla kullanilan
li¢ tiri basit Ustel diizeltme, ¢ift iistel diizeltme ve Holt-

Winters'dir [41]. Calismamizdaki veri trende sahip oldugundan
cift lstel diizeltme ydéntemi kullanilmistir. ilgili notasyon
Tablo 6’da, formiilasyonlar Denklemler (8)-(10)'da verilmistir
[42].

Tablo 6. Cift iistel diizeltme yonteminde kullanilan notasyon.

Table 6. Notation used in the double exponential smoothing

method.
Sembol Aciklama
St t periyodundaki diizeltilmis seviye degeri
D t periyodundaki gercek gézlemlenen deger
Gr t periyodundaki trend degeri

B Ustel ve trend diizeltme parametreleri,
ave a,p € (0,1)

Fitsr t periyodunda t adim sonraki tahmin degeri
St =aDy+ (1 — a)(Se-1 + Ge-1) (8
G = B(St — St-1) + (1 = B)(Gr-1) 9
Freir =S¢ + 16, (10)

Cift tstel diizeltme yontemiyle yapilan c¢alismanin siireci
Rutin 2’de verilmistir.

Rutin 2. SMS sayisinin ¢ift listel diizeltme yontemiyle tahmini
icin s6zde kod.

Routine 2. Pseudocode for forecasting the SMS quantity using
the double exponential smoothing method.

Veri kiimesini yiikle.
Go degerini ilk 4 doneme gore hesapla.
Sodegerini 4. gbzlem degeri olarak al.
B =0.1"den 1’e kadar 0.1’lik artisla:
a =0.1'den 1’e kadar 0.1'lik artisla:
Her t € {5,6, ...,n} icin:
St degerini Denklem (8)’le hesapla.
G: degerini Denklem (9)’la hesapla.
F ¢4, degerini Denklem (10)’la hesapla.
MSE ve MAPE degerlerini hesapla.

Ustel ve trend diizeltme paremetrelerinin (sirasiyla a ve §3)
degerleri 0.1'den baslayarak 0.1'lik artisla denenmistir.
Tablo 7’de 6zetlendigi gibi, en iyi @ ve  degerleri sirasiyla;
MAPE metrigine gore 0.8 ve 0.2, MSE metrigine gore 0.9 ve
0.2’dir.

Tablo 7. Cift Gistel diizeltme i¢in test edilen parametre
kiimesindeki en iyi sonucu veren parametre degerleri.

Table 7. Best parameter values in the set of those tested for the
double exponential smoothing model.

a B MAPE MSE
0.8 0.2 0.073790 4,395,378
0.9 0.2 0.074764 4,281,504

3.6.2 ARIMA metodu

Box-Jenkins yontemi olarak da adlandirilan ARIMA, zaman
serilerinde kullanilan bir diger tahmin metodudur. Duragan
olmayan ve fark alma gibi doéntisiimlerle duraganlastirilan
zaman serilerinde kullanilir ([6],[9]). Model parametrelerinin
belirlenmesinde, otokorelasyon ve kismi otokorelasyon
fonksiyonlarindan yararlanilir. ARIMA ile ilgili notasyon
Tablo 8’de, formiilasyon Denklem (11)’de verilmistir [43].
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Tablo 8. ARIMA yonteminde kullanilan notasyon.
Table 8. Notation used in the ARIMA method.

Sembol Aciklama

Bir ya da ve birden fazla kere farki alinmis

Y .

zaman serisi
zZ Sabit
Gy AR model parametresi
Gy MA model parametresi
&t Hata miktar1

Yl’ =7+ 91Yt_1 + 92Yt_2 + -+ Hth_p

+ 161 + 0285 + o+ Uy an

ARIMA ¢alismasina ait sézde kod Rutin 3’te verilmistir.
Rutin 3. SMS sayisinin ARIMA ile tahmini icin s6zde kod.

Routine 3. Pseudocode for forecasting the SMS quantity using
ARIMA.

Veri kiimesini ytikle.
Otokorelasyon ve kismi otokorelasyon grafiklerinin ¢iz.
Duraganlik testi i¢in Dickey Fuller testini uygula.
p <0.05 oluncaya kadar x degeri 1'den baslamak iizere x kere:
x. dereceden fark alma islemini yap.
Dickey Fuller testini yap.
Otokorelasyon ve kismi otokorelasyon grafiklerini ¢iz.
Veriyi 0.75:0.25, 0.5:0.5, 0.25:0.75 oranlarinda egitim-test icin ayur.
Olusturulan ii¢ veri kiimesi i¢cin modeli ¢alistir.
MSE ve MAPE degerlerini hesapla.

ARIMA modeliyle tahmin ¢alismasinda 6ncelikle otokorelasyon
ve kismi otokorelasyon grafikleri ¢izilmistir. Sekil 3, ham veri
icin ilgili grafikleri gostermektedir.

Otokorelasyon Kismi otokorelasyon

1

o HHHHHHT-.. :

1% 5 0 15 1% 5 0 15

LI e -

Sekil 3. Ham veride otokorelasyon ve kismi otokorelasyon.

Figure 3. Autocorrelation and partial autocorrelation in the raw
data.

Grafik ¢izimlerinin ardindan, duraganhik testi birim kok
testlerinden birisi olan Dickey Fuller ile yapilmis ve
gozlemlenen hata degeri olan p degeri 0.91 ¢ikmistir. Birinci
dereceden fark alma islemi geceklestirildikten sonra ise p
degeri 0.006’ya inmistir. Bu deger, calismada kabul edilebilir
hata yiizdesi olarak kullanilan 0.05’in altinda oldugundan fark
alimiyla serinin duragan hale geldigi gézlemlenmistir. Farki
alman veriler icin Sekil 4 incelendiginde, otokorelasyon
grafiginde anlamli bir Kkorelasyonun olmadig;, kismi
otokorelasyon grafiginde bir adet anlamli korelasyonun oldugu
gorilmigtir. Bu sebeple model parametreleri (1,1,0)
alinmustir.

Otokorelasyon Kismi otokorelasyon

1

1% 5 0 15 1% 5 0 15

Sekil 4. Fark verisinde otokorelasyon ve kismi otokorelasyon.

Figure 4. Autocorrelation and partial autocorrelation in the
differenced data.

Tablo 9’da goriilebilecegi gibi 0.75:0.25 egitim-test orani en
diisiik MAPE ve MSE degerlerini vermistir.

Tablo 9. ARIMA tahminlerinin farkl egitim-test oranlarindaki
performansi.

Table 9. ARIMA forecast performance under different training-
to-test ratios.

Egitim-test orani MAPE MSE
0.75:0.25 0.576412 19,753,650
0.50:0.50 1.422308 195,232,491
0.25:0.75 2.399017 848,639,698

3.6.3 Yapay sinir aglan

YSA'nin temellerinin 1943’te McCullogh ve Pitts tarafindan
hiicre modeli olusturulmasiyla atildig1 kabul edilmektedir [44].
Beyin yapisindan esinlenerek ortaya ¢ikan YSA, kendisine gelen
bilgileri toplar, aktivasyon fonksiyonundan gecirerek trettigi
ciktilar1 diger hiicrelere iletir [45]. YSA, gecmis tecriibelerden
0grenebilme 6zelligi sayesinde yeni bilgileri tahmin edebilme
yetenegine sahiptir [46]. Cesitli katmanlar ile néronlar ve
aralarindaki baglantilardan olusan bir aga (Sekil 5), dnce bir
girdi kiimesi tanitilir ve ardindan agin egitilmesi saglanir.

N

i Cikti 1 F——

o

I |

L - N |
Girdi | Cikti |
katmani | katmani X

Sekil 5. Ornek bir YSA.
Figure 5. An example artificial neural network.

Egitme isleminin ardindan, tiim néronlarin girdileri bir
aktivasyon fonksiyonundan gecerek ciktiya dontsiir [47].
Aktivasyon fonksiyonuyla ilgili notasyon Tablo 10’da,
formiilasyonlar tek ve birden fazla girdili durumlar igin
sirasiyla Denklemler (12) ve (13)’te verilmistir [48].

Tablo 10. Aktivasyon fonksiyonu icin kullanilan notasyon.
Table 10. The notation used for the activation function.
Sembol Aciklama
Vi i. digiimiin ¢iktis,
xjvexx Diigiminj. ve k. girdileri,j = 1,2,...,n
wii ive j dugiimleri arasindaki iliskinin agirhg (tek girdili
durum)
wi  1,j ve k diiglimleri arasindaki iligkinin agirhig (¢ok girdili
durum)
o i. diiglimiin esigi veya sapmasi
fi i. diigiim icin aktivasyon fonksiyonu

yi = (X wijx; — 6;) (12)
Vi = fi(ZFeq Xhey Wijkxjxy — 6;) (13)

YSA ile tahmin siirecini etkin bir sekilde yiiriitebilmek i¢in
calisma li¢ asamada gergeklestirilmistir:

e ilk asama, RFE yontemiyle siralanan ézelliklerden en
iyl performans gosterenlerini ve en iyi egitim-test
oranini,

e ikinci asama, katman, néron ve epok sayilarimn
tahmin performansina etkisinin goézlemlenerek en
uygun ag yapisini,
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e  Uciincii asama, cesitli aktivasyon fonksiyonlarinin
zaman serisine etkisini

belirlemek amaglarini gitmektedir. Rutin 4, YSA’yla tahmin
calismasinin s6zde kodunu vermektedir.

Rutin 4. SMS sayisinin YSA’yla tahmin ¢alismasinin sézde
kodu.
Routine 4. Pseudocode for forecasting the SMS quantity using
artificial neural networks.

Birinci agama:

Ham ve birinci dereceden fark alinmis veriler i¢in, RFE

yontemiyle 6zellik onem siralamasi yap.

YSA’yla denemeler yaparak en iyi dzellik sayisi ve egitim-test

oranini belirle.
ikinci agsama:

Birinci asamada belirlenen en iyi 6zellik sayisi ile egitim-test

orani i¢in:

Gizli katman sayis1 m € [1, 5] igin:
Epok sayisin1 200 ve 300 alarak:
YSA’yla denemeler yap.

En iyi sonucu veren katman ve epok sayilarini belirle.
Ugiincii agama:

ReLU, tanh ve dogrusal fonksiyonlari kullanarak ikinci asamada

belirlenen katman ve epok sayilari i¢in:

YSA’yla denemeler yap.
YSA denemelerindeki en iyi sonucu belirle.

Birinci asamada, Boliim 3.2’de bahsedilen ti¢ degisik egitim-
test orani i¢in, RFE yontemiyle siralanmis dzelliklerden hem
ham hem de birinci dereceden fark alinmis veriler kullanilarak
(Tablo 2) ézellik secimi yapilmustir. Ozellik segciminde, olas1 tiim
girdi sayilar1 i¢cin RFE’'yle elenen o6zellik kolonlar1 veri
kiimelerinden silinmistir. Ardindan, 1 girdi, 1 gizli ve 1 ¢ikti
katmanl bir YSA modeli olusturularak 5-40 arasindaki néron
sayilari ve 200 epok kullanilarak tahminler yapilmigtir. YSA'nin
agirliklarini giincellemede, literatiirde siklikla karsilasilan ve
genellikle iyi sonuglar iireten Adam algoritmasi kullanilmistir
[49]. Stire kisit1 da gozetilerek, her ndron sayisi icin 10 deneme
yapilmis ve bunlarin ortalama MSE ve MAPE degerleriyle hata
metrikleri elde edilmistir. ik asamanin sonuglar1 Tablo 11’de
listelenmis olup en iyi sonuglar kalin olarak belirtilmistir.

Ham veri i¢in 0.75:0.25 egitim-test oranindaki veri kiimesinde
15; fark alinmis veri i¢in 0.75:0.25 egitim-test oranindaki veri
kiimesinde MAPE metrigine gore 12 (bk. Tablo 3’teki 8., 11. ve
12. 6zellikler elenmistir), 0.50:0.50 egitim-test oranindaki veri
kiimesinde MSE metrigine gore 14 (bk. Tablo 3'teki 12. 6zellik
elenmistir) 6zellik girdili modeller en iyi sonucu vermistir. Bu
veri tipleri, egitim-test oranlar1 ve o6zellik sayilariyla ikinci
asamaya gegcilmistir.

Hedef degiskenle ilgili 6zelliklerin se¢imi, egitim-test oraninin
ve ilgili verilerin belirlenisi, YSA'nin tahmin performansim
etkiler ([50],[51]). Bu ¢alismada, egitim verisi oraninin %50 ve

ustii oldugunda, o6zellik sayisi arttikca hata metriklerinin
degerlerinin genel olarak diistiigii gézlemlenmistir. Ornegin,
egitim-test orani ile néron sayilar1 Tablo 11’deki en diistik hata
metrik degerlerine karsilik gelen degerlerde sabit tutulup,
ozellik sayisi artirildiginda MAPE ve MSE degerlerinin azalma
egiliminde oldugu Sekil 6’da goriilebilir.

--0-- Ham veri, 0.75:0.25 egitim-test orani, 37 néron

0.60
0.50 --o - Fark verisi, 0.75:0.25 egitim-test orani, 33 néron
’ —a— Fark verisi, 0.50:0.50 egitim-test orani, 31 néron

&J 0.40 - 1
<
20.30

0.20

0.10 - o

1 3 5 7 9 11 13 15
Ozellik Sayisi
1.80

= S R S S

1 3 5 7 9 11 13 15
Ozellik Sayisi

Sekil 6. RFE yontemiyle secilen 6zellik sayisina gore hata
metriklerinin degisimleri.

Figure 6. Changes in error metrics versus number of features
selected with the RFE method.

ikinci asamada, ag yapisi (katman, néron ve epok sayilari)
kafes arama (grid search) kullanilarak belirlenmistir.
Literatiirde, kullanilacak gizli katman, néron ve epok sayilarina
iliskin cesitli deneysel ¢alismalar bulunmaktadir ([52]-[54]).
Denemelerin uzun siirmesi sebebiyle gizli katman sayis1 1 ile 5,
noron sayisi 5 ile 40 arasinda; epok sayisi ise 200 ve 300 olarak
siirlandirilmistir [55]. Her YSA yapisi 10 kez ¢alistirildigindan,
birinci asamadaki en iyi sonucu veren 6zellikler ve ilgili veri
kiimelerinin her biri icin 3600 deneme yapilmistir.

Her iki performans metrigine goére de en iyi sonuglar fark
alinmis verilerle RFE yonteminin sonucunda elde edilen 14
ozellik girdili modellerle elde edilmistir. Sonuglar Tablo 12’de
verilmis olup en iyi sonuglar kalin olarak gosterilmistir. MAPE
metrigine gore 3 gizli katmanli, 38 néronlu ve 300 epoklu; MSE
metrigine gore 5 gizli katmanli, 40 néronlu ve 300 epoklu aglar
en iyi performanslari gostermistir.

Tablo 11. Ozellik ve egitim-test orani secimiyle ilgili en iyi ilk asama sonuglaru.

Table 11. Best first-phase results for the feature and training-to-test ratio selection.

Veri Tipi Egitim-test orani Ozellik sayis1 Noron sayisi MAPE MSE

Ham 0.25:0.75 15 24 0.148543 10,621,600
0.25:0.75 15 36 0.135298 11,254,240

0.50:0.50 15 38 0.098026 7,588,416

0.75:0.25 15 37 0.092622 7,197,161

Fark alinmig 0.25:0.75 11 37 0.137982 8,861,345
0.25:0.75 12 34 0.127532 9,234,935

0.50:0.50 14 31 0.103357 7,398,551

0.50:0.50 14 39 0.099509 8,339,657

0.75:0.25 12 33 0.092115 8,011,594

0.75:0.25 14 38 0.099607 7,776,198
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Tablo 12. Ag yapisiyla ilgili en iyi ikinci asama sonuglari.

Table 12. Best second-phase results for the network structure.

Veri tipi, egitim-test orany, 6zellik say1s1  Gizli katman sayis1 Noron sayisi Epok sayis1 MAPE MSE
1 20 300 0.098135 8,255,654
1 30 300 0.099747 7,139,096
2 34 200 0.092215 6,876,626
2 40 200 0.092735 6,680,840
2 26 300 0.091175 6,072,133
3 24 200 0.091578 6,231,353
Ham, 3 37 300 0.096836 6,466,148
0.75:0.25, 4 31 200 0.094882 6,513,967
15 4 20 300 0.098618 6,773,953
4 32 300 0.100089 6,306,123
5 35 200 0.093087 6,110,056
5 10 300 0.101317 6,886,820
5 20 300 0.102933 6,780,095
1 33 300 0.092442 7,158,851
1 40 300 0.096423 7,006,669
2 39 200 0.090776 6,428,311
2 34 300 0.093745 6,437,627
2 27 300 0.094462 6,425,916
3 19 200 0.092321 6,817,775
3 35 200 0.093674 6,025,971
Fark alinmis, 3 13 300 0.095408 6,723,493
0.75:0.25, 3 22 300 0.096771 6,491,928
12 4 14 200 0.095380 7,036,219
4 27 200 0.096205 6,294,917
4 13 300 0.096092 6,611,422
4 21 300 0.096793 6,207,855
5 18 200 0.092925 6,722,284
5 35 200 0.098586 6,265,286
5 33 300 0.096703 6,483,223
1 38 300 0.079273 5,995,044
2 40 200 0.075973 5,749,600
2 36 200 0.081801 5,668,842
2 38 300 0.074658 5,104,798
3 34 200 0.076830 5,372,284
3 38 300 0.073757 5,143,250
Fark alinmis, 4 33 200 0.075086 5,630,001
0.50:0.50, 4 40 200 0.077054 5,131,178
14 4 36 300 0.074951 4,786,122
5 29 200 0.075691 5,510,914
5 38 200 0.075866 5,092,965
5 24 300 0.075326 5,137,498
5 40 300 0.077363 4,638,883

Deneyler sonucunda, tiim modeller i¢in gecerli olmasa da o 38 néron, 200 epok -~ 40 néron, 200 epok
katman, ndron ve epok sayilarindaki artisin performansi genel —s— 38 néron, 300 epok o 40 néron, 300 epok
olarak artirdig1 goriilmiistiir (Sekil 7). Ek Tablo B.1'de 6rnek Q E}
olarak 3 ve 5 gizli katmanli YSA’da ele alinan tiim néron ve epok 0.11 0.08
sayilarina ait MAPE degerleri verilmistir. k e
B w 0.10 20.07
Ucgiincii asamada, ¢kti  katmanindaki  aktivasyon z o L

: i ciommni . =009 @ 0.06]a.
fonksiyonunun model performansina etkisi sigmoid yerine : =TT N
ReLU, tanh ve dogrusal kullanilarak incelenmistir. 005 R
Denemelerde, ikinci asamanin her iki metrik icin en iyi e
sonugclar1 veren modelleri kullanilmistir (Tablo 12). Tablo 13’te 1 5 3 4 5 1 2 3 4 5
bu asamanin sonuglar1 6zetlenerek en iyileri kalin olarak Gizli Katman Sayisi Gizli Katman Sayisi

gosterilmistir.

Hata metriklerinin en dusiik degerleri dogrusal aktivasyon
fonksiyonuyla elde edilmistir. Ancak, sigmoid fonksiyonunun
performanst da bu degerlere olduk¢a yakindir. Verinin
genelinde azalan bir trend olsa da, baz1 periyotlarda artan
degerlerin bulunmasi sebebiyle (Sekil 1) ReLU aktivasyon
fonksiyonunun néronlar1 aktive etmekte basarili olamamasi
beklenen bir durumdur [56].

Sekil 7. Gizli katman ve epok sayilarinin tahmin performansina
etkileri (14 6zellik, fark verisi, 0.50-0.50 egitim-test orani).

Figure 7. Effects of hidden layer and epoch quantity on the
forecasting performance (14 features, differenced data,
0.50-0.50 training-to-test ratio).
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Tablo 13. Aktivasyon fonksiyonlarinin tahmin performansina

etkileri.
Table 13. Effects of activation functions on the forecasting
performance.
Aktivasyon  Gizli katman Noron
fonksiyonu sayl1sl sayl1sl MAPE MSE

ReLU 3 20 0.081685 4,971,176
ReLU 5 15 0.135647 63,774,733
Tanh 3 12 0.077469 6,858,741
Tanh 3 38 0.081454 5,714,426
Tanh 5 33 0.077708 5,885,620
Tanh 5 39 0.080609 5,298,009
Dogrusal 3 27 0.072853 4,888,124
Dogrusal 3 40 0.074697 4,196,943
Dogrusal 5 27 0.076807 5,006,053
Dogrusal 5 39 0.080796 4,490,899

Sekil 8’de MAPE ve Sekil 9°da MSE metriklerinin néron sayisina
ve kullanilan aktivasyon fonksiyonuna gore degisimleri
goriilebilir. Néron sayis1 arttik¢a azalan bir performans artisi
(6rnegin Sekil 8'de yaklasik 12 nérondan sonra) beklenen bir
durumdur. Pratikte, modelin karmasikligini ve ¢alisma siiresini
diisiirmek icin metriklerde iyilesmenin azalmaya basladig
noron sayisi kullanilabilir.

-0~ 8igmoid ~ -<- Tanh  —— Dogrusal - RelLU

o
o
©

e
®

o
H
S

MAPE
(Sigmoid,Tanh,Dogrusal)

0.10 b i ¥ ; g
528 hpssSagasegipaaisssessisds
5 10 15 20 25 30 35 40
Ndron Sayisi

e

MSE 108
(Sigmoid, Tanh,Dogrusal)

Jebesg i 8
8 A AR e BB BAS B R AR B A BAAE A 080
5 10 15 20 25 30 35 40
Néron Sayisi

Sekil 8. Noron sayisi ve aktivasyon fonksiyonlarinin tahmin
performansina etkileri (14 6zellik, fark verisi, 0.50-0.50
egitim-test orany, 3 gizli katman).

Figure 8. Effects of neuron quantity and activation function on
the forecasting performance (14 features, differenced data,
0.50-0.50 training-to-test ratio, 3 hidden layers).

4 Tahmin modellerinin karsilastirilmasi

Bu béliimde, ¢ift listel diizeltme, ARIMA ve YSA modellerinin en
iyi performans gosterdigi parametreler ve yapilar kullanilarak
tahmin performanslar1 karsilastirilmistir. ilgili MAPE ve MSE
metriklerinin degerleri en yiiksekten en diisiige siralanmis
olarak Sekil 9'daki siitun grafiginde verilmistir. Buna gore,
egitim-test orani 0.50:0.50, 14 6zellik girdili ve 3 gizli katmanlh
YSA modeli diger modellere gore en diisiik MAPE ve MSE
degerlerini vermistir. Spesifik olarak, ¢ikti katmaninda
dogrusal aktivasyon fonksiyonu kullanildiginda, MAPE metrigi
icin 27 noronlu ve 300 epoklu; MSE metrigi i¢cin 40 ndronlu ve
300 epoklu modeller en iyi performanslari gostermistir.

06 0.57641
& 04
<
=
0.2
0.07379 0.072853
1]
ARIMA Gift Ustel Diizeltme YSA
7 (1,1,0 («=0.8,3=02) (3 gizli katman, 27 néron, 300 epok)
=10
21 19,763,650
wid
=
o7 4,281,504 4,196,943
0 ARIMA 3
ARIMA Gift Ustel Diizeltme YSA
(1,1,0 (o =09, 3=0.2) (3 gizli katman, 40 néron, 300 epok)

Sekil 9. Tahmin modellerinin hata metriklerinin
karsilastirmasi.
Figure 9. Comparison of the performance measures of the
forecasting models.

Sekil 9’da ARIMA ile diger modeller arasindaki fark gorsel
olarak belirgin olsa da, cift listel diizeltmeyle YSA modelleri
arasindaki fark oldukga kiigiiktiir. Farklarin istatistiksel olarak
anlaml olup olmadigini belirlemek icin ek analizler yapilabilir.
Bu ¢alismada, parametrik olmayan, ikiden fazla popiilasyonu
karsilastirmaya olanak taniyan ve farkli 6rneklem biiytikliikleri
icin kullanilabilen Kruskal-Wallis testi kullanilmistir.

Uclii karsilastirmayla Kruskal-Wallis testine baslanmis ve p
degeri 0.05'ten kii¢ciik oldugundan en az iki yontemin hata
degerleri arasinda anlamli fark oldugu saptanmistir. Bu
nedenle, ikili kargilastirmalara gegilmistir (Tablo 14). ikili
karsilagtirmalarda ARIMA modeli diger modellerden belirgin
olarak farkh c¢ikmistir. Cift iistel diizeltmeyle YSA arasinda
istatistiksel olarak anlaml bir fark olduguna dair yeterli kanit
bulunamamistir. Dolayisiyla, eldeki verilerle SMS miktarinin
tahmininde ARIMA’'nin tercih edilmemesi igin yeterli kanit
varken, cift iistel diizeltme modeli ve YSA kullaniminda
esneklik bulundugunu sdyleyebiliriz. Ornegin, cift istel
diizeltme, YSA'ya gore daha basit ve yorumlanabilir bir model
oldugundan tercih edilebilir.

Tablo 14. Kruskal-Wallis testinin sonuglari.

Table 14. Kruskal-Wallis test results.

Performans Karsilastirilan Test p
metrigi modeller istatistigi degeri
MAPE ARIMA-DES-YSA 19.7654 0.0001
ARIMA-DES 18.1691 0.0000
ARIMA-YSA 14.2567 0.0002
DES-YSA 0.5693 0.4505
MSE ARIMA-DES-YSA 20.0378 0.0000
ARIMA-DES 17.7989 0.0000
ARIMA-YSA 15.4006 0.0001
DES-YSA 0.6591 0.4169

Sekiller 10 ve 11, gercek verilerle en iyi performans gosteren
cift lstel diizeltme ve YSA modellerinin tahmin degerlerini
gostermektedir. Verideki degisimin daha diizenli oldugu
periyotlarda degerlerin birbirine oldukc¢a yakin oldugu, ancak
dalgalanmalarin arttif1 periyotlarda birbirlerinden farklilastig
gorilebilir. Bu sonuglar beklenen bulgulardir. Eldeki veri
miktarinin yeterli olmamasi 6zellikle YSA'nin egitimini ve
dolayisiyla  model  parametrelerinin  optimizasyonunu
etkilediginden tahmin hatalarina sebep olabilmektedir. Cift
istel diizeltme yonteminin ise veride dalgalanmalarin oldugu
periyotlardaki tahminlerde gecikmelere yol agmasi beklenen
bir sonugtur.
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Sekil 10. MAPE metriginde en iyi performans gosteren
modellerin tahmin degerleri ve gercek SMS miktarlari.

Figure 10. Forecasts of the models with the best performance in
MAPE versus actual SMS quantities.
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Sekil 11. MSE metriginde en iyi performans gosteren
modellerin tahmin degerleri ve ger¢cek SMS miktarlari.

Figure 11. Forecasts of the models with the best performance in
MSE versus actual SMS quantities.

5 Sonuglar

Bu calismada, Tiirkiye’de gonderilen SMS miktarinin tahmini
icin cift listel diizeltme, ARIMA ve YSA modelleri olusturularak
modellerin tahmin performanslar1 MSE ve MAPE metrikleriyle
karsilastirllmistir. Bu metriklere gére modellerin en iyi
parametre degerleri kafes arama yontemiyle belirlenmis,
ardindan tahmin performanslar1 karsilastirilarak en yiiksek
performansa sahip model (YSA) sec¢ilmistir. YSA ve cift tstel
diizeltme modellerinin tahmin ve hata metrik degerlerinin
birbirine yakin oldugu gozlemlendiginden, modellerin
performanslar1 arasinda anlamli bir istatistiksel fark olup
olmadig1 Kruskal-Wallis testi kullanilarak belirlenmistir. Buna
gore ARIMA modeli digerlerinden belirgin olarak farkhidir. Cift
istel diizeltme ve YSA modellerinin performanslar1 arasinda
ise anlamli bir fark olduguna dair yeterli bulgu elde
edilememistir. Bu sonuglar, pratikte SMS miktarinin
tahmininde cift iistel diizeltme ve YSA modelleri arasinda se¢im
esnekligi saglayabilir. Cift iistel diizeltme, kisa vadeli tahminler
icin pratik, hizli ve kolay yorumlanabilirken; YSA, hedef ve
bagimsiz degiskenler arasinda karmasik ve dogrusal olmayan
iliskileri modellemede basarili olmasina ragmen daha fazla veri
ve hesaplama giicii gerektirir.

YSA o6zelinde bir diger calisma bulgusu; katman, néron ve epok
sayilari arttik¢a tahmin performansinin genel olarak iyilestigi
yoniindedir. Ayrica, YSA modelinin ¢ikti katmaninda ReLU, tanh
ve sigmoid aktivasyon fonksiyonlar1 yerine dogrusal
fonksiyonu kullanildiginda daha iyi tahmin degerleri iirettigi
gozlemlenmigtir.

Yapilan bu ¢alismanin sinirliliklar olarak; girdilere ait veri
sayilarinin az olmasi, bazi girdilerin ¢eyrek donem yerine yillik
olarak yayimlanmasi ve deneylerin ¢ok zaman almasi
gosterilebilir. Veri eksikligi ve yayimlanan verilerin biiyiik
olciide yillik olmasindan kaynaklanan zorluklar1 agmak icin,
anlik SMS kullanim verilerini analiz ederek tahminleri dinamik
olarak giincelleyebilen ve hizlh karar mekanizmalari
olusturabilen yontemler gelecekteki calismalar kapsaminda ele
aliabilir. Bu tiir yontemler 6rnegin RCS gibi gelisen diger
mesajlasma teknolojilerinin kullanici sayisi ve mesaj sayisinin
tahmini icin daha uygun olabilir. Ayrica, zaman serilerinin
tahminine uygun olabilecek LSTM gibi derin 06grenme
tekniklerinin veya Kklasik istatistiksel yontemlerle derin
6grenme algoritmalarinin gii¢lii yonlerini birlestirerek tahmin
dogrulugunu artirabilecek hibrit yontemler uygulanabilir.

Kullanilan yontemlerin, Tiirkiye’deki mobil ve genisbant abone
sayllar;, mobil veri trafigi gibi degiskenler i¢in tahmin
performanslari incelenebilir. Telekom sektorii disinda farkli
sektorlerdeki isletmeler mobil hizmet talep tahminlerini
kullanarak, satis, kampanya, etkinlik gibi faaliyetlerini
planlayabilir ve servis saglayicilarla yapacaklar1 anlasmalarda
stratejik kararlar alabilir.

Son olarak, tahmin ydntemlerinin telekom sektoriindeki is
zekas! sistemlerine entegrasyonu kapsaminda, bulut destekli
sistemlerin incelenmesi ve uygulanmasi (bk. [57]) ile karar
destek sistemlerinin gelistirilmesinin (bk. [58]) de degerli
katkilar sunacagi diistiniilmektedir.

6 Conclusions

In this study, double exponential smoothing, ARIMA, and
artificial neural network (ANN) models are developed for
forecasting the SMS quantity sent in Tiirkiye, and the
forecasting performances of these models are compared using
MAPE and MSE measures. These measures are used as the
criteria for the grid search conducted to determine the best
model parameter values, and then, to compare and select the
best performing model (ANN). Since the forecasts and error
metrics of the ANN and double exponential smoothing models
are observed to be close to each other, Kruskal-Wallis test is
used to check for any statistically significant difference
between the model performances. Accordingly, the ARIMA
model differs significantly from the others. However, no
sufficient evidence was found to indicate a significant
difference between the performances of the double exponential
smoothing and ANN models. In practice, these results provide
flexibility in choosing between the double exponential
smoothing and ANN models in forecasting the SMS quantity.
While double exponential smoothing is practical, fast, and easy
to interpret for short-term forecasts, ANN, despite its ability to
model complex and nonlinear relationships between target and
independent variables, requires more data and computational
power.

In the context of ANN, another finding is that the forecasting
performance generally improves as the quantities of layers,
neurons, and epochs increase. Additionally, it was observed
that the ANN with the linear activation function in the output
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layer produces better forecasts than those with ReLU, tanh, and
sigmoid activation functions.

Limitations of this study include the small number of data
points for the inputs, the fact that some inputs are published
annually rather than quarterly, and the time-consuming nature
of the experiments. To overcome the challenges posed by the
scarcity of and missing data, future studies may explore
methods that enable real-time analysis of SMS usage data,
allowing for dynamic updates to forecasts and the development
of rapid decision-making mechanisms. These methods can
better suit for forecasting user counts and message quantities
in the case of other developing messaging technologies such as
RCS. Additionally, deep learning techniques such as LSTM,
which may be suitable for time series forecasting, or hybrid
methods that combine the strengths of classical statistical
methods and deep learning algorithms to enhance forecasting
accuracy, can be implemented. Forecasting performances of the
methods can be analyzed for response variables such as
number of mobile and broadband subscribers and mobile data
traffic in Turkiye. Businesses in sectors other than
telecommunications can use mobile service demand forecasts
to plan their activities such as sales, campaigns, events, and to
make strategic decisions in their agreements with service
providers. Finally, we believe it is worthwhile examining and
implementing cloud-supported systems (see, e.g., [57]) and
developing decision support systems (see, e.g, [58]) for
integrating forecasting methods into business intelligence
systems.
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EKA

Kullanilan Kisaltmalar
Tablo A.1 Kisaltmalar.
Table A.1 Abbreviations.

Yontemler/Hata Metrikleri

Tanimlamalar

3D CNN
ARIMA
ASTGCN
BiLSTM
CNN
Conv3D
ConvGRU
ConvLSTM
DES
DMFS-MF
FNN
GASTN
GNN
Graph WaveNet
HA

HGCN
HSeq2Seq
LM

LSTM
MLP
MLPWD
MTL

RF

RNN
Seq2Seq
SMA
STAGCN
STCnet
STDenseNet
STGCN
STL

SVM

SVR

YSA

AIC

MAD
MAE
MAPE
MSE

RE

RMSE
SBC

Uc boyutlu evrisimli sinir ag:

Birlestirilmis otoregresif hareketli ortalama
Dikkat tabanl uzamsal-zamansal grafik evrisim ag1
Cift yonli uzun kisa vadeli bellek

Evrisimli sinir ag1

3D konvoliisyonel sinir ag1

Konvoliisyonel kap1 yinelemeli birimler

Cok modlu evrisimsel uzun-kisa siireli bellek
Cift Gstel dlizeltme

Cift modiiler 6zellik paylasim katmani-goklu gérev 6grenme katmani
ileri beslemeli yapay sinir ag
Uzamsal-zamansal grafik dikkat ag1

Grafik sinir ag1

Grafik WaveNet

Tarihsel ortalama

Hiyerarsik grafik sinir ag1

Hiyerarsik siradan siraya
Levenberg-Marquardt algoritmasi

Uzun kisa siireli bellek

Cok katmanl algilayici

Agirlik azalmali ¢ok katmanli algilayici

Coklu gorev 6grenme

Rastgele orman

Yinelemeli sinir ag1

Siradan siraya

Basit hareketli ortalama

Uzamsal-zamansal toplama grafigi evrisimsel ag
Uzamsal-zamansal ¢apraz alanl sinir ag1
Standartlastirilmis yogun baglantili evrisimli ag
Uzamsal-zamansal grafik evrisimsel ag

Tekli gorev 6grenme

Destek vektér makinesi

Destek vektor resgresyonu

Yapay sinir ag1

Akaike bilgi kriteri

Ortalama mutlak hata sapmasi

Ortalama mutlak hata

Ortalama mutlak ytizde hata

Ortalama kare hata

Goreceli hata

Ortalama kare hatanin karekokii

Schwarz Bayes kriteri
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EkB

3 ve 5 gizli katmanli1 YSA denemelerinin performanslari

Tablo B.1 3 ve 5 gizli katmanli YSA modellerinde MAPE degerleri.
Table B.1 MAPE values for the ANN models with 3 and 5 hidden layers.

(Gizli katman, Epok sayis1)

Noron sayisi (3,200) (3,300) (5,200) (5,300)
5 0.263592 0.156849 0.349084 0.182967
6 0.171565 0.165420 0.329471 0.145199
7 0.197723 0.163454 0.146056 0.091244
8 0.173863 0.144594 0.161699 0.110275
9 0.144244 0.133692 0.104790 0.094905
10 0.125975 0.129991 0.154662 0.080133
11 0.103580 0.080895 0.124133 0.083189
12 0.102059 0.080544 0.093280 0.082327
13 0.093224 0.080477 0.086876 0.077853
14 0.096466 0.083017 0.085102 0.078667
15 0.088318 0.079218 0.079982 0.078786
16 0.081816 0.077835 0.081081 0.080619
17 0.092447 0.077681 0.086517 0.079373
18 0.105664 0.078342 0.083331 0.078246
19 0.090914 0.079660 0.079656 0.080624
20 0.090690 0.080247 0.081218 0.078579
21 0.085996 0.075474 0.079440 0.079766
22 0.082993 0.082356 0.078073 0.080751
23 0.080467 0.077193 0.076510 0.077277
24 0.081624 0.078617 0.081956 0.075326
25 0.084416 0.075175 0.077859 0.079612
26 0.081956 0.077908 0.079692 0.076717
27 0.080636 0.078797 0.076795 0.080180
28 0.079196 0.078683 0.078719 0.078941
29 0.080491 0.074880 0.075691 0.076843
30 0.080773 0.078396 0.078034 0.084266
31 0.078937 0.077013 0.078210 0.079427
32 0.080122 0.078061 0.078976 0.077236
33 0.080049 0.079066 0.080408 0.077987
34 0.076830 0.077898 0.076622 0.076429
35 0.078420 0.078706 0.077750 0.078280
36 0.079085 0.077173 0.076673 0.082186
37 0.078968 0.075311 0.077898 0.078001
38 0.078092 0.073757 0.075866 0.082320
39 0.077733 0.076437 0.080902 0.081121
40 0.080287 0.078531 0.076799 0.077363
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Endiiksiyon ile 1sitma (EI) teknolojisi, ézellikle son yillarda, ytiksek
verimlilik, hiz, giivenli ¢calisma ve benzeri ézellikleri nedeniyle ev tipi
uygulamalarda genis bir kullanim alani bulmaktadir. EI sistemlerinde
genellikle yiiksek verimlilikleri ve yumugsak anahtarlama yetenekleri
nedeniyle rezonansli inverter devreleri kullanilmaktadir. EI
sistemlerinde kullanilan cegitli rezonansl inverterler arasinda, tek
anahtarlt kismi rezonansl (SSQR) inverter topolojisi diistik maliyetli ve
diistik gii¢c gerektiren uygulamalar icin tercih edilmektedir. Ancak, SSQR
inverter, maliyet avantajina ragmen, yumusak anahtarlama ile
calisabildigi giic araliginin dar olugsu, gii¢ kontroliiniin zorlugu ve yart
iletken anahtarlarda olusan akim ve gerilim zorlanmalarinin diger
inverter uygulamalarina kiyasla yiiksek olmasi gibi dezavantajlar
barindirir. Gii¢ elektronigi devrelerindeki gtivenli calisma kogsullarini
zorlayan en énemli unsurlar, yari iletken anahtarlarin maruz kalacagi
yliksek gerilim ve yiiksek akimlardir. Bununla birlikte elektronik
devrelerin tiim bilesenleri asirt akim ve asir1 gerilim stresinden etkilense
de, invertér uygulamalarinda en savunmasiz elemanlar yari iletken
anahtarlardir. Agirt akimin drettigi asirt 1s1, zorlamali sogutma
yéntemleriyle azaltilabilse bile, yiiksek gerilimlere maruz kalan yar
iletken anahtarlar, muhtemelen kisa devre olacak ve devre ¢calisamaz
hale gelecektir. Bu calismada El'da kullanilan SSQR inverter igin yari
iletken anahtarlarin maruz kaldigi asirt gerilimleri engelleyecek bir
yéntem énerilmektedir. Onerilen yéntemin avantajlari teorik olarak
incelenmis ve simulasyonlar ve prototip devreler araciligiyla
dogrulanmigstir.

Anahtar kelimeler: Endiiksiyonlu 1sitma sistemleri, Rezonansh
inverter, Tek anahtarli kismi rezonansli inverter, Yari iletken anahtar,
Asin gerilim koruma.

Abstract

Induction heating (IH) technology has found extensive use in residential
applications in recent times, owing to its high efficiency, speed, and safe
operation characteristics. Resonant inverter circuits are commonly
employed in IH systems due to their high efficiency and soft-switching
capabilities. Among various resonant inverters used in IH systems, the
single-switch quasi-resonant (SSQR) inverter topology is preferred for
low-cost and low-power applications. However, despite its cost
advantages, the SSQR inverter has limitations, including a narrow
operating range for soft-switching, challenges in power control, and
higher stresses on semiconductor switches compared to other inverter
applications. The most critical factors challenging the safe operation
conditions of power electronic circuits are the high voltage and current
stresses imposed on semiconductor switches. While all components of
electronic circuits are affected by excessive current and voltage stresses,
semiconductor switches, particularly in inverter applications, are the
most vulnerable elements. Despite efforts to reduce excessive heat
generated by overcurrent through forced cooling methods,
semiconductor switches subjected to high voltages are prone to short-
circuiting, rendering the circuit inoperable. This study proposes a
method to mitigate the overvoltage stresses on semiconductor switches
used in SSQR inverters for induction heating applications. The
theoretical advantages of the proposed method have been investigated
and verified through simulations and prototype circuits.

Keywords: Induction heating systems, Resonant inverter, Single
switch quasi resonant inverter, Semiconductor switch, Over voltage
protection.

1 Giris

Son yillarda endiiksiyonlu 1sitma (EI) sistemleri, kullanici
giivenligi, etkili ve hizli 1sitma, ve kolay bakim gibi dikkate
deger ozellikleri nedeniyle endiistriyel, evsel ve tibbi
uygulamalarda 6nemini arttirmistir [1]. Gii¢ elektronigi ve
elektronik alanindaki ilerlemeler, endiiksiyon teknolojisinin
gelisimine katkida bulunmustur [2]. Ev tipi endiiksiyonlu
pisirme Uriinlerinde, bir veya daha fazla endiiksiyon bobini,
tizerine konulan tencereyi 1sitmak i¢in vitro seramik cam bir
ylzeyin altina yerlestirilir [3]. Endiiksiyon bobini, tencereyi
1sitmak amaciyla ayni frekansta manyetik alan iireten bir
alternatif akim ile beslenir. Tencere tabaninda eddy
akimlarinin endiiklenmesi sonucu 1sitma islemi gerceklestirilir
[4]. EI sistemlerinin baslica bilesenleri, AC-DC déniisiimii i¢in
bir dogrultucu iinite ve rezonansh inverter lniteleridir [5].
Sekil 1, ev tiirli endiiksiyonlu ocaklar i¢in genel bir gii¢ transfer
dongiisiinii gostermektedir.

*Yazisilan yazar/Corresponding author
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R =
V‘NC'E_T__NWT_ * —ll#} TR e oy

Yiiksek Frekansli AC

FILTRE DOGRULTUCU INVERTER

50-60Hz AC DC

Sekil 1. Genel gii¢ transfer dongiisii.
Figure 1. General power transfer loop.

EI sistemlerinin kilit bir bileseni olan gii¢ doniistiirticiiler, tek
asamali ya da ¢ift asamali yapilar seklinde karsimiza
cikmaktadir [6]. Cift asamali sistemler, hem vC'den DC'ye hem
de DC'den AC'ye doniisiimleri icerir [7]. Buna karsilik, tek
asamali AC'den AC'ye sistemlerde bir dogrultucu iinitesi
bulunmamaktadir. Bu sistemler, giris AC voltajin1 dogrudan
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doniistiirenler ve onu yiikseltenler olmak f{izere iki gruba
ayrilabilir.

Ayrica, El sistemleri, tek veya coklu yiik/bobin icerecek sekilde
tasarlanabilir. Gegmis yillarda, tek bobinli sistemler endiistriyel
ve evsel endiiksiyon uygulamalarinda yaygin olarak
kullanilmigtir. Son doénemlerde ise ¢ok cikish endiiksiyon
1siticilary,  ayarlanabilir  pisirme  ylizeyleri araciligiyla
performansi artirmaya yonelik oneriler getirmistir [8]-[10].
Farkli bobin modellerinin se¢imi, tasarim gereksinimleri,
maliyet, ¢ikis giicii ve ocak geometrisi gibi faktorlere baghdir.
Tencere boyutu ve bobin tasarimina dayal olarak pisirme
yluzeylerini  yapilandirmak i¢in  ¢esitli = yaklasimlar
kullanilmaktadir [11]. Genellikle ferromanyetik malzemeden
yapilmis tencereler yiik olarak kullanilirken, son zamanlarda
yapilan ¢alismalar ayni zamanda ferromanyetik olmayan metal
malzemeden yapilmis tencere modellerini de incelemistir
[12]-[14].

Maliyet ve performans arasindaki dengeye bagh olarak farkl
rezonansl inverter topolojileri dnerilmistir. EI sistemlerinde
kullanilan en yaygin inverter topolojileri yarim koprii seri
rezonansli (HBSR) [15]-[19] ve tek anahtarli kismi rezonansl
(SSQR) [20], [21] inverterlerdir. SSQR inverter topolojisi, diisiik
gii¢ ve diisiik maliyetli EI uygulamalart i¢in giivenilir bir ¢dziim
sunar. Ancak, kismi rezonans inverter devresinin temel
dezavantaji, giicin HBSR inverter devrelerinde oldugu gibi
frekans kontrollii bir sekilde yiike transfer edilememesidir. Bu
sinirlama, SSQR inverterin c¢alisma modlarmin RL ve RLC
devreleri arasinda gecis yapmasindan kaynaklanmaktadir [22].
Yari iletken anahtarin iletimde oldugu RL ¢alisma araliginda
bobine aktarilan enerji, anahtarin kesime girmesi ile birlikte
resonans kondansatoriine aktarilarak bobin ve kondansator
arasinda rezonans baslamasina neden olacaktir. Kondansatér
gerilimi DC kaynak gerilimine ulastiginda ise yari iletken
anahtara ters paralel bagh diyot iletime girerek bir sonraki
anahtarlama periyodu i¢in yumusak anahtarlamanin
olugsmasini saglayacaktir. Ancak ev tipi EI sistemlerinde
kullanicinin tencere tercihine bagl olarak RLC devresinin
karakteristigi degismektedir. Bunun sonucu olarak da 6zellikle
anahtarin iletime ve kesime girdigi gecis anlarinda anlik ytiksek
gerilim ve akimlar olusabilmektedir. Bu ve benzeri akim ve
gerilim ytlikselmelerinin ©niine gegebilmek amaciyla, yari
iletken anahtarin agma ve kapama zamanlarini belirlemek i¢in
kapali ¢evrim kontrol algoritmalar: kullanilmaktadir.

SSQR inverter kullanan EI sistemlerinde yiik parametreleri,
yar1 iletken anahtarin akim ve gerilim sinirlari, yari iletken
anahtarin agma ve kapanma siireleri ile kapali cevrim gii¢
kontrol metodlar1 arasinda 6nemli bir iliski bulunmaktadir.
Dahasi, SSQR inverterli EI sistemlerinde rezonant devre
elemanlarinin modellemesi amaciyla kullanilan bobin esdeger
endiiktans ve esdeger diren¢ degerlerini belirlemek ¢ok kolay
degildir. Ayrica, bu degerler, rezonanslh inverter devresinin
calisma frekansi, c¢evresel sicaklik ve tencere ile bobin
arasindaki hava boslugu gibi faktorlere bagh olarak
degismektedir. Bu nedenle, genis bir akademik arastirma
yelpazesi, yalnizca tencere ve yik tanima {zerine
odaklanmaktadir [23]-[25]. Diger taraftan, sadece bobin
tasarimi bile tek basina kapsamli bir akademik arastirmayi
gerektirmektedir. Ozellikle manyetik alan baglaminda bircok
calisma, bobin tasarimi tizerine yapilmistir [26],[27].

Gii¢ elektronigi devrelerindeki giivenli ¢alisma kosullarini
zorlayan en 6nemli unsurlar, yari iletken anahtarlarin maruz
kalacag yiiksek gerilim ve yiiksek akimlardir. Bununla birlikte

elektronik devrelerin tiim bilesenleri asir1 akim ve asir1 gerilim
stresinden etkilense de, invertdr uygulamalarinda en
savunmasiz elemanlar yari iletken anahtarlardir. Asir1 akimin
irettigi asir1 1s1, zorlamali sogutma yontemleriyle azaltilabilse
bile, yiiksek gerilimlere maruz kalan yar iletken anahtarlar,
muhtemelen kisa devre olacak ve devre ¢alisamaz hale
gelecektir. Bu nedenle literatiirde 6zellikle IGBT yar1 iletken
elemanimi yiiksek gerilimlerden korumak amaciyla cesitli
calismalar yapilmis ve yapilmaya devam etmektedir [28]-[30].
[28] ile verilen ¢alismada, parazitik endiiktans kaynakli olusan
ylksek gerilimlerin IGBT yari iletken devre elemanina zarar
vermemesi icin gelistirilen bir gii¢c elektronigi devresinden
bahsedilmektedir. [29] ile verilen ¢calismada da benzer sekilde
IGBT yar iletken anahtarinin kesime gitme aninda olusan
gerilim yiikselmelerinin engellenmesi amaciyla 6nerilen asir
gerilim koruma devresi oOnerilmektedir. [30] ile verilen
calismada ise bir 6nceki érneklere benzer sekilde zener diyot
ve TVS lerden olusan bir donanim devresi yardimiyla IGBT ug
geriliminin bastirilmasi amacglanmaktadir.

El sistemlerinde kullanilan ¢esitli rezonansl inverterler
arasinda SSQR inverter topolojisi diisiik maliyetli ve diisiik gii¢
gerektiren uygulamalar icin tercih edilmektedir. Ancak, SSQR
inverter, maliyet avantajina ragmen, yumusak anahtarlama ile
calisabildigi gii¢ araliginin dar olusu, gii¢ kontroliiniin zorlugu
ve yarl iletken anahtarlarda olusan akim ve gerilim
zorlanmalarinin diger inverter uygulamalarina kiyasla yliksek
olmas1 gibi dezavantajlar1 barindirir. Bu c¢alismada El'da
kullanilan SSQR inverter i¢in yari iletken anahtarlarin maruz
kaldig1 asir1 gerilimleri engelleyecek etkili bir ydntem
onerilmektedir. Onerilen yéntem literatiirde Kkarsilasilan
donanimsal koruma devrelerine ilaveten mikrodenetleyici
destekli ilave yazilim korumalarini da icermektedir. Bu sayede
hem gecici hem de kalici hal durumlarinda IGBT ug gerilimleri
kontrol altina alinmis olacaktir. Ayrica yalnizca donanimsal
koruma devresi ya da bastirma devresi igeren yontemlerin
neden olabilecegi IGBT i1sinma problemlerinin de Oniine
gecilecektir. Onerilen yontem yardimiyla, diisiik maliyetli ve
giivenilir EI sistemlerinin tasarimina yonelik 6nemli bir adim
atilmis olacaktir.

Calismanin geri kalani su sekilde yapilandirilmistir: B6lim 2'de
SSQR invertdr doniistiiriici devre denklemleri yardimiyla
anlatilmaktadir. Boéliim 3'te SSQR inverter i¢in giivenli ¢calisma
bélgesi ayrintili olarak anlatilmaktadir. Boliim 4’te 6nerilen
ayrintill koruma yontemi anlatilmakta, sonrasinda sirasiyla
simiilasyon (benzetim) c¢alismalari ve deneysel sonuglar
gosterilmektedir. Bu c¢alismanin  sonucu Boélim 5'te
verilmektedir.

2 SSQRinverterli devrenin tanimlanmasi

2.1 Genel

Tek anahtarl yar1 rezonansl invertere ait devre diyagrami ve
devre semasy, Sekil 2 ‘de ve invertere ait akim ve gerilim dalga
sekilleri ise Sekil 3'te verilmektedir. Devre semasi
incelendiginde, T yar1 iletken anahtari;, D serbest gegcis
diyotunu, Rg, esdeger direnci, Lg, esdeger endiiktansi ve Cggg
rezonans kondansatoriinii belirtmektedir. T anahtar iletime
girdiginde, devre seri RL devresi gibi davranir. Bu asamada
bobin, anahtar iletim stiresi 5y boyunca Rg direnci lizerinden
enerji biriktirir. Baska bir ifade ile yar1 iletken anahtar devrede
oldugu stirece siiresi boyunca bobin, Vp. gerilim kaynagi
tarafindan saglanan enerjiyi biriktirmektedir.
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Sekil 2. SSQR inverter. (a): Devre diyagrami. (b): Devre semasi.

Figure 2. SSQR inverter. (a): Circuit diagram. (b): Circuit
schematics.
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Sekil 3. SSQR invertere ait akim ve gerilim dalga sekilleri.
Figure 3. Current and voltage waveforms for SSQR inverter.

T yar1 iletken anahtar1 kesime gotiiriildiigiinde devre, seri RLC
devresi olarak ¢alismaya baslar. Bu ¢alisma modunda, bobin ve
kondansatdr arasinda rezonans olusur ve enerji alisverisi
saglanir.  Bobinde  biriken enerji, Crgs rezonans
kondansatoriine aktarildigr anda, T anahtar ug¢ gerilimi Vg,
Veemax  degerine ulasir. Rezonansin  sonunda Cgrgs
kondansatorii, kaynak gerilimi ile sarj oldugunda ise Vg
gerilimi sifir olacaktir. Es zamanli olarak, yari iletken anahtar T
yeniden etkinlestirilerek yumusak anahtarlama saglanmis
olacaktir [31]-[34].

2.2 Devre calisma modlari-devre denklemleri

SSQR inverterin g¢alisma modlari, Sekil 4'te gosterilen dort
temel kisimda incelenmektedir. T yari iletkeninin iletimde
oldugu tg <t <ty araligl Rgy ve Lgg bilesenlerini iceren bir
seri RL devresi olarak modellenmektedir. Buna ek olarak, t, <
t < ts zaman arahgi, Ly ve Crgs arasindaki rezonansh iceren
bir seri RLC devresi olarak analiz edilmektedir. Son olarak, D

serbest gecis diyotunun iletimde oldugu ts < t < tg aralif seri
RL devresi olarak modellenmektedir.

111 v

Sekil 4. SSQR inverter i¢cin devre ¢alisma araliklari.
(D): RL ¢alisma aralig1. (II): RLC ¢alisma araligr. (III): RLC
¢alisma aralig1. (IV): RL calisma aralig.

Figure 4. Working modes for SSQR inverter. (I): RL working
mode. (II): RLC working mode. (111): RLC working mode.
(1V): RL working mode.

SSQR inverterin doért ¢alisma araligindan 2 ve 3 araliginin seri
RLC devresi, 1 ve 4 araliginin ise seri RL devresi olarak
modellenmesinden dolayi, HBSR inverterde oldugu gibi frekans
domeninde incelemek  yerine zaman domeninde
degerlendirmek daha anlamli olmaktadir. Devre analiz
edilirken, sadelestirme agisindan stirekli hal analiz edilmekte,
rezonans kondansatériiniin desarj akimi ve benzer gegici
durumlar bilingli bir sekilde goz ard1 edilmektedir.

Aralik I(ts — tg): Bu aralik, T yan iletken anahtarinin sifir
gerilim kosullarinda iletime girmesi (ZVT) ile baslar ve T
anahtar1 kesime gotiiriilene kadar devam eder. RL devresinin
isleyisiyle ilgili olarak, asagidaki denklemler (1)-(3) seklinde
formiile edilebilir [35].

iLgo(ts) =0 (1)

_Rﬂ-t 2

irgo(t) = ir(t) = Vpc/Rgg (1 —e Lee ™) (2)
Vbe = Vigg + Vreg (3)

Aralik II-III(ty — tg): Bu aralik, T yan iletken anahtarinin
kesime goétiirtilmesi ile baslar. Lgq ve Cggs arasindaki rezonans
olay1 bir seri RLC devresi olarak analiz edilir. Ayrica, I gq
akimini analiz etmek lizere denklem (4)-(7) kullanilabilir [35].

iLgo(t) = e~ ¥ (Bycos(wgt) + Bysin(wgt)) 4

igg(to) = B1 = Iy (5)
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dipgo(t) _

ot —e " [(Bywg + Bya)sin(wgt) + (Bia 6)

— Bywg)cos(wgt)]
iLpg(to)/dt =
By = ((Vpe — Reglo))/ (Lgqwa) + (aly)/wg (7

Ayrica, bahsedilen denklemler, devre denklemleri (8)-(11) ile
birlikte kullanilarak Sekil 3'te gosterilen yari iletken anahtarin
ug gerilimi Vz'yi hesaplamak i¢in kullanilabilir.

v(t) = Vpe + e (A cos(wgt) + Aysin(wgt)) (8)

dv(t)/dt = —e *[(A wq + Aya)sin(wgt) + (Aa 9
— Aywg)cos(wgt)]

v(tg) = Ay = —Vp¢ (10)

dv(ty)/dt = Az = (Io/Cres — aVpc)/wa (11)

Aralik IV (tg — tg): Bu aralik, T gli¢c anahtarina ters paralel
baghh D diyotunun iletime girmesi ile baslar. Sekil 3'te
gosterildigi gibi, enerji kaynagindan gecen akim ¢evrimini D
gii¢ diyodu iizerinden tamamlar. RL devresinin isleyisiyle ilgili
olarak denklemler (12)-(15) verilmektedir. Diyot iletim siiresi,
tp (tg — ts) ve tepe diyot akimi I, 4, Olarak adlandirilir.

_Req, 12
ieq(t) = Vpe/Req + Upmax — Voc/Reg)e LEe (12)
. Vpc e, —nE2 (13)

lLEQ(tD) =0= R_EQ + Ubmax — R_EQ)e Lrg
Vpe/R L 14
tp = In[ DC/_EQ _LQ) (14)

VDC/REQ IDmax REQ
£ = _LLQ_ In (1 + IDmax ) (15)
b REQ VDC/REQ - IDmax

3 SSQRinverter icin giivenli calisma bdlgesi

Her bir c¢alisma araligi i¢in tanimlanmis detayli devre
denklemleri incelendiginde, Rgq, Lgg ve Crgs degerlerinin,
SSQR inverterin giivenli c¢alisma bdlgesinin belirlenmesi
acgisindan biiylik 6neme sahip olduklar: agiktir. Gli¢ elektronigi
devrelerinde giivenli calismay: tehdit eden temel sorunlar, yari
iletken anahtarlarin maksimum ¢alisma degerlerini asan
ylksek gerilim ve yiiksek akimlardir. Elektronik devrelerin tim
bilesenleri asir1 akim ve asir1 gerilim stresinden
etkilenebilirken, yarl iletken anahtarlar, inverter
uygulamalarinda en savunmasiz elemanlar olarak 6n plana
cikar. Asir1 akimlar tarafindan olusturulan fazla 1s1, zorlamal
sogutma yontemleri yardimiyla azaltilabilir, ancak yarn
iletkenlerin bozulma limitlerini asan gerilimlere maruz
kalmalari, onlar1 hizla ¢alismaz hale getirebilir.

Aralik IV’ te ayrintil olarak verildigi gibi Lgy ve Crgs arasindaki
rezonansin tamamlanmasi sonucu, anahtar u¢ geriliminin sifir
degerine ulagsmasi ile birlikte yari iletken anahtara paralel bagh
D diyotunun iletime girmesi 6ngoriilmektedir. Ancak bu durum
her kosulda miimkiin olamamakta, yar1 iletken anahtar devreye
girerken, anlik yiiksek Crps kondansatérii desarj akimlarina
maruz kalmaktadir (Ir_;;). SSQR inverter devrelerinde sik¢a
gozlemlenen Crgs kondansatoriiniin anlik desarj akimlar1 hem
yar1 iletkenlerin hem de gii¢ elektronigi devrelerinin giivenilir

calismasi i¢in bir tehdit olusturur. Bu anlik akimlar, hafif yiik
akimlar1 olarak da adlandirilir ve yar1 iletkenin nominal
maksimum akimini Ug¢ ile dort kat asabilir, asir1 1sinma,
elektriksel giiriiltli ve benzeri sorunlara neden olabilir.

Diger taraftan,yalnizca Rpg, Lgg ve Crgs degerleri degil aym
zamanda kapali cevrim gii¢ kontrol teknikleri de SSQR inverter
acisindan giivenilir calisma bolgesinde kalabilmek adina
onemli bir rol oynar. SSQR inverter incelendiginde, ¢alisma
modlarinin RL ve RLC devreleri arasinda salinim yaptig
gorilmektedir. Bu nedenle, yar1 iletken anahtarlarin iletim ve
kesim siirelerini belirlemek i¢cin kapali ¢evrim kontrol
yontemlerinin uygulanmasi ka¢inilmaz hale gelir. Isitilacak
malzemenin Ozelliklerine, V,, kaynak gerilim degerine ve
inverter devre elemanlarinin parametrelerine baglh olarak, yar1
iletken anahtarin agma veya kapatma stirelerindeki 1 ps'yi asan
hatali hesaplamalar (yaklasik %5 lik bir sapma anlamina gelir),
anahtarlama kayiplarini arttiracak, bunun sonucu olarak da,
asir1 1sinma veya asiri gerilimler nedeniyle yari iletken anahtar
kisa devre olarak calisamaz hale gelecektir.

3.1 Akim sinir kosullarinin hesaplanmasi

SSQR inverter tasariminda siir kosullarini tanimlamak son
derece 6nemlidir. Calisma araligi Il ve I1I (seri RLC devre modu)
sirasinda bobin akimi [;p, ve anahtar ug¢ gerilimi Vg
maksimum degerlerine ulasirlar. Bu iki parametre hakkindaki
bilgi, tasarimci a¢isindan sadece giivenilir ¢alisma kosullar1 igin
degil, ayn1 zamanda gii¢ gibi kontrol sistem parametrelerini
belirleme a¢isindan da ¢ok énemli ve degerlidir. Sekil 3'ten de
gorilebilecegi gibi, bobin akimi I;zo'nun maksimum degeri
I pomax'a ulastiginda, I g, akiminin tiirevi sifirdir (t = t;). Bu
nedenle, maksimum bobin akimi [jpomax, (16)-(18)
denklemleri yardimiyla tiiretilir.

dippe(t)/dt =0 = i1po(t) = lpomax (16)

t1=

. (17)
tan™'[—(Bia — B,wg)/(B1wq + Bra)])/wq

I pomax = iLpo(t1)

(18)
= e~ (B;cos(wgty) + Bysin(wgty))

Ancak burada gézden kagirilmamasi gereken en énemli ayrinti,
ilgili denklemler yardimiyla bobin ve yari iletkenden gegen
maksimum nominal akim degerinin tespit edilebilecegidir.
Anahtarlama kaybi agisindan kritik 6neme sahip anlik en
yuksek yar iletken anahtar akim degerinin tespiti ise daha
karmasik bir cahgma gerektirir. Oncelikle rezonansin
tamamlandig1 t; anindaki Vg gerilim degeri hesaplanmal,
sonrasinda ise Cggs degeri ve desarj siiresi kullanilarak I7_;;
hesaplanmalidir. Bunun i¢in (19) ve (20) denklemleri
kullanilabilir.

Veemin = v(ts)

19
=Vpe + e % (A1cos(wgts) + Azsin(wgts)) (19

It_pp = Crgs - AV /At = Crgs -Vepmin /At (20)

At siiresini tespit edebilmek, rezonans kondansatori, yari
iletken anahtar ve akim c¢evriminde yer alan tiim iletken
yollarin i¢ direncine baglh oldugu i¢in ¢ok kolay degildir.

Ancak, pratik olctimlerde 100-300ns mertebesinde oldugu
gozlemlenmistir.
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PSpice simiilasyon programi kullanilarak, cesitli rezonans
devre parametre degerlerine bagl yari iletken anahtarin I
akim degerindeki degisimler, Sekil 5'te verilmektedir.

0 s i 15 m 5
Time (15

(a)

Time (W5}

(b)

e
Leg

o El [ — 15 n 25
(9
Sekil 5. PSpice programi yardimiyla elde edilen I+ anahtar
akimi degisimleri. (a): Rgg = 30, Lgg = 80 uH ve Cggs degeri
degisken. (b): Crgs = 270 nF, Lgo = 80 uH ve Rg, degeri
degisken. (c): Rgg = 3 £, Crgs = 270 nF ve Ly, degeri
degisken.

Figure 5. I semiconductor switch current waveforms from the
Pspice simulation program. (a): Rgg = 3 {), Lgg = 80 uH and
Crgs Is changing. (b): Crgs = 270 nF, Lo = 80 uH and Rgg is
changing. (c): Rgg = 3 £, Cggs = 270 nF and Lggyis changing.

3.2  Gerilim sinir kosullarinin hesaplanmasi

SSQR inverterli endiiksiyon ocagin maksimum gii¢ seviyesi, yar1
iletken anahtarinin maksimum gerilim dayanim degeri ile
sinirhidir. Anahtar ug¢ gerilimi maksimum Vggyax degerine
ulastifinda, rezonans akimi yon degistirecektir ve dolayisiyla
Iigg akimi sifirdir (¢t = t3). Bunun sonucunda (21)-(23)
denklemleri yardimiyla maksimum anahtar ug gerilimi Vogyax
elde edilmektedir.

iLpe(t3) = 0 = v(t3) = Vegmax (21)
t; = tan™' (= By/By)/wq (22)

Vcemax = v(t3)

23
=Vpc + e %3 (A cos(wgts) + Azsin(wgtsz)) (23)

PSpice simiilasyon programi kullanilarak, cesitli rezonans
devre parametre degerlerine bagl yari iletken anahtarin Vg uc
gerilimindeki degisimler Sekil 6'da verilmektedir.

"0 5 10 15 0 5
Time (pS)

(a)

REQ

o 5 10 15 :u 25

Time (uS)
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Sekil 6. PSpice programi yardimiyla elde edilen V. anahtar
gerilimi degisimleri. (a): Rgg =30, Lgg = 80 uH ve Cggs
degeri degisken. (b): Crgs = 270 nF, Lgo = 80 uH ve Rgg
degeri degisken. (c): Rgo = 30, Crgs = 270 nF ve Lg, degeri
degisken.

Figure 6. Vg semiconductor switch voltage waveforms from the
Pspice simulation program. (a): Rgg = 3 {2, Lo = 80 uH and
Crgs is changing. (b): Crgs = 270 nF, Lgg = 80 uH and Rgq is
changing. (c): Rgg = 3 £, Crgs = 270 nF and Lg is changing.

4 SSQR Inverterde yariiletken anahtar
geriliminin limitlenmesi

Elektronik devrelerin tiim bilesenleri asir1 akim ve asir1 gerilim
stresinden etkilense de, invertdr uygulamalarinda en
savunmasiz elemanlar yari iletken anahtarlardir. Asir1 akimin
drettigi asir1 1s1, zorlamali sogutma yontemleriyle azaltilabilse
bile, yiiksek gerilimlere maruz kalan yar iletken anahtarlar,
muhtemelen kisa devre olacak ve devre calisamaz hale
gelecektir. Bu ¢alismada El'da kullanilan SSQR inverter i¢in yar1
iletken anahtarlarin maruz kaldigi asi1  gerilimleri
engelleyecek bir ydntem énerilmektedir. Onerilen yéntem énce
simulasyon programlari yardimiyla test edildikten sonra sonra
uygulama devresi yardimiyla dogrulanmaktadir.

Yar1 iletken anahtar uglarinda olusmasi muhtemel yiiksek
gerilimler, kararli hal ve gecici hal olmak lizere 2 ana kisimda

1229



Pamukkale Univ Muh Bilim Derg, 31(7), 1225-1234, 2025
M. Oztiirk

incelenmelidir. Kararli hal durumunda anahtar ug¢ gerilimden
bir gerilim béliicii devre yardimiyla alinan gerilim 6rnekleri,
mikrodenetleyicilerin ADC (Analog to Digital Converter)
bloklarinda degerlendirilerek, olasi bir gerilim yiikselmesinin
online gecilmektedir. Ev tirii beyaz esya uygulamalarinda
genel olarak Arm tabanlh 32 bit, 128KB flash iceren, 12 adet
Timer linitesi bulunan, 16 adet ADC kanali igeren, USART ve SPI
benzeri haberlesme protokolleri iceren, 72 MHz c¢alisma
frekansina ¢ikabilen mikrodeneteyiciler kullanilmaktadir.
Ayrica 12 bit ADC, 16'ya kadar harici kanala sahiptir ve tek
okuma veya tarama modlarinda okumalar
gerceklestirmektedir. Sekil 7’de Vg yari iletken anahtar
gerilimini algilayabilmek amaciyla kullanilan 6rnek gerilim
boliicii devre semas1 ve Sekil 8'de V. yari iletken anahtar
gerilimini  algillayabilmek amaciyla kullanilan  6rnek
mikrodenetleyici devre semasi gosterilmektedir.

VCE_Peak_Left

=

GND

Sekil 7. V¢ yari iletken anahtar gerilimini algilayabilmek
amaciyla kullanilan érnek gerilim béliicii devre semasi.

Figure 7. Sample voltage divider circuit diagram used to detect
the Vo semiconductor switch voltage.
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Sekil 8. V¢ yari iletken anahtar gerilimini algilayabilmek
amaciyla kullanilan 6rnek mikrodenetleyici devre semasi.

Figure 8. Sample microcontroller circuit diagram used to detect
the Vo semiconductor switch voltage.

Mikrodenetleyici tabanli koruma yontemi kararh haldeki bir
sistem i¢in son derece giivenli ve anlamli olmakla birlikte, gegici
hal durumlarindaki anlik gerilim ytikselmelerini engellemekte
zorlanir. Gegici hal taniminin i¢ine yi1ldirim ve benzeri elektrik
dagitimi kaynakl anlik ve kisa stireli darbeler girebilecegi gibi,
gii¢ kontrolii sirasinda olugsmasi muhtemel hatalar ve siiriici
devre kaynakl riskler girebilir. Kararli hal durumundaki yari
iletken gerilim kontroliine ek olarak gecici hal durumlarinda

kisa stireli darbeleri soniimleyebilecek ilave bir devre
tasarimina ihtiya¢ duyulmaktadir. Bu amagla Gegici Gerilim
Bastiricilar (TVS) adi verilen ve zener diyot ile benzer bir
calisma ilkesine sahip yari iletkenler kullanilabilir. Kullanilan
TVS devre elemaninin degerine bagh olarak Vg gerilimi belirli
bir degerin tlizerine ¢iktiginda yari iletken anahtar I; 475 akimi
ile iletime girecek ve anahtar ug¢ geriliminin yiikselmesine izin
verilmeyecektir. Onerilen calismada Vg gerilim degerinin
1200Vpc” yi gecmemesi hedeflenmisti. Bu noktada
unutulmamasi gereken en 6nemli ayrinti, gegici haldeki anlik
gerilim yilikselmesini engellemek icin kullanilan TVS
devresinin, kararli halde iletime girmesinin engellenmesidir.
Aksi takdirde yari iletken anahtarda istenmeyen ve kontrolsiiz
akim ve gerilim isaretleri olusmaya baslayacaktir. Bagka bir
deyisle gecici hal anahtar gerilim ylikselmeleri TVS devresi ile
sontimlenirken, kararli hal anahtar gerilim yiikselmeleri
gerilim boliicii ve ADC'den olusan kontrol blogu tarafindan
kontrol edilmelidir. Sekil 9’da V. gerilimin degerine bagh
olarak yari iletken anahtarin iletime girmesini saglayan 6rnek
bir TVS'li devre semasi ve Sekil 10’da 6rnek bir TVS devre
elemanina ait fonksiyonel diyagram ve [-V Kkarakteristigi
gosterilmektedir.

L N

3

a Pl 2 pos |

ot

o

Sekil 9. Vg gerilimine baglh yar iletken anahtari iletime sokan
ornek TVS devre semasi.

Figure 9. Sample TVS circuit diagram that activates the
semiconductor switch depending on the Vg voltage value.

CathodeH—O Anode

Uni-directional

(a)

Uni-directional

Y

(b)
Sekil 10. Ornek bir TVS devre elemanina ait (a): Fonksiyonel
diyagramu. (b): I-V karakteristigi.

Figure 10(a): Functional diagram. (b): I-V characteristic of an
example TVS circuit element.
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4.1 Simulasyon devresi sonuglari

Anhk gerilim yilikselmelerini engelleyebilmek amaciyla
onerilen TVS'li devrenin nasil g¢alistigini inceleyebilmek
amaciyla Pspice (OrCAD Capture-Lite version 17.2-2016)
benzetim programindan yararlanmilmistir. Pratik uygulamada 3
adet seri bagh 400V devrilme gerilimine sahip P6SMB400
kullanilarak Vg gerilim degerinin 1200Vpc'yi ge¢memesi
hedeflenmektedir. Ancak benzetim calismalarinda 6 adet 20V
devrilme gerilimine sahip P6SMB20AT3G yar iletkeni seri
baglanarak Vg gerilim degerinin 120Vpc'yi geg¢memesi
hedeflenmistir. Sebeke gerilimi de 230Vac yerine 23Vac
secilerek benzetim ¢alismasinda gercege en yakin ancak 1/10
oraninda sayisal olarak kiiciiltiilmiis versiyonu incelenmistir.
Sekil 11'de benzetim devresi i¢in kullanilan devre semasi,
Sekil 12, Sekil 13 ve Sekil 14’te ise ilgili devre yardimiyla elde
edilen yari iletken anahtar ug¢ gerilimi Vg, anahtar siirme
gerilimi V;,rp ve yar iletken anahtar siirme akimi Igurg
gosterilmektedir.

Sekil 11 dikkatlice incelendiginde, AC sebeke gerilimi 6nce
kopri diyot yardimiyla dogrultulur. Tencereden olusan 1sitma
sistemi RL devresi seklinde modellenir. Mikro islemci ve stirme
devresini modellemek i¢in darbe generatorii kullanilir. Yar
iletken anahtarin ug geriliminin ytikselmemesi icin de TVS
devresi eklenmistir.
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Sekil 11. Orcad PSpice benzetim devresi semasi.

Figure 11. Orcad PSpice simulation circuit diagram.
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Sekil 12. Benzetim devresinden elde edilen detayli dalga
sekilleri. Turuncu sinyal: V¢ yar1 iletken anahtar ug gerilimi.
Yesil sinyal: V47 anahtar stirme gerilimi. Kirmizi sinyal:

I 47 @nahtar siirme akimi.

Figure 12. Detailed waveforms obtained from the simulation
circuit. Orange signal: V. semiconductor switch voltage. Green
signal: Vg 47 Switch gate drive voltage. Red signal: 1; 47 switch

gate drive current.

3,03 3.5n3 4. 005
V(VGATE, 0) - V(VCE) v IG(Z1)

Sekil 13. Benzetim devresinden elde edilen detayl dalga
sekilleri. Turuncu sinyal: V¢ yari iletken anahtar ug gerilimi.
Yesil sinyal: V; 47 anahtar stirme gerilimi. Kirmizi sinyal:
I arg @anahtar siirme akimi.

Figure 13. Detailed waveforms obtained from the simulation
circuit. Orange signal: V- semiconductor switch voltage. Green
signal: Vg org switch gate drive voltage. Red signal: I grg switch

gate drive current.

a,

4.80ns 4. 820 ans 4. 8603 4.88n5 4.90ns 4.92n5 4.94ns 4.96n5 4.98ns  5.00ns
V(VGATE, 0) - V(VCE) v 1G(Z1)*1000

Sekil 14. Benzetim devresinden elde edilen detayl dalga
sekilleri. Turuncu sinyal: V¢ yari iletken anahtar ug gerilimi.
Yesil sinyal: V47 anahtar stirme gerilimi. Kirmizi sinyal:
I arE @anahtar stirme akimi (x 1000).

Figure 14. Detailed waveforms obtained from the simulation
circuit. Orange signal: Vi semiconductor switch voltage. Green
signal: Vg 47 switch gate drive voltage. Red signal: 1;4rg switch

gate drive current (x 1000).

Sekil 12 ve Sekil 13 detayliincelendiginde ise anahtar ug gerilim
degerinin 120Vpc degerini agamadigl goriilmektedir. Bunun
nedeni ise 120Vpc degerinden sonra TVS devresinin iletime
girmesi ve yar1 iletken anahtarin iletime girmesini
saglamasidir. Ozellikle Sekil 13 detayh incelendiginde, yesil
renk ile gosterilen V; 75 slirme sinyallerinin uygulanmasi ve
sinyalin kesilmesi anlarinda olusan ve kirmizi renk ile
gosterilen I;4urp yart iletken anahtar akimlarinin TVS
devrilmesi kaynakli olarak da olustugu goriilmektedir. Yari
iletken anahtarin anlik olarak iletime girmesi sonucunda yar1
iletken ug gerilimi yiikselisini siirdiiremez.

4.2 Uygulama devresi sonuclari

Onerilen TVSli devrenin pratikte nasil calistigin
inceleyebilmek amaciyla bir uygulama devresi gelistirilmistir.
Altium Designer (Version 17.1.5) yardimiyla sch ve pcb
calismalar yapilmis, sonrasinda STM32F100R8 ARM tabanl
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islemci yardimiyla devrenin kontrolii gergeklestirilmistir.
Kopri dogrultucu olarak GSIB2560, yar1 iletken anahtar olarak
IHW20N135R5, IGBT siiriiciisii olarak 1EDIO5I12AF entegresi
kullanilmistir. Oneriye konu olan TVS elemam ise 400V luk
P6SMB400 devre elemani olarak secilmistir. 3 adet TVS seri
baglanarak 1200Vpc'lik bir Vg gerilim iist limiti amag¢lanmistir.

Rezonans kondansatorii 270nF degerinde secilmis, kullanilan
bobinin bostaki endiiktans degeri 115pH olarak 6l¢iilmiistiir.
Tencere olarak dokiim tencere secilmis, tencereli durumda
esdeger diren¢ ve esdeger endiiktans degeri sirasiyla 4Q ve
90uH olarak olgiilmiigtiir. Sekil 15'te uygulama devresinde
kullanilan devre semasi, Sekil 16'da uygulama devresinde
kullanilan devre blogu ve Sekil 17’de ise uygulama amaciyla
kullanilan test dilizenegi gosterilmek Tektronix marka
DP05034B Dijital Osiloskop kullanilarak alinan 6l¢timlerde
anahtar ug gerilimi Vg belirli bir degerin iizerine ¢iktiginda
yart iletken anahtarin iletime girdigi goriilmektedir.
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Sekil 15. Uygulama devresinde kullanilan devre semasu.

Figure 15. Circuit diagram used in the application circuit.

Sekil 16. Uygulama devresinde kullanilan devre blogu.

Figure 16. Circuit block used in the application circuit.

Sekil 17. Uygulama amaciyla kurulan test diizenegi.

Figure 17. Test setup established for application purposes.

Sekil 18 ve Sekil 19 incelendiginde, yesil renk ile gosterilen Vg
gerilimi, 1200Vpc degerinin {izerine c¢iktifinda TVS devre
elemanlari iletime girmekte ve bunun sonucu olarak sari ile
gosterilen yari iletken anahtar akimi olusmakta, bu sayede Vg
anahtar geriliminin belirli bir degerin iizerine ¢ikmasi
engellenmektedir.

TVS Calisma Bolgesi

J

|

Sekil 18. Uygulama devresinden elde edilen detayl dalga
sekilleri. Yesil sinyal: Vg yar1 iletken anahtar ug gerilimi
(200V/div). Mavi sinyal: V; 47 anahtar siirme gerilimi
(3V/div). Sar1 sinyal: I; 47 anahtar siirme akimi (10A/div).

Figure 18. Detailed waveforms obtained from the application
circuit. Green signal: V¢ semiconductor switch voltage
(200V/div). Blue signal: V; org switch gate drive voltage
(3V/div). Yellow signal: I; 4 switch gate drive current

(104/div).

TVS Calisma Bé’)lgesi

Sekil 19. Uygulama devresinden elde edilen detayl dalga
sekilleri. Yesil sinyal: Vg yar1 iletken anahtar ug gerilimi
(200V/div). Mavi sinyal: V; 475 anahtar siirme gerilimi
(5V/div). Sar1 sinyal: I; 4 anahtar siirme akimi (10A/div).

Figure 19. Detailed waveforms obtained from the application
circuit. Green signal: Vi semiconductor switch voltage
(200V/div). Blue signal: Vg 47 switch gate drive voltage
(5V/div). Yellow signal: 1;4rg switch gate drive current

(10A/div).

Sekil 20 incelendiginde ise TVS devre elemanlariin iletime
girmesinin hemen ardindan siirme isaretlerinin kontrolcii ve
stiricii tarafindan Kkesildigi, bu sayede tekrarli bir TVS
calismasinin 6niine gecildigi gorilmektedir. Bu sayede yari
iletken anahtarda olusmasi muhtemel asir1 1siInmanin déniine
gecilmis olacaktir.
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TVS Calisma Bolgesi
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Sekil 20. Uygulama devresinden elde edilen detayl dalga
sekilleri. Yesil sinyal: Vi yar1 iletken anahtar ug gerilimi
(200V/div). Mavi sinyal: V; 47 anahtar siirme gerilimi
(3V/div). Sari sinyal: I; 475 anahtar stirme akimi (10A/div).

Figure 20. Detailed waveforms obtained from the application
circuit. Green signal: Vi semiconductor switch voltage
(200V/div). Blue signal: V4 switch gate drive voltage
(3V/div). Yellow signal: 1; 415 switch gate drive current

(10A/div).

5 Sonuglar

Giig¢ elektronigi devrelerindeki giivenli calisma kosullarini
zorlayan en 6nemli unsurlar, yari iletken anahtarlarin maruz
kalacagi yiiksek gerilim ve yiliksek akimlardir. Asir1 akimin
iirettigi asiri 1s1, zorlamali sogutma yontemleriyle azaltilabilse
bile, yiiksek gerilimlere maruz kalan yari iletken anahtarlar,
muhtemelen kisa devre olacak ve devre calisamaz hale
gelecektir. Onerilen caligmada yari iletken anahtar uglarinda
olusmasi muhtemel yiiksek gerilimler, kararl hal ve gecici hal
olmak tlizere 2 ana kisimda incelenmistir. Kararli hal
durumundaki yari iletken gerilim kontroliine ek olarak gegici
hal durumlarinda kisa siireli darbeleri soniimleyebilecek ilave
bir devre tasarimina ihtiya¢ duyulmaktadir. Bu amagla Gegici
Gerilim Bastiricilar (TVS) adi verilen ve zener diyot ile benzer
bir ¢alisma ilkesine sahip yar1 iletkenler kullanilmistir.
Kullanilan TVS devre elemaninin degerine bagh olarak Vg
gerilimi 1200Vpc degerinin iizerine ciktifinda yar1 iletken
anahtar /475 akimi ile iletime girmis ve anahtar ug geriliminin
ylkselmesine izin verilmemistir. Ayrica gecici haldeki anlik
gerilim ylikselmesini engellemek icin kullanilan TVS
devresinin, kararli halde iletime girmesi engellenerek yari
iletken anahtarda istenmeyen ve kontrolsliz akim ve gerilim
isaretlerinin olusmasi dnlenmistir. Bagka bir deyisle gecici hal
anahtar gerilim yiikselmeleri TVS devresi ile sonlimlenirken,
kararlh hal anahtar gerilim yiikselmeleri gerilim béliicii ve
ADC’den olusan kontrol blogu tarafindan kontrol edilmistir.

6 Conclusions

The most important factors that challenge safe operating
conditions in power electronic circuits are the high voltage and
high currents that semiconductor switches will be exposed to.
Although the excess heat produced by excessive current can be
reduced by forced cooling methods, semiconductor switches
exposed to high voltages will likely short circuit and render the
circuit inoperable. In the proposed study, the high voltages that
are likely to occur at semiconductor switch terminals are
examined in two main parts: steady state and transient state. In
addition to semiconductor voltage control in steady state, an
additional circuit design that can absorb short-term pulses in
transient states is needed. For this purpose, semiconductors

called Transient Voltage Suppressors (TVS) that have a similar
operating principle to the zener diode have been used.
Depending on the value of the TVS circuit element used, when
the V¢ voltage exceeded 1200Vpc, the semiconductor switch
entered operation with the I;4rg current and the switch end
voltage was not allowed to rise. In addition, the TVS circuit,
which is used to prevent a temporary voltage increase, is
prevented from operating in a steady state, thus preventing the
formation of unwanted and uncontrolled current and voltage
signals in the semiconductor switch. In other words, while
transient state switch voltage spikes were damped by the TVS
circuit, steady state switch voltage spikes were controlled by
the control block consisting of voltage divider and ADC.

7 Yazar katki beyam

Gergeklestirilen calismada Metin Oztiirk fikrin olusmasi,
tasarimin yapilmasi, literatiir taramasi, elde edilen sonuglarin
degerlendirilmesi, kullanilan malzemelerin temin edilmesi,
sonuglarin incelenmesi, yazim denetimi ve igerik agisindan
makalenin kontrol edilmesi basliklarinda katki sunmustur.
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Abstract

In this paper, a novel B]T-based class AB electronically tunable plus-type
differential difference current conveyor (EDDCC+) is proposed, in which
a translinear circuit principle is utilized. The current gain of the
proposed EDDCC+ can be easily adjusted externally. Electronically
tunability is provided by current sources in the translinear loop. The
proposed EDDCC+ is simulated through the SPICE program to indicate
the functionality of the proposed EDDCC+, where a previously published
KHN filter is used as an application example. AT&T CBIC-R (N-2X and
P-2X) transistor model parameters are used in the simulation of this
circuit. Simulation results of the KHN filter verify theoretical
calculations. The cut-off frequency of the low-pass, high-pass, and band-
pass filters in the KHN filter circuit has been electronically changed.

Keywords: Translinear principle, EDDCC+, Electronically tunable,
BJT, KHN filter.

(0)4

Bu makalede, translineer devre prensibinin kullanildigi yeni bir BJT
tabanli AB sinifi elektronik olarak ayarlanabilen pozitif tip diferansiyel
fark akim tasiyict (EDDCC+) énerilmektedir. Onerilen EDDCC+'nin
mevcut akim kazanct elektronik olarak ayarlanabilmektedir.
Elektronik olarak ayarlama islemi translineer ¢evrimde bulunan akim
kaynaklart ile saglanmaktadir. EDDCC+'nin islevselligini géstermek icin
daha énce yayilanmis bir KHN filtresinin uygulama érnegi olarak
kullanilmistir. Benzetimler SPICE programi araciligiyla yapilmigstir.
AT&T CBIC-R (N-2X ve P-2X) transistér modeli parametreler énerilen
BJT tabanli EDDCC+nin benzetiminde kullanilmistir.  Teorik
hesaplamalar, KHN siizgecinin benzetim sonuglari ile dogrulanmigtir.
Elektronik olarak KHN stizge¢ devresinde bulunan algak gegiren, yliksek
gegiren ve bant gegiren stizgeclerin kesim frekansi degistirilmistir.

Anahtar Kkelimeler: Translineer prensip, EDDCC+, Elektronik
ayarlanabilirlik, BJT, KHN stizgec.

1 Introduction

Active building blocks (ABBs) are widely utilized in many
analog electronic circuits, such as oscillators, filters,
capacitance multipliers, inductor simulators, etc., due to their
low power consumption and adjustable properties. The most
popular ABBs are current feedback operational amplifiers
(CFOAs) [1], operational transconductance amplifiers (OTAs)
[2], and current conveyors (CCs) [3]. Many different CCs have
emerged from the first designed CCs until today. In this study,
differential difference current conveyors (DDCCs) [4] are
emphasized due to their input and output relationships.

The controllability of the active elements provides the
flexibility of the user and the multiple tasks of the circuit. The
translinear principle was introduced by Gilbert in 1975 by
making use of the current and voltage relations of the
semiconductor elements [5]. According to this principle,
forward-biased p-n junctions should form a closed loop, and the
number of junctions clockwise should be equal to the number
of junctions counterclockwise. In the literature, there are many
circuits designed using translinear principles, such as RMS-DC
convertors [6], sinusoidal frequency divider circuits [7],
logarithmic domain filters [8], [9], and RF RMS detectors [10].
In literature, many circuits with adjustable current gain(s) [11]-
[16] have been reported. Nevertheless, effective control ranges
of the current gain(s) in [11]-[16] are quite narrow.

*Corresponding author/Yazisilan Yazar

In this study, a novel ABB called as an electronically tunable
plus-type differential difference current conveyor (EDDCC+)
with higher effective control ranges compared to other ABBs
[11]-[16] is proposed. The proposed EDDCC+ can be adjusted
externally by changing its current gain. The proposed EDDCC+
is simulated via the SPICE program to demonstrate the validity
of the proposed EDDCC+ in which a previously published KHN
filter [11] is used as an application example.

This paper is organized as follows: the internal structure,
terminal equations of the EDDCC+, the current splitter, and
current multiplier blocks used in the EDDCC+ are introduced in
section 2. In Section 3, a KHN filter that was published in the
literature before is treated. Finally, some simulation results and
information about targeted future studies are given in Section
4 and Section 5, respectively.

2 Proposed EDDCC+

The equivalent ideal model of the EDDCC+ is shown in Figure 1.
It has three resistors and two dependent sources. The values of
all three resistors, Ryq, Ry,, and Ryz, are ideally infinity. The
relations among the terminals of the EDDCC+ can be defined in
Equation (1). The reason for choosing the EDDCC+ is mainly its
high mathematical capability, as shown in Equation (1).
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In the matrix equation demonstrated above, k is an
electronically adjustable current gain. The proposed EDDCC+
has three main parts, as illustrated in Figure 2. The first part
consists of BJT-based DDCC [15]. The second part is the current
splitter (CS) [17], which is an indispensable element of
differential class AB circuits. The last part is the one quad
current multiplier (0QM) designed using a translinear principle

[18],[19].
pDDCC+ || ¢S il
S o ~

Iz A m

Figure 2. Block of proposed EDDCC+.

CS separates the current, I, into currents, I, and I; thus, the
values of I, and I, are always positive. Thanks to the current
splitter, scalar multiplication can be easily realized with single-
area multiplication circuits of two positive currents. The
relationship among the currents, Iz, I,,, and I, is given below.

Iy =1zq —Izp (2)

The proposed B]T-based internal structure of the EDDCC+ is
depicted in Figure 3. The proposed EDDCC+ is a modified
version of the commonly used DDCC [4].

Figure 3. Proposed class AB B]T-based EDDCC+.

On the other hand, the parameters k; and k, are electronically
tunable current multiplier factors. The k parameters can be
selected as maximum 3 and minimum 0.05.The values of the k1
and k, are respectively computed as follows:

I; g
k = — = —
1 I~ 1 3(a)
I I
k, = 110 _ 111 3(b)
12 12

3 KHN filter using the proposed EDDCC+

KHN filters are one of the well-known circuit types in literature.
KHN filters [11] stand out due to their low element properties,
low sensitivity, good stability, etc.

If the KHN filter given in Figure 4 is mathematically analyzed,
the following high-pass (HP), band-pass (BP), and low-pass
(LP) transfer functions are respectively obtained:

I— iy I
v v, EDI;CCJr 71 . ED[;E?(# 2 OV
(e ) -G
X T e x T
|_ ™ = =
FW—or, iwwor,
R Ry
Figure 4. A KHN filter, which is previously published in [10].
VHP _ 52
Vin g2 s R, _Jaky _ 4(a)
ST SR e T RR,CLG,
s
v, R.C,
_BP_ 171 4(b)
Vin 24 ky kik,
kyk,
v, R,R,C,C,
o= PR ()
in s2+s 1 1%2

R.C; T RIR,C.C,

The natural frequency and quality factor of the KHN filter given
in Figure 4 are respectively shown in Equations (5). As shown
in Equations (5), the natural frequency can be electronically
adjusted with the parameters k; and k,, without changing the
values of the passive elements.

fo 1| _kike 5(a)
27 |RiR,C1Co

kaR1Cy

Q= 5(b)

kiR, C,

4 Simulation results of EDDCC+ and KHN filter
circuit

The KHN filter is simulated through the SPICE program in

which the proposed EDDCC+ structure in Figure 3 is included.

The circuit parameters are chosen as follows: k; = k, = k,
VCC = _VEE =25 V,R1 = RZ =1 k.Q,Cl = CZ = 1OOpF,11 =
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I, =50pA,I3 =100 4,1, =15 =300 pA,Ig =7 pd, lg = I, =
40 pdand I, = Ig = Iy = I;; = k X 40 pA where AT&T CBIC-R
(N-2X and P-2X) BJT parameters given in [18] are utilized. As a
result of selecting these values, and BJT paramters, simulation
results of the variations of the differantial voltage gain of the
EDDCC+ versus frequency is given in Figure 5, while the
variations of the current gain versus frequency is indicated in
Figure 6.

3 A

Gain, V/V

1k 10k 100k M 10M 100M
Frequency, Hz

Figure 5. The voltage transfer performance of the EDDCC+
versus frequency.

(]
L

Gain, A/A
|

Frequency, Hz

Figure 6. The current transfer with the current gain of the
EDDCC+ versus frequency.

For k = 1, an AC analysis for the KHN filter demonstrated in
Figure 7 is carried out. One observes from Figure 7 that the
natural frequency of the KHN filter in Figure 4 is about 1.45
MHz (about 1.59 MHz theoretically) for k = 1. If k =0.1 is
chosen by selecting I, = Ig =1, =111 =4 u4, and Iy =1;, =
40 pA, the natural frequency of the KHN filter is approximately
145 kHz (about 159 kHz theoretically), which is shown in
Figure 8.

0
-104
m 204 —— Low Pass
= - - -~ Band Pass
g T R High Pa\‘i-
[ e
404
=504
-60 T T T 1
1k 10k 100k IM 10M 100M
Frequency, Hz

Figure 7. Frequency domain simulation of KHN filter for k = 1.
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Figure 8. Frequency domain simulation of KHN filter for k =
0.1.

Similarly, if k = 0.05 is chosen by chosing I, =Ig = I, = I;; =
2pA, and Iy=1I;, =40pA the natural frequency is
approximately found as 73 kHz (about 80 kHz theoretically),
which is depicted in Figure 9. In Figures 7-9, the simulation
results for the HP, BP, and LP outputs of the KHN filter are
shown results. The frequency response for different k values of
the low-pass filter output of the KHN filter is shown in
Figure 10.

-104

Low Pass
---- Band Pass

_------- High Pass

-204

Gain, dB

-30
-40

=504

-60 . ' v — .
1k 10k 100k M 10M 100M

Frequency, Hz

Figure 9. Frequency domain simulation of KHN filter for k =
0.05.

220
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-30+
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-30 4
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Figure 10. Frequency domain simulation of low-pass filter for
different k values.

The comparison of various features of the proposed circuit with
similar design in the literature is given in Table 1.

Table 1. Comparison table.

Reference Number of Type of Class Multiplier
Transistors Transistos AB Range
[11] 16 BiCMOS N.A. x1-x2
[12] 20 BiCMOS N.A. x1-x5
[13] 36 BJT No x1-x15
[14] 29 MOS N.A. x1-x10
[15] 36 BJT N.A. x1-x20
This work 32 BJT Yes X0.05-x3

NA: Not available.
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5 Conclusions

In this paper, a novel EDDCC+ is proposed. This novel EDDCC+
is obtained by using CS and OQM connected to the DDCC output;
thus, electronically tunable class AB EDDCC+ is achieved. The
simulation results of the proposed EDDCC+ show that the
proposed EDDCC+ can work up to 1 MHz frequency. To show
the workability of the proposed EDDCC+, the previously
published KHN filter is simulated via the SPICE program in
which the proposed EDDCC+ is used. As can be seen from the
simulation results of the KHN filter, the proposed EDDCC+ can
also work for different k values. Different kinds of circuits, such
as tunable oscillators, inductor simulators, etc. can be designed
by using the proposed EDDCC+. Future studies aim to improve
the performance of EDDCC+ proposed in this paper in various
aspects by designing an internal structure with a higher
multiplier and working on a different type of transistor-based
internal structure. Similarly, it is aimed to design a new analog
circuit, such as an analog filter circuit, capacitance multiplier
circuit, and inductance simulator circuit that will work in a
compatible way with future studies.
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Bu c¢alismada, geleneksel Wilkinson giic boliiciisti iletim hatlari
menderes yapilar ile modifiye edilerek, ardisik olarak iki ve ii¢ kez
baglanmis iki yollu ve iki kez ardisik baglanmis dért yollu mikrogerit
gtic boliicti devreleri sunulmaktadir. Tasarimlarda bagil dielektrik
sabiti 10.2 ve yiiksekligi 1.27 mm olan RT/Duroid alt tabaka
kullanilmis; elektromanyetik simiilasyon programu ile frekans cevaplari
optimize edilmistir. Gii¢ boliiciilerde her bir baglanti noktasina 100 ohm
direng yerlestirilmis ve bu sayede izolasyon ile bant genigliginin
artirlmasi saglanmigstir. Iki kez ardistk baglanmisg iki yollu yapida 0.17-
1.36 GHz bandinda ortalama geri déniis kaybi-14.45 dB, iletim kaybi-
3.40 dB ve izolasyon degeri -13.25 dB olarak hesaplanmistir. Ayrica,
2.24-2.97 GHz frekans bandinda geri déniis kayb1 -1545 dB, iletim
kaybi -3.50 dB ve izolasyon degeri -15.93 dB olarak élciilmiistiir. U¢ kez
ardistk baglanmis yapida ise 0.11-1.05 GHz arasinda ortalama geri
déniis kaybi-14.73 dB, iletim kaybi -3.38 dB ve izolasyon degeri -12.20
dB; 1.36-2.10 GHz arasinda ortalama geri doniis kaybt -15.21 dB, iletim
kayb1 -3.54 dB ve izolasyon degeri -15.34 dB; 2.59-3.14 GHz arasinda ise
ortalama geri déniis kaybi -17.52 dB, iletim kaybi -3.65 dB ve izolasyon
degeri -14.03 dB olarak élciilmiistiir. Dort yollu, iki kez ardisik
baglanmis yapida ise 0.47-1.17 GHz araliginda ortalama geri doniis
kaybi -20.65 dB, iletim kaybi -6.17 dB ve izolasyon degeri -16.74 dB
olarak élciilmiistiir. Tasarlanan devreler imal edilmis ve simiilasyon
sonuclarinin 6l¢iim sonuglariyla uyumlu oldugu gozlenmistir.

Anahtar kelimeler: Wilkinson gii¢ béliicii, Kaskat bagls, iki yollu giig
béliicii, Dort yollu gii¢ béliicii, Menderes yap1.

Abstract

In this study, conventional Wilkinson power dividers have been modified
with meandered transmission line structures, resulting in two-port
power dividers with either two or three serial connections and four-port
power dividers with two serial connections. A substrate with a relative
permittivity of 10.2 and a height of 1.27 mm, RT/Duroid, was used for
the designs, and frequency responses were optimized using an
electromagnetic simulation program. To enhance isolation and
bandwidth, 100-ohm resistors were placed at each connection point in
the power dividers. In the two-port configuration with two serial
connections, the average return loss was -14.45 dB, insertion loss was -
3.40 dB, and isolation was -13.25 dB over the 0.17-1.36 GHz band.
Additionally, in the 2.24-2.97 GHz frequency band, the return loss was -
15.45 dB, insertion loss was -3.50 dB, and isolation was -15.93 dB. In the
three-port configuration with three serial connections, the average
return loss was -14.73 dB, insertion loss was -3.38 dB, and isolation was
-12.20 dB over the 0.11-1.05 GHz range; -15.21 dB return loss, -3.54 dB
insertion loss, and -15.34 dB isolation over the 1.36-2.10 GHz range; and
-17.52 dB return loss, -3.65 dB insertion loss, and -14.03 dB isolation
over the 2.59-3.14 GHz range. In the four-port configuration with two
serial connections, the average return loss was -20.65 dB, insertion loss
was -6.17 dB, and isolation was -16.74 dB in the 0.47-1.17 GHz range.
The designed circuits were fabricated, and it was observed that the
simulation results were consistent with the measurement results.

Keywords: Wilkinson power divider, Cascade connected power
divider, Two-way power divider, Meandered structure.

1 Giris
Mikrodalga gii¢ boliicii devreleri, giris sinyalini esit genlikte ve
ayni fazda birden fazla ¢ikisa bolen yapilariyla anten dizileri
basta olmak {lizere bircok RF/mikrodalga haberlesme
sisteminde kullanim alan1 bulmaktadir [1]. 1960 yilinda J.
Wilkinson tarafindan literatiire sunulan Wilkinson gii¢ boéliicd,
giris sinyalinin esit faz ve genlikteki sinyallere yiiksek
izolasyonla ayrilmasini saglamistir [2]. Geleneksel Wilkinson
gii¢ boliict, giris portundan uygulanan giicii kayipsiz olarak iki
cikis porta esit bolecek sekilde tasarlanmistir. Wilkinson gii¢
boliiciiler kolay imalati, kayiplarinin az olmasi, maliyetinin
diisiik olmasi, ¢ikis portlari arasinda yliksek izolasyonun olmasi
gibi nedenlerden dolay1 en yaygin kullanilan gii¢ béliiciilerdir.
Wilkinson giig béliicii, Zov2 Q empedansina sahip iki iletim hatt:
ve ¢ikis portlar1 arasinda izolasyon saglayan bir 2ZoQ
degerindeki direncten olusur [2],[3]. Geleneksel Wilkinson gii¢

*Yazisilan yazar/Corresponding author

béliicliniin ¢eyrek dalga boyu (A/4) uzunlugundaki iletim
hatlar1 modifiye edilerek ¢esitli calismalar yapilmistir. Trapez,
dairesel ve dikdortgen rezonatorlerin kombinasyonu
kullanilarak [4], yarim daire rezonator ve iki T-sekilli rezonator
kullanilarak [5], modifiye edilmis bir algak gegiren filtre
kullanilarak [6], n yollu bir gii¢ béliicii i¢in n adet ¢ok modlu
rezonator ve n adet direngten olusan modifiye bir yapi ile [7]
Wilkinson gii¢ bdliicliniin iletim hatlar1 modifiye edilerek
harmonik bastirma o6zellikli yeni gili¢ bdliicii tasarimlari
gerceklestirilmistir. Ayrica, 6zel olarak tasarlanmis ¢ift banth
bir bant gegiren filtre iceren yapilar [8], yavas dalgali yapilar
[9], ©zel tasarlanmis interdijital yapilar [10] kullanilarak
filtreleme yapan gili¢ boliicli tasarimlar1 gerceklestirilmistir.
Bunun yaninda, kapasitif yiiklii yap1 [11], T seklinde rezonator
ve dort adet dikdortgen sekilli rezonator [12], cift iletim hatt
teknigi [13], 6zel olarak tasarlanmis yapay iletim hatti modeli
(bu model sont kapasitér ve agik uglu yan hatlardan
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olusmaktadir) [14], liggen rezonatdrler [15], indiiktif yarik
yliklemeli yap1 ile iletim hattinin empedans degerini
degistirerek yavas dalgali yap1 [16] ve menderes yapili iletim
hatti [17] kullanarak boyut kigiltme iizerine ¢alismalar
yapimustir. fletim hatlari farkh gii¢c oranlarina bdlmek icin
cesitli empedans degerlerine gore tasarlanmis iki kaskat bagh
yapilar [18], dairesel iletim hatlar1 ve kaskat baglanti
kullanarak polarizasyon tespiti [19] {lizerine c¢alismalar
yapilmistir. Bu calismada, geleneksel Wilkinson bdéliiciiniin
iletim hatlar1 menderes yapili sekilde modifiye edilerek hem
boyut kii¢iiltme saglanmis hem de iki yollu olarak iki ve ti¢
segmentli yapilar ile dort yollu olarak iki segmentli bir yap:
tasarlanmistir. iki yollu yapilarin iki ve i{ic segmentli
versiyonlari, dort yollu yapmin ise iki segmentli versiyonu
gelistirilmistir. Bu tasarimlarin amaci, bant sayisini artirarak
dizi antenler i¢in mikrodalga devre elemanlar1 tasarlamaktir.

2 Materyal-metot

Bu ¢alismada, geleneksel Wilkinson Gii¢ Boliicii devresinin
iletim hatlar1 menderes yapili sekilde modifiye edilerek gii¢
béliiciiler olusturulmustur. Bu gii¢ béliiciiler, ardisik olarak iki
ve U¢ kez kaskat baglanarak iki yollu ve iki kez kaskat
baglanarak dort yollu gii¢ béliiciiler tasarlanmistir. Sekil 1'de
geleneksel Wilkinson Gii¢ Béliicli devresi gosterilmistir.

Z‘ ) .\'IIE ZI ]

7 7z, Port3

Sekil 1. Geleneksel Wilkinson Gii¢ Boliicli devre modeli.
Figure 1. Conventional Wilkinson power divider circuit model.

Sekil 2’de ise geleneksel Wilkinson Gii¢ Boliicii'niin frekans
cevabi verilmistir.
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Sekil 2. Geleneksel Wilkinson gli¢ boéliicli devre modeli.

Figure 2. Frequency response of conventional Wilkinson Power
Divider circuit model.

Burada, f, kesim frekansidir. ideal Wilkinson Gii¢ Béliicii
devresi icin, S matrisi, giiclin birinci porta girdiginde esit genlik
ve ayni fazda c¢ikis portlarina boéliindiigiinii gosterir. Tim
portlar uyumlu yiikle sonlandirildiginda, portlarda geri doniis
kayiplar1 sifirdir. Cikis portlarindan birine bir sinyal
uygulandiginda, bu sinyalin sadece yarisi giris portuna ulasir;
yliksek izolasyon nedeniyle diger c¢ikis portunda ise herhangi

bir sinyal goriilmez. Wilkinson gii¢ boéliiciinlin ideal sacilma
matrisi, Denklem 1’de gosterildigi gibidir.

011
S :TJ 100 &)
2 1 00

Yavas dalgali yapilar kullanilarak devre boyutlarinda kii¢tiltme
saglanmistir [17]. Devre boyutunu kiigliltmek icin ¢ceyrek dalga
boyu iletim hatlar1 kapasitif veya indiiktif olarak yiiklenebilir.
fletim hattinin kapasitans veya indiiktansindaki artisa baglh
olarak faz ve grup hizi azalir; bu nedenle bu yapilar yavas dalga
yapilar1 olarak adlandirilir. 50 Q empedansina sahip iletim
hattina menderes yap1 verilerek, 0.8 mm derinliginde ve
0.2 mm genisliginde yariklar acilarak, iletim hattinin
empedanst 70 Q olacak sekilde tasarlanmistir. Bu devre
tasariminda kullanilan menderes yapil iletim hatt1 Sekil 3’te
gosterilmistir.

P i S
< 7

URUTnURU AU

Sekil 3. Menderes yapili iletim hat modeli.

Figure 3. Meandered transmission line model.

Mikroserit hatlarin karakteristik empedans: denklem 2 ile
verilmistir.

z T, (8h+025 W)

= —In|— e

0 2T geff w 2h (2)
Burada, W mikroserit hattin genisligi, h dielektrik tabakanin
yuksekligi, o serbest uzayin empedansi (120 ) ve g.¢5 ise
etkin dielektrik sabitidir. Kilavuz dalga boyu denklem 3 ile
verilmistir.

A
Ag = s ©)

Her bir iletim hattinin uzunlugu A,/4’tiir. Menderes yapili
iletim hatlar, kolay tiretim siireci nedeniyle farkli mikrodalga
devreleri i¢in yaygin olarak tercih edilmektedir.

2.1 Kaskat bagh iki yollu Wilkinson gii¢ boliicii

Bu béliimde, anten dizilerinde yaygin olarak kullanilabilecek
tlirde iki yollu Wilkinson Gii¢ Boliiciiler iizerinde yeni bir model
sunulmaktadir. Iki adet ve ii¢ adet iki yollu Wilkinson Gii¢
Boliiclinilin iletim hatlarinin kaskat baglanmasi sonucunda
¢oklu bant yapilari elde edilmistir. Ayrica, iletim hatlarinin
menderes yapili olarak tasarlanmasiyla devre boyutlar:
kiiciiltiilmiis ve daha kompakt bir hale getirilmistir.
Tasarimlarda bagil dielektrik sabiti 10.2 ve kalinlig1 1.27 mm
olan RT/Duroid taban malzemesi kullanilmistir. Simiilasyonlar,
Tam Dalga Elektromanyetik Simiilatér programi olan Sonnet
kullanilarak yapilmistir.

2.1.1 iki kez ardisik bagh iki yollu Wilkinson gii¢ béliicii

iki kez ardisik bagh iki yollu Wilkinson Gii¢ Béliicii modelinde,
geleneksel Wilkinson Gii¢ Boliiciiniin iletim hatlar1 menderes
yapili hale getirilmis ve yavas dalga etkisi ile minyatiirizasyon
saglanmasi amag¢lanmistir. Buna ek olarak, iletim hatlari iki kez
ardisik baglanarak kaskat baglh bir yapi olusturulmustur.
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Geleneksel Wilkinson iki yollu gii¢ boéliiciiniin iletim hatlar
arasina 100 ( degerinde bir direng yerlestirilmis ve daha sonra
iki adet iletim hattinin seri baglanmasiyla iki kez ardisik
baglanmis gii¢ boliicii modeli elde edilmistir. Bu tasarimin
merkez frekans1 1 GHz'dir. Tasarlanan devre modeli Sekil 4’te
verilmis olup, devre boyutu dalga boyu cinsinden
0.564,%0.181,'dir. Bu devreye ait simiilasyon sonuglari
Sekil 5’te sunulmustur. Simiilasyon sonuglarina gore, 0.17-1.36
GHz frekans araliginda ortalama geri doniis kayb1 -13.40 dB,
iletim kayb1 ise -3.19 dB ve ¢ikis portlar1 arasindaki izolasyon
degeri ise -13.32 dB'dir.

Sekil 4. iki yollu iki segmentli devre modeli.

Figure 4. Twice cascaded two-way circuit model.

0 T T T T T T T T
m L 2131 S LN
3 10 =~ L /.ﬁ ..ﬁ_// \\\ /'.j ]
[ ASZEE- TR ! i \
"q'j =20 + U 'l'\bf! . : l'. J'{ 4
§ \ &y
© I Y Y
o -30+ N ||| i
w r .
_40 | I L |. L |
0 1 2 3 4 5
Frekans, GHz

Sekil 5. Iki yollu iki segmentli devreye ait S parametrelerinin
frekansa gore degisim grafigi.
Figure 5. Frequency response of S parameters of a two-way
circuit cascaded twice.

2.1.2 Uc kez ardisik bagh iki yollu Wilkinson giic béliicii

Calismanin bu kisminda, iletim hatlar1 menderes yap: ile
modifiye edilmis geleneksel Wilkinson iki yollu gii¢ béliiciiniin
iletim hatlarinin seri olarak ii¢ kez kaskat baglanmasiyla
olugturulan iki yollu tasarim sunulmustur. Her baglanti
noktasina 100 () izolasyon direnci yerlestirilerek ¢ikis kapilari
arasindaki yiiksek izolasyon degeri saglanmistir. Burada
devrenin merkez frekansi 0.57 GHz'dir. Devrenin boyutlar
dalga boyu cinsinden 0.791,%0.184, olarak ol¢iilmiistir. Bu
devre tasarimi Sekil 6’da gosterilmistir.

Part 2

IR
Port 1 MWMTMWW “SULULLARLLAND

Port 3

Sekil 6. iki yollu {i¢ segmentli devre modeli.

Figure 6. Two-way circuit model cascaded three times.

Tasarima ait 0.11-1.05 GHz frekans araliginda ortalama geri
dontis kayb1 -12.65 dB, iletim kaybi -3.22 dB ve izolasyon
degeri -11.80 dB’dir. Bu tasarima ait iletim kaybini, geri doniis
kaybini ve izolasyon degerini ifade eden S parametreleri Sekil
7'de verilmistir.

2.2 ki kez ardisik bagh dért yollu Wilkinson gii¢ béliicii

fletim hatlarimin ardisik olarak iki kez kaskat baglanmasiyla
doért yollu Wilkinson Gii¢ Béliicii tasarlanmistir. Onceki
béliimlerde oldugu gibi, bu béliimde de menderes yapili iletim
hatlar1 kullanilmaktadir. Tasarlanan dort yollu Wilkinson Giig
Boliicii Sekil 8’'de gosterilmektedir.
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Sekil 7. iki yollu iic segmentli devreye ait S parametrelerinin
frekansa gore degisim grafigi.

Figure 7. Frequency response of S parameters of three times
cascaded.

Port &

Sekil 8. Dort yollu iki segmentli devre modeli.

Figure 8. Four-way circuit model connected twice
consecutively.

Sekilden gorildiigi tizere, Port 1’den sonra menderes yapil
iletim hatlar iki kez kaskat baglanmis, ardindan hatlar iki yola
ayrilmis ve sonra tekrar iki kez ardisik olarak baglanmistir. Her
baglanti arasina 100 Q'luk izolasyon direnci yerlestirilerek ¢ikis
portlar1 arasindaki yiiksek izolasyon saglanmaktadir.
Tasarlanan devrenin simiilasyon sonuglar1 Sekil 9’da
gosterilmistir. Bu devrenin merkez frekans1 0.73 GHz'dir.
Devrenin boyutlar1 dalga boyu cinsinden 1.14; X 0.314, olarak
Ol¢iilmistiir. 0.47-1.17 GHz frekans aralifinda ortalama geri
doniis kayb1 -20.66 dB, iletim kaybi1 -6.17 dB ve ¢ikis kapilari
arasindaki izolasyon degeri -15.87 dB’dir.
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Sekil 9. Dort yollu iki segmentli devre modeline ait S
parametrelerinin frekansa bagh degisim grafigi.

Figure 9. Frequency response of S parameters of the four-way
circuit model cascaded.

3 Deneysel calismalar

Tasarimlarin dogrulugunu dogrulamak amaciyla tiim devreler
imal edilmis ve o&lciimler gerceklestirilmistir. Olciimler,
Keysight PNA N5222A Ag Analizori kullanilarak yapilmistir.
Kullanilan cihaz doért portlu oldugu icin, doért yollu devrenin
bosta kalan portu 50 Q uyumlu yiikle sonlandirilarak dl¢timler
gerceklestirilmistir. Sekil 10’da imal edilen iki kez kaskat
baglanmis iki yollu Wilkinson gii¢ boliiciiniin fotografi
verilmistir.

Sekil 10. iki yollu iki segmentli yapinin imal devre fotografi.
Figure 10. Photograph of a two-way circuit cascaded twice.

Sekil 11’de ise imal edilen devreye ait dl¢lim ve simiilasyon
sonuclar1 gosterilmistir. Sekilden gortilecegi iizere, iletim kayb1
simiilasyon degerleriyle uyumlu olarak 0.17-1.36 GHz frekans
bandinda ortalama -3.40 dB, geri doniis kaybi ise ayni frekans
bandinda ortalama -14.45 dB, c¢ikis portlar1 arasindaki
izolasyon degeri ise ortalama 13.25 dB olarak 6l¢iilmiistiir. Bu
devrenin kismi bant genisligi, ilgili frekans bandinda -10 dB i¢in
%155.56, 2.24-2.97 GHz frekans bandinda ise geri donts kayb1
ortalama -15.45 dB, iletim kaybi -3.5 dB, izolasyon degeri ise
15.93 dB olarak él¢iilmiistiir. Bu frekans bandindaki kismi bant
genisligi ise %28.02 olarak hesaplanmistir. Menderes yapili
iletim hatlar1 sayesinde geleneksel Wilkinson gii¢ béliiciisiine
kiyasla yaklasik olarak %18 oraninda bir boyut kiigiiltme
saglanmigtir.

S Parametreleri, dB

Frekans, GHz

Sekil 11. iki yollu iki segmentli yapinin simiilasyon ve él¢iim
sonuglari.

Figure 11. Frequency response of simulation and
measurement results of two times cascaded two-way circuit.

Sekil 12'de, ii¢ kez ardisik olarak baglanmis iki yollu devrenin
imal edilmis fotografi verilmistir. Bu devreye ait S
parametrelerinin frekansa bagl degisim grafigi Sekil 13'te
gosterilmistir.

Sekil 12. Iki yollu ii¢ segmentli yapinin imal devre fotografi.
Figure 12. Photograph of three times cascaded two-way circuit..

0_- | L T T
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Sekil 13. iki yollu ii¢ segmentli yapiya ait 6l¢iim ve simiilasyon
sonugclar1.

Figure 13. Frequency response of measurement and simulation
three times cascaded two-way circuit.
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0.11-1.05 GHz frekans bandinda iletim kayb1 -3.38 dB, geri
doniis kaybi -14.73 dB ve izolasyon degeri -12.20 dB’den daha
iyi olarak olciilmiistiir. Imal edilen devrenin izolasyon
direnglerinin konumlarinin farkli olmasindan dolay1 izolasyon
degerlerinde frekans bandinda kaymalar gozlemlense de,
Ol¢lim sonuglarinin tasarlanan devre ile iyi derecede ortiistiigii
gozlenmektedir. Bu frekans bandinda, 10 dB icin kismi bant
genisligi %162.07 olarak hesaplanmistir. 1.36-2.10 GHz frekans
bandinda ortalama iletim kaybi -3.54 dB, geri doniis kaybi -
15.21 dB, izolasyon degeri ise -15.34 dB olarak 6l¢iilmiistiir. Bu
frekans bandinda, kismi bant genisligi %42.78 olarak
hesaplanmistir. 2.59-3.14 GHz frekans bandinda, ortalama
iletim kaybi1-3.65 dB, geri doniis kayb1 -17.52 dB, izolasyon
degeri ise -14.03 dB olarak 6l¢iilmiistiir. Bu frekans bandinda,
kismi bant genisligi %19.20 olarak hesaplanmistir. Bu devre,
geleneksel Wilkinson gii¢ boliiciisiine kiyasla %25 oraninda bir
minyatiirizasyon saglamistir.

iki kez ardisik olarak baglanmis doért yollu devrenin imal
edilmis fotografi Sekil 14’te verilmistir. Bu devreye ait bazi S
parametreleri Sekil 15'te verilmistir.
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Sekil 14. Dort yollu iki segmentli yapinin imal devre fotografi.

Figure 14. Photograph of a four-way circuit cascaded twice.

S Parametreleri, dB

Frekans, GHz

Sekil 15. Dort yollu iki segmentli yapinin 6l¢iim ve simiilasyon
sonuglari.

Figure 15. Frequency respond of measurement and simulation
results of the four-way circuit cascaded twice.

Devrenin simetrik olmasindan dolay1 yalnizca baz1 S
parametreleri verilmistir. 0.47-1.17 GHz frekans bandinda
ortalama geri doniis kayb1 -20.65 dB, iletim kaybi1 -6.17 dB ve
izolasyon degeri de -15.87 dB olarak odl¢ililmiistiir. Bu frekans
bandinda kismi bant genisligi %85.37 olarak hesaplanmistir.

2.01-2.63 GHz frekans bandinda ise, ortalama geri dontis kaybi
-16.74 dB, iletim kayb1 -6.26 dB ve izolasyon degeri -12.17 dB
olarak odlciilmiistiir. Bu frekans bandindaki kismi bant genisligi
ise %26.72 olarak hesaplanmistir.

4 Sonuglar

Bu calismada iki ve ti¢ kez ardisik bagl iki yollu devreler ile iki
kez ardisik bagh dort yollu devre tasarimi yapilmistir.
Tasarlanan devrelerin boyutlari, iki yollu devreler i¢in iki kez
ardisik bagh ve ili¢ kez ardisitk bagh olanlar igin sirasiyla
0.5614 x 0.181_g,0.794, x 0.184, ve dortyollu iki kez ardigik
bagl devre i¢in 1.14; X 0.314, olarak 6l¢iilmustir. iki kez
ardisik bagl iki yollu devrenin birinci bandinda ortalama geri
doniis kaybi -14.45 dB, iletim kaybi -3.40 dB ve izolasyon degeri
-13.25 dB; ikinci bandinda ise geri doniis kayb1-15.45 dB, iletim
kayb1 -3.50 dB ve izolasyon degeri -15.93 dB olarak
olctilmiistiir. U¢ kez ardisik bagh iki yollu devrede birinci
bandinda ortalama geri doniis kaybi -14.73 dB, iletim kayb1 -
3.38 dBve izolasyon degeri-12.20 dB; ikinci bandinda ortalama
geri doniis kaybi -15.21 dB, iletim kaybi -3.54 dB ve izolasyon
degeri -15.34 dB; iiglincii bandinda ise ortalama geri doniis
kayb1 -17.52 dB, iletim kaybi1 -3.65 dB ve izolasyon degeri -
14.03 dB olarak ol¢iilmiistiir. Dért yollu, iki kez ardisik
baglanmis yapida ise birinci bandinda ortalama geri doniis
kayb1 -20.65 dB, iletim kayb1 -6.17 dB ve izolasyon degeri -
16.74 dB; ikinci bandinda ise geri doniis kayb1 -16.74 dB, iletim
kayb1 -6.26 dB ve izolasyon degeri -12.17 dB olarak
o6lctilmiistiir. Tasarlanan devreler imal edilmis ve simiilasyon
sonuglarinin 6l¢iim sonuglariyla uyumlu oldugu gézlenmistir.
imal edilen devrelerle tasarlanan devrelerin S parametreleri iyi
bir sekilde ortiismektedir. Tasarlanan devrelerin o6zellikle
anten dizileri basta olmak tizere bir¢ok mikrodalga devresinde
kullanilacag: diisiiniilmektedir. Tablo 1'de diger ¢alismalarla bu
calisma arasindaki kiyaslamalar verilmistir.

5 Conclusions

In this study, designs for two-way circuits connected in series
twice, three times, and four-way circuits connected in series
twice have been developed. The dimensions of the designed
circuits were measured as 0.561; X 0.184, for the two-way
circuit connected twice, 0.79/19 X 0.18/19 for the three times
connected two-way circuit, and 1.14, X 0.314, for the four-way
circuit connected twice. For the two-way circuit connected
twice, the average return loss in the first band was -14.45 dB,
insertion loss -3.40 dB, and isolation value better than -13.25
dB. In the second band, the return loss was -15.45 dB, insertion
loss -3.50 dB, and isolation value better than -15.93 dB. For the
two-way circuit connected three times, the average return loss
in the first band was -14.73 dB, insertion loss -3.38 dB, and
isolation value -12.20 dB. In the second band, the return loss
was -15.21 dB, insertion loss -3.54 dB, and isolation value -
15.34 dB. In the third band, the return loss was -17.52 dB,
insertion loss -3.65 dB, and isolation value -14.03 dB. In the
four-way circuit connected twice, the average return loss in the
first band was -20.65 dB, insertion loss -6.17 dB, and isolation
value -16.74 dB. In the second band, the return loss was -16.74
dB, insertion loss -6.26 dB, and isolation value -12.17 dB. The
designed circuits were manufactured, and it was observed that
the simulation results were consistent with the measurement
results. The S parameters of the manufactured circuits closely
matched those of the designed circuits. It is anticipated that the
designed circuits will be wused in various microwave
applications, particularly in antenna arrays.
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Tablo 1. Onceki caligmalar ile kiyaslamalar.

Table. 1. Comparisons with previous studies.

S11 S21 Alan (mm? Calisma frekansi (GHz)
Bu ¢alismada 17.52dB -3.66 dB 14.03 dB 29.6*10.5 0-5
Referans [11] 36 dB -3.16dB 16 dB 295.6 0-3
Referans [20] 10dB -3.09dB 13.56 dB 22*15 3.1-10.6
Referans [21] 25 -3.7 6.33%22.1 1-4
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Artan enerji ihtiyaci, fosil yakitlarin tiiketimlerinin artmasi, kiiresel
istnma ve karbon salinim degerlerinin ylikselmesi nedeniyle tiim
diinyada yenilenebilir enerji kullamimi yayginlasmaktadir. Ulkemizde
de yenilenebilir enerji yatirimlari, gectigimiz yillarda biiyiik bir ivmeyle
artis  gostermigstir.  Afyonkarahisar ili, giiniimiizde yalnizca
gastronomisiyle degil, artan yenilenebilir enerji tesisleriyle de 6n plana
ctkmaktadir. Riizgdr enerjisi kurulu gticii 350 MW olan ve Tiirkiye’nin
en buyiik riizgdr enerji santrallerinden birini il smirlart igerisinde
barindiran Afyonkarahisar’in riizgardan lirettigi giic, yeni kurulan
tiirbinlerle giin gectikce artis gdstermektedir. Bu ¢alismada
Afyonkarahisar'n riizgdr enerji potansiyeli analiz edilmis, TR33
bélgesindeki diger illerle karsilastirmalar yapilmis, bélgede yapilmasi
olast enerji yatirtmlarinin uygulanabilirligi  degerlendirilmis ve
uluslararast  endiistriyel ~ standartlardaki ~ WAsP  yazilimiyla
simiilasyonlar gergeklestirilmistir. Ayrica riizgdr enerji santrallerinin
bélgenin kalkinmasina etkileri de tartisiimistir.

Anahtar kelimeler: Afyonkarahisar, Enerji, Riizgar enerjisi, TR33
bolgesi, WAsP.

Abstract

Due to the increasing energy demand, increasing consumption of fossil
fuels, global warming, and rising carbon emission values, renewable
energy use is becoming widespread worldwide. Renewable energy
investments in our country have also increased rapidly in recent years.
Afyonkarahisar province stands out not only in its gastronomy but also
in its growing renewable energy facilities. Afyonkarahisar, which has an
installed wind energy capacity of 350 MW and hosts one of the largest
wind energy plants in Turkey within the provincial borders, is
increasing the power it produces from wind day by day with newly
installed turbines. In this study, the wind energy potential of the
Afyonkarahisar is analyzed, comparisons are made with other provinces
in the TR33 region, the feasibility of possible energy investments in the
area is evaluated, and simulations are carried out with the WAsP
software at international industrial standards. In addition, the effects of
wind energy plants on the region's development are discussed.

Keywords: Afyonkarahisar, Energy, Wind energy, TR33 region,
WASP.

1 Giris

Afyonkarahisar bolgesi, Tiirkiye'nin riizgar enerji potansiyeli
acisindan o6nem tasiyan bolgelerinden biri olarak dikkat
cekmektedir. Yapilan c¢alismalar, o6zellikle bdlgenin uygun
riizgar hizlarina sahip oldugunu ve enerji iiretimi icin elverisli
kosullar sundugunu géstermektedir [1]. Ozellikle, riizgarin
strekliligi ve bolgesel meteorolojik ozellikler,
Afyonkarahisar'in enerji lretimi agisindan giicli bir aday
oldugunu ortaya koymaktadir [2]. Bununla birlikte, bolgedeki
riizgdr  enerjisi  potansiyelinin  dogru  bir  sekilde
degerlendirilmesi, gelecekteki enerji projeleri i¢in kritik bir rol
oynayacaktir [3].

Ulkenin enerji stratejisi, siirdiiriilebilir enerjiye olan talebi
karsilamak ve fosil yakitlara olan bagimlilig1 azaltmak amaciyla
yenilenebilir = kaynaklardan yararlanmaya daha fazla
odaklanmaktadir.  Tiirkiye'nin  teorik  riizgdr  enerjisi
kapasitesinin yillik yaklasik 160 teravat saat oldugu tahmin
edilmekte olup, Marmara, Ege ve Glineydogu Anadolu bélgeleri
riizgar enerjisi gelistirilmesi agisindan yiiksek uygunluga sahip
bolgeler olarak 6ne gikmaktadir [4]. Bu bdlgelerdeki riizgar
hizlarinin 3 m/s’'nin tizerinde olmasi, genis ¢apta riizgar enerjisi
iiretimi i¢in ideal kosullar1 saglamaktadir.

*Yazisilan yazar/Corresponding author

Son calismalar, Tirkiye'nin toplam riizgar enerjisi
potansiyelinin yaklasik 131.756,40 MW’a ulastigini ve deniz
riizgar1 enerjisi kapasitesinin de kayda deger oldugunu
gostermektedir [5]. Bu potansiyelin kullanimi, kurulu riizgar
enerjisi kapasitesinin 1998 yilinda sadece 1,5 MW iken 2010
yilina gelindiginde 1522,20 MW’a yiikselmesiyle dnemli bir
artis gostermis, sektordeki yatirimlar ve teknolojik ilerlemeler
hiz kazanmistir [5].

Riizgar enerjisi fizibilitesi, bir bolgedeki riizgir kaynaginin
belirlenmesi, uygun tiirbin se¢imi, enerji tiretiminin tahmin
edilmesi ve ekonomik analizlerin yapilmasini icerir. Bu siiregte,
meteorolojik veriler, arazi 6zellikleri, cevresel faktorler ve
sosyo-politik etkiler gibi bir¢ok degisken dikkate alinir. Son
yillarda yapilan calismalar, riizgar enerjisi fizibilitesi icin
gelismis  modelleme  yontemlerinin ve  yazilimlarin
kullanildigin1 géstermektedir. Ornegin, Umman'daki bir kiy1
bolgesinde riizgar enerjisi potansiyeli, WRF modeli ile
degerlendirilmis ve farkli tlirbin tipleri i¢in enerji lretimini
tahmin edilmistir [25]. Benzer bir fizibilite c¢alismasinda,
Cezayir'deki uzak bir bolge icin hibrit bir yenilenebilir enerji
sisteminin (riizgar, glines ve dizel) teknik ve ekonomik
fizibilitesi arastirlmistir. HOMER Pro yazilimi kullanilarak
sistemin  optimizasyonu yapilmis ve maliyet analizi
gerceklestirilmistir [26]. Baska bir calismada ise, Cin'deki Bohai
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Denizi'nde bir acik deniz rizgar ciftligi icin yliksek
¢oziiniirliklii bir meteoroloji modeli kullanarak riizgar
verilerini analiz etmis ve tiirbin yerlesimini optimize etmistir
[27]. Bu ¢alismalar, rizgar enerjisi fizibilitesinde kullanilan
gelismis teknikleri ve modelleri gostermesi agisindan
onemlidir.

Riizgar enerjisi projelerinin basarisinda sadece teknik ve
ekonomik faktorler degil, sosyo-politik faktorler de 6nemli bir
rol oynamaktadir. Halkin kabulii, paydaslarin katilimi ve
cevresel etkiler gibi konular, projelerin ilerleyisini ve basarisim
etkileyebilir. Almanya ve Danimarka'daki riizgar enerjisine
halkin kabuli karsilastirmali olarak incelemis ve algilanan
faydalar, riskler, giiven ve katilimin kabul tizerindeki etkileri
analiz edilmistir [28]. Bir diger ¢alismada ise Amerika Birlesik
Devletleri'ndeki riizgar enerjisi projelerinin toplum faydalari
ve sosyal kabul arasindaki iligkisi arastirilmistir [29]. Bu
calismalar, riizgdr enerjisi projelerinin  sosyo-politik
boyutlarinin dikkate alinmasinin 6nemini vurgulamaktadir.

Bu c¢alismalara ek olarak, Truong Vietnam’da riizgar enerjisi
santralinin fizibilitesini degerlendirmis ve bdlgedeki riizgar
potansiyelini belirleyerek uygun tiirbin se¢imi ve enerji tiretimi
tahminlerini yapmistir [30]. Ghimire ve dig. Nepal'in farkh
bolgelerinde riizgar enerjisi kaynak degerlendirmesi ve
fizibilite calismalar1 gerceklestirmislerdir [32]. Ozellikle
Mustang bolgesindeki ¢alismalarinda, nehir yataginin riizgar
potansiyelini detayl olarak incelemislerdir. Malik Umman'da
biiylik 6lgekli riizgar enerjisi entegrasyonunu da igeren bir
lretim genisletme planlamasi calismasi yaparak, riizgar
enerjisinin iilke enerji sistemine katkisini arastirmistir [33].
Himri ve dig. ise Cezayir'in giineybati bolgesindeki riizgar
enerjisi potansiyelini belirleyerek, ekonomik fizibilite analizleri
yapmislardir [38].

Reutter [31] ve Sveinbjornsson [34] ise WAsP programinin
karmasik ve ormanhk arazi kosullarinda kullanimini
inceleyerek, programin bu tiir bélgelerdeki dogrulugunu ve
giivenilirligini degerlendirmislerdir. Bu ¢alismalar, WAsP'in
farkl arazi tiplerinde riizgar enerjisi potansiyelini dogru bir
sekilde tahmin etmede ne kadar etkili oldugunu gostermesi
acisindan dnemlidir.

Bu calismalar, riizgar enerjisi fizibilitesinde kullanilan gelismis
teknikleri, farkli cografi bolgelerdeki uygulamalar1 ve
modelleme yaklasimlarini gostermesi agisindan onemlidir.
Farkli tlkelerdeki riizgar enerjisi projelerinin fizibilitesi
lizerine yapilan bu ¢aligmalar, riizgar enerjisinin kiiresel
Olcekte ne kadar onemli bir yenilenebilir enerji kaynagi
oldugunu ve farkh cografyalarda nasil degerlendirilebilecegini
gostermektedir.

WAsP yaziliminin rizgar enerjisi ¢alismalarinda siklikla
kullanildig, [35],[36],[39],[41] ve [43]'deki calismalarda da
vurgulanmistir. Bu c¢alismalar, WAsP'in riizgar enerjisi
projelerinde ne kadar yaygin olarak kullanilan ve giivenilir bir
arag¢ oldugunu gostermektedir. WAsP, riizgar atlasi olusturma,
riizgar akisi simiilasyonu, tiirbin yerlesimi optimizasyonu ve
enerji Uretimi tahmini gibi birgok farkli amag¢ icgin
kullanilabilmektedir.

Riizgar ve giines enerjisini bir arada kullanan hibrit
yenilenebilir enerji sistemleri, Tirkiye'nin artan elektrik
talebine giivenilir bir ¢6ziim olarak o6nerilmektedir [6]. Bu
sistemler, fosil yakitlara olan bagimhhg azaltirken ¢evresel
etkileri en aza indirerek siirdiiriilebilir enerji liretimine katki
saglamaktadir [7]. Tiirkiye, Vision 2023 eneriji stratejisinin bir
parcgas1 olarak, riizgar enerjisi kapasitesini 6nemli o6l¢tide

artirmay1l hedeflemekte ve 2023 yili itibariyla 20 GW
kapasiteye ulasmay1 amaglamaktadir. Bu hedef, iilkenin hava
kirliligini azaltma ve yenilenebilir enerji kaynaklar1 yoluyla
enerji giivenilirligini artirma taahhiidii ile 6rtiismektedir [8].

Bu umut verici gelismelere ragmen, Tirkiye'nin riizgar enerjisi
sektort hala biirokratik engeller ve yatirimlari artirmak igin
daha etkili tegviklere ihtiyag gibi zorluklarla kars: karsiyadir
[9]. Bu sorunlarin ele alinmasi, tlkenin riizgar enerjisi
potansiyelinden tam anlamiyla yararlanmasi ve siirdiiriilebilir
bliylimeyi saglamasi agisindan kritik 6neme sahiptir. Bu
makale, Tiirkiye’nin yenilenebilir enerji manzarasini detayh bir
sekilde inceleyerek, riizgar enerjisi potansiyelini, karsilagilan
zorluklari ve gelecekteki yonelimleri ele almaktadir. Yapilan bir
diger calismada ise Tiirkiye'nin toplam teknik riizgar enerjisi
potansiyelinin yalnizca %4'inii kullandig1 ve bu potansiyelin
yeterince degerlendirilebilmesi i¢in daha fazla arastirma ve
uygulama c¢abasina ihtiya¢ duyuldugu belirtilmektedir. Bu
calisma, Yalova'nin riizgar enerjisi 6zelliklerini bir yillik saatlik
riizgar verileri kullanarak istatistiksel formiilasyonlarla analiz
etmistir [10].

Bagka bir calismada, Ankara'min Incek bélgesinde riizgar
enerjisi potansiyeli arastirlmis ve maksimum gic
yogunlugunun mart ayinda 98 W/m? oldugu tespit edilmistir.
Bu bolge, biiyiik 6lgekli rizgar tiirbini kullanimina uygun
olmamakla birlikte, iki kiigiik dlgekli tiirbinin Tiirkiye'deki
ortalama bir hanenin yillik enerji ihtiyacin1 karsilayabilecegi
gorilmistir [11].

Tirkiye'nin riizgdr enerjisi potansiyelinin pek c¢ok gelismis
ilkeden daha yiliksek oldugu fakat bu potansiyelin
verimliliginin, ulusal yenilenebilir enerji politikalarinin
yetersizligi ve tesvik eksikligi nedeniyle diisiikk kaldig
belirtilmistir. Enerji planlamasi ve yonetimi, Tiirkiye'de riizgar
enerjisinin tesvik edilmesi i¢in 6nem tasimaktadir [12].
Canakkale ili, Tirkiye'nin toplam kurulu riizgar giiciiniin
%10'undan fazlasini barindiran ve yilik ortalama gii¢
yogunlugu 350 W/m?'nin iizerinde olan Bozcaada gibi biiyiik
olcekli elektrik iiretimi i¢in yiiksek potansiyele sahip bolgeler
arasinda yer almaktadir [13].

Literatiirdeki ¢calismalar incelendiginde Tiirkiye’nin yiiksek bir
riizgdr enerji potansiyeli oldugu, halen yeterince bu
potansiyelde yararlanilamadigi gorilmekte, ancak
Afyonkarahisar ve cevresinin riizgar potansiyeli hakkinda
detayli bilimsel g¢alismalara rastlanilmamaktadir. Bu
calismanin boélgenin potansiyeli hakkinda kaynak niteliginde
olacagi ongoriilmektedir. Calismanin ilk bdliimiinde TR33
bolgesi riizgar potansiyel haritalari, ikinci bolimiinde
kullanilan materyal ve yontem, T{gilincii boliimiinde
Afyonkarahisar’da kurulabilecek 6rnek bir RES igin fizibilite
calismasi, dordiincii bélimiinde bu santralin fizibilitesinden
elde edilen deneysel sonuglar sunulmustur. Besinci bolimde
riizgdr enerji santrallerinin sosyo-politik etkilerinden
bahsedilmis ve son boélimdeyse tartisma ve sonuca yer
verilmistir.

2 Riizgar potansiyel haritalar:

Calismanin bu bdliimiinde, Global Wind Atlas (GWA) verileri
kullanilarak Tiirkiye’'nin TR33 bdlgesi, yani Afyonkarahisar,
Kiitahya, Usak ve Manisa illerinin riizgar enerjisi potansiyeli
karsilasgtirllmistir. GWA'nin sagladign yiiksek ¢oziinirlikli
riizgar hiz1 ve gii¢ yogunlugu haritalari, bu illerin riizgar enerjisi
iretim Kapasitesinin  belirlenmesinde Kkritik bir rol
oynamaktadir. Her bir ilin cografi ve meteorolojik ozellikleri
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1s1ginda  yapilan bu  karsillastirma, bolgedeki enerji
yatirimlarinin fizibilitesini degerlendirmeye yardimci olacak ve
yerel  enerji  politikalarinin  gelistirilmesine  katkida
bulunacaktir. Harita bilgilerini vermeden once rilizgar
enerjisinin genel 0Ozelliklerinden bahsetmek gerekirse,
atmosferdeki riizgar hareketlerinden elde edilen kinetik
enerjinin elektrik enerjisine donistiiriilmesini saglayan bir
yenilenebilir enerji tiriidir. Riizgar tiirbinleri araciligiyla elde
edilen bu enerji, ¢evreye zararli emisyonlar {iretmeden
strdiiriilebilir enerji kaynagl sunmaktadir. Riizgar enerjisi,
ozellikle rizgar hizinin yiiksek oldugu boélgelerde etkin bir
sekilde kullanilir ve fosil yakitlarin tiikenebilirligi karsisinda
onemli bir alternatif olarak degerlendirilmektedir. Riizgar
enerjisinden elde edilecek giici asagidaki bagintidan
hesaplamak mimkiindiir.

P=%'p~A~v3 (D
Burada, P [Watt] riizgar giiciinii, p [kg/m?] hava yogunlugunu,
A [m2] riizgar tiirbinindeki rotorun havadaki stipiirdiigii alani,
v [m/s] riuzgar hizim1 temsil etmektedir [19]. Bagintidan da
anlasilacagl lizere, riizgar hizi, iretilecek giice ¢ok yliksek
oranda etki etmektedir. Hizdaki en ufak bir artis, tretilecek
giicii kiip oraninda artirmaktadir. Bu nedenle riizgar santrali
kurulmadan onceki dikkat edilmesi gereken en Onemli
parametre riizgar hizlaridir.

Riizgar hiz ve gilic yogunlugu analizleri, yenilenebilir enerji
kaynaklarinin etkin kullaniminin saglanmasi ve siirdirilebilir
enerji Uretiminin artirllmasi agisindan biiyilk 6nem
tasimaktadir. GWA, diinya genelindeki riizgar enerji
potansiyelini degerlendirmek amaciyla kullanilan kapsaml bir
cevrimici platformdur [20]. Danimarka Teknik Universitesi
(DTU) tarafindan gelistirilen bu arag, Diinya Bankasi'nin
ESMAP (Energy Sector Management Assistance Program)
girisimi ile is birligi yaparak olusturulmustur. Global Wind
Atlas, diinya ¢apinda yiiksek ¢oziintirliiklii riizgar hizlar1 ve
riizgar giic yogunlugu haritalar1 sunarak, riizgar enerjisi
potansiyelini belirlemek isteyen kullanicilar i¢in degerli bir
kaynak saglamaktadir. WAsP yazilimiyla tam uyumlu halde
calistifi ve enerji otoritelerince kabul gérdigi icin bu
calismada tercih edilmistir.

GWA ile, 50 metreden 200 m'ye kadar degisen ytiksekliklerde
riizgar hizlar1 ve riizgar giicii potansiyeli hesaplanip, analiz
edilmektedir. Riizgar hizi, yiikseklige bagh olarak artis
gostermektedir. Bu nedenle yiiksek noktalarda {retim
yogunlugu artmaktadir. Veriler, meteorolojik modeller ve uydu
gozlemleriyle desteklenerek, olduk¢a hassas tahminler
saglamaktadir. Afyonkarahisar ve Kiitahya illerine ait 100
metreden Ol¢iilmiis riizgar hiz1 verilerine goére olusturulmus
haritalar $ekil 1’de goriilmektedir.

Sekil 1. Afyonkarahisar ve Kiitahya illeri riizgar hiz1 haritalari.

Figure 1. Wind speed maps for Afyonkarahisar and Kiitahya
province.

Afyonkarahisar ilinin 6zellikle Sandikli ve Dinar bolgelerinde
yiksek riizgar hiz1 seviyelerine ¢ikildigi gorilmekte,
halihazirda mevcut yatirimlarin da 6zellikle o bolgeler olmasi
konum belirlenmesinde dogru bir noktanin secildigine isaret
etmektedir. Kiitahya ilinin Dumlupinar, Gokler ve Yenikent
mevkilerinde yiiksek riizgar hizi seviyelerine ¢ikildigi
gorilmektedir. Ancak il genelinde baktigimizda, kirmizi
bolgelerin az olmasi daha ¢ok yesil bolgelerin bulunmasi
nedeniyle, riizgar enerji potansiyeli daha diisiik gériilmektedir.
TR33 bolgesindeki diger iller olan Manisa ve Usak illerine ait
rlizgar hiz1 haritalari Sekil 2’de sunulmaktadir.

Sekil 2. Manisa ve Usak illeri riizgar hizi haritalari.
Figure 2. Wind speed maps for Manisa and Usak province.

Manisa ilinin kuzeybati bolgesinde, Soma ve Kirkagac civarinda
Tirkiye ortalamasinin oldukea ilizerinde, ¢ok yiiksek riizgar
hizlarina ulasan degerler gozlenmektedir. Usak ilinde ise genel
olarak ortalama riizgar hizi degerleri hakimdir. Géze carpan
onemli bir riizgar potansiyel noktasi izlenmemistir. GWA
uygulamasi lizerinden Tablo 1’de verilen TR33 illerinin 100
metre yiikseklikten ortalama gii¢ yogunlugu ve ortalama riizgar
hiz1 degerleri elde edilmistir. Enerji atlasi ve Cevre, Sehircilik ve
iklim Degisikligi Bakanlig'nin CED raporlarindan illerde kurulu
ve yapim asamasindaki riizgar enerji santralleri toplam giicleri
elde edilip Tablo 1’'e eklenmistir.

Tablo 1. TR33 Bdlgesi illeri riizgar potansiyel karsilastirmasi
Table 1. Wind potential comparison of the provinces of the TR33

region.
Sehir Ort. Giig Ort. Mevcut Kurulum
Yogunlugu  Riizgar  Kurulu Asamasi
(W/m2) Hizi Gli¢ Giig
(m/s) Mw) Mw)
Afyonkarahisar 495 7.19 350 281
Kiitahya 389 6.74 - 222
Usak 355 6.55 128 3.05
Manisa 680 8.08 712 236.8

Riizgar 6l¢iimleri 100 metre yiikseklikten yapilmistir.

Birim alana diisen riizgar gii¢ yogunlugu incelendiginde, TR33
bolgesindeki en yiiksek riizgar potansiyelinin Manisa, ardindan
siraslyla Afyonkarahisar, Kiitahya ve Usak illeri oldugu
gorilmektedir. Riizgadr hizlar1 da bu duruma benzerlik
gostermektedir. Ancak kurulu RES giicleri incelendiginde
Kiitahya'nin RES yatirimlari i¢in geciktigi gériilmekte, kurulum
asamasindaki RES’ler tamamlandigindaysa, diger illerdeki
orana benzer bir 6l¢ekte RES sahibi olacagi goriilmektedir.
Manisa ilinin ozellikle Soma ilgesi boélgesinde riizgar giic
yogunlugu ¢ok yiiksek degerlere ulasmaktadir. Yapilan RES
yatirimlarinin ¢ogunlugu da bu bélgededir.
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3 Materyal ve metot

Riizgar enerjisi; harita, makina, elektrik ve enerji sistemleri
miihendisligi gibi pek ¢ok disiplinin ortak bir ¢alisma alanidir.
Uriin olarak yiiksek giicte elektrik enerjisi kazamlan
sistemlerin maliyetleri de olduk¢a yiiksektir. Bu nedenle
kurulum 6ncesi iyi hazirlanmisg bir fizibilite ¢calismasi, planlama
asamasinin en 6nemli bilesenidir.

Riizgar enerjisi fizibilitelerinin endistriyel standartlarda
yapilmasinda ve bilimsel calismalarin gerceklestirilmesinde
Danimarka Teknik Universitesinin WAsP yazihmi diinya
genelinde yaygin olarak kabul géormektedir. Bu ¢alismada da
WASP programu ile riizgar potansiyel haritalar1 kullanilarak,
potansiyel bir RES icin {iretim degerleri, kaplanacak alan
boyutlar1 simiilasyonu (benzetimi) gerceklestirilmistir. WAsP
yazilimi, RES kurulacak arazinin haritasina ve meteorolojik
Olciimlerine ihtiya¢ duymakta, bu veriler ile giincel riizgar
tiirbini verileri lizerinden tretilecek riizgar enerjisi degerlerini
ylksek dogrulukla hesaplamaktadir.

Bu calismada, GWA {izerinden indirilen harita ve riizgar hiz-yén
verileri, WAsP programiyla islenmis ve Sekil 3’teki riizgar yonii
ve hizinin dagilimini goésteren riizgar giili ve yiiksek hizlarin
yogun oldugu yoéndeki hiz-frekans grafigi olusturulmustur.

Y

N

30,0%

0,0

[%dmfs)]

0 ulmss) 25,00

Sekil 3. Riizgar yon-hiz bilgisi ve riizgar hiz frekansi grafikleri.
Figure 3. Wind rose and wind frequency graphs.

Sekil 3’ten hareketle, GWA’dan alinan verilere gore,
Afyonkarahisar’in en ytiksek riizgar gii¢ yogunlugu noktasinda
riizgar yoniiniin kuzey dogu tarafinda oldugu gorilmekte,
riizgar hizi frekansinin ise yaklasik 8-10 m/s hizlar1 araliginda
yogunlastigit goriilmektedir. Yazillm ve veriler 1s18inda
gerceklestirilen 6rnek bir fizibilite calismasi, liglincii béliimde
detaylariyla agiklanmistir. Segilen bolge i¢in riizgar hizi endeksi
grafigi, Sekil 4’te sunulmustur. Riizgar hizi endeksi, riizgar
hizinin ortalama riizgar hizina oraniyla elde edilen bir

endekstir. Y1l icerisinde artis gosterdigi aylar Ocak ve Aralik,
diisiis gosterdigi aylar ise Mayis ve Eyliil aylaridir. Kis aylarinda
riizgar hizlarinin ytikseldigini agik¢a yorumlanabilmektedir.

Aylara Gore Riizgar Hizi Endeksi

Rizgar Hizi Endeksi

0.8

0.7

2 4 6 8 10 12
Aylar

Sekil 4. Riizgar hiz1 endeksi.
Figure 4. Wind speed index.

4 Bolgede kurulabilecek bir RES fizibilitesi

Calismanin TR33 bdlgesindeki illere ait riizgar potansiyeli
karsilastirmalarinin ardindan, ikinci kisminda Afyonkarahisar
ilinde 6rnek bir RES senaryosu tasarlayarak fizibilite ¢alismasi
gerceklestirilmistir. Rlizgar hizinin yillik ortalama degerlerinin
en yliksek oldugu konumda, Sandikl ilgesi yakinlarinda, 6rnek
bir riizgar enerji santrali fizibilitesi, WAsP 11 yazilimiyla
gerceklestirilmis ve gii¢ lretim degerleri elde edilmistir.
Fizibilite calismasi gerceklestirilirken dncelikle RES i¢in konum
belirlenmis, ardindan tilirbin ¢esidi ve sayis1 planlanmis ve
uretilecek glic degerleri hesaplanmistir.

4.1 Konum belirleme

Calismada WAsP yazilimi kullanilarak Afyonkarahisar'in en
yuksek rilizgar potansiyeline sahip olan Sandikh ilgesi
yakinlarinda bir bélgede kurulacak ornek bir riizgar enerji
santrali (RES) senaryosu olusturulmus ve bu senaryo
izerinden hesaplamalar yapilmistir. Konum, GWA verileri
incelenerek, kirmizi alanlardan secilmistir. Sekil 5'te riizgar
enerji santralinin kurulacag alan goriilmektedir.

Sekil 5. Senaryoya gore RES kurulacak alan.

Figure 5. The area where RES will be installed according to the
scenario.
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Analizler, bolgedeki riizgar enerjisinin verimliligini belirlemeye
yonelik 6nemli veriler sunmakta olup, potansiyel enerji liretim
miktarlarinin belirlenmesine olanak tamimaktadir. Sandikh
ilgesi, cografi yapisi ve uygun riizgdr hizlar1 sayesinde
yatirimcilar icin biiyiik bir potansiyel tasimaktadir. Bu nedenle,
yapilan ¢alismanin, bolgedeki enerji projelerinin fizibilitesini
degerlendirmede yol gosterici olacagi diisiiniilmektedir.

Riizgar tiirbinlerinin konumlandirilmasi, riizgar enerji
santrallerinin verimliligi agisindan biiyiik 6nem tasimaktadir.
Tirbinler arasindaki mesafe ve konumlandirma stratejileri,
ozellikle rizgar tiirbini wake etkisini (arkadan gelen hava akimi
etkisi) minimize etmek icin dikkatlice planlanmalidir. Wake
etkisi, tiirbinlerin birbirleri tizerindeki negatif etkilesimlerini
arttirabilir ve bu durum hem enerji tiretiminde azalmaya hem
de tiirbin tizerindeki yiiklerin artmasina neden olabilir.

Son c¢alismalara gore, wake yonlendirme (wake steering)
stratejileri, tiirbinlerin hem enerji iiretimini hem de yorulma
ytklerini optimize etmek amaciyla kullanilabilir. Bu stratejiler,
tiirbinlerin 6mriinii uzatirken kisa vadede enerji kazanglarini
artirmay1 hedeflemektedir [14]. Ayrica, riizgar ciftliklerinde
tiirbinlerin birbirlerine olan yan mesafesinin azaltilmasinin
tlirbinlerin enerji Uretimini %4-9 oraninda artirdigl ve bu
durumun tiirbiilans yapilarinin anlasilmasiyla daha iyi kontrol
stratejileri gelistirilmesine katki sagladigi gortilmistir [15].

Riizgar tiirbinlerinin wake etkisi, 6zellikle tiirbinlerin gii¢ ve
itme kuvvetinde azalmaya yol agmakta ve wake asimetrisine
neden olmaktadir. Bu da, tiirbinlerin verimliligini optimize
edebilmek adina yeni giic azaltma stratejilerinin
gelistirilmesine olanak tamimaktadir [16]. Ayrica, wake
etkilerinin ytliksek tiirbillans yogunluguna ve riizgar
makaslamasina yol agarak yillik enerji iiretiminde %7'ye varan
bir azalmaya ve yorulma ytiklerinde %30-50 oraninda artisa
neden oldugu tespit edilmistir. Bu da, tiirbinlerin
konumlandirilmasinda wake etkisinin dikkate alinmasinin
onemini gostermektedir [17].

Wake etkisinin azaltilmasi amaciyla upstream (6nceki)
tirbinlerin optimum ayarlarin disinda c¢alistirllmasi1 veya
yonlendirilmesi, downstream (sonraki) tiirbinlerin enerji
iretiminde %12'ye varan artislar saglayabilmektedir. Bu
durum, riizgar ciftliklerinin performansini maksimize etmek
icin upstream tiirbinlerin ayarlarinin stratejik olarak
degistirilmesinin 6nemine isaret etmektedir [18].

4.2  Mevcut RES konumlarinin degerlendirilmesi

Afyonkarahisar ili, rlizgdr enerjisi santrallerinin toplam
350 MW kurulu giicliniin biiyiik bir ylizdesi Sandikli-Dinar
hatt1 tizerinde konuslandirilmis durumdadir. Bu g¢alismada
secilen alanda ise halihazirda kurulu RES bulunmaktadir.
Sekil 6’da, saha Ttzerindeki riizgar tiirbinlerinin uydu
gorlintileri  sunulmustur. GWA ve WAsP kullanilarak
Afyonkarahisar tizerindeki en yiiksek riizgar gii¢ yogunlugu
tespit edilen noktalara ait koordinatlar, Google Earth
kullanilarak incelendiginde, Sekil 6'da goriilen RES'ler
gozlenmis ve bu durum da halihazirda kurulu RES’lerin riizgar
potansiyeli bakimindan konumlarinin dogru belirlendigini
gostermistir.

Belirlenen konumlardaki riizgar tiirbinleri arastirilmis ve
Sekil 7’de goriilen isim ve lokasyonlara sahip enerji santralleri
olduklar1 anlagilmistir. Santrallerin yillik iiretim degerleri 5.
Bolim’de sunulmus ve makalenin deneysel c¢alisma
sonuglariyla karsilagtirilmistir.

Sekil 6. Mevcut RES uydu goriintiisii (38°31'28"N 30°21'55"E)

Figure 6. Current wind farms satellite image (38°31'28"N
30°21'55"E).
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Sekil 7. Mevcut RES isim ve lokasyon bilgileri.

Figure 7. Current wind farm name and location information.

4.3  Riizgar tiirbin sayisi1 ve kurulu gii¢ hesabi

Riizgar tiirbinlerinde, hava akis1 performansini
degerlendirmek icin, boyutsuz bir katsayr olan Ct (thrust
coefficient-itme katsayisi) kullanilmaktadir. Denklem (2)'de
itme katsayis1 gosterilmektedir. Bu ¢alismada 1 MW giiciinde
piyasada sik tercih edilen bir markaya ait riizgar tiirbini modeli
secilmistir. Riizgar tiirbinine ait gii¢ egrisi ve itme katsayisi
Sekil 8’de sunulmustur. Cizdirilen gilic egrisi, literatiirdeki
benzer c¢alismalarla Kkarsilastirilabilir [23]. Secilen riizgar
tlirbini i¢in, 4 m/s hizlarinda altinda liretim olmamakta, 18 m/s
ve lizerindeyse sabit 1 MW gili¢ liretimi yapilabilmektedir.
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Sekil 8. Secilen 1 MW riizgar tiirbini i¢in glic-itme egrisi.
Figure 8. Power-thrust curve for selected 1 MW wind turbine.

Yiikksek Ct degerleri mekanik yorgunluk ve hasar riskini
artirirken, ¢ok diisiik degerler, tlirbinin riizgar enerjisinden
yeterince faydalanamadigini gosterebilmektedir.

5 Deneysel calisma sonuclari

WASP programinin segilen araziye gore cesitli yiiksekliklerden
alinan odlglimlerden irettigi giiclere ait sonugclar, Tablo 1'de
ekte sunulmustur. Burada R simifi, purizlilik sinifini ifade
etmektedir. Sirasiyla 10 metreden, 50, 100, 150 ve 200 m
ylkseklikler icin 5 pirizlilik smifi icin giic degerleri
listelenmektedir. Olciilmiis riizgdr hiz1 verileri kullanilarak
Weibull ve Rayleigh istatistiksel dagilim fonksiyonlar ile

belirlenen bir bolgenin riizgdr enerjisi potansiyeli analiz

edilmektedir [24]. Weibull dagilimi literatiirde mevcut
calismalarda siklikla tercih edilen olasiliksal dagilim
fonksiyonudur. Buna dayanarak, riizgdr hizinin farklh

yliksekliklerdeki parametrelerini ve enerji yogunlugunu analiz
eden bir veri seti ise Tablo 2’de sunulmaktadir. Weibull
parametresi olan A, riizgar hizinin karakteristik degerini ifade
etmektedir. Yiikseklik arttikca A degeri de artis gostermektedir.
Ornegin Tablo 2’de goriilecegi lizere, 10 metrede 7.20 m/s olan
Weibull A, 200 metrede 9.89 m/s’ye ulasmistir. Weibull k ise
rizgar hizinin dagilimini ifade eden bir sekil parametresidir.
Daha ytiksek k degerleri, riizgar hizinin daha dar bir aralikta
yogunlastigini ifade eder. Yiikseklige bagli olarak k degeri artis
gostermektedir. Bu da hiz dagiliminin daha tutarli hale geldigini
gosterir. Gii¢ yogunlugu, riizgar hizinin kiipii ile orantili oldugu
icin, yiikseklikle birlikte dramatik sekilde artis gostermektedir.
Tablo 2’den goriilecegi lizere, 10 m’de 482 W/m? iken, 200
m’'de 1119 W/m?ye cikmistir. Bu artis, tiirbin gobek
ylksekliklerinin daha yiiksekte oldugu kuleler insa edilmesi
gerekliligini gostermektedir. Ancak buradaki sinirlayicy, yliksek

ve engebeli arazilerde montaj zorluklari ve ekonomik
kisitlardir.
5.1 Fizibilite amortisman hesabi

Programda segilen 1 MW giiciindeki Bonus iireticisine ait
riizgar tiirbini ile bolgeden alinan riizgar ve ytkselti verileri
15181inda beklenen yillik gii¢ tiretimi WAsP programi tarafindan
2.484 GWh olarak (gigawatt-saat) olarak hesaplanmistir.

Karasal riizgar enerjisi projeleri icin YEKDEM tarafindan
belirlenen 2030’a kadar alim i¢in birim fiyat1 106 TL-kurus /
kWh (1.06TL/kWh) olarak belirlenmistir [21]. Bu durumda,
Afyonkarahisar Sandikli civarinda kurulmus, %30 kapasite
faktoriine sahip 1 MW’lik ortalama bir riizgar tiirbini icin yillik
beklenen kazang¢ degeri yaklasik 2.7 milyon TL olarak
hesaplanmaktadir. Yeni alinacak bir IMW’lik riizgar tiirbininin
ortalama giincel maliyeti 1.3 milyon $ olarak karsimiza
cikmaktadir [21]. Bu deger alinacak sayiya ve giice bagh olarak
degiskenlik gostermektedir.

Tablo 1. WAsP ile iiretilen, yiikseklige bagh birim gii¢ degerleri.
Table 1. Height-dependent unit power ratings generated by WASP.

Yiikseklik Birim R-Sinif 0 (0 m) R-Sinif 1 (0.03 m) R-Sinif 2 (0.10 m)  R-Sinif 3 (0.4 m) R-Sinif 4 (1.5 m)
m/s 6.52 4.6 4.04 3.19 2.16
Yiikseklik 1
(z=10m) Wm?2 482 206 133 64 18
m/s 7.68 6.31 5.81 5.05 4.18
Yiikseklik 2
(z=50m) Wm? 734 436 333 218 117
m/s 8.32 7.42 6.87 6.08 5.24
Yiikseklik 3
(z=100m) Wm?2 873 593 472 332 204
m/s 8.76 831 7.64 6.88 5.89
Yiikseklik 4
(z=150m) Wm? 1031 780 604 455 294
m/s 8.9 8.94 8.25 7.43 6.43
Yiikseklik 5
(z=200m) Wm? 1119 957 745 569 377
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Tablo 2. Afyonkarahisar’da secilen bolge i¢in lokal riizgar iklim 6zeti.

Table 2. Local wind climate summary for the selected region in Afyonkarahisar.

Yiikseklik Parametre 0.00 m 0.03m 0.10 m 0.40 m 1.50m

Weibull A [m/s] 7.20 497 439 3.48 2.38
Weibull k 1.46 1.29 1.33 1.35 1.42
10m Ortalama Hiz U [m/s] 6.52 4.60 4.04 3.19 2.16
Gii¢ Yogunlugu E [W/m?] 482 206 133 64 18
Weibull A [m/s] 8.53 6.97 6.42 5.58 4.65
Weibull k 1.53 1.46 1.48 1.48 1.54
50 m Ortalama Hiz U [m/s] 7.68 6.31 5.81 5.05 4.18
Gii¢ Yogunlugu E [W/m?] 734 436 333 218 117
Weibull A [m/s] 9.28 8.3 7.68 6.79 5.87
Weibull k 1.6 1.65 1.65 1.63 1.68
100 m Ortalama Hiz U [m/s] 8.32 7.42 6.87 6.08 5.24
Gii¢ Yogunlugu E [W/m?] 873 593 472 332 204

Weibull A [m/s] 9.76 9.32 8.58 7.72 6.6
Weibull k 1.59 1.74 1.75 1.71 1.67
150 m Ortalama Hiz U [m/s] 8.76 8.31 7.64 6.88 5.89
Gii¢ Yogunlugu E [W/m?] 1031 780 604 455 294

Weibull A [m/s] 9.89 10.05 9.27 8.33 7.2
Weibull k 1.55 1.77 1.78 1.72 1.68
200 m Ortalama Hiz U [m/s] 8.9 8.94 8.25 7.43 6.43
Gii¢ Yogunlugu E [W/m?] 1119 957 745 569 377

Bolgenin riizgar rejimindeki olasi1 degisiklikler, satin alinacak
riizgar tirbininin kapasite faktéri (bu deger yiikselirse,
kayiplar azalacak ve amortisman siiresi kisalacaktir) ve bakim
maliyetleri ihmal edildiginde Afyonkarahisar icin 1 MW riizgar
gii¢ santrali icin amortisman stiresi déviz kuruna bagh olarak
yaklasik 15 y1l olarak hesaplanmaktadir. Bu deger alinacak
yenilenebilir enerji tesvikleriyle ve teknolojik gelismelerle
kisalacaktir. Onceki yillarda, déviz kuruna ve tesviklere bagh
olarak bu deger ¢ok daha diisiik seviyelerdeyken, giiniimiizde
amortisman sliresinin uzadig1 gériilmektedir.

5.2 Uretim karsilastirmasi

WASP programi tarafindan 1MW riizgar tiirbini i¢in 2.484 GWh
olarak (gigawatt-saat) olarak hesaplanan deger mevcut
RES'lerin yilik iretim degerleri ve literatiirdeki benzer
calismalarda WAsP ile {lretilen degerlerle karsilastirildig
cizelge, Tablo 3’te sunulmustur. Halihazirda aktif olarak ¢alisan
santral degerleriyle karsilastirildiginda, oldukga yakin degerler
elde edildigi goriilmektedir.

Tablo 3. WASP ile iiretilen degerlerin karsilastirilmasi.
Table 3. Comparison of values produced by WAsP.

Calisma Tiirbin Kurulu Yillik 1 MW
Ureticisi Giig Toplam  Bagina

(MW) Uretim  Diisen

(GWh)  Uretim

Afyon, Tiirkiye - WasP Bonus 1 2.484 2.484

Kocatepe RES Siemens 88 205 2.33

Eber RES Nordex 39 132 2.13

Dehmas et. al. [45], Bonus 2 4.56 2.28

Cezayir- WAsP

Oner et. al [46], Bonus 4.8 12.84 2.68

Canakkale, Tiirkiye -
WAsP

6 Riizgar enerji santrallerinin sosyopolitik
etkileri

Enerji sistemleri, yalnizca ekonomik ve teknik agidan degil, ayni
zamanda toplumla etkilesimi, dogaya etkileri agisindan da

degerlendirilmelidir. Bu noktada, yenilenebilir enerji
konusunda yerel toplumun bilgi ve farkindaliginin artirilmasi
gerekmektedir. Egitim  programlar1 ve bilgilendirme
faaliyetleri, yenilenebilir enerjiye olan destek ve kabuli
artirabilir goriilmektedir. Bu yatirimlarin, bélgedeki ekonomik
kalkinmay1 tesvik edecegi konusunda bilgilendirmeler yapmak
gerekmektedir. Enerji santrallerinde yerel halkin istihdam
edilmesi ve yerel tedarik¢i aglarinin olusturulmas: boélgesel
ekonomik biiyiimeye Kkatki saglamaktadir. Afyonkarahsiar
6zelinde disiiniildiigiinde, o6zellikle Sandikly, Emirdag ve
Bolvadin gibi acik alanlarin yogun oldugu ilcelerde, riizgar
enerjisi potansiyelinin artan ¢alismalarla birlikte daha fazla
kullanilabilir hale gelmesi beklenmekte, bodlgede istihdami
artirmaktadir.

Her ne kadar “Temiz Enerji” olarak isimlendirilseler de,
yenilenebilir enerji sistemleri dahil hi¢bir enerji kaynag1 %100
temiz ve dogaya tamamen zararsiz degildir. Calismasi
esnasinda karbon salinimi yapmiyor olmalari, riizgar
tliirbinlerinin  dogaya  tamamen  zararsiz  oldugunu
gostermemektedir. Kuslarin go¢ yollarina zarar vermekte,
ozellikle yarasa ve ar1 popilasyonlarini etkilemekte,
hareketlerinin titresim, giriltii ve golgeleriyle bazi
hayvanlarda (6zellikle meralarda otlatilan siirii hayvanlarinda)
strese neden olmaktadir. Bu durum dolayisiyla insani da
etkilemektedir. Yenilenebilir enerji projelerinin dogru
planlanmasi ve yonetilmesi, cevresel etkilerin en aza
indirilmesini saglayabilir. Dogru politika ve yonetisim ile,
stirdiiriilebilir kalkinma hedefleri desteklenmelidir.

Yenilenebilir enerji projelerinin yerel toplum tarafindan kabul
edilmesi 6nemlidir. Toplumun projelerde aktif rol almasi ve
yerel ihtiyac¢larin dikkate alinmasi, sosyal uyum ve projenin
uzun vadeli basarisi i¢in kritik 6neme sahiptir.

6.1 istihdam ve ekonomik gelisme

Afyonkarahisar'daki riizgar enerji santrali projeleri, 6zellikle
ingaat ve kurulum asamalarinda biiytik bir is giicli ihtiyaci
olusturmaktadir. Ingaat sektériine bagh olarak calisan yerel
isglici, proje siirecinde etkin rol oynarken, santrallerin isletme
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asamasinda teknik uzmanlar, enerji miihendisleri ve bakim
personeli icin uzun vadeli istthdam olanaklar1 olusmaktadir.

Riizgar enerji santrali yatirimlari, sadece enerji iretimi ile
sinirll kalmayarak, yerel isletmelere ve esnafa da 6nemli bir
katki saglamaktadir. ingaat ve isletme siireclerinde kullanilan
malzemeler, lojistik ve nakliye gibi hizmetlerin bélge icinden
saglanmasi yerel ekonomiyi desteklemekte, bolge esnafi ve
ticaret hacmi canlanmaktadir. Ayn1 zamanda, bdlgede olusan is
imkanlar1 sayesinde hane halkinin gelirinde artis meydana
gelmekte, boylece ekonomik bliytime hizlanmaktadir.

6.2 Cevresel etkiler

Fosil yakitlara alternatif olarak yenilenebilir enerji
kaynaklarinin tercih edilmesi, karbon emisyonlarini azaltarak
iklim degisikligine karsi siirdiirtilebilir bir ¢6ziim sunmaktadir.
Riizgdr enerji santralleri, karbon salinimi yapmadan enerji
iretimi sagladig icin bolgedeki toplam karbon ayak izini ciddi
oranda diisiirmekte, hava Kkalitesinin korunmasina katkida
bulunmaktadir. Bu durum, bdlge genelinde daha saglikli bir
cevre yaratirken, ayni zamanda uzun vadede iklim Kkrizinin
etkilerini azaltma potansiyeli tasimaktadir.

Yenilenebilir enerji projelerinin goriintrligli, bodlgedeki
bireyler arasinda ¢evre bilincini artirmakta, siirdiiriilebilirlik
kavraminin toplumda daha genis bir yer bulmasin
saglamaktadir. Ozellikle geng nesil arasinda cevre dostu enerji
kaynaklarinin tercih edilmesi, boélge halkinin da bu konuda
farkindahigini yiikselterek, cevresel siirdiiriilebilirlige yonelik
toplumsal destek saglamaktadir.

6.3 Toplumsal kabul ve direng

Cevre dostu enerji kaynaklarinin bolgeye kazandirilmasi,
toplum genelinde olumlu bir algl yaratmakta ve bdlgenin
modern enerji politikalarina entegrasyonunu
desteklemektedir. Cevreye duyarl bireyler, yenilenebilir enerji
projelerinin uzun vadede ¢evreyi koruyan ve dogal kaynaklari
stirdiiriilebilir bir sekilde kullanmay1 hedefleyen bir yaklasim
oldugunun farkinda olup, bu projelere pozitif yaklagsmaktadir.

Ancak bazi durumlarda, riizgar enerji santrallerinin
planlanmas1 ve Kkurulumu yerel halk arasinda direngle
karsilanmaktadir. Ozellikle santrallerin yerlesim yerlerine
yakin konumlandirilmast veya dogal yasam alanlarim
etkilemesi, projelere karsi olumsuz bir tepki olusturabilir.

Ozellikle, Emirdag ve Bayat gibi hayvanciigin yogun oldugu
ilgelerde, riizgar tiirbinlerinin hayvan davranislar tizerindeki
etkileri konusunda gekinceler dile getirilmektedir.

Bolge halki, biyolojik c¢esitliligin korunmasi ve yasam
kalitesinin devamu i¢in santrallerin daha dikkatli planlanmasim
talep etmekte, projelerin ¢evreye olumsuz etkilerini azaltacak
onlemlerin  alinmasini  istemektedir.  Cevresel  Etki
Degerlendirmesi (CED) siirecinde yasanan problemler ise
projelerin gecikmesine ya da iptal edilmesine neden
olabilmektedir.

Afyonkarahisar, Tiirkiye'nin i¢ bolgelerinde yer almakta olup,
belirli kus go¢ yollar1 lizerinde bulunmaktadir. Bélgedeki
riizgar enerjisi projelerinin planlanmasi sirasinda, kus goc
yollar1 ve ariclik faaliyetleri dikkate alinmahldir. Ozellikle,
tiirbinlerin konumlandirilmas: ve yiiksekligi, kuslarin ve
artlarin dogal hareketlerini en az etkileyecek sekilde
tasarlanmalidur.

7 Tartisma ve sonug¢

Bu ¢alismada, Afyonkarahisar ilinin riizgar enerji potansiyeli,
TR33 bolgesindeki diger iller olan Kiitahya, Usak ve Manisa ile
karsilastirilmis ve bolgesel yenilenebilir enerji yatirimlarinin
uygulanabilirligi degerlendirilmistir. Elde edilen bulgular,
Afyonkarahisar'in cografi ve meteorolojik kosullariin riizgar
enerjisi {iretimi igin uygun oldugunu géstermektedir. Ozellikle,
kurulu riizgar enerjisi kapasitesinin siirekli artmasi, bélgenin
Tirkiye'nin enerji hedeflerine ulasma siirecinde 6nemli bir rol
oynayabilecegini ortaya koymaktadir.

Riizgar giic yogunlugu ve riizgdr hizlarina dayali yapilan
simiilasyonlar, Afyonkarahisar'in TR33 bolgesindeki diger
illerle karsilastirildiginda olduk¢a rekabetci bir potansiyele
sahip oldugunu goéstermektedir. Kiitahya, Usak ve Manisa da
riizgar enerjisi acisindan uygun Kkosullara sahip olmakla
birlikte, Afyonkarahisar'in Kiitahya ve Usak’tan daha fazla
yatirim cekmesi, bolgesel kalkinmayi1 hizlandirma agisindan
onemli bir firsat sunmaktadir. TR33 bolgesi icerisinde en
yliksek potansiyelin Manisa’da oldugu goriilmektedir.
Calismanin bulgulari, TR33 boélgesinde enerji yatirimlarinin
daha dengeli ve stratejik bir sekilde planlanmasi gerektigini
vurgulamaktadir.

Bununla birlikte, riizgar enerji santrallerinin bdlgenin ¢evresel
ve ekonomik yapisina olan etkileri de tartisiimalidir.
Yenilenebilir enerji kaynaklari, c¢evresel siirdiiriilebilirlik
acisindan olumlu sonuglar dogurmasina ragmen, yerel
ekosistemler ve biyogesitlilik {izerindeki potansiyel olumsuz
etkiler goz ardi edilmemelidir. Bu nedenle, bolgedeki enerji
yatirimlarinin gevreyle uyumlu bir sekilde gerceklestirilmesi
icin stratejiler gelistirilmelidir.

Ayrica, ¢alismanin literatiire katkilar1 degerlendirildiginde,
riizgar enerjisinin Tiirkiye'nin enerji politikalarinda ne kadar
stratejik bir konumda oldugunun alti ¢izilmektedir.
Yenilenebilir enerji kaynaklarina yapilan yatirimlarin
artmasiyla birlikte, riizgar enerjisinin 6nemi daha da belirgin
hale gelmektedir. Calisma, yerel enerji politikalarinin
planlanmasi ve enerji yatirimlarinin optimize edilmesi
konularinda literatiire 6nemli bir katki sunmaktadir.

Calisma, Afyonkarahisar’in riizgar enerji potansiyelini analiz
ederek WAsP yazilimiyla ornek bir fizibilite c¢alismasi
perspektifi sunmustur. Yapilan simiilasyonlar ve analizler,
boélgenin riizgar enerjisi agisindan 6nemli bir potansiyele sahip
oldugunu dogrulamistir. 1 MW giiciindeki ortalama bir riizgar
tlirbininin, halihazirdaki politikalar ile yaklasik 15 yil gibi bir
geri doniis (amortisman) stliresi oldugu hesaplanmistir.
Afyonkarahisar, Tirkiye'nin gelecek enerji hedeflerine
ulasmasinda 6nemli bir rol iistlenebilir ve yenilenebilir enerji
alaninda yapilan yatirimlarin artirilmasi boélgesel kalkinmaya
katki saglayabilir bir konumdadir. Ayrica, ¢alisma, riizgar
enerjisi yatirimlarinin sadece enerji liretimi agisindan degil,
aynt zamanda bolgesel kalkinma, ekonomik biiyiime ve
cevresel siirdlirilebilirlik agisindan da dikkate alinmasi
gerektigini vurgulamaktadir. Bu kapsamda, politika yapicilarin
ve yatirimcilarin enerji yatirimlarini planlarken g¢evresel
faktorleri goz 6niinde bulundurmasi biiylik 6nem tasimaktadir.

Gelecekteki arastirmalar, Afyonkarahisar gibi bolgelerde
yenilenebilir enerji yatirnmlarinin daha detayll c¢evresel
analizlerle desteklenmesi ve enerji iiretim sistemlerinin daha
verimli hale getirilmesine odaklanabilir. Ayrica, hibrit enerji
sistemlerinin kullanim1 ve enerji depolama ¢dziimleri gibi
yenilik¢i yaklasimlar da degerlendirilebilir.
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8 Discussion and conclusion

In this study, the wind energy potential of Afyonkarahisar
province was compared with other provinces in the TR33
region, namely Kiitahya, Usak, and Manisa, and the feasibility of
regional renewable energy investments was evaluated. The
findings show that Afyonkarahisar's geographical and
meteorological conditions are suitable for wind energy
production. In particular, the continuous increase in the
installed wind energy capacity reveals that the region can play
an essential role in achieving Turkey's energy goals.
Simulations based on wind Gii¢ yogunlugu and wind speeds
show that Afyonkarahisar has a highly competitive potential
compared to other provinces in the TR33 region. Kiitahya, Usak,
and Manisa also have suitable conditions in terms of wind
energy, and the fact that Afyonkarahisar attracts more
investments than Kiitahya and Usak offers an essential
opportunity in terms of accelerating regional development. It is
observed that the highest potential in the TR33 region is in
Manisa. The study's findings emphasize that energy
investments in the TR33 region should be planned more
balanced and strategically. However, the effects of wind power
plants on the environmental and economic structure of the
region should also be discussed. Although renewable energy
sources have positive results in terms of environmental
sustainability, their potential adverse effects on local
ecosystems and biodiversity should not be ignored. Therefore,
strategies should be developed to ensure that energy
investments in the region are carried out in an environmentally
compatible manner.

In addition, when the study's contributions to the literature are
evaluated, it is emphasized how strategic wind energy is in
Turkey's energy policies. With the increase in investments in
renewable energy sources, the importance of wind energy
becomes even more evident. The study contributes to the
literature on planning local energy policies and optimizing
energy investments.

The study analyzed the wind energy potential of
Afyonkarahisar and presented a sample feasibility study
perspective with the WAsP software. The simulations and
analyses confirmed that the region has significant potential in
terms of wind energy. It was calculated that an average wind
turbine with a power of 1 MW has a payback period of
approximately 15 years with current policies. Afyonkarahisar
can play an important role in Turkey's future energy goals and
is in a position to contribute to regional development by
increasing investments in renewable energy.

In addition, the study emphasizes that wind energy
investments should be considered in terms of energy
production and regional development, economic growth, and
environmental sustainability. In this context, policymakers and
investors must consider environmental factors when planning
energy investments.

Future research can focus on supporting renewable energy
investments in regions such as Afyonkarahisar with more
detailed environmental analyses and making energy
production systems more efficient. In addition, innovative
approaches, such as using hybrid energy systems and energy
storage solutions, can be evaluated.
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Abstract

Image compression plays a crucial role in reducing storage
requirements and improving transmission efficiency. The effectiveness
of lossy image compression using vector quantization (VQ) heavily
depends on the quality of codebook generation, which is inherently an
optimization problem. In this paper, a coupled hybrid algorithm
integrating Simultaneous Perturbation Stochastic Approximation
(SPSA) into Particle Swarm Optimization (PSO) is proposed to enhance
both the convergence speed and codebook quality in vector
quantization. The novel SPSA-FPSO algorithm, by generating multiple
alternative codebooks at each iteration and selecting the best,
successfully avoids local minima and achieves faster convergence.
Experimental results, conducted on standard gray-level images of
various contrast levels, demonstrate that the proposed SPSA-FPSO
algorithm outperforms both basic PSO and SPSA algorithms in terms of
lower mean square error (MSE) and higher convergence speeds,
establishing its superiority for VQ-based image compression tasks. This
superiority is also shown to be valid when compared to other
metaheuristic algorithms.

Keywords: Image compression, Metaheuristic algorithms, Vector
Quantization, Codebook generation, PSO, SPSA.

(0)4

Gértintii sikistirma, depolama gereksinimlerini azaltmak ve iletim
verimliligini artirmak agisindan btiyiik bir éneme sahiptir. Vektér
nicemleme (VN) tabanl kayipl gériintii sikistirmanin bagsarisi, esasen
bir optimizasyon problemi olan kod tablosu liretiminin kalitesine
baghdir. Bu makalede, hem algoritmanin yakinsama hizint hem de VN
kod tablosunun kalitesini artirmak icin Eszamanli Pertiirbasyon
Stokastik Yaklasimi (EPSY) teknigini Parcacik Sirti Optimizasyonu
(PSO) ile biitiinlestiren hibrit bir algoritma énerilmektedir. Onerilen
EPSY-HPSO algoritmasi, her iterasyonda birden fazla alternatif kod
kitabi lireterek en lyisini secmekte ve yerel minimum noktalarindan
kaginarak daha hizli bir yakinsama saglamaktadir. Farkli kontrast
seviyelerine sahip standart gri seviye gériintiiler lizerinde
gergeklestirilen deneysel sonuglar, EPSY-HPSO algoritmasinin hem
ortalama kare hata (OKH) degerlerini diisiirme hem de daha ytiksek
yakinsama hizlart agisindan klasik PSO ve EPSY algoritmalarindan
daha bagarili oldugunu gostererek VN tabanl gériintii sikistirmadaki
tsttinliigiinii  kanitlamaktadir. Bu Ustiinliigiin diger metasezgisel
algoritmalarla karsilastirildiginda da gecerli oldugu gédsterilmektedir.

Anahtar kelimeler: Goriintii sikistirma, Metasezgisel algoritmalar,
Vektor Nicemleme, Kod tablosu tiretimi, PSO, EPSY.

1 Introduction

Digital image compression is a process which aims at reducing
the size of a digital image for both storage and transmission
purposes. Compressed images require less information storage
capacity on storage devices, while allowing lower bandwidth
and less time duration to transmit them over a communication
channel. With the help of digital image compression algorithms,
all digital devices using image data are today able to handle
high-resolution large-size digital images in a more efficient
manner.

Vector quantization (VQ) [1],[2] is a widely used quantization
technique in lossy signal processing, information classification,
pattern recognition and feature extraction. In lossy image
compression, small image blocks in a whole image are grouped
based on their similarity. The VQ algorithm reduces the image
size by mapping blocks in an image into a set of vectors. In
implementation, after the division of the image into small
blocks, each block is converted to a vector. Similar vectors form
a cluster centered at a codeword vector. All codeword vectors
of the image form a list called codebook. All image vectors are
assigned to the codeword, which is the most similar in the

*Corresponding author/Yazisilan Yazar

codebook, and represented by their addresses in the codebook
instead of the vector itself. Therefore, a compression is
obtained, and the image size is reduced. The codebook
including a number of codewords must be estimated to
represent the entire image as close to its original as possible.

Better codebook estimation is a crucial task for improving the
performance and efficiency of the image compression
algorithms. Usually, arithmetic coding and Huffman algorithm
[3] are opted for a lossless image compression process.
However, arithmetic coding necessitates extensive probability
distribution tables to define symbol codes, and the frequency-
based code definitions in Huffman coding significantly impact
compression efficiency. Due to these limitations, alternative
lossy compression techniques have become more popular and
achieve higher compression ratios. In VQ-based compression
methods, codebook estimation has a great effect on the
performance [4]. Here, better grouping the image blocks
directly decreases the error of the reconstructed image.
Therefore, finding the optimal codebook can be viewed as an
optimization problem. Codebook optimization increases the
quality of the reconstructed image at the same compression
ratios. The use of metaheuristics for codebook generation has
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become more popular recently. The goal of those optimization
algorithms is to find better individuals for representing the
optimum codebook. There are many metaheuristic methods in
the literature presented to solve the codebook estimation
problem in VQ. Some of them are genetic algorithm [5], cuckoo
search algorithm [6], ant colony optimization [7], particle
swarm optimization [8], firefly optimization algorithm [9], bat
algorithm [10], lion optimization algorithm [11], flower
pollination algorithm [12], whale optimization algorithm [13],
and crow search algorithm [14]. There are also some
metaheuristic methods enhanced by useful techniques to
increase their performances for optimal codebook estimation
such as improved differential evaluation algorithm [15],
improved sine-cosine algorithm [16], improved adolescent
identity search algorithm [17], smart fruit fly optimization
algorithm [18] and Levy flight based bat algorithm [19]. A can
finally be added to A new Some of these metaheuristic
optimization algorithms use the K-Means technique to find
initial codebooks before starting the main optimization
process.

Simultaneous perturbation stochastic approximation (SPSA) is
an optimization algorithm developed for difficult multivariate
optimization problems [20]. The gradient approximation of an
optimization problem is the primary benefit of the SPSA. The
algorithm needs only two evaluations of the objective function
per iteration to estimate the unknown parameters regardless of
the dimension of the optimization problem. Therefore, the SPSA
has a superior performance for estimating the gradient value
without direct gradient information. This property makes it
favourable to use in many optimization problems including
signal and image processing, feedback control, statistical
parameter estimation, and simulation-based optimization.

Particle swarm optimization (PSO) is a population (or swarm)
based optimization algorithm using stochastic search. It was
inspired by the social behavior of animals and relies on the
assumption that social exchange of information among
individuals could lead to evolutionary distinction. Each particle
in the swarm represents an individual of the population. PSO is
one of the best known and commonly used meta-heuristic
algorithms. But it has two major drawbacks. First, the basic
algorithm has a relatively slow progress towards optimal or
near optimal solutions, especially when the problem domain
has a search space of high dimension. Moreover, the position
update strategy of the particles, that depends strongly on the
global best (gbest) particle, has also adverse effects on the
algorithm performance. In PSO, gbest inherently guides the rest
of the swarm. Unfortunately, this causes the swarm to become
more similar to this guiding particle, bringing with it some loss
of diversity in the search space. It is exactly this phenomenon
that increases the probability of premature convergence and
getting trapped in local minima. To avoid these drawbacks and
improve the overall performance of the PSO algorithm, many
hybrid schemes are proposed in the literature. Some examples
of such schemes are given as follows. Chen et al. [21] propose a
local search method based on the conjugate gradient in
combination with the PSO for the identification of nonlinear
systems. A hybrid PSO and ant colony optimization [22] is
proposed to solve the problem of designing truss structures. A
quasi-Newton sequential quadratic programming method for
local search is combined with the PSO algorithm in [23] to solve
structural optimization problems. Cherki et al [24] use a
sequential combination of GA and PSO to solve the problem of
the optimal power flow on electrical networks. Seyedpoora et

al. [25] propose a preliminary optimization using SPSA
followed by PSO. In their scheme, many copies of the result
provided by SPSA are appended to the usual randomized initial
swarm for the PSO algorithm. This process produces an
efficient hybrid initial swarm. Therein it is shown that their
hybrid algorithm performs well in solving structural
optimization problems. In another study [26], combining PSO
with gradient-based methods for optimizing convolutional
neural networks is explored. Following some performance
comparisons in their research, the results come out generally in
favor of conventional gradient-based methods rather than the
hybridization of PSO.

The hybrid algorithms given above combine two among many
optimization algorithms in a way to apply them sequentially
and are classified in a decoupled hybridization type.
Alternatively, the PSO has been hybridized with several popular
metaheuristics and mathematical solvers such as gradient-
oriented schemes [27] in a coupled way. Hybridization with the
genetic algorithm [28], the differential evolution algorithm
[29], the harmony search algorithm [30], the sine-cosine
algorithm [31], the gray wolf algorithm [32], the firefly
algorithm [33], and finally both whale and differential evolution
algorithms (multiple hybridization) [34] can be given as some
other examples of the second type. It appears that more
research focuses on the coupled hybridization because its
designs significantly affect the performance of the base
algorithms. As a result, its implementations have shown
enhancements in the quality of the optimization results.

Another coupled hybridization of PSO to avoid its drawbacks is
given by Kiranyaz et al. [35]. They propose two algorithms in
which SPSA is embedded inside PSO to guide the swarm. They
use a generic name stochastic approximation driven PSO (SAD
PSO) for their algorithms. In their first algorithm, gbest is
updated (or guided) only by SPSA with the ability for gradient
estimation of the objective function while other particles are
updated as usual at every PSO iteration. Their second algorithm
utilizes the information of a special particle which is not in the
swarm, so-called alternative global best particle. The position
of this particle is computed by guiding gbest with SPSA. The
decision is made based on a competition between the two. The
winner replaces the particle gbest to provide better guidance to
the swarm in the next iteration.

The use of metaheuristic methods for VQ-based image
compression has been limited to the use of base algorithms
alone. With a single base algorithm, the optimum codebook
estimation process can get stuck at local optima, resulting in
compressed images with worse visual quality than the
optimum level. Even in cases where local optima can be escaped
from, the number of iterations required to reach the global
optimum is quite large, overshadowing the practical
importance of the algorithm for codebook optimization. The
motivation of this work is to improve the accuracy and speed
performance of a metaheuristic method for the codebook
estimation problem by using a hybridization approach. PSO
was chosen as the metaheuristic base algorithm since it is a
well-known optimization algorithm. The inspiration for
developing our optimization algorithm is the second SAD PSO
algorithm in [35]. Although their hybrid algorithm provided
performance improvement over PSO, it can be further
improved in terms of the quality of the guidance given by SPSA
for both increasing diversity in the search space and speeding
up the convergence. In this paper, we first propose an extended
algorithm. The proposed algorithm computes multiple SPSA
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gradient approximations instead of one per iteration and
selects the best one to find a better next position (codebook) for
gbest. This extension can also be stated as using multiple
alternative global particles instead of one in the previous
algorithm. Additionally, the gain parameter a of the SPSA
algorithm is increased dynamically through the iterations in the
proposed algorithm. This novelty results in further
performance increase. The proposed extended algorithm will
be referred to as SPSA-driven fast PSO (SPSA-FPSO) from here
on to emphasize the guidance role of SPSA in the basic PSO and
the acceleration provided in the convergence speed. Second
major contribution of this work is the presentation and
discussion of the results obtained from the first-time
application of this high performance algorithm to codebook
estimation in VQ-based image compression. Unlike the PSO
algorithm's frequent result of getting trapped in local optima,
the proposed SPSA-FPSO algorithm is capable of escaping from
local optima and always reaches or approximates the global
optimum.

This paper is organized as follows. Section 2 introduces the K-
Means algorithm for VQ, the basic PSO algorithm, and the SPSA
algorithm. The proposed algorithm and its application to image
compression based on VQ are presented in Section 3. The
experimental results over mean square error (MSE)
minimization between the reconstructed images and the
originals are given in Section 4. Finally, Section 5 provides a
summary of the concluding remarks.

2 Related methods

In this section, the K-Means algorithm for VQ that produces
initial codebooks for all optimization algorithms, the PSO
algorithm and the SPSA algorithm are explained, respectively,
in detail.

2.1 K-Means algorithm for vector quantization

The K-Means algorithm is a plain and well-known clustering
technique used in many application areas including Vector
Quantization. The algorithm aims to partition the whole data
into “kK” Voronoi cells. K-Means algorithm can be used to cluster
data vectors converted from small image blocks. It is one of the
most favorite choices for generating codebooks in VQ due to its
simplicity and fair image representation ability. The most
common version of the K-Means technique is known as Lloyd-
Forgy algorithm which begins by Forgy initialization [36],[37].
The initial codewords are selected randomly from the original
image blocks by Lloyd-Forgy method. The technique aims to
find an optimum codebook that consists of codeword vectors
list representing the image data best. The K-Means technique
starts its process by dividing the original input image into sub-
blocks. Consider the original image Y = {Xij} comprises

NxN pixels and is divided into sub-blocks of size mxm pixels.

The number of sub-blocks is determined by N, = (% X %) All

image data is represented by a set of image vectors {X = x;,
i=12,..,Np}. Let the variable L represents the size of the
blocks, where L = mxm pixels. Therefore, each sub-block x; is
defined within an L-dimensional Euclidean space, denoted as
x;€NR;. Then, a codebook of N, codewords, C = {cl,cz, ...,cNC},
¢jeRy, j = 1,2,..., N represents the original image. Each image
vector is denoted as a row vector by x; = (X1, X2, Xiz, - ) XiL)
and the jth codeword in Cis denoted by ¢; = (c,-1, Cj2s Cj3y o) c,-L).
The K-Means algorithm maps each original image block to a
codeword by using minimum square error (MSE) criteria

through a number of iterations. Once the algorithm finishes, the
index number of the related codeword is used instead of the
image block itself to represent the data in a block. Thus, a VQ-
based image compression is achieved by forming the vectors of
C that minimize the MSE value given in Equations (1)-(3).

1 N¢ Np
2
MSE(Q) = =3 > e o] ®
SRS
Nc
Duy=1, ie(L2,.N) )
=1
(1, if x; is in the j™ cluster
Hij { 0,  otherwise ()

The Euclidean distance D between the i image block and j™
codeword is defined by ||xl - c]-||.

The two rules specified by Equation (4) and Equation (5) are
applied by the K-Means algorithm. The group of image vectors
(Rj,j =12,.., NC) must satisfy the distance condition

Rj> {xeXx:D(x, cj) < D(x,cy), Vk#j}. 4)

The center of R; denoted by ¢; is calculated using

1N
Cj = ﬁjZiZI X, X;e R] (5)

where N; is the number of elements in R;. Let the image vectors
be x;, i = 1,2, ..., N, and the initial codewords determined by
the Forgy method are ¢;(0), j = 1,2, ..., N.. Then, the K-Means
algorithm applies the four steps given below to determine a
suboptimal codebook that is used by an optimization algorithm.

Step 1: Select the number of N, cluster centers from the original
image blocks randomly. This process is named as Forgy
method,

Step 2: Assign the original image blocks to the corresponding
cluster center g ; using Euclidean distance criteria. The centers

of clusters are saved in an indicator matrix with size of N, xN,
pixels.

1, if D(x;,¢c;(k)) =minD (x;,c;(k
ﬂi,-={ (21 6:(0)) (x i ) ©
0, otherwise
Step3 : Calculate the new cluster centers given by
Equation (4),
Step4 : Execute the Equations (4) and (6) sequentially

until the cluster centers of ¢; do not change.

The codebook structure and image reconstruction are shown in
Figure 1.

2.2 PSO algorithm

The Particle Swarm Optimization (PSO) is a population-based
metaheuristic algorithm inspired by the social behavior of
animals like birds flocking, fish schooling, and insect swarming.
The PSO was introduced by Kennedy and Eberhartin 1995 [38].
It is simpler to implement than other metaheuristic and
evolutionary algorithms and requires only a few parameters to
be tuned. The PSO was modified by Shi and Eberhart [39] and
applied to a broad spectrum of optimization problems [40].

All optimization problems require evaluations of their own
objective functions by the solver algorithms to reach the global
optimum solution of the unknown parameters in an iterative
manner.
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Figure 1. Original image blocks, codebook structure and reconstructed image structure of VQ [17].

An individual of the PSO algorithm is represented by a particle
resembling for example, a migratory bird who has its own
position and velocity in the swarm. The position of each particle
is viewed as a potential solution to the optimization problem
while its velocity indicates the distance it will move in the next
iteration. Consequently, the velocity and position of each
particle are updated after each iteration to adjust the
parameters and achieve the global best position. The PSO
algorithm inherently achieves both global and local searches.
The best position of each particle in the swarm is denoted by
PB! (i = 1,2, ...,p) where i indicates the particle number and p
is the size of the swarm. The best position of the population
(that is of gbest) is denoted by GB that is recorded along the
iterations. At the beginning, the position and velocity of each
particle in the swarm are initialized to random values from the
search space of the problem solution. In an iteration ¢, the PSO
algorithm determines the direction of each particle in the
swarm using the velocity and position equations expressed by
Equations 7 and 8, respectively, where t 4+ 1 points to the next
iteration.

Vi = kwVi+ kpry (PBE— X{) + kygra(GB, — X) (7
Xior = X+ Vi (8)

Here, X and V represent the position and the velocity of the
particle, respectively, in the multidimensional search space.
The last two terms in Equation 7 are called cognitive and social
components, respectively, that contribute to the velocity and
position updates of each particle for the next iteration. The
constant k,, is a user defined value called inertia weight [38].
The others, kp and kg are acceleration constants which
determine the degree of influence from the particle’s own best
experience and current global best particle in the swarm.
Finally, r; and r, are two independent random numbers having
uniform distribution in the interval of [0,1]. The pseudo code of
the standard PSO algorithm is given in Table 1 where T is the
maximum number of iterations chosen as the termination
criterion and f(X?) is the evaluation result of the objective
function for the position of particle i. The optimal solution is
equal to GB when the algorithm stops. Recall that the objective
function in our problem is MSE between the reconstructed
image obtained by the codebook list {X}; i = 1,2, ... ,p } and the
original image. The pseudo-code of the PSO algorithm is given
in Table 1.

Table 1. Pseudo-code of the basic PSO algorithm.

Initialize position X} and velocity V; of all particles
Define PB{ = X}, GB; = X};
for t=1toT do
for Each particle in the swarm do
Evaluate objective function: E = f(X,f);
if E is better thanf(PBé_l) then
PBE« X};
end if
if E is better than f(GB;) then
GB, « X};
end if
end
for Each particle in the swarm do
Vi = kwVE+ kpry(PBE — X1) + kgra(GB, — X1);
if [Vii1| > Vyax then clampitto Vy,g,; endif
Xti+1 = Xti + Vti+1i
end
end

2.3 Simultaneous perturbation stochastic approximation
algorithm

Gradient-based optimization algorithms suppose that
information exists about the gradient of the objective function
to optimize the parameters. But in many real-world
optimization problems, gradient cannot be computed or
observed directly. This difficulty led to the development of
stochastic approximation (SA) algorithms. They rely on an
approximation to the gradient that is achieved by only
measurements of the objective function in a stochastic setting.
Convergence properties of many such gradient-free stochastic
algorithms are similar to those of the gradient-based
algorithms [41]. SPSA is a stochastic optimization
algorithm produced by Spall [20]. The SPSA algorithm has a
superior feature to the other optimization methods. This
feature is estimating the gradient function value when the exact
gradient is not available for the objective function. Therefore,
the SPSA technique increases the quality of the unknown
parameters by estimating the gradient of the objective function
and using it to update the unknown parameters.
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All deterministic multivariate optimization algorithms aim at
minimizing a differentiable objective function f(6) by
searching for zero-gradient point. When gradient g of the
function cannot be directly computed in implementations (e.g.,
in many real-world problems), the SA algorithms can be used
alternatively to update the solution vector 0, in d-dimensional
search space by

Op41 = 0; — arge(0y) 9

Where, §; is an approximation to the gradient vector g at

iteration t and a; is a scalar gain sequence that has to meet

certain conditions [20]. The approximation to the gradient

vector is obtained using simultaneous random perturbations
and two measurements of the objective function by

-1

Atq

-1

t2

f(0 + ctAr) — f(Br — ceAp)

’ l | |
Aca

Where each element A, ; of the vector A, takes on a value of +1
or —1, as generated by a zero-mean Bernoulli distribution, and
¢ is a positive gain sequence. Both gain sequences are
computed as follows.

9:(6r) = (10)

ar =a/(A+t)" 11
¢ =c/tY (12)

These equations introduce five SPSA constants. In [41], Spall
recommends using the following values for the three of them:
the stability constant A =60, a =0.602, and y = 0.101.
However, he deduces that the performance of the SPSA is very
sensitive to the choice of both gain sequences. He adds that this
problem occurs in other stochastic optimization algorithms as
well, due to their own coefficients. Therefore, it is left to
researchers to find suitable values for the constants a and ¢
according to the optimization problem to be tackled. The
pseudo-code of the SPSA algorithm is given in Table 2.

Table 2. Pseudo-code of the SPSA algorithm.

Initialize solution vector 6;
Set A =60, « =0.601, and y = 0.101;
Set a and c to values suitable to optimization problem;
for t=1toT do
¢ Generate d-dimensional Bernoulli distributed
perturbation vector: A;
e Leta; =a/(A+t)%and ¢, = c/tY
e Compute f(0; + c;Ay) and f(6; — c;A;)
e Compute §;(0;) using Equation (10)
e Compute 0,,, using Equation (9)

end

3 The proposed algorithm and its
implementation on codebook optimization

3.1 The proposed algorithm: SPSA-FPSO

The algorithm proposed in this paper has an embedded
structure where the SPSA algorithm performs a guidance task
for the particle gbest only in the swarm of PSO. Thus, the
combined process should be considered as a single algorithm in

its own. The proposed algorithm is inspired from [35] where
the SPSA process creates an alternative global best (agbest)
particle from the positon of the particle gbest. If the position of
agbest gives a better objective function value than that of the
gbest, then it is accepted that SPSA provided a new position
towards the global optimum. Next step is to replace the position
of gbest with the position of agbest, thus moving it one step
further towards the global optimum or perhaps moving it away
from a local optimum where it is likely to get stuck. Of course,
no position replacement occurs if agbest has a worse position.
SPSA is given the opportunity to provide this guidance at each
iteration, which can eventually lead the swarm to the global
optimum or a point very close to it. The major difference of our
algorithm from the one summarized above lies in the number
of particles created by SPSA. In this paper, multiple particles
instead of one, each of which is a candidate for being agbest are
put forward as novelty. In the proposed algorithm, SPSA is
applied over the position GB for s times, independently, creating
an ensemble of particles with a variety of positions offering
more diversity starting from this position. The particle agbest
is determined easily after the objective function evaluations for
all alternative particles in the ensemble. Let us denote the
position of agbest by AGB. Now, AGB being an elite position will
compete with GB of gbest, and whichever is the better position
will be eligible to become the new gbest. That is, if AGB scores a
better function evaluation value, then it will replace GB. Note
that this strategy using SPSA only deals with gbest and creates
some competitive particles outside the swarm. Except for this
difference, the internal PSO process is kept the same. Table 3
gives the pseudo code of the proposed algorithm. You can see
that the basic steps of both algorithms are included in each
iteration. The innermost loop in the algorithm performs
creating an ensemble of alternative particles by SPSA and
determining agbest in the ensemble. At the beginning of the
SPSA steps of the algorithm, the gain sequences a: and c: are
updated accordingly before a new ensemble of alternative
particles is generated.

The idea of using multiple SPSA-generated positions, instead of
one, yields more increased diversity in the search space,
proportional to the size s, thus granting better ability to escape
from local optimum. Recall that SPSA can approach the
optimum value faster than other stochastic optimization
methods by simultaneously perturbing all parameters based on
the approximate gradient of the objective function. The PSO and
similar metaheuristic algorithms using only the exploration
and exploitation ability of the population require a high
computational load per iteration since they have to evaluate the
objective function as many times as the number of individuals
in the population. Therefore, improving metaheuristic
algorithms to reach the optimum value with fewer iterations is
of great importance in practice, especially when the number of
unknowns is very large. Our algorithm uses the fast gradient
approximation (owing to simultaneous perturbations) of the
SPSA in the calculation of a better next position (codebook) for
gbest by making different gradient approximations s times and
selecting the best one. The classical PSO which does not use
gradient information can benefit from this guidance provided
by a reliable gradient approximation. It is obvious that, by
SPSA-FPSO, the optimum solution can be reached with many
fewer iterations due to such a valuable guidance to the gbest,
which is known to be the only guide by the swarm.
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Table 3. Pseudo-code of the SPSA-FPSO algorithm.

Initialize position X} and velocity V of all particles
Define PB} = X{, GB, = X}; Setsizes;
Set A =60, « = 0.601, and y = 0.101;
Set a and c to values suitable to optimization problem;
for t=1toT do
for Each particle in the swarm do
Evaluate objective function: E = f(Xti);
if E is better thanf(PBé_l) then
PB; < X};
end if
if E is better than f(GB;) then
GB, « X{;
end if
end
Leta, = a/(A+t)*and ¢; = c/t7;
Define 6 = GB;
Set F to an extreme value with respect to optimum of
the objective function;
for k =1tos do

o Generate d-dimensional Bernoulli distributed perturbation vector: A,

e Compute f(0 + c;A;) and (0 — c,Ap)
e Compute §,(0) using Equation (10)
o Compute position of k™ particle: Y* = 0 — a,§,(0)
if f(Y*)is better than F then
AGB < Y¥*and F = f(Y*);
end if
end
if f(AGB) is better than f(GB;) then
GB, « AGB;
end if
for Each particle in the swarm do
Vi = kyVE + kypry (PBE = XE) + kyry(GB, — X1);
if [V 1] > Vax then clamp it to Vygy;
end if
Xti+1 = Xti + Vti+1i
end
end

3.2 Implementation on codebook optimization

Figure 2 illustrates the block-based lossy image compression
system including the proposed optimization algorithm used for
codebook estimation. At the beginning, the original image data
is converted to a list of vectors based on 4x4 image blocks as
explained in Section 2.1. Then, a separate initial codebook is
prepared for each particle using the standard K-Means
algorithm while velocity of each particle is initialized randomly.
After the initialization, the iterative algorithm given in Table 3
is applied to find the optimal codebook. In each iteration, the
codebook gbest evolved by the PSO rules is passed to the SPSA
algorithm where it produces an ensemble of size s new
codebooks each of which corresponds to an alternative particle.
Among the SPSA generated ensemble, the best one is selected
and recorded as agbest. If the codebook of agbest is better than
that of gbest, then it replaces the poorer codebook. Finally, the
PSO swarm of codebooks are updated by Equations (7) and (8)
for the next iteration. When the iteration number reaches to the

maximum number, the best codebook of the swarm (gbest) is
determined by the SPSA-FPSO. To achieve a lossy compression,
each image block is simply replaced by index of the relevant
codeword in the best codebook. This process results in an
indexed image which is further encoded for a communication
channel by a lossless technique such as arithmetic coding or
Huffman coding. After the encoding process, the best codebook
and the encoded image are sent over the channel. The indexed
image is extracted after channel decoding at the receiver end.
Finally, the reconstructed image is obtained by using the best
codebook.

4 Experimental work

The experimental study presented in this section was
conducted to obtain and compare the performance of codebook
estimation of the base algorithms and the proposed hybrid
algorithm on a test image set. In addition, the effect of s on the
performance of the hybrid algorithm was also investigated.
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Figure 2. Block diagram of the VQ-based lossy image compression system using SPSA-FPSO.

4.1 Testimages and experimental arrangements

In the experiments, six gray level test images, known from the
image processing research field were used. The test images are
of 256x256 pixels size and show different contrast levels and
degree of detail. Of these, Aerial and Barbara are categorized as
high contrastimages. While Cameraman, Lena and Peppers have
a fair contrast, the Clock image presents a low contrast with
uneven distribution of details. To allow visual comparison of
test results, only two representative samples were selected for
the sake of space saving: Lena with medium contrast and Clock
with low contrast and uneven detail distribution. The results
are shown in the Section 4.2.

The experiments were conducted as follows. Each original test
image divided into 4x4 pixel image blocks were converted to a
list of vectors of size 16x1 with 256 gray levels. Thus, each
image consists of 4096 vectors to be quantized and encoded, in
total. A unique initial codebook for each particle in the swarm
was computed by the K-Means algorithm based on the Forgy
selection method [36]. The initial codebooks were also
recorded for using in every run of the algorithms on each test
image. For the PSO and SPSA-FPSO algorithms, all particles’
initial positions and the initial best positions were set to these
initial codebooks. Similarly, the solution vector 0, in the SPSA
algorithm was also initialized to the first recorded codebook.

Since the visual error of the reconstructed image is more
evident at high compression ratios, a codebook size of 8
codewords was preferred in all experiments. This codebook
size corresponds to the image compression ratio of 0.203 bpp.
Therefore, the number of unknowns (i.e., pixel gray level
values) in any codebook was 128 since each codeword has 16
unknown gray levels. Thus, an optimum codebook for any test
image must be found by any algorithm in the 128-dimensional
search space. The MSE given by Equations (1)-(3), between an
original image and its reconstructed form obtained from any

individual codebook C were computed in the optimization
algorithms. Each algorithm tested in the experiments tried to
converge to the optimum codebook with a global minimum
MSE value for each test image. However, when the maximum
number of iterations was reached, the goodness of their
estimation was revealed by the difference between the MSE of
the final codebook they could produce and the global minimum.
For all test runs on all the algorithms, the maximum number of
iterations was determined as T=1500. This number was used as
the single termination rule for every run of an optimization
algorithm as seen in Tables 1-3.

The parameters of the optimization algorithms were chosen as
follows. The number of particles (i.e., size p) in both the PSO and
SPSA-FPSO algorithms was set to 100. The number of
alternative particles in the SPSA-FPSO algorithm was set to
different values of s =1,3,10,25,and 50, for performance
comparisons. The user-defined parameter of k,, was selected as
0.7 while k, and k; were determined as 1.0 and 2.0,
respectively. The velocity of the particles was restricted to
Vinax = 10 for both the PSO and SPSA-FPSO algorithms. For 4,
o and y in the SPSA algorithm, the recommended values were
used as 60, 0.602 and 0.101, respectively, while a and c were set
to 15 and 0.25, respectively. Because the last two parameters
must be determined with respect to the optimization problem
and the range of values for the unknowns, they were adjusted
to best values after conducting a series of trial runs. However,
for the SPSA-FPSO algorithm, we needed to dynamically change
the value of a during the iterations to boost the acceleration
ability of the proposed hybrid algorithm. While some smaller
value of a contributes to the acceleration of convergence at
early iterations, a larger value as in the SPSA algorithm
strikingly reduces the probability of getting stuck in a local
minimum in the subsequent iterations. A function of ¢t for a was
determined empirically to use in the SPSA-FPSO algorithm as
given in Equation (13).
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a=t/50+5 (13)

The equation should be inserted into the pseudo-code in
Table 3 before the line where the gain sequences a; and c; are
computed.

4.2 Testresults

Here, the proposed SPSA-FPSO algorithm is compared to the
basic PSO and SPSA algorithms in an experimental framework.
The visual results of the base algorithms and the proposed
algorithm for the two selected test images are shown in
Figures 3 and 4 after a test run for each algorithm was
completed. For Lena, when the last iteration was completed, the
SPSA and PSO algorithms reached the unsatisfactory values of
MSE=368.7 and MSE=329.6, respectively while the proposed
SPSA-FPSO algorithm achieved the almost global optimum
value of MSE=323.5 with only three alternative particles
(i.e., s = 3). When the low contrast image Clock was used by the
algorithms, the SPSA-FPSO algorithm reached the value of
MSE=271.9 which is nearly global minimum again. On the other
hand, SPSA and PSO appeared with MSE=305.9 and MSE=281.9,
respectively at the last iteration, still struggling for the global
optimum. This superiority of the proposed algorithm over the
others can also be visually noticed in the reconstructed images
shown in Figures 3 and 4.

The convergence curves of the all algorithms used to estimate
the optimum codebooks for the all test images are shown in
Figure 5. Here, each algorithm was run nine times for each of
the test images. Then, the median value of the nine MSE curves
was computed point by point to obtain an average curve.
Therefore, every curve plotted in Figure 5 is actually a median
average and represents the convergence characteristics of an
algorithm with a fair approximation. The PSO algorithm either
got stuck at a local minimum or fails to complete its
convergence when the maximum number of iterations was
reached for all images except Aerial and Peppers. On the other
hand, the SPSA-FPSO algorithm reached the global minimum or
settled at a very close value for all images except Cameraman.
For this image, the proposed algorithm converged to a nearby
value only with s = 50. This is a difficult image for optimization
algorithms used in codebook estimation of block-based
compression. The image contains long strong edges at many
different orientations. This forces the optimization algorithms
to concentrate on those edges, leading to the ignorance of the
rest of the image when MSE is the objective function. As aresult,
the algorithms mostly got trapped into a local minimum for this
image. Note that the proposed algorithm converges quickly to
the global minimum even for small values of s (i.e,, 3 and 10).
These results prove that the SPSA guidance provided by several
alternative particles increases the diversity of the basic PSO in
the search space and moves gbest to a more efficient position in
each iteration. In short, we can say that SPSA can guide (or
drive) gbest better than PSO can.

The descent rate in the convergence curves of the SPSA-FPSO
algorithm, especially in the early iterations is also remarkable.
Considering only the number of iterations, the proposed
algorithm clearly outperforms the base algorithms in terms of
convergence speed.

The fact that SPSA lags far behind other algorithms in the
descent of convergence curves can be explained by its low
exploration effort per iteration (one new codebook generation
only). This algorithm needs more iterations for convergence,
although this does not mean that it needs more time. On the

contrary, it may require less time when the number of function
evaluations is taken into account. However, it is shown in [35]
that the SPSA algorithm fails if the target function has too many
local optima or the number of unknown parameters is large.

(b)

() (d)

Figure 3. Visual comparison of the reconstructed images for
Lena. (a): Original, (b) SPSA result (MSE=368.7). (c): PSO
result (MSE=329.6), and (d): SPSA-FPSO result for s = 3

(MSE=322.0).

(b)

() (d)

Figure 4. Visual comparison of the reconstructed images for
Clock. (a): Original. (b): SPSA result (MSE=302.3). (c): PSO
result (MSE=281.7) and (d): SPSA-FPSO result for s = 3
(MSE=271.9).
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Figure 5. Convergence curves of SPSA-FPSO with different s values (given between parenthesis) on codebook estimation for six test
images (N; = 8).

An overview of the results regarding the convergence accuracy
and speed on the test images is given in Table 4. The optimal
MSE values (MSEOP) obtained with N, = 8 for each image are
appended next to the image name and shown underlined. For
each algorithm, the median of the final MSE values is written in
gray cells. It is seen that SPSA-FPSO can rapidly converge to the
corresponding MSEo, for all images except Cameraman.
However, note that all the algorithms fail to reach the MSE,,
value of this image due to its characteristics explained above.
To simplify the comparison of the convergence accuracies, a
near optimal MSE value was chosen at 1% above the global
optimum and represented by MSE,,,. All the median MSE values

that are less than or equal to MSE,,,, (i.e., within 1% tolerance)
were considered accurate and shown in bold. In conclusion, it
can be said that SPSA-FPSO is clearly superior to the base
algorithms when the convergence accuracy is taken into
account. It should also be noticed that the effect of s on the
convergence accuracy of the SPSA-FPSO algorithm is small.
However, the opposite is true when the convergence speed is
concerned. To compare the convergence speeds, the numbers
in the white cells in Table 4 can be used. They are the iteration
numbers, denoted by t,,,, at which the algorithms reached the
MSE,,, value for each image. Each t,,, number is the median of
such iteration numbers found over nine runs. Let us take the
aerial image for example.
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Table 4. Results of convergence accuracy (final MSE) and iteration number (t,,) on test images.

MSE,, SPSA PSO SPSA-FPSO

Image name MSEy,, s=1 s=3 s=10 s =25 s =50

Aerial 518.4 529.1 523.4 522.6 520.5 519.6 519.6 519.8
523.6 - 975 268 149 140 97 89

Clock 2714 303.3 280.5 272.5 271.9 274.0 271.9 272.2
2741 - - 412 362 399 218 133

Barbara 338.6 339.8 342.4 338.9 338.9 338.8 338.7 338.8
342.0 934 1500 142 117 67 36 19

Peppers 309.5 317.2 310.1 309.6 309.6 309.6 309.6 309.8
312.6 - 659 375 224 114 71 44

Lena 322.8 348.8 330.4 323.3 323.4 323.6 323.6 323.6
326.0 - - 623 512 253 150 99

405.5 447.8 423.1 422.7 4223 423.0 425.2 414.8

Cameraman 409.6 ) ) ) ) ) ) )

The table points out that PSO reach MSE,, at 975t iteration
while SPSA cannot achieve it in 1500 iterations. The proposed
algorithm reaches the same value at 268th, 149th, 140th, 97th and
89th jterations for the values of s=1,3,10,25,and 50,
respectively. When all the t,,, numbers are examined, it is seen
that the SPSA-FPSO algorithm converges much faster than both
PSO and SPSA algorithms for all test images. Even with s =1,
the proposed algorithm can reduce the number of iterations
required for the convergence of the PSO algorithm quite a lot.
In addition, the experimental results show that as the number
of alternative particles (codebooks) increases, the speed in
iteration axis also increases. This result clearly indicates the
effectiveness of multiple alternative particles generated by
SPSA in our hybrid algorithm for increasing diversity and
providing accurate guidance in a search space.

4.3 Comparison of computational loads

When computational complexities of optimization algorithms
are compared, considering the number of objective function
evaluations instead of the iteration number at the global
optimum is a more accurate approach. For most algorithms, the
computational cost of a single objective function evaluation is
much heavier than the implementation cost of the optimization
algorithm itself. This is also true for the proposed algorithm and
the base algorithms since MSE computation between an
original image and a reconstructed image by using a codebook
is relatively long. Assuming that the necessary function
evaluations are stored in memory once computed, the PSO
algorithm requires p function evaluations while SPSA-FPSO
requires p + 3s evaluations per iteration.

Although this relationship makes SPSA-FPSO seem to be
computationally expensive, the reality is different because
SPSA-FPSO converges earlier by the iteration number.
Therefore, it is more sensible to find the total number of
function evaluations that each algorithm does until it reaches
the iteration number t,,. Then, the costs of the algorithms can
be compared according to their number of function evaluations.
The total number of function evaluations, denoted by ny, for
PSO and SPSA-FPSO until they reach the associated iteration
number t,, given in Table 4 is computed by

ne = (p + 38)ty, (14)
where ng for PSO is found by taking s = 0. Let us define

experimental computational advantage as the ratio of the ng
value for PSO to the ny value for SPSA-FPSO. The computational

advantage of SPSA-FPSO over PSO for varying number of
alternative particles are listed in Table 5 where the ns value for
PSO on each test image is given next to the image name.
Comparisons were made only for test images where PSO
reached MSE,,. One can notice that the computational
advantage is unsuprisingly image dependent and can be up to
order of 30 times.

To investigate the effect of using multiple alternative particles
on the convergence speed in the time dimension, the
computational advantages of SPSA-FPSO with multiple
particles over single particle use were obtained and listed in
Table 6.

Here, the n; value for s = 1 on each test image is given next to
the image name and taken as the reference in the calculations
of the computational advantages. As seen from the table, the
number of multiple alternative particles increases the
computational advantage of SPSA-FPSO (i.e. less run time)
compared to using a single particle. However, the increase in
the computational advantage by the number of alternative
particles can be high or remain within marginal limits
depending on the image content.

4.4 Performance comparison to other metaheuristic
algorithms

Finally, some tests were conducted to compare the
performance of the SPSA-FPSO algorithm with the
performances of other well-known metaheuristic algorithms in
the application of codebook optimization. Bat algorithm (BA),
firefly algorithm (FA), genetic algorithm (GA) and improved
adolescent identity search algorithm (IAISA) were included in
these tests, respectively. The parameters of the SPSA-FPSO
algorithm were kept the same as given in Section 4.1. The tests
were performed by selecting the number of alternative global
particles as 3 and 25. In all algorithms, the population size and
codebook size were fixed as 100 and 8, respectively. The
parameter values of other metaheuristic algorithms were
selected as given in Table 7, which are considered appropriate
in [17] for the codebook optimization problem. Convergence
curves of all algorithms were obtained for the two selected test
images. The results are given in Figure 6. It is seen that SPSA-
FPSO is superior not only to PSO algorithm but also to other
metaheuristic algorithms in terms of both convergence
accuracy and convergence speed.
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Table 5. Computational complexity comparison: PSO vs. SPSA-FPSO on the test images.

PSO Computational advantage of SPSA-FPSO over PSO
Image name n
f s=1 s=3 s=10 s=25 s=50
Aerial 97500 3.53 6.00 5.36 5.74 4.38
Barbara 150000 10.26 11.76 17.22 23.81 31.58
Peppers 65900 1.71 2.70 4.45 5.30 5.99
Table 6. Computational complexity comparison: single vs. multiple alternative particles in SPSA-FPSO.
SPSA-FPSO
(s=1) Computational advantage of SPSA-FPSO with multiple alternative particles
Image name
n
4 s=3 s =10 s =25 s =50
Aerial 27604 1.70 1.52 1.63 1.24
Clock 42436 1.08 0.82 1.11 1.28
Barbara 14626 1.15 1.68 2.32 3.08
Peppers 38625 1.58 2.61 3.11 3.51
Lena 64169 1.15 1.95 2.44 2.59
Table 7. Parameters of the metaheuristic algorithms
Algorithm Parameter values
FA a=05,y=0.01 g,=09
BA a=0.997, y =0.996, [min max] frequencies: [0,1] initial values (random): frequency [0,1],
pulse rate [0.5, 1], loudness [0,1]
GA crossover rate =10%, mutation rate =3%, selection method is K-Tournament (K = 3)
IASIA search diameter=0.025,
Chebyshev polynomial degree=3
barbara image clock image
T 380
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420 —FA
GA
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Figure 6. Convergence curves of the metaheuristic algorithms for comparison to SPSA-FPSO on codebook estimation for two test
images (N; = 8).

5 Conclusions

The use of VQ offers an effective approach to lossy image
compression by mapping image blocks into codebook vectors,
significantly reducing the image size. Key to the success of VQ-
based compression is the estimation of an optimal codebook,
which directly impacts the quality of the reconstructed image.
Optimal codebook generation through metaheuristic
algorithms has gained significant attention in many research
areas. Although the hybridization of these methods,
particularly in a coupled way to enhance both convergence
speed and accuracy has been applied in various research areas,
it has not received much attention in solving the codebook
estimation problem.

The motivation for this work is to overcome the inherit
diversity limitations of PSO by hybridizing it with SPSA which
can generate new codebooks by fast gradient approximations
to the objective function MSE.

In the proposed hybrid algorithm, the codebook owned by gbest
of PSO is passed to the SPSA algorithm to have it generate an
ensemble of s new codebooks, so-called alternative global
codebooks, to guide gbest further. The best of the alternative
codebooks in the ensemble replaces, (if it is better than) that of
gbest to provide a more efficient guidance to the entire swarm
in the nextiteration. The second contribution of this work is the
presentation and discussion of the results obtained from the
first-time application of this high performance optimization
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algorithm to codebook estimation in VQ-based lossy image
compression. The results of the experiments conducted on six
test images highlight the superiority of the SPSA-FPSO
algorithm over the base algorithms PSO and SPSA in the context
of VQ-based image compression. By embedding the SPSA
within the PSO framework, the hybrid algorithm successfully
reduces the premature convergence issues typically observed
in PSO, enabling it to escape local minima and reach or
approximate the global minimum.

It is shown that the SPSA-FPSO algorithm increases the
diversity by using multiple alternative codebooks and provides
more accurate guidance in the search space. The algorithm not
only achieves lower MSE values for the test images, but also
significantly improves the convergence speed without
sacrificing accuracy. The proposed algorithm reaches or settles
very close to the global minimum for all test images except a
troublesome image. However, the best performer among the
algorithms in competition happens to be SPSA-FPSO again.
Especially in the early iterations, the speed at which the
proposed algorithm approaches the global minimum is
remarkable, which can also make it a good global optimization
partner for a faster local optimizer.

When the computational loads are compared, it is seen that
SPSA-FPSO algorithm requires a smaller number of objective
function evaluations than PSO does and therefore the total
computational cost is lower. However, the computational
advantage offered by the algorithm is data dependent and
cannot be foreseen exactly. Although the computational
advantages experimented from the test images may give a
rough idea, there are also other issues affecting the range of
figures, namely, selection of the initial codebook and
optimization of the algorithm parameters. The experimental
results also show that the number of alternative global
codebooks (i.e., value of s) positively influence the convergence
speed while it has a small or trivial effect on accuracy. However,
the computational advantage gained by increasing the number
of alternative particles can either be significant or minimal,
depending on the image content.

The study concludes that the enhanced convergence features of
SPSA-FPSO make it a promising method for optimizing
codebook in VQ-based lossy image compression tasks. It
outperforms not only the basic PSO but also other well-known
metaheuristic algorithms. Considering that the target of this
research is image compression, the results could potentially
pave the way for the utilization of the suggested approach in
related areas that prioritize compression and optimization,
including data compression and signal processing. From a
broader perspective, the findings of this work suggest that the
SPSA-driven PSO algorithm employing an ensemble of
alternative global particles can also be effectively applied to
optimization problems in other research areas, offering a fast
and stable solution especially for complex, high-dimensional
problems.
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Abstract

This study evaluates the capability of renewable energy sources (wind,
solar and biomass) to meet the energy needs of Artvin Coruh University
Ali Nihat Gokyigit Botanical Garden. As a result of the study, it has been
determined that the wind speed in the region is insufficient for
electricity generation from wind energy, as 0.0845 kW/h. In the
analyses performed on the PVsol environment for the potential of a PV
system, it has been concluded that 256.9 MWh of energy could be
generated annually. The economic analyses resulted in the payback
period of the PV system being calculated as 8.8 years. It was also
suggested that the annual average of 3500-5000 kg of pruning waste
could be utilised by elemental analysis and incineration or used for
biogas production by anaerobic digestion together with food waste
(27 tonnes/year). The study aims to raise awareness for on-site energy
production by using local resources and thus reducing energy costs.

Keywords: Renewable energy, Wind energy, Solar energy, Biomass
energy, Weibull distribution, PVSOL.

Oz

Artvin Coruh Universitesi Ali Nihat Gékyigit (ANG) Botanik Bahgesi'nin
enerji ihtiyacini karsilamak amaciyla bu ¢alisma, yenilenebilir enerji
kaynaklarinin  (riizgdr, giines ve biyokiitle) degerlendirmesini
sunmaktadir.  Yapilan ¢alismalar sonucunda riizgdr enerjisi
potansiyelinin diisiik oldugu (0.0845 kW/saat) tespit edilirken, PVSOL
simiilasyon progrmat ile gerceklestirilen giines enerjisi projesi, yillik
256,9 MWh enerji tiretimi ve 8.8 yillik geri 6deme siiresiyle ekonomik
olarak  uygulanabilir ~ bulunmustur. ~ Ayrica, yillik ortalama
3500-5000 kg olan budama atiklarinin elementel analizi yapilarak
yakma yoluyla degerlendirilebilecegi veya yemek atiklariyla
(27 ton/yil) birlikte anaerobik ciiriitme ile biyogaz ltiretimi icin
kullanilabilecegi onerilmistir. Calisma, yerel kaynaklarin kullanilarak
yerinde enerji lretimi yapilmasi ve bdylece enerji giderlerinin
azaltilmasina yénelik farkindalik olusturmay hedeflemektedir.

Anahtar Kelimeler: Yenilenebilir enerji, Rizgar enerjisi, Gilines
enerjisi, Biyokiitle enerjisi, Weibull dagilimi, PVSOL.

1 Introduction

Energy is among the most basic requirements of life, and the
quest for meeting energy demand is as old as the beginning of
life. Over time, the diversified and increasing use of energy has
begun to take its place at the center of civilizational competition
with the industrial revolution. The increase in the world
population and the acceleration of industrialization have
increased energy consumption and made the environmental
impacts of the widely used fossil fuels even more critical.
Energy consumption is expected to double in 2035 compared
to 1998 and triple in 2055. Non-renewable fossil fuels and
nuclear energy pose a serious threat to the environment and
human health. Especially the transportation sector (95% oil
dependency) is an important dimension of this problem and is
expected to increase in the coming years [1]. As a solution to
these problems, governments are implementing policies that
encourage the use of renewable energy sources and taking
various measures to increase energy efficiency and reduce
carbon emissions.

*Corresponding author/Yazisilan Yazar

In recent years, many studies have focused on the use of
renewable energy sources in public buildings in order to meet
the increasing energy demand and ensure environmental
sustainability. These studies examine the evaluation and
integration of different sources such as solar, wind and biomass
energy [2]-[7]. A study conducted in Poland has proven that
energy savings of up to 80% and significant CO2 emission
reductions can be achieved by reducing energy demand
through thermo-modernization of school buildings and the use
of renewable energy systems [7]. A study examining data for
Tirkiye for the period 1990-2020 showed that economic
growth, urbanization and industrialization increased carbon
dioxide emissions, but renewable energy use, agricultural
productivity and forest areas reduced emissions [6]. The
analysis revealed that a 1% increase in economic growth,
urbanisation, industrialisation and tourism would increase
emissions by 0.39%, 1.22%, 0.24% and 0.02% respectively,
while an increase in renewable energy, agriculture and forestry
would decrease emissions by 0.43%, 0.12% and 3.17%
respectively. Various studies have been conducted on the use of
renewable energy in public buildings in Tiirkiye. In [5], an
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economic analysis for solar and wind energy systems has been
made for the Canakkale 112 Emergency Call Center, and the
feasibility of these systems has been proven by the resulting
short payback periods after the analyses. [4] determined the
most suitable configuration for a hybrid solar energy system at
Eskisehir Technical University. [3] analysed the energy saving
potential of solar energy and heat pump systems at Yalova
University and showed that significant energy savings can be
achieved. [2] analysed the implementation of photovoltaic
systems at Harran University Osmanbey Campus. These studies
support the technical and economic feasibility of renewable
energy integration in public buildings in Tirkiye. Studies in
Croatia [8], Russia [9] and Tiirkiye [10] address the utilisation
of waste for sustainable energy production. The Croatian study
examines the use of waste as biogas production and fertiliser,
the Russian study examines the heat and electricity generation
potential of urban wood waste, and the Turkish study examines
different methods of energy recovery from household waste.
These studies emphasise the importance of utilising various
waste sources for energy production.

A review of the literature reveals that studies have generally
evaluated a single renewable energy source or a limited
number of sources, and the utilisation of biomass has generally
been limited to waste incineration or limited-scale biogas
production. The originality of this study lies in its assessment of
multiple renewable energy sources (solar, wind and biomass)
with an integrated approach in the Ali Nihat Gokyigit (ANG)
Botanical Garden of Artvin Coruh University (AGU). In
particular, the originality of the study lies in evaluating the
potential of local biomass resources such as pruning waste and
food waste for biogas production both by incineration and
anaerobic digestion. In conclusion, the aim of this study is to
propose an economically feasible and environmentally friendly
renewable energy system design that can meet the energy
needs of the ANG Botanical Garden by providing a more
comprehensive approach compared to the existing literature
and to set an example for other public institutions.

2 Materials and methodology

2.1 Study area

Artvin Coruh University was established by Law No. 5662 dated
17 May 2007 and has campuses in Artvin Centre (Seyitler
Campus, Central Campus and ANG Botanical Garden) and in
Arhavi, Hopa, Borgka, Savsat and Ardanug districts. The focus of
this study is the 143 decare ANG Botanical Garden, which is
located within the borders of Salkiml village of Artvin Centre
and opened in 2022 (Figure 1). The aims of the garden include
the conservation and promotion of plant gene resources in
Tiirkiye, scientific research in various fields, and the collection
of plants used for different purposes in thematic gardens. The
garden has indoor areas such as 1,164.32 m? Administrative
and Research Building, 390.41 m? Café, 241.5 m? Conference
Hall, 1064.38 m? Guest House, 452 m* R&D greenhouse and
200 m? production greenhouse. The electricity installed power
of the garden is 250 kW and the contract power is 150 kW. Due
to its distant location from Salkimh village, it is far away from
the existing low voltage network. Although the current 150 kW
contract power is sufficient for the time being, additional grid
investments may be required to meet future energy needs.

Figure 1. ANG botanical garden.
2.2 Material and method

2.2.1 Wind energy

The assessment of the wind potential for Artvin province has
been performed with the wind rose data (Figure 2) created
using Lakes Environmental software. The analysis showed that
the dominant wind direction is west and west-northwest, and
wind speeds are mostly between 0.50-3.60 m/s. The average
wind speed is determined as 1.87 m/s, and 12.09% of the data
corresponds to calm wind conditions, which is below 0.50 m/s.
Wind speeds above 11.10 m/s are rarely observed. These
results reveal that low wind potential prevails in the region.

In the analysis of wind data required for the calculation of the
energy to be obtained from a wind turbine, probabilistic
approaches such as Weibull, Rayleigh, Gamma and Lognormal
are used to account for the variable nature of the wind.
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Figure 2.Wind rose belonging to Artvin city center.

In the literature, the Weibull distribution function [11], which
has the highest accuracy, is commonly preferred. This function
is defined over the wind speed (v), shape parameter (k) and
scale parameter (c) and is given in Equation (1).

k-1 K
fV,k,c) = E (K) .e_(%) (1)
c \c
Weibull distribution parameters (shape and scale) were
calculated with MATLAB program using hourly wind speed
data for 2017-2018 obtained from Artvin Meteorology
Directorate. In the analysis, 12-month data covering January-
December have been used, and instead of a total of 8760 hours
of data (365 days x 24 hours), 8256 data were used due to
measurement deficiencies (Table 1). Hours where
measurements could not be made and wind speeds with a value
of "0" were excluded from the analysis.

Table 1. Number of monthly wind speed data used for Weibull
distribution analysis (Artvin Meteorology Directorate).

Months Number of hourly data
January 688
February 649
March 728
April 696
May 730
June 695
July 744
August 726
September 602
October 704
November 646
December 648
Total 8256

1270



Pamukkale Univ Muh Bilim Derg, 31(7), 1268-1276, 2025
A. Keskin, E. Adar Yazar, K. Dogansahin

Wind turbine power curves are obtained by manufacturers as a
result of tests conducted at different wind speeds and are
presented in catalogs [12]. Considering the low average wind
speeds obtained for Artvin province, a small turbine with a
power of 5 kW (Soyut Wind 5 kW model) was selected. The
power curve and other technical specifications of this turbine
were taken from the manufacturer's catalog and are presented
in the Appendix A (Figure Al and Table A1).

Wind source and wind turbine are required for electrical
energy production using wind energy. The power of the wind
turbine is the function (P(v)) that varies with the wind speed
(v). Using the Weibull distribution function (f(v)), the wind
turbine power is calculated by the integral in Equation (2) [13].

p= f P (W) f(w)dv @
0

Wind turbines start operating above a certain cut-in speed
(Vcin) and the power generation increases until the nominal
speed (Vn). At the nominal speed (Vn), the nominal power (Pn)
is generated. At higher speeds, the power generation remains
constant. At wind speeds above the cut-off speed (Vcout), the
turbine cuts the generation off [13]. Due to the variability of
wind speed, the average power production (Pmean) is calculated
using the Weibull distribution as shown in Equation (3).

v <Vein = Prean =0
Vein < v <V = Bpean = P(V)
Fnean = Vo < v <Veour = Pnean = P (3)
Veour £V = Brean =0

The ratio of the energy produced during a certain period to the
energy that can be obtained by continuous nominal power
generation gives the capacity factor. The capacity factor is
calculated by Equation (4)-(7) [11].

Pmean

— 1 *
CF = P_nJ;, P (v)f(v)dv (5
Vn Veout
Prean = | PO +B [ f 0 ©)
Vcin Vn
1 Vn Veout
cF=o [ Py + j f (). dv %

nVein Vn

To model the speed-power curve of the "SoyutWind 5 kW" wind
turbine, a 6th degree polynomial equation has been obtained
with 99% accuracy using the curve fitting method in MATLAB
(Equation (8)).

P(v) =2.041 %1075 » v® — 0.0006953 * v°> + 0.006779
*v* —0.007173 * v3 — 0.1083 * v? (8)
+0.4223 xv — 0.337

In MATLAB, the shape (k) and scale (c) parameters for the
Weibull distribution function (f(v)) have been calculated using
the available wind speed data. Using these parameters, the f(v)
function, which depends only on the wind speed (v) variable,
expressed as in Equation (9).

0.3006 1,3006
e~ (z007)

f(v) = 0.6481 x ( 20067 9)

v
2.0067)

As a result, the average power generation (Pmean) of the wind
turbine is expressed as in Equation (10).

10
Pmea‘rff (2.041 * 1075 * v® — 0.0006953 * v5
3

+0.006779 * v* — 0.007173 * v3
—0.1083 * v + 0.4223 * v
~0337) (0.6481 « (

1,3006
* e _(ﬁ) ) dv

24

+5 f (0.6481 (2_01867)
10

1.3006
* e _(ﬁ) ) dv

0.3006

70067) (10)

0.3006

2.2.2 Solar energy

Tirkiye has significant solar energy potential due to its
geographical location. According to the Ministry of Energy and
Natural Resources, Solar Energy Potential Atlas [14], the annual
average sunshine duration is 2741 hours, and the annual total
radiation is 1527.46 kWh/m?. The sunshine durations of Artvin
province are below the Turkish average (Appendix B-Figure
B1). Considering the southern location of the garden, two
potential solar panel installation areas (Appendix B - Figure
B2-3) were simulated using PVSOL Premium 2021 (R8)(demo
version) software. Using Google Maps integration and 1991-
2010 climate data (Appendix B-Figure B4), a system with a total
installed power of 210.8 kW was designed. These designs were
arranged in 3D on the simulation programme with the help of
previously loaded climate data and Google Maps integration.

Solar energy system equipment such as PV panels and inverters
are included in the relevant section of the simulation
programme with current companies and brands. In the relevant
section of the simulation programme, CW Energy's CWT400-
72PM (400W) model solar panels and inverters belonging to
Huawei Technologies were installed in two polygon areas
(Polygon 01 and Polygon 02). The areas specified for
installation are flat surface areas without slope. The placement
of the panels is designed to be south facing (180°) with a 15° tilt
angle for minimum shading. A total of 527 PV modules (210.8
kWp) are planned to be installed, 322 PV modules (128.8 kWp)
in Polygon 01 and 205 PV modules (82 kWp) in Polygon 02.

The solar power plant project has an investment period of 25
years and an average annual return on capital of 33%. Polygon
01 area has an automatic/programmed connection with a
single inverter and 10 MPPT devices and Polygon 02 area has
an automatic/programmed connection with two inverters and
4 MPPT devices to each inverter. The unit price of electrical
energy was determined as 2.1983 TL/kWh according to EMRA
(EPDK) tariffs as of 03.07.2023 and covers the period
02.11.2022-01.11.2047 [15]. Solar energy installation cost is
calculated as 700 USD/kW (18.221 TL/kW - 03.07.2023 1 USD
= 26,03 TL). The inflation rate is determined as 19.63% based
on TUIK PPI data (electricity, transmission and distribution
services) for 2013-2023 [16]. This rate was calculated taking
into account the fluctuations in the markets due to the COVID-
19 pandemic, the Russia-Ukraine war and the Kahramanmaras
earthquake.
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2.2.3 Biomass energy

Samples were taken to evaluate the energy potential of biomass
wastes from plant cultivation and landscape maintenance in the
ANG Botanical Garden. It was calculated that approximately
3500-5000 kg of biomass is generated by the annual pruning of
various trees in the garden. Prior to autumn 2023 pruning, a
sample of a mixture of shoots of fig, apple, pomegranate, peach,
walnut, blackthorn, rose, willow, acacia, thuja and firethorn was
collected, cut into 10 cm pieces (chopping) and dried naturally
(Appendix C-Figure C1).

Woody and herbaceous plant pruning wastes generated as a
result of plant cultivation and maintenance in the Botanical
Garden are a potential source of biomass for energy production
through incineration. In addition, an analysis was conducted to
evaluate the daily food waste generated from the dining halls in
all campuses of Artvin Coruh University for energy production.
According to the data of the Department of Health, Culture and
Sports of ACU, 143378 lunches were served in 2023 and
approximately 27088 kg (54016 litres) of organic waste was
generated. These food wastes were analysed together with
biomass wastes to increase the total energy potential.

Prior to elemental analysis, the samples were dried in a JSR
JSOF-400T oven at 70°C for 48 hours and ground to a size of 1
mm in the laboratory of the Faculty of Forestry, ACU. A separate
drying process was carried out for moisture content
determination. A sample of 55.47 g of twigs and 7.8 g of leaves,
weighed ona RADWAG PS4500.R2 precision balance, was dried
at 105°C for approximately 24 hours. Moisture content (%M)
was calculated using Equation (11) [17].

Myirst — Migst "

M(%) = 100 (11)

last

After drying for 48 hours, the samples were ground with a
LAVION HC-1500Y grinder, sieved through a 1 mm mesh sieve
and prepared for elemental analysis in the laboratory of the
Faculty of Forestry, ACU. Elemental analysis was carried out at
Van Yiziinci Y1l University Science Application and Research
Centre using a Thermo Scientific Flash 2000 CHNS/O analyser.
Samples of approximately 2.250 mg were used. All analyses
were performed in 3 repetitions and the average values were
used in the calculation.

The higher heating value (HHV) of biomass was calculated by
seven mathematical models given in Table 2 using the
elemental analysis results [18]-[21].

Table 2. Higher heating value estimates based on elemental
analysis results [18]-[21].

Model No Equality (M]/kg)
1 HHV = 0.3259C + 3.4597
2 HHV =-3.147 + 0.468C
3 HHV = 5.736 + 0.006C2
4 HHV =-2.907 + 0.491C - 0.261H
5 HHV =-5.290+0.493C + 5.052H-1
6 HHV =-3.440 + 0.517(C +N)-0.433(H +N)
7 HHV =-3.393 + 0.507C - 0.341H + 0.067N

3 Results and discussions

The ANG Botanical Garden's current electricity installed
capacity is sufficient to meet the instantaneous demand.
However, the isolated location of the campus may make grid
infrastructure investments difficult in case of an increase in
future energy demand. Therefore, within the scope of the study,

the integration of wind, solar and biomass energy sources was
evaluated and various project proposals were developed. The
energy consumption data for 2021-2023 (Table 3) is taken as a
basis for this evaluation and interpretation of the results.

Table 3. ANG Botanical Garden electricity consumptionvalues
in the period of the years 2021-2022-2023 (kWh).

Months 2021 2022 2023
January 6276 6494 6624
February 6257 5957 6166
March 7908 6514 7343
April 3804 4293 6378
May 5397 4278 6756
June 2906 3734 6568
July 2634 3510 6944
August 2731 5566 6324
September 3056 6071 5294
October 4379 5937 5622
November 6702 5618 8103
December 8810 6127 8787
Total 60860 64099 80909

3.1 Wind Energy

Using hourly wind speeds for a 12-month period, the average
power value of the wind turbine was found to be 0.0845 kW
according to the result of the integral expression of the product
of the Weibull distribution function and the turbine power
curve equation (Equation (12)). The reasons for this low value
are that the turbine used should generate power at a minimum
wind speed of 3 m/s and the hourly wind speeds in the region
are generally less than 3 m/s.

Prean = 82992 * 1072 + 1.5546 » 1073 = 0.0845 kW  (12)

The nominal power of the wind turbine used in the study is 5
kW. The result obtained is 0.0845 kW. Accordingly, the capacity
factor is found to be 1.69% (Equation (13)). This value is a very
small value even below 10%.

cp — Pean _ 0.0845

P = 0.0169 = %CF = 1.69% (13)
n

The capacity factor value calculated for wind energy using the
sample wind turbine is very small. In this case, generating
electricity from wind energy in the region will not be an
appropriate method considering the investment costs.

In 2019, in a similar study [22] conducted for ACU Seyitler
campus, it was concluded that Artvin province is not at a
sufficient level in terms of wind energy potential. In this study,
wind speed data were taken from the meteorological
directorate. The real and net energy equivalent of wind energy
will only be possible if wind speed measurements are measured
hourly for atleast one year in the planned area and calculations
are made accordingly.

In studies on wind energy, due to the central locations of public
spaces, suggestions such as producing energy in different
places and either directly transporting the energy to the
planned areas or making a protocol with a grid connection
[3]-[5] have been presented. Since the ANG botanical garden is
far from the settlement, there is no environmental factor in
wind turbine installation. On the contrary, with the necessary
measurements made, several wind turbines to be installed in
various parts of the campus will add a different visual beauty in
the campus landscape.
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Wind energy use and applications have been on an increasing
trend since 2000s. Many small-scale sample applications are
carried out in public buildings and private buildings. However,
even the installation cost of a small turbine with a power of 10
kW together with other equipment can exceed 15000 dollars
(calculated average value). For this reason, it would be more
appropriate to plan and project wind energy as a hybrid system.

3.2 Solar energy

The system design project was obtained by adjusting the
conditions of the place where the photovoltaic (PV) system will
be installed in the most realistic conditions possible in PVSOL
programme. With the installation of the selected PV panels in
the determined areas, a total of 1052.9 m2 surface area PV
panels were installed. The installed power was found to be
210.8 kW. 527 PV panels were used and 3 inverters were
connected to the grid (Table 4).

Table 4. 3D grid connected PV system technical information.
Salkiml, TUR (1991-2010)

Climate Data

PV Generator Output 210.8 kWp

PV Generator Surface 1052.9 m2
Number of PV Modules 527

Number of Inverters 3

The annual energy production of the PV system under the
specified and adjusted conditions is 256900 kWh and the
system performance is 81.5%. The annual efficiency reduction
due to shading is 6.6% and the annual CO2 emission value
reduced and prevented is 123.5 tonnes (Table 5).

Table 5. 3D grid connected PV system'’s yield table.

PV Generator Energy (AC grid) 256900 kWh
Grid Feed-in 256900 kWh
Down-regulation at Feed-in Point 0 kWh
Own Power Consumption 0%
Solar Fraction 0%
Spec. Annual Yield 1218.34 kWh/kWp
Performance Ratio (PR) 81.5%
Yield Reduction due to Shading 6.6 %/Year
CO, Emissions avoided 123534 kg/year

The total cost of the project was calculated by the programme
according to the unit prices entered and found as 3,840,986.80
TL (700USD/kW). The asset return rate of the system is 41.8%
and the amortisation period is 8.8 years. 1 kWh energy
production cost is 5.24 TL (Table 6).

Table 6. 3D grid connected PV system gain status and financial

analysys.
Total investment costs 3840986.80 £
Return on Assets 4180 %
Amortization Period 8.8 Years

Electricity Production Costs 5.24
Energy Balance/Feed-in Concept Full Feed-in

In the PVSOL simulation programme, the profitability of the
system according to the annual production in the time period
entered for financial analysis was calculated by the programme
and the results in Table 7 were obtained. The cash flow graph
in Figure 3 shows the graphical curve of these results. Starting
from the 8th year, the system amortises the investment cost and
enters the profitability period. As of the 25th year, only
operating expenses are deducted and the production cost
continues in a constant direction.

Table 7. Cash flow values of PV System according to the years.

Years Cash Flow (TL) Years Cash Flow (TL)
1 -3348633,23 14 1172797,04
2 -2761578,05 15 1341724,98
3 -2232019,05 16 1495857,28
4 -1753360,23 17 1636518,21
5 -1319967,96 18 1764906,77
6 -926993,14 19 1882110,05
7 -570231,65 20 1989114,96
8 -246014,04 21 2086818,32
9 48881,98 22 2176035,81
10 317301,56 23 2257509,91
11 561769,08 24 2331916,77
12 784533,99 25 2399872,55
13 987608,2 26 2429522,07

4000000
£ 2000000
2 0
5 Il3[977 9 11131517192123 25
& -2000000
-4000000
Years

Figure 3. Cash flow curve graphic of the system.

The ANG Botanical Garden consumed 60680 kWh of electrical
energy in 2021, 64099 kWh in 2022 and 80909 kWh in 2023
(Table 3). It is seen that there is an increasing energy demand.
The designed solar energy system is capable of meeting this
need with an annual production capacity of 256900 kWh.

Solar energy has been widely used in applications other than
electrical energy generation until the 2010s. Today, there are
examples of all uses of solar energy worldwide. Researches and
studies in the literature [3]-[5],[23] emphasise the importance
of the use of solar energy. There are many studies and
applications on solar energy and renewable energy in the
relevant departments of universities in Tirkiye. In public
buildings, systems that will pay for themselves between 5-10
years on average are designed with campus-based or building-
based projects. With the widespread use of solar energy, solar
energy systems are also becoming widespread and system unit
costs are becoming accessible and applicable.

3.3 Biomass energy

The results of the elemental analyses of the biomass sample
with three repetitions are given in Table 8. C (carbon), H
(hydrogen), N (nitrogen), O (oxygen) and S (sulphur) ratios of
each sample were obtained as a result of the analysis. The
amount of oxygen was found by subtracting the sum of other
elements from 100.

C, H and O are the biomass elements that make up the
components of the organic part of the fuel. Carbon makes the
most important contribution to combustion. In general, among
the wastes that make up biomass wastes, woody biomass has a
carbon content of 47% and mixed biomass has a carbon content
of 46-47%. Agricultural biomass has a lower carbon content of
45% [24]. As can be seen from Table 8, the carbon content of
the mixture of various woody pruning wastes used in this study
is close to 46%. Accordingly, it can be said that it would be more
convenient to use the mixture in incineration.

1273



Pamukkale Univ Muh Bilim Derg, 31(7), 1268-1276, 2025
A. Keskin, E. Adar Yazar, K. Dogansahin

Table 8. Results of elemental analysis of ANG botanical garden

pruning waste.
Analysis 1 Analysis 2 Analysis 3 Average
Sample
weight (g) 2.34 2.23 2.18 2.25
C (%) 45.85 45.46 45.59 45.63
H (%) 5.88 5.83 5.79 5.83
N (%) 2.25 2.14 2.01 2.13
S (%) 0.00 0.00 0.00 0.00
0 (%) 46.01 46.58 46.61 46.40
C/N 20.35 21.28 22.64 21.42

In determining the moisture content of the biomass, branches
and leaves were evaluated separately. 55.47 g of branch
samples and 7.8 g of leaf samples were taken and the moisture
content of the branches was 31.25% and the moisture content
of the leaves was 14.7%. The high moisture content of the tree
branches is due to the fact that the trees are alive and old
branches are cut for rejuvenation. The ideal moisture content
of the waste in incineration should be between 15-25%. This
range provides a favourable balance for the incineration
process and increases the yield. This moisture content will
decrease after longer natural drying.

Using the elemental analysis results of the biomass sample, the
HHV values in Table 9 were found according to the HHV
calculation models given in Table 2. According to this, we can
say that the HHV value is 18 M]/kg. Considering that 5000 kg of
waste is generated annually, the energy equivalent of the
incineration of this waste is 90000 M]. The electrical energy (1
kWh = 3.6 M]) equivalent of the calculated energy value
corresponds to 25000 kWh. This value is a value that can meet
one year's energy in a section that requires heat energy in the
botanical garden. Another alternative is to burn this waste to

obtain electrical energy with a small thermal steam turbine
generator. Electrical efficiency in thermal power plants is
around 40%. According to this, 10000 kWh electrical energy
can be obtained from 25000 kWh energy per year. Waste heat
energy can also be utilised as heat energy in the field.

The value of landfill gas potential generated in waste collection
areas for the population within the municipal boundaries in
Tiirkiye is 0.97 billion m3/year. The lower heating value of this
gas is 19-23 M]/m3 (5.27-6.38 kWh/m3). Based on the
calculation made by taking into account that it contains 50%
methane gas, 17.20 MJ/m3 (4.77 kWh/m3) is taken as the
energy equivalent of approximately 5 kWh/m3 [25],[26]. Based
on the data obtained and calculations made, it was determined
that 54016.47 litres of food waste with a volume of 54016.47
litres and 27008.235 kg of food waste is generated annually in
all dining halls of ACU. When food waste is stored and utilised
without mixing with other municipal wastes, the energy
equivalent will be higher due to its high organic matter content.
Accordingly, the energy equivalent of food waste can be
accepted as 5-10 kWh/m3. Since 1 m3=1000 litres,
approximately 55 m3 of food waste is generated from the dining

halls of ACU in a year. In this case, the annual energy equivalent
of cafeteria waste will be in the range of 275-550 kWh.

The installed capacity of biomass energy in Tiirkiye has
approached 2500 MW today. This corresponds to a value of 2.5
per cent. Waste management is the practices carried out to
reduce the impact of waste materials on the environment and
to increase the recovery of materials and energy [27]. The
majority of the registered biomass power plants are established
with the waste management practices of metropolitan
municipalities. Others are located in provinces with
agricultural and industrial production. Biomass is found
wherever there is life and consumption. However, the
processing and conversion of biomass into energy has not yet
reached an accessible and applicable level in the world and in
Tiirkiye. Countries with good economies in the world, similarly
in Tirkiye, there are energy production applications from
biomass in metropolitan municipalities and provinces with
large industries.

4 Conclusion and suggestions

This study presents the evaluation of local renewable resources
(wind, solar and biomass) to meet the energy needs of Artvin
Coruh University ANG Botanical Garden. The wind energy
potential was found to be low (average power 0.0845 kW,
capacity factor 1.69%), therefore it was concluded to be
uneconomical. The overall wind potential for Artvin province
also appears to be insufficient. However, the geographical
location of the garden requires a more detailed investigation for
future wind energy production.

The designed 210.8 kW photovoltaic system has the potential
to generate 256900 kWh of energy per year (approximately
1000000 kWh after deducting losses). The current energy
consumption of the garden corresponds to about 10% of this
value. However, due to the time mismatch between energy
production and consumption (day-night, summer-winter), a
grid-connected system is proposed.

Analyses of approximately 5000 kg of pruning waste per year
showed that the upper heating value of the biomass was 18
M]/kg (about 25000 kWh of heat energy). Since it is not
economical to convert this heat energy into electrical energy in
a thermal power plant, it is recommended to use it directly for
heating purposes. The utilisation of food waste for energy
production does not seem to be economically viable due to its
low energy potential and operating costs. However, in the
future, it is proposed to utilise catering wastes and lawn
mowing wastes together for biogas production by anaerobic
digestion. The biogas to be obtained can be used in the
production of electricity and heat energy with a cogeneration
system. In conclusion, the most appropriate and economical
solution for the energy needs of the garden is the installation of
a grid-connected photovoltaic system, while wind energy will
be evaluated in the future after more detailed analyses and
biomass will be used for heating purposes.

Table 9. Higher heating values of the samples.

HHV Mathematics Models (M]/kg)

Samples Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7
Analysis 1 18.4024 18.3111 18.3497 18.0702 18.1732 17.9074 17.9986
Analysis 2 18.2744 18.1272 18.1344 17.8909 17.9883 17.7182 17.8106
Analysis 3 18.3175 18.1891 18.2067 17.9669 18.0584 17.7918 17.8814

Average 18.3314 18.2092 18.2301 17.976 18.0721 17.8052 17.8961
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Figure Al. Power curve of the SoyutWind 5 kW model wind
turbine.

Table A1. Other technical specifications of the SoyutWind 5
KW model wind tiirbine.

Rated Wind Speed 10 m/s
Cut-in Wind speed 3m/s
Cut-out Wind speed 25m/s
Rotor Diameter 6.5m
Swept Area 33.18 m?
Tower Height 6,5 m
Operating Temperature -30°C-+50°C
Blade Type Fiberglass Composite

Tower Type Steel Lattice
Yaw System (Facing - Avoiding) Furling
Gear Box No
Control System PLC
Brake Electromagnetic
Alternator 3 Phase Permanent
Magnet (PMG)
Voltage 220/400 VAC - 50/60 Hz
Wind Speed Sensor Yes
Temperature Sensor Yes
Remote Control and Monitoring Yes
Ligtning Protection Yes

Battery Voltage

12V - 24V - 48V

Appendix B
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Figure B 1. Artvin potential solar energy map (ETKB).
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Figure B 2. The region where solar energy installation is
planned within the scope of the project.

Figure B 3. The second area, which is called a parking lot in the
project and where solar energy panels can be installed.

Figure B 4. Polygon areas where the pv panels are installed.

Appendix C

Figure C 1(a): The pruning wastes in ANG botanical garden
(b): Samples taken from pruning waste. (c): 10 cm chopped
volume of the samples.
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Bu ¢alismada, Amazon lirtin yorumlari kullanilarak tiiketici duyarhlik
analizinde makine &grenmesi tekniginin etkinligi arastirilmistir.
Calismanin ana hedefi, metinsel yorumlarla ilgili yildiz puanlamalari
arasindaki uyumu degerlendirmek ve bu uyumu tahmin etmek icin
makine 6grenimi modellerini kullanmaktir. Calismada, Destek Vektor
Makinesi, Karar Agact ve K-En Yakin Komsu gibi makine 6grenmesi
algoritmalarinin yani sira Uzun Kisa Siireli Bellek gibi derin 6grenme
algoritmast  da kullanilmisti.  Bu modellerin  performanslari
karsilastirilmis ve derin 6grenme modellerinde gizli katman sayisinin
dogruluk tizerindeki etkisi analiz edilmistir. Calismanin bulgulari, Uzun
Kisa Siireli Bellek aglarinin tiiketici yorumlarindaki dogal dilin
karmasikliklarini ele almadaki etkinligini gostermektedir. Uzun Kisa
Stireli Bellek modeli, %98'lik dogruluk orant ile test veri setinde en iyi
performansi sergilemistir. Buna karsin Karar Agact modeli, %77.8'lik
dogruluk orani ile en diisiik performans! sergilemistir. Bu sonuglar,
farkli makine Ggrenmesi tekniklerinin  duyarlilik analizindeki
etkinligine dair énemli fikirler saglamaktadir. Ayrica, bu sonuglar hizla
gelisen bu alanda gelecekteki arastirmalar icin de énemli bir temel
olusturmaktadir.

Anahtar kelimeler: Tiiketici duyarhlik analizi, Derin 6grenme, Uzun
kisa siireli bellek, Amazon, Makine 6grenmesi.

Abstract

This study investigates the effectiveness of machine learning techniques
in consumer sentiment analysis using Amazon product reviews. The
main objective of the study is to use machine learning models to
evaluate and predict the correspondence between textual reviews and
the corresponding star ratings. In addition to classical machine
learning algorithms such as Support Vector Machine, Decision Tree and
K-Nearest Neighbor, deep learning algorithm such as Long Short-Term
Memory is also used in the study. The performances of these models are
compared and the impact of the number of hidden layers on the
accuracy of deep learning models is analyzed. The findings of the study
demonstrate the effectiveness of Long Short-Term Memory networks in
handling the complexities of natural language in consumer reviews. The
Long Short-Term Memory model performed best on the test dataset
with an accuracy of 98%. In contrast, the Decision Tree model
performed the worst with an accuracy of 77.8%. These results provide
important insights into the effectiveness of different machine learning
techniques in sensitivity analysis. Furthermore, these results provide an
important foundation for future research in this rapidly evolving field.

Keywords: Consumer sentiment analysis, Deep learning, Long short-
term memory, Amazon, Machine learning.

1 Giris
E-ticaret ve modern lojistik, glinlimiiziin internet ¢aginin
belirgin bir o6zelligi olarak hizla gelismektedir. Wu ve
digerlerine gore, giderek daha fazla sayida insan aligveris
tercihlerini ¢evrimigi {iriin satin almaya yonlendirmektedir [1].
Online aligveris tiim yas gruplar1 arasinda popiiler olup, 6nemli
bir kolaylik ve verimlilik sunmaktadir. Ancak, bu durum sanal
bir ortamda iriinleri fiziksel olarak gérememe ve iriin
aciklamalari ile gergek lriinler arasindaki tutarsizliklar gibi
sorunlara yol agabilir. Bu baglamda iirlin yorumlarinin {riin
degerlendirmelerinde temel bir referans oldugu
belirtilmektedir [2]. E-ticaret siteleri, tiiketicilerin geri
bildirimlerini dikkate alarak alisveris yapmalarim saglar.
Internet, triinler ve hizmetler hakkinda o6nemli bir bilgi
kaynagidir ve milyonlarca geri bildirim iretir. Bu geri
bildirimler, bir sirket hakkinda detayli goriisler saglar ve
perakendecilerin  alicillarin  ihtiyaglarini g6z  Onilinde
bulundurmasini kolaylastirir. Bu da bir sirketi anlamak ve
tiiketicilerin tercihlerini degerlendirmek icin kapsamli bir

*Yazisilan yazar/Corresponding author

inceleme ve analiz slireci gerektirir. Amazon, diinyanin 6nde
gelen cevrimici satic1 platformlarindan biridir ve detayh triin
yorumlar1 barindirmaktadir. Bu yorumlar, iirtinlerin kalitesi ve
o6zellikleri hakkinda degerli bilgiler saglar. Le ve Mikolov’a gore
Amazon'da aligveris yapan tiiketicilerin %88'i profesyonel
tavsiyeleri kontrol etmektedir [3]. Bu yorumlar, duyarlhlik
analizi ve dogal dil isleme teknikleri kullanilarak
degerlendirilebilir. Du ve dig. tarafindan gergeklestirilen
calismaya gore, cevrimici alisveris yapan insanlarin %91'i bir
iriin veya hizmet satin almadan 6nce yorumlar1 okur [4].
Askalidis ve Malthouse, Amazon platformlarindaki {iriin
yorumlarinin Kkalitesinin 6nemli oldugunu ve miisterilerin
genellikle ilk birka¢ yoruma odaklandigini belirtmislerdir [5].
Bu durum, misterilerin yararlh bilgileri belirlemesini
zorlastirmaktadir. Bu nedenle, e-ticaret web sitelerindeki
miisteri geri bildirimleri ve {iriin yorumlari, misteri satin alma
deneyimini gelistirmede ve isletmelerin tiriin ve hizmetlerini
iyilestirmede kritik bir rol oynamaktadir. isletmeler, en karl
iriin ve hizmetlere odaklanarak, miisteri memnuniyetini ve
sadakatini saglamayr hedeflemektedir. Ayrica, miisteri
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deneyimini gelistirmeye ve olumlu gorisler tesvik etmeye
odaklanirlar. Ek olarak, isletmeler iirtin ve hizmetlerini
gelistirmeye, iyilestirmeye ve miisteri memnuniyeti ile
sadakatini artirmak icin etkili stratejiler gelistirmeye
odaklanmalidir.

Bu calismada, Amazon {rin yorumlart kullanilarak tiiketici
duyarlilik analizinde makine 6grenmesi ve derin 6grenme
tekniklerinin etkinligi arastirllmistir. Calismanin ana hedefi,
metinsel yorumlarla ilgili yildiz puanlamalar1 arasindaki
uyumu degerlendirmek ve bu uyumu tahmin etmek i¢in makine
O0grenimi ve derin 06grenme modellerini kullanmaktir.
Calismada, Destek Vektor Makinesi (Support Vector Machine -
SVM), Karar Agaci (Decision Tree-DT) ve k-En Yakin Komsu (k-
Nearest Neigbor-kNN) gibi makine 6grenmesi algoritmalarinin
yani sira Uzun Kisa Siireli Bellek (Long Short-Term Memory-
LSTM) aglari gibi derin 6grenme algoritmasi da kullanilmistir.
Bu modellerin performanslari karsilastirmis ve derin 6grenme
modellerinde gizli katman sayisinin dogruluk iizerindeki etkisi
analiz edilmistir.

Calismanin organizasyonu su sekilde yapilandirilmistir: Boliim
2 ilgili calismalara odaklanarak alandaki ana literatiir ve
gelismelere genel bir bakis sunmaktadir. Béliim 3, problem
¢ozme icin kullanillan metodolojileri agiklayarak, yeni
yontemlerin verimliligi ve etkinligini vurgulamaktadir. Boliim
4te bu yontemlerin belirlenen soruna uygulanmasinin
sonuglart sunulmustur. Son bélimde sorunun kokeni,
uygulanan metodolojiler ve bulgularin potansiyel etkilerini
anlamanin 6nemi vurgulanmistir.

2 Ilgili calismalar

Bir¢ok arastirma, duygu analizi alanindaki c¢esitli teknikleri ve
yontemleri inceleyerek bu metodolojilerin 6zelliklerini,
siirhliklarini ve etkinliklerini analiz etmektedir. Joseph [6],
genis bir Amazon veritabani ve 6nceden egitilmis bir BERT
modeli kullanarak {riin yorumlarini analiz etmek ve
siniflandirmak i¢in bir makine 6grenimi modeli tanitmistir. Bu
model, geri bildirim analizinde %96.3 dogruluk elde etmistir.
Shrestha ve Nasoz [7] ise Amazon yorumlar1 ve puanlari
arasindaki uyumu degerlendirmek amaciyla duygu analizini
kullanmiglardir. Derin 6grenme teknikleri ve tekrarlayan sinir
ag1 kullanarak Amazon yorumlarini vektdr temsillerine
doniistiiren bu calismanin modeli, ortalama olarak 0.5861
kesinlik puani ve 0.4085 hatirlama orani elde etmistir. Gope ve
dig. [8] de, Amazon lriin puanlar1 ve metin yorumlari iizerine
duygu analizi yapmak i¢in bir makine 6grenimi metodolojisi
gelistirmis ve RNN-LSTM yaklasimiyla %97.52'lik en yiiksek
dogruluk oranina ulagsmislardir. Wedjdane ve dig. tarafindan
gerceklestirilen ¢alismada, ¢evrimici yorumlarin akill telefon
satiglar1 tizerindeki etkisini inceleyen yazarlar, bu yorumlari
negatif/pozitif, ¢cok negatif/cok pozitif ve notr kategorilere
aywrarak bilingli tiiketici ve ftretici kararlari i¢in 6nemini
vurgulamistir [9]. Amazon yorum veri seti tizerinde AlZu’bi ve
dig. [10] tarafindan yapilan arastirmada, kullanici oylama
yuzdelerinin pozitif veya negatif siiflandirma i¢in analiz
edilmesinin etkisiz oldugu ve yorum sayisi ile alinan oylar
arasinda ters bir iliski oldugu ortaya koyulmustur. Bu da daha
etkili istatistiksel analiz ihtiyacini vurgulamistir. Norinder U. ve
Norinder P. tarafindan gergeklestirilen c¢alismada, derin
o0grenme ile dogal dil islemenin birlestirilmesinin, on iki
Amazon iriin yorumunda gegici duygunun dogru bir sekilde
tahmin edilmesini sagladigi ve simif dengesizliklerini ele aldig
gosterilmistir [11]. Paknejad ise c¢alismasinda, bilgisayar
bilimlerindeki duygu analizinin hizli bliylimesine odaklanarak

fikir madenciligi, metin madenciligi ve duygu analizi
tekniklerinin belirli iriinler hakkindaki bireylerin tutumlari
uzerindeki  etkisine  odaklanmistir ~ [12]. Hamdallah
calismasinda, Amazon yorumlarindaki misteri deneyimlerini
anlamak i¢in duygu analizi yontemlerini kullanarak sirketlere
degerli fikirler sunmustur [13]. Du ve dig. tarafindan
gerceklestirilen ¢alismada, 142.8 milyon Amazon miisteri
yorumu incelenmis ve her bir yorumun yararhhigi ile
onemsizligi belirlenmistir [4]. Calismada 6zet basliklar, iiriin
yorumlar1 ve yararlilik gostergeleri analiz edilmistir.
Meenakshi ve dig., cevrimi¢i liriin yorum analizinin e-
ticaretteki 6nemini vurgulamis ve gercek hayattaki tiiketici
deneyimlerine dayanarak belirli triinler veya hizmetler
hakkinda detayl bilgi saglama yetenegine dikkat ¢ekmistir
[14].

Duygu analizi, metin veya konugmadaki duygular tespit etmek
icin kullanilan bir tekniktir. Bu teknik, e-ticaret, sosyal medya
ve pazarlama gibi cesitli alanlarda kullanilmaktadir. Bu
literatiir 6zeti, duygu analizi alaninda yapilan bazi 6nemli
calismalar1 analiz etmektedir. Calismalar, duygu analizi i¢in
kullanilan c¢esitli teknikleri, bu tekniklerin smirhiliklarini ve
sonuclart  belirlemedeki  etkinliklerini  incelemektedir.
Literatiirdeki ana bulgular sdyle 6zetlenebilir:

e Duygu analizi icin kullanilan yaygin teknikler
arasinda makine 6grenimi, dogal dil isleme ve duygu
sozlikleri yer almaktadir,

e Makine o0grenimi, duygu analizi i¢in en etkili
tekniklerden biridir,

e Duygu analizi, ¢evrimic¢i {riin yorumlari, sosyal
medya gonderileri ve konusma kayitlar1 gibi cesitli
veri tiirlerinde kullanilabilir.

Bu kapsamda, literatiirdeki ¢alismalar yontem, veri seti, model
performans1 ve degerlendirme o6lciitleri agisindan analiz
edildiginde bu c¢alismalardan farklh olarak c¢alismamizin
sundugu yenilikler séyle detaylandirilabilir.

Ozellikle bu calismada:

e Literatiirde genellikle yalnizca belirli bir modelin
performansi ele alinirken, ¢alismamiz Destek Vektor
Makineleri, Karar Agaglari, k-En Yakin Komsu ve Uzun
Kisa Siireli Bellek gibi farkli yaklasimlar1 kapsaml
sekilde karsilagtirmaktadir,

e Literatiirde baz1 ¢alismalar sadece tek bir modelin
uygulanmasina  odaklanirken, bu  calismada
hiperparametre optimizasyonlari gerceklestirilmis ve
farkli modellerin dogruluk, kesinlik, geri ¢agirma, F1
skoru ve AUC-ROC gibi ¢esitli performans
metrikleriyle detayli analizi yapilmistir,

e Literatiirde genellikle daha kiigiik 6lgekli veri setleri
ele alinirken, bu ¢alismada biyiik 6lgekli bir Amazon
veri seti kullanilmus, boylece modelin
genellenebilirligi artirilmistir,

e (Calismamiz, LSTM modelinin geleneksel makine
O6grenmesi yontemlerine kiyasla daha yiiksek
dogruluk oranina ulastigini gostererek derin 6grenme
modellerinin duyarlilik analizi agisindan avantajlarini
vurgulamaktadir.

Gelecekteki arastirmalar, duygu analizi i¢in yeni teknikler
gelistirmeye ve bu tekniklerin smirhliklarin1 ele almaya
odaklanmalidir. Ayrica, duygu analizinin farkli veri tiirlerinde
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ve gorevlerde etkinligini degerlendirmek icin daha fazla
arastirmaya ihtiyac vardir.

3 Metodoloji

Bu boliimde, veri toplama, analiz ve uygulanan ardisik
adimlarla birlikte metodoloji agiklanmistir. Baslangicta
Amazon web sitesinden kullanici yorumlar1 ve yildiz
puanlamalari ¢ikarilmistir. Bu islem Python programlama dili
ile Beautiful Soup kiitliiphanesinin birlikte kullanilmasiyla (veri
kazima olarak bilinen bir teknik) gerceklestirilmistir [15].
Bunun ardindan elde edilen veriler Excel formatinda (.xIsx)
kaydedilmistir. Bu ¢alisma ii¢ ana agamada yiiriitiilmiistiir. ik
asama, veri toplama siirecini ve verilerin birlestirilmesini
icerir. ikinci asamada, web sitelerinden elde edilen metinler,
Amazon web sitesine 6zgii 6n islemeye tabi tutulur. Son adim,
elde edilen sonuglarin analiz edildigi asamadir. Calismanin akis
semasi Sekil 1'de gosterilmistir.

3.1 Amazon ve Veri Seti Toplama

Amazon, kullanicilarin e-ticaret aktivitelerine dayanarak favori
tiriinlerine kolayca erismelerini ve analiz etmelerini saglayan
bir platformdur. Platform, iriinlerin ve hizmetlerin
popiilaritesine ve miisteri memnuniyetine dayali bir siralama
sistemini kullanir. Sistem, dUriinleri puanlamalarina gore
kategorize eder ve en yiiksek ve en diisiik puanlamalar
sirasiyla en st ve ilk bes olarak belirler. Platform ayrica
tiriinlerin kalitesini analiz eder, en popiiler iirtinleri belirler ve
buna gore kategorize eder. Platform, iiriinlerin popiilaritesinin
arkasindaki nedenleri de analiz eder (6rnegin hizmetin kalitesi
ve Uriinln kalitesi gibi). Bu analiz, en popiiler {riinleri
belirlemeye ve en iyi saticilar1 tespit etmeye de yardimci olur.
Bu c¢alismada, farkli kullanicilardan c¢esitli sayfalarda
15,000'den fazla yorum elde edilmistir. Veri seti; Apple iPhone
11, OnePlus Nord 5G, Samsung Galaxy M31, Apple iPad 10.2 ing
Wi-Fi 32GB, Apple Watch Series 5 GPS 40mm ve Sony Xperia
dahil olmak tizere on farkl cihaz i¢in yaklasik 15,310 icerigi
kapsamaktadir. Elde edilen veriler tek bir Excel dosyasinda
birlestirilmistir. Bu yorumlarda bulunan yildiz puanlamalari ve
aciklamalar daha derin bir analiz i¢in ¢ikarilmis ve ardindan bir
CSV dosyasina aktarilmistir.

Calismada, veri kazima siirecini ger¢eklestirmek i¢in kullanilan
araclar arasinda 6ne ¢ikan Python'da uygulanan Beautiful Soup
kiitiiphanesidir. ~Amazon'un {riin puanlama kaziyic
tablosundan tiiretilen bazi veri alanlar1 sunlar1 igermektedir:
Uriin adi, inceleme bashgi, inceleme igerigi/Metin, Puanlama,
inceleme yayinlama tarihi, Yazar adi ve URL.

Sekil 1’de goriildiigii gibi toplanan veri seti yapisinda, siirecin
ilk asamasi verileri ice aktarma, inceleme ve diizenlemedir. Bu
islemin bir parcasi olarak, bos veya puanlamasi olmayan
satirlarin ortadan kaldirilmasi da gerekmektedir. Veri toplama
yontemindeki dengesizlik, toplanan puanlamalar ile gercek
tiiketici yorumlar1 arasindaki bir farkhiligi gosteren dikkate
deger bir gozlemdir. 1'den 5'e kadar degisen puanlamalar,
miisteri memnuniyetinin objektif bir 6l¢iisii olarak yorumlanir.
Burada 1 (bir) en diisiik memnuniyet seviyesini ve 5 (bes) en
ylksek memnuniyeti ifade ederken, 2 (iki), 3 (li¢) ve 4 (dort) ise
artan memnuniyeti belirtir. Analiz i¢in, bes farkli grup
olusturan bir kiimeleme yontemi kullanilmis ve her grup, en az
memnun olandan (1) en ¢ok memnun olana (5) kadar farkl
memnuniyet derecelerini temsil edilmistir. Bu kiimeleme
teknigi, misteri yorumlarindaki triinler hakkindaki kelime
benzerliklerinin analizine dayanmaktadir.

3.2 Onisleme

Bu asamada yorumlardan yeni satir karakterleri (\n)
kaldirilmistir. "3.0 out of 5" gibi kelimeler ve rakamlar igeren,
emoji vb. karakterler yorum verilerinden g¢ikarilmistir. Bu
anlayisa uygun olarak, puanlamanin tam sayi olarak ifade
edilmesini saglamak icin degisiklikler yapilmistir. Birden fazla
.csv dosyasindan miisteri inceleme verilerini okuduktan ve
birlestirdikten sonra, o6zelliklerin veri tiirleri Pandas
kitiiphanesinin info() fonksiyonu kullanilarak incelenmistir.
Ayrica, puanlama verilerinin veri tilirii gézden gegirilerek bu
situnda da diizenlemeler yapilmistir. Bazi puanlama
degerlerinin kayan noktali bicimde (6rn. '3.0") bulundugu
tespit edilmistir. Puanlama 6zelligi tam say1 tiiriine
dontistirilmistir.

Amazon Web @ On Isleme Adimlan
Site
t = - Tokenize Noktalama isareti Stop word
Veri kilmesi etmek silme kaldirma
Veri kazima
kullanarak l
Kelimeleri 1 5
Kelime koklendirme —_— @ db:(‘:m):;a 7 —  Normallestirme
| Veri seti
bolme
]
Kaydet l l
Train seti .
Test seti
7 N
= Train  Validation I |
Excel Bigimi ‘ X EE’ . Haye
== | l Modeli Yiiksek Evet
egitmek o Dogrulama  _, @

Sekil 1. Veri seti ve siniflandirma akis semasi.

Figure 1. Data set and classification flow chart.
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Derin Ogrenme veya makine oOgrenimi algoritmalarinin
tahminlere dayali olarak islev gérmesi i¢in, metinsel verileri
dogrudan islemek miimkiin degildir. Bu nedenle, tiim metinsel
ozellikler, sayisal degerleri kabul edebilen bir formata
doniistiiriilmelidir. Bu doniisiim, metinleri sabit uzunlukta
sayisal vektorlere doniistiirerek gerceklestirilir. Bu vektor,
metinlerin metinsel kodlamasini temsil eder. Bu déniisiim icin,
Sklearn  kiitiiphanesinin =~ CountVectorizer = fonksiyonu
kullanilarak vektorler olusturulur [16]. Bu yontem, metinleri
pargalayarak kelime dagarcigini temsil eden sayisal bir dizi
olusturur. Metin yorumlari sabit uzunlukta sayisal vektorlere
doniistiiriiliir ve ardindan terim frekansi-ters belge frekansi
(TF-IDF) olarak bilinen bir déniisiime tabi tutulur. Bu déntisiim,
temel kelimelere dayali bir derleme olusturma ve algoritma
egitimi i¢cin veri madenciligi yapma y6ntemidir [17],[18].

3.2.1 Tokenlestirme

Amazon web sitesinden elde edilen 6n islenmis verilerden
sonra, duygu analizi iizerine odaklanan analiz islemleri
gerceklestirilmistir. Veriler, pandas, numpy ve matplotlib gibi
kiitliphaneler kullanilarak Python programlama dili ile
islenmistir. Veri yorumlarin 6n isleme icin dogal dil isleme
(Natural Language Processing - NLP) teknikleri kullanilmistir.
Burada ciimle tokenlestirme islemi gerceklestirilmistir. Bu
yontem, kullanici yorumlarini analiz igin ayr1 climlelere
ayirmakta ve metinde anlamli bilesenleri belirlemekte
kullanilir. Python'daki NLTK kiitiiphanesinden sent_tokenize()
fonksiyonu, metni cilimlelere ayirmak ic¢in kullanilmistir.
Boylece her ciimlenin igerigi ve duygusu hakkinda daha detayl
bir anlayis saglanmistir. Sekil 2, ciimleyi tokenlere ayirmak i¢in
kullanilan Tokenlestirme semasini géstermektedir.

Climle tokenlestirmenin Otesinde, yorumlarin 6n islenmesi,
noktalama isaretlerinin kaldirilmasi, kéklemeyi uygulama ve
cesitli kelime doniisiimleri de bu asamada gergeklestirilmistir.
Noktalama isaretlerini kaldirmak, 6zellikle duygu analizinde

diizgiin bir metin olusturmada 6nemli bir adimdir. Clinkii bu
sembollerin genellikle anlamli bir katki saglamazlar. Kéklemek,
kelimeleri temel formlarina doniistiirerek veri icinde tutarhlik
saglamada kritik bir rol oynar. Bu siire¢, ayni kelimenin farkl
formlarini tek bir varlik olarak ele almay1 saglayarak, metinsel
analizin bitiinliigiinii korumaya yardimci olur.

3.2.2 Noktalama isaretlerinin kaldirilmasi

Bu yontem, yorumlardaki nokta, virgiil, soru isareti ve tinlem
gibi tim noktalama isaretlerini ortadan kaldirarak metni
standartlastirmak ve gereksiz karakterlerin analizin dogrulugu
lzerindeki olasi etkisini en aza indirmek i¢cin kullanilmistir.
Dolayisiyla NLP baglaminda bu teknik, kritik bir &neme
sahiptir. Noktalama isaretlerinin kaldirilmasi, yorumlar1 daha
temiz ve daha tutarli bir forma sokar ve analizin sonraki
adimlari biytk 6l¢iide kolaylastirir. Noktalama isaretlerini
kaldirmak icin cesitli Python kiitiiphaneleri kullanilmistir.
Sekil 3, noktalama isaretlerinin nasil kaldirildigini
gostermektedir.

3.2.3 WordNetLemmatizer nesnesi

NLP iceren yapay zeka projelerinde WordNetLemmatizer
nesnesinin kullanimi, metin kalitesini ve sonraki analizlerin
dogrulugunu artirmak i¢in énemli bir bilesen olarak kabul
edilmektedir. Gereksiz karakterlerin ve noktalama isaretlerinin
kaldirilmasi gibi teknikler uygulandiktan sonra,
WordNetLemmatizer nesnesi, metin analizi i¢in uygun olan
orijinal formata (kok kelimelerine) déntistiirmek i¢in kullanilir.
Amazon'daki kullanici yorumlarindan tiiretilen metin verilerini
analiz ederken, WordNetLemmatizer nesnesini kullanmak,
temel kelimelerin ¢ikarilmasina olanak tanir. Sonug¢ olarak,
kullanici yorumlarindan elde edilen verilerin analizi daha
verimli ve dogru bir sekilde gergeklestirilebilir. Bu bilgiler,
irliin tasarimini iyilestirmek veya miisteri hizmetlerini
gelistirmek gibi alanlarda kullanilabilir.

Dokiamanlardaki metin: camle veya paragraf

[ Tokenizasyon ]

tokenize tokenize tokenize

tokenize

tokenize tokenize tokenize

[ kelime veya cimle J

Sekil 2. Climleyi tokenlere ayirmak icin tokenlestirme semasi.

Figure 2. Tokenization scheme for splitting the sentence into tokens.
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A B C D

Text with Punctuation Remove Punctuation

1
2 |"Apple" Apple

3 |(Pear). 5 Pear 5

4 |{[Orange]} Qrange
5 |Lemon;;; Lemon

& |Lycheel '; Lychee
7 |<Blueberry=> Blueberry
g |Dash-test Dashtest
9 |TEST~HS%AR*()_+{J[1""5;<>2., TEST

Sekil 3. Noktalama isaretlerinin kaldirilmasi.

Figure 3. Removing punctuation marks.

3.2.4 CountVectorizer

Scikit-learn kiitiiphanesi tarafindan saglanan CountVectorizer
fonksiyonu, betiklerdeki kelime temsillerini doniistiirmek i¢in
kullanilir. CountVectorizer() ile olusturulan vector_count
nesnesi, metni her kelimenin temsil sayisini iceren bir vektore
déniigtiiriir. Ozetle, bu kod metinleri bir diziye déniistiirerek,
her metindeki her kelimenin olusumunu temsil eden vektorler
olusturur. Bu vektorler daha sonra words_feature dizisinde
saklanir.

3.2.5 Normalizasyon

Cesitli stillerde ve formatlarda ¢ok sayida yorumu analiz etmek,
verileri karsilastirilabilir ve analiz edilebilir bir formata
doéniistiirmeyi gerektirir. Normalizasyon, verileri standart bir
forma déniistiirmek igin kullanilir. ilk asamada, yorumlardan
gereksiz harfler ve semboller ¢ikarilir. Ardindan, metinler
belirli bir harf ve rakam kombinasyonuna ddniistiiriiliir. Daha
sonra, metinler sayilara donistiiriilir ve belirli bir aralk
belirlenir. Bu, yorumlar arasinda analiz ve karsilastirma
dogrulugunu artirmaya yardimci olur. Genel olarak,
normalizasyon verileri standartlastirmada yardimci olur ve
bunlari karsilastirma ve kullanim i¢in daha uygun hale getirir.

3.3 Veribolme

Modelin gelistirme ve degerlendirme asamalari igin, veri seti tig
ana segmente sistematik bir sekilde kategorize edilmistir:
egitim, dogrulama ve test. Veri kiimesinde 6n isleme adimlari
uygulandiktan sonra c¢alisma deneyleri 8906 veri ilizerinde
gerceklestirilmistir. Bu verilerden %40 oraninda test verisi
secilerek, egitim siirecinde modellerin gormeyecegi verilere
ayrilmistir. Veri setini %60 egitim, %40 test olarak ayirma
karari, modelin genelleme yetenegini artirmak ve asiri
o0grenmeyi 6nlemek icin belirlenmistir. Makine 6grenmesi ve
derin dgrenme literatiiriinde, tipik olarak %70-30, %80-20
veya %60-40 gibi farkll veri bolme stratejileri kullanildig
goriilmektedir [19].

Ozellikle genis veri setlerinde, test verisinin biiyiik bir kisminin
(%40) ayrilmasi1 modelin gercek diinya verileri tlizerindeki
genelleme Kkapasitesini daha iyi degerlendirmek agisindan
Onemli bir avantaj saglamaktadir. Paknejad ¢alismasinda,
Amazon {riin yorumlar1 iizerine yapilan duygu analizi
calismalarinda %60-40 veri bolme stratejisinin siklikla tercih
edildigi ve bu b6lme oraninin model dogrulugunu artirmada
etkili oldugu belirtilmistir [12]. Diger yaygin bdlme
stratejileriyle karsilastirildiginda ise %70-30 veya %80-20
bolme stratejileri genellikle daha kiiglik veri kiimeleri i¢in
onerilmektedir [20]. Ancak biiyiik 6l¢ekli veri setlerinde, test

kiimesinin daha genis tutulmasi dnerilir. %60-40 bolme, biiytik
veri setlerinde test verisini daha genis tutarak modelin
genellenebilirligini daha iyi degerlendirmeye olanak tanir. Bu
nedenle, ¢alismamizda kullanilan %60 egitim ve %40 test
bolme stratejisi hem literatiirde desteklenen bir ydntemdir
hem de modelin gercek diinya verileri {zerindeki
performansini daha iyi degerlendirmek i¢in tercih edilmistir.
Kalan %60 oranindaki veriden %80’i egitim, %?20’si ise
dogrulama i¢in kullanilmistir.

3.4 Calismada kullanilan modeller

Bu bélimde ¢alismada kullanilan makine 6grenimi ve derin
6grenme modelleri agiklanmis, modellerin olusturulmasinda
kullanilan parametreler belirtilmistir. Parametreler, deneme
yanilma yontemine gore modellerin en iyi performans
gosterdigi parametreler belirlenene kadar optimize edilmistir.

3.4.1 Destek vektor makinesi

Destek Vektor Makinesi, siniflandirma ve regresyonla ilgili
sorunlar1 ¢dzmek ic¢in kullanilan giiclii bir makine 6grenimi
algoritmasidir. SVM'nin ana 06zellikleri arasinda, veriden
maksimum marjli sapmayi belirleyen hiperparametre se¢imi ve
modeli daha dogru hale getirmek i¢in ¢ekirdek kullanilmasi
bulunur. Ayrica, kiicik ve biiylik veri kiimelerinde veri
siniflandirma ve ¢oklu setlerde veri siniflandirma yetenegi gibi
genis bir 6zellik yelpazesi sunar. SVM, finans, biyomiihendislik,
tip ve cerrahi gibi cesitli alanlarda kullanilir. Optimal
hiperparametreleri modelin performansini biiyiik o6l¢lide
etkiler [21],[22].

SVM modelinin performansini artirmak icin
CalibratedClassifierCV metodu kullanilmistir. Bu metot, Scikit-
Learn kiitiiphanesinde bulunan, olasilik tahminlerini daha
giivenilir hale getirmek i¢in kullanilan bir tekniktir. SVM gibi
bazi smiflandiricilar, varsayilan olarak olasilik tahminlerini
dogrudan saglamaz. CalibratedClassifierCV, bu tahminleri
kalibre ederek, daha dogru ve giivenilir olasilik degerleri elde
edilmesini saglar. Calismada ayrica, ¢ekirdek olarak
kernel="rbf' (Radial Basis Function) secilmistir. Secilen rbf
cekirdegi, dogrusal olmayan ayrimlarin modellenmesi i¢in en
yaygin kullanilan ¢ekirdek fonksiyonudur. Regularizasyon
Parametresi ise C=1.0 olarak belirlenmistir. C degeri, modelin
hata toleransini belirler. Diisitk C degerleri ile model daha
genellestirilebilir olur, ancak bazi hatalara izin verir. Yiiksek C
degerlerinde ise model hatalar1 daha fazla cezalandirir, ancak
asir1 6grenme riski artar.

3.4.2 Karar agaci

Karar Agaci, 6nde gelen makine 6grenimi algoritmalarindan bir
digeridir. Karar Agacinin ana 6zellikleri arasinda biiyiik ve
cesitli veri setlerini analiz etme, miisterileri segmentlere
ayirma, kredi riskini analiz etme ve pazarin cesitli yonlerini
analiz etme yetenegi bulunur [23], [24]. Veri analizi,
siiflandirma ve regresyon gibi konular1 ele alir. Modelin
performansl, veri kalitesi, modelin giivenilirligi, asir1 uyum
riski, farkl tiiketici tiirlerinin sayisi, modelin karmasiklig: gibi
kriterler tizerine kuruludur. Calismada Karar Agaci uygulamasi
gerceklestirilirken kullanilan parametreler soyle 6zetlenebilir.

DT modeli, “entropy” kriteri ile olusturulmus ve maksimum
derinligi (max_depth=3) olarak smirlandirilmistir. Criterion
parametresi dallanma islemi sirasinda hangi 6lgiitiin
kullanilacagini belirler ve genellikle kullanilan iki temel
secenek vardir (gini ve entropy). Calismada her diigiimde bilgi
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kazancini maksimize eden boélme tercih edilmistir. Literatiirde,
gini ve entropy arasinda biiyiikk performans farklar
gozlenmemekle birlikte, "entropy" genellikle daha hesaplama
yogun ancak teorik olarak biraz daha iyi sonug verebilen bir
kriterdir. Maksimum derinlik parametresi agacin derinligini
sinirlandirir. Derinlik arttikca model daha karmasik hale gelir
ve asirl 6grenme riski artar. Maksimum derinligin kiiciik
tutulmasi, modelin genelleme yetenegini artirabilir ancak ¢ok
kiiciik bir deger de yetersiz 6grenmeye yol acabilir. Calismada
kullanilan max_depth=3 degeri ile agacin 3 seviye derinlikte
biiyliyebilmesi saglanmistir. Diger parametrelerden bdlme
yontemi ‘best’ (en 1iyi), diglimlerin bdlinebilmesi icin
minimum 6rnek sayisi ise 2 olarak belirlenmistir. Her bolmede
kullanilacak maksimum 6zellik sayisina bir smirlandirma
getirilmemistir.

3.4.3 K-en yakin komsu

K-En Yakin Komsu, makine &grenimi uygulamalarinda
kullanilan temel ve etkili bir 6grenme yéntemidir. OKlid,
Manhattan, Minkowski vb. gibi cesitli uzaklik olgiitleri
kullanilarak elde edilen mesafe hesaplariyla birlikte
kullanilabilir. KNN algoritmalarinin 6zellikleri arasinda basitlik,
dogruluk, parametrik optimizasyon ve performans bulunur.
Hem smiflandirma hem de regresyon problemlerinde
kullanilabilirler [25]. Calismada kNN algoritmasi igin en dnemli
iki parametreden biri olan komsu sayis1 (k) 3 olarak
belirlenmis, uzaklik 6lciitii olarak ise Oklid uzaklig
kullanilmigtir.

3.4.4 Uzun Kkisa siireli bellek

Uzun kisa streli bellek, egitimde kullanilan derin 6grenme
modelidir ve 6grenmeyle ilgili sorunlar1 analiz etmek ve
¢6zmek icin NLP yaklasimmi kullamir. Ofrenme siirecine
odaklanarak, 06grenme siirecinin altinda yatan desenleri
belirler ve elde edilen bilgileri depolar. LSTM'nin ana 6zellikleri
arasinda, 6grenme stirecinin bilgi akisin1 kontrol eden gizli
kapilar bulunur. Ayrica, 0Ogrenme siirecinin dinamik
bilesenlerini kullanarak daha karmasik 6grenme sonuglarina
olanak tanir. LSTM, 6grenme siirecindeki sorunlar1 bozan ve
modelin performansinm zayiflatan kaybolan gradyan problemi
ile de ilgilenir. LSTM, cesitli 6grenme problemleriyle basa
cikabilen gii¢lii bir 6grenme modelidir [26],[27]. Calismada
olusturulan LSTM modelinde 82 noronlu bir katman
kullanilmistir. Giris boyutu veriye uyarlanmis ve ¢gikis katmani
3 smifli bir katman olarak belirlenmistir. Cikis katmaninda
Softmax aktivasyon fonksiyonu kullanilmistir. Calismada batch
size olarak 32 degeri kullanilmistir. Cok sinifli simiflandirma
problemlerinde en yaygin kullanilan kayip fonksiyonu olan
loss="categorical_crossentropy' fonksiyonu tercih edilmistir.
Optimizer parametresinde ‘adam’ algoritmasi kullanilmigtir.

3.5 Model performansi

Makine 6grenimi ve derin 6grenme modelleri, dogruluk ve
verimliliklerini degerlendirmek icin ¢esitli performans
metrikleri kullanilarak degerlendirilir. Bu metrikler arasinda
dogruluk, kesinlik, geri ¢cagirma, F1 puani ve AUC_ROC bulunur.
Dogruluk (Denklem (1)), dogru tahmin edilen go6zlemlerin
toplam gozlem sayisina oranini 6lgerek bir modelin tahmin
yeteneginin biitiinsel bir 6l¢lisiinii saglar. Kesinlik (Denklem
(2)), tahmin edilen pozitif 6rneklerin oranini gergek pozitiflere
karsilk  gelenlerle  karsilagtirarak,  pozitif = vakalan
siniflandirmada modelin Kkesinligini ayirt eder. Geri ¢agirma
(Denklem (3)), bir modelin gercek pozitifleri dogru bir sekilde
tanimlama yetenegini degerlendirirken, F1 puani (Denklem

(4)) kesinlik ve geri ¢agirmayr uyumlastirarak tahmin
performansinin dengeli bir degerlendirmesini saglar. Son
olarak, AUC_ROC metrigi, bir modelin pozitif ve negatif siniflar
arasinda ayirt etme yetenegini gosterir.

Dobruluk = DP + DN (1)
OBTUUN = DP ¥ DN +YP + YN
... DP (2)
Kesinlik = DP 7 TP
. _ DP (3)
Geri Cagirma = DP+ VN
2 x Kesinlik x Geri Cagirma (4

F1 Puani =

Kesinlik + Geri Cagirma

Denklemlerde dogru pozitif degerler icin DP, yanls pozitif
degerlericin YP, dogru negatif degerler i¢cin DN ve yanlis negatif
degerler icin YN kisaltmasi kullanilmistir. Bu metrikler bir
siniflandirma algoritmasinin performansini  kapsamli bir
sekilde degerlendirerek cesitli uygulamalardaki etkinligi
konusunda bilingli karar verme siirecini kolaylastirir [28],[29].

4 Sonuglar ve tartisma

Bu béliim, islenmis yorum verilerine siiflandirma goérevleri
icin SVM, DT, kNN ve LSTM algoritmalarinin uygulanmasindan
elde edilen sonuglar1 sunmaktadir. Bu yorumlar, orijinal veri
setinden tiiretilen ve islem sonrasi sonuglari temsil etmektedir.
Farkli kategoriler arasindaki olasi iligkileri degerlendirmek
icin, 6nerilen tiim algoritmalar (SVM, DT, kNN ve LSTM) i¢in bir
karisiklik matrisi hesaplanmistir ve Sekil 4'te gosterilmistir.

Karisikhik matrisi, her simnif icin tahminlerin ayrintih bir
doékiimiinii sunarak, dogru ve yanlis tahminler arasindaki orani
vurgular. Matristeki degerler, dogru pozitifler, yanls pozitifler
ve yanlis negatifler gostererek siiflar arasindaki iliskileri ve
tahmin hatalarini anlamamiza yardimci olur. SVM i¢in olumlu
yorumlarda dogru pozitif sayis1 1909, yanlis normal sayis1 2 ve
yanlis negatif orani 0'dir. Normal ve olumsuz yorumlar icin
sayllar, dogru ve yanlis siniflandirmalarin bir karisimini
gosterir ve SVM modelinin iyi performans gosterdigi alanlari ve
gelistirilmesi gereken yerleri vurgular. Buna karsiik, DT
modeli, yorum kategorileri arasinda dogru pozitifler, yanls
pozitifler ve yanls negatifler icin farkl oranlar gostermistir.
Olumlu yorumlar i¢in bu sayilar sirasiyla 1835, 30 ve 46'dir.
Normal ve olumsuz yorumlardaki performans, modelin
dogrulugundaki ve simniflar arasindaki ayrimi yapma
yetenegindeki varyasyonu gosterir. Benzer sekilde, kNN
modelinin karisiklik matrisi, olumlu yorumlar i¢in dogru pozitif
say1s1 1880, yanlis normal orani 19 ve yanlis negatif orani 12
olan siniflandirma yeteneklerini ortaya koymustur. Normal ve
olumsuz yorumlar i¢in sayilar yine, modelin gesitli yorum
tirlerini siniflandirmadaki giiclii ve zayif yonlerine dair bilgiler
saglamaktadir. Son olarak, LSTM modeli, 6zellikle olumlu
yorumlarda dogru pozitif sayis1 2534 olan, sifir yanlis normal
ve yanlis negatif oranlar1 ile dikkat cekici bir dogruluk
sergilemistir. Normal ve olumsuz yorumlardaki performans bu
egilimi siirdlirerek, LSTM modelinin farkli duygulara sahip
yorumlar1 dogru bir sekilde siniflandirmada iyi bir secenek
oldugunu kanitlamistir. Ozetle, her model duygu
smiflandirmada benzersiz gii¢lii yonler ve iyilestirme alanlari
sunmaktadir. LSTM modeli, tiim yorum tiirleri arasinda yiiksek
dogrulukla 6ne g¢ikmistir, diger modeller ise gesitli derecelerde
etkililik gosterir. Bu bilgiler, bu algoritmalar1 daha da
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gelistirmek ve duygu analizinde uygulamalarini iyilestirmek
icin hayati 6neme sahiptir.
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Sekil 4. Onerilen algoritmalar i¢in karisiklik matrisi. (a): SVM.
(b): DT. (c): kNN. (d): LSTM.

Figure 4. Confusion matrix for the proposed algorithms.
(a): SVM. (b): DT. (c): kNN. (d): LSTM.

Ayrica, cgesitli veri tiirleri arasinda siiflandirma modellerinin
performansini degerlendirmede kritik bir 6l¢iim olan AUC-ROC

endeksi, bu ¢alismada kullanilan farkli modellerin etkinligini
dogrulamak icin hesaplanarak Sekil 5'te gosterilmistir.
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Sekil 5. Onerilen algoritmalar icin ROC egrisi. (a): SVM. (b): DT.
(c): kNN. (d): LSTM.

Figure 5. ROC curve for the proposed algorithms. (a): SVM.
(b): DT. (c): kNN. (d): LSTM.

Sekil 5(a)’da goriildiigi gibi SVM modeli, ROC egrisinin yukar1
ve sol yonli egilimiyle ytliksek bir dogru pozitif oranin
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vurgulamis olup bu egitim modelin pozitif ve negatif siniflar
arasinda ayrim yapma yetenegini gostermektedir. SVM
modelinin 0.87, 0.89 ve 0.92 olan AUC degerleri, modelin
siniflandirmadaki iyi yetenegini 6ne ¢ikarmistir. Karar Agaci
modeli s6z konusu oldugunda, ROC egrisinin hareketi benzer
sekilde yiiksek bir dogru pozitif oranini yansitmistir. Bu
hareket, pozitif ve negatif siniflar arasinda kolay bir ayrim
saglamaktadir. DT modelinin 0.71, 0.65 ve 0.68 olan AUC
degerleri, SVM'den daha diisiik olmasina ragmen, makul bir
ayrim derecesini gostermektedir. KNN modelinin performansi,
ROC egrisinin sol tist koseye yaklasmasiyla yiiksek bir dogru
pozitif oranini isaret etmektedir. Bu modelin 0.89, 0.86 ve 0.92
olan AUC degerleri, farklh smiflar1 dogru bir sekilde
siniflandirmada etkinligini vurgular. En dikkat c¢ekici olarak,
LSTM modelinin ROC egrisi neredeyse sol iist koseye
ulasmistir. Bu da yiiksek bir dogru pozitif oranini ima eder. Bu
model, 1.00, 0.93 ve 0.96 olan AUC degerleriyle digerlerinden
daha basarili performans sergileyerek siniflar arasinda ayrim
yapma yeteneginde Ustiinliiglinii gdstermistir. Son olarak, her
modelin benzersiz giicli ve zayif yonleri vardir. Calismada
modeller icin yiiksek genel dogruluk oranlari elde edilmistir:
SVM i¢in %86, DT icin %77 ve kNN i¢cin %92. Bu oranlar,
arastirmada kullanilan makine 6grenmesi algoritmalarindan
elde edilen yliksek dogruluk seviyesini gostermektedir. Ancak
LSTM ile ulasilan oran, makine 6grenmesi algoritmalarindan
daha basarilidir. Bu c¢alismadan elde edilen LSTM sonucu,
modelin genel dogrulugunun etkileyici bir sekilde %98
oldugunu gostermistir. Algoritmalarin performansi Tablo 1'de
gosterilmistir.

Tablo 1. Sonug karsilastirmasi.
Table 1. Results comparison.

Yontem  Dogruluk  Kesinlik (Eerl F1 AUC_ROC
Cagirma Puani
LSTM 0.98 0.95 0.98 0.98 0.98
DT 0.778 0.76 0.78 0.74 0.68
kNN 0.922 0.92 0.92 0.92 0.878
SVM 0.85 0.85 0.86 0.85 0.841

Bu sonuglar, Amazon yorumlarini siniflandirmaya yoénelik
farkli makine 6grenimi modellerinin karsilagtirmali analizi
sunmaktadir. Elde edilen bulgular arasinda dikkat ¢eken en
6nemli sonug, LSTM modelinin %98 dogruluk oranina ulasarak
en basarili model olarak 6ne ¢ikmasidir. Bu iistiin performans,
modelin ROC-AUC egrisi altinda en genis alan1 kapsayabilme
yetenegine dayanmaktadir; dolayisiyla veri smiflandirma
dogrulugu agisindan  yiikksek bir basar1  sergiledigi
gorillmektedir.

Buna karsin DT modeli, %77.8 dogruluk oram ile en diistik
performansi gostermistir. Ancak, DT modelinin gorece diisiik
dogruluk oranina ragmen, degiskenler arasindaki nedensel
iligkileri analiz etme ve modelin yorumlanabilirligini artirma
acgisindan 6nemli bir katki sundugu gézlemlenmistir. Bu 6zellik,
ozellikle veri icerisindeki oriintiileri anlamanin kritik oldugu
uygulamalarda Karar Agaci modelini degerli bir ara¢ haline
getirmektedir.

Ote yandan kNN modeli, %92.2 dogruluk orani ile dikkate deger
bir performans sergilemistir. Modelin basitligi ve hesaplama
verimliligi, hizli ve dogrudan ¢éziimler gerektiren uygulamalar
icin avantaj saglamaktadir. Benzer sekilde, dogrusal ve
dogrusal olmayan ayristirma tekniklerini kullanan SVM modeli,
%85 dogruluk oranina ulasarak kabul edilebilir bir
siniflandirma basarisi gdstermistir. Bu sonug, 6zellikle kesin ve

verimli veri siniflandirmanin énemli oldugu senaryolarda SVM
modelinin etkili bir secenek olabilecegini gostermektedir.

Bu yiiksek dogruluk seviyesi, farkli kategorilerdeki verileri
siiflandirmada  segilen modellerin  verimliligini ve
givenilirligini  vurgulayarak  bu  modellerin  pratik
uygulamalardaki potansiyelini ortaya koymustur. Sekil 6’da
saglanan grafiksel temsil, calismanin bulgularini karsilastirmali
gostermekte ve her model arasindaki farklar1 vurgulayarak
daha fazla analiz i¢in yararh bir referans olarak hizmet
etmektedir.

1,2

1
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; i =

Accuracy  Error Recall fl-score PrecisionAUC_ROC

wisM e mor HKNN B SVM

Sekil 6. Karsilastirmali sonuglar.
Figure 6. Comparative results.

Genel olarak, en wuygun modelin se¢imi, uygulamanin
gereksinimlerine ve veri kiimesinin 6zelliklerine bagh olarak
degiskenlik gostermektedir. Eger temel hedef en yiiksek
dogruluk oranina ulagmak ise, LSTM modeli en etkili yontem
olarak one ¢cikmaktadir. Calismanin bulgulari, makine 6grenimi
modellerinin  belirli kosullar altinda iyi performans
gosterebildigini, ancak daha yiiksek dogruluk oranlarina
ulasabilmek icin ek ¢aba ve optimizasyon gerektirdigini ortaya
koymaktadir. Bununla birlikte, derin 6grenme yaklagimlarinin,
ozellikle LSTM algoritmasinin, klasik makine 6grenimi
yontemlerine kiyasla daha ytiksek dogruluk oranlar1 sundugu
tespit edilmistir. Modelin performansi, veri setinin
genisletilmesi ve egitim siirecinin optimize edilmesi ile daha da
artirilabilir.

Bu alanda daha 6nce yapilan ¢alismalarla karsilastirildiginda,
calismamiz bazi 6nemli farkliliklar ve avantajlar sunmaktadir.
Ornegin, Joseph ¢alismasinda, énceden egitilmis BERT modeli
ile Amazon yorumlar1 {lzerinde duyarhlik analizi
gerceklestirilmis ve %96.3 dogruluk orani elde edilmistir [6].
Benzer sekilde, Gope ve dig.,, RNN-LSTM modelini kullanarak
%97.52 dogruluk oranina ulasmistir [8]. Calismamizda ise
LSTM modelinin optimize edilmesi ve genis bir veri seti
kullanilmasi sayesinde %98 dogruluk oranina ulagilmistir. Bu
durum, modelin dogal dilin karmasikligini basaril bir sekilde
ele alabildigini gostermektedir.

Makine 6grenmesi tabanl yaklasimlar agisindan, Hamdallah
calismasinda SVM ve Naive Bayes modelleri kullanilarak
duyarhilik analizi gergeklestirilmis, ancak dogruluk oranlari
%85’in lizerine ¢itkamamistir [13]. Bu ¢alismada ise SVM modeli
%85 dogruluk orani elde ederken, KNN modeli %92.2 ve LSTM
modeli %98 dogruluk oranina ulasmistir. Bu sonuglar, derin
6grenme tabanli yontemlerin 6zellikle biliyiik veri setlerinde
daha yiiksek dogruluk sagladigini gostermektedir.

Bunun yani sira, literatiirdeki bazi ¢alismalar daha kiigtik
olcekli veri setleriyle gerceklestirilmis ve farkli on isleme
teknikleri kullamlmistir. Ornegin, AlZu’bi ve dig., Amazon
yorumlarint pozitif ve negatif olarak smiflandirmis ancak
kullanic1 oylama yiizdelerinin analizinde bazi sinirlamalarla

1284



Pamukkale Univ Muh Bilim Derg, 31(7), 1277-1286, 2025
N.S. K. Khalid, S. Savas

karsilasmistir [10]. Calismamiz, farkli derecelerde duygu
analizine (olumlu, nétr, olumsuz) odaklanarak daha ayrintili bir
degerlendirme sunmaktadir.

5 Sonug

Bu makale, miisteri sadakatini tahmin etmede Miisteri iliskileri
Yonetiminde duygu analizinin 6nemini vurgulamaktadir.
Alsveris aliskanliklarina odaklanan geleneksel yontemler
genellikle miisteri sadakati siirticiilerinin tam spektrumunu,
o6rnegin memnuniyet ve iiriin deneyimini yakalamada basarisiz
olur. Bu makale, cevrimi¢i bir ortamdan c¢esitli miisteri
yorumlarini analiz etmek i¢in makine 6grenimi ve derin
0grenime dayali ileri NLP teknikleri kullanmaktadir. Calismada,
veri toplama i¢in Python kullanilmistir ve Amazon'daki on
elektronik cihazdan miisteri yorumlarini siniflandirmak igin
kNN, SVM, DT ve LSTM gibi cesitli algoritmalar kullanmistir.
Bulgular, bu ileri analitik tekniklerin duygular1 dogru bir
sekilde smiflandirmadaki ve miisteri memnuniyeti ve
sadakatini artirmadaki potansiyelini gostermektedir. Elde
edilen bulgular, derin 6grenme yo6ntemlerinin geleneksel
makine 6grenimi modellerine kiyasla daha ytiksek dogruluk
oranlarina ulastigini ve tiiketici yorumlarindaki duygu
analizinin  etkin  bir  gsekilde gerceklestirilebildigini
gostermektedir.  Ozellikle LSTM modeli, dogal dilin
karmasikliklarini basariyla isleyerek miisteri memnuniyeti ve
sadakatini degerlendirme siireglerinde giiclii bir ara¢ olarak
one cikmistir. Bu ¢alismadaki veri seti, duygu tanima ve spam
tespiti alaninda daha ileri kesifler i¢in degerli bir kaynaktir.

6 Conclusion

This paper highlights the importance of sentiment analysis in
Customer Relationship Management in predicting customer
loyalty. Traditional methods focusing on shopping habits often
fail to capture the full spectrum of customer loyalty drivers, e.g.
satisfaction and product experience. This paper uses advanced
NLP techniques based on machine learning and deep learning
to analyze various customer reviews from an online
environment. The study uses Python for data collection and
employs various algorithms such as kNN, SVM, DT and LSTM to
classify customer reviews from ten electronic devices on
Amazon. The findings demonstrate the potential of these
advanced analytical techniques in accurately classifying
sentiments and improving customer satisfaction and loyalty.
The findings show that deep learning methods achieve higher
accuracy rates compared to traditional machine learning
models and can effectively perform sentiment analysis on
consumer reviews. In particular, the LSTM model successfully
handled the complexities of natural language and emerged as a
powerful tool for evaluating customer satisfaction and loyalty.
The dataset in this study is a valuable resource for further
exploration in the field of sentiment recognition and spam
detection.
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Abstract

In recent years, computer vision technologies have played a critical role
in precision agriculture, leveraging robotics and artificial intelligence
to automate tasks in crop production. While image-based applications
hold promise, model interpretability remains a significant challenge.
Explainable artificial intelligence aims to address this by providing
plant scientists with interpretable, reliable information, improving the
understanding of plant diseases. This study focuses on integrating
explainability metrics into model evaluation, with a detailed analysis of
explainability methods applied to plant disease classification models.
Using Class Activation Mapping based visualization methods with
architectures such as EfficientNet, MobileNet, ResNet, and ShuffleNet,
trained on a public plant disease dataset, the study assessed both
classification success and model explainability. Localization results
were derived from an energy-based perspective, assessing how well
saliency maps aligned with bounding boxes of diseased areas. The
findings reveal that feature dimensions and positions in the images
significantly influence classification outcomes, highlighting the
importance of precise annotations during data labeling. This study
uncovers potential biases in disease detection and emphasizes the need
for explainability metrics in evaluating deep learning models, paving
the way for more accurate and efficient plant disease detection
techniques.

Keywords: Precision agriculture, Computer vision, Deep learning,
Plant disease classification, Explainability.

(0)4

Son yillarda bilgisayarla gérme teknolojileri, hassas tarimda kritik bir
rol oynamis, robotik ve yapay zekayi kullanarak mahsul iiretiminde
gorevleri otomatiklestirmistir. Gortintii tabanlh uygulamalar umut
vadetse de, modelin yorumlanabilirligi 6nemli bir zorluk olmaya devam
etmektedir. Aciklanabilir yapay zeka, bitki bilimcilerine yorumlanabilir
ve giivenilir bilgiler sunarak bitki hastaliklarinin anlasilmasini
gelistirmeyi hedeflemektedir. Bu ¢alisma, aciklanabilirlik metriklerinin
model degerlendirmesine entegrasyonuna odaklanmakta ve bitki
hastaligt ~ siniflandirma  modellerine  uygulanan agiklanabilirlik
yéntemlerinin detayli bir analizini sunmaktadir. EfficientNet,
MobileNet, ResNet ve ShuffleNet gibi mimarilerle, agik bir bitki hastaligi
veri seti lizerinde egitilmis Sinif Aktivasyon Haritalama tabanli
gorsellestirme yéntemleri kullanilarak hem siniflandirma basarist hem
de modelin agiklanabilirligi degerlendirilmistir. Lokalizasyon sonuglari,
dikkat haritalarinin hastalikli bolgeleri etiketleyen sinirlayict kutularla
ne kadar uyumlu oldugunu enerji tabanli bir perspektiften
degerlendirerek elde edilmistir. Bulgular, gériintiilerden c¢ikarilan
ozelliklerin boyutlari ve konumlarinin siniflandirma sonuglarini 6nemli
olciide etkiledigini géstermektedir ve veri etiketleme asamasinda dogru
anotasyonlarin énemini vurgulamaktadir. Bu ¢alisma, hastalik
tespitindeki olast yanliliklart ortaya cikarmakta ve derin 6grenme
modellerinin  degerlendirilmesinde agiklanabilirlik  metriklerinin
gerekliligini vurgulayarak, bitki hastaliklarinin daha dogru ve verimli
bir sekilde tespit edilmesi icin derin 6grenme tekniklerinin optimize
edilmesine zemin hazirlamaktadir.

Anahtar kelimeler: Hassas tarim, Bilgisayarl gérme, Derin 6grenme,
Bitki hastalig1 siniflandirmasi, Aciklanabilirlik.

1 Introduction

In the era of Agriculture 4.0, precision agriculture stands out as
a pivotal paradigm, holding the potential to bring about a
profound transformation in agricultural methodologies. This
revolutionary approach is centered around the adoption of
advanced monitoring and intervention technologies. The
primary objective is not only to support production efficiency
but also to address environmental concerns by minimizing
negative impacts associated with traditional farming practices
[1]. By leveraging cutting-edge tools, precision agriculture aims
to usher in a sustainable and technologically advanced era for
the agricultural sector.

Utilizing digital images to analyze and understand the
environment, computer vision technologies offer precise,

*Corresponding author/Yazisilan Yazar

location-specific insights into crops and their surrounding
ecosystems. These technologies utilize a variety of sensing
modalities to capture detailed information about plant health,
growth patterns, and environmental conditions. RGB imaging
enables visual inspection of crops, identifying visible symptoms
of stress, disease, or nutrient deficiencies. Near-infrared,
multispectral, and hyperspectral imaging go beyond the visible
spectrum to detect subtle physiological and biochemical
changes, offering early warnings of plant health issues.

Deep learning (DL) empowers computer vision with advanced
pattern recognition capabilities. The notable advantage of DL
lies in its ability to automatically extract features from raw data
and form higher-level features through the composition of
lower-level ones. The highly hierarchical structure and
expansive learning capacity of DL models excel in classification
and prediction tasks, demonstrating flexibility in addressing
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complex data analysis challenges. Applied to precision
agriculture, DL enables data-driven, automated, and informed
decision-making processes. DL finds diverse applications in
agriculture, significantly extending its impact across various
domains. In plant disease detection, DL facilitates automated
and precise identification of diseases, enabling timely
intervention and effective disease management [2]. For pest
detection, DL is employed to accurately identify pests affecting
crops, thus improving pest control strategies. DL aids in weed
identification, allowing farmers to implement targeted weed
control measures and enhance crop yields. Furthermore, DL
models are utilized for leaf classification based on specific
characteristics, assisting in the identification and classification
of plant species [3]. Plant phenology recognition through DL
enables precise timing of agricultural activities aligned with
plant growth stages, optimizing resource management. DL also
supports the segmentation of roots and soil, offering
comprehensive analysis of below-ground structures and their
impact on plant health. In crop yield estimation, DL analyses
multiple factors to provide accurate yield forecasts, assisting
farmers in planning and resource allocation. Additionally, DL
facilitates the automated counting of fruits, providing valuable
data for harvest planning and yield estimation [4]. In the realm
of autonomous farming machinery, DL enhances obstacle
detection, ensuring efficient and safe operations. Land cover
classification through DL contributes to the monitoring and
assessment of agricultural ecosystems and land use patterns
[5]- DL is also applied to monitor animal welfare in agricultural
settings, ensuring the well-being of livestock. For water
management, DL enables precise allocation based on crop
requirements, thus conserving water and improving irrigation
practices. Finally, DL assists in soil management by analyzing
soil composition and optimizing fertilization strategies, thereby
enhancing soil health and crop productivity.

Among the above, plant diseases, which lead to reduced harvest
yields, constitute a serious threat that not only affects the
livelihoods of individual farmers but also has broader
implications for the economic stability of nations. Plant
diseases are physiological disorders that negatively impact
growth, development, and overall health, resulting from the
interaction between the host, causal agent, and environment
[6]. The broad categorization normally seen among plant
diseases falls into two classes: namely biotic and abiotic
diseases. Biotic diseases come from living organisms, such as
fungi, bacteria, and viruses, while abiotic diseases are caused by
non-living agents: environmental conditions, chemicals, and
mechanical injury. Biotic diseases are far more aggressive and
contagious than abiotic diseases, which are not usually that
threatening but preventable.

In the accurate and timely detection of diseases and estimation
of severity, DL architectures offer promising solutions that
minimize economic losses, enhance food safety, and promote
environmentally friendly farming [7]. Despite the enhanced
speed and accuracy offered by DL-based methods, they often
operate as black-boxes. This means their internal decision-
making processes are not easily understood by humans,
creating uncertainties about how decisions are made and the
principles guiding these models. Explainable Artificial
Intelligence (XAI) addresses this challenge by focusing on
developing methods and techniques to make the decision-
making process of DL models more transparent and
interpretable [8]. Integrating XAI with DL models for plant
disease detection offers following four benefits.

v/ Explain to Discover: Questioning for explanations serves
as avaluable method to acquire inherent information and
understand the underlying task in plant disease
detection. XAl is a potent tool for verifying and gaining
new insights into the complexities of plant diseases,
leading to a more reliable solution,

v Explain to Justify: The increasing debates over biased or
unfair outcomes in plant disease detection highlight the
need for explanations to ensure trustworthy decisions.
XAl is essential for providing motives or rationalizations
for specific decisions, especially in cases of unexpected
outcomes,

v' Explain to Control: Explanation is not just for justifying
outcomes but also for preventing errors in the plant
disease detection process. Understanding more about
the behavior of the system provides superior visibility
over vulnerabilities and faults,

v' Explain to Improve: Continuous improvement of DL
models used in plant disease detection is a key
motivation for explaining algorithms. Models that can be
explained and understood are more easily improved.

The integration of XAl techniques in plant disease detection has
gained significant attention, with researchers exploring various
visualization methods to enhance model interpretability.
Among these, Class Activation Mapping (CAM)-based
approaches have emerged as powerful tools for uncovering the
decision-making processes of CNNs. For instance, Toda and
Okura conducted an initial comprehensive analysis to
understand the learning process of CNNs during the diagnosis
of plant diseases, employing various neuron-wise and layer-
wise visualization methods [9]. Their findings showed that
Grad-CAM is one of the most effective and cost-efficient
methods for generating attention maps.

Building on this finding, in this study, a range of CAM-based
visualization methods were implemented using EfficientNet,
MobileNet, ResNet, and ShuffleNet architectures, all trained
with a publicly available plant disease image dataset. The
evaluation of the results focused on two Kkey aspects:
classification success and explainability. Classification success
was measured using standard metrics such as accuracy,
precision, recall, and f1-score to ensure the robustness of the
models in correctly identifying plant diseases. Explainability
was assessed by analyzing the clarity and interpretability of the
generated heatmaps, determining how well the highlighted
regions corresponded to the actual diseased areas of the plants
as labeled in the dataset. To derive localization evaluation
results, explainability maps were analyzed and the bounding
boxes in the validation set were considered from an energy-
based perspective. Instead of focusing only on the peak value,
the amount of energy from the saliency map that fell within the
bounding box of the target object was assessed. This approach
provided deeper insights into how the models make decisions
and helped uncover any potential biases present in the
detection of plant diseases. By thoroughly examining and
discussing these biases, this study contributes to a more
comprehensive understanding of the challenges and limitations
in plant disease detection using DL models. This, in turn, can
facilitate the optimization of DL techniques for enhanced
accuracy and efficiency in plant disease detection. Moreover, it
underscores the necessity of incorporating explainability
metrics when evaluating the success of DL models in future
studies.
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2 Literature review

Recent research in the literature emphasizes the integration of
XAl with DL models for plant disease detection, providing
various benefits. These studies are summarized comparatively
in Table 1.

Ghosal et al. constructed an explainable DL framework for
identifying, classifying, and quantifying plant stress [10].
Nagasubramanian et al. deployed a novel 3D deep
convolutional neural network to leverage the spatial and
spectral dimensions of 3D hyperspectral images for
classification, and then utilized saliency maps to visualize the
most sensitive pixel locations [11]. Brahimi et al. introduced a
new trainable visualization technique for classifying plant
diseases, utilizing a Convolutional Neural Network (CNN)
structure with two deep classifiers, namely the Teacher and the
Student, where the combined representation of both serves as
a proxy for visualizing the most important image regions [12].
This technique demonstrated superior performance compared

to existing visualization methods, as evaluated by the area over
perturbation curve. Arvind et al. developed a pipeline to
interpret and validate predicted outputs using explainability
techniques after classifying plant diseases with transfer
learning on both original and augmented data [13]. Batchuluun
et al. utilized a convolutional neural network coupled with a
residual network and incorporated a class activation map to
enhance the performance of plant and crop disease
classification using thermal images [14].

Wei et al. examined the interpretability of different
classification models using the fruit disease leaves dataset
through three experiments: the first focused on classifying fruit
and pest species, the second addressed fruit disease
classification, and the third examined fruit type classification
[15]. Shah et al. enhanced in [12] and created an architecture
called ResTS (Residual Teacher/Student), featuring two
classifiers and a decoder, which serves as both a visualization
and classification tool [16].

Table 1. Summary of the literature on explainability for the detection of plant diseases.

Deep Learning Best Result (%) Explainability Explainability
X X
Reference Year Dataset Architecture Accuracy f1- Approach Purpose
Score
[10] 2018 Self-collected DCNN 94.13 * Top-K high- identify and quantify
soybean images resolution feature foliar stresses
maps
[11] 2019 Self-collected 3D DCNN 95.73 87 Saliency map provide physiological
charcoal rot stem insight into model
images predictions
[12] 2019 PlantVillage VGG16 * * Teacher/Student provide an
interpretable
architecture
[13] 2021 PlantVillage VGG16, VGG19, 92.49 98.42 Grad-CAM, LIME eliminate false
ResNet50, Inception, positives
MobileNet,
MobileNetV2,
EfficientNet
[14] 2022 Self-collected CNN 98.55 80.25 CAM improve classification
thermal plant images, performance
Paddy crop
[15] 2022 Plant Village, Al VGG, GoogLeNet, 99.89 * SmoothGrad, clarify the focus of the
Challenger 2018 ResNet LIME, GradCAM model in feature
extraction
[16] 2022 PlantVillage Xception+Unet * 99.1 ResTS create top-quality
visualizations to
identify specific spots
[17] 2023 Self-collected omics CNN 95.5 95.4 saliency maps, visualize the internal
data and activation representations of the
hyperspectral images maximization model
[18] 2023 Apple, Embrapa, VGG+ViT 98.86 98.85 Grad-CAM, LIME interpret prediction
Maize, PlantVillage, results
Rice
[19] 2023 Cassava VOLO, EfficientNetV2S, 90.5 * SHAP generate user-level
RESNEXT50 explainability
[20] 2023 Sunflower CNN, VGG19, 93 93 LIME understand
InceptionV3, Xception, misclassifications
ResNet v2, MobileNet,
DenseNet201,
MobileNetV2, VGG16
[21] 2023 Self-collected maize DenseNet, EfficientNet, * 96.049 LayerCAM, improve model
images MobileNetV3, ScoreCAM, interpretability
ShuffleNetV2 AblationCAM,
XGradCAM
*: Not applied.
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Shoaib et al. introduced a novel explainable gradient-based
approach, EG-CNN, which integrates gene expression data with
image data to attain a comprehensive comprehension of plant
diseases [17]. Thakur et al. developed a hybrid model that
combines the strengths of a vision transformer with the feature
extraction capability of convolutional neural networks for
lightweight disease classification and then evaluated the
explainability of its predictions [18]. Chhetri et al. proposed a
generic approach that combines semantic technology and DL to
enhance prediction accuracy and generate user- friendly
explanations [19]. Ghosh et al. developed a hybrid model
combining transfer learning and a simple CNN for detecting
sunflower diseases, using explainability techniques to analyze
misclassifications by generating perturbations in model
behavior [20]. Yang et al. introduced a framework for
classifying and localizing maize leaf spot diseases using weakly
supervised learning, combining lightweight convolutional
neural networks with interpretable algorithms to achieve high
classification accuracy and fast detection speeds, while also
localizing disease spots [21].

These studies collectively enhance the understanding of how
models classify diseases, uncover potential biases, and validate
predictions, ultimately leading to more accurate and reliable
plant disease detection systems. Among these approaches,
CAM-based methods have been widely adopted due to their
demonstrated superiority in many studies. Building on this, the
present study implements a range of CAM-based visualization
techniques to evaluate localization performance—specifically,

assessing how well the highlighted regions align with the actual
diseased areas of the plants as annotated in the dataset.

3 Materials and methods

This study aims to evaluate the decision-making processes of
the models by comprehensively applying various explainability
methods to DL models used in the classification of plant
diseases. Figure 1 encapsulates this entire process, illustrating
the flow from the raw dataset through training, model selection,
application of explainability methods, and finally, the
evaluation of the results. This comprehensive approach aims to
enhance the understanding of model decision-making in the
context of plant disease classification, ultimately contributing
to the development of more transparent and interpretable DL
models.

31

High-quality datasets with accurately labelled images are
critical for training models to recognize and classify plant
diseases effectively. The diversity of the dataset, encompassing
various disease types, environmental conditions, and different
plant species, enhances the model's ability to generalize across
different scenarios, thereby improving its robustness and
applicability in real-world settings. Public datasets play a
crucial role in meeting the needs of deep learning models for
detecting plant diseases. They provide a valuable resource for
researchers and practitioners, enabling the development and
benchmarking of models without the necessity for costly and
time-consuming data collection processes.

Dataset

Training Dataset

Class Labels

Filter Dataset

ll“

Validation Dataset

Class Labels

Bounding Boxes

Training

EfficientNet

MobileNet

‘l ResNet -
ShuffleNet

Models Selection

Explainability

GradCAM++

GradCAM

HiresCAM

GradCAMElementWise
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A

XGradCAM
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EigenGradCAM

RandomCAM

T

Figure 1. The flowchart of this study.
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To generate an explainability score, a ground truth is needed,
so a dataset labelled with bounding boxes was used. The
FieldPlant [22] dataset was used in this study due to its
inclusion of plant disease images sourced directly from fields,
accompanied by manual annotations added to individual leaves
within each image, overseen by plant pathologists. Field Plant
originally includes 8629 individually annotated leaves
spanning 27 disease classes. The impact of class imbalance on
model training was reduced by filtering out classes with very
few representations in the existing dataset. Accordingly, classes
with fewer than 50 examples were excluded from the study.
Thirteen different classes with 50 or more samples were
utilized: cassava brown leaf spot, cassava healthy, cassava
mosaic, cassava root rot, corn brown spots, corn healthy, corn
streak, corn stripe, corn yellowing, corn leaf blight, tomato
brown spots, tomato blight leaf, and tomato leaf yellow virus.
Figure 2 presents randomly selected example images for these
classes. For each class, three images are shown that depict
various health issues and disease symptoms.

The data for the classification process was divided into training
and validation sets using a random stratified split to ensure
class balance. Specifically, 80% of the data was allocated for
training, while the remaining 20% was reserved for validation.
The training dataset includes class labels, which are essential
for teaching the model to recognize different classes. In
contrast, the validation dataset contains both class labels and
bounding boxes. This distinction is crucial as it allows for a
comprehensive evaluation of the model's performance. While
the class labels enable assessment of classification accuracy, the
inclusion of bounding boxes facilitates evaluation of the
model's localization capabilities. This dual evaluation approach
ensures that the model is not only accurate in identifying
classes but also proficient in accurately locating the objects
within those classes.

3.2 Deep learning models

CNN is a DL architecture designed specifically for processing
structured grid data such as images. Their hierarchical

structure of convolutional and pooling layers allows them to
learn spatial hierarchies in data, making them powerful for a
variety of tasks in computer vision. The development of various
CNN architectures has enabled more efficient, deeper, and
accurate models suitable for diverse applications, from mobile
devices to large-scale image classification tasks [23].

There are several types of CNN architecture, each designed to
address specific challenges or improve performance. To classify
plant diseases, four DL models utilizing CNN architecture were
employed: EfficientNet, MobileNet, ResNet, and ShuffleNet.
These models were selected for their proven effectiveness,
diverse designs, and balanced trade-offs between accuracy and
computational efficiency. EfficientNet [24] is designed to
achieve superior performance by utilizing a compound scaling
method, which carefully balances network depth, width, and
resolution, thus improving accuracy while maintaining
efficiency in terms of model size and computational cost.
MobileNet [25] uses depthwise separable convolutions, a
technique that splits the standard convolution operation into
two lighter operations, drastically reducing computational
complexity while still allowing the model to capture intricate
features. ResNet [26] introduced the concept of residual
learning, where shortcut connections are added between
layers, allowing gradients to flow more easily during
backpropagation. This helps address the vanishing gradient
problem and facilitates the training of very deep neural
networks. ShuffleNet [27] employs pointwise group
convolution and channel shuffle operations to reduce
computation cost while maintaining accuracy.

All models were trained on the training set using the
MMPreTrain  [28] framework. The hyperparameter
configurations used for the models are as provided in Table 2.
This paper does not aim to demonstrate superior classification
success but rather to provide a localization evaluation of CAM-
based explainability techniques. Consequently, extensive
hyperparameter optimization was not conducted for the DL
architectures. They were executed with default model training
settings, except those specified in the table.

Ginszareat Bruwn | oal Syl Cimssaras Lz Jog s N ¢ . ol Gum Bpwn Sool Gum ety

Figure 2. Representative images from the FieldPlant.

Table 2. The hyperparameter configurations.

Model Backbone Optimizer Learning Rate Augmentation Batch Size  Epoch Number
EfficientNet EfficientNet BO AdamW .
MobileNet MobileNetV2 AdamW 0.001 Randosr}rlll]gtrsiciltil}:z%t:ntrast 16 50
ResNet ResNet 101 SGD ' i
ShuffleNet ShuffleNetV1 AdamW naomeip
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3.3 Explainability

Explainability refers to the ability to interpret and understand
the decision-making processes of DL models. Various types of
explainability methods exist, including those that assign
importance scores to input features indicating their
contributions to the model's output, approximate the model
locally with a simpler surrogate model, or generate rules that
describe the model's behavior. CAM is a technique used in DL,
particularly in CNNs, to identify and visualize the regions of an
input image that are most relevant for predicting a specific
class. CAM helps to understand which parts of the image
contribute most to the model's decision, thereby providing
interpretability to otherwise black-box models.

In this study, nine distinct CAM-based methods were employed:
GradCAM, GradCAM++, HiResCAM, GradCAMElementWise,
XGradCAM, LayerCAM, EigenCAM, EigenGradCAM, and
RandomCAM. Grad-CAM operates by computing the gradients
of the predicted class with respect to the feature maps of the
final convolutional layer [29]. The gradients are averaged to
obtain weights for each feature map channel, which are used to
create a weighted sum of the feature maps. After applying a
ReLU to retain positive contributions, the resulting heatmap
highlights the image regions most influential in the model's
decision.

To formalize this process mathematically, let us consider how
Grad-CAM computes its visual explanations. Given an input
image, the CNN generates feature maps A* from a
convolutional layer. These feature maps are used to compute
the score y° for the target class c. Firstly, the gradients of the
score y° with respect to the feature maps A* are computed.
These gradients indicate the importance of each feature map
for the target class. Eq. (1) represents the gradient of the score
for class ¢ with respect to the (i,j)-th element of the k -th
feature map. The gradients are then globally averaged over the
spatial dimensions to obtain the importance weights af for
each feature map k. Z is the number of pixels in the feature map.
The importance weights af are then used to perform a
weighted sum of the forward activation maps A*. The ReLU
function is applied to the result to ensure that only the positive
influences on the class score are considered. This produces the
final GradCAM heatmap L,.,qc4n, Which highlights the regions
in the input image that are most relevant for predicting class c.

ay°¢
YT 1)
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GradCAM++ is an enhanced version of GradCAM that seeks to
overcome key limitations of the original method, particularly in
accurately localizing features and dealing with multiple
instances of the same class within an image [30]. HiResCAM
takes a different approach by performing an element-wise
multiplication of activations and gradients.
GradCAMElementWise also conducts element-wise
multiplication of activations with gradients, followed by a ReLU
operation before summation. XGradCAM scales the gradients

using normalized activations, effectively weighting the
gradients by the relative importance of activation patterns.
ScoreCAM departs from gradient-based methods by adopting a
perturbation-based strategy. It generates importance maps by
masking the input image with scaled activation maps and
measuring the drop in the output score for the target class [31].
EigenCAM extracts the first principal component of the 2D
activations, revealing overall feature importance regardless of
class discrimination [32]. EigenGradCAM builds upon the
principles of EigenCAM but reintroduces class-specific
gradients to infuse the resulting activation maps with
discriminative information. RandomCAM generates CAMs with
random uniform values within a specified range for spatial
activations, providing a baseline for comparison.

When generating explainability maps, the latest convolution
block of each model was utilized. This choice is crucial, as the
final convolutional layers often capture the most abstract and
representative features relevant to classification tasks.
According to MMPreTrain model summary, for EfficientNet
Layer 6, for MobileNet the final convolution block (conv2), for
ResNet Layer 4, and for ShuffleNet the average of convolution
and batch normalization layers belonging to Layer 2.3 were
employed.

Z Lii.j)ebbox

Proportion =

4)
2 LG pebvox T L Lii jyebbox

Bounding boxes serve as crucial components in training object
detection algorithms, particularly those designed to ascertain
the precise locations of objects within images. In this study,
bounding boxes were used as a key element in the evaluation of
explainability. Explainability maps were used to derive
localization evaluation results based on bounding boxes in the
validation set from an energy-based perspective. Instead of
solely focusing on the maximum point, the amount of energy
from the saliency map that overlaps with the bounding box of
the target object [31] was considered shown in Eq. (4).

4 Results

The performance of the deep learning models and the
effectiveness of the explainability methods are assessed using
both benchmark classification results and localization
evaluations. Firstly, the classification performance of each
model is examined to ensure a fair basis for comparison. To
compare the classification results, precision, recall and f1-score
of each model were used. Given that the plant disease detection
problem under consideration is a multi-class classification, the
macro fl-score, computed by averaging the fl-scores of all
classes, was employed for evaluation. As shown in Table 3,
ResNet exhibited the highest recall and fl-score among the
models, indicating its superior ability to correctly classify
positive samples and maintain a balance between precision and
recall.

Table 3. Classification results.

Model precision recall macro fl-score
EfficientNet 90.90 88.36 89.17
Mobilenet 82.48 77.21 78.55

ResNet 89.29 91.32 90.15
ShuffleNet 88.68 88.67 88.20

EfficientNet also performed well, particularly in terms of
precision, suggesting its effectiveness in minimizing false
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positives. While ShuffleNet produced results close to those of
previous models, Mobilenet lagged slightly behind in all
metrics.

The training loss and validation f1-scores for the deep learning
models over fifty epochs are provided to observe the learning
progression of the models and their ability to generalize to new
data. In Figure 3(a), the training loss for all models
demonstrates a general downward trend, indicating effective
learning. However, variations in stability and convergence
rates are observed. ResNet exhibits the smoothest decline in
loss, with consistent learning over time and a low final loss
value. EfficientNet shows a slightly more fluctuating loss curve
compared to ResNet, indicating some instability in the training
process. ShuffleNet struggles with maintaining consistent
learning and optimization. In Figure 3(b) presents the
validation f1-scores, highlighting the generalization capabilities
of the models. ResNet consistently outperforms the other
models. EfficientNet also performs well, with a steady increase
in fl-score, closely trailing ResNet. ShuffleNet maintains
competitive performance, slightly below EfficientNet.
MobileNet has not produced satisfactory results, as evidenced
by its high training loss and low validation F1-scores, both of
which indicate suboptimal model performance and poor
convergence. Despite its weaker performance, MobileNet was
deliberately included in the analysis to provide a comparative
baseline and to examine how explainability methods behave
when applied to a relatively underperforming model.

The localization-based explainability proportions of the models
for each class are given in Table 4-7. The mean of the nine
different explainability localization evaluations produced by
each deep learning architecture for each disease class is given
in italics in the tables for the highest value. The highest mean
localization proportion produced by any deep learning

lo:

Model
— efficientnet
mobilenet
resnet101
--= shufflenet

fl-score

epoch

Maodel
— efficientnet
mabilenet
resnet101
-= shufflenet

(a)

Figure 3(a): Training loss and (b): Validation f1-scores of

architecture for each disease class is given in bold in the tables. models.
Table 4. EfficientNet explainability localization evaluation.
g =
5 © T g = a 25 L%D S
cassava brown leaf spot 0.81 0.79 0.82 0.79 0.64 0.81 0.79 0.86 0.71 0.78
cassava healthy 0.69 0.59 0.69 0.65 0.61 0.66 0.64 0.68 0.58 0.64
cassava mosaic 0.73 0.66 0.75 0.69 0.54 0.71 0.68 0.75 0.59 0.68
cassava root rot 0.65 0.49 0.64 0.63 0.45 0.66 0.62 0.74 0.51 0.60
corn brown spots 0.56 0.57 0.60 0.56 0.45 0.58 0.54 0.63 0.48 0.55
corn healthy 0.69 0.69 0.61 0.68 0.70 0.68 0.72 0.65 0.71 0.68
corn streak 0.74 0.72 0.76 0.68 0.58 0.69 0.65 0.74 0.57 0.68
corn stripe 0.74 0.76 0.76 0.72 0.69 0.73 0.71 0.79 0.70 0.73
corn yellowing 0.57 0.60 0.66 0.53 0.33 0.55 0.46 0.63 0.42 0.53
corn leaf blight 0.68 0.63 0.71 0.63 0.53 0.65 0.60 0.72 0.56 0.64
tomato brown spots 0.51 0.47 0.56 0.50 0.26 0.53 0.44 0.65 0.36 0.48
tomato blight leaf 0.58 0.48 0.59 0.55 0.42 0.57 0.52 0.59 0.45 0.53
tomato leaf yellow virus 0.66 0.61 0.79 0.62 0.44 0.66 0.56 0.90 0.43 0.63
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Table 5. MobileNet explainability localization evaluation.
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cassava brown leaf spot 0.84 0.78 0.82 0.82 0.77 0.84 091 0.80 0.74 0.81
cassava healthy 0.74 0.72 0.73 0.72 0.67 0.73 0.74 0.71 0.61 0.71
cassava mosaic 0.71 0.69 0.69 0.71 0.68 0.72 0.79 0.68 0.63 0.70
cassava root rot 0.56 0.51 0.51 0.53 0.60 0.54 0.63 0.45 0.42 0.53
corn brown spots 0.70 0.64 0.64 0.62 0.59 0.64 0.72 0.64 0.56 0.64
corn healthy 0.76 0.72 0.81 0.75 0.73 0.79 0.71 0.73 0.64 0.74
corn streak 0.71 0.77 0.77 0.73 0.71 0.75 0.80 0.80 0.63 0.74
corn stripe 0.92 0.87 0.87 0.84 0.80 0.87 0.94 0.91 0.74 0.86
corn yellowing 0.53 0.53 0.49 0.49 0.49 0.51 0.63 0.51 0.46 0.52
corn leaf blight 0.72 0.67 0.68 0.65 0.64 0.67 0.75 0.66 0.58 0.67
tomato brown spots 0.46 0.42 0.49 0.51 0.43 0.50 0.56 0.69 0.40 0.50
tomato blight leaf 0.56 0.51 0.51 0.56 0.51 0.55 0.67 0.66 0.51 0.56
tomato leaf yellow virus 0.52 0.47 0.45 0.54 0.50 0.51 0.79 0.70 0.43 0.54
Table 6. ResNet explainability localization evaluation.
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cassava brown leaf spot 0.86 0.85 0.85 0.84 0.80 0.85 0.89 0.89 0.74 0.84
cassava healthy 0.74 0.74 0.74 0.73 0.69 0.73 0.72 0.78 0.65 0.72
cassava mosaic 0.78 0.77 0.76 0.75 0.68 0.75 0.81 0.84 0.62 0.75
cassava root rot 0.64 0.63 0.64 0.63 0.59 0.63 0.68 0.75 0.56 0.64
corn brown spots 0.65 0.64 0.64 0.63 0.61 0.64 0.69 0.71 0.54 0.64
corn healthy 0.85 0.85 0.85 0.81 0.76 0.83 0.83 0.89 0.68 0.82
corn streak 0.77 0.77 0.77 0.75 0.73 0.75 0.82 0.82 0.66 0.76
corn stripe 0.87 0.86 0.86 0.84 0.81 0.85 0.91 0.92 0.74 0.85
corn yellowing 0.55 0.55 0.55 0.53 0.50 0.54 0.60 0.65 0.44 0.55
corn leaf blight 0.72 0.72 0.71 0.69 0.64 0.70 0.78 0.79 0.59 0.70
tomato brown spots 0.51 0.51 0.51 0.49 0.43 0.50 0.65 0.65 0.39 0.52
tomato blight leaf 0.64 0.64 0.64 0.62 0.56 0.63 0.78 0.77 0.48 0.64
tomato leaf yellow virus 0.68 0.67 0.69 0.66 0.53 0.67 0.86 0.86 0.53 0.68
Table 7. ShuffleNet explainability localization evaluation.
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cassava brown leaf spot 0.66 0.76 0.72 0.76 0.76 0.74 0.81 0.78 0.73 0.75
cassava healthy 0.56 0.67 0.63 0.63 0.61 0.59 0.75 0.68 0.64 0.64
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Table 7. Continued.

¥ E =

S s =~ - = 2 @2
cassava mosaic 0.57 0.62 0.64 0.65 0.65 0.65 0.71 0.72 0.63 0.65
cassava root rot 0.46 0.55 0.51 0.52 0.49 0.51 0.49 0.49 0.42 0.49
corn brown spots 0.49 0.50 0.52 0.54 0.52 0.57 0.44 0.55 0.49 0.51
corn healthy 0.61 0.57 0.57 0.61 0.60 0.56 0.67 0.74 0.66 0.62
corn streak 0.62 0.70 0.65 0.65 0.58 0.73 0.53 0.70 0.61 0.64
corn stripe 0.67 0.71 0.65 0.69 0.70 0.70 0.72 0.72 0.70 0.70
corn yellowing 0.34 0.32 0.37 0.45 0.41 0.41 0.50 0.57 0.44 0.42
corn leaf blight 0.54 0.54 0.56 0.59 0.56 0.60 0.54 0.57 0.57 0.56
tomato brown spots 0.35 0.43 0.44 0.56 0.41 0.63 0.48 0.76 0.38 0.49
tomato blight leaf 0.42 0.48 0.52 0.53 0.42 0.58 0.39 0.55 0.40 0.48
tomato leaf yellow virus 0.42 0.57 0.70 0.66 0.50 0.76 0.40 0.75 0.42 0.57

EfficientNet demonstrates the highest mean localization
proportion for cassava brown leaf spot at 0.78, while tomato
brown spots exhibit the lowest proportion at 0.48. For
MobileNet, the class with the highest average localization
proportion is corn stripe with 0.86, whereas the lowest
proportion is observed for tomato brown spots with 0.50.
ResNet shows the highest average localization proportion of
0.85 for corn stripe, while tomato brown spots have the lowest
proportion at 0.52. ShuffleNet achieves the highest average
localization proportion of 0.75 for cassava brown leaf spot,
while corn yellowing exhibits the lowest proportion of 0.42.
ResNet has the highest average localization proportions across
all explainability techniques for all classes except corn stripe,
with MobileNet leading in this specific class. This indicates that
ResNet consistently outperforms other models in terms of the
quality of explanations generated by various CAM-based
techniques. EfficientNet also tends to produce consistent and
high localization accuracy across most disease classes. Finally,
ShuffleNet exhibits the lowest localization performance overall,
facing particular challenges in certain disease classes. This
suggests that it may require further optimization to improve.

Additionally, evaluating explainability alongside classification
performance shows that high accuracy does not necessarily
imply high explainability. For instance, although EfficientNet
demonstrates strong classification capabilities, its localization
proportions are relatively low. Conversely, MobileNet, which
exhibits the lowest classification performance among the
models, does not produce the lowest localization proportions.

The localization proportions produced by each explainability
technique vary depending on the model and class. EigenCAM
and EigenGradCAM consistently yield high values, with the
highest localization proportion achieved by MobileNet on the
corn stripe class, reaching 94% using EigenCAM. On the other
hand, XGradCAM and RandomCAM produce lower values. The
lowest localization proportion was observed with EfficientNet
on the tomato brown spots class, achieving only 26% with
XGradCAM. This variation suggests that some techniques are
more effective at accurately highlighting relevant regions
within images, regardless of the model or class. These results

demonstrate the potential of these techniques as valuable tools
for enhancing the interpretability of deep learning models in
various classification tasks.

Explainability maps of randomly selected images from classes

with the highest and lowest localization evaluation proportions
for each model are shown in Figure 4 and Figure 5.

EfficientNet MobileNet ResNet ShuffleNet
A
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GradCAM++ ;
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Figure 4. Explainability maps for the classes where the models
show the highest localization evaluation proportion.
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Figure 5. Explainability maps for the classes where the models
showed the lowest success localization evaluation proportion.

These figures highlight the regions of interest identified by each
model during predictions. The following outcomes emerged
from evaluating these images based on their localization
proportions.

v" Deep learning models capture the colors and textures of
lesions associated with particular diseases during
classification, mirroring human decision-making
processes.

v' The larger area of the bounding box results in features
extracted for classification originating from a broader
visual area (Figure 4(a), Figure 4(b), Figure 4(d)).
Consequently, this leads to a high proportion for the
respective class. For example, when most of the image
comprises plants belonging to the specific anomaly, it
contributes to the higher proportion.

v' Asseen in Figure 4(c), the high proportion is also related
to the robustness of the model. Extracting features from
the correct area in classification ensures a high
proportion. When the model accurately focuses on the
diseased parts of the plant, it demonstrates its reliability
and robustness in disease detection, which is crucial for
practical applications in agriculture.

v' When features are extracted from inappropriate regions
in classification, possibly due to bias, it results in a lower
proportion (Figure 5(b)). For instance, the model may
focus on the background or other plants rather than the
anomaly present in the target plant. This misdirection
results in inaccurate classifications and diminished
model performance.

v" Models may generate poor explainability proportion due
to the presence of characteristic features of the relevant
class scattered across multiple areas in the image
(indicated by multiple bounding boxes, Figure 5(a)). In
such instances, while features extracted from a smaller
area might be adequate for classification, the abundance
of ground truth areas could lead to a decrease in the
proportion. For instance, if anomalies are present in
three different leaves of a plant, the model might classify
them using only the features extracted from a single leaf.
This highlights the challenge of ensuring that all relevant
features are considered for accurate classification.

v' The explainability proportion is adversely impacted
when essential features required for classification are
localized within a small area (indicated by multiple small
bounding boxes, Figure 5(d)). In such scenarios, the
model encounters difficulties in decision-making, as it
grapples with identifying the relevant regions, thus
compromising its robustness. For instance, this occurs
when an anomaly in a plant is confined to a tiny portion
of a leaf. The struggle of model to focus on such small, yet
critical areas, results in lower proportions.

v Finally, as observed in the example shown in Figure 5(c),
even if the necessary features for the classifier are
extracted from the correct area, the proportion may still
be low if the ground truth area is a subset of this larger
area. For example, extracting features from the entire leaf
for an anomaly located in a smaller area of the leaf. This
issue underscores the importance of precise localization
in feature extraction to ensure high explainability
proportions and accurate disease detection.

Overall, the size of the bounding box significantly influences the
explainability proportion-larger bounding boxes typically yield
higher proportions because they encompass more relevant
visual features, especially when the majority of the image
depicts the anomaly. High localization proportions also indicate
model robustness, as seen when the model focuses accurately
on the diseased areas, reinforcing its reliability in real-world
agricultural scenarios. Conversely, when the model extracts
features from irrelevant regions-due to bias or misdirection-
the proportion drops, leading to misclassifications. In some
cases, scattered anomaly features across the image lower
explainability even if the classification is correct, because the
model may only use a subset of the relevant information.
Similarly, when anomalies are confined to very small regions,
the model struggles to correctly identify and extract features,
negatively impacting both the proportion and robustness.
Lastly, even when correct areas are targeted, if the model uses
a larger-than-necessary region, explainability suffers,
emphasizing the need for precise localization.

Although the explanations provide valuable insights, it is
important to note that their reliability is inherently tied to the
performance of the underlying model. Inaccurate or low-
performing models may generate explanations that suggest
correlations or reasoning patterns that do not align with the
actual data. In such cases, it is essential to ensure that the model
is neither overfitting nor underfitting. An overfitted model may
perform well on training data but fail to generalize, leading to
explanations valid only in a narrow context. Conversely, an
underfitted model may miss key patterns, resulting in overly
simplistic or inaccurate explanations.
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5 Conclusions

By leveraging vast amounts of data, DL models can accurately
identify and classify a wide range of plant diseases, often
surpassing traditional methods in speed and accuracy.
However, evaluating the effectiveness of these models reveals
that relying solely on classification performance is insufficient.
This limitation arises from the varied data used for model
training, which is collected from different devices like
smartphones and cameras under inconsistent environmental
conditions. The lack of standardization in real-world scenarios
leads to disparities in lighting, zoom levels, resolutions, and
other factors, introducing biases into the dataset. Consequently,
models trained on such biased datasets inherently reflect these
biases, ultimately limiting their ability to generalize well to
unseen data.

In this paper, the evaluation was expanded beyond
conventional classification metrics. In addition to assessing the
models based on their classification performance, CAM-based
explainability scores were also employed. This process involves
comparing the explainability maps against the ground truth
provided by the bounding boxes in the validation dataset to
assess how accurately the models can localize the areas of
interest related to plant diseases. By analyzing the localization
proportions, it becomes possible to not only assess the accuracy
and reliability of the models' predictions but also to uncover
flaws or limitations within the dataset itself. This dual
evaluation process provides a comprehensive understanding of
the model performance and highlights areas where the dataset
may need improvement. Potential improvements may
encompass enriching data collection methodologies through
the inclusion of more diverse samples, ensuring uniformity in
imaging and labeling conditions for consistency, and
implementing cutting-edge preprocessing techniques to
further elevate dataset quality.

This paper highlights the critical importance of incorporating
explainability metrics into the evaluation framework for DL
models. Doing so offers transparent insight into the decision-
making mechanisms of the model, thereby enhancing trust and
understanding among stakeholders regarding the results. This
transparency enables farmers and agronomists to make
informed adjustments based on their knowledge and local
conditions. Moreover, decisions based on model predictions
can have far-reaching consequences. From optimizing crop
yields to minimizing pesticide usage and conserving water
resources, the impact of these decisions extends beyond
individual farms to broader environmental and socio-economic
landscapes. Therefore, ensuring the transparency and
interpretability of deep learning models becomes imperative
for fostering responsible and sustainable agricultural practices.

The proposed approach not only streamlines the identification
of potential biases and errors in the detection process but also
fosters a deeper investigation into how these issues affect
model performance.
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0z

Bu ¢alisma, RISC-V tabanli bir System-on-Chip (SoC) tasariminin FPGA
lizerinde prototipleme siirecini ve bu stirecte entegre edilen ¢ip listii
hata ayiklama modiiliinii ele almaktadir. FPGA prototipleme, sayisal
tasartmlarin donanim seviyesinde degerlendirilmesi amaciyla FPGA
lizerinde uygulanmasi ve test edilmesi stirecidir. Calismada, Raspberry
Pi ve OpenOCD kullanilarak JTAG araciligiyla gergeklestirilen hata
ayiklama iglemleri, SoC'nin ¢esitli fonksiyonlarini ve performansini
etkin bir sekilde test etmek icin kritik bir adim olarak
vurgulanmaktadir. Bu yaklasim, gelistirme siirecinde maliyetleri
diistirmeye ve pazara sunma stiresini kisaltmaya katkida bulunurken,
tasarimin son silikon versiyonuna geciste karsilasilacak riskleri
azaltmaktadir. SoC tasarimi, FPGA iizerinde calistirilarak fonksiyonel
dogrulama kapsaminda c¢esitli testlere tabi tutulmus ve bagarili
sonuclar elde edilmistir. Fonksiyonel dogrulama, bir sayisal tasarimin
beklenen davraniglart sergileyip sergilemedigini kontrol etmek icin
uygulanan kritik bir test asamasidir. Kayan nokta birimi testi
kapsaminda sintis fonksiyonu uygulanarak siniis degerleri hesaplanmis
ve birimin dogru ¢alistigi dogrulanmigstir. 12C gevre birimi testinde, bir
sensor baglanarak sensorden elde edilen verilerin dogru sekilde alindigi
ve islendigi tespit edilmistir. Bit manipulation testi, RISC-V bit
manipiilasyon komutlarinin dogru ¢alistigini géstermistir. FreeRTOS
uygulamasinda, gérev zamanlamasi, kesmeler ve kaynak yénetimi
basariyla gergeklestirilmis ve sistemin coklu gorev yiiriitme sirasinda
hatasiz ¢alistigt dogrulanmistir. Atomik islemler ile CSR (Control and
Status Registers) birimlerinin dogru isleyisi degerlendirilmis ve
beklendigi gibi calistigi dogrulanmistir. Bunun yani sira, islemcinin
performanst CoreMark ve Dhrystone kiyaslamalart kullanilarak
degerlendirilmistir. CoreMark testinde islemci, 41.97 iterasyon/saniye
(600 iterasyon) skoruna ulasmis ve CoreMark/MHz degeri 2.51 olarak
hesaplanmistir.  Dhrystone kiyaslamasinda ise islemci, 70,582
Dhrystone/saniye performans sergilemistir. Her bir bilesenin
implementasyonu ve ilgili test tezgdhlart Verilog HDL ile yazilmis olup,
tasartm Terasic Del0-Lite FPGA lizerinde uygulanmigtir.

Anahtar kelimeler: RISC-V islemci, FPGA, Hata ayiklama, Cip tstii
sistem.

Abstract

This paper presents the FPGA prototyping process of a RISC-V based
System-on-Chip (SoC) design and the on-chip debug module integrated
in this process. FPGA prototyping is the process of implementing and
testing digital designs on an FPGA for hardware-level evaluation. In the
study, debugging operations performed via JTAG using Raspberry Pi and
OpenOCD are highlighted as a critical step to effectively test the various
functions and performance of the SoC. This approach contributes to
reducing costs in the development process and shortening time-to-
market, while reducing the risks involved in the transition to the final
silicon version of the design. The SoC design was executed on FPGA and
subjected to various tests within the scope of functional verification and
successful results were obtained. Functional verification is a critical
testing phase to check whether a digital design exhibits the expected
behavior. Within the scope of the floating-point unit test, sine values
were calculated by applying the sine function and the correct operation
of the unit was verified. In the I2C peripheral test, a sensor was
connected, and it was determined that the data obtained from the
sensor was received and processed correctly. The bit manipulation test
showed that the RISC-V bit manipulation instructions worked correctly.
In the FreeRTOS implementation, task scheduling, interrupts, and
resource management were successfully implemented, and the system
was verified to be error-free during multitasking. The correct operation
of atomic operations and CSR (Control and Status Registers) was
evaluated and verified to work as expected. In addition, the
performance of the processor was evaluated using CoreMark and
Dhrystone benchmarks. In the CoreMark test, the processor achieved a
score of 41.97 iterations/second (600 iterations) and the
CoreMark/MHz value was calculated as 2.51. In the Dhrystone
benchmark, the processor performed 70.582 Dhrystones/second. The
implementation of each component and the corresponding testbenches
were written in Verilog HDL and the design was implemented on a
Terasic Del0-Lite FPGA.

Keywords: RISC-V processor, FPGA, Debug, System on chip.

1 Giris
GOmiilii sistem tasarim siirecinde hatalarin erken asamalarda
tespit edilmesi, gelistirme stirecini kisaltarak iriiniin piyasaya
sliriilme siiresini dnemli 6l¢iide azaltmaktadir. Geleneksel hata
ayiklama yontemlerinden biri, tasarimin simiilasyon

*Yazisilan yazar/Corresponding author

araciligiyla dogrulandig1r on-silikon dogrulama siirecidir. Bu
slirecte giris-¢ikis portlarina ve hatta i¢ sinyallere dahi erisim
saglanabildiginden, hatalar kolaylikla belirlenip
diizeltilebilmektedir. Ancak simiilasyonlar, her zaman gercek
donanim  kosullarini  yeterince yansitmayabilmektedir.
Ozellikle karmasik sistemlerde  simiilasyona dayali
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dogrulamanin yetersiz kalabilecegi durumlarda, o6n-silikon
dogrulama siirecinin bir parcasi olarak FPGA prototipleme
kullanilmaktadir [1]. FPGA prototipleme, ASIC (Application-
Specific Integrated Circuit), ASSP (Application-Specific
Standard Product) ve SoC (System on Chip) gibi 6zellestirilmis
¢ip tasarimlarinin gelistirilmesinde kritik bir role sahiptir. Bu
yontem, tasarimlarin fiziksel bir silikon ¢ip iiretilmesinden
once FPGA iizerinde uygulanarak dogrulanmasina ve test
edilmesine olanak saglamaktadir [2]. Bu dogrultuda, ¢ip tsti
hata ayiklama modiilleri FPGA prototipleme sirasinda
islemcinin i¢ durumunu izleme ve kontrol etme imkani
sunmaktadir [3].

RISC-V, acik kaynakli bir islemci mimarisi olarak, donanim
tasariminda modiilerlik ve o6zellestirme imkanlar1 sunarak
teknoloji diinyasinda énemli bir yer edinmistir. Bu mimari,
Berkeley'deki California Universitesi'nde baglatilan bir proje
olup, islemci tasarimi ve gelistirilmesi siireclerini daha
erisilebilir hale getirmeyi ama¢lamaktadir [4]. RISC-V'nin temel
avantajlarindan biri, lisans ticreti gerektirmemesi ve kaynak
kodlarinin herkese agik olmasidir. Bu 6zellikler, akademik ve
ticari kullanimlar i¢in ideal bir platform saglamaktadir [5].

RISC-V Instruction Set Architecture (ISA), bu mimari tarafindan
tanimlanan komut setidir [6]. ISA, yazilimin donanim tlizerinde
nasil calistirilacagini belirleyen temel komutlar ve protokoller
biitiintdiir. RISC-V ISA, temel tamsayi islemleri (RV32I, RV64I
gibi) saglamanin yani sira, c¢esitli islem tirleri icin ek
genisletmeler sunmaktadir. Bu genisletmeler arasinda
matematik islemler, glivenlik islevleri, sanallagtirma destegi ve
cok daha fazlasi bulunmaktadir. Ozellikle bu calismada
odaklanilan  RISC-V 32 (RV32IMAFBC_Zicsr_Zifencei)
konfigiirasyonu, genis bir islevsellik yelpazesi sunmaktadir. Bu
konfigiirasyon; tamsayr matematik islemleri (I), carpma ve
bolme (M), tek ve cift duyarlikli kayan nokta islemleri (F), bit
maiplisasyon islemleri (B), atomik islemler (A), sikistirilmis
komutlar (C), islemci durum kayitlarini yénetme (Zicsr) ve
siralama engelleri (Zifencei) gibi 6zellikleri icermektedir.

Bu genis yetenek seti, RISC-V ISA'min c¢esitli teknoloji
alanlarinda yenilik¢i ¢ézilimler sunmasim saglamaktadir [7].
Ozellikle yiiksek performansh bilgi islem (HPC) icin, Wang ve
dig. tarafindan onerilen Extended Base Global Address Space
(xBGAS) genislemesi gibi 6zel genisletmeler, diigiimler arasi
baglantilarla  ilgili ~ yazihm  maliyetlerini  azaltmay:
amagclamaktadir [8]. Sanallastirma teknolojisinde, Chen ve dig.
tarafindan  gelistirilen DuVisor, kullanici seviyesinde
sanallastirma islemlerini ¢ekirdege sikismadan ydnetebilmenin
yollarin1 arastirmaktadir [9]. Elsabbagh ve arkadaslar
tarafindan gelistirilen Vortex genel amac¢h GPU'su, RISC-V
tabanli SIMT (Single Instruction, Multiple Threads) yiiriitme
modelini destekleyecek yeni komutlar sunarak, RISC-V'nin
grafik hesaplama yeteneklerini artirarak multimedya
uygulamalari i¢in daha etkili ¢6ziimler saglamaktadir [10].

RISC-V, agik hata ayiklama standardi olan RISC-V Debug
Specification ile donatilmistir [11]. Bu spesifikasyon,
islemcilerin hata ayiklama arayiizlerini ve islevlerini
tanimlayarak hata ayiklama siireclerinin standartlastirilmasina
olanak tamimaktadir. Ayrica, gelistiricilere sistemin i¢
durumlarin izleme, hata ayiklama komutlarin iletebilme ve
islemci lzerinde kontrol saglama gibi imkanlar sunmaktadir
[12].

Bu calismada incelenen RISC-V tabanli SoC'ye entegre edilen
¢ip Ulstli hata ayiklama modiili, islemcinin i¢ sinyallerini ve
durumlarini dis bir cihazdan izlemeyi miimkiin kilmaktadir.

Donanim ve yazilim arasinda baglanti kurarak hata ayiklama
verilerine  erisim  saglamak icin JTAG standardi
kullanilmaktadir [13]. IEEE 1149.1 standardina dayali bu
arayliz, elektronik sistemlerin giivenilirligini ve islevini
saglamak i¢in gerekli olan cihaz programlama, teshis ve baskili
devre kartlarinin test edilmesine olanak tanimaktadir [14].

Bu entegrasyon, isletim sistemi destegi gerektirmeyen bare-
metal sistemlerde hata ayiklama islemlerini daha verimli hale
getirmektedir [15]. Bare-metal sistemler, bir bilgisayar veya
gomiilii sistemde isletim sistemi katmani olmaksizin, donanim
izerinde dogrudan ¢alisan yazilimlari ifade etmektedir. Cogu
zaman, gercek zamanl performans gereksinimleri nedeniyle
islemcinin ¢alismasinin durdurulmasi miimkiin olmadig! igin,
islemcinin i¢ durumunun gercek zamanli olarak izlenmesi
bliylik dnem tasimaktadir. Gergeklestirilen gercek zamanh
izleme yontemi, islemcinin belirli sinyallerini ve islem akigini
kesintisiz olarak gozlemlemeyi saglamaktadir. OpenOCD (Open
On-Chip Debugger), gémiilii hedef cihazlar i¢in hata ayiklama,
sistem i¢i programlama ve sinir tarama (boundary scan) testi
saglayan agik kaynakl bir aragtir [16]. Bir ana bilgisayar ile
hedef cihazdaki JTAG arayiizii arasinda bir képrii goérevi
gormektedir ve gelistiricilerin iiriin yazilimlarini dogrudan
gelistirdikleri donanim {izerinde dagitmalarina ve hata
ayiklamalarina olanak tanmimaktadir. OpenOCD ¢ok cesitli
gelistirme Kkartlarm1 ve hata ayiklama protokollerini
desteklemektedir, bu da onu ¢ok cesitli donanim gelistirme
gorevleri icin ¢ok yonlii bir ara¢ haline getirmektedir.
Raspberry Pi bu calismada hata ayiklama ana bilgisayari olarak
islev gorerek OpenOCD araciligiyla JTAG tizerinden SoC ile
iletisim kurmaktadir. Shan Gao ve arkadaslar1 tarafindan
sunulan calismada, RISC-V islemcisi lizerine kurulu bir hizl
yerinde hata ayiklama tasarimi gelistirilmistir; bu tasarim JTAG
arayiizl kullanilarak yapilmistir [17]. Onur Toker tarafindan
sunulan ¢alismada ise, Vivado yiiksek seviye sentez (HLS) araci
kullanilarak RISC-V RV32I tabanli bir sistem-iizeri-¢cip (SoC)
tasarim yaklasimi gelistirilmistir ve diisiik maliyetli bir FPGA
kart1 lizerinde test edilmistir [18].

Bu c¢alisma, ozellikle karmasik sistemlerde geleneksel
simiilasyona dayali dogrulama ydntemlerinin yetersiz kaldig
durumlar1 ele almaktadir. Gelismis SoC tasarimlarinda hata
ayiklama ve dogrulama siireglerinde yeterince etkili olamayan
bu yoéntemlerin yerine, 6n-silikon dogrulama siirecinin bir
pargasi olarak FPGA prototipleme 6nerilmektedir. Bu ¢6ziim,
gercek donanim kosullarinda kapsamli testler saglayarak daha
etkin bir dogrulama ve hata ayiklama imkéani sunmaktadir.
RISC-V  tabanli  SoC'nin ¢esitli  fonksiyonlarinin  ve
performansinin Raspberry Pi ve OpenOCD aracihigiyla JTAG
izerinden gercgeklestirilen hata ayiklama islemleri sayesinde
etkin bir sekilde test edilmesine olanak tanimaktadir.
Calismanin geri kalan boéliimii, FPGA tabanli prototipleme ve
hata ayiklama siireglerinin detaylarini ve sonuglarini
sunmaktadir. [kinci b6liim, SoC'nin ana bilesenlerini tanitirken,
l¢lincii boliim hata ayiklama siireglerini detaylandirmaktadir.
Dordiincii béliimde, bu siiregler cercevesinde yapilan testler ve
sonuglar tartisilmakta, besinci ve son bdliimde ise elde edilen
bulgular degerlendirilerek gelecekteki uygulamalar ic¢in
oneriler sunulmaktadir.

2 SoC bilesenleri

Sekil 1'deki blok diyagram, FPGA tizerinde bir RISC-V System-
on-Chip (SoC) mimarisinin temel bilesenlerini, ¢ip istii hata
ayiklama modiliinii ve bu bilesenler arasindaki iletisim
yollarini gostermektedir.
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Sekil 1. SoC Blok diyagram.
Figure 1. SoC Block diagram.

Tasarlanan RISC-V islemcisi, buyruk ve veri dnbellegi olarak iki
ayr1 onbellek bloguna sahiptir. Bu onbellekler, islemcinin
verimliligini artirmak ve gerekli verileri hizli bir sekilde
erisilebilir kilmak i¢in kullanilmaktadir. Cip {istii hata ayiklama
modiild, JTAG araytiizii iizerinden disaridan gelen hata ayiklama
komutlarin1 almaktadir ve islemci {izerinde uygun hata
ayiklama islemlerini gerceklestirmektedir. Cip tistii RAM blogu,
islemci tarafindan hizh veri depolama ve erisim igin
kullanilmaktadir. AHB (Advanced High-performance Bus) -
APB (Advanced Peripheral Bus) kopriisi, farkl hizlarda ¢alisan
iki veriyolu olan AHB ve APB arasinda veri aktarimini
saglamaktadir. Koprt, sistem ici iletisimde verimliligi artirarak
farkl bilesenler arasi veri akisini diizenlemektedir.

AHB veriyolu, yiiksek performansh veri transferleri igin
tasarlanmistir ve islemci ile sistemdeki diger yiiksek hizh
bilesenler arasinda veri tasima islevini tistlenmektedir.

SoC; SPI, 12C, UART ve GPIO gibi cgesitli standart ¢evresel ara
birimlerle donatilmistir. Bu ara birimler, FPGA'nin dis diinya ile
etkilesimini saglamaktadir ve cesitli giris/cikis islemleri i¢in
kullanilmaktadir.

Bu ¢alismada gergeklestirilen RISC-V tabanli SoC’e ait teknik
ozellikleri Tablo 1'de siralanmistir. Bu dogrultuda, Sekil 2'de
goriildiigii gibi tasarlanan SoC, FPGA {izerinde bulunan mantik
elemanlarinin = %98.46's1  (48.552/49.760) aktif olarak
kullanilmaktadir.

Tablo 1. RISC-V tabanl SoC teknik 6zellikleri.
Table 1. RISC-V based SoC technical specifications.
Ozellikler Ozellik Degeri

Buyruk Kiimesi RISC-V 32
(RV32IMAFBC_Zicsr_Zifence)

FPGA Karti Terasic De10-Lite
Donanim Tanimlama Dili Verilog HDL
Cevre Birimleri UART, GPIO, 12C, SPI
Veriyolu AHB ve APB
Boru Hatt1 Asama Sayisi 5 asamali CPU, 4 asamali FPU
Veri Onbellegi 48KB
Buyruk Onbellegi 128KB

Family MAX 10

Device 10M50DAF484C7G
Timing Models Final

Total logic elements 48,522 / 49,760 (98 %)
Total registers 9846

Total pins 162 /360(45%)

Total virtual pins 0

Total memory bits 918,528 /1,677,312(55% )
Embedded Multiplier 9-bit elements  40/288(14%)

Total PLLs 1/4(25%)
UFM blocks 0/1(0%)
ADC blocks 0/2(0%)

Sekil 2. Kaynak kullanimi.

Figure 2. Resource utilization.

3 RISC-V SoC icin hata ayiklama siireci

Sekil 3, FPGA tabanli bir RISC-V System-on-Chip (SoC) iizerinde
hata ayiklama siirecini tanimlamaktadir. Siire¢, Raspbian
isletim sistemi yiiklii bir Raspberry Pi kullanilarak, Eclipse
Integrated Development Environment (IDE) araciigiyla
yazilim kodunun gelistirilmesi ile baslamaktadir. Gelistirilen
kod, RISC-V GNU Ara¢ Seti kullanilarak derlenmektedir.
OpenOCD, JTAG protokoliinii kullanarak, ¢ip {istii hata ayiklama
modiiliine erisim saglamaktadir ve bu modil araciligiyla
derlenen programin yiiklenmesini ve ¢alistirilmasini koordine
etmektedir. Cip tstii hata ayiklama modiild, yazilimin ¢alisma
zamani sirasinda veri akisin izleme ve sistemin durumunu
kontrol etme yetenegi saglamaktadir. Béylece, hata ayiklama
slireci sirasinda programin davranisi lizerinde detayli analizler
gerceklestirilebilmektedir.

‘ Rasbian isletim Sistemi

Eclipse IDE

!

RISC-V GNU Aracg seti

l

OpenOCD

s

7

Cip tistii Hata Ayiklama Modiilii

i

RISC-V SoC

FPGA

Sekil 3. Hata ayiklama blok semasi.
Figure 3. Debugging block diagram.
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Bu ¢alisma kapsaminda, Tablo 2’de bulunan Raspberry Pi 4
Model B'nin GPIO pinleri, RISC-V tabanli FPGA tasarimi
iizerinde kapsamli hata ayiklama ve programlama islemleri
gerceklestirmek amaciyla JTAG arayuzi olarak
yapilandirilmistir. Geleneksel JTAG baglantisinin dort temel
pini olan TCK (Test Clock), TMS (Test Mode Select), TDI (Test
Data Input) ve TDO (Test Data Output), JTAG protokoliiniin ana
islevselligini saglamak lizere kullanilmistir.

Tablo 2. Raspberry Pi 4 model B'nin GPIO pinlerinin OpenOCD
JTAG hata ayiklayici olarak atanmasi.

Table 2. Assignment of Raspberry Pi 4 Model B GPIO pins as
an OpenOCD JTAG debugger.

GPIO Pinleri JTAG Pin
GPI0O4 TDI
GPIO5 TDO
GPIO12 TMS
GPIO13 TCK

4 Testler

Bu bdliimde, hata ayiklama siireci gergevesinde islemcinin
cesitli birimlerinin fonksiyonel dogrulugunu saptamak
amaciyla ytriitiilen deneysel testler ele alinmaktadir.

4.1 Kayan nokta birimi testi

Bu test, islemcinin Kayan Nokta Birimi (Floating Point Unit -
FPU)ni test etmektedir. Test kapsaminda, FPU'nun
matematiksel hesaplamalari ne derece dogru
gerceklestirebildigi degerlendirilmekte olup, o6zellikle siniis
fonksiyonu tizerinden drneklemeler yapilmaktadir. Program,
Tablo 3’te belirlenen agilara karsilik gelen siniis degerlerini
hesaplayarak bu sonuglari seri terminale aktarmaktadir.

Tablo 3. FPU birimi ile hesaplanan siniis fonksiyonun
degerleri.

Table 3. Sine function values calculated by the FPU unit.

Derece Radyan (teta) Siniis degeri (sin(teta))
282 4921828 -0.978148
283 4939282 -0.974370
284 4956735 -0.970296
285 4974188 -0.965926
286 4991642 -0.961262
287 5.009095 -0.956305
288 5.026548 -0.951056

Gelistirilen FPU biriminin performansi ve dogrulugu, seri
terminal lizerinden alinan ¢iktilarla degerlendirilmekte ve elde
edilen veriler Sekil 4'te gorsellestirilmektedir.

Received Data

1 5 10 15 20 25 30 35 40
(<<< == HexaChipsters =
fth=4.921828 fsin=
== HexaChipsters = >y
283 fth=4.939282 fsin=-0.974370,
<<<<======= HexaChipsters = == >>
fth=4.95€6735 fsin=
==== HexaChipsters =
S fth=4.974188 fsin=
== HexaChipsters = -
286 fth=4.991642 fsin=-0.961262
== HexaChipsters =
fth=5.009095 fsin=
HexaChipsters =
fth=5.026548 fsin=-0
<<======= HexaChipsters ==s=====>>>,

Sekil 4. Seri terminal lizerinden alinan siniis fonksiyonun
degerleri.

Figure 4. Sine function values received from the serial terminal.

Hata paylari, islemcinin siniis fonksiyonunu hesaplama
kabiliyetinin dogrulugunu yansitan O6nemli bir gostergedir.
Testler sonucunda, FPU biriminin genel olarak 10-7 ve 10-8
mertebesinde olduke¢a diisiik hata paylari ile siniis degerlerini
hesapladig1 gozlemlenmistir. Bu hata oranlari, birimin yiiksek
diizeyde dogruluk ve performansla ¢alistigini gostermektedir.

4.2 12C Cevre birimi testi

Bu test, I2C birimi araciligiyla ADXL345 ivmedlger sensoriinden
veri okuma islemine odaklanmaktadir. ADXL345, ii¢ eksenli bir
hareket algilama sensorii olup, I2C arayiizii yoluyla veri
aligverisinde bulunmaktadir. Bu deneme, 12C biriminin
fonksiyonel dogrulugunu ve sensdrden elde edilen verilerin
uygun sekilde islenip islenmedigini degerlendirmeyi
amaclamaktadir. Test sonuglart ve elde edilen verilerin
dogrulugu, seri terminal lizerinden alinan c¢iktilar Sekil 5'te
gorsellestirilmistir.

Received Data

| 5] 10 15 20 25 30 a5 40 45 50 55 €0

wGyro_Verisi = 0x00000000492ffd54 (gX,g¥,gZ)=( -10, -17, 232)«
w<¢====== HexaChipsters =====3,
wGyro_Verisi = 0x0000000 94bagf4 (gX,g¥,gZ)=( -13, -1l8, 233)
w<====== HexaChipsters = ==3y
wGyro_Verisi = 0x0000000 75544 (gX,g¥,gZ)=( -12, -18, 235).
w<====== HexaChipsters = >y
wGyro_Verisi = 0x0000000049830168 (gX,g¥,gZ)=( -14, -18, 234),

Sekil 5. 12C birimi iizerinden toplanan ivmedlger verileri.
Figure 5. Accelerometer data collected via 12C unit.

Test stireci, [2C haberlesme protokoliiniin fonksiyonel
dogrulugunu degerlendirmek amaciyla gergeklestirilmistir.
Test kapsaminda, ADXL345 ivmeodlcer sensori ile islemci
arasindaki veri aligverisi analiz edilerek, protokoliin
glivenilirligi ve stabilitesi incelenmigtir. Oncelikle, 12C
iletisiminin basariyla kuruldugu dogrulanmis ve sensoriin
kimlik dogrulama (WHO_AM_I) register'indan okunan veri,
uretici  tarafindan  belirlenen referans  degerleriyle
karsilastirllmistir. 12C protokoliiniin giivenilirligi, ACK/NACK
sinyallerinin analizi ile incelenmis ve her wveri iletimi
sonrasinda beklenen ACK sinyallerinin alindig
gozlemlenmigtir.

Ardindan ADXL345 ivmedlger sensoérii, duragan bir ylizeye
yerlestirilerek herhangi bir hareket uygulanmadan 6l¢iimler
alinmis ve yercekimi ivmesinin etkileri g6z Oniinde
bulundurularak X, Y ve Z eksenlerinden elde edilen degerlerin
beklenen sinirlar igcinde oldugu dogrulanmistir. Ayrica,
sensorden alinan bilgilerin dogrulugunu test etmek amaciyla
dinamik hareket testleri de gergeklestirilmistir. Sensor farkl
yonlerde belirli agilarla dondiiriilerek ve belirli hizlarda
hareket ettirilerek, sensorden gelen verilerin fiziksel hareketle
uyumlu olup olmadig1 degerlendirilmistir. Hareketin yoniine ve
hizina bagh olarak X, Y ve Z eksenlerindeki ivme degerlerinin
degisimi gozlemlenmis ve 6l¢limlerin beklendigi gibi oldugu
dogrulanmistir. Bu, I2C veri iletiminin yalnizca kesintisiz
olmadigini, ayni zamanda sensorden alinan verilerin de fiziksel
gerceklikle uyumlu oldugunu kanitlamaktadir.

4.3 Bit Manipiilasyon islemlerinin dogrulanmasi

Sekil 6’dan da gorildugi gibi bu test, islemci iizerinde
calistirilan ve bit manipiilasyon komutlarini iceren 6rnek bir
Inline Assembly koduyla gerceklestirilmistir. Inline Assembly,
distik seviyeli assembly dilinde yazilmis kod pargalarinin
ylksek seviye programlama dilleri icerisine entegre edilmesi
stirecidir. Kodun islevselligi, UART ¢ikis lizerinden elde edilen
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verilerle detayli bir sekilde kontrol edilmis ve elde edilen
sonugclar Sekil 7’de gorsellestirilmistir.

uint3Z ta=0x11; /S e’ degiskeni 0x1l [17)

uint32 b =085 B dediskeni 0x85 (133)

uine32 tresult /¢ Sonucun atonocod dejisken

asmvolatile (“andn %0, %1, %27 - “=r" (resuit) - " (g “r" (b))
printf{“ondn{%d. %d)=%d\n" a, b resuft;

Sekil 6. Ornek inline assembly kodu.

Figure 6. Sample inline assembly code.

Received Data

b1 5 10 15 20 25 30 35 40
Cf<mmmnnnnn HaxaChipaters mesmsmmmmd>iiyy
andn(l7, 133) = léuy

Sekil 7. Bit Manipiilasyon isleminin UART birimine aktarilan
ciktis1.

Figure 7. Output of the Bit Manipulation process transferred to
the UART unit.

Bit seviyesinde islem yapmay1 saglayan ANDN (Bitwise AND
NOT) komutu, belirlenen degiskenler (a ve b) iizerinde
uygulanmis ve sonug, UART ¢ikis1 lizerinden elde edilen
verilerle dogrulanmistir. Burada, a degiskeninin tiim bitleri ters
cevrilmekte (NOT islemi uygulanmakta) ve ardindan b
degiskeni ile bitwise AND islemi yapilmaktadir. Matematiksel
olarak hesaplanan deger 16 (0x10)'dur. Sekil 7°de UART
tizerinden alman ¢kti da andn (17,133)=16 olarak
gozlemlenmistir. Kodun farkhh degisken degerleri ile test
edilmesi sonucu, ANDN komutunun islemci tizerinde tutarl bir
sekilde calistig1 gorilmiistiir.

4.4 FreeRTOS uygulamasi ve atomik islemler testi

Bu test, islemci lizerinde FreeRTOS'un ¢alismasini ve Atomik
islemler ile CSR (Control and Status Registers) birimlerinin
dogru isleyisini degerlendirmektedir. FreeRTOS, gomiili
sistemler i¢in tasarlanmis gercek zamanl bir isletim sistemidir.
Test kapsaminda, tipik bir FreeRTOS uygulamasi ¢alistirilmis.
Calistirillan uygulama, atomik islemler ile CSR kullanimlarini
icermektedir. FreeRTOS uygulamasinda 3 ayr1 gorev
calistirllmistir: Birinci gérev UART birimindeki alma (receive)
islemidir. ikinci gorev UART birimindeki gonderme (transmit)
islemidir. Ucilincii gérev donanim kesme (IRQ) kontrol
islemidir.

Received Data

1 2 10 15 20 25 30
C£<=== HexaChipsters ===>>>yw
FreeRT0OS5 Calisiyor!yw

0z Tx: Transferlusy

0: BRx: linklww
0: Tx: TransferZyw
0z Rx: Blink2w
0D: Tx: Transaferlyw
0z Bx: Blinkluw
D: Tx: TransferZyuy

Sekil 8. FreeRTOS’un gorevlerinin UART biriminde
gosterilmesi.

Figure 8. Representation of FreeRTOS tasks in the UART unit.

Sekil 8’deki test sonuglari, FreeRTOS'un ¢alisma durumunun
basarili bir sekilde dogrulandigini gdstermektedir. Terminal
ciktilarinda goriilen "FreeRTOS Calisiyor!" mesaji, sistemin
baslatildigini  ve isletim sisteminin gorev  yodnetim
mekanizmasinin aktif hale geldigini kanitlamaktadir. UART
iizerinden elde edilen verilere gore, FreeRTOS iizerinde ¢alisan
belirli  goérevlerin  diizenli bir sekilde yiritildagi
gozlemlenmistir. Transmit (Tx) gorevleri "Transferl" ve
"Transfer2" mesajlarini belirli bir sirayla gonderirken, Receive
(Rx) gorevleri "Blink1" ve "Blink2" mesajlarin1 almaktadir. Bu
diizenli veri akisi, FreeRTOS'un gorev planlayicisinin
(scheduler) periyodik olarak gorevleri calistirdigim ve
sistemde tamimlanan gorevlerin planlanan onceliklere gore
yuritildigini gostermektedir. Bunun yani sira, terminal
ciktilarinda gozlemlenen "Rx: Blink1l" ve "Rx: Blink2"
mesajlarinin  yalnizca butona basildiginda ortaya ¢ikmasi,
sistemde bir donanim kesme (IRQ) mekanizmasinin aktif
olarak calistigini kanitlamaktadir.

4.5 Coremark ve Dhrystone testi

Bu asamada, islemcinin performansim1 degerlendirmek
amaciyla 6zel test programlar: (benchmarklar) kullanilmistir
[19],[20]. Bu benchmarklar, islem siiresi, bellek kullanimi ve
diger kritik parametreleri o6l¢gmek icin tasarlanmistir.
Dhrystone, 6zellikle tam say1 islemleri lizerine odaklanmis bir
benchmark olup, kayan nokta islemleri icermez ve tam say1
islemleri yapan islemcilerin performansim1 6lgmek i¢in
kullanilmaktadir. Ancak, Dhrystone testi bazi sinirlamalara
sahiptir ve derleyici optimizasyonlarinin etkisine oldukca
duyarhdir. Bu nedenle, islemci performansini daha kapsaml
degerlendirmek icin CoreMark benchmarki tercih edilmistir.
CoreMark, matris islemleri, veri biitlinliigii hesaplamalar1 ve
tam say1 carpma ve bdlme islemleri gibi ¢esitli islemleri iceren
bir dizi iterasyonu kapsamaktadir. CoreMark, Dhrystone'a
kiyasla daha objektif bir degerlendirme yapabilmekte ve
islemcinin 6ngoriilen kullanim alanlarindaki islem tiirlerine
daha uygun bir test yontemi sunmaktadir. Ayrica CoreMark,
derleyici optimizasyonlarinin test sonuglarina etkisine daha az
duyarhidir. Bu o6zellikleri ile CoreMark, daha tutarhi ve
karsilastirilabilir ~ sonuglar  elde  edilmesine  olanak
tanimaktadir.

Tablo 4, cesitli mikroislemci ve mikrodenetleyici birimlerinin
saat hizi basina disen CoreMark performanslarini
karsilagtirmaktadir. CoreMark, saniyede gergeklestirilen
iterasyon sayisini  dlgen bir kiyaslama testi olarak
kullanilmistir. Ancak bu parametre islemci frekansina bagh
oldugundan, farkl islemcilerin dogrudan karsilastirilmasi igin
ideal olmayabilir. Bu nedenle, performans degerlendirmeleri
genellikle CoreMark/MHz olarak ifade edilmekte, bu
hesaplama yontemi farkli islem hizlarina sahip cihazlar
arasinda daha adil bir karsilastirma imkani sunmaktadir.

Bu c¢alismada performans degerlendirmesi, CoreMark ve
Dhrystone kiyaslama testleri kullanilarak gergeklestirilmistir.
CoreMark testi sonucunda, islemci 16,66 MHz saat frekansinda
600 iterasyon iizerinden 41,97 iterasyon/saniye degeri elde
etmistir. Elde edilen CoreMark/MHz orami 2,51 olarak
hesaplanmistir. Bu sonug, riscv64-unknown-elf-gcc
derleyicisinin 8.6.0 versiyonu ile elde edilmistir.

Dhrystone testi sonucunda ise islemci, 70,582
Dhrystone/saniye islem kapasitesine ulasmistir. Her bir
Dhrystone isleminin tamamlanmasi i¢in gereken siire 14,167
mikrosaniye olarak él¢iilmiistiir. islemcinin saat hiz1 16,66 MHz
olarak belirlenmistir.
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Bu calismada, islemcinin performansini degerlendirmek
amaciyla elde edilen sonuglar, farkli mimarilere sahip gémiili
islemcilerle karsilastirllmistir. Karsilastirma i¢in secilen
islemciler, gomiilii sistemlerde yaygin olarak kullanilan ve
farkli performans seviyelerini temsil eden islemciler arasindan
belirlenmistir. Gilincel mikroislemcilerin CoreMark/MHz
degerlerine erismek icin Embedded Microprocessor
Benchmark Consortium (EEMBC) tarafindan sunulan resmi
veritabani, bagimsiz arastirmacilar tarafindan yiiriitiilen testler
ve acik kaynak topluluklar: tarafindan paylasilan benchmark
sonuclart da giincel islemcilerin performans verilerini
saglamaktadir [21],[22].

Tablo 4’te belirtildigi iizere, ¢esitli kartlar arasinda yapilan
karsilastirmada; Atmega 2560 islemcisine sahip Arduino MEGA
2560; 0,44 CoreMark/MHz degeri ile en disiik performansi
sergilerken, ARM Cortex-M3 islemcili STM32F103C8T6 ve ARM
Cortex-M4 islemcili STM32F411CEU6 sirasiyla 1,13 ve 1,79
CoreMark/MHz degerleri ile orta diizey performans
gostermistir [21],[22]. Bu ¢alismada gelistirilen RISC-V tabanh
islemci, ESP8266 ve ARM11 islemcili Raspberry Pi Model B v2
gibi yliksek performans gosteren diger gomiili sistemlerle
rekabet edebilecek bir performans sergilemistir [21,22]. Bu
performans diizeyi, islemciyi hem ¢ok yo6nlii gémiili sistem
uygulamalar1 hem de yiiksek veri isleme gereksinimi duyan
gelismis projeler i¢cin uygun bir secenek haline getirmektedir.

Tablo 4. Performans karsilastirmasi (CoreMark/MHz).
Table 4. Performance comparison (CoreMark/MHz).

Kart Modeli Islemci Frekans  CoreMark/
MHz
Arduino MEGA Atmega 2560 16 0,44
2560
STM32F103C8T6 ARM Cortex-M3 72 1,13
STM32F401CCU6 ARM Cortex-M4 84 1,79
STM32F411CEU6 ARM Cortex-M4 172 1,72
Bu calisma RISC-V 16,66 2,51
Raspberry Pi ARM11 700 2,25
Model B v2
ESP8266 80 2,375

Dhrystone benchmark performans hesaplamalarinda yaygin
olarak kullanilan VAX-11/780 islemcisi baz alinarak 1 DMIPS =
1757 Dhrystone/s referans degeri kullanilarak islemcinin
Dhrystone MIPS (DMIPS) degeri hesaplanmistir [23]. Bu
calismada, islemcinin 40,17 DMIPS performansi sundugu
hesaplanmistir. Elde edilen sonuglar, bu ¢alis6adaki islemcinin
DMIPS ve DMIPS/MHz degerleri agisindan gémiilii sistemlerde
yaygin olarak kullanilan baz islemcilerle Tablo 5’teki gibi
karsilastirllmistir [24]-[28].

Tablo 5. Performans karsilastirmas1 (DMIPS & DMIPS/MHz).
Table 5. Performance comparison (DMIPS & DMIPS/MHz).

Islemci Saat Hizi(MHz)  DMIPS/MHz  Toplam DMIPS

ARM Cortex- 50 MHz 1,50 75,0
M3

ARM Cortex- 80 MHz 1,52 121,6
M4

PicoRV32 100 MHz 0,355 355

ORCA 100 MHz 1,589 158,9

Bu calisma 16.66 2,41 40,17

Ancak, toplam islem kapasitesi degerlendirilirken yalnizca
DMIPS/MHz degil, islemcinin saat frekansinin da dikkate

alinmasi gerekmektedir. Daha biitiinciil bir degerlendirme icin,
cesitli kriterlerin birlikte ele almmasi gerekmektedir. Ornegin,
DMIPS/MHz, saat hizindan bagimsiz olarak islemcinin islem
verimliligini gosterirken; toplam DMIPS, islemcinin belirli bir
frekansta sunabildigi mutlak islem giiciini ifade eder.
DMIPS/Watt, ozellikle IoT ve mobil sistemler gibi diisiik gii¢
tiiketimi  gerektiren uygulamalarda, giic verimliligini
degerlendirmek i¢in 6nemlidir [24]-[26].

5 Sonuglar

Bu calismada gergeklestirilen FPGA prototipleme, RISC-V
tabanli SoC tasarimlarinin 6n-silikon dogrulama siirecinde,
geleneksel yontemlere kiyasla gercek donanim kosullarinda
kapsamli testler saglamasi agisindan Onemli avantajlar
sunmaktadir. Elde edilen test sonuglari, daha 6nce sunulan
CoreMark test sonuglariyla uyumlu olarak, tasarlanan sistemin
yiksek performansini ve kararliigini  kanitlamaktadir.
Calismada incelenen RISC-V tabanli SoC, diger yiiksek
performansh gomiilii sistemlerle rekabet edebilecek diizeyde
performans sergilemis, bu da gerceklenen SoC'nin ¢ok yonlii
gomiilll sistem uygulamalari icin uygun bir secenek oldugunu
gostermektedir.

Bu sonuglar, FPGA prototipleme kullanilarak, nihai silikon
tasarima gecis dncesinde karsilasilabilecek risklerin minimize
edilmesine ve gelistirme maliyetlerinin azaltilmasina olanak
tanidigin1  vurgulamaktadir. Ancak bu yontem, geleneksel
simiilasyon tekniklerine gore daha ytiksek baslangi¢ yatirimi
gerektirir. Baslangicta daha biiyiik bir maliyet gibi goriinse de,
prototipleme siirecinde erken hata tespiti yapilabilmesi ve
gercek donanim iizerinde dogrulama yapilabilmesi, uzun
vadede tasarimin daha ekonomik ve giivenilir olmasim
saglamaktadir. Bu nedenle, baslangictaki yiiksek yatirim
maliyeti, nihai trtiniin kalitesini ve piyasaya siiriilme siiresini
iyilestirerek telafi edilebilir. Bu da o6zellikle karmasik
sistemlerde ve yiiksek giivenilirlik gerektiren uygulamalarda
kritik bir avantaj olarak degerlendirilmektedir.

Bu calismalarda, FPGA prototipi sabit bir saat frekansi altinda
test edilmis olup, daha ileri degerlendirmelerde farkl frekans
ve termal kosullarda sistemin davranisi incelenerek kararlilik
ve 6lceklenebilirlik analizleri yapilmasi planlanmaktadir.

Gelecekteki calismalar icin, RISC-V mimarisinin modiiler
yapisindan yararlanarak yapay zeka ve derin 6grenme
uygulamalarina yonelik 6zellestirilmis islemci ¢ekirdeklerinin
tasarimi ve gelistirilmesi onerilmektedir. Ayrica, 6zellikle loT
cihazlan icin disik gii¢ tiikketimine sahip, enerji verimliligi
yuksek islemci c¢ekirdeklerinin gelistirilmesi, bu mimarinin
kullanim alanin1 genisletecek ve endiistriyel ile tiiketici
elektronigi pazarlarinda énemli etkiler yaratabilecektir.

6 Conclusions

This study highlights significant advantages of FPGA
prototyping in the pre-silicon validation process of RISC-V
based SoC designs, offering comprehensive testing in real
hardware conditions compared to traditional methods. The test
results obtained are consistent with previously presented
CoreMark test outcomes, demonstrating the high performance
and stability of the designed system. The RISC-V based SoC
examined in this study has shown performance levels
competitive with other high-performance embedded systems,
indicating that the realized SoC is a suitable option for versatile
embedded system applications.
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These findings emphasize that FPGA prototyping can minimize
risks encountered before transitioning to final silicon design
and reduce development costs. However, this method requires
a higher initial investment compared to traditional simulation
techniques. Although this may seem like a higher cost at the
outset, the ability to detect errors early in the prototyping
process and validate on actual hardware ensures that the
design is more economical and reliable in the long run.
Therefore, the initial high investment cost can be justified by
improving the quality of the final product and the time to
market. This is especially critical in complex systems and
applications requiring high reliability.

In this study, the FPGA prototype was tested under a fixed clock
frequency, and further evaluations are planned to analyze the
stability and scalability by examining the behavior of the
system under different frequency and thermal conditions.

For future studies, it is recommended to utilize the modular
structure of the RISC-V architecture to design and develop
customized processor cores for artificial intelligence and deep
learning applications. Additionally, the development of low
power consumption, high energy efficiency processor cores,
particularly for IoT devices, will expand the usage of this
architecture and could have significant impacts in industrial
and consumer electronics markets.

7 Yazar katki beyani

Gergeklestirilen ¢alismada Sezen Bal literatiir taramasi ve elde
edilen sonuglarin degerlendirilmesi; Hayriye Korkmaz yazim
denetimi ve icerik agisindan makalenin kontrol edilmesi;
Dogukan Biger, Celal Alperen Bayar, Eren Kale, Eray Kayailli,
Armagan Bi tasarimin gergeklestirilmesi ve test asamalarinda
katki sunmuslardir.

8 Etik kurul onay1 ve ¢ikar catismasi beyani

“Hazirlanan makalede etik kurul izni alinmasina gerek yoktur”.
“Hazirlanan makalede herhangi bir kisi/kurum ile ¢ikar
catismasi bulunmamaktadir”.

9 Kaynaklar

[1] Farooq U, Mehrez H. “Pre-Silicon verification using
multi-FPGA platforms: a review”. Journal of Electron
Testing, 37(1), 7-24, 2021.

[2] Korkmaz N. “Fitzhugh-Nagumo ndron modelinin
rotasyon-gecis prosediirii ve donanim dogrulamasi”.
Pamukkale Universitesi Miihendislik Bilimleri Dergisi,
24(3),316-323,2024.

[3] ZangZ, LiuY, Cheung RCC. “Reconfigurable RISC-V secure
processor and SoC integration”. 2019 IEEE International
Conference on Industrial Technology  (ICIT),
Melbourne, Australia, 13-15 February 2019.

[4] University of California, Berkeley. “RISC-V Project”.
https://riscv.org/about/history/ (07.01.2024).

[5] Cui E, Li T, Wei Q. “RISC-V struction set architecture
extensions: a survey”. IEEE Access, 11, 24696-24711,
2023.

[6] RISC-V Foundation. “RISC-V ISA Manual”.
https://github.com/riscv/riscv-isa-manual (12.01.2025).

[7] Singh A, Kumar A, Singh A, Anirudh R, Pushpalatha KN.
“Design and implementation of RISC-V ISA (RV32IM) on
FPGA”. International Journal of VLSI & Signal Processing,
10,17-21, 2023.

[8] WangX, Zhou L, Li Y, Zhang P, Lin H, Xu ]. “xBGAS: a global
address space extension on RISC-V for high performance
computing”. 2021 IEEE International Parallel and
Distributed Processing Symposium (IPDPS), Portland, OR,
USA, 28 June 2021.

[9] Chen], LiD, MiZ, LiuY, Zang B, Guan H, Chen H. “Du-visor:
a user-level hypervisor through delegated virtualization”.
https://github.com/IPADS-DuVisor/DuVisor
(02.10.2025).

[10] Tine B, Yalamarthy KP, Elsabbagh F, Kim H. “Vortex:
extending the RISC-V ISA for GPGPU and 3D-Graphics”.
54th Annual IEEE/ACM International Symposium on
Microarchitecture  (MICRO  21), Athens, Greece,
17-21 October 2021.

[11] RISC-V International. “RISC-V Debug Specification”.
https://riscv.org/wp-content/uploads/2019/03 /riscv-
debug-release.pdf (07.01.2024).

[12] Poli L, Saha S, Zhai X, Mcdonald-Maier KD. “Design and
Implementation of a RISC-V Processor on FPGA”.
2021 17 International Conference on Mobility, Sensing and
Networking ~ (MSN),  Exeter, United Kingdom,
13-15 December 2021.

[13] Pilavendiran SA, Keshavarajan JL, Vijayakumar S. “Design
and development of JTAG using raspberry pi”.
International Journal of Engineering Applied Sciences and
Technology, 4, 75-79, 2020.

[14] Rico-Garcia P, Yafez-Vargas ]I, Parra-Michel R, Conde-
Almada E. “Debugging and programming a RISC-V
processor using the IEEE 1149.1 standard”. jJournal of
Applied Computing, 7(21), 1-9, 2023.

[15] Salehi M, Degani L, Roveri M, Hughes D, Crispo B.
“Discovery and Identification of Memory Corruption
Vulnerabilities on Bare-Metal Embedded Devices”.
IEEE Transactions on Dependable and Secure Computing,
20(2),1124-1138,2023.

[16] OpenOCD. “Open On-Chip Debugger”.
https://openocd.org/doc/pdf/openocd.pdf (20.01.2024).

[17] Gao S, Wu D, Xiao W, Wang Z, Yang Z, Gao W. “A novel
method for on-chip debugging based on RISC-V
processor”. MATEC Web of Conferences, 355, 03055, 2022.

[18] Toker O. “A high-level synthesis approach for a RISC-V
RV32[-Based system on chip and its FPGA
implementation”. Engineering Proceedings,
58(1),72,2023.

[19] Heinz C, Lavan Y, Hofmann ], Koch A. “A catalog and 1n-
hardware evaluation of open-source drop-in compatible
RISC-V  Softcore Processors”. 2019 International
Conference on ReConFigurable Computing and FPGAs,
Cancun, Mexico, 9-11 December 2019.

[20] Elsadek I, Tawfik EY. “RISC-V resource-constrained cores:
a survey and energy comparison”. 19th [EEE International
New Circuits and Systems Conference, Toulon, France,
13-16 June 2021.

[21] EEMBC (Embedded  Microprocessor  Benchmark
Consortium). “CoreMark Benchmark”. www.eembc.org
(15.01.2025).

[22] Kreier R. “CoreMark Benchmarking Overview”.
https://kreier.github.io/benchmark/CoreMark/
(15.03.2025).

[23] Weicker R. “Dhrystone: a synthetic benchmark”.
Communications of the ACM, 27(10), 1013-1030, 1984.

1305


https://riscv.org/about/history/
https://github.com/riscv/riscv-isa-manual
https://github.com/IPADS-DuVisor/DuVisor
https://riscv.org/wp-content/uploads/2019/03/riscv-debug-release.pdf
https://riscv.org/wp-content/uploads/2019/03/riscv-debug-release.pdf
https://openocd.org/doc/pdf/openocd.pdf
http://www.eembc.org/
https://kreier.github.io/benchmark/CoreMark/

Pamukkale Univ Muh Bilim Derg, 31(7), 1299-1306, 2025
S. Bal, H. Korkmaz, D. Biger, C.A. Bayar, E. Kale, E. Kayailli, A. Bi

[24] Mo W, Liu], WangY, Yan F, Xiong B, Guan J. “An SDPF RISC-
V processor with 55.9% dhrystone improvement using
two-stage pseudo-pipelined architecture for IoT
applications”. International Journal of Circuit Theory and
Applications, 2025. https://doi.org/10.1002/cta.4514

[25] Bora S, Paily R. “A high-performance core micro-
architecture based on RISC-V ISA for low power
applications”. IEEE Transactions on Circuits and Systems II:
Express Briefs, 68(6),2132-2136, 2021.

[26] ORCA. “A RISC-V Processor for FPGA Evaluation. GitHub

Repository”. https://github.com/riscveval /orca-1
(15.03.2025).

[27] PicoRV32. “A Size-Optimized RISC-V CPU Core. GitHub
Repository”. https://github.com/YosysHQ/picorv32
(15.03.2025).

[28] mmRISC-1. “A Minimal RISC-V CPU Implementation.
GitHub  Repository”.  https://github.com/munetomo-
maruyama/mmRISC-1 (01.01.2024).

1306


https://doi.org/10.1002/cta.4514
https://github.com/riscveval/orca-1
https://github.com/YosysHQ/picorv32
https://github.com/munetomo-maruyama/mmRISC-1
https://github.com/munetomo-maruyama/mmRISC-1

Pamukkale Univ Muh Bilim Derg, 31(7), 1307-1320, 2025

Pamukkale Universitesi Miihendislik Bilimleri Dergisi

Polybrominated diphenyl ethers in surface water sources and sediments of
the Konya Closed Basin and environmental risk assessment

Konya Kapali1 Havzasi yiizeysel su kaynaklari su ve sedimentlerinde
polibromlu difenil eterler ve ¢evresel risk degerlendirmesi

Arzu Ulvit*

, Senar Aydin!

, Mehmet Emin Aydin?

1Department of Environmental Engineering, Faculty of Engineering, Necmettin Erbakan University, Konya, Tirkiye.
atekinay@erbakan.edu.tr, sozcan@erbakan.edu.tr
2Department of Civil Engineering, Faculty of Engineering, Necmettin Erbakan University, Konya Tiirkiye.
meaydin@erbakan.edu.tr

Received/Gelis Tarihi: 08.12.2024
Accepted/Kabul Tarihi: 14.04.2025

Revision/Diizeltme Tarihi: 10.04.2025

doi: 10.5505/pajes.2025.68639
Research Article/Arastirma Makalesi

Abstract

Polybrominated diphenyl ethers (PBDEs), which are potentially toxic,
are still detected in the environment at ppb levels, despite being banned
or restricted in use. In this study, 38 surface water and 28 sediments
were taken from 46 sources in the Konya Closed Basin, Tiirkiye. The
samples were investigated for pollution by PBDE congeners (PBDE47,
PBDE100, PBDE99, PBDE154, PBDE153). A risk assessment was carried
out using the concentrations detected in the water samples for fish,
Daphnia magna, and algae. Total PBDE concentrations were
determined to be between 0.96-74.5 ng/L in surface water, and between
0.01-0.64 ug/kg dry weight in sediment samples. PBDE47 congener is
dominant in water samples, while PBDE100, PBDE153, and PBDE47
dominant in sediment samples. PBDE47 congener poses a high risk for
fish, Daphnia magna, and algae in two surface water sources, PBDE154
and PBDE153 pose a high risk for fish in three surface water sources,
PBDE154 poses a high risk for Daphnia magna in two, and PBDE153
poses a high risk for Daphnia magna in three surface water sources. The
results show that PBDE pollution is present in the surface waters of
Konya Closed Basin at levels affecting aquatic life. Water in the basin is
used for many purposes, primarily drinking and agricultural irrigation.
Commercial products containing PBDE are still in use and are creating
waste. An effective waste management plan should be implemented, and
micropollutants, including PBDEs, should be regularly monitored in
environmental media.

Keyword: Surface Water Source, Sediment, Polybrominated Diphenyl
Ether, PBDE, Pollution, Risk.

(0)4

Yiiksek kalicilik ve biyoakiimiilasyon gédsteren, potansiyel olarak toksik
olan polibromlu difenil eterler (PBDESs), kullanimlari yasaklanmis veya
kisitlanmis olmalarina ragmen, ¢cevrede hala ppb seviyelerinde tespit
edilmektedir. Bu ¢alismada Konya Kapali Havzasinda bulunan 46
ylizeysel su kaynagindan 38 yiizeysel su ve 28 sediment oOrnegi
alinmistir. Alinan o6rneklerde PBDE (PBDE47, PBDE100, PBDE99,
PBDE154, PBDE153) kirliligi arastirilmistir. Su numunelerinde tespit
edilen konsantrasyonlar ile balik, Daphnia magna ve alg icin risk
degerlendirmesi gerceklestirilmistir. Su numunelerinde toplam PBDE
konsantrasyonlari 0.96-74.5 ng/L araliginda, sediment numunelerinde
0.01-0.64 pg/kg kuru agirhk araliginda tespit edilmistir. Su
numunelerinde PBDE47 kongeneri baskin, sediment numunelerinde
PBDE100, PBDE153, PBDE47 kongenerleri baskin tespit edilmistir.
PBDE47 kongeneri balik, Daphnia magna ve alg icin iki ytizeysel su
kaynaginda yiiksek dereceli risk, PBDE154 ve PBDE153 balik igin li¢
ylizeysel su kaynaginda ytiksek dereceli risk, PBDE154 Daphnia magna
icin iki, PBDE153 Daphnia magna igin ti¢ ylizeysel su kaynaginda ytiksek
dereceli risk sergilemektedir. Sonuclar géstermistir ki, Konya Kapali
Havzasinda bulunan ylizeysel sularda PBDE kirligi akuatik yasami
etkileyecek derecede mevcuttur. Havzadaki sular icme, tarimsal sulama
basta olmak tizere pek cok amag icin kullanilmaktadir. PBDE iceren
ticari triinler halen kullammdadir ve atik olusturmaktadir. Ozellikle
elektronik atiklar icin etkili bir atik yonetim plani uygulanmali,
PBDE’ler de dahil olmak iizere mikrokirleticiler gcevresel ortamlarda
diizenli olarak izlenmelidir.

Anahtar kelimeler: Yiizeysel Su Kaynagi, Sediment, Polibromlu
Difenil Eter, PBDE, Kirlilik, Risk.

1 Introduction

The quality of water is deteriorating due to natural and
anthropogenic sources. Population growth, rapid development
of industry, discharge of waste to the receiving environment
without treatment, pesticides and fertilization cause water
pollution. The most common pollutants in water resources are
nitrate, nitrite, ammonia, heavy metals and toxic compounds
[1],[2]. Polybrominated diphenyl ethers (PBDEs) are used as
fire retardants. They are used in a wide range of products,
including building materials, upholstery foam, electrical and
electronic equipment, furniture, motor vehicles, aircraft,
plastics, polyurethane foams, and textiles [3]. Because of their
low cost and excellent flame-retardant effects, PBDEs have

*Corresponding author/Yazisilan Yazar

been manufactured about 1.5 million tons since the 1970s in
global [4],[5]. Routes of entry of PBDEs into the environment
are their production, use, and disposal methods such as
incineration of waste, storage in landfills, or discharge to urban
wastewater treatment plants [3],[6]. There are 209 PBDE
congeners which depend on the number of bromine atoms and
their position in the aromatic ring. PBDEs are commercially
available as three technical mixtures: penta-BDE, octa-BDE,
deca-BDE [7],[8]. Penta-BDE, octa-BDE technical mixtures are
mostly used in polyurethane foam materials, and deca-BDE
technical mixtures are used in electronic materials [9]. Penta-
BDE and octa-BDE in 2009, deca-BDE in 2017 were added to
the Stockholm Convention. The Stockholm Convention bans or
limits the use of persistent organic pollutants [10]. However,
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the commercial congener deca-BDE is still produced and used
in the production of cars, trucks and aircraft in some countries
[11],[12]. Countries that are parties to the Stockholm
Convention are obliged to eliminate PBDE production or reduce
their emissions to the environment [13]. Although PBDEs are
banned, they are found in trace concentrations in the
environment. Studies show that PBDEs are persistent, long-
term transportable, bioaccumulating, and toxic compounds in
the environment. They have lipophilic characters and so they
accumulate in fatty structure. [11]. In many studies, the
presence of PBDE compounds has been detected in various
environments [14]-[17]. PBDEs have also been detected in
human samples such as breast milk, serum, placenta, and
adipose tissue [11],[18],[19]. The bioaccumulation and
biomagnification potentials of PBDE congeners are affected by
their octanol-water coefficients (logKow) and whether the food
web is on land or in water. Logkow values of tetra-BDE and
penta-BDE congeners are between 5.9 and 7.2, and they have
the greatest biomagnification potential [20], [21]. Among PBDE
congeners, highly brominated PBDEs are less toxic than low-
brominated PBDE [7]. In addition, low-brominated PBDEs are
more mobile in the environment and thus enter the food chain
more easily [12]. PBDE congeners may affect thyroid hormones,
liver enzymes, and cause DNA damage [7],[14]. PBDEs are
designated as group 3 by the International Agency for Research
on Cancer (IARC). It is meaning, they are not classifiable as
human carcinogens; however, the EPA (Environmental
Protection Agency) classified the deca-BDE congener as a
compound with suggestive evidence of carcinogenic potential.
Despite the potential toxic effects of PBDEs, tolerable ingestion
doses of these contaminants are not yet available [22]. Water
resources are one of the important environmental media. It can
be easily exposed to environmental pollutants. Pollutants found
in water can affect both aquatic organisms and other terrestrial
organisms, including humans, through the food chain. PBDEs
are important environmental pollutants that need to be
investigated as explained above. In the Konya Closed Basin
Management Plan, PBDE (28, 47, 100, 99, 153, 154) in 16
surface water sources in the basin exceeded the environmental
quality standard (140 ng/L) given in the Surface Water Quality
Regulation. In surface water sources exceeding environmental
quality standard, PBDEs were detected in the range of 150-960
ng/L. The target date for reaching the environmental target in
the report is stated as 2024 [23].

In this study, the concentrations of PBDE47, PBDE100, PBDE99,
PBDE153, and PBDE154 congeners were investigated in 39
surface water and 28 sediment samples taken from the Konya
Closed Basin. Additionally, the ecotoxicological risk exhibited
by PBDE in surface water resources was evaluated for the test
organism'’s algae, Daphnia magna, and fish.

2 Materials and methods

2.1 Water and sediment samples

The Konya Closed Basin in the middle of Tiirkiye is situated
between latitudes 36°51'N and 39°29'N and longitudes 31°36'E
and 34°52'E. The basin includes land from 9 provinces. The
urban population is 2150514, the rural population is 618695,
resulting in a total of 2768900 people living within the basin
borders. 57% of the basin lands are agricultural lands, 33% are
natural areas (steppe, anthropogenic steppe, forest), 7.9% are
wetlands and water bodies, and 2% are artificial areas. The
rivers in the Konya Closed Basin are mostly seasonal and flood
in character. The streams are short due to the closed basin and

topography; they disappear in the marshes on the plain. Stream
regimes are irregular due to variability in rainfall, and most of
them dry up in the summer. The basin, which includes Beysehir
with 34 lakes and 58 rivers, also includes Salt Lake. Salt Lake,
which is the second largest lake in Tiirkiye, meets 40% of the
country's salt demand. Beysehir Lake is the third largest lake in
Tiirkiye [23],[24]. The State Hydraulic Works have determined
surveillance monitoring points for general purposes to monitor
water resources that are not at risk. It has also identified
operational monitoring points for water resources at risk,
where priority substances are discharged, and protection areas
within the basin, such as drinking water protection areas and
habitat protection areas. Thirty-eight water samples and 28
sediment samples were taken from 46 surface water sources in
the Konya Closed Basin. Samples could not be taken from some
sample points due to field conditions and water source
characteristics. The sampling points include 21 surveillance
monitoring points, 18 operational monitoring points, and 2
protected areas. The sampled water resources are used for
irrigation purposes in the Konya Closed Basin. Sampling was
carried out once a year in April. Although April is expected to
be a rainy month in Konya, no rain was observed during the
sampling period. The most important pollution sources
affecting water bodies in the basin are wastewater discharges,
solid waste, agricultural areas, industrial facilities and
residential areas. In the Konya Closed Basin Measures Program
Summary Report, the potential pressures for PBDEs were
stated as discharges from industrial facilities and urban
discharges. Table 1 shows the surface water sources from
which samples were taken. Figure 1 shows the sample points
on the map.

2.2 PBDE analysis in water and sediment samples

Samples were kept at 4 °C until analyzed. No filtering process
was applied to the water samples before extraction. PBDE
analysis in water samples was performed using the liquid-
liquid extraction method in accordance with US EPA Method
3510. A 200 mL water sample was placed in a 250 mL
separating funnel. The extraction was carried out with 40 mL of
dichloromethane. The separating funnel was shaken for 2
minutes. After allowing the organic layer to separate from the
water phase, the next step is to carefully collect the separate
layer. The extraction was repeated two times and organic
phases were combined. The extracts were dried with
anhydrous NazS04 and reduced to approximately 2 mL with a
rotary evaporator. PBDE analysis in sediment samples was
performed according to the DFG (German Research
Association) S19 multi method. The extraction was carried out
with an acetone-water mixture (2:1, v/v) using fifty grams of
sediment sample in the dark for 12 hours at 221 rpm. After
shaking, approximately 15 g sodium chloride and 100 mL
cyclohexane were added and shaken for another 1h. After
shaking, shaking approximately 120 mL aliquot of organic
phase was taken and dried with 15 g of anhydrous NazSOa.
Subsequently, 100 mL of the organic phase was filtered and
concentrated to 2 mL using a rotary evaporator. Then, the
concentrated organic phase was cleaned up.

Water and sediment extracts were cleaned using the standard
column chromatography technique according to US EPA
Method 3630C; Silica Gel Cleanup. A glass column with a 1.5 cm
diameter and 14.5 cm length was used with glass wool placed
at the bottom.
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Table 1. Surface water and sediment sampling points.

Sample number

Water sources

Monitoring Purpose

1
2

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

Dinamo stream
Sugla stream
Suludere stream
Ulucay stream
Agzikarahan stream
Melendiz stream
Karasu stream
Ilisu river
Ulu Irmak stream
Insuyu stream
Ozdere stream
Yanarkac stream

Ucharman stream

Uludere Kavaklik stream
Yesildere Kizillaragiri stream
Yesildere Nalima stream

Yesildere Akkdprii stream

Bozyer stream

Dolav stream

Kurucay-Hoyuklu-Yazi stream

Donrul-Bag-Kocacay stream

Ilmen stream

Salur stream

Yenisarbademli stream

Derebucak dam
Kavakbasi stream
Beysehir stream
Battal stream
Kusla stream
Kirgecit stream
Ciftehan stream
Aydin Kent stream
Carsamba stream

GOk stream

Surveillance
Surveillance
Surveillance
Surveillance
Surveillance
Operational
Operational
Surveillance
Surveillance
Operational
Operational
Operational
Operational
Surveillance
Surveillance
Surveillance
Operational
Surveillance
Operational
Surveillance
Operational
Operational
Operational
Surveillance
Surveillance
Operational
Operational
Surveillance
Surveillance
Surveillance
Surveillance
Operational
Surveillance

Operational
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Table 1. Continued.

Sample Number Water Sources Monitoring Purpose Water Sediment
35 Akkaya stream Surveillance + -
36 Goksu river Surveillance + -
37 Ecemis stream Operational + +
38 May dam Protected + +
39 Atlanti irrigation channel Protected + -
40 Avsar dam Operational - +
41 Hizar stream Operational - +
42 Goktepe stream Unstated - +
43 Bicakel stream Unstated - +
44 Atinapa dam Unstated - +
45 Tekke stream Unstated - +
46 Kula stream Unstated - +
+: Sampled, -: Not sampled.
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Figure 1. Water and sediment sampling points in Konya closed basin

The column was cleaned with 50 mL of n-hexane and 50 mL of
acetone. Silica gel in n-hexane was added to avoid air bubbles.
50 mL of n-hexane was used to condition the column. Elution
was carried out with 70 mL of n-hexane followed by 100 mL of
n-hexane/ethyl acetate (1/1, v/v) mixture. Eluents were
collected separately. Eluents were concentrated with a rotary
evaporator and nitrogen gas.

Qualitative and quantitative analyses of PBDEs were performed
on a gas chromatograph (GC, Agilent 6890 N, Agilent
Technologies, CA, USA) equipped with a mass selective detector
(MSD, Agilent 5973, Agilent Technologies, CA, USA). A DB-5ms
capillary column with 250 um inner diameter, 0.25 um film
thickness, and 30 m length was used for chromatographic
separation. Helium was used as the carrier gas.

2.3

Table 2 presents the results of the limits of detection (LOD),
limit of quantifications (LOQ), linear response range, linearity,
and repeatability obtained with the GC-MS system for PBDE
compounds. The LOD and LOQ values for PBDEs were
calculated according to published guidelines at a signal-to-
noise ratio (S/N) of 3 and 10, respectively [25]. The
repeatability values for the target compounds in the MS
detector were determined by calculating the %RSD (Relative
Standard Deviation) of the MS responses from five injections of
the standard solution at a concentration of 0.1 ng/uL. The
repeatability was found to be between 1.2% and 3.1%.
Analytical curves were drawn using eight PBDE standards
within the concentration range of 0.001-1 ng/uL. The
coefficient of determination (R%) was in the range of 0.9997-
0.9999.

Analytical performance
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Table 2. Analytical parameters of the GC-MS system for PBDEs

Linear
LOD LOQ response
PBDEs R2 RSD
(ng/L) (ng/L) range
(ng/puL)

PBDE47 0.005 0.016
PBDE100 0.006  0.020
PBDE99 0.007  0.020
PBDE154 0.006 0.020
PBDE153 0.005 0.016

0.001-1 0.9998 1.2
0.001-1 0.9997 2.3
0.001-1 09999 24
0.001-1 0.9997 3.1
0.001-1 0.9998 2.7

For the recovery and precision assays, samples of surface water
were spiked with PBDEs standards at the concentration of 0.1
pg/L and 1 pg/L. The extraction method was applied to both
unfortified and fortified surface water samples. The average
recoveries of all PBDEs in the surface waters fortified with 0.01
pg/L and 0.1 pug/L were 87% (£5)-99% (+5) and 93% (£5)-
101% (%4), respectively (n=4). Also, samples of sediment were
spiked with PBDEs standards at the concentration of 0.01
mg/kg and 0.1 mg/kg. The extraction method was applied to
both unfortified and fortified sediment samples. The average
recoveries of all PBDEs in the sediments spiked with 0.01
mg/kg and 0.1 mg/kg ranged from were 85% (+4)-94% (£6)
and 92% (£3)-96% (%5), respectively (n = 4). When recoveries
of PBDEs were gauged against absolute limits of 70% and 130%
[26], it was seen that the extraction and clean-up method gave
satisfactory results. The retention times and m/z values of the
compounds are given in Table 3.

Table 3. Retention time and m/z value of PBDEs

PBDEs Retention time, min Ion (m/z value)
PBDE47 8.09 326,486,484
PBDE100 8.82 404,406, 564
PBDE99 9.06 404, 406, 564
PBDE154 9.62 484,482, 486
PBDE153 9.93 484,482,486

2.4 Risk assessment

The presence of hazardous substances in the aquatic
environment may negatively affect the ecosystem. Risk refers
to the likelihood of harmful effects occurring in an organism as
a result of exposure to hazardous substances [27]. In the study,
ecotoxicological risk was assessed using the risk quotient (RQ).
Ecotoxicological risk assessment was conducted on fish,
Daphnia magna and algae. Fish, Daphnia magna and algae are
good indicators of aquatic toxicity. They represent three
different trophic levels in the aquatic environment. The first
trophic level, algae, is extremely sensitive to pollutants.
Daphnia magna, which feeds on algae, is a natural food for fish
[28].

The RQ is calculated as the quotient of the measured
environmental concentration (MEC) divided by the predicted
non-effect environmental concentration (PNEC) of the
substance [29]. PNEC is the highest concentration of a
substance in an environment at which it does not produce any
effects. The PNEC is obtained by dividing the toxicological
relevant concentration (ECso or LCso values) by a safety factor
(f=1000) [15]. ECs0 or LDso data of PBDE compounds used in
this study were obtained from the literature. PNEC and RQ are
calculated using equation (1) and equation (2), respectively.

PNEC = EC soor LCs0/1000 1)
RQ = MEC/PNEC (2)

Table 4 shows the PNEC values of PBDE for fish, Daphnia
magna, and algae. When RQ <0.001, this means no risk. If 0.01
< RQ<0.1, then this indicates a low risk. When 0.1 < RQ < 1, it
indicates a medium risk; when 1 < RQ, it indicates a high risk
[30].

Table 4. PNEC value of PBDEs [15],[30]

Fish Daphnia magna Algae

PEDES  (ng/1) (ng/L) (ng/L)
PBDE47 21 18 24
PBDE100 4 4 24
PBDE99 4 4 24
PBDE154 0.69 0.72 7
PBDE153 0.69 0.72 7

3 Results and discussion

3.1 PBDEs detected in water samples

The concentration of PBDEs in water samples has been
presented in Figure 2. In water samples, PBDE congeners were
detected in the range 0f 0.13-73.1 ng/L for PBDE47, in the range
of 0.08-0.92 ng/L for PBDE100, in the range of 0.09-0.40 ng/L
for PBDE99, in the range of 0.16-1.17 ng/L for PBDE154, and in
the range of 0.12-1.46 ng/L for PBDE153. According to the
environmental quality standards for rivers and lakes, the
Surface Water Quality Regulation in force in Tirkiye, specifies
the maximum allowable total PBDE (PBDE28, 47, 100, 99, 154,
153) concentration as 140 ng/L. PBDE28 was not investigated
in this study. The total concentration of the investigated PBDE
compounds was determined to range from 0.96 to 74.5 ng/L. It
was determined that the total concentration did not exceed the
maximum limit value.

mPBDEA7 WPBDEIOO =PBDE99 = PBDEIS4 m PBDE1S3
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Figure 2. PBDE concentrations detected in surface waters.

Figure 3 shows the distributions of PBDE congeners in each
sample. In water samples, the PBDE47 congener ranged from
9.60% to 98.05%, PBDE100 from 0.28% to 26.55%, PBDE99
from 0.31% to 19.85%, PBDE154 from 0.73% to 53.66%, and
PBDE153 from 0.62% to 38.11%. According to Figure 3,
PBDE47, PBDE154, and PBDE153 congeners were detected
dominantly in 81.6%, in 13.16%, and 5.26%, of the water
samples, respectively. The PBDE47 congener was detected in
the highest concentrations in water samples. It was followed by
PBDE153, PBDE154, PBDE100, and PBDE99 congeners. Penta-
BDE contains PBDE47 (36.11%), PBDE99 (41.49%), PBDE100
(9.22%), PBDE153 (4.49%), and PBDE154 (3.18%). Octa-BDE
contains PBDE153 (rate of 4.07%) and PBDE154 (rate of
0.51%) [3].
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Figure 3. Distributions of PBDEs in water samples.

The high concentrations of PBDE47 in water samples were
attributed to it being one of the main components of penta-BDE.
PBDE99 was detected at low concentrations, however, it was
also found in high amounts when part of the penta-BDE
mixture. In literature studies, PBDE47 was detected more
frequently than PBDE99 [31],[32]. This is thought to occur
through atmospheric deposition, transport of contaminants, or
debromination of the PBDE99 congener [32],[33]. PBDE47 was
detected as the dominant congener in the water. Ge et al. [33]
detected the PBDE47 congener predominantly in water
samples. PBDE47 and PBDE99 congeners are the degradation
products of PBDE209, and PBDE209 is still used in some
countries. High brominated congeners may decompose over
time and form low brominated congeners. Increasing
temperatures in summer may cause the decomposition of
congeners [34].

Total PBDE concentrations were higher at sample points 9 and
13, compared to other sample points. Pollutant sources around
the sample areas included traffic, agriculture, residential areas,
fishing, urban and domestic discharges, and industrial
discharges.

In the sample points where concentrations were detected to be
high, urban discharges flow into water resources, near
agricultural residential areas. Olaniyan et al. [35] stated that the
primary PBDE sources were industrial discharges, inadequate
waste disposal, atmospheric pollution from local and imported
e-waste, and surface runoff from residential and agricultural
areas.

There are 9 organized industrial zones and 58 industrial areas
in Konya. The sectors of machinery and equipment, metal

products, food products, rubber and plastic, furniture, wood
and cork products, leather products, automotive, and non-
metallic mineral products are located in Konya province [36].
The Konya Closed Basin partially covers the provinces of
Isparta, Nigde, Ankara, Aksaray, Nevsehir, and Karaman [23].
There are also important industrial sectors in these regions.
PBDEs are applied as flame retardants in a wide variety of
consumer products. Since PBDEs are additives that are not
chemically bound to products, they can leak into the air. They
can be adsorbed onto atmospheric particles and accumulate in
water [37]. Some studies have reported that PBDEs are not
treated in wastewater treatment plants but accumulate,
especially in treatment sludge, and reach the receiving
environments [38]. Industrial plant flue gases and wastewater
are important sources of PBDEs. It has been reported that
atmospheric PBDE concentrations in industrial areas are
higher than in urban and residential areas [39]. Atmospheric
transport and accumulation are the most important factors in
the spread of PBDEs. In the Konya Closed Basin Measures
Program summary report, it was stated that PBDE pressures in
the basin originate from point-source industries such as
machinery, weapons, automotive, metal, chrome plating, and

the hunting industry sectors [23].

Table 5 shows the PBDE concentrations detected in surface
waters in previous literature and in this study. The PBDE47
congener was detected in China at lower concentrations in
2017, 2018, 2019 and 2021 than in this study, while other
congeners were detected at similar concentrations. PBDE100
and PBDE153 concentrations were found to be similar between
this study and South Africa, but PBDE47 was detected at levels

below the detection limit (dl) levels in South Africa.
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Table 5. PBDEs detected in surface waters worldwide (ng/L)

Country PBDE47 PBDE100 PBDE99 PBDE154 PBDE153 Reference
Rainy season Rainy season Rainy season Rainy season Rainy season
. 0.021-0.394 0.041-0.961 0.077-1.22 0.002-0.205 <dl-0.213
China [3]
Dry season Dry season Dry season Dry season Dry season
<dl-1.82 0.017-2.56 <dl-3.32 <dl-0.048 <dl-0.094
Rainy season Rainy season Rainy season Rainy season Rainy season
. 0.13-0.73 0.21-0.54 0.15-0.29 0.15-0.88 0.17-0.28
China [16]
Dry season Dry season Dry season Dry season Dry season
0.05-4.5 0.10-0.20 0.03-0.12 <dl-0.09 <dl-0.09
China 0.38 0.01 0.08 0.05 <dl [31]
China 0.96 0.0043 1.4 0.0069 2.8 [41]
Rainy season Rainy season
South Africa <dl <dl-0.082 : . <dl-0.131 [35]
Dry season Dry season
<dl-0.0329 <dl
Korea <dl-6.15 <dl <dl-2.46 <dl-0.21 <dl-10.4 [34]
Bulgaria 50-120 4 4-18 4-10 12-18 [42]
Rainy season Rainy season Rainy season Rainy season Rainy season
I 6.63,8.69 1.32,4.14 4.52,5.43 2.43,3.81 4.03,3.28
Nigeria [17]
Dry season Dry season Dry season Dry season Dry season
4.64, 6.64 0.78, 1.44 3.57,4.30 1.57,1.27 2.68, 3.83
Pakistan 0.08-13.2 0.06-14.0 0.05-14.4 0.04-7.13 0.04-11.9 [43]
Czech Republic 27.44 - 0.963 0.835 0.316 [44]
France 0.046-0.205 0.013-0.029 0.054-0.181 0.009-0.028 0.014-0.038 [45]
Dissolved phase Dissolved phase Dissolved phase Dissolved phase Dissolved phase
Summer Summer Summer Summer Summer
0.04 0.011 0.057 0.0054 0.0082
Winter Winter Winter Winter Winter
Tiirkiye, Izmir 0.0095 0.0034 0.014 0.0016 0.0025 [40]
’ Particle phase Particle phase Particle phase Particle phase Particle phase
Summer Summer Summer Summer Summer
0.034 0.011 0.053 0.0057 0.0083
Winter Winter Winter Winter Winter
0.011 0.0038 0.016 0.0018 0.0027
Tiirkiye, Konya 0.13-73.1 0.07-0.92 0.09-0.40 0.16-1.17 0.13-1.46 Isr;l;l;

<dl: below detection limit -: not analyzed.

Concentrations of PBDE99 and PBDE153 were found to be
higher in Korea than the concentrations reported in this study.
The concentration of the PBDE47 congener was also lower in
Korea than in this study. The PBDE47 concentration was
similar in Bulgaria and to that in this study, while other
congeners were detected at higher concentrations in Bulgaria
than in this study. The concentration of PBDE154 detected in
Nigeria is similar to that of this study, while the concentration
of PBDE47 is lower.

In Pakistan, PBDE congeners, except for the PBDE47 congener,
were detected at higher concentrations than those reported in
this study. When studies conducted in the Czech Republic and
France were examined, PBDE47 congener was detected at low
levels in France, while other congeners were found in similar
concentrations. Studies on PBDE pollution in Tiirkiye have
focused on the atmosphere. Cetin [40] and the Summary report
of Konya Closed Basin measures program [23] investigated
PBDEs in surface waters. The concentrations detected in the
study conducted in 2006 in Izmir, Tiirkiye, were found to be
lower than those found this study. Summary report of Konya
closed basin measures program XPBDE (28, 47, 100, 99, 154,
153) results are given. In this study, the concentration of
PBDE47 was generally higher than that reported in other
studies. These comparisons have shown that surface waters in
our country are contaminated with the pollutant congener
PBDE47.

3.2 PBDEsin sediment samples

Figure 4 shows the concentrations of PBDEs detected in
sediment samples. PBDE concentrations in sediment samples
were determined as 0.01 to 0.098 pg/kg dry weight for
PBDE47, 0.01 to 0.464 pg/kg dry weight for PBDE100, 0.01 to
0.032 pg/kg dry weight for PBDE99, 0.0003 to 0.161 pg/kg dry
weight for PBDE154, and 0.004 to 0.041 ng/kg dry weight for
PBDE153. Total PBDE concentrations in sediment samples
were determined to be 0.01-0.64 pg/kg dry weight.

Figure 5 shows the distributions of PBDE congeners detected in
each sediment sample. In sediment samples, the PBDE47
congener ranged from 1.73% to 68.60%, PBDE100 from 6.34%
to 92.77%, PBDE99 from 1.30% to 34.73%, PBDE154 from
0.29% to 52.96%, and PBDE153 from 2.31% to 55.97%. When
Figure 5 is examined, PBDE47, PBDE100, PBDE153, and
PBDE154 congeners are detected dominantly in 21.4%, 39.3%,
35.7%, and 3.6% of sediment samples, respectively. The
PBDE100 congener was detected in the highest concentrations
in sediment samples. It was followed by PBDE154, PBDE47,
PBDE153, and PBDE99 congeners.

The highest total PBDE concentration was detected at sample
point 11. Urban discharge is released into the surface water
source. The congener distribution profile in sediment samples
differed from that in water samples.
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Figure 4. PBDE concentrations detected in sediments.
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Figure 5. Distributions of PBDEs in sediment samples.
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While PBDE47 congener was detected as the dominant
congener in 81.6% of water samples, PBDE100 and PBDE153
were detected in 39.3% and 35.7% of sediment samples,
respectively. PBDE47 was detected as a dominant congener in
21.4% of sediment samples. High molecular weight congeners
are more likely to accumulate in sediment, while low molecular
weight congeners tend to accumulate in water [46].

Oloruntoba et al. [17] reported that the amount of PBDEs
detected in the sediment of artificial wetland ponds located in
e-waste storage areas was approximately three times much as
than that in water. They stated that PBDEs adsorb suspended
solids and accumulate in the bottom sediment due to their
hydrophobic character. Due to the slow flow of stream waters,
PBDE congeners in water can be adsorbed onto suspended
solids and then accumulate in the bottom sediment [32]. Lee et
al. [34] reported that 95% of the PBDE in the sediment was
PBDE209 in 2003, but, in contrast, 59%, 25%, and 6.6% of the
PBDE in the sediment were PBDE209, PBDE47, and PBDE99 in
2013. They thought that lower-brominated congeners
increased because of debromination of PBDE209 in the
environment over time. Wei et al. [31] stated that PBDE47 was
the main congener detected in water and sediment samples.
Table 6 shows the concentrations of PBDEs detected in
sediments worldwide.

The concentration of PBDE47 is lower than that found in
Pakistan, Nigeria, Korea, South Africa and Hong Kong. The
concentration of PBDE100 is similar to the concentrations
detected in China, Korea, Hong Kong, France and lower than the
concentrations detected in Nigeria and Pakistan. The
concentration of PBDE99 was lower than the concentrations
detected in Pakistan, Nigeria, Korea, Hong Kong, and was
similar to the concentrations detected in China and France. The
concentrations of PBDE154 and PBDE153 were also lower than

the concentrations detected in Pakistan, Nigeria, Hong Kong,
and were similar to the concentrations detected in China, South
Africa, France. It is observed that the PBDEs in Pakistan Nigeria
and Hong Kong are at higher concentrations than in other
countries. It may be due to the lack of an effective waste
management system. In China, the PBDE209 congener, which
was not investigated in this study, is actively used frequently
detected in various environmental settings [3]. With this
comparison, it was observed that the concentrations detected
in sediment samples were lower or similar to the world
average. Both water and sediment samples were taken from 20
of the sampling points. Total PBDE concentrations in water and
sediment samples taken from the same point are given in
Figure 6. No correlation (R2=0.09) was found between the total
PBDE concentrations detected in water and sediment. Water
and sediment samples were collected from streams. At some
sampling points, the water flow rate was very high, while at
others, it was quite slow. PBDEs need sufficient time to adsorb
suspended particles before accumulating in sediment [17]. The
low correlation between PBDE concentrations in water and
sediment is thought to be primarily due to variations in flow
rate.

The distribution rates of congeners in total PBDE
concentrations detected in water and sediment samples are
given in Figure 7. Figure 7 shows that 87% of the PBDE
concentration detected in water samples is attributed to the
PBDE47 congener, and the distribution of other congeners is
between 2% and 5%. PBDE47 was detected predominantly in
water samples. In sediment samples, the detected PBDE
concentration is composed of the following: 56% PBDE100,
14% PBDE47, 11% PBDE153, 11% PBDE154, and 8% PBDE99.
The PBDE100 congener was prevalently determined in
sediment samples.

Table 6. PBDEs detected in sediment worldwide (ng/g dry weight)

Country PBDE47 PBDE100 PBDE99 PBDE154 PBDE153 Reference
. . . Rainy season .
Rainy season Rainy season Rainy season <dl -0.00749 Rainy season
. 0.0139-0.190 0.0135-0.168 0.0185-0.296 ) 0.00148-0.0245
China Dry season [3]
Dry season <dI- Dry season Dry season 0.000203- Dry season
0.0305 0.000666-0.082 0.000470-0.207 .O 0128 0.000032-0.0226
Rainy season Rainy season Rainy season Rainy season Rainy season
. 0.09-7.6 0.10-3.8 0.03-0.92 0.05-2.4 0.13-3.5
China [16]
Dry season Dry season Dry season Dry season Dry season
<dl-3.6 <dl-0.19 <dl-1.3 <dl-0.52 <dl-0.64
China 3.6 0.14 0.36 0.11 0.02 [31]
China 2.3 0.27 3.0 0.51 3.6 [41]
Rainy season Rainy season Rainy season
. 0.00344-0.105 <dl-0.712 0.000805-0.411
South Africa - -
Dry season Dry season Dry season [35]
0.000314-0.404 0.00023-0.218 0.000077-0.104
Korea <dl-21.0 <dl-0.26 <dl-8.01 <dl <dl [34]
Rainy season Rainy season Rainy season Rainy season Rainy season
L 7.91-14.9 14.71-12.5 14.1-18.6 2.23-6.42 14.4-23.2
Nigeria [17]
Dry season Dry season Dry season Dry season Dry season
13.6-8.48 6.42-14.1 11.2-15.3 5.35-3.04 9.28-16.4
Pakistan 0.06-15.9 0.02-16.8 0.08-24.2 0.03-8.55 0.02-14.3 [43]
France 0.19-0.78 0.09-0.540 0.34-0.299 0.05-0.1 0.07-0.13 [45]
Hong Kong 0.36-2.55 0.01-0.23 0.3-8.46 0.06-2.45 0.23-5.36 [47]
Tiirkiye 0.01-0.098 0.01-0.464 0.01-0.32 0.0003-0.161 0.004-0.41 In this study

<dl: below detection limit

-: not analyzed.
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Figure 6. XPBDE in water and sediment samples.
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Figure 7. Distributions of total PBDE compounds detected in Konya closed basin. (a): Water. (b): Sediment.

3.3 Risk assessment

The calculated RQs are given in Table 7 and Table 8. In Table 7,
PBDE47 congener showed a high risk for all trophic levels in
5.26% of the samples, and a moderate risk for fish in 55.3%, for
Daphnia magna in 60.5%, and for algae in 52.7% of the samples.
PBDE100 showed moderate risk for fish and Daphnia magna in
2.63% of the samples, while the remaining samples exhibited
either no risk or low risk. PBDE99 showed low risk for fish and
Daphnia magna in all samples. For algae, the analysis showed a
low risk in 21% of the samples, while no risk was observed in
the other samples. In Table 8, PBDE154 showed high risk in
7.9% of the samples for fish and 5.3% of the samples for

Daphnia magna, and moderate risk in the remaining samples.
PBDE153 caused high risk in 7.9% of the samples for fish and
Daphnia magna, and moderate risk in the other samples.
PBDE153 and PBDE154 showed moderate risk in 7.9% of the
samples for algae, while no risk was detected in the other
samples. PBDE47, PBDE154, and PBDE153 posed a high risk to
aquatic organisms. Only the PBDE99 congener posed no
significant risk. Moderate risk was observed in at least one
sample point and at least one trophic level for all other
congeners. In the study, the aquatic organisms least affected by
PBDEs were algae.
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Table 7. RQ of water samples for PBDE47, PBDE100, PBDE99 (NOWSK; Low risk; Medium risk; [iGHNSE)

Sample PBDE47 PBDE100 PBDE99
point Fish Daphni Algae Fish Daphni Algae Fish Daphni Algae
1 0.8115 0.9468 0.7101 0.0265 0.0265 0.0249 0.0249 *
2 05058 0.5901 0.4426 0.0531 0.0531 0.0581 0.0581
3 03560 0.4153 03115 0.0531 0.0531 0.0415 0.0415
4 0.6425 0.7496 0.5622 0.0619 0.0619 0.0415 0.0415
__ 5 TTT000600 000700 00052 T 0.0707 0.0707 0.0249 0.0249
6 0.6029 0.7034 0.5276 0.0265 0.0265 0.0415 0.0415
7 0.2325 02713 0.2035 0.0442 0.0442 0.0747 0.0747
8 0.7971 0.9300 0.6975 0.0354 0.0354 0.0498 0.0498
—_ 9 ST 05 0.0531 0.0531 0.0581 0.0581
__ 11 | 00060 00070 00052 00442 0.0442 0.0332 0.0332
12 04975 0.5804 04353 0.0707 0.0707 0.0415 0.0415
—_13 oG OGTI  0.2299 0.2299 0.0996 0.0996
14 0.3260 0.3804 0.2853 0.0354 0.0354 _ 0.0332 0.0332
15 0.2925 0.3412 0.2559 0.0177 0.0177 0.0249 0.0249
16 0.2793 0.3258 0.2444 0.0619 0.0619 0.0332 0.0332
17 0.1355 0.1580 0.1185 0.0265 0.0265 _ 0.0415 0.0415
18 0.3404 0.3972 0.2979 0.0531 0.0531 0.0415 0.0415
19 0.2697 0.3147 0.2360 0.0265 0.0265 _ 0.0332 0.0332
20 0.1666 0.1944 0.1458 0.0442 0.0442 0.0415 0.0415
21 0.1762 0.2056 0.1542 0.0354 0.0354 0.0249 0.0249
22 0.1618 0.1888 0.1416 0.0265 0.0265 0.0249 0.0249
23 0.1798 0.2098 0.1573 0.0796 0.0796 0.0498 0.0498
24 0.1918 0.2238 0.1678 0.0442 0.0442 _ 0.0498 0.0498
25 0.1019 0.1189 0.0892 0.0442 0.0442 0.0332 0.0332
26 0.0539 0.0629 0.0472 0.0442 0.0442 00074 __ 0.0747 0.0747
27 0.0899 0.1049 0.0787 0.0354 0.0354 [ 00059 | 00581 0.0581
28 0.0455 0.0531 0.0399 0.0796 0.0796 0.0415 0.0415
29 0.0611 0.0713 0.0535 0.0531 0.0531 _ 0.0581 0.0581
30 0.0156 0.0182 0.0136 0.0265 0.0265 0.0581 0.0581
31 0.0276 0.0322 0.0241 0.0177 0.0177 00029 __ 0.0415 0.0415
32 0.0531 0.0531 _ 0.0415 0.0415
33 0.0354 0.0354 0.0332 0.0332
34 0.0588 0.0687 0.0515 0.0804 0.0804 0.0134 0.0604 0.0604
35 0.0144 0.0168 0.0126 0.0531 0.0531 [ 00088 00581 0.0581
36 0.0587 0.0685 0.0514 0.0442 0.0442 00074 __ 0.0415 0.0415
37 0.0959 0.1119 0.0839 0.0531 0.0531 _ 0.0498 0.0498
38 01235 0.1440 0.1080 0.0531 0.0531 0.0415 0.0415
39 0.0515 0.0601 0.0451 0.0531 0.0531 . 00088 00581 0.0581
Table 8. RQ of water samples for PBDE154, PBDE153 (INOIFSK; Low risk; Medium risk; [iSHNSE)
Sample PBDE154 PBDE153
point Fish Daphni Algae Fish Daphnie Algae
1 0.4531 04342 0.0447 0.4149 0.3976 0.0409
2 0.9061 0.8684 0.0893 03319 03181 0.0327
3 0.6796 0.6513 0.0670 0.3319 0.3181 0.0327
4 0.9061 0.8684 0.0893 04979 04771 0.0491
5 0.2265 02171 0.0223 0.5808 0.5566 0.0573
6 0.7929 0.7598 0.0782 0.4979 04771 0.0491
7 0.9061 0.8684 0.0893 04149 0.3976 0.0409
3 0.7929 0.7598 0.0782 0.2489 0.2386 0.0245
9 0.7929 0.7598 0.0782 0.6638 0.6361 0.0654
— 11 T 09769 0.1005 0.2489 0.2386 0.0245
12 0.4531 04342 0.0447 0.2489 0.2386 0.0245
13 0.1675 0.8298 0.7952 0.0818
14 0.6796 0.6513 0.0670 0.4979 04771 0.0491
15 0.3398 03256 0.0335 0.2489 0.2386 0.0245
16 05663 0.5427 0.0558 0.1660 0.1590 0.0164
17 0.3398 03256 0.0335 0.1660 0.1590 0.0164
18 04531 04342 0.0447 04979 04771 0.0491
19 0.9061 0.8684 0.0893 0.1660 0.1590 0.0164
20 0.7929 0.7598 0.0782 0.4149 0.3976 0.0409
21 0.3398 03256 0.0335 0.2489 0.2386 0.0245
22 0.5663 0.5427 0.0558 0.4979 04771 0.0491
23 03398 03256 0.0335 [ wozer T woessr ] 0.1063
24 0.5663 0.5427 0.0558 0.1660 0.1590 0.0164
25 0.5663 0.5427 0.0558 0.1660 0.1590 0.0164
26 0.4531 0.4342 0.0447 . tate6 13518 | 0.1390
27 0.4531 0.4342 0.0447 0.2489 0.2386 0.0245
28 0.9061 0.8684 0.0893 0.1660 0.1590 0.0164
29 0.3398 03256 0.0335 0.1660 0.1590 0.0164
30 0.5663 0.5427 0.0558 0.1660 0.1590 0.0164
31 0.6796 0.6513 0.0670 0.4149 0.3976 0.0409
32 0.3398 03256 0.0335 0.2489 0.2386 0.0245
33 05663 05427 0.0558 0.2489 0.2386 0.0245
34 0.8237 0.7894 0.0812 [ % vy S Y 77 s S 0.2082
35 0.4531 04342 0.0447 0.3319 0.3181 0.0327
36 0.6796 0.6513 0.0670 03319 03181 0.0327
37 0.5663 0.5427 0.0558 0.2489 0.2386 0.0245
58 [ assoa w06 0.1340 03319 03181 0.0327
39 0.6796 0.6513 0.0670 0.2489 0.2386 0.0245
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This result was also observed in the studies conducted by Xiong
etal. [15],[48]. Liu et al. [30] determined low risk for algae and
moderate risk for fish and Daphnia magna in their risk
assessment of PBDEs using the RQ method and emphasized
that more attention should be paid to the aquatic environment.
Xiong et al. [15] stated that RQ values for fish, Daphnia magna,
and algae were less than 1 at all sampling points, and no
ecotoxicological risk was expected. Li et al. [49] determined
that the RQ value was <0.1 in surface waters in China and
evaluated it as a low ecological risk. In this study, the
ecotoxicological risk of PBDEs has been assessed. Considering
that other pollutants are also present in aquatic environments
along with PBDEs, the actual risk is likely higher than what has
been identified.

4 Conclusion

In this study, PBDE47, PBDE100, PBDE99, PBDE154, and
PBDE153 congeners were investigated in water and sediment
samples. Samples were collected from surface water in the
Konya Closed Basin. PBDEs were detected in the range of 0.13-
73.1 ng/L for PBDE47, 0.08-0.92 ng/L for PBDE100, 0.09-0.40
ng/L for PBDE99, 0.16-1.17 ng/L for PBDE154, and 0.12-1.46
ng/L for PBDE153 in water samples. Total PBDE concentration
ranged from 0.96 to 74.5 ng/L in water samples. PBDEs in
sediment samples were found to be 0.01-0.098 pg/kg dry
weight for PBDE47, 0.01-0.464 ng/kg dry weight for PBDE100,
0.01-0.032 pg/kg dry weight g for PBDE99, 0.0003-0.161 pg/kg
dry weight for PBDE154, and 0.004-0.041 pg/kg dry weight for
PBDE153. Total PBDE concentrations were determined to be
0.01-0.64 pg/kg dry weight in sediment samples. While the
PBDE47 congener was dominant in water samples, however,
the PBDE100, PBDE153, and PBDE47 congeners were
dominant in sediment samples. The dominance of PBDE47
congener suggests the presence of the commercial penta-PBDE
mixture. When the obtained results are compared with other
studies conducted worldwide, it has been determined that the
surface water resources in the Konya Closed Basin are
contaminated with PBDEs. The identification of high pollution
levels in water resources receiving urban and industrial
discharges has emphasized the need to focus on industrial
areas. The risk assessment results showed that PBDE47,
PBDE154, and PBDE153 congeners were detected to present a
high risk to fish, Daphnia magna and algae at some sample
points. This situation has demonstrated that there is PBDE
contamination in surface waters at levels that can affect aquatic
life. The risk assessment was conducted individually for each
congener. Congeners and other environmental pollutants are
present in water, and when their toxic effects on living beings
are combined, it may result in more serious risks.

There is no information on whether PBDE is used in our
country. However, detectable levels of PBDE have been
detected in different environmental environments media [50]
Products containing PBDE were imported before becoming a
party to the Stockholm Convention. The regulation on
persistent organic pollutants is in force in our country. The list
of substances subject to restriction is in Annex 2 of the
regulation. PBDEs are included in this list. The production, use
and marketing of products containing PBDEs are permitted in
some exceptional cases. The use of items containing PBDEs,
which were in use before the regulation came into force, is
permitted. Electronic devices, vehicles, etc., especially those
containing PBDE, should be disposed of appropriately after
their useful life ends. During the processing of these wastes,

parts containing PBDE must be separated and stored
appropriately. The import of second-hand electronic products
into our country is prohibited. However, restricting the second-
hand electronics market within the country would prevent the
use of those that have reached the end of their life. Raising
public awareness and encouraging the collection of electronic
waste are crucial. PBDEs are micropollutants with high log Kow
values (PBDE47: 6.55, PBDE99: 7.13, PBDE100: 6.86, PBDE153:
7.62, PBDE154: 7.39; [14]). Therefore, they can show high
accumulations in seafood, agricultural products, terrestrial
organisms, and humans over time. The surface water resources
examined in the study are used for irrigation purposes and may
cause PBDEs to reach the food chain.

In the study we conducted in the Konya Closed Basin, it was
determined that surface water resources were contaminated
with PBDEs and posed an ecological risk. The sampling points
in the study are adequate and representative. However, only a
single sampling was conducted may limit the generalizability of
the results. It is recommended that future studies include more
sampling efforts. To fully determine the extent and source of
pollution, detailed research is also required in the water,
atmosphere, soil and products grown in the region.
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Abstract

Sulfur- or thiosulfate- based autotrophic denitrification presents an
effective and economical solution for nitrate removal from wastewater
or groundwater with low concentrations of organic matter. However,
the substantial production of sulfate can limit its wider application,
particularly in groundwater that already exhibits high sulfate
concentrations. This study evaluated the performance of a sequential
system engineered for the effective removal of both nitrate and sulfate
from groundwater. The system integrates autotrophic denitrification,
which occurs within a membrane bioreactor (MBR), with ethanol-based
sulfate reduction. A key design feature of this system is the utilization of
sulfide, generated in a sulfidogenic column bioreactor, as the primary
electron source for the denitrification process. The system was operated
using synthetic groundwater containing nitrate at concentrations of 25
and 100 mg N/L in successive phases. While the system achieved near-
complete nitrate removal across both influent nitrate concentrations, it
demonstrated poor sulfate reduction performance. The original design
intended for the sulfide produced from sulfate reduction in the column
bioreactor to be used solely as an electron source for nitrate removal in
the MBR. However, the observed low sulfate removal efficiency resulted
in the carryover of organic matter from the sulfidogenic column
bioreactor to the MBR, thereby fostering mixotrophic denitrification
conditions. The study underscores that optimizing sulfur-based
combined systems is crucial for achieving the simultaneous and efficient
removal of both nitrate and sulfate.

Keywords: Sulfide-based denitrification, Sulfate reduction,
Sequential system, Membrane bioreactor.

(0)4

Kiikiirt ya da tiyostilfat bazli ototrofik denitrifikasyon prosesleri, diistik
organik madde konsantrasyonlarina sahip atiksu veya yeralti suyundan
nitrat giderimi igin etkili ve ekonomik bir ¢6ziim sunmaktadir. Ancak,
yiiksek stilfat iiretimleri, ézellikle halihazirda yiiksek stilfat
konsantrasyonlarina sahip atiksu veya yeralti sularinda, bu yontemin
yayginlasmasini sinirlayabilmektedir. Bu ¢alismada, yeralti suyundan
hem nitratin hem de siilfatin giderimi icin tasarlanmis ardisik iki farkl
prosesten olusan kombine bir sistemin performansi degerlendirilmistir.
Sistemde, bir membran biyoreaktérde (MBR) gerceklesen ototrofik
denitrifikasyon, yukart akisli kolon bir reaktérde gerceklesen etanol
bazl stilfat indirgeme prosesiyle birlestirilmistir. Sistemde, yukart akish
stilfidojenik kolon biyoreaktérde liretilen siilfiiriin denitrifikasyon
islemi icin birincil elektron kaynagi olarak kullanilmast amaglanmistir.
Sistem, 25 ve 100 mg N/L nitrat iceren sentetik yeralti suyu kullanilarak
ardisik iki farkl: isletme kosulu altinda isletilmistir. Sistem, her iki giris
nitrat konsantrasyonunda da neredeyse tam nitrat giderimi
saglamasina ragmen, diistik siilfat indirgeme performansi géstermistir.
Kolon biyoreaktériinde stilfat indirgemesiyle liretilen stilfiirtin yalnizca
MBR'de nitrat giderimi i¢in bir elektron kaynagi olarak kullanilmasi
amaclanmis olmasina ragmen, diistik siilfat giderim verimliligi, organik
maddenin stilfidojenik kolon biyoreaktorden MBR'ye tasinmasina ve
miksotrofik denitrifikasyon kosullarinin olusmasina neden olmustur.
Calisma, kiikiirt bazli kombine sistemlerin optimizasyonunun hem
nitratin hem de stilfatin es zamanli ve etkin giderimi icin kritik 6nem
tasidigini ortaya ¢ctkarmistir.

Anahtar kelimeler: Siilfiir-bazli denitrifikasyon, Siilfat indirgeme,
Sirali sistem, Membran biyoreaktor.

1 Introduction

Nitrate contamination in groundwater poses a global challenge
due to deficiencies in sewage infrastructure, animal husbandry,
septic systems, uncontrolled discharge of industrial waste and
wastewater, and excessive use of fertilizers [1]. Biological
denitrification, which includes both heterotrophic and
autotrophic processes, is a common method to remove nitrate
from water source. Heterotrophic denitrification process
requires organic carbon as an electron source, whereas

*Corresponding author/Yazisilan Yazar

autotrophic denitrification process utilizes inorganic electron
donors [2] to achieve complete nitrate reduction [3].

The autotrophic denitrification using inorganic electron donors
has several advantages over heterotrophic denitrification.
Notably, the effluent from autotrophic processes is less likely to
be contaminated with organic substances, a common concern
in heterotrophic denitrification. Moreover, hydrogen gas (H.),
zero-valent iron (Fe®), elemental sulfur (S°), hydrogen sulfide
(H,S), and thiosulfate (S;03%7) are generally more affordable
inorganic electron donors than organic electron donors [2]. In
particular, reduced sulfur compounds such as S° H,S and
S,03%™ have advantages over other inorganic electron donors
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due to their non-explosive, non-toxic nature, low cost, and
stability under normal conditions [4]. For example, sulfur-
based denitrification processes have been preferred
successfully to remove nitrate from groundwater [5], drinking
water [3], and industrial wastewater [6] due to its low cost, easy
handle and transport [7].

A major drawback of using reduced sulfur compounds is the
production of sulfate and acidity as byproducts. Theoretically,
for every milligram of nitrate nitrogen reduced, 7.54 milligrams
of sulfate are expected to be produced. The US-EPA and TS266
drinking water sulfate standard of 250 mg/L [8],[9] limits the
extent of nitrate reduction achievable using reduced sulfur
compounds. Theoretically, the elemental sulfur-based
denitrification process could reduce 33 mg/L of N-NO;™ in
groundwater initially devoid of sulfate, while potentially
remaining within permissible sulfate concentration limits.
However, sulfate is another anion commonly present in
groundwater. According to Ucar et al. (2017), sulfate
concentrations in Harran Plain exhibited significant variation,
ranging from 15.9%#1.1 to a maximum of 425.7+36.1 mg/L.
Similarly, nitrate concentrations demonstrated a wide range,
with values between 4.1+0.3 mg/L and 87+1.6 mg/L [5]. The
co-occurrence of nitrate and sulfate ions in groundwater limits
the efficacy of denitrification processes based on reduced sulfur
compounds for achieving regulatory water quality standards.
Although advanced technologies such as reverse osmosis can
effectively remove excess sulfate from treated water [3], they
often incur high costs and operational complexities. To
optimize sulfate production, a combined approach of sulfur-
based denitrification and sulfate reduction can be applied. This
strategy involves converting excess sulfate into hydrogen
sulfide, which can then be consumed as an electron source in
the denitrification. A basic stoichiometry of sulfide formation is
presented in Reaction 1 below.

SO + 2CH,0 — H,S + 2HCO3 )

Sulfide in wastewater can exist in three forms: hydrogen sulfide
gas (H,S), the non-volatile ionic species hydrogen sulfide (HS"),
and sulfide (S?7). The complete oxidation of S*~ to sulfate
(S0427) involves the transfer of eight electrons per sulfur atom.
This reaction represents a highly energy-yielding process for
chemoautotrophic microorganisms [10],[11]. Simple form of
the reaction is presented below [12].

552- + 8NO35 + 8H* - 5502~ + 4N, + 4H,0 2)

Several studies in the literature have successfully
demonstrated the use of sulfide as an electron donor for
effective nitrogen removal from wastewater [13]-[16]. For
example, Andreides et al. (2021) investigated nitrogen removal
efficiency in a packed bed reactors fed with two separate waste
streams: nitrified and sulfide wastewater from an industrial
plant. Nitrate removal performance exceeded 94% in the
reactors operating at a maximum sulfide loading rate of 0.17
kg/(m3-d) and a nitrate-nitrogen loading rate of 0.25 kg/(m3-d)
[16]. Although extensive research exists on using sulfur as an
electron donor for nitrogen removal, studies investigating the
conversion of sulfate, either produced during denitrification or
present in the water, into sulfide through sulfate reduction, and
the subsequent use of this generated sulfide as an electron
donor for re-denitrification, remain relatively limited. For this
purpose, this study aims to determine the performance of an
innovative combined process combining sulfate reduction and

denitrification processes for the simultaneous removal of
nitrate and sulfate from groundwater. This process utilized
sulfide-based autotrophic denitrification to reduce nitrate,
while ethanol oxidation was used to reduce sulfate and produce
the required sulfide. The efficiency of nitrate removal and
sulfate reduction and sulfur utilization of the combined system
at two different nitrate loading rates were comparatively
investigated in detail.

2 Material and method

2.1 Denitrifying membrane, anaerobic

sulfidogenic sequential system

up-flow

In this study, a fully mixed denitrifying membrane bioreactor
was coupled in parallel with an up-flow sulfidogenic column
reactor, as depicted in Figure 1. The feed was initially mixed
with recycled effluent from the sulfidogenic reactor and then
introduced into the membrane bioreactor. Subsequently, the
membrane bioreactor effluent, supplemented with ethanol,
was pumped to the up-flow sulfidogenic column reactor. Half of
the effluent from the column reactor was recirculated to the
membrane bioreactor, while the remaining half was left the
bioreactor. Four peristaltic pumps (Ismatec Reglo-Z/1-3290
ml/min interval) were used. Two pumps were used for feeding
of membrane and up flow sulfidogenic reactors, one pump for
suctioning and one pump was used for recycling as shown in
Figure 1.

Membrane - Column Sequential Reactor System
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Recirculation line y

W Feed
Pressure 2
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170y~
Air
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Figure 1. Denitrifying membrane-sulfidogenic up flow column
reactor sequential system.

2.2 Denitrifying membrane bioreactor

The denitrifying membrane bioreactor was made of plexiglass
material. The dimensions were 15 cm x 15 cm x 30 cm
corresponding to 6.75 L total volume. The active volume of the
reactor was 3 L, and it was covered with aluminum foil to
prevent phototrophic growth. The reactor was placed on a
magnetic stirrer and mixed at 150 RPM to ensure complete
mixing. Double sided membrane module (10 cm x 10 cm and
total area 0.02 m2) was placed in the reactor and 0.04 um pore
size flat sheet polyether sulfone (PES) ultrafiltration membrane
was used. Membrane fouling was monitored by a manometer
on the suctioning line. To reduce membrane fouling,
intermittent suction was applied (5 min suction and 1-min
relaxing). Feeding was provided by chrome probes with liquid
level role (Tense SSR05).
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2.3  Up-flow anaerobic sulfidogenic sequential system

Laboratory scale anaerobic up-flow glass column reactor was
used. The column bioreactor has a working volume of 500 ml
and has an inner diameter of 7 cm and a height of 40 cm.
Aquarium sand (1-2 mm) was used as filling material and
covered with aluminum foil. A recycling from the sulfidogenic
reactor to denitrifying reactor was provided with a peristaltic
pump to transfer alkalinity and sulfide.

2.4 Operational conditions

The system was operated at 35 °C in a temperature-controlled
room for 227 days. Sludge taken from an anaerobic digester
treating pulp and paper industry was used as inoculum. HRT
and SRT were 1 day and infinite, respectively, during the study.
In the first part of the study (days 1-154), the influent nitrate
was 25 mg N-NOs-/L, while in the second part (days 155-227),
nitrate was increased to 100 mg N-NOs-/L. The influent sulfate
was approximately 500 mg/L and COD/S042- ratio was 0.67.
Synthetic groundwater was prepared by adding the following
chemicals to tap water: KNO3 (181 and 722 mg/L for 25 and
100 mg N-NOs3-/L, respectively), NaSO4 (620 mg/L), KH2PO4 (50
mg/L), NH4Cl (110 mg/L), ascorbic acid (11 mg/L), and
NaHCOs3 (823 mg/L). To maintain a COD/S042- ratio of 0.67,
ethanol was added at 335 mg/L COD (161 mg ethanol) for an
influent sulfate concentration of 500 mg/L. In order to remove
sulfide from the effluent, an aeration unit was placed on the
system effluent. Aeration unit was added to the effluent tank to
control the effluent sulfide. The volume of aeration unit was one
liter, and it was aerated with an air pump at a flow rate of
187.5+3.12 ml/min. The cleaning of the membranes was
performed physically and/or chemically when the pressure
increased to 200 mbar. Physical cleaning was performed by
cleaning the membrane surface with a sponge. Chemical
cleaning was done by holding the membranes in 3% sodium
hypochlorite solution for 1 h, and then in acidic solution
adjusted to pH 3 with H2SO4 for 1 h. Mass balances were
calculated according to the Reaction 1 and 2. Sulfide-based
denitrification produces 4.28 mg S042, 3.57 mg CaCOs
alkalinity; consumes 1.43 mg S% for each mg N-NOs- reduced.
The results were evaluated according to this stoichiometry in
each relevant section.

3 Results and discussion

3.1 Variations of sulfate and sulfide in the sulfidogenic
bioreactor

The sulfidogenic column bioreactor was fed with MBR effluent
by adding ethanol to maintain a constant COD/S04* ratio of
0.67. The average sulfate concentration in the influent of the
sulfidogenic column bioreactor was 459+109 mg/L throughout
the entire operation.

In the initial period, the sulfidogenic column bioreactor
demonstrated a low sulfate reduction efficiency, with an
approximate removal rate of 27%. The average sulfide
concentration generated during this period was 43+33 mg/L.
However, upon increasing the system feed nitrate to 100 mg
N/L, sulfate reduction performance within the sulfidogenic
column bioreactor began to decline and ultimately ceased.
Consequently, sulfide production within the system was
significantly reduced during the second period, with an average
concentration of only 18+11 mg/L.

Numerous studies in the literature have demonstrated high
sulfate removal efficiencies under similar operating conditions

in the absence of nitrate. For example, Yildiz et al. (2019)
achieved a significant sulfate reduction in an ethanol-fed
sulfidogenic bioreactor, lowering the influent sulfate
concentration of 2000 mg/L to a final level of 517 mg/L at
COD/S042- ratio of 0.67 [17]. The low sulfate removal efficiency
observed in this study can be attributed to two primary factors.
Firstly, the microbial community within the column bioreactor
may not have shifted to favor the dominance of sulfate-reducing
bacteria, hindering efficient sulfate reduction. Secondly, the
presence of residual nitrate in the membrane bioreactor
effluent, which was subsequently fed to the column bioreactor,
likely inhibited the growth and activity of sulfate-reducing
bacteria. Heterotrophic nitrate-reducing microorganisms and
sulfate-reducing microorganisms may be potential competitors
for the same electron donors. Especially, high nitrate
concentrations can create an unfavorable environment for
sulfate-reducing bacteria [18]. Furthermore, some studies
indicate that some specific sulfate-reducing microorganisms
may preferentially utilize nitrate or nitrite as electron
acceptors over sulfate under certain conditions [19],[20].

3.2 Variations of nitrate in the denitrifying membrane-
sulfidogenic up-flow column reactor system

The nitrate concentration in the system feed was 25+2.3 and
10143.5 mg N/L in the Period 1 and 2, respectively. The MBR
influent was generated by mixing the system feed with the
effluent from the sulfidogenic column bioreactor. This
facilitated the transfer of sulfide from the sulfidogenic reactor
to the MBR, providing the essential electron donor for nitrate
reduction. Throughout the study, nitrate concentrations at the
sulfidogenic reactor effluent remained below detectable levels
(Figure 2). Consequently, the feed nitrate concentration was
diluted only upon entering the MBR. The average nitrate
concentration at the MBR influent inlet was 13.8+4.5 mg N/L
and 40.3+10.3 mg N/L for the first and second periods of the
study, respectively. At the end of the first period, the nitrate
concentration at the membrane effluent decreased to an
average of 0.8+2.3 mg N/L. In contrast, nitrate removal
performance decreased in the second period, leading to a
significant increase in the average MBR effluent nitrate to
28.8429.02 mg N/L.
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Figure 2. Variations of sulfide concentration in the denitrifying
membrane-sulfidogenic up flow column reactor sequential
system.

In the MBR, the aim was to establish a fully autotrophic nitrate
reduction process utilizing sulfide derived from the column
bioreactor. According to Reaction 1 and 2, sulfide-based
denitrification produces 4.28 mg S04z, 3.57 mg CaCOs3
alkalinity; consumes 1.43 mg S?- for each mg N-NOs- reduced.
During periods 1 and 2, an average of 15+13 mg/L and 11+8
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mg/L of sulfur, respectively, was introduced into the MBR from
the column bioreactor, by diluting with the system feed at the
MBR inlet. Despite complete sulfide consumption within the
MBR, the system was fed insufficient sulfide to facilitate the
reduction of all incoming nitrate. Furthermore, while the
column bioreactor supplied sulfide for nitrate reduction to the
MBR, residual ethanol, resulting from incomplete sulfate
reduction in the column bioreactor, was also transported to the
MBR. This led to the formation of mixotrophic denitrification
conditions within the MBR. Detailed information about COD
consumption within the MBR is presented in subsequent
sections.

Nitrate concentrations at the system effluent (sulfidogenic
column bioreactor effluent) were consistently below the
detection limit (Figure 3), indicating complete nitrate removal
by the sulfidogenic column bioreactor. Heterotrophic bacteria
likely utilized ethanol to remove nitrate that could not be
reduced autotrophically within the column bioreactor. This
heterotrophic activity may have significantly contributed to the
observed low sulfate and COD removal efficiencies within the
column bioreactor.
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Figure 3. Variations of nitrate concentration in the denitrifying
membrane-sulfidogenic up flow column reactor sequential
system.

Nitrite, an intermediate product, was monitored regularly
throughout our study. Elevated nitrite concentrations of
4,609 and 7.4%6.1 mg/L were observed in two specific
periods (days 179-181 and 203-215), which coincided with
operational issues related to the membrane bioreactor effluent
(Figure 4). In all other instances, nitrite levels remained below
the detection limit.
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Figure 4. Variations of nitrite concentration in the denitrifying
membrane-sulfidogenic up flow column reactor sequential
system.

It has been observed that autotrophic denitrification bacteria
dominate the whole process when nitrate is mixed with sulfide-

rich anoxic sediments [21],[22]. Sulfide-based denitrification
could be used in the removal of sulfate and nitrate in
groundwater. There are also studies in the literature on the
treatment of sulfide rich sediment sludge. The two most
commonly reported denitrification bacteria in the literature are
Thiobacillus Denitrificans and Thiomicrospira Denitrificans [22].

Although there are many studies in the literature that provide
high nitrate removal with sulfide-based denitrification, only
partial nitrate removal was achieved in this study. This
limitation can be attributed primarily to insufficient sulfide
delivery to the MBR, a consequence of the low sulfate reduction
efficiency observed within the column bioreactor. For example,
Yangetal. (2016) observed a direct correlation between nitrate
removal efficiency and the sulfide/nitrogen (S/N) ratio. Their
study demonstrated an approximately four-fold increase in the
biomass-specific nitrate reduction rate when the S/N ratio was
elevated from 3 to 5 [15]. In the study by Liang et al. (2024),
nitrate, sulfide and phosphate removal efficiencies were
reported as 87.63+x3.12, 99.61+1.02 and 85.38+4.07%,
respectively, at influent nitrate, sulfide and phosphate
concentrations of 80.55+2.98 mg N/L, 380.15+20.83 mg S/L
and 47.70£4.35 mg P/L, respectively and at the HRT of 8.8 h
[23]. In a study by Hove et al. (2020), optimal influent
concentrations for effective nitrate removal via sulfide-based
denitrification in municipal wastewater were reported as
follows: TKN at 30 g N/m3, hydrogen sulfide at 42 g S/m3, and
organic matter at 12 g COD/m3 [13].

The removal of both nitrate and sulfate from aquatic
environments is typically achieved using advanced filtration
methods (i.e., nanofiltration or reverse osmosis [24] or ion
exchange techniques [25]) all of which generate a concentrate
that must be managed. In rural areas where groundwater use
for drinking water is necessary, the management of this
concentrate becomes even more challenging. A process in
which both nitrate and sulfate are biologically removed, instead
of being concentrated, can offer a significant advantage. To this
end, a robust system providing high performance can be
established by combining heterotrophic denitrification and
heterotrophic sulfate reduction followed by partial oxidation.
However, this approach may again result in high sludge
production and also require a high organic substrate input,
thereby increasing operational costs. The proposed system is
important because it features low sludge production, low
substrate requirement, reuse of the produced sulfur, and the
final discharge of both pollutants from the system boundaries.
Nevertheless, the fragile structure of the system may limit its
application.

In the sulfidogenic column reactor, sulfide production depends
on medium pH [26], the presence of surfaces where sulfur can
adsorb, and ultimately on sulfate reduction performance. Any
variation in this process, and consequently low sulfide
production, directly affects nitrate removal in the sulfide-based
autotrophic denitrification reactor. As a result, if nitrate
reaches the sulfidogenic reactor, a nitrate/sulfate competition
may arise that further reduces sulfide production [27] in the
sulfidogenic column reactor. This chain reaction could result in
complete performance loss of the entire system.

To prevent this, ensuring continuous denitrification even
during sulfide deficiency is essential. Therefore, denitrification
conditions can be maintained not only with sulfide, but also
with elemental-sulfur or thiosulfate-based approaches.
Elemental sulfur is a particularly attractive alternative electron
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donor, as it can be used as reactor filling material and dissolve
when needed [28], eliminating the requirement for continuous
dosing.

3.3 Variations of COD and alkalinity in the denitrifying
membrane-sulfidogenic up-flow column reactor
system

The column bioreactor was fed with ethanol added to the MBR
effluent, and the average influent COD was 312+91 mg/L
during the study. The COD concentrations in effluent of the
sulfidogenic column bioreactor were averaged 197+103 and
132443 in Period 1 and 2. COD removal efficiency in the column
bioreactor exhibited an increase from 37% in the first period to
58% in the second period, despite a decrease in sulfate removal
efficiency (Figure 5). This strongly suggests that heterotrophic
processes are the dominant mechanism driving the high nitrate
removal efficiency observed at the sulfidogenic column
bioreactor effluent.
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Figure 5. Variations of COD concentration in the denitrifying
membrane-sulfidogenic up flow column reactor sequential
system.

No external COD source was introduced into the MBR system
feed. However, the recycle line transported unoxidized COD
from the column reactor to the MBR. The average COD in the
MBR influent was 101+59 and 76+30 mg/L in the Period 1 and
2, respectively, which was subsequently reduced to 28+26 and
22%19 mg/L in the MBR effluent. The reduction of nitrate to
nitrogen gas by bacteria from the presence of organic matter is
known as heterotrophic denitrification. The expected
stoichiometry of an ethanol-based denitrification is presented
below [29].

0.154N03 + 0.154H* + 0.0833C,HsOH — 0.292H,0 + 3)
0.01CsH,NO, + 0.1167C0, + 0.072N,

According to Reaction 3, 1.77 mg ethanol is required in the
ethanol-based denitrification of each gram N-NOs. This
corresponds to a requirement of approximately 3.7 mg COD for
the reduction of 1 mg of N-NOs3 in the ethanol-based
denitrification. Based on the measured COD concentrations in
the MBR influent and effluent, an average of 19.8 and 14.6 mg
N-NOs3-/L could be removed in the MBR via heterotrophic
denitrification using COD carried over from the column reactor.
This estimate assumes that all nitrate removal in the MBR can
be attributed to this pathway.

Alkalinity variations throughout the study are visually
represented in Figure 6. No significant increase or decrease was
observed in the influent and effluent alkalinity concentrations
of the MBR and sulfidogenic column bioreactor.
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Figure 6. Variations of alkalinity concentration in the
denitrifying membrane-sulfidogenic up flow column reactor
sequential system.

4 Conclusion

In this study, the removal performance of high concentrations
of sulfate and nitrate in groundwater by sequential autotrophic
denitrification and sulfate reduction processes was
investigated. Sulfate was first reduced to sulfide in an ethanol-
based system and then produced sulfide was used as an
electron mediator for nitrate reduction. Nitrate was almost
completely removed at the system effluent but the sulfate
removal efficiency of the sequential system was quite low.
Ethanol-based denitrification conditions occurred in both
reactors, and nitrate was reduced both partially autotrophically
and heterotrophically. Operating conditions were insufficient
to maintain a more dominant sulfate-reducing bacteria
population in a sulfidogenic column bioreactor, and
autotrophic nitrate-reducing bacteria in the MBR. Furthermore,
to increase the reactor’s resilience to sulfide fluctuations, an
alternative electron donor should be available in the MBR in
case of sulfide deficiency. Future studies could explore initially
operating the denitrification reactor with elemental sulfur to
promote a microbial community capable of utilizing both sulfur
and sulfide, thereby maintaining nitrate removal performance
during sulfide interruptions.
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Postbiyotikler, cesitli yontemler ile iiretilen ve canl hiicre icermeyen
metabolitlerdir. Icerdikleri biyoaktif ajanlar ile bulunduklar: ortamda
antimikrobiyal, antiviral ve antienflamatuar gibi cesitli fizyolojik
aktiviteleri tesvik ederler. Canli hiicre icermedikleri icin antibiyotik
direnci olusturmazlar, bagisikligi diistik bireylerde kullanimi giivenlidir
ve soguk zincir gerektirmeyen tasima ve depolama kolayliklari ile
probiyotiklere kiyasla bircok tistiin ézelliklere sahiptir. Nanolifler genis
ylizey alani ve ytiksek gézenekli yapilari ile bircok kullanim alanina
sahiptir. Nanoliflerin iiretiminde en sik kullanilan yontemlerden biri
elektro iiretimdir. Bu ¢alisma kapsaminda elektro tiretim teknigi ile
tiretilen polimer nanolif értiilerin yapilarina Lactobacillus acidophilus
ve Lactobacillus rhamnosus suslarindan elde edilen postbiyotiklerin
dahil edilebilirligi ve nanoliflerin antimikrobiyal aktivitesi analiz
edilmistir. Yapilan analizlerden elde edilen bulgularda postbiyotiklerin
nanolif értiilere dahil edilebildigi ve bununla birlikte 5 farkli patojen
mikroorganizmaya karst iyi bir antimikrobiyal etki sagladigi ortaya
konmustur.

Anahtar kelimeler: Postbiyotik, Probiyotik, Nanolif, Antimikrobiyal
Elektro iiretim.

Abstract

Postbiotics are metabolites produced by various methods that do not
contain live cells. These metabolites promote various physiological
activities, such as antimicrobial, antiviral, and anti-inflammatory
effects, through the bioactive agents they contain. Since they do not
contain live cells, they do not contribute to antibiotic resistance, making
their use safe for individuals with compromised immune systems.
Moreover, they offer several advantages over probiotics, such as not
requiring a cold chain for transport and storage. Nanofibers, known for
their large surface area and highly porous structure, have a wide range
of applications. One of the most commonly used methods for producing
nanofibers is the electrospinning technique. In this study, the
incorporation of postbiotics derived from Lactobacillus acidophilus and
Lactobacillus rhamnosus strains into polymer nanofiber mats produced
by electrospinning was investigated, along with the antimicrobial
activity of these nanofibers. The findings from the analyses
demonstrated that postbiotics could be successfully incorporated into
nanofiber mats and provided significant antimicrobial effects against
five different pathogenic microorganisms

Keywords: Postbiotic, Probiotic, Nanofiber, Antimicrobial
Electrospinning.

1 Giris

Diinya saghk orgiitii (WHO), probiyotikleri “yeterli miktarda
alindiginda, konak¢1r saglhigina yarar saglayan canli
mikroorganizmalardir” seklinde tanimlamistir. Probiyotikler
fizyolojik aktivitelerin problemsiz bir sekilde gerceklesmesine
katkida bulunarak viicudun saglikli ve dengede kalmasini
saglar. Probiyotiklerin insan sagligina olan yararlan c¢esitli
arastirmalarla ortaya konmustur ancak bir iirliniin probiyotik
iriin sayilabilmesi i¢in minimum 106 kob/g ya da ml canh
probiyotik  bakteri igermesi ve bunu koruyabilmesi
gerekmektedir [1]. Fakat c¢evre kosullarina duyarhliklar:
sebebiyle uzun vadede metabolik aktivitelerini ve canliliklarini
koruyabilmeleri oldukga giictiir [2]. Ayrica yapilan arastirmalar
sonucunda ortaya konmustur ki probiyotiklerin sagladigi klinik
faydalar ve fizyolojik mekanizmalarin gerceklesmesi icin
mikrobiyal canlihga gerek yoktur [3]. Tiim bu veriler goz
oniinde bulunduruldugunda postbiyotik kavrami one
cikmaktadir.

Postbiyotikler, bakterilerin metabolik faaliyetleri sonucu
ortaya ¢ikan, enzim, peptid, bakteriyosin gibi ¢esitli
molekiillerdir. Canli mikroorganizma icermedikleri halde
probiyotikler ile o6zdeslestirilmis benzer mekanizmalar

sayesinde saghga faydal etkiler gostermekle birlikte viicuda
canli mikroorganizma aliminin getirdigi riskleri de minimalize
etmektedir [4]. Canlinin fizyolojik fonksiyonlarini iyilestirerek
saghigimma olumlu yonde etki yapan postbiyotikler,
antimikrobiyal, antiinflamatuar, antiproliferatif ve antioksidan
gibi cesitli biyolojik aktiviteleri tesvik etmektedir [5]. Sharma
ve dig. (2018) yapmis olduklar1 bir ¢alismada Pseudomonas
aeruginosa PAO1 biyofilmine kars1 probiyotik
mikroorganizmalardan  izole edilen bakteriyosin  ve
ekzopolisakkarit postbiyotiklerinin anti-biyofilm potansiyel
etkisi incelenmistir. Filogenetik analiz ile izole bakterilerin
Lactobacillus fermentum oldugu belirlenmistir. Calismada
plakalar c¢esitli bakteriyosin, ekzopolisakkarit ve bunlarin
kombinasyonu ile kaplanmistir. Biyofilm olusumunu
gozlemlemek i¢in lazer tarama mikroskobu kullanilmis ve akis
sitometrisi ile biyofilm olusturan canh hiicrelerin 6l¢iimii
yapilmistir. Yapilan analizler sonucunda kaplanan plakalarda
biyofilm olusumuna sebep olan canllarin sayisinda 6nemli
seviyede azalma oldugu ortaya konmustur [6]. Yordshahi ve
dig. (2020), bakteriyel nanoselillozdan (BNC) {rettikleri
antimikrobiyal o6zellikte nanokagit iiretmis ve igerisine
liyofilize postbiyotik dahil ederek et sarma kagidi olarak
kullanimini arastirmiglardir. L. plantarum susundan elde edilen
postbiyotikler, emdirme ile BNC filmlere katkilanmistir.
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Postbiyotik iceren filmlerin L. monocytogenes’e karsi
antimikrobiyal etki gosterdigi ve bu etkinin artan postbiyotik
konsantrasyonu ile arttigt  gozlemlenmistir.  Ayrica
postbiyotiklerin BNC kagittan gidaya hizla salinarak et
ylizeyinde ¢éziinmesi, istenmeyen duyusal degisikliklere sebep
olmadan gidanin raf émriinii uzatmayi basarmistir [7].

Biyolojik agidan incelendiginde dogada kendiliginden var olan
ipek, seliiloz, kolajen gibi bircok biyomalzemenin lif formunda
biriktirilmesinden yola ¢ikilarak biyomimetik bir yaklasimla
biyolojik sistemleri taklit etmek i¢in polimer nanoliflerin
kullanimi oldukg¢a uygun bir yaklasimdir [8]. Nanolifler, teorik
olarak sinirsiz uzunluga sahip ve genel olarak ¢ap1 1000 nm’
den kiiciik olan kati liflerdir. Cok kiiciik gézenek boyutu ve
yliksek yiizey alanina sahip olmalary, nanolifleri cesitli
alanlardaki uygulamalar icin ¢ekici hale getirmektedir [9].

Nanoliflerin tiretim teknikleri arasinda elektro iiretim, diisiik
maliyetli olusu, genis polimer yelpazesine sahip olmasi ve kolay
uygulanabilirligi ile siklikla tercih edilen bir yontemdir. Yiiksek
voltaj saglayan bir gii¢ kaynagi, polimer ¢ozeltisinin beslenmesi
ve biriktirme alanindan olusan elektro tiretim, kontrollii bir
sekilde nano boyutlarda liflerin elde edilmesine imkan
vermektedir [10]. 2023 yilinda yapilmis bir ¢alismada elektro
tretim teknigi kullanilarak antimikrobiyal ajan iceren PVA
nanolifler tretilmis ve karakterizasyon testleri ile morfolojik
yapist ve yara Ortiisii olarak kullanilabilirligi arastirilmistir.
Antimikrobiyal ajan olarak nerolidol (NER) kullanmilmistir.
Yapilan analizlerde NER konsantrasyonunun artmasi ile temas
acisinda da artis oldugu gorilmiis, boylelikle NER
molekiillerinin varhigir dogrulanmistir. Disk difiizyon yontemi
ile antimikrobiyal etkisi arastirilan nanoliflerde, saf PVA'nin
antimikrobiyal 06zellik gdstermemesine bagli olarak NER
icermeyen liflerde inhibisyon bdlgesi olusmamakla birlikte,
NER iceren matlarin hem Gram pozitif hem de Gram negatif
bakterilere karsi degisik oranlarda inhibisyon alani olusturarak
antimikrobiyal aktivite gostermistir [11]. Bdylelikle PVA
nanoliflere antimikrobiyal ajan dahil edilmis ve basarili bir
bicimde elektro iiretim ile antimikrobiyal etki gosteren
nanolifler elde edilmistir.

Bitki 6zleri ve esansiyel yaglar, icerdikleri kimyasal bilesenler
sayesinde yara iyilesmesini hizlandiran ve nanoliflerin yapisina
dahil edilen antimikrobiyal ajanlardan biridir. Bu kapsamda
yapilan calismalardan birinde Giiler ve dig. (2019) tar¢in ugucu
yag1 iceren PVP nanolifler liretmislerdir. Genel olarak iiniform
yapida nanolifler elde edilmis, ugucu yag ilavesinin lif capini
arttirdifn  gozlemlenmistir. Ayrica disk difiizyon testi
uygulandiginda yalnizca PVP iceren nanoliflerin antibakteriyel
etki gostermedigi, ugucu yag iceren Orneklerin iyi birer
antibakteriyel etki gosterdigi ortaya konmustur. Ek olarak
nanolifli malzemenin artisiyla daha iyi antibakteriyel etki
gozlemlenmesi ugucu yag dagiliminin nanolif yiizeyinde
tekdiize oldugunu gostermektedir. Dolayisiyla PVP nanolifler,
antibakteriyel ajan dagilimi i¢in iyi bir polimer olabilmektedir
[12].

Bu c¢alismada iki farkli bakteriden termal inaktivasyon
sonrasinda santrifiij teknigi ile {tretilen postbiyotiklerin,
nanoliflere dahil edilebilirligi arastirilmistir. Bu kapsamda,
tiretilen postbiyotikler elektro iiretim teknigi kullanilarak
polivinil alkol (PVA) ve polivinil pirolidon (PVP)' a entegre
edilmis ve antimikrobiyal aktiviteleri incelenmistir.

2 Gerec¢ve yontem
2.1 Gereg

Nanoliflerin elde edilmesinde kullanilan Polivinil alkol (PVA)
(125.000 MW, %99 hidrolize), Polivinilpirolidon (PVP) K90 ve
Etanol, Sigma-Aldrich Co. (St Louis, A.B.D.) firmasindan temin
edilmigtir. Postbiyotik elde edilen Lactobacillus acidophilus
(ATCC 4356) ve Lactobaciluus rhamnosus (ATCC 7469) suslari
ATCC kiilttrler olarak alimmistir. Bakterilerin ekildigi Tyriptic
Soy Broth sivi besiyeri Lab M (Heywood, UK) firmasindan
tedarik edilmistir.

2.2 Yontem

2.2.1 PVA ¢ozeltisinin hazirlanmasi

1 g PVA tartilip lizerine 9 g distile su eklenmesiyle %10 (a/a)
polimer c¢ozeltileri elde edilmistir. Hazirlanan c¢o6zeltiler
manyetik karistiricitda 90°C’de 500 rpm hizinda homojenize
oluncaya dek karistirtlmistir.

2.2.2 PVP ¢bzeltisinin hazirlanmasi

1 g PVP polimeri tartilip lizerine 9 g Etanol eklenerek %10 (a/a)
PVP c¢ozeltileri hazirlanmistir. Hazirlanan ¢ozeltiler manyetik
karistiricida 50°C’de 500 rpm hizinda homojenize oluncaya dek
karistirilmistir.

2.2.3 Siv1 besiyerin hazirlanmasi

Bakterilerin iiremesi icin gerekli Tyriptic Soy Broth (TSB)
cozeltisi 300 ml hazirlanarak dispenser ile her birine 9 ml
olacak sekilde cam tiiplere dagitilmistir. Cam tiipler
icerisindeki TSB ¢ozeltileri otoklavlanarak sterilize edilmistir.

2.2.4 Fizyolojik tuzlu su (FTS) hazirlanmasi

Fizyolojik tuzlu suyun hazirlanmasi i¢in hassas terazi ile 9 g
tartilmis ve steril cam sise icerine konmustur. Uzerine 1 litre
distile su eklenerek %0.9 (a/h) konsantrasyona sahip ¢ozelti
karisim elde edilmistir. Hazirlanan karistm homojenize
oluncaya dek manyetik karistiricida  karistirilmistir.
Homojenize ¢ozelti otoklavlanarak sterilize edilmistir.

2.2.5 Probiyotiklerin zenginlestirilmesi

L. acidophilus ve L. rhamnosus suslar1 referans Kkiiltiir olarak
kullanilmistir. Her islem iki sus i¢in ayr1 ayr1 yapilmistir. Sustan
1 06ze dolusu alinip Oncesinde hazirlanan TSB igerisine
aktarilarak 37°C’de 24 saat inkiibe edilmistir. inkiibasyonun
ardindan mikropipet ile 1 ml alinarak ayr1 ayr1 siv1 besiyeri
icerisine aktarilmis ve 37°C'de 24 saat inkiibe edilerek
zenginlestirme yapilarak bakteriler hazirlanmistir.

2.2.6 Pelet Eldesi

Zenginlestirilmis probiyotik kiiltiiri, 4000 rpm’de 10 dakika
slireyle santrifiij edilerek probiyotik hiicreleri besi ortamindan
aynistirilmistir.  Dibe ¢oken pelet (probiyotik hiicreleri)
korunarak iistte kalan soliisyon (besi ortami) atilmistir.

2.2.7 Yikama islemi

Elde edilen pelet lizerine 5 ml FTS eklenmis ve vorteks ile
karistirllmistir. Karisim tekrardan 4000 rpm’de 10 dakika
slireyle santrifiij edilmis ve bu islem toplamda 4 kez tekrar
edilerek probiyotikler daha da saflastirilmistir. Son yikamadan
sonra 1 ml FTS eklenmis ve vorteks ile homojenize edilmistir.
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2.2.8 Probiyotiklerin parcalanmasi ve elektro iiretim
islemi icin nihai ¢ézeltinin hazirlanmasi

Homojenize edilmis probiyotik siispansiyonu, hazirlanmis olan
PVP ve PVA ¢6zeltisinden 9 g alinip iizerine eklenmis ve 90°C'de
30 dakika boyunca manyetik karistirici ile homojenize
edilmistir. Boylelikle canli bakteriler 1s1 yoluyla patlatilmis ve
postbiyotik iceren polimer ¢ozeltisi hazirlanmigtir.

2.2.9 Elektro iiretim

Hazirlanan bos polimer c¢ozeltileri ve postbiyotik igeren
¢ozeltiler ucunda metal igne bulunan enjektore doldurulmus ve
metal igne glic kaynagina baglanarak elektriksel olarak
ylklenmistir. Yiikli ¢6zelti, topraga bagh metal toplayici plaka
tizerine ¢ekilerek nanolifler elde edilmistir. Cekim islemi 15 cm
mesafeden 5 saat boyunca 15 kV uygulanarak 1 ml/sa. besleme
hizi ile gerceklestirilmistir.

Elde edilen nanoliflerin isimleri ve icerikleri Tablo 1’de
verilmistir.

Tablo 1. Nanolif 6rneklerine ait icerikler.

Table 1. Contents of nanofiber samples.

Nanolif Ornegi Polimer Bakteri
PVAO PVA -
PVPO PVP -
PVA/LA PVA Lactobacillus acidophilus

(ATCC 4356)

3 Karakterizasyon

3.1 Alan emisyonlu taramali elektron mikroskobu
(FESEM)

Uretilen nanolifler, alan emisyonlu elektron mikroskobu
(FESEM) kullanilarak morfolojik analizi yapilmistir. Tim
numuneler, %80 altin ve %20 paladyum ile 400 saniye boyunca
kaplanarak iletken hale getirilmistir. Tim goriintiiler, 20 kV ile
calisiip 5000x ve 10000x biiylitme oranlar ile alinmistir.
Image ] programi kullanilarak elde edilen goriintiilerden
ortalama nanolif caplar1 hesaplanmistir.

3.2 Nanoliflerin aktivitesinin

belirlenmesi

Calisma kapsaminda iiretilen PVAO, PVP0O, PVA/LA, PVP/LA,
PVA/LR ve PVP/LR nanoliflerinin antimikrobiyal aktiviteleri
incelenmistir. Bu kapsamda Uluslararasi Standartlar Tegkilati
(International Organization for Standardization, ISO) 20645
(Tekstil Uriinleri icin agar difiizyon antimikrobiyal testi
standardi) cercgevesinde analizler yapilmis ve Tablo 2’de

antimikrobiyal

belirtilen mikroorganizmalar ile 8 log kob/ml’lik bakteri stogu
hazirlanmis, sonrasinda 100 pL agar yiizeyine aktarilmis ve
drigalski spatiilii ile yayillmistir. Bu baglamda, PVAO, PVA/LA,
PVA/LR, PVP, PVP/LA ve PVP/LR nanoliflerinden numuneler
(25£5mm ¢apli) hazirlanip yiizeye konularak 37 °C’'de 24 saat
boyunca inkiibasyon saglanmistir.

4 Bulgular ve tartisma

Shankhwar ve dig. (2016) yaptiklar1 bir ¢alismada elektro
iretim teknigi ile antibiyotik yiikli PVA/PVP kompozit
membranlar iiretmis ve bunlarin ila¢ salimim kapasitesini,
antimikrobiyal ozelligini ve biyouyumluluklarini
incelemislerdir. Ayrica kompozit membranlarin iiretiminde
PVA: PVP oran1 degistirilerek mekanik 06zellikleri nasil
etkiledigine bakilmistir. Sonuglar membranlarin, kapsiillenmis
antibiyotigin siirekli salinimini sergiledigi ve ayrica patojen
mikroorganizmalara karsi lokal antimikrobiyal 6zellik
gosterdigi ortaya konmustur. Fibroblast ve keratinosit
hiicrelerinin in vitro kiltiiri, nanolif membranlarin
biyouyumlu  oldugunu  dogrulamistir. ~ PVP ilavesi,
membranlarin  mekanik  6zelliklerini 6nemli seviyede
iyilestirdigi mekanik testler sonucu ortaya konmustur. Tiim bu
sonuglara bakildiginda PVP/PVA membranlarin antimikrobiyal
ajan salimi ve mekanik a¢idan uygun birer etkilesimli nanolif
olarak kullanilabilirligini dogrulamaktadir [13].

4.1 PVAO, PVA/LA ve PVA/LR nanoliflerinin FESEM
analiz sonuglar1

FESEM analizi sonucu elde edilen goriintiilerden rastgele 30
adet lif secilerek ¢aplari 6l¢iilmiis ve ardindan ortalama lif ¢ap1
hesaplanmistir. Bu prosediir tim numuneler icgin
gerceklestirilmistir. PVA nanoliflerine ait ortalama lif c¢ap:
sirayla, PVAO = 335.146 nm, PVA/LA = 450.338 nm ve
PVA/LR=263.177 nm. Tablo 3’te nanoliflere ait ¢ap 6l¢iimleri
verilmistir.

Bu ¢alismada tiim numuneler goz oniine alindiginda PVA
nanoliflerin ¢aplar1 222.785 nm ile 612.323 nm arasinda olup
ortalama 349.553 nm’dir. Yapilan bir ¢alismada sar1 kantaron
yagl iceren PVA nanoliflerinin ortalama ¢apinin 82 + 17 nm ile
208 * 105 nm arasinda oldugu bildirilmistir [14]. Benzer bir
calismada kitosan iceren PVA nanoliflerinin ortalama
caplarinin 172 + 60 ile 257 + 63 arasinda degistigi bildirilmistir
[15]. Ek olarak jelatin iceren PVA nanoliflerinin ¢capinin 177 nm
ile 340 nm arasinda degistigi bildirilmistir [16].

PVAO, PVA/LA ve PVA/LR nanolif 6rneklerine ait FESEM
gorintiileri sirasiyla Sekil 1, Sekil 2 ve Sekil 3 ’te verilmistir.

Tablo 2. Antimikrobiyal aktivite analizinde kullanilan mikroorganizma kiiltiirleri.

Table 2. Microorganism cultures used in antimicrobial activity analysis.

Mikroorganizma Tiirid Gram Tiirii ATCC No
Listeria monocytogenes Bakteri Pozitif 35152
Staphylococcus epidermidis Bakteri Pozitif 14990
Bacillus cereus Bakteri Pozitif 14579
Aspergillus brasiliensis Mantar 16404
Salmonella typhimurium Bakteri Negatif 14028

Tablo 3. PVA nanoliflerin ortalama ¢aplari

Table 3. Average diameters of PVA nanofibers

Nanolif Ornegi Maksimum Cap (nm) Minimum Cap (nm) Ortalama Cap (nm)
PVAO 561.637 222.785 335.146
PVA/LA 612.323 317.012 450.338
PVA/LR 320.973 160.486 263.177

1329



Pamukkale Univ Muh Bilim Derg, 31(7), 1327-1334, 2025
A.S. Oztiirk, A. Koluman

(a) (b)
Sekil 1. PVAO nanolif 6rnegine ait FESEM goriintiileri.
(a): 5000X-PVAO. (b): 10000X-PVAO.

Figure 1. FESEM images of PVAO nanofiber sample.
(a): 5000X-PVAO. (b): 10000X-PVAO.

Z

(a) (b)
Sekil 2. PVA/LA nanolif 6rnegine ait FESEM goériintiileri.
(a): 5000X-PVA/LA. (b): 10000X-PVA/LA.

Figure 2. FESEM images of PVA/LA nanofiber sample.
(a): 5000X-PVA/LA. (b): 10000X-PVA/LA.

Dk T i

(@) (b)
Sekil 3. PVA/LR nanolif 6rnegine ait fESEM goriintiileri.
(a): 5000X-PVA/LR. (b): 10000X-PVA/LR.

Figure 3. FESEM images of PVA/LR nanofiber sample.

(a): 5000X-PVA/LR. (b): 10000X-PVA/LR.
Postbiyotiklerin nanoliflere dahil edilmesi {izerine yapilan
calismada, Bacillus coagulans'tan elde edilen ve yeni bir
postbiyotik tiirii olan Lactosporin kullanilmistir. Lactosporin,
Hyaluronik asit (HA)/PVA/Kitosan (CS) bazli nanoliflere dahil
edilmis ve 6 farkli bakteri tiiriine karsi antibakteriyel etkisi
arastirllmistir. Uretilen nanolif membranlarin tekdiize ve
boncuksuz yapiya sahip oldugu goriilmiistiir. Membranlar,
minimum  inhibisyon = konsantrasyonu testinde tiim
mikroorganizmalara kars: aktif etki gostermis ve Escherichia
coli,  Micrococcus  Luteus,  Pseudomonas  aeruginosa,
Staphylococcus aureus, Staphylococcus epidermis ve Klebsiella
pneumonia dahil olmak iizere alt1 bakteri tiiriine kars: istiin
antibakteriyel 6zellikler gdstermistir [17]. Yapmis oldugumuz
calismada da PVA/LA nanolif o6rnegi hari¢ tamaminin
boncuksuz oldugu gozlemlenmistir. Boncuklu yapiya
sebebiyetin 6rnegin hazirlanmasi ve liretim asamasindaki dis
kosullardan veya homojenizasyondan kaynaklanabilecegi
diistiniilmektedir.

4.2 PVPO, PVP/LA ve PVP/LR nanoliflerinin FESEM
analiz sonuglar1

FESEM analizi sonucu elde edilen goriintiilerden rastgele 30
adet lif secilerek ¢aplari 6l¢iilmiis ve ardindan ortalama lif cap1
hesaplanmistir. Bu prosediir tim numuneler igin
gerceklestirilmistir. PVP nanoliflerine ait ortalama lif ¢ap:
sirayla, PVP0=608.069 nm, PVP/LA=535513 nm ve
PVP/LR=490.929 nm. Tablo 4’te nanoliflere ait ¢ap dl¢iimleri
verilmistir. PVP nanolif 6rneklerine ait FESEM goriintileri
Sekil 4, Sekil 5 ve Sekil 6’da verilmistir.

Tablo 4. PVP nanoliflerin ortalama ¢aplari.

Table 4. Average diameters of PVP Nanofibers.

Nanolif Maksimum Minimum Ortalama
Ornegi Cap (nm) Cap (nm) Cap (nm)

PVPO 755.217 500.807 608.069
PVP/LA 781.520 346.678 535.513
PVP/LR 762.056 335.584 490.929

XN

() (b)
Sekil 4. PVPO nanolif 6rnegine ait FESEM goriintiileri.
(a): 5000X-PVPO. (b): 10000X-PVPO.

Figure 4. FESEM images of PVP0 nanofiber sample.
(a): 5000X-PVPO. (b): 10000X-PVPO.

RN A
AN

(@ (b)
Sekil 5. PVP/LA nanolif 6rnegine ait FESEM goriintiileri.
(a): 5000X-PVP/LA. (b): 10000X-PVP/LA.

Figure 5. FESEM images of PVP/LA nanofiber sample.
(a): 5000X-PVP/LA. (b): 10000X-PVP/LA.

(a) (b)
Sekil 6. PVP/LR nanolif Ornegine ait FESEM gériintiileri.
(a): 5000X-PVP/LR. (b): 10000X-PVP/LR.

Figure 6. FESEM images of PVP/LR nanofiber sample.
(a): 5000X- PVP/LR. (b): 10000X- PVP/LR.
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4.3 Antimikrobiyal aktivite analiz sonuclar:

Test sonuclart degerlendirilirken ISO 20645’te belirtilen
prosediir uygulanmistir. Bu baglamda nanolif numunesi
cevresinde 1 mm'den fazla bélgenin olusmasi, 0-1 mm'lik
bolgenin olusmasi ve numunenin dogrudan altinda biiyiimenin
olmamasi1 antimikrobiyal etkinin olustugunu gostermektedir.
Mikroorganizma gelisiminin baskilanmis ve zayif olusu sinirh
aktivite, geri kalan durumlar ise antimikrobiyal aktivitenin
olmayisin1  belirtmektedir. ISO  20645'te  belirtilen
degerlendirme kriterleri Tablo 5'te listelenmistir.

Tablo 5. Antibiyogram sonug degerlendirmesi.

Table 5. Antibiogram result evaluation.

Inhibasyon Ureme?) Acgiklama Yorum
Bolgesi (mm)

Ortalama Degeri

1 mm’den fazla inhibisyon
alani, mikroorganizma
artig1 yok )

>1 Yok lyi etki

1 mm’ye kadar olusan
inhibisyon alani,

mikroorganizma artis1 yok
b)

0-1 Yok Iyi etki

Hem mikroorganizma artigi
hem de inhibisyon alanm
0 Yok yoke
)

Inhibisyon bélgesi
bulunmamakla birlikte,
sinirh koloni mevcut olup,
biiylime neredeyse
tamamen durdurulmustur.

lyi etki

Sinirh etki

Inhibasyon alani
olugsmamakla birlikte,
kontrol grubu ile Yetersiz
kiyaslandiginda biiyiime etki
yar1 yarlya baskilanmistir €

0 Orta

Inhibisyon alani yok,
kontrol grubuna gore
iiremede baskilanma yok Yetersiz
veya ¢ok az var etki

0 Yogun

(a): Ornegin altindaki besi yerinde bakteri gelisimi,

(b) inhibisyonun kapsami yalmzca kismen degerlendirilmelidir. Genis

: inhibisyon alani, aktif maddelerin belirli kaynaklarini veya bir triintin
substrat tizerinde zayif bicimde baglandigini ortaya koyabilir,

(c): Inhibisyon alanimin olusmamasi, aktif maddenin diisiik yayilabilirliginden
kaynaklanabileceginden, inhibisyon boélgesi olugsmadan iiremenin
baskilanmasi iyi etki olarak tanimlanabilir.

(d) Tamamen biiylimenin engellenmesi kadar etkili olmas1” aktivite sinirlarini

: ortaya koymaktadir.

(e): Mikrobiyal biiyiimenin azaltilmasi ya koloni ¢ap1 ya da koloni sayisi anlamina
gelmektedir.

Uretilen tiim nanolif drneklerinin Listeria monocytogenes (LM),
Staphylococcus  epidermidis (SE), Bacillus cereus (BC),
Aspergillus brasiliensis (AB) ve Salmonella typhimurium (ST)'a

kars1 antimikrobiyal analizi yapilmistir.

Degerlendirme kapsaminda elde edilen PVAO ve PVPO nanolif
ornekleri, daha 6nce bilinen bir antimikrobiyal 6zellige sahip
olmamalarina bagh olarak antimikrobiyal analizde kontrol
numuneleri olarak kullanilmis ve antimikrobiyal etki
gostermemislerdir. Sekil 7’de PVAO ve PVPO nanolif
orneklerinin altinda ve c¢evresinde lireme olustugu acikca
goriilmektedir.

(@) (b)
Sekil 7. PVAQ ve PVPO0 nanolif drneklerine ait antimikrobiyal
analiz goriintiisi.

(a) : PVAO. (b): PVPO.

Figure 7. Antimicrobial analysis image of PVAO and PVAO
nanofiber samples.

(a) : PVAO. (b): PVPO.

PVA/LA nanolif 6rnegi LM haric diger tiim (SE, BC, AB ve ST)
mikroorganizmalara karsg1 iyi antimikrobiyal etki gostermis, LM
ye karsi etki gostermemistir. PVP/LA ve PVP/LR nanolif
ornekleri tiim mikroorganizmalara karsi iyi seviyede
antimikrobiyal etki gostermis, Orneklerin tizerinde higbir
ireme gozlemlenmemistir. PVA/LR nanolif o6rnegi tim
mikroorganizmalara karsi iyi seviyede antimikrobiyal etki
gostermis, ST’ye karsi ayrica inhibisyon bolgesi olusturmustur.

Sekil 8de PVA/LR, PVA/LA, PVP/LR ve PVP/LA nanolif
orneklerinin Staphylococcus epidermidis patojenine Kkarsi
gosterdigi antimikrobiyal etki goériilmektedir. Numunelerin
alinda mikroorganizma gelisiminin  gézlemlenmemesi,
nanoliflerin iyi seviyede antimikrobiyal etki gosterdigini ortaya
koymaktadir. Sol ist numune PVA/LA, sag list numune PVA/LR,
sag alt numune PVP/LA ve sol alt numune PVP/LR nanolif
orneklerine aittir.

Sekil 8. Postbiyotik iceren nanoliflerin Staphylococcus
epidermidis’e kars1 gosterdigi antimikrobiyal etki.

Figure 8. Antimicrobial effect of postbiotic containing
nanofibers against Staphylococcus epidermidis.
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Sekil 9, PVA/LR, PVA/LA, PVP/LR ve PVP/LA nanolif
orneklerinin  Salmonella typhimurium patojenine Kkarsi
gosterdigi antimikrobiyal etkiyi ortaya koymaktadir. Sol iist
numune PVA/LA, sag st numune PVA/LR, sag alt numune
PVP/LA ve sol alt numune PVP/LR nanolif 6rneklerine aittir.
Tiim numunelerin altinda tireme gézlenmemekle birlikte sag
iistteki numunenin (PVA/LR) olusturdugu inhibisyon bdlgesi
acikca goriilmektedir.

Sekil 9. Postbiyotik iceren nanoliflerin Salmonella
typhimurium’a karsi gosterdigi antimikrobiyal etki.

Figure 9. Antimicrobial effect of postbiotic containing
nanofibers against Salmonella typhimurium.

Yara ve yanik yiizeyinden izole edilen patojen
mikroorganizmalara  karst  farkli  bakteri tiirlerinin
antimikrobiyal etkisinin kargilastirildigt  bir ¢alismada,
Lactobacillus rhamnosus GG ve Lactobacillus acidophilus’ tan
elde edilen bakteriyosinlerin, 70 hastadan toplanan siiriintii
orneklerinden elde edilen P. aeruginosa’ ya Kkarsi
antimikrobiyal etkisi incelenmistir. Elde edilen tim P.
aeruginosa izolatlar1 proteaz iiretebilmektedir. P. aeruginosa,
¢oklu antibiyotik direnci gosterdigi halde elde edilen
bakteriyosinlerin proteaz lizerinde antimikrobiyal etki
gosterdigi gozlemlenmis, ayrica L. acidophilus'un en yiiksek
antimikrobiyal etki bolgesi 25 mm, L. rhamnosus'un ise 32 mm
olarak olciilmiistir [18]. Yapmis oldugumuz ¢alisma ile ayni
bakteri suslarinin kullanildig1 bu ¢alisma, kullanilan tiirlerin
antimikrobiyal etkisini a¢ik¢a ortaya koymaktadir.

5 Sonugclar

Nanoteknolojinin de ilerlemesi ile 6zellikle son birkag¢ on yildir
bircok farkl 6zellikte nanolif membranlar gelistirilmektedir.
Nanolifler, sahip olduklar1 genis yilizey alam ve yliksek
gozeneklilikleri ile ¢esitli biyoaktif ajanlarin entegrasyonuna ve
bunlarin salinimi igin uygun yapidadirlar. Postbiyotikler
mikroorganizma kaynakli metabolitlerdir. Cesitli yontemler
kullanilarak inaktive edilen bakterilerden elde edilen
postbiyotikler, canli hiicre icermemeleri sebebiyle kullanimlari
giivenlidir ve probiyotiklerin tabi tutuldugu sinirlamalara dahil
degildirler. Yapilan bir¢ok arastirma postbiyotiklerin bir¢ok
fizyolojik aktivite ile konagin olagan saglik durumuna iyi yonde
etki ettigi kanitlanmistir. Jamaran ve dig. (2021) yaptiklar1 bir
calismada solvent dokiim teknigini kullanarak Lactobacillus
reuteri ‘den elde ettikleri hiicresiz siipernatant ile
postbiyotik/kitosan/polietilen  glikol (PEG) bazli  bir
biyobozunur film iireterek hayvan deneyleri ile yara ortiisi

olarak kullanimini arastirmislardir. Hayvan deneyleri; bir
kontrol grubu, bir kitosan grubu ve bir postbiyotik grubu olmak
lizere 3 gruba ayrilan 45 erkek sican lizerinde tam kalinlikta
eksizyonel yaralar agilarak yapilmistir. Uretilen filmlerle
antimikrobiyal analiz ve gen ekspirasyonu analizi yapilmistir.
Yapilan incelemelerde postbiyotik iceren filmlerin, yaralarda
enfeksiyona sebep olan patojenleri inhibe ettigi ve
antimikrobiyal 6zellik sergiledigi gortilmiistiir [19].

Postbiyotiklerin yara iyilesmesine olan etkilerinin incelendigi
bir calismada ise Golkar ve dig. (2021) Lactobacillus fermentum,
Lactobacillus reuteri ve Bacillus subtilis sp. natto olmak iizere
farkli probiyotik suslarindan elde edilen postbiyotikleri iceren
3 farkh topikal soguk krem formiilasyonu hazirlayarak sigan
modeli {lizerinde etkinlikleri arastirilmistir. Bu kapsamda
yapilan deneylerde postbiyotik iceren kremler, postbiyotik
icermeyen krem uygulanan ve hicbir tedavi uygulanmayan
kontrol grubu sicanlarla kiyaslanarak test edilmistir.
Postbiyotik iceren formiilasyonlarin, kontrol grubuna gore
iyilesme siirecinde hizli olduklar1 gostermistir. Ayrica Bacillus
subtilis natto postbiyotigi iceren krem formiilasyonlar
arasinda en iyi iyilesme gosteren grup olmustur.
Hidroksiprolin, doku onarimi ve kolajen sentezinin gostergesi
olan bir parametredir. Bacillus subtilis natto ile flretilen
postbiyotik iceren krem, digerlerine kiyasla en fazla
hidroksiprolin iireten formiilasyon olmustur. Calismada, 14
giin sonunda yara iyilesmesinin detayli degerlendirilmesi icin
yapilan histolojik analizde epitelizasyon, inflamasyon,
graniilasyon ve fibrozis gibi siiregler puanlanarak
degerlendirme yapilmistir. Postbiyotik icermeyen soguk krem
ile tedavi edilen, Lactobacillus fermentum postbiyotigi iceren ve
tedavi uygulanmayan si¢anlarda eksik epitelizasyon gelisirken,
Lactobacillus reuteri ve Bacillus subtilis sp. natto suslarindan
elde edilen postbiyotikle hazirlanan kremler ile tedavi edilen
sicanlarda tam epitelizasyon goriilmiistiir. Enflamasyon
derecesi gruptan gruba degisiklik gostermistir. Postbiyotik
icermeyen ve herhangi bir tedavi uygulanmayan soguk kremle
tedavi edilen gruplarda en yiiksek enflamasyon goriiliirken,
Lactobacillus reuteri soguk kremi ile tedavi edilen grupta
enflamasyon  gelismemistir.  Genel olarak histolojik
degerlendirme sonuglarina bakildiginda postbiyotik igeren
soguk kremlerin yara iyilesmesini destekledigi ortaya
konmustur [20].

Bu ¢alisma kapsaminda elektro iiretim teknigi kullanilarak
postbiyotiklerin  nanolif = formuna  entegrasyonu ve
antimikrobiyal etkinligi arastirilmistir. Bu  baglamda
Lactobacillus  acidophilus ve Laactobacillus rhamnosus
suslarindan elde edilen postbiyotikler, polimer ¢dzeltilerine
karistirilarak nanolif formuna donistirilmisgtir.
Postbiyotiklerin, FESEM teknigi ile morfolojik analizi yapilan
nanoliflere dahil edildigi goriintiilenmistir. Ayrica {retilen
nanolif membranlar, 5 farkli patojen mikroorganizmaya karsi
antimikrobiyal etkinligi arastirllmis ve iyi seviyede
antimikrobiyal 6zellik sergiledikleri ortaya konmustur.

6 Conclusions

With the advancement of nanotechnology, various nanofiber
membranes with different properties have been developed,
particularly over the past few decades. Nanofibers,
characterized by their large surface area and high porosity, are
well-suited for the integration of various bioactive agents and
their subsequent release. Postbiotics are metabolites derived
from microorganisms. Postbiotics obtained from bacteria that
have been inactivated using various methods are safe for use
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due to their lack of live cells and are not subject to the
limitations imposed on probiotics. Numerous studies have
demonstrated that postbiotics positively influence the host's
physiological activities and overall health. Jamaran etal. (2021)
utilized the solvent -casting technique to produce a
biodegradable postbiotic/chitosan/polyethylene glycol (PEG)-
based film incorporating cell-free supernatant obtained from
Lactobacillus reuteri and investigated its potential application
as a wound dressing in animal experiments. The animal
experiments were conducted by creating full-thickness
excisional wounds on 45 male rats, which were then divided
into three groups: a control group, a chitosan group, and a
postbiotic group. Antimicrobial analysis and gene expression
analysis were performed on the produced films. The findings
revealed that the films containing postbiotics inhibited
pathogens responsible for wound infections and exhibited
antimicrobial properties [19].

In a study investigating the effects of postbiotics on wound
healing, three different topical cold cream formulations
containing postbiotics derived from various probiotic strains—
Lactobacillus fermentum, Lactobacillus reuteri, and Bacillus
subtilis sp. natto—were prepared and tested for their efficacy
using a rat model. The postbiotic-containing creams were
compared with a control group treated with a postbiotic-free
cream and another group that received no treatment. The
findings demonstrated that the postbiotic-containing
formulations accelerated the healing process compared to the
control group. Among the tested formulations, the cream
containing Bacillus subtilis natto postbiotic exhibited the most
effective wound healing properties. Hydroxyproline, a key
indicator of tissue repair and collagen synthesis, was measured
in the study. The formulation containing Bacillus subtilis natto
postbiotic produced the highest hydroxyproline levels
compared to the other formulations. To further evaluate wound
healing, a histological analysis was conducted on day 14,
assessing parameters such as epithelialization, inflammation,
granulation, and fibrosis. Incomplete epithelialization was
observed in rats treated with the postbiotic-free cold cream, the
Lactobacillus fermentum postbiotic-containing cream, and the
untreated group. In contrast, complete epithelialization was
achieved in rats treated with creams formulated with
postbiotics derived from Lactobacillus reuteri and Bacillus
subtilis sp. natto. The degree of inflammation varied among the
groups, with the highest levels observed in the untreated and
postbiotic-free  cold cream-treated groups, while no
inflammation was detected in the group treated with
Lactobacillus reuteri cold cream. Overall, the histological
evaluation results demonstrated that postbiotic-containing
cold creams effectively promoted wound healing [20].

In this study, the integration of postbiotics into nanofiber form
and their antimicrobial efficacy were investigated using the
electrospinning technique. In this context, postbiotics derived
from Lactobacillus acidophilus and Lactobacillus rhamnosus
strains were mixed with polymer solutions and converted into
nanofiber form. The inclusion of postbiotics in the nanofibers
was confirmed through morphological analysis using the
FESEM technique. Additionally, the produced nanofiber
membranes were evaluated for their antimicrobial activity
against five different pathogenic microorganisms, and they
exhibited significant antimicrobial properties.
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8 Etik kurul onay1 ve ¢ikar catismasi beyani
“Hazirlanan makalede etik kurul izni alinmasina gerek yoktur”.

“Hazirlanan makalede herhangi bir kisi/kurum ile ¢ikar
¢atismasi bulunmamaktadir”.
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Abstract

This paper aimed to upgrade the bio-oils with the catalytic co-pyrolysis
of spruce sawdust. A bubble-fluidized bed pyrolysis reactor was used in
the experiments. The effects of the different mixing ratios of spruce
sawdust with glycerol (10, 20, and 30 wt%), the usage of different
catalysts (HZSM-5 and dolomite), and pyrolysis temperatures (400 °C,
450 °C, 500 °C, 550 °C and 600 °C) on the yields and quality of obtained
bio-oils were examined. The experimental results revealed that the bio-
oil yield improved with an additive of glycerol at all mixing ratios. The
highest bio-oil yield (46.4 wt%) was received at a 20 wt% mixing ratio
of glycerol and a pyrolysis temperature of 550 °C with a dolomite
catalyst. The results of GC-MS indicated that the pyrolysis oil included a
high proportion of ketones, phenols, and alcohols, which supported the
potential of the catalytic co-pyrolysis of spruce sawdust with glycerol
for bio-oil upgrading. The pyrolysis oil from spruce sawdust pyrolysis
consisted of a ratio of 481% (GC-MS peak area) of unoxygenated
hydrocarbons. Furthermore, the unoxygenated components were found
to be 8.02% in the bio-oil produced by co-pyrolysis with glycerol. The
number of unoxygenated hydrocarbons increased significantly during
ex-situ catalytic co-pyrolysis. The unoxygenated hydrocarbons in the
bio-oils produced by catalytic co-pyrolysis with HZSM-5 and dolomite
were found to be 19.10% and 22.24%, respectively. The co-pyrolysis and
catalytic co-pyrolysis results also revealed that the average carbon
number of the compounds in the bio-oils depends on the chosen methods
and catalysts. Using the catalyst in the reactor resulted in the formation
of low-carbon number hydrocarbons. However, when used outside the
reactor, the catalysts were observed to be more effective for
deoxygenation.

Keywords: Catalytic co-pyrolysis, Biomass, Glycerol, HZSM-5,
Dolomite.

0z

Bu makale, ladin talasinin katalitik ko-pirolizi ile biyo-yaglarin
yiikseltilmesini amaglamaktadir. Deneylerde kabarcikl akiskan yatakli
piroliz reaktérii kullamilmistir. Ladin talasinin gliserol ile farkl
karistirma oranlarinin (%10, 20 ve 30 agirhk), farkli katalizorlerin
(HZSM-5 ve dolomit) kullaniminin ve piroliz sicakliklarinin (400 °C,
450 °C, 500 °C, 550 °C ve 600 °C) elde edilen biyo-yaglarin verimi ve
kalitesi lizerindeki etkileri incelenmistir. Deneysel sonuglar, biyo-yag
veriminin tiim karistirma oranlarinda gliserol katki maddesiyle
arttigint ortaya koymustur. En yiiksek biyo-yag verimi (%46.4
agirlikca), %20 gliserol karistirma oraninda ve dolomit katalizériiyle
550 oC'lik bir piroliz sicakliginda elde edilmistir. GC-MS sonuglari,
piroliz yaginin yiiksek oranda keton, fenol ve alkol igerdigini
gostermistir; bu da biyo-yag iyilestirmesi icin gliserol ile ladin talasinin
katalitik es-pirolizinin potansiyelini desteklemektedir. Ladin talasi
pirolizinden elde edilen piroliz yagi, %4.81 oraninda (GC-MS pik alant)
oksijensiz hidrokarbonlardan olusmustur. Ayrica, gliserol ile es-
pirolizle tretilen biyo-yagda oksijensiz bilesenlerin %8.02 oldugu
bulunmustur.  Ex-situ  katalitik  es-piroliz  sirasinda  oksijensiz
hidrokarbonlarin sayist énemli élgiide artti. HZSM-5 ve dolomit ile
katalitik es-pirolizle tiretilen biyo-yaglardaki oksijensiz
hidrokarbonlarin sirasiyla %19.10 ve %22.24 oldugu bulundu. Eg-
piroliz ve katalitik es-piroliz sonuglart ayrica biyo-yaglardaki
bilesiklerin ortalama karbon sayisinin segilen yéntem ve katalizdrlere
bagh oldugunu ortaya koydu. Reaktirde katalizoriin kullanilmasi
diisiik karbon sayili hidrokarbonlarin olusumuyla sonuglandi. Ancak
katalizérlerin reaktér disinda kullanildiginda oksijensizlestirme icin
daha etkili oldugu gériilmiistiir.

Anahtar Kelimeler: Katalitik kopiroliz, Biyokiitle, Gliserol, HZSM-5,
Dolomit.

1 Introduction

It is essential to meet the energy needs of the increasing
population with clean and renewable energy sources. Energy
consumption and environmental pollution are increasing
because of the rise in human population. Therefore, just
meeting the energy demand is not enough. Clean, sustainable
energy resources that meet the increasing need should be
created [1]-[3]. Bioenergy is promising as an alternative to
clean and renewable energy. Bioenergy is valuable because it is
renewable, meets multiple needs, and does not harm the
environment during production. It is essential to balance the
carbon footprint created by the increasing population by
recycling waste biomass. [4],[5].

The fact that biomass to be chosen as an energy source serves
more than one purpose makes this resource valuable. In
addition, there are some disadvantages to chemicals and fuels

*Corresponding author/Yazisilan Yazar

obtained from biomass. Biomass has a complex structure and
high oxygen content, which makes it difficult to control
chemical reactions and maintain product quality. Problems
such as high acidity, high oxygen content, and low calorific
value are encountered in fuels obtained from biomass [6],[7].
However, when considered an energy source, its abundance,
easy production, cleanliness, and cheapness make it attractive
for research on this subject [8]. There are many different ways
to obtain energy from biomass. Some of them are hydrolysis,
biophotolysis, pyrolysis, fermentation, combustion, and
gasification [9]. Among the various biomass conversion
technologies, pyrolysis has garnered substantial interest.
Hydrolysis can transform Organic compounds into valuable
products such as bio-oil, biochar, and biogas. A diverse array of
feedstocks, including agricultural residues, forestry by-
products, and dedicated energy crops, can be utilized for

pyrolysis.
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The main product, bio-oil formed due to pyrolysis, has yield
values that can reach up to 70% by weight, depending on
various factors (reactor operating conditions, holding time,
biomass properties, etc.) [10]. Most fossil fuels are considered
gasoline, diesel, aviation, and jet fuel in the transportation
sector. Crude bio-oil obtained through pyrolysis has properties
such as high viscosity, acidity, and chemical instability that
make it unsuitable for use as fuel. For this reason, bio-oil
properties need to be improved for direct use. One obstacle to
using bio-oils as a renewable alternative to fossil fuels is their
significantly high oxygen content of approximately 50% by
weight. Pyrolysis oil is a complex structure consisting of various
oxygenated components such as ketones, aldehydes, phenols,
and sugars. The possibilities of using methods used in oil
refining processes to obtain high-value-added petroleum
products from bio-oil are also being investigated. However, it
has disadvantages in fluidized bed pyrolysis and hydrothermal
processes. When large quantities of bio-oil are directly
processed using fluidized bed pyrolysis, a high amount of coke
is formed, decreasing liquid yield. Studies on hydrothermal
processes with bio-oil can provide higher degrees of
deoxygenation than studies conducted with fluidized beds. In
addition, hydrogen creating high partial pressure has increased
process costs [11].

Many studies have been carried out on pyrolysis and co-
pyrolysis [12]-[14]. Moreover, co-pyrolysis or catalytic
pyrolysis methods have been used to reduce the oxygen content
and decrease the C/H ratio of pyrolysis oil. The purpose of co-
pyrolysis or catalytic pyrolysis is to remove the oxygen
contained in the bio-oil by converting it into COz, CO, etc. gases
or to ensure that the carbons in the structure bind excess
Hydrogen. Rotliwala and Parikh studied the co-pyrolysis of
high-density polyethylene (HDPE) with defatted Jatropha cake
(JK) in a batch reactor. The co-pyrolysis process was carried out
in nitrogen flow at atmospheric pressure and a temperature of
450 °C. The bio-oil yield obtained from co-pyrolysis was
determined to be 63%. Bio-oils obtained from co-pyrolysis
were examined using analysis of GC-MS and ASTM D86
standards. The co-pyrolysis of HDPE with JK significantly
increased the proportion of components with a gasoline-like
carbon range (C6-C12) by up to 45% compared to when HDPE
was pyrolyzed alone [15]. Solak et al. obtained the highest bio-
oil yield of 79.5% from the co-pyrolysis of cellulose and
polyethylene at 500 °C [16],[17]. Brebu et al. investigated the
pyrolysis of lignin with polymers such as PE, PP, PS, and PC [18],
[19]. He stated that the liquid yield obtained only reached
53.2-62.7% by weight. In addition, they reported that they co-
pyrolyzed pine cones with synthetic polymers and found that
they gave a liquid yield of 63.9-69.7% by weight. When
biodiesel is produced by transesterification of grease, glycerin
is released as a significant by-product. Mihalcik et al. utilized
pyrolysis  coupled with gas chromatography-mass
spectrometry (Py/GC-MS) to investigate the catalytic fast
pyrolysis of lignocellulosic biomass, including oak, corn cob,
corn stover, and switchgrass, along with the primary biomass
components: cellulose, hemicellulose, and lignin [20]. The
various catalysts were tested in their study. The HZSM-5
exhibited the highest efficiency in producing aromatic
hydrocarbons from the pyrolytic vapors.

Pan et al. investigated the catalytic pyrolysis of
Nannochloropsis sp. (a green microalgae residue) with an
HZSM-5 catalyst in a fixed-bed reactor [21]. Their findings
revealed that the bio-oil obtained via pyrolysis had an oxygen

content of 30.1wt% and a heating value of 24.6 M]/kg. The bio-
oil produced via catalytic pyrolysis had a significantly lower
oxygen content (19.5 wt%) and a higher heating value
(32.7 M]/kg) than the bio-oil from non-catalytic pyrolysis. Bio-
oil from direct pyrolysis primarily consists of long-chain carbon
compounds. On the other hand, the bio-oil obtained via catalytic
pyrolysis  products were  predominantly  aromatic
hydrocarbons.

The boiling point of glycerol is 290 °C, and when higher
temperatures are reached in pyrolysis, components such as CO,
Hz, COz, CHy, etc. are formed. In this case, Glycerol becomes a
usable material in co-pyrolysis for hydrogen enrichment and
deoxygenation. Carmines et al. analyzed by adding different
amounts of glycerol (5%, 10%, and 15%) to tobacco and
collecting the products of pyrolysis and particulate matter from
the pyrolysis gas during the co-pyrolysis of the mixture [22].
The results showed that glycerol diluted the smoke and
increased the humidity. They also found that co-pyrolysis of
tobacco with 10% and 15% glycerol increased acrolein content
in the smoke. Nicotine, aromatic amine, acetaldehyde,
propanol, phenols, N-nitrosamines, and other compounds have
also been shown to be reduced. Skoulou et al. prepared
hydrogen-enriched fuel via co-pyrolysis using glycerin and
olive stone in their study [23]. They revealed that the hydrogen
content in the gas obtained from pyrolysis increased by 11.6%
in the mixture of olive stone with 25% glycerol.

This study aims to investigate the catalytic co-pyrolysis of
spruce sawdust and glycerol with HZSM-5 and dolomite. It also
seeks to elucidate the synergistic effects of glycerol on the co-
pyrolysis with woody biomass. In this context, direct and
catalytic fast pyrolysis of spruce sawdust was examined by a
fluidized bed reactor at different temperatures between 400 °C
and 600 °C. in experimental studies, HZSM-5 was used as a
commercial catalyst, and dolomite was chosen as a natural
catalyst. Catalytic co-pyrolysis trials were conducted as in-situ
and ex-situ. TGA and elemental analyses of spruce sawdust
were performed. GC-MS and FT-IR analyses were performed to
examine the quality of bio-oil. The yields of the products
obtained from the pyrolysis process performed at 3 different
temperatures were compared. The effect of the catalyst on the
obtained bio-oil was examined.

2 Material and method
2.1 Materials

Furniture manufacturers operating in Samsun province of
Turkey supplied spruce sawdust used in experimental studies.
The spruce sawdust was sieved to be 0.75-1.2 mm. The drying
process was carried out by keeping it in an oven at 75 °C for
12 hours. Vario Cube Elemental Analyzer was used for
elemental analyses. Muffle and convection furnaces performed
a proximate analysis of spruce sawdust samples. The samples
were air-dried at 105 °C by the ASTM E871-92 Standard and
waited in the oven until they reached a constant weight. The
samples placed in the lidded porcelain container were heated
in a muffle furnace at 850 °C for 70 minutes. After the process,
the remaining samples were cooled, and their weights were
measured. For ash determination according to the ASTM
D1102-84 standard, the samples were heated in lidless
porcelain containers at 950 °C for 2 hours. The amount of fixed
carbon was calculated by subtracting the sum of the resulting
ash, moisture, and volatile substances from the initial mass.
Glycerol (99.7%) used in the studies was purchased by
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Beyanlab Laboratory Products Industry Trade Limited
Company. Glycerol was mechanically mixed with spruce
sawdust at 10 wt%, 15 wt%, and 20 wt%.

2.2 Catalyst

The dolomite catalyst was provided by Ataman Chemicals. It
was then ground and passed through an 80-mesh sieve. The
dolomite with the appropriate size was taken in an oven for
drying at 105 °C for 18 hours. The surface area of the dolomite
catalyst as a result of Brunauer-Emmett-Teller (BET) analysis
was determined as 3.975 m2/g. The HZSM-5 catalyst was
supplied by ACS Material. In the study of the catalyst made by
the seller, the SiO2/Al202 molar ratio was stated as 26. Crystal
size, H20, and BET surface area values of HZSM-5 were specified
as 800 nm, <5 wt%, and 362 m?/g, respectively. Catalysts were
used in ex-situ experiments as 4 g to ensure that the pyrolysis
vapor passing through the metal container wholly passed
through the catalyst. In the in-situ experiments, 4 g was added
to raw materials with a total weight of 40 g and mixed to form
a homogeneous mixture.

2.3 Thermogravimetric analysis (TGA)

TA Instruments SDTQ600 device was used in
thermogravimetric analysis to determine the thermal behavior
of spruce sawdust and temperature-dependent mass losses.
The sample mass for the experiment was 2 mg. The initial
temperature of experiments was set at room temperature. In
analyses performed up to 800 °C, the heating rate was set as
10 °C /min. Nitrogen gas flow was set at 50 ml/min as a carrier
gas, providing an inert atmosphere in the analyses.
Furthermore, TGA analysis was performed twice to minimize
the experimental error.

2.4 Characterization of bio-oil

The molecular bonds in the pyrolysis oil produced from spruce
sawdust were identified via FTIR analysis. Bruker Tensor 27 IR
analyzer, which measures in the range of 400-4000 cm-!, was
used in the analyses. Gas Chromatography-Mass Spectrometry
analysis was performed using the Shimadzu GCMS-QP2020
plus device to determine the compounds contained in the bio-
oil. The bio-oils to be analyzed were diluted with Methanol at
the HPLC level at a ratio of 1/100 by volume. 2 pl of the sample
was used for each injection. Restek Rxi-5ms (30 m x 0.25 mm,
0.25 um Film thickness) column was used in GC-MS analyses.
Helium was used as a carrier gas in the sample analysis, and the
injector temperature was determined as 250 °C; the program
was adjusted to start from 50 °C, reach 280 °C at a speed of
10 °C /min, and wait for 1 minute at 280 °C.

2.5 Experimental setup

The experimental system established to obtain bio-oil from
spruce sawdusts by pyrolysis is given in Figure 1. The raw
material was fed into the bubble-fluidized bed pyrolysis reactor
from the top at a constant rate of 0.1 g/s into the reaction zone.
The reactor, which had an inner diameter of 50 mm and a length
of 400 mm, was heated only with electrical heaters. Nitrogen
(N) gas was used to carrier gas and provide an inert
environment during the experiments. Nitrogen gas was
connected to the reactor from the bottom, and the flow was
provided at a constant flow rate of 100 ml/min (the flow rate
was standardized for 0 °C and 1 atm conditions). Temperatures
were measured with 7 thermocouples inside and outside the
reactor. Silica sand was used as the bedding material in all
experimental studies carried out at different temperatures.

Pyrolysis was performed with 40 g of sample in each
experimental set. The reactor's gases were passed through the
condenser at 0 °C. A second cooler and, finally, a gas washing
chamber were used to increase the condensation of the gases.
Since the amount of usable, helpful liquid was prioritized when
calculating the total liquid yield, the liquid products in the glass
containers were weighed to determine the total mass. The
obtained products were filtered using filter paper and
separated from solid particles.

%, Dry & Sieve

Thermocouple Cooling

T| ] @

Bio-oil

Furnace

FBD

Flow Meter

Figure 1. Schematic view of the pyrolysis system.

3 Results

The sample homogeneity was ensured to avoid errors related
to particle size during the thermal and experimental analysis of
spruce sawdust. Proximate and ultimate analyses are crucial for
controlling and understanding the pyrolysis reactions because
of the complex structure of woody biomass. These analysis
results are shown in Table 1. The fixed carbon, ash, moisture,
and volatile matter contents of the spruce sawdust were found
to be 19.96 wt%, 5.49 wt%, 9.99 wt%, and 75.54 wt%,
respectively. Excessive humidity may cause adverse effects
such as high heat requirement for evaporation [24]. It is seen
that the hydrogen, carbon, oxygen, and nitrogen contents of
spruce sawdusts are 6.07 wt%, 50.44 wt%, 43.19 wt%, and
0.3 wt%, respectively. It can be seen that spruce sawdust alone
cannot provide the desired H/C ratio to obtain diesel fuel-like
bio-oil. In addition, the high oxygen content indicates that the
pyrolysis oil will be rich in oxygen and might contain acid,
alcohol, and ketone-like structures. For this reason, bio-oil
should be enriched with hydrogen and oxygen removed. It is
known that the quality of pyrolysis oil increases, its calorific
value increases, and its oxygen content decreases thanks to co-
pyrolysis [25]-[28]. Compared to enriching bio-oils with
hydrogen at high pressure, co-pyrolysis is a safer and easier
way to produce quality bio-oil [13],[29]-[31].

Table 1. Proximate and ultimate analysis of spruce sawdust.

Compound wt%

C 50.44

. . H 6.07

Ultimate analysis

N 0.3

0 43.19

Fixed Carbon 19.96

. . Moisture 9.99

Proximate analysis
Volatiles 75.54
Ash 5.49
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The curves obtained from thermogravimetric analysis applied
to spruce sawdust are presented in Figure 2.
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100 - O
50 L. =
80 E
_ S
= 8 =
= F & =
g o [
30 0§
20 s
10 1z 8

o] 14

0] 100 200 300 400 500 600 700 800

Temperature (°C)

Figure 2. TGA and DTG curves of spruce sawdust.

The mass loss started with the increase in temperature and
gave the first peak at approximately 63 °C. As a result of the
evaporation of moisture at temperatures up to 207 °C, the
spruce saw dust lose approximately 9% mass. Subsequently,
with the increase in temperature, the decomposition of
hemicellulose began rapidly. It reached its maximum mass loss
rate at 345 °C, where hemicellulose and cellulose decompose.
At 390 °C, where the curve started to become linear, the total
mass loss was observed to be 70%. When the temperature
reached 500°C, the passive pyrolysis zone was entered. The
lignin degrades slowly in this region [32].

In the pyrolysis of spruce sawdust carried out at different
temperatures, the highest liquid product yield was obtained at
550 °C. While the temperature increased the liquid and gas
product yield, it caused the biochar yield to decrease. Heating
rates were kept constant for all temperatures. In addition, feed
rates and carrier gas flow rates were kept constant. It was not
expected to see a difference at the desired level in product
conversion when increasing the temperature above 600 °C. For
this reason, this temperature was not exceeded. The pyrolysis
product yields of spruce sawdust at different temperatures are
given in Figure 3.

Biochar Bio-oil Biogas

Product Yields (%)

400 450 500 550 600

Temperature (°C)

Figure 3. Product yields in pyrolysis of spruce saw dusts at
different temperatures.

In pyrolysis at 400 °C, the product yields of bio-oil, bio-char, and
biogas were determined as 17.32 wt%, 38.69 wt%, and 43.99

wt%, respectively. The biochar, bio-oil, and biogas yields in
pyrolysis at 600 °C were obtained as 21.28 wt%, 32.89 wt%,
and 45.83 wt%, respectively. The pyrolysis oil yield increased
significantly at 550 °C temperature, and the highest pyrolysis
oil yield was obtained at 40.66 wt%. The co-pyrolysis and
catalytic co-pyrolysis experiments were conducted at 550 °C
temperature because the highest bio-oil yield of pyrolysis was
obtained at this temperature. Co-pyrolysis is a well-known
method to improve bio-oil quality obtained from pyrolysis
[22],[23],[28],[33]. In co-pyrolysis, choosing materials that are
compatible with each other and will create a synergistic effect
is important. Co-pyrolysis with glycerol was evaluated to obtain
high-quality bio-oil from spruce sawdust. It is known in many
studies that glycerol has positive effects on bio-oil. Three
different mixture ratios were used in the experiments with
glycerol. The yields of the products obtained from the co-
pyrolysis of spruce sawdust with glycerol at different rates are
given in Figure 4.

Biochar Bic-oil

Biogas
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Figure 4. Product yields in co-pyrolysis of spruce saw dusts
with glycerol at different mixing ratios.

When the liquid product amounts obtained from each mixture
ratio were evaluated, it was seen that the 20% mixture amount
gave the highestliquid yield. The liquid product yields obtained
for 10 wt%, 20 wt%, and 30 wt% mixing ratios at 550 °C are
40.17 wt%, 44.11 wt%, and 43.59 wt%, respectively. Biochar
yield decreased with increasing mixing ratio. It was observed
that more liquid and gaseous products were formed with the
increase in the mixing ratio. The results of co-pyrolysis revealed
that the glycerol positively impacted the formation of both
liquid and gaseous products in the co-pyrolysis reactions.
However, increasing the rate of glycerol, the second component
of co-pyrolysis, can enhance the conversion to gas product. In
addition, it might evaporate before the pyrolysis and condense
in the condensation zone. The experimental studies focused on
the highest liquid product yield. The experiments of catalytic
co-pyrolysis were conducted with a 20 wt% glycerol mixing
ratio.

The HZSM-5 catalyst was used as an acidic and commercial
catalyst. The dolomite catalyst was used as an alkaline and
natural catalyst. Catalytic co-pyrolysis experiments were
carried out in two stages: in-situ and ex-situ. The catalysts were
mixed with the raw material in the in-situ catalytic co-pyrolysis
of spruce sawdust mixed with glycerol. In ex-situ experiments,
the pyrolysis vapor exiting the reactor was passed through a
metal enclosed, including the catalyst. The yields of the
products obtained from catalytic co-pyrolysis experiments are
given in Figure 5. In all experiments, bio-char yields decreased
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in co-pyrolysis experiments using the HZSM-5 catalyst. Biogas
yields increased with HZSM-5. The structure of the catalyst
used for pyrolysis generally affects product yields slightly.

M Biochar mBio-oil mBiogas
50

8 8 8

Product Yields (%)

=
o

HZSMS-in HZSM5-ex Dolomite-in Dolomite-ex

Figure 5. Product yields in co-pyrolysis of spruce sawdust and
glycerol (20 wt.%) with different catalysts.

However, when acidic zeolitic catalysts are used, the chemical
composition of the bio-oil may differ considerably [8]. The
HZSM-5 catalyst reduced the amount of biochar with in-situ
experiments compared to ex-situ experiments. However, the
HZSM-5 showed greater efficiency and raised the gas product
yield in ex-situ experiments. The HZSM-5 catalyst is less
effective when used in the reactor, which may be caused by the
temperature triggering irreversible deactivation or by
contamination of the catalyst that limits its effectiveness
[33]-[36]. The catalyst can be used for a long time and remains
clear at ex-situ catalytic pyrolysis [37]-[39].

The dolomite catalyst increased biochar yields with in-situ
experiments. However, the dolomite catalyst slightly increased
the liquid product yield with ex-situ experiments. The dolomite
catalyst decreased biogas yields in both situations. In addition,
bio-oil yield decreased by 1.52% with in-situ experiments. A
dolomite catalyst is often used to gasify biomass. Dolomite
usually contains calcium and magnesium. Due to dolomite
structure, it reduces tar production by breaking down and re-
forming high molecular weight components and increases the
amount of gas products [40],[41]. The dolomite catalyst
increased the gas product yield in both cases. The dolomite
used was not subjected to the calcination process. It was
observed that the gas product yield of some independently
calcined dolomite was increased [42]-[44]. Calcined dolomite
consists of mixtures of CaO and MgO. MgO reduces the acid
composition of bio-oil and promotes ketonization [45]. CaO
catalyzes decarboxylation reactions and increases hydrocarbon
formation [46]. In the experiments, partial calcination of the
dolomite used in the reactor with the rising temperature may
have caused the liquid product yield to increase while the gas
product yield to decrease. The curves obtained from the FTIR
analysis performed to determine the functional groups of the
components in bio-oils are given in Figure 6. Since a diesel-like
bio-oil is targeted, oxygen-containing compounds should not be
in the liquid product. However, when the curves for all cases
were examined, the peaks between the wavelengths of 3200-
3700 cm-t, which showed O-H stretching vibrations, showed
that there were oxygen-bonded compounds in all the bio-oils. It
appears that there are a lot of oxygenated components in the
bio-oil obtained with the pyrolysis of spruce sawdust.

The co-pyrolysis results with catalysts showed that oxygen-
containing components decreased. It can be said that O-H
bonded carboxylic acid and alcohol structures exist in bio-oils.

C-H stretching vibrations in the band gap of 2695-3333 cm-!
and C-H bending vibrations in the band gap of 1350-1475 cm-1
showed the presence of alkane and aldehyde structures in the
bio-oil. Similar peaks at a wavelength of 1700 cm in all
structures indicated C-O bonds, indicating the presence of
ketones, carboxylic acids, and aldehydes in the bio-oils. In
addition, C-O stretching vibrations between 950-1300 cm-
showed that alcohol and ester structures may be among the
compounds [47],[48].

HESM S-exsity

Dokomite-exsitu

Dolomite-insitu

HESMS-insitu

850 1150 1550 2150 2550 3150 3550

Figure 6. FTIR curves of bio-oil obtained from catalytic co-
pyrolysis with HZSM-5 and dolomite.

Catalysts such as HZSM-5 and dolomite enhance
decarboxylation and decarbonylation reactions, facilitating the
conversion of oxygenated compounds in biomass into gases
such as carbon dioxide (CO;) and carbon monoxide (CO). These
processes significantly contribute to the reduction of oxygen
content in bio-oil. The strong acidic structure of HZSM-5
promotes the decomposition of oxygenated compounds,
enabling the removal of oxygen atoms from hydrocarbon
chains. These oxygen atoms are subsequently converted into
water (H,O0) or other volatile oxygenated compounds,
decreasing the residual oxygen content in the bio-oil.
Additionally, the high aromatization capacity of HZSM-5
facilitates the breakdown of oxygenated compounds, leading to
the formation of more stable, low-oxygen aromatic
hydrocarbons [49]. As a dual-function catalyst, Dolomite
exhibits both acidic and basic properties, enabling the selective
removal of oxygenated compounds. Furthermore, dolomite's
ability to capture carbon dioxide contributes indirectly to
reducing oxygen content in the bio-oil [50].

GC-MS analysis was performed to get specific results about the
contents of the bio-oils obtained from the experiments. The
data obtained from the GC-MS are given in Table 2 for the best
results. The commentary about FTIR analysis results was
confirmed by GC-MS results. The bio-oil obtained from the
pyrolysis of spruce sawdust contained mainly oxygenated
hydrocarbons.
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Table 2. GC-MS results of pyrolysis oils produced from catalytic co-pyrolysis.

Spruce HZSM5-exsitu Dolomite-exsitu

Peak Area% Name Area% Name Area% Name
1 2.39 Glycerol 1.27 2,2- 0.35 N-Propyl
2 4.81 N-Methyl-N-(Methyl- 1.84 Furfural 1.77 2,2-
3 0.78 1-Hydroxy-2-Butanone 0.86 Furfuryl 191 Furfural
4 0.83 Methyl Pyruvate 0.50 1,2-Epoxy-3- 1.01 Furfuryl
5 6.28 Furfural 0.71 2-Methyl-2- 0.75 2-Methyl-2-
6 4.52 Furfuryl Alcohol 0.50 5-Methyl-2- 0.55 2-
7 1.37 1,2-Epoxy-3-Propyl 1.07 4-Methyl-5h- 0.92 Xylose
8 1.20 2-Methyl-2- 0.54 Phenol 0.64 Phenol
9 0.88 1-(3h-Imidazol-4-Y1)- 2.23 1,2- 0.55 N-Tetradecane
10 1.72 2(5h)-Furanone 0.51 2,3-Dimethyl- 2.10 Corylon
11 3.07 1,2-Cyclopentanedione 1.45 0-Cresol 0.57 2,3-Dimethyl-
12 0.62 N-Propyl Acetate 0.87 N- 2.65 O-Cresol
13 1.68 5-Methyl-2-Furfural 2.52 0-Cresol 2.65 Phenol, 2-
14 0.85 4-Methyl-5h-Furan-2-One 4.36 Mequinol 4.63 Mequinol
15 0.61 Phenol 2.83 1-Acetoxy-2,3- 3.44 1-Acetoxy-2,3-
16 1.09 2,2-Diethyl-3- 0.44 Dodecane, 4,6- 0.56 Dodecane, 4,6-
17 4.05 Corylon 0.51 3-Ethyl-2- 0.93 3,5-Xylenol
18 1.19 1.35 Phenol, 2,6- 0.79 P-
19 0.74 0-Cresol 1.13 Pentylbenzene 1.17 Benzene,
20 0.83 M-Cresol 0.72 P- 1.02 P-
21 0.53 4-Hydroxy-2,5-Dimethyl- 1.15 Octanoic Acid 0.49 Caprylic Acid
22 5.83 T uaincol 10.64 2-Methoxy-4- 117 M-Cresol, 2-
23 0.91 Maltol 0.93 Pyrocatechol 11.01 2-Methoxy-4-
24 0.56 2-Cyclopenten-1-One, 3- 0.74 2,3- 0.90 Nonane, 3-
25 0.58 2,2'-Bioxepane 2.46 Bicyclo[6.4.0]D 2.07 Bicyclo[6.4.0]D
26 0.69 Carvomenthol 1.28 Nonoic Acid 1.23 Satin Aldehyde
27 8.61 Phenol, 4-Methoxy-3- 6.86 Phenol, 4- 6.69 Guaiacol <4-
28 0.56 Butyric Acid, 1- 0.59 1,2- 3.16 Phenol, 4-
29 2.89 Pyrocatechol 3.87 Phenol, 4- 1.16 M-XHQ
30 1.11 Ethyl 1.54 1,4- 2.35 Eugenol
31 411 HMF 2.67 Eugenol 1.79 1-
32 0.60 2-(2-Hydroxy-2-P- 1.90 1- 2.61 Eugenol
33 1.24 1,2-Benzenediol, 3- 2.74 Euganol 0.44 Cyclotetradeca
34 3.11 Guaiacol <4-Ethyl-> 0.89 M-Cresol, 2- 1.06 Isoeugenol
35 1.54 1,2-Benzenediol, 3- 1.25 3-Allyl-6- 7.89 Isoeugenol
36 1.72 Guaiacol <4-Vinyl-> 9.34 Isoeugenol 0.48 1-Phenyloctane
37 0.59 M-XHQ 1.72 Heptadecane 2.47 N-Hexadecane
38 1.08 Eugenol 0.72 2-Propanone, 0.63 Heneicosane
39 0.81 4-Ethylresorcinol 0.51 Benzene, 0.55 5-Heptadecene,
40 1.14 Vanillin 0.87 Benzeneacetic 2.93 9-Eicosene,
41 0.55 Eugenol 0.92 5-Heptadecene, 3.19 9-Octadecene,
42 5.17 1,6-Anhydro-Beta-D- 3.36 9-Eicosene, 2.62 N-Hexadecane
43 4,52 Isoeugenol 2.86 9-Eicosene, 1.23 2-
44 0.66 Eugenol 1.88 N-Hexadecane 0.66 2-
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Table 2. Continued.

Spruce HZSM5-exsitu Dolomite-exsitu
45 1.44 Acetovanillone 1.05 4-PHENYL-4- 0.54 2.3-
46 2.45 2-Propanone, 1-(4- 2.37 Methyl 2.61 Methyl
47 2.30 Heptyl Acetate 1.56 ALLYL 1.14 ALLYL
48 0.92 N-(5-Oxo-Tetrahydro- 1.50 9.12- 1.24 9.12-
49 2.57 Methyl-(2-Hydoxy-3- 4.81 Methyl Oleate 4.49 Methyl Oleate
50 1.69 3-(P-Hydroxy-M- 0.83 Methyl Oleate 2.25 Methyl Cis-7-

The broad O-H peak seen in the FTIR analysis supported this
situation. The GC-MS results revealed that furan, aldehyde,
alcohol, and phenol compounds comprised the majority. The
number of oxygen-free hydrocarbons was determined as
481% (peak area). Benzene, alcohol, and aliphatic
hydrocarbons were primarily seen in bio-oil obtained from
co-pyrolysis. The oxygen-free hydrocarbons increased with
glycerol at 8.02%. Although the increase is significant, it is not
sufficient for use as a diesel fuel. The oxygen-free hydrocarbons
peak areas in the pyrolysis oils produced from catalytic
co-pyrolysis experiments were determined as 8.46%, 19.10%,
10.28% and 22.24% for HZSM5-insitu, HZSM5-exsitu,
dolomite-insitu and dolomite-exsitu, respectively. The highest
amount of aliphatic hydrocarbon was observed in the co-
pyrolysis of dolomite-exsitu. The highest deoxygenation was
obtained using a dolomite catalyst compared to other catalytic
co-pyrolysis experiments. With many features of the HZSM-5
catalyst, such as its three-dimensional pore structure, acidic
characteristics, and ion exchange capacity, reduces the number
of oxygenated components. It causes an increase in the number
of aromatic hydrocarbons [8].

The bio-oil compounds derived from spruce pyrolysis exhibit
shorter carbon chains than those obtained through catalytic co-
pyrolysis. The average carbon chain length was calculated
based on the composition of the bio-oils. The average carbon
chain lengths for spruce, HZSM5-ex situ, and dolomite-ex situ
bio-oils were 7.12, 10.76, and 10.98, respectively, indicating
that HZSM-5 and dolomite catalysts facilitated the formation of
longer carbon chains. The carbon chain distributions in the bio-
oils were compared to the carbon ranges of fossil fuels. The
carbon ranges for diesel, kerosene, and gasoline were
determined as Cs-Cz1, Cé-Ci6, and Cs—-Ci2, respectively. The
similarity of the bio-oils to the diesel fuel carbon range was
found to be 42.45%, 76.80%, and 76.07% for spruce, HZSM-5-
ex situ, and dolomite-ex situ, respectively. The diesel fuel
carbon range of the HZSM-5-ex situ and dolomite-ex situ bio-
oils was similar. Among the samples, the dolomite-ex situ bio-
oil exhibited the closest structural resemblance to diesel fuel.

This study similarly promoted the formation of aromatic and
aliphatic hydrocarbons, as well as a decrease in the number of
oxygenated compounds. However, the HZSM-5 catalyst did not
show the desired effect on catalytic co-pyrolysis compared to
dolomite. Dolomite catalyst increases the formation of smaller
hydrocarbon structures by promoting catalytic cracking in bio-
oil. In particular, it converts carboxylic acid structures into
ketones by ketonization. In addition, it contributes to the
transformation of lignin-derived oligomers into aromatic and
oxygenated phenol structures [41], [51], [52]. The results
showed that dolomite is more effective than HZSM-5 in catalytic
co-pyrolysis.

4 Conclusion

In this study, the spruce sawdust was catalytic co-pyrolyzed
with glycerol using HZSM-5 and dolomite catalysts in a one-
stage reactor to generate an improved and upgraded bio-oil.
The main findings can be summarized as follows:

1. In spruce sawdust pyrolysis performed at different
temperatures, the highest liquid product yield was
recorded as 40.66 wt% at 550 °C,

2. In co-pyrolysis made with glycerol in different ratios (10
wt%, 20 wt%, 30 wt%) to increase the yield and quality
of the pyrolysis oil, the highest liquid product yield in all
experiments was obtained to be 44.11 wt% at mixture
ratio with 20 wt%,

3. In catalytic co-pyrolysis of spruce sawdust with HZSM5
and dolomite increased the yield and quality of the
pyrolysis oil, the highest bio-oil yield was found to be
45.91 wt% with dolomite-exsitu experiments,

4. Itwas observed that co-pyrolysis with glycerol also made
significant improvements in the liquid product content.
The amount of oxygen-free component, which was 4.81%
(GC-MS peak area) in spruce sawdust pyrolysis, was
determined as 8.02% due to co-pyrolysis with glycerol.
When the effects of using HZSM-5 and dolomite catalysts
inside and outside the reactor on the liquid product were
examined, it was seen that the HZSM-5 catalyst reduced
the number of oxygenated components,

5.  The dolomite catalyst gave the closest results to the
diesel-like bio-oil target. The oxygen-free component
amounts of the bio-oils obtained from Dolomite-exsitu
and HZSM5-exsitu were determined as 22.24% and
19.10%, respectively. The number of oxygenated
compounds in the pyrolysis oil decreased but the ketone,
furan, phenol, and alcohol structures continued to exist
in the bio-oil. 2-Furancarboxaldehyde, Phenol, 4-
methoxy-3-methyl-, HMF, and 1,6-Anhydro-Beta-D-
Glucopyranose structures were primarily found in the
pyrolysis bio-oil obtained from spruce sawdust. As a
result of dolomite-exsitu experiments, mostly Phenol, 4-
ethyl-2-methoxy- 9-Eicosene, 2-methoxy-4-
methylphenol, and Methyl oleate structures were found
in the bio-oil.

Catalytic co-pyrolysis of spruce sawdust gave positive results in
obtaining clean, sustainable, and easily producible liquid fuel.
The high oxygen content and presence of reactive components
in bio-oils produced from biomass are their main disadvantages
compared to fossil fuels. In future studies, the use of HZSM-5
and dolomite catalysts at different rates can be investigated to
increase the quality of pyrolysis oil. In addition, the bio-oils
obtained after catalytic co-pyrolysis can be further improved by
catalytic cracking reactions. Better results can be obtained
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using plastic materials rich in hydrogen and low in oxygen in
the co-pyrolysis of spruce sawdust.
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Abstract

The increasing prevalence of synthetic dyes in industrial wastewater
presents significant environmental challenges because of the toxicity
and lack of effectiveness of conventional treatment methods. Methyl red,
a widely used azo dye, is particularly problematic due to its high
chemical stability. In this study, manganese tungstate (MnWO0,) was
synthesized using a coprecipitation method and evaluated for its
photocatalytic activity in methyl red degradation through UV-C
exposure. The synthesized MnWO, was characterized using several
techniques, including Fourier transform infrared spectroscopy (FTIR),
ultraviolet-diffuse reflectance spectroscopy (UV-DRS), and scanning
electron microscopy (SEM). SEM analysis revealed the formation of
needle-like, nanometer-sized MnWO, particles with high aspect ratios,
which are expected to enhance photocatalytic efficiency. XRD confirmed
the development of a highly crystalline pure MnWO, phase, and FTIR
spectra showed characteristic peaks corresponding to Mn-0 and W-0
bonds. The UV-DRS results revealed that the material possesses a direct
band gap of 3.18 eV, suitable for UV-C light absorption. Photocatalytic
experiments demonstrated that MnWO, effectively degraded methyl
red, with the removal efficiency reaching nearly 60% after 180 minutes
of irradiation. These findings suggest that MnWO, is a promising
photocatalyst for environmental remediation, offering a simple, cost-
effective solution for dye degradation in wastewater.

Keywords: Manganese tungstate (MnWO,), Photocatalysis, Methyl
red degradation, Wastewater treatment, Dye degradation,
Environmental remediation.

(0)4

Sentezlenen sentetik boyalarin sanayi atiksularindaki artan yayginligi,
toksisiteleri ve geleneksel aritma ydntemlerine karst direngleri
nedeniyle énemli cevresel zorluklar yaratmaktadir. Yaygin olarak
kullanilan bir azo boyasi olan metil kirmizi, yliksek kimyasal kararliligi
nedeniyle 6zellikle sorun tegskil eder. Bu calismada, manganez tungstat
(MnWO,), ko-precipitasyon yéntemi kullanilarak sentezlenmis ve UV-C
isimimi  altinda metil kirmizinin  fotokatalitik bozunumu  igin
degerlendirilmistir. Sentezlenen MnWO0,, X-1s1n1 kirinimi (XRD), Fourier
déniistim infrared spektroskopisi (FTIR), Ultraviyole-difiiz reflektans
spektroskopisi (UV-DRS) ve Taramali elektron mikroskobu (SEM) gibi
cesitli tekniklerle karakterize edilmistir. SEM analizi, yliksek agcisal
oranlara sahip igne benzeri, nanometre boyutlarinda MnWO,
parcactklarinin olusumunu ortaya koymustur, bu da fotokatalitik
verimliligi artirmast beklenen bir ozelliktir. XRD, yiiksek kristal yapida
saf bir MnWO, fazinin olusumunu dogrulamis ve FTIR spektrumlari,
Mn-0 ve W-0 baglarina karsilik gelen karakteristik pikleri géstermistir.
UV-DRS sonuclari, malzemenin UV-C 1511 emme igin uygun olan 3.18
eV'lik bir direk bant araligina sahip oldugunu gostermektedir.
Fotokatalitik deneyler, MnWO,"lin metil kirmiziy1 etkin bir sekilde
bozdugunu ve 180 dakika sonra bozunma verimliliginin neredeyse
%60'a ulastigini gdstermistir. Bu bulgular, MnWO,"lin ¢evresel
iyilestirme icin umut verici bir fotokatalizor oldugunu ve atiksulardaki
boya bozulmasi icin basit ve maliyet etkin bir ¢éziim sundugunu
gostermektedir.

Anahtar kelimeler: Mangan tungstat (MnWO,), Fotokataliz, metil
kirmizi bozunumu, Atiksu aritimi, Boya bozunumu, Cevresel
iyilestirme.

1 Introduction

The growing prevalence of synthetic dyes in manufacturing-
related wastewater poses significant environmental challenges
because of their harmful nature and resistance to
biodegradation, and potential to accumulate in aquatic
ecosystems [1]-[7]. Among these dyes, methyl red, a widely
used azo dye, is particularly problematic owing to its strong
chemical stability and inability to undergo degradation
conventional wastewater treatment methods [8]-[10]. The
release of such pollutants into water bodies not only disrupts
ecosystems but also threatens human health, highlighting the
urgent need for effective remediation strategies [11]-[13].

*Corresponding author/Yazisilan Yazar

Advanced oxidation processes (AOPs) have been recognized as
an effective approach for breaking down persistent organic
contaminants. [14],[15]. Among these, photocatalysis has
gained significant attention due to its ability to utilize solar
energy to generate reactive oxygen species, responsible for
decomposing complex organic species into simpler, less
harmful byproducts [16],[17]. The effectiveness of a
photocatalytic process 1is largely determined by the
characteristics of the photocatalyst employed, including its
bandgap, stability, and surface characteristics [18],[19].

Transition-metal tungstates, including materials such as
Bi2W0s, ZnWO04, and CaWO0s4, have shown remarkable potential
in photocatalytic applications due to their narrow bandgap,
excellent thermal stability, and robust electronic properties [6],
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[20]-[22]. For example, Bi,WO¢ has been widely researched for
its superior photocatalytic performance when exposed to
visible light, making it a benchmark material in this field [23],
[24]. Similarly, ZnWO, has been recognized for its ability to
degrade various organic pollutants under UV light [25], [26].
Despite these advancements, manganese tungstate (MnWO0,), a
member of the same family of tungstates, remains
underexplored.

MnWO, exhibits unique electronic and structural properties
that make it a promising candidate for photocatalytic
applications [27],[28]. Its narrow bandgap enables effective
utilization of visible light, while its robust crystalline structure
ensures stability under operational conditions [29], [30].
Recent studies have highlighted the potential of manganese-
based oxides in environmental remediation, suggesting that
MnWO, could exhibit excellent photocatalytic properties [31]-
[33]. However, comprehensive investigations into its synthesis,
characterization, and application for dye degradation,
specifically for azo dyes like methyl red, are still lacking.

This study aims to address this gap by synthesizing MnWO,
using a coprecipitation method and characterizing its
morphological, structural, and optical characteristics through
various techniques. The synthesized material's photocatalytic
activity is evaluated for methyl red degradation upon exposure
to visible light, providing insights into its effectiveness as an
environmentally friendly catalyst.

The outcomes of this research are expected to contribute to the
growing body of knowledge on transition-metal tungstates and
their application in environmental remediation. By
investigating the capacity ofMnWO, in degradating methyl red,
this study not only highlights its practical applicability but also
lays the foundation for future research on manganese-based
photocatalysts in addressing environmental pollution.

2 Materials and methos
2.1 Materials

The chemicals used in the synthesis, including sodium
tungstate dihydrate (Na,WO0,:2H,0) and manganese chloride
tetrahydrate (MnCl,-4H,0), had analytical grade quality and
were purchased from Thermo Scientific. These chemicals were
used as received, without any additional purification.

2.2 Synthesis of Manganese Tungstate

To synthesize manganese tungstate, 6 mmol of sodium
tungstate dihydrate and 6 mmol of manganese chloride
tetrahydrate were individually dissolved in 50 mL of ultra-pure
water. Manganese chloride solution was gradually added drop
by drop to the sodium tungstate solution with constant stirring.
During the addition, the formation of a precipitate was
observed.

After the addition was complete, stirring was continued for an
additional 1 hour to ensure thorough mixing. The obtained
precipitate was separated by filtration and repeatedly washed
with distilled water to eliminate impurities. The filtered
product was heat treated at 600°C for 5 hours. Finally, the
calcined material was ground into a fine powder using an agate
mortar, yielding the manganese tungstate product.

2.2.1 Characterization

The MnWO, sample synthesized via the coprecipitation method
was subjected to various characterization techniques to
analyze its properties. Phase analysis was carried out using a

Rigaku Miniflex X-ray diffractometer with Cu Ka radiation. XRD
patterns were recorded over a 26 range of 10° to 90°. FTIR
spectrum was collected using an ATR attachment (Spectrum
Two, Perkin Elmer) in the wavenumber range of 400-4000
cm™*. UV-DRS measurements were conducted to determine the
band gap energy of the sample. The sample's morphology was
analyzed using a Phenom ProX SEM fitted with a CeBg electron
gun.

2.3 Photocatalytic Behavior Evaluation of Manganese
Tungstate

Photocatalytic experiments were conducted using a custom-
designed photocatalysis system equipped with six UV-C lamps
arranged in a circular pattern around a quartz cylindrical
reactor. The solution in the reactor was continuously stirred
using a magnetic stirrer, while air was bubbled through the
system to ensure homogeneity and oxygenation. To prevent
overheating caused by UV-C exposure, the reactor’s outer
chamber was cooled with air.

Methyl Red (MR) dye was prepared at a concentration of 400
ppm in an ethanol-distilled water mixture with a 40:60 ratio.
From this stock solution, a 10 ppm MR solution was prepared
by diluting it with distilled water to a total volume of 500 mL.
The solution's pH was modified to 1.5 with the addition of HCI.
For the photocatalytic experiments, 200 mg of manganese
tungstate catalyst was added to the MR solution. The mixture
was agitated and aerated in the reactor for 30 minutes to
achieve adsorption equilibrium before initiating UV-C
irradiation.

The photocatalytic activity of the manganese tungstate was
assessed by a Perkin Elmer Lambda 35 UV-Vis
Spectrophotometer. Absorbance measurements were taken
initially at 0 minutes, immediately after the adsorption
equilibrium was reached. Subsequently, the system was
exposed to UV-C light, and UV-Vis measurements were taken at
15-minute intervals over a total irradiation time of 180
minutes. The absorbance was recorded across the wavelength
range of 300-650 nm to monitor the degradation of MR dye.

3 Results and discussion

Figure 1 displays SEM images of the synthesized MnWO,
samples, at 5000X magnification (Figure 1A) and 15000X
magnification (Figure 1B). The SEM images clearly reveal
needle-like, nanometer-sized MnWO, particles. This
morphological structure can be attributed to the anisotropic
growth process, where growth occurs more rapidly along one
axis than along the others during the coprecipitation synthesis
of MnWO0,. The needle-like morphology of MnWO, offers a high
aspect ratio, which is expected to enhance its photocatalytic
performance.

(A) (B)

Figure 1. SEM images of synthesized MnW04 samples.
(A): 5000X and (B): 15000X magnification.

1345



Pamukkale Univ Muh Bilim Derg, 31(7), 1344-1349, 2025
M. Kayhan, E. Kayhan

The MnWO, was effectively produced through a
straightforward coprecipitation method, and subsequently
subjected to heat treatment in an open atmosphere. XRD
confirmed the development of a highly crystalline pure MnWO,
phase. As shown in Figure 2, the XRD pattern aligns well with
the reference data from JCPDS Card No. 01-080-0152, with all
observed peaks corresponding to the MnWO, phase. The sharp
and distinct peaks in the pattern indicate that the synthesized
sample possesses high crystallinity.
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Figure 2. XRD pattern of the synthesized manganese tungstate
sample, confirming its phase purity and good crystallinity. The
diffraction peaks correspond closely with those of the
standard JCPDS Card No. 01-080-0152, indicating the
successful formation of the MnWO, phase.

The FTIR spectrum of the synthesized MnWO, was shown in
Figure 3. The absorption peaks at 880 cm™ and 793 cm™
correspond to the symmetric and asymmetric stretching
vibration modes of the W-0O bond in the WO, terminal group,
respectively [34]. The peak observed at 727 cm™ is attributed
to the asymmetric stretching vibrations of the W-0 bond in the
(W,04), structural network. Peaks at 579 cm™ and 558 cm™
are assigned to the stretching vibrations of the Mn-0 bond [35],
[36].
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Figure 3. FTIR spectrum of the synthesized MnWOa4. Inset
shows the bands in the range of 400-1000cm-1.

Additionally, a weak band at 521 cm™! is ascribed to the
stretching vibrations of the Mn-O-Mn bond, while the low-
intensity peak at 455 cm™ corresponds to the in-plane
deformation modes of the longest W-O bond. Lastly, the peak at
425 cm™ is attributed to the in-plane deformation vibration
mode of the W-0 bond in the WO, terminal groups [36].

The light absorption characteristics MnWO, sample were
examined using UV-DRS (see Figure 4). A prominent reflection
peak at 518 nm was observed, which is attributed to the
electronic transition between the 0-2p and Mn-3d levels in
MnWO,. Additionally, a weaker band at 563 nm corresponds to
the spin-forbidden transition between the ez and tzg orbitals of

Mn-2p [37]. These findings align with those reported by Van
Hanh et al. [38].

100
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300 400 500 600 700 800
wavelength (nm)

Figure 4. Reflectance data of the synthesized MnWO04 sample
via UV-DRS.

The band gap (Eg) of the synthesized MnWO, was calculated
through the extrapolation of the Tauc plot derived from the
Kubelka-Munk function. This involved extending the linear
portion of the plot to the x-axis where [F(R)hv]» equals zero.
Here, F(R) denotes the Kubelka-Munk function or remission
function, h stands for Planck's constant (]-s), and v represents
the frequency of the photon (s™). For the direct band gap, n =
2, and for the indirect band gap, n = 1/2. MnWOQO, sample
exhibited [39], [40] both an indirect band gap of 1.72 and 2.76
eV and a direct band gap of 3.18 eV (see Figure 5 and Figure 6).

[F(R)VI'? (a.u.)

1
’ 276eV

15 20 25 30 35 0
Energy (eV)

Figure 5. [F(R)hv]1/2 versus energy plot via UV-DRS showing
the indirect band gap of the synthesized MnWOa4.
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Figure 6. [F(R)hv]?2 versus energy plot via UV-DRS showing the
direct band gap of the synthesized MnWO04 sample.

The direct band gap of 3.18 eV for MnWO, positions it as a
competitive photocatalyst compared to TiO, (~3.2 eV) [41] and
ZnO (~3.37 eV) [42]. However, its band gap is slightly larger
than that of g-C3N, (~2.7 eV) [43] and BiVO, (~2.4 eV) [44],
which are known for their superior visible-light absorption. To
enhance the photocatalytic performance of MnWO,, future
studies could explore doping with transition metals or non-
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metals to reduce the band gap and improve visible-light
absorption, as well as forming heterojunctions with other
semiconductors to enhance charge separation.

The photocatalytic activity of MnWO, was evaluated by using
the catalyst in an acidic methyl red dye solution. In the UV-Vis
analysis, the absorption peak at 518 nm was attributed to
methyl red. Following the addition of 200 mg of MnWO,, the
solution was left in the dark for 30 minutes to establish a state
of adsorption balance. After this adsorption period, UV-C lamps
were switched on, and air bubbles were introduced into the
reaction vessel. UV spectroscopy measurements were taken at
15-minute intervals, starting from the 0th minute, until the total
photocatalytic reaction time reached 180 minutes. Figure 7
presents the UV spectra of the methyl red solution during the
photocatalytic reaction, recorded between 0 and 180 minutes.

1.0

|=——0min
——15min
| 30 min
0.8 [—45min
|60 min
|—75min
‘ 90 min
|—— 105 min
[——120min
{— 135 min
044  [——150min
—— 165 min
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0.6

Absorbance

300 350 400 450 500 550 600 650
Wavelength (nm)

Figure 7. UV-Vis spectra of methyl red solution during
photocatalytic breakdown by MnWO, during a period of 180
minutes. Spectra were recorded at 15-minute intervals,
starting from the 0th minute immediately after the adsorption
equilibrium was reached, showing the change in absorption at
518 nm as the photocatalytic reaction progressed.

The UV spectra shown in Figure 7 reveal a gradual decrease in
the absorbance at 518 nm. This reduction in absorbance
indicates the successful degradation of Methyl Red dye over the
course of the photocatalytic reaction.

(Co—Cp)

Degradation Ef ficiency = 100 C
0

(1)
The degradation efficiency of the photocatalytic reaction is
calculated according to the equation (1) where C; and C,
represent the absorbance values of the methyl red solution at
time t and at 0 minutes, respectively, as measured by a UV-Vis
spectrometer and presented as a removal efficiency plot in
Figure 8.

60

Removal efficiency (%)
w
g

-

-———"

ol

—— T T T T

0 15 30 45 60 75 90 105 120 135 150 165 180
Time (min)

Figure 8. Removal efficiency of MnWO4 on the
photodegradation of Methyl Red dye.

As shown in Figure 8, the photocatalytic activity initially
increased slowly during the first 15 minutes. From 15 to 45
minutes, the removal efficiency remained relatively constant at
approximately 5%. In the latter phase of the photocatalytic
reaction, the removal efficiency increased rapidly, reaching
nearly 60% by the end of the 180-minute reaction.

4 Conclusion

In this study, manganese tungstate (MnWO0,) was effectively
produced through a simple coprecipitation method and
evaluated for its photocatalytic performance in degradating
methyl red. The characterization findings confirmed the
successful formation of MnWO, with high crystallinity and
suitable optical properties for UV-C light absorption. SEM
analysis revealed that the MnWO, particles exhibited a needle-
like morphology with high aspect ratios, which likely
contributed to their enhanced photocatalytic activity. The
photocatalytic experiments demonstrated that MnWO,
effectively degraded methyl red under UV-C irradiation, with a
degradation efficiency of nearly 60% after 180 minutes. This
research offers significant understanding and perspectives on
the photocatalytic properties of MnWO, and its potential
application in environmental remediation, particularly for the
treatment of dye-contaminated wastewater.

5 Author contribution statements

Within the framework of this research, Mehmet Kayhan
contributed to the conceptualization of the idea, experimental
design, procurement of materials, and evaluation of the results.
Meanwhile, Emine Kayhan played a role in conducting the
literature review, analyzing the findings, and reviewing the
manuscript for linguistic accuracy and content quality.

6 Ethics committee approval and conflict of
interest statement

“There is no need to obtain permission from the ethics
committee for the article prepared”.

“There is no conflict of interest with any person / institution in
the article prepared”.

7 References

[1] Mofijur M, Hasan MM, Ahmed SF, Djavanroodi F, Fattah
IMR, Silitonga AS, Kalam MA, Zhou JL, Khan TMY.
“Advances in identifying and managing emerging
contaminants in aquatic ecosystems: Analytical
approaches, toxicity assessment, transformation
pathways, environmental fate, and remediation
strategies”. Environmental Pollution, 341, 122889-
122921, 2024

[2] Goswami D, Mukherjee ], Mondal C, Bhunia B.
“Bioremediation of azo dye: A review on strategies,
toxicity assessment, mechanisms, bottlenecks and
prospects”.  Science of The Total Environment,
954,176426-176445, 2024.

[3] Dutta S, Adhikary S, Bhattacharya S, Roy D, Chatterjee S,
Chakraborty A, Banerjee D, Ganguly A, Nanda S, Rajak P.
“Contamination of textile dyes in aquatic environment:
Adverse impacts on aquatic ecosystem and human health,
and its management using bioremediation”. Journal of
Environmental Management, 353,120103-120125, 2024.

1347



Pamukkale Univ Muh Bilim Derg, 31(7), 1344-1349, 2025
M. Kayhan, E. Kayhan

[11]

[12

—_—

[13]

[14]

[15]

[16]

Sahu A, Poler JC. “Removal and degradation of dyes from
textile industry wastewater: Benchmarking recent
advancements, toxicity assessment and cost analysis of
treatment processes”. Journal of Environmental Chemical
Engineering, 12(5), 113754-113786, 2024.

Khandelwal D, Rana I, Mishra V, Ranjan KR, Singh P.
“Unveiling the impact of dyes on aquatic ecosystems
through zebrafish-a comprehensive review”.
Environmental Research, 261, 119684-119699, 2024.

Kayhan M, Aksoy M, Kayhan E. “A Facile Synthesis of
Photocatalytic Fe (OH)3 Nanoparticles for Degradation of
Phenol”. ChemistrySelect, 9(23),e202401367-202401373,
2024.

Kiitik N, Cetinkaya S. “Green synthesis of copper oxide
nanoparticles using black, green and tarragon tea and
investigation of their photocatalytic activity for methylene
blue”. Pamukkale University Journal of Engineering
Sciences, 28(7),954-962, 2022.

Sma-Air S, Ritchie R]. “Methyl red dye decolourization by
the photosynthetic  bacteria, Rhodopseudomonas
palustris and Afifella marina”. International
Biodeterioration & Biodegradation, 196, 105915-105924,
2025.

Sargazi S, Ghaneian MT, Rahmani M, Ebrahimi AA.
“Application of cloud point extraction coupled with
derivative spectrophotometry to remove binary mixture
of Cresol Red and Methyl Orange dyes from aqueous
solutions: Box-behnken design optimization”.
Heliyon, 10(21), e39628-39645, 2024.

Riaz U, Farooq A, Alam ]. “Microwave-assisted rapid
degradation of Methyl red dye using
Polyfuran/Polythiophene and its Co-oligomers as
catalysts.” Spectrochimica Acta Part A: Molecular and
Biomolecular Spectroscopy, 302,123106-123114, 2023.

Sharma S, Sharma S, Sharma KP. “Identification of a
sensitive index during fish bioassay of an azo dye methyl
red (untreated and treated)”. Journal of Environmental
Biology, 27(3), 551-555, 2006.

Sharma S, Sharma S, Pathak S, Sharma KP. “Toxicity of the
Azo Dye Methyl Red to the Organisms in Microcosms, with
Special Reference to the Guppy (Poecilia reticulata
Peters)”. Bulletin of Environmental Contamination and
Toxicology, 70(4),0753-0760, 2003.

Sharma S, Sharma S, Upreti N, Sharma KP. “Monitoring
toxicity of an azo dye methyl red and a heavy metal Cu,
using plant and animal bioassays”. Toxicology and
Environmental Chemistry, 91(1), 109-120, 2009.

Sievers M. 4.13-Advanced Oxidation Processes, Editors:
Wilderer P. Treatise on Water Science, 377-408, Oxford,
United Kingdom, Elsevier, 2011.

Ghangrekar MM. Advanced Oxidation  Processes.
Editors: Ghangrekar MM. Wastewater to Water:
Principles, Technologies and Engineering Design, 733-
794, Singapore, Springer Nature Singapore, 2022.

Bopape DA, Ntsendwana B, Mabasa FD. “Photocatalysis as
a pre-discharge treatment to improve the effect of textile
dyes on human health: A critical review”.
Heliyon, 10(20), e39316-39347 2024.

(17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

Lanjwani MF, Tuzen M, Khuhawar MY, Saleh TA. “Trends
in photocatalytic degradation of organic dye pollutants
using nanoparticles: A review”. Inorganic Chemistry
Communications, 159,111613-111630, 2024.

Zailan SN, Mahmed N, Bouaissi A, Mubarokah ZR, Norizan
MN, Mohamad IS, Yudasari N, Shirajuddin SSM.
“Adsorption efficiency and photocatalytic activity of silver
sulphide-activated carbon (Ag2S-AC) composites”.
Inorganic Chemistry Communications, 171, 113633-
113646, 2025.

Zheng X, Shao Z, Lin ], Gao Q, Ma Z, Song Y, Chen Z, Shi X, Li
J, Liu W, Tian X, Liu Y. “Recent advances of CuSbS2 and
CuPbSbS3 as photocatalyst in the application of
photocatalytic hydrogen evolution and degradation”.
Chinese Chemical Letters, 36,110533-110548, 2024.

Krishnapuram P, Choudhary ], Kagola UK, Jakka SK.
Photocatalytic and Sensing Properties of Rare-Earth Doped
Tungstate Upconverting Host Materials.
Editors: Pawade VB, Dhoble §], Shinde KN, Swart HC,
Upconversion Nanocrystals for Sustainable Technology,
179-204, Cambridge, USA, Woodhead Publishing, 2025.

Abubakar HL, Tijani JO, Abdulkareem AS, Egbosiuba TC,
Abdullahi M, Mustapha S, Ajiboye EA. “Effective removal of
malachite green from local dyeing wastewater using zinc-
tungstate based materials”. Heliyon, 9(9), e19167-19193,
2023.

Wu H, Peng ], Sun H, Ruan Q, Dong H, Jin Y, Sun Z, Hu Y.
“Surface activation of calcium tungstate by europium
doping for improving photocatalytic performance:
Towards lanthanide site photocatalysis”. Chemical
Engineering Journal, 432, 134339-134349, 2022.

Wei ], Chen Z, Tong Z. “Engineering Z-scheme silver
oxide/bismuth tungstate heterostructure incorporated
reduced graphene oxide with superior visible-light
photocatalytic activity”. Journal of Colloid and Interface
Science, 596, 22-33, 2021.

Wang ], Tang L, Zeng G, Zhou Y, Deng Y, Fan C, Gong ], Liu
Y. “Effect of bismuth tungstate with different hierarchical
architectures on photocatalytic degradation of norfloxacin
under visible light”. Transactions of Nonferrous Metals
Society of China, 27(8), 1794-1803, 2017.

Ahmed Al, Kospa DA, Gamal S, Samra SE, Salah AA, El-
Hakam SA, Awad Ibrahim A. “Fast and simple fabrication
of reduced graphene oxide-zinc tungstate nanocomposite
with enhanced photoresponse properties as a highly
efficient indirect sunlight driven photocatalyst and
antibacterial agent”. Journal of Photochemistry and
Photobiology A: Chemistry, 429,13907-13919, 2022.

Rao L, Xu ], Ao Y, Wang P. “Photocatalytic degradation of
methyl orange over bismuth tungstate under visible light”.
Applied Surface Science, 315,191-196. 2014.

Husain M, Rahman N, Azzouz-Rached A, Sfina N, Asad M,
Hussain A, Ahmad R, Hamza RD, Humayun Q, Samreen A,
Belhachi S, Uzair M, Abualnaja KM, Alosaimi G.
“Investigating structural, optoelectronic, and mechanical
properties of novel Tungsten-based oxides double-
perovskites compounds Sr2XWO06 (X=Mn, Fe): A DFT
approach”. Optik, 315, 172045-172055, 2024.

1348



Pamukkale Univ Muh Bilim Derg, 31(7), 1344-1349, 2025
M. Kayhan, E. Kayhan

[28] Harichandran G, Divya P, Radha S, Yesuraj ]. “Facile and
controllable CTAB-assisted sonochemical synthesis of
one-dimensional MnWO04 nanorods for supercapacitor
application”.  Journal — of  Molecular  Structure,
1199, 126931-126941, 2020.

[29] Trung DD, Cuong ND, Trung KQ, Nguyen TD, Van Toan N,
Hung CM, Hieu NV. “Controlled synthesis of manganese
tungstate nanorods for highly selective NH3 gas sensor”.
Journal of Alloys and Compounds, 735, 787-794, 2018.

[30] Jiang YN, Liu BD, Yang W], Yang B, Liu XY, Zhang XL,
Mohsin MA, Jiang X. “New strategy for the in-situ synthesis
of single-crystalline MnWO04/TiO2 photocatalysts for
efficlent and cyclic photodegradation of organic
pollutants”. CrystEngComm, 18(10), 1832-1841, 2016.

[31] Zhu S, Ho SH, Jin C, Duan X, Wang S. “Nanostructured
manganese oxides: natural/artificial formation and their
induced catalysis for wastewater remediation”.
Environmental Science: Nano, 7(2), 68-396, 2020.

[32] Islam MA, Morton DW, Johnson BB, Mainali B, Angove M].
“Manganese oxides and their application to metal ion and
contaminant removal from wastewater”. Journal of Water
Process Engineering, 26, 264-280. 2018.

Ishfaq A, Shahid M, Nawaz M, Ibrar D, Hussain S, Shahzad
T, Mahmood F, Rais A, Gul S, Gaafar AZ, Hodhod MS, Khan
S. “Remediation of wastewater by biosynthesized
manganese oxide nanoparticles and its effects on
development of wheat seedlings”. Frontiers in Plant
Science, 14, 1263813-1263828, 2023.

[34] Pirhashemi M, Habibi-Yangjeh A. “Fabrication of novel
Zn0/MnWO04 nanocomposites with p-n heterojunction:
Visible-light-induced photocatalysts with substantially
improved activity and durability”. Journal of Materials
Science & Technology, 34(10), 1891-1901, 2018.

[35] Zheng M, Zhang H, Gong X, Xu R, Xiao Y, Dong H, Liu X, Liu
Y. “A simple additive-free approach for the synthesis of
uniform manganese monoxide nanorods with large
specific surface area”. Nanoscale Research Letters,
8(1),166-173,2013.

[36] Muthamizh S, Suresh R, Giribabu K, Manigandan R,
Praveen Kumar S, Munusamy S, Narayanan V. “MnWO04
nanocapsules:  Synthesis, characterization and its
electrochemical sensing property”. Journal of Alloys and
Compounds, 619, 601-609, 2015.

[33

—_—

[37] Nogami A, Suzuki T, Katsufuji T. “Second Harmonic
Generation from Multiferroic MnWO4”. Journal of the
Physical Society of Japan, 77(11),115001-115003, 2008.

[38] Van Hanh P, Hoang LH, Hai PV, Minh NV, Chen XB, Yang IS.
“Crystal quality and optical property of MnWO04
nanoparticles  synthesized by microwave-assisted
method”. Journal of Physics and Chemistry of Solids,
74(3),426-430, 2013.

[39] Chakraborty AK, Ganguli S, Kebede MA. “Photocatalytic
degradation of 2-propanol and phenol using Au-loaded
MnWO4 nanorod under visible light irradiation”. Journal
of Cluster Science, 23(2), 437-448, 2012.

[40] Almeida MAP, Cavalcante LS, Varela JA, Li MS, Longo E.
“Effect of different surfactants on the shape, growth, and
photoluminescence behavior of MnWO04 crystals
synthesized by the microwave-hydrothermal method”.
Advances in Powder Technology, 23(1), 124-128, 2012.

[41] Kayhan E. Graphene: Synthesis, Characterization,
Properties and Functional Behavior as Catalyst Support
and Gas Sensor. Ph.D. Thesis, Technische Universitit
Darmstadt, Darmstadt, Germany, 2013.

[42] Jafarova VN, Orudzhev GS. “Structural and electronic
properties of ZnO: A first-principles density-functional
theory study within LDA(GGA) and LDA(GGA)+U
methods”. Solid State Communications, 325,114166,2021.

[43] Bilal M, Wang L, Ur Rehman Z, Zheng K, Hou ], Butt FK,
Hussain A, Ahmad ], Ullah S, Jrar JA, Ali S, Wang X.
“Hydrogen  production  using  g-C3N4  based
photocatalysts: A review”. International Journal of
Hydrogen Energy, 96, 456-473, 2024.

[44] Kamble GS, Natarajan TS, Patil SS, Thomas M, Chougale RK,
Sanadi PD, Siddharth US, Ling YC. “BiVO4 As a sustainable
and emerging photocatalyst: synthesis methodologies,
engineering properties, and its volatile organic
compounds degradation efficiency”. Nanomaterials
(Basel), 13(9), 1528, 2023.

1349



Pamukkale Univ Muh Bilim Derg, 31(7), 1350-1356, 2025

Pamukkale Universitesi Miihendislik Bilimleri Dergisi

Impact of titanate coated magnetite nanoparticles on the properties of rigid
polyurethane foams

Titanat kapli manyetit nanopartikiillerin sert poliiiretan képiiklerin
ozellikleri iizerindeki etkisi

Buse Fem Yilmaz!

, Meral Akkoyun Kurtlu!*

, Sibel Tuna?

1Department of Polymer Materials Engineering, Faculty of Engineering and Natural Sciences, Bursa Technical Univ. Bursa, Tiirkiye.
buseyilmazdoga@gmail.com, meral.akkoyun@btu.edu.tr
2Central Research Laboratory, Bursa Technical University, Bursa, Tiirkiye.
sibel.tuna@btu.edu.tr

Received/Gelis Tarihi: 09.07.2024
Accepted/Kabul Tarihi: 21.04.2025

Revision/Diizeltme Tarihi: 15.04.2025

doi: 10.5505/pajes.2025.67016
Research Article/Arastirma Makalesi

Abstract

Closed cell polyurethane-based materials represent more than 23% of
all polyurethane manufacturing. Unlike to the use of closed cell
polyurethane foams in a large variety of applications, these materials
exhibit some drawbacks. Their limited mechanical strength and their
limited thermal constancy hindering their usage in some areas can be
given as examples. In the purpose to overcome and enhance the
weaknesses of rigid polyurethane foams and at the same time enlarge
the utilization areas of these materials, numerous studies were realized
in the literature. The utilization of Fe;0, nanoparticles in various fields,
including magnetic resonance, has gained significant attention in
recent years. These additives can improve at the same time the thermal
and mechanical properties of polyurethane foams. Nevertheless, the
development of new methods concerning the surface modification of the
nanoparticles is important. The improvement of the interfacial
interactions at the polyurethane-filler interface was largely
investigated with various agents such as silica, surfactants and
precursor metals in the literature. However, the use of a titanate-based
coupling agent was not yet researched. In this work, a surface coating
of Fe304 nanoparticles with a titanate-based coupling agent (Ti-Fe304)
was realized to produce Fes04 filled rigid polyurethane foam
nanocomposites at different filler ratios. Microstructural, mechanical,
thermal and electrical conductivity properties of all foam
nanocomposites were characterized. The FTIR spectra exhibited only
the presence of physical interactions. In addition, an increase of the
crystallinity ratio with the increase of the filler content was observed.
Concerning the electrical and thermal conductivity results, a noticeable
improvement was detected from the pure rigid polyurethane foam to
the 50 wt.% Ti-Fes04 filled nanocomposite. From the mechanical test
results, a higher performance was observed for the rigid polyurethane
foam nanocomposite produced at 12.5 wt.%.

Keywords: Polymer composite, Rigid polyurethane foam, Magnetite,
Titanate coupling agent.

(0)4

Kapali hiicreli poliiiretan bazli malzemeler, tiim politiretan tiretiminin
%23'iinden fazlasini temsil etmektedir. Kapali hiicreli poliiiretan
képtiklerin ¢ok cesitli uygulamalarda kullanilmasinin aksine, bu
malzemeler bazi dezavantajlar sergiler. Sinirlt mekanik dayanimlari ve
bazi alanlarda kullanimlarini engelleyen sinirli termal dayanikliliklar
ornek olarak verilebilir. Sert politiretan képiiklerin zayif yénlerinin
giderilmesi, gelistirilmesi ve ayni zamanda bu malzemelerin kullanim
alanlarimin genisletilmesi amaciyla literatiirde ¢ok sayida calisma
gergeklestirilmistir. Son yillarda, manyetik rezonans da dahil olmak
lizere cegitli alanlarda Fe30, nanopartikiillerinin kullanimi 6nemli
élctide dikkat cekmigstir. Bu katki maddeleri ayni zamanda poliiiretan
képtiklerin termal ve mekanik ézelliklerini de gelistirebilir. Bununla
birlikte nanopartikiillerin  yiizey modifikasyonuna iliskin  yeni
yéntemlerin gelistirilmesi énemlidir. Politiretan-katk: arayiiziindeki
arayliz etkilesimlerinin lyilestirilmesi literatiirde silika, yiizey aktif
maddeler ve prekiirsér metaller gibi cesitli ajanlarla biiyiik élciide
arastirilmistir. Ancak, titanat bazli bir baglayict ajaninin kullanimi
hentiz arastirilmamistir. Bu calismada, farkli katki oranlarinda Fe304
katkili sert poliiiretan képiik nanokompozitleri tiretmek icin Fes304
nanopartikiillerinin titanat bazl bir baglayici ajan ile ytizey kaplamasi
(Ti-Fe304)  gerceklestirilmistir. ~ Tiim  képtik nanokompozitlerin
mikroyapisal, mekanik, termal ve elektriksel iletkenlik dzellikleri
karakterize  edilmistir.  FTIR  spektrumlart  yalnizca  fiziksel
etkilesimlerin varligint gostermistir. Ek olarak, katki oraninin
artmastyla kristallesme oraninda da bir artis gézlemlenmistir.
Elektriksel ve termal iletkenlik sonuglarina iliskin olarak, saf rijit
politiretan koépiigiinden agirlikca %50 Ti-Fe304 katkili nanokompozite
gore gozle gériiltir bir iyilesme tespit edilmistir. Mekanik test
sonuclarindan agirlikca %12.5 oraninda liretilen rijit politiretan képtik
nanokompozitinin daha ytiksek performans gésterdigi gézlemlenmistir.

Anahtar kelimeler: Polimer kompozit, Sert poliliretan kopiik,
Manyetit, Titanat baglayici ajan.

1 Introduction

One of the most widely used materials in a wide range of areas
such as automotive, bedding, electronic instrument bezels and
structural parts, building, construction, textile and coating is
polyurethane (PU) [1]. Different types of polyurethanes and
especially polyurethane foams can be synthesized as rigid
(closed cell) or flexible (open cell), classified according to their
cell structure [2],[3]. Among these various cellular structures, it
can be mentioned that closed cell or rigid polyurethane foam

*Corresponding author/Yazisilan Yazar

possesses the widest application domains in contrast to the
different kind of foam [2]. Unlike to the use of closed cell
polyurethane foams in a large variety of applications
particularly in insulation, adhesion and coating due to their
improved properties such as in particular electrical and
thermal insulation, lightweight, dimensional stability, moisture
resistance, sound resistance, these materials have some
drawbacks [3],[4]. These latter can be for instance their limited
mechanical strength but also their limited thermal constancy
hindering their usage in some areas [5]. For these reasons and
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in the aim to overcome and improve the weaknesses of rigid
polyurethane foams and at the same time enlarge the utilization
areas of these materials, numerous studies were realized in the
literature.

As a consequence, one of the most important ways to enhance
the mechanical properties of rigid polyurethane foam was the
addition of fillers and particularly nano-sized fillers and
produce nanocomposite foams having improved final
properties that can be applied in various fields.

Among the different nanofillers, particles having magnetic
properties such as Fe304 particles have the potential to be used
in specific areas (magnetic resonance imaging, biomedical and
radio frequency interference shielding) requiring magnetic
response and have attracted attention in the literature. These
additives can simultaneously improve the thermal and
mechanical properties of PU foams [6]. Nevertheless, magnetic
nanoparticles have some disadvantages, in particular
agglomeration, chemical reactivity, and oxidation.

For these reasons, the final properties of the particles can vary
noticeably with the apparition of oxidation according to the
environment where the nanoparticles are used exhibiting a
huge reduction of the magnetic properties. As a result, the
homogeneity of the filler dispersion is also affected. To resolve
this dispersion problem due to the formation of large
agglomerates is a critical point, this difficulty hugely affecting
the processability of filled polymer foams.

The major way to prevent the apparition of these magnetite
agglomerates is to stabilize the nanoparticles by different
methods as largely reported in the literature. From these
different methods used especially in the case of Fe304 particles
filled closed cell polyurethane foams the surface modifications
of the nanoparticles is the most widely applied one. In order to
enhance the interfacial interactions between the nanofillers
and polyurethane matrix various agents such as silica,
surfactants, silane and precursor metals were analyzed [7-10].
The purpose of this work is the investigation of the effect of a
coupling agent on the interfacial interactions at the filler-matrix
interface to enhance the final mechanical properties of the
magnetite added rigid polyurethane foam [11].

Among the various coupling agents, titanate-based materials
have the possibility to react simultaneously with free protons
and hydroxyls at the filler interface, allowing the development
of an organic coating on the filler surface. As a result, the use of
a titanate-based coupling agent can improve the dispersion of
the filler into the polymer matrix and then the final mechanical
properties of the nanocomposite [12].

This study aims to coat the surface of Fe304 particles with a
titanate-based coupling agent and investigate the impact of this
surface modification on the final microstructural, mechanical,
thermal and electrical conductivity properties of closed cell
polyurethane foam nanocomposites.

2 Materials and methods
2.1 Materials

Magnetite (Fes04) nanoparticles given in Figure 1 were
supplied from Nanokar/Tiirkiye with an average initial particle
size of about 30 nm and were used as a reinforcement material
for rigid polyurethane foams. Titanate (TYTAN TM CP-219)
served as a coupling agent by modifying the surface of
magnetite  nanoparticles and was procured from
Borica/Taiwan. Polyol and isocyanate were used as raw

materials in the production of rigid polyurethane foams.
Commercial grade isocyanate (Izokim RD 001) (NCO content of
31%, density of 1.23 g/cm3 and viscosity of 0.2 Pa.s) and polyol
(KIMrigid RD 057) (density of 1.03 g/cm3 and viscosity of 0.4
Pa.s) supplied from Kimteks/Tiirkiye were used in this study.
The blowing agent used in this formulation is water and it was
directly included in the commercial polyol at a water content of
4.4 wt.%.

Fe304 200 nm +—

Figure 1. SEM image of magnetite.

2.2 Preparation of modified magnetite nanoparticles

First of all, to remove the humidity of Fe304 nanoparticles, the
powder was kept waiting at 100°C in an oven for about two
hours [13]. Then, an ethanol/Fe304 suspension was prepared
using 200 mL of ethanol and a magnetic stirrer. Afterwards,
based on the literature, 2.5 wt.% titanate used as coupling agent
was added to the ethanol/Fe304 suspension and mixed at 100
rpm for 2 hours and at room temperature [12]. Finally, the
residual ethanol was removed from the surface modified
magnetite (Ti-Fes04) powder in an oven at a temperature of
100°C for 24 hours [13].

2.3 Preparation of unfilled and modified magnetite
filled rigid PU foam nanocomposites (RPU/Ti-Fe304)

For the production of RPU/Ti-Fe304 nanocomposites, Ti-Fe304
nanopowders prepared at various weight ratios (12.5, 25, 50
wt.% in polyol) were filled into polyol (Table 1).

Table 1. Compositions of Polyol/Ti-Fe304 suspensions.

RPU/Ti-Fe304

Ti-Fe304 (Wt.%)  Polyol (wt.%)

nanocomposites
RPU 0 100
RPU/Ti-Fe304_12.5 12.5 87.5
RPU/Ti-Fe304_25 25 75
RPU/Ti-Fe304_50 50 50

The range of filler ratios was determined based on the
literature to detect the amount giving the optimum final
properties [3],[4]. In a first step, polyol/Ti-Fe304 suspensions
were sonicated (40 kHz frequency for 10 minutes) in a cold-
water bath to have a better control of the suspension
temperature, using an ultrasonic homogenizer (Bandelin/HD
4200). Then, the polyol/Ti-Fe30s suspensions were mixed
using a mechanical stirrer (2000 rpm for 1 minute). Finally,
isocyanate was mixed with the polyol/Ti-Fe304 suspension for
a further five seconds and the final blend was placed in a
rectangular mold having the appropriate dimensions for all

1351



Pamukkale Univ Muh Bilim Derg, 31(7), 1350-1356, 2025
B. Fem Yilmaz, M. Akkoyun Kurtlu, S. Tuna

characterizations. The weight ratio of the polyol blend to
isocyanate was 100:58.4 (isocyanate index = 100). At this stage,
all samples were left in the mould for at least 24 hours to allow
full curing of the material.

2.4 Characterization methods

The scanning electron microscopy analysis of all samples (pure
and Ti-Fe304 filled RPU foam nanocomposites) was carried out
using a Carl Zeiss Gemini 300 device. The sections
perpendicular to the foaming direction were observed and
images were registered to calculate the cell parameters
(average cell diameter and average strut thickness) with Image]
software for at least 100 cells.

Fourier Transform Infrared (FTIR) spectroscopy analysis of
pure and Ti-Fe304 filled RPU foam nanocomposites was
conducted by Thermo Scientific Nicolet iS50 device. FTIR
analyses, in which the functional groups and the changes in
these groups with the addition of fillers were evaluated, were
carried out in the wavenumber range of 4000-600 cm-! with a
resolution of 4 cm-1 and a scan number of 16.

X-ray diffraction (XRD) analysis was carried out using a Bruker
D8 Discover X-ray diffractometer. Patterns of unfilled and Ti-
Fe304 filled RPU foam nanocomposites were recorded at
diffraction angles (26) ranging from 5° to 90°. The step time and
the increment were 0.02° and 0.5 second, respectively. The
level of crystallization (CI) was calculated according to the
Segal equation given in Equation (1). In the equation, I,
represents the highest intensity of the crystal area peak and
I,m represents the intensity of the amorphous region [14].

-1
<2 %100 (1
I

I

% Cl ==

The tensile test was performed using the SHIMADZU-AGS-X

instrument based on the ASTM D638 standard. For each
nanocomposite, the test was repeated for 5 test specimens.

Thermal conductivity properties of unfilled and Ti-Fe30;4 filled
RPU foam nanocomposites were measured using a Laser Comp.
Fox 314 (TA Instruments) device. The measurement was
realized at ten different points for each RPU foam
nanocomposite.

The electrical resistivity of all nanocomposites was measured
with a Keitley 2400 source meter device and the measurement
was repeated for three test samples of 9cmx9cmx3mm
dimensions. During the measurement, 1 minute was kept for
each sample. The results were recorded every 5 seconds. Then,
a graph was created with electrical conductivity values
according to the test data obtained.

3 Results and discussions

3.1 Scanning electron microscope analyses

SEM images of the cross-sectional surfaces of unfilled RPU foam
and 12.5, 25 and 50 wt.% Ti-Fe304 filled RPU foam samples
were given in Figure 2 under x100 magnification rate. Using the
SEM images recorded, 100 measurements were realized for
each foam with the Image] program and as a result of these
measurements the changes in mean strut thickness (um) and
mean cell diameter (um) values were calculated and graphed in
Figure 3 and 4, respectively. When Figures 3 and 4 were
examined in line with the graphs obtained, it can be observed
that with the addition of 12.5 wt.% Ti-Fe304 to the rigid PU foam
structure, the strut thickness and cell diameter increased to a

certain level compared to the unfilled PU foam. However, a
decrease at higher filler ratios such as 25 wt.% and 50 wt.% can
be seen. This result can be explained by the fact that the
addition of magnetite nanoparticles caused the emergence of
more nucleation sites, thus rising the cell density [3],[4]. With
the use of high weight ratios of Ti-Fe304+ nanoparticles,
agglomeration formation occurred as can be seen in the SEM
micrographs obtained at a high magnification ratio (x20000) in
Figures 5-7 [15]. SEM images (Figures 5, 6, and 7) revealed that
the magnetite particles were well dispersed especially at 12.5
wt.% ratio in the RPU foam matrix, which was in correlation
with the mechanical analyses results.

Figure 2. SEM images of a) unfilled RPU foam and
(b): 12.5 wt.%. (c): 25 wt.% and (d): 50 wt.% Ti-Fe30x4 filled
RPU foam nanocomposites.
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Figure 3. Mean cell diameter of unfilled RPU and Ti-Fe30x4 filled
RPU foam nanocomposites prepared at different filler ratios
(12.5, 25 and 50 wt.%).
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Figure 4. Mean strut thickness of unfilled RPU and Ti-Fe304
filled RPU foam nanocomposites prepared at different filler
ratios (12.5, 25 and 50 wt.%).
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Figure 5. SEM image of Ti-Fe30x4 filled RPU foam
nanocomposites prepared at 12.5 wt.%.

Figure 6. SEM image of Ti-Fe304 filled RPU foam
nanocomposites prepared at 25 wt.%.

Figure 7. SEM image of Ti-Fe30x4 filled RPU foam
nanocomposites prepared at 50 wt.%.

3.2 Fourier transform infrared spectroscopy analyses

FTIR spectra of unfilled and Ti-Fe304 filled RPU foam
nanocomposites were presented in Figure 8. In the FTIR
spectra of the samples, the N-H stretching vibration peaks at
3300 cm-! are the first to be noticed and this peak characterizes
the formation of polyurethane [16],[17]. The symmetrical and
asymmetrical stretching behaviour of the C-H bond is indicated
by the double peaks at 2920 and 2855 cm-! [18]. The peak
region observed ataround 2270 cm-! can be associated with the
properties of the isocyanate band and the presence of aromatic
rings in the isocyanate structure can be characterized by peaks
in the 1595 and 1455 cm-! wavenumbers [18],[19]. Carboxylic
acid derivatives involved in the structure of the polyol were
associated with the peak at 1705 cm-1 [20],[21]. When the FTIR
spectra of wunfilled and Ti-Fe30s+ filled RPU foam
nanocomposites were examined, similar peaks and functional
groups were observed. The spectra of the Ti-Fe30x4 filled foam
nanocomposites generally contain the functional groups
detected in the structure of RPU.

RPU/Ti-Fe,0, 50

RPUITi-Fe,0, 25

RPUITi-Fe,0, 12.5

Transmittance (%)

=0 @

4000 3500 3000 2500 2000 1500 1000

Wavenumbers (cm™)

Figure 8. FTIR spectra of unfilled and Ti-Fe30x4 filled RPU foam
nanocomposites.

This result can be explained by the fact that the added Ti-Fe304
fillers do not interact chemically with the RPU matrix and the
interactions that occur are only physical interactions. In
composite materials, the interface is defined as the boundary
between two layers with different chemical structures. At this
interface region, parameters such as chemistry, polymer chain
mobility, degree of hardening and crystallinity behaviour may
differ [22]. Although interfacial interactions, particularly in
carbon fibre reinforced polymer composites, are reported to
occur through primary bonds between the two phases, there is
no conclusive analytical evidence for this effect. In filler
reinforced composite systems, interactions are reported to
occur mainly through secondary bonds such as hydrogen
bonding and van der Waals interactions [23]. In polymer matrix
composites, the interphase refers to those portions of the long
chain polymers of the matrix that are degraded by interaction
with the filler phase. These interactions can occur at functional
groups located at the end or along the chains, and molecular
conformational changes as a result of interaction with the filler
phase affect the interface and interphase formation. In addition,
particle size has a direct effect on the volume fraction required
to form a continuous interphase [24].

3.3 X-ray diffraction analyses

Diffractograms of unfilled and Ti-Fe304 filled RPU foam
nanocomposites were given in Figure 9. When Figure 9 was
analyzed, no sharp peak was observed in the unfilled RPU
sample and the plateau regions indicated the amorphousness
of the sample [25].

RPUITi-Fe30y_S0

RPU/Ti-Feg0y 25
RPU/Ti-Fe304_12.5
/-_/\'-\\JL-— A 3

RPU

Tntensity

10 20 30 40 50 60 70 80 920
2Theta (")

Figure 9. XRD diffractograms of unfilled and Ti-Fe304 filled
RPU foam nanocomposites.

In the 12.5 wt.% Ti-Fe304 filled sample, crystal peaks started to
appear and as the ratio increases, the intensities of the peaks
around 260 = 35.426, 62.515, 56.923, 30.041, and 59.872°
increased significantly. These peaks, which reached the highest
intensity at 50 wt.% filler ratio, can be related to the increase in
crystallinity caused by the addition of inorganic additives [26].
After determining the amorphous and crystalline phases of the
samples, the level of crystallization (CI) was calculated with the
help of diffractograms. According to the Segal Equation (1)
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used, the crystallinity ratio of the unfilled RPU sample could not
be determined, while the CI values of RPU foam composites
prepared with 12.5, 25, and 50 wt.% Ti-Fe304 filler were
determined as 4.3, 14.3, and 43.5%, respectively. In composite
systems where there is compatibility between filler and matrix,
itis stated that the crystallinity values increase as the filler ratio
increases. In cases where the filler and matrix are compatible
and interfacial interactions are high, it is stated that the fillers
added to the composite structures provide nucleation sites for
the regular stacking of polymer chains, thus increasing the
crystallinity of the composite structures [27],[28]. It has been
reported in the literature that an increase in crystallinity can
lead to a decrease in hardness and elongation at break [29]. It
was observed that this change in crystallinity values was also
compatible with the mechanical strength values.

3.4 Mechanical analyses

The tensile strength and elongation at break results of the
unfilled and 12.5, 25 and 50 wt.% Ti-Fe3O4 filled RPU foam
samples were given in Figures 10 and 11, respectively. When
the tensile strength results in Figure 10 were examined, it can
be observed that the RPU foam structure with the highest
tensile strength value was 12.5 wt.% Ti-Fe304 filled RPU foam,
and an increase of approximately 23% in tensile strength value
was achieved. This increase in tensile strength values, obtained
for a 12.5 wt.% filler rate, is a result of the homogeneous
distribution of the titanate coated magnetite filler in the
structure [30]. This can be associated with the fact that titanate
acts as a molecular bridge between the filler and the polymeric
foam matrix, reacting with both the magnetite nanoparticles
and the surface atoms of the polyurethane, positively affecting
the interfacial properties.
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Figure 10. Tensile strength variations of unfilled and 12.5
wt.%, 25 wt.% and 50 wt.% Ti-Fe304 filled RPU foam samples.

On the other hand, 50 wt.% Ti-Fe304 filled RPU foam exhibited
the lowest tensile strength and this decrease can be related to
the agglomerations observed for a high percentage of
nanofillers in the foam structure, as demonstrated in SEM
images given in Figures 7 [31]. According to these mechanical
test results, it can be stated that the use of 12.5 wt.% Ti-Fe304
exhibited a critical filler content. This situation can be
expressed by the percolation threshold achieved at a certain
point, as widely interpreted in the literature [3],[4].

As can be seen in Figure 11, with the increase in the Ti-Fe304
nanoparticles ratio, the elongation at break values decreased as
expected. Based on these results, when a comparison was made
according to the filler ratios, the sample giving the lowest
elongation at break value was 50 wt.% Ti-Fe304 filled RPU foam.
The highest percentage of elongation at break was obtained for
the unfilled RPU foam.
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Figure 11. Elongation at break variations of unfilled and 12.5
wt.%, 25 wt.% and 50 wt.% Ti-Fe304 filled RPU foam samples.

3.5 Thermal conductivity analyses

The thermal conductivities recorded for the unfilled RPU foam
and Ti-Fe304 filled RPU foam nanocomposites obtained at
various Ti-Fe304 ratios (12.5, 25, 50 wt.%) were gathered in
Figure 12. An improvement from 0.02431 W/m.K for the
unfilled RPU foam to 0.02646 W/m.K for the 50 wt.% Ti-Fe30a4
filled RPU foam nanocomposite can be detected from the
results. As a consequence, the thermal conductivity of RPU/Ti-
Fe304 foam nanocomposites demonstrated a higher increase of
nearly 9% for the 50 wt.% Ti-Fe304 filled RPU nanocomposite.
Considering the error bars detected, it can be stated that an
increase of the filler ratio engendered an increase tendency of
the thermal conductivity. This evolution was in correlation with
the cell size evolution. From the comparison of these results
with the cell diameter variations, it can be noticed that as the
filler ratio increases in RPU foam nanocomposites an
augmentation of the cell diameter and thermal conductivity
was observed. This behavior is in correlation with the literature
where a similar effect has been detected for magnetite filled
foams composites [1],[12],[32],[33].
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Figure 12. Thermal conductivity of unfilled and Ti-Fe30x filled
RPU foam nanocomposites.

3.6 Electrical conductivity results

The electrical conductivity values of unfilled RPU foam and Ti-
Fe304 filled RPU foam nanocomposites obtained at various Ti-
Fe30a4ratios (12.5, 25, 50 wt.%) and calculated as the inverse of
the electrical resistivity values were detected experimentally
and represented in Figure 13. It can be seen from this Figure 13
that a visible improvement of the value from the unfilled foam
to the 12.5wt.% Ti-Fes04 filled RPU foam is observed and then
a more constant evolution of the electrical conductivity was
obtained between 12.5 wt.% and 50wt.% Ti-Fe304 filled foam
nanocomposites.
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Figure 13. Electrical conductivity of unfilled and Ti-Fe304 filled
RPU foam nanocomposites.

As a result, with an increase of the Ti-Fe304 content to 50 wt.%
arise from 1.64x10-14 to 1.42x10-11 was seen. The presence of
a critical Ti-Fe30a ratio of 12.5 wt.% in this work can be
interpreted by the presence of a percolation threshold as
discussed in the literature [11],[12], this critical point showing
the apparition of a conductive pathway formed by Ti-Fe304
nanoparticles into the RPU foam.

4 Conclusions

In this study, titanate coated Fe304 nanoparticles were filled to
the RPU foams and prepared at three different ratios (12.5, 25
and 50 wt.%). The microstructure, electrical conductivity,
thermal conductivity and mechanical properties of unfilled RPU
and RPU/Ti-Fe304 foam nanocomposites were characterized.
The FTIR spectra demonstrated that Ti-Fe3O4 fillers do not
interact chemically with the RPU matrix and the interactions
are only physical interactions. Furthermore, an increase of the
crystallinity ratio with the increase of the filler content was
observed. The results exhibited an increase in the average strut
thickness and the average cell diameter for the foam
nanocomposite filled at 12.5 wt.% representing the percolation
threshold in this study. Afterwards, a reduction of these
parameters was observed with the augmentation of the Ti-
Fe30s+ weight ratio. Concerning the electrical and thermal
conductivity results, a noticeable improvement was detected
from the pure RPU foam to the 50 wt.% Ti-Fe30s filled
nanocomposite. From the mechanical test results, a higher
performance can be seen for the RPU foam nanocomposite
produced at 12.5 wt.%.
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Abstract

Zerde is a yellow rice-based milk dessert traditionally prepared with
saffron. This study aimed to develop zerde formulations using
alternative spices and to monitor the products during storage. Saffron,
known as red gold, is the most expensive spice. In recent years, turmeric
has attracted interest due to its positive health effects. Safflower, also
referred to as false saffron, has been another product of interest. Five
zerde formulations were created using saffron, safflower, turmeric, a
turmeric-saffron combination, and a turmeric-safflower combination.
The different spices and storage conditions significantly influenced the
syneresis value, water-holding capacity, and b value (p<0.05). The
highest antioxidant activity was found in the zerde formulation that
included turmeric and safflower. The sample with safflower exhibited
the highest syneresis value during storage. While ethyl acetate was
abundant in the samples containing saffron and safflower, guaiacol was
the prevalent aroma compound in turmeric formulations. The color
values (Hunter L, a, and b) ranged from 69.47 to 72.91, (-)2.71 to (-5.76),
and 22.31 to 25.74 during storage, respectively. The zerde formulated
with turmeric received the highest scores for general acceptability and
taste on the 4% day and 8% of storage. Turmeric or formulations
containing turmeric could be used as a substitute for saffron, which is
an expensive spice.

Keywords: Dairy desserts, Flavor, Texture, Color, Zerde.

Oz

Zerde, geleneksel olarak safran kullanilarak hazirlanan sari renkli
piringli siitlii tathdir. Bu ¢calismanin amacli, zerde tiretiminde alternatif
baharatlar kullanarak zerde formiilasyonlart gelistirmek ve bunlari
depolama stiresince takip etmektir. Safran, diinyanin en pahali baharati
olup "kirmizi altin” olarak bilinmektedir. Son yillarda saglik agisindan
olumlu etkileri nedeniyle zerdegal 6nemli bir baharat haline gelmistir.
Aspir, yalanci safran olarak bilinmektedir. Bu ¢alismada safran, aspir,
zerdegal,  zerdegal-safran ~ kombinasyonu  ve  zerdegal-aspir
kombinasyonunu igeren bes farkli zerde formiilasyonu hazirlanmigstir.
Farkli baharatlar ve depolama siiresi sineresis degerini, su tutma
kapasitesini ve b degerini 6nemli él¢ctide (p<0.05) etkilemistir. Zerdegal
ve aspir iceren zerde formiilasyonu en yiiksek antioksidan aktiviteye
sahiptir. Aspir kullanilan érnek, depolama sirasinda en yliksek sineresis
degerini sergilemistir. Etil asetat safran ve aspir iceren érneklerde en
fazla bulunurken, guaiacol zerdegal iceren formiilasyonlarda en fazla
bulunan aroma bileseni olmustur. Renk degerleri (Hunter L, a ve b)
sirasyyla  69.47-72.91, (-2.71)-(-5.76) ve 22.31-25.74 araliginda
bulunmustur. Zerdegal ile formiile edilen zerde, depolamanin 4. ve 8.
glinlerinde en yiiksek genel kabul edilebilirlik ve tat puanina sahip
olmustur. Pahali bir baharat olan safranin yerine zerdecal veya
zerdecgal iceren formiilasyonlar kullanilabilir.

Anahtar kelimeler: Stitli tatlilar, Flavor, Tekstiir, Renk, Zerde.

1 Introduction

Zerde is a milk-based sweet made with rice, sugar, and saffron.
Sholeh zard, shir-berenj, fereni, gaemaq, and boulame are very
popular rice-based puddings in Iran. The zerde dessert is also
known as Sholeh zard [1].

Saffron, which belongs to the Iridaceae family, is a spice
obtained from the dried dark red stigmas of Crocus sativus L.
[2]. It is the most expensive spice in the world. Saffron is also
referred to as red gold. Due to its color, aroma, and intense
taste, saffron is used as a food additive [3]. The most important
components in saffron are crocin, picrocrocin, and safranal,
which provide saffron's color, bitter taste, and odor. Iran is the
leading country in saffron production worldwide [4]. Safflower
(Carthamus tinctorius L.) is known by several names, such as
false “Zaffer”, “Fake Saffron " and “Dyer’s Saffron”. It is a bushy,
herbaceous annual or winter annual plant with yellow, red, or
orange flowers [5]. Safflower flowers contain two pigments: red

*Corresponding author/Yazisilan Yazar

(carthamin), which is insoluble in water, and yellow
(carthamidin), which is soluble in water [6]. Safflower seeds
contain oil (30%), protein (20%), and crude fiber (35%), and
they are a good source of minerals (Zn, Cu, Mn, Fe), vitamins
(thiamine, 3-carotene), and tocopherol [7]. Turmeric (Curcuma
longa) is a perennial herbaceous plant from the ginger family
(Zingiberaceae), characterized by yellow flowers, large leaves,
and rhizomes. It is frequently used in the cuisines of Malesia,
India, China, Polynesia, and Thailand [8]. Curcumin, a yellow-
orange pigment obtained from turmeric, offers various health
benefits, such as anti-inflammatory, antioxidant,
chemopreventive, antimicrobial, antiviral, and anticancer
properties [9].

Zerde is a milk dessert that incorporates saffron in its
preparation. However, zerde is lesser-known and produced in
limited quantities due to the use of saffron, a costly spice.
Therefore, exploring alternative spices to saffron is essential for
broader adoption of zerde. There is no comprehensive study
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assessing the biological, physical, and aromatic effects of
various spices in zerde production. This study aims to
contribute to both scientific literature and the food industry. In
this research, different formulations were created for zerde
production utilizing safflower, turmeric, and saffron. This study
aims to evaluate the impact of different spices on the biological
activities, physical characteristics, textural properties, and
aroma profile of zerde.

2 Materials and methods
2.1 Materials

UHT milk, vanilla, corn starch, egg, sugar, and rice were
procured from a local market in Denizli, Tiirkiye. Safflower and
turmeric powder were obtained from a herbalist in Denizli.
Saffron was purchased from a herbalist in Safranbolu, Tiirkiye

2.2  Zerde production

The base formulation for the zerde dessert includes milk (1 L),
vanilla (7.5 g), sugar (210 g), corn starch (22.5 g), and egg yolk
(25 g). Saffron and/or safflower should be soaked in water one
day prior.

Approximately 10 kg of milk was used for each batch. The
research was conducted in duplicate. The production was
separated into five groups. The control sample was prepared
with saffron (0.08 g/L). The second group (SF) was prepared
using safflower (1 g/L). The third group (T) was made using
turmeric (0.625 g/L milk). The fourth group (S-T) was prepared
using saffron (0.04 g/L milk) and turmeric (0.312 g/L). The fifth
group was prepared using turmeric (0.312 g/L milk) and
safflower (0.5 g/L). First, rice was boiled in water until tender.
After it was cooled, milk and spices were added. Saffron and
safflower should be soaked in water overnight before
production to transfer the color of the spices into the water; this
colored water was then used in production. Powdered turmeric
was used directly in the milk. Egg yolk and corn starch were
mixed and dissolved in the milk at appropriate quantities at
40°C. After heating the mix to 80 °C, the egg yolk and corn starch
solution were added. Then, sugar and sweet vanillin were
mixed in appropriate quantities. This mixture was heated to 85
°C and continuously stirred until the desired consistency was
achieved. The formulations were poured into containers and
cooled down to 25 °C. Samples were stored in the refrigerator
during the analyses. Each zerde formulation was prepared in
duplicate. All analyses were performed at first day, 4th day, and
8th day.

2.3 Chemical composition and physical analyses

The total dry matter, protein, and fat content were determined
according to the gravimetric procedure [10], the Kjeldahl
Method [10], and the Gerber method, respectively [11]. The
total sugar content was established using the Lane-Eynon
method [12].

The color was analyzed using a Hunter colorimeter (Hunter
Miniscan Xe, HunterLab, Reston, VA). The L (lightness), a (red-
green), and b (yellow-blue) values were evaluated.

For water holding capacity (WHC), zerde samples (10 g) were
placed in centrifuge tubes and centrifuged for 40 minutes at
5000 rpm using a Niive NF 1200 R centrifuge (Ankara, Tiirkiye).
The supernatant was decanted, and the remaining part (R) was
weighed. WHC (%) was calculated using the following equation:

R (g)*100 /initial sample (g). Syneresis was measured using the
method outlined by Kadagan and Arslan [13].

2.4 Bioactive characteristics

The samples were extracted using the method described by
Peker and Arslan [14]. Fifteen grams of the sample extract was
mixed with 30 mL of methanol. The sample was homogenized
for 1 minute, sonicated for 10 minutes, and kept in a shaker
water bath for 15 minutes. Then, it was centrifuged (Niive NF
1200 R, Ankara, Tiirkiye) for 15 minutes at 4 °C and at 8500
rpm. The zerde samples were also analyzed for total phenolic
content and antioxidant activity as described by Peker and
Arslan [14]. Total phenolic content was measured using Folin-
Ciocalteu (FC) reagent.

For this purpose, 5 mL of diluted FC reagent (1:10, FC: water)
and 4 mL of sodium carbonate solution (75 g/L) were added to
a 1 mL sample or standard. After the mixture was kept in the
dark for 2 hours, absorbance and concentration were read in
the wavelength spectrophotometer at 760 nm.

The antioxidant activity was determined using the 2.2-
diphenyl-1-picrylhydrazyl radical (DPPH) scavenging method.
Briefly, 2850 pL of the DPPH reagent was mixed with 150 pL of
zerde samples in test tubes. The samples were left at room
temperature in the dark for 60 minutes. Measurements were
taken using a spectrophotometer at an absorbance of 515 nm.

2.5 Textural analysis

The texture analysis was conducted following the methodology
described by Kadagan and Arslan [13] utilizing a texture
analyzer (Brookfield CT3, Brookfield Engineering Laboratory,
Middleboro, MA, USA). The texture parameters of zerde
samples were determined at ambient temperature using a
texture profile analysis mode (TPA) with a cylinder probe
(12.7 mm diameter) at a test speed of 2 mm/s.

2.6 Optical microscopy

A light microscope (Olympus BX 50, Olympus Optical Co. Ltd,,
Japan) was utilized to examine the microstructure of milk
dessert samples. After the samples were thinly spread on the
slide, they were observed using 10x objectives. Photographs of
the microstructure were captured using a Kameram 21 CMOS.

2.7 Determination of the aromatic profile

The aroma compounds in zerde samples were examined using
solid phase microextraction with CAR/PDMS fibers (30/50 um
carboxen/polydimethylsiloxane, 1 cm long, Supelco, Bellefonte,
CA, USA). A 3g sample was placed into a 20 mL headspace vial
and maintained at 50 °C for 10 minutes. It was then extracted
with CAR/PDMS fiber for 55 minutes and desorbed for 5
minutes before injected into the capillary column of the GC-MS
device (Agilent 7000 Series Triple Quad). A capillary column
(HP-5MS, 30 m length x 0.25 mm inner diameter x 0.25 pm film
thickness, 5% phenyl methyl polysiloxane) was used to
separate volatile compounds. The temperature of the GC oven
was scheduled to start at 35 °C for 5 minutes, increasing by
4 °C/min to 140 °C, where it was held for 5 minutes. The
temperature was then raised to 250 °C at a rate of 10 °C per
minute, maintaining it for 5 minutes. Helium served as the
carrier gas, and the electron energy was set to 70 eV. Aroma
compounds were identified using NIST14 and FLAVOR 2.

2.8 Sensory analysis

Sensory analysis was conducted with 30 participants (aged 20-
50 years, consisting of 16 females and 14 males) from the
graduate students, undergraduate students and members in
the Food Engineering Department. After the samples were

1358



Pamukkale Univ Muh Bilim Derg, 31(7), 1357-1365, 2025
N. Kiratly, S. Arslan

stored at 4 °C, they (20 mL cups, 4 °C) were labeled with three
random digits and served. Participants scored the samples
based on appearance, color, odor, taste, and general
appreciation on a seven-point hedonic scale (1=dislike
extremely, 4=neither like nor dislike, and 7=like extremely).

2.9 Statistical analyses

The experimental design evaluated the effects of five
formulations, coded as S, SF, T, T-S, and T-SF, on the
characteristics of zerde. A three-factor (time x formulation x
batch) factorial experiment was conducted in this study. Each
combination of factors (3 time x 5 formulation x 2 batch)
included two replications for analysis. Statistical analysis was
performed using the SPSS software (IBM Statistics Data Editor
Version 20). The average values were compared using Duncan’s
test at the 5% (p < 0.05) significance level.

3 Results and discussion

3.1 Chemical analyses

The changes in dry matter, fat, protein contents, and pH values
in all samples were not statistically significant (p=0.05). The
chemical analysis of the five formulations is presented shown
in Table 1. The dry matter content of milk desserts called
Muhallabi, which uses different spices (saffron and turmeric
powder), was determined between 29.45% and 33.64% [15]
The chemical composition of brown rice pudding reported by
Puri et al. [16] was generally higher when compared to the
current findings.

3.2 Physical properties

The effects of different formulations and storage periods on
syneresis, water-holding capacity, and b values were significant
(p<0.05). Table 2 indicates that the highest serum separation
and water-holding capacity among zerde samples were
achieved with the SF and T-S samples. In starch-based systems,

syneresis can occur during storage due to the reorganization
and retrogradation of starch molecules [17]. In a study on
turmeric powder and turmeric starch, the water-binding
capacity of the starch derived from turmeric (up to 70 °C) was
lower than that of dried and cured turmeric samples.
Researchers suggested that this difference could be attributed
to turmeric powder's protein and dietary fiber content. They
reported that dried turmeric powder’s protein content and
dietary fiber level were 9.12-9.27% and 3.41-4.10%,
respectively [18]. Similarly, in our study, the turmeric
formulations demonstrated higher water-holding capacity and
lower syneresis values than the other samples. The interactions
between rice starch and milk proteins create the desired
structure in such dairy desserts.

Product formulations and processes, such as heat treatment
time, mixing, and cooling, affect the stability of puddings [19].
Therefore, turmeric powder in the present study may positively
affect water binding due to its chemical composition. At the end
of storage, the T code sample exhibited the lowest syneresis.
The syneresis values of all samples increased compared to the
initial values. The samples' highest and lowest L values were
obtained for T and T-S, at 72.91 and 70.55, respectively, at the
beginning of storage. Generally, the a values of zerde samples
changed in the order of T> T-SF>SF> T-S > control during
storage. Table 2 shows that among the zerde types, the T-S
sample had the highest b value. Since the b values were positive
in the zerde samples, yellowness was noted in the products.
Comparatively, the T sample had the second highest b value,
followed by S, T-SF, and SF. Majzoobi et al. [20] reported that
the L, a, and b values of milk desserts enriched with wheat germ
ranged from 65.0 to 83.33, -6 to -9, and 18 to 30, respectively.
The a and b values were quite similar to those found in a study
on pudding dessert by Okur [15]. Prasad et al. [21] reported
lower L* and b* values in herbal burfi (Indian dairy dessert)
samples when compared to the present color findings.

Table 1. Composition+standard deviation of zerde samples.

Code Dry matter (%) Fat (%) Protein (%) Sugar (%) pH

S 30.17+0.81 2.93+0.25 2.98+0.10 19.23+3.28 6.57+0.03

SF 30.37+1.03 2.93+0.32 3.00+0.06 18.37+3.58 6.55+0.02

T 30.23+1.25 3.10+0.17 2.99+0.09 18.88+2.55 6.54+0.02

T-S 30.79+1.29 2.73+0.12 2.85+0.10 16.85+3.43 6.51+0.06

T-SF 29.56+1.27 2.80+0.26 2.95+0.02 17.37+2.66 6.50+0.02

Table 2. Effect of different spices and storage periods on the physical properties of zerde
Properties Storage period S SF T T-S T-SF
Syneresis 1 18.21+2.698¢Ca 19.48+1.74¢a 13.39+1.4448a 14.94+5.12ABCab 11.33+3.014a
(%) 4 20.24+3.238a 20.97+6.298a 15.50+2.94ABab 11.10+3.4642 13.57+3.984ab
8 24.06+4.63Aa 24.12+3.54 18.85+3.394b 20.33+3.944b 20.11+6.484b
Water 1 86.49+2.65Ab 84.52+1.984b 87.89+3.074b 92.36+1.33Bb 88.21+2.844a
Holding 4 83.03+5.844Bab 82.10+4.42Aab 88.69+2.978¢b 90.78+2.05¢ 86.74+2.74A8BCa

capacity(%) 8 76.16+6.7242 77.08+4.824a 83.19+1.934a 83.82+3.634a 83.87+7.13Ma
L 1 72.10+1.9348 71.65+1.8648 72.91+0.838 70.55+0.44A 71.96+0.4148
4 72.42+1.818C 70.92+0.7248 72.71+0.61¢ 69.47+0.914A 71.29+0.8458¢
8 71.63+0.368¢ 70.85+0.344B 72.60+0.76¢ 70.21+1.36A 71.51+0.518¢
a 1 -2.71+0.53P -4.12+0.498¢ -5.65+0.41A -3.93+0.76¢ -4.90+0.3548
4 -2.91+0.36E -4.57+0.28¢ -5.76+0.194 -3.86+0.55P -5.05+0.158
8 -2.88+0.18E -4.57+0.37¢ -5.76+0.25A -3.99+0.56P -5.08+0.038
b 1 25.14+0.488cb 23.00+0.714a 25.14+1.268Ca 25.74+0.46Cb 24.34+0.978a
4 24.49+0.54¢Cab 22.34+0.214 24.60+0.78¢a 24.79+0.40¢a 23.66+0.638a
8 24.28+0.488cCa 22.31+0.294a 24.73+0.72Bca 24.94+0.29¢a 23.99+0.698

Capital letters (A-E) denote a significant difference between zerde sweets for the same storage day at the p<0.05 level.

Lowercase letters (a-b) denote a significant difference between the storage days for the same zerde sweets at the p<0.05 level.
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The color values of the sweets were influenced by the presence
of yellow and red pigments in the spices. While the most
significant pigment responsible for the bright yellow-red hue of
saffron is the crocin pigment [4], the substances that contribute
to color formation in safflower spice are the “Carthamin” and
“Carthamidin” pigments [6]. Turmeric contains curcumin, a
naturally yellow-orange pigment [9].

3.3

The influences of different treatments and storage periods on
total phenolic content were not significant (p=0.05). The effect
of zerde types on antioxidant activity was significant (p < 0.05)
(Table 3). Zerde with safflower and turmeric exhibited the
highest antioxidant activity during storage. Okur [15] found
that storage time and the use of turmeric and saffron in the
Muhallebi milk dessert increased antioxidant activity. These
results align with our study. In a study on milk desserts
produced by adding ginger in varying proportions, formulation
differences did not affect the total phenolic content [22].
Curcuminoids are the primary antioxidant compounds in
turmeric. Additionally, turmeric contains compounds that
influence different antioxidant capacities, such as y-terpinene,
ascorbic acid, beta-carotene, beta-sitosterol, caffeic acid,
campesterol, and camphene [23]. Safflower contains a variety
of phenolic compounds, including gallic acid, chlorogenic acid,
syringic acid, quercetin-3-galactoside, and epicatechin [24].
Ivanova et al. [25] reported that the total phenolic content of
dairy desserts with encapsulated cornelian cherry, chokeberry,
and blackberry juices varied between 4.12-14.53 mg GAE/100
g and 1.29-7.39 mg GAE/100 g on the 1st day and the 20t of
storage, respectively. The antioxidant activity of high-protein,
fat-free dairy reported by Kusio et al. [26] was higher when
compared to the present results. In a low-calorie milk dessert
study using ginger and cinnamon extract, it was found that

Biological activity

desserts using 0.4% ginger extract had greater antioxidant
properties than other samples [27].

3.4 Textural properties

The effect of different spices on textural parameters was not
significant (p=0.05). Regarding the textural properties (except
hardness), a significant change (p <0.05) was observed with the
storage period. The textural properties of zerde samples mainly
decreased with storage time (Table 4).

This finding was consistent with the report by Kadagan and
Arslan [13]. Cold storage promotes retrogradation in starch-
based gels. Retrogradation influences the textural properties of
the final product [28]. The functional properties of starch gel
are affected by several factors, such as amylose content, the
stiffness of the amylose matrix, the resilience of the remaining
starch granules, and their interactions. Therefore, gel hardness
could be associated with the amylose matrix and the filling
effect of swollen starch granules [29]. In addition, heat
treatment application and storage conditions can also affect the
gel structure [30].

In the study on date pit puddings, it was stated that the
hardness values were influenced by amylose content and the
interactions of gelatinized starch fractions with the ingredients
used in the pudding formulation.

The hardness, cohesiveness, springiness, adhesiveness, and
gumminess of date pits pudding were measured as 0.28-0.63 N,
0.41-0.69, 8.63-9.80 mm, 0.73-1.17 mJ], and 0.16-0.41,
respectively [29]. Interactions between the milk content and
remaining zerde components (mainly starch) can also affect the
textural properties of the samples [20].

Table 3. Total phenolic content (mg GAE/100 g zerde) and antioxidant activity (umol TE/100 g zerde) of different zerde
formulations during storage.

Properties Storage period S SF T T-S T-SF

Total 1 21.60+£5.47 25.51+4.75 24.96+2.40 24.00+3.64 27.86+1.44
phenolic 4 21.83+3.13 21.99+4.20 21.32+4.10 23.43+2.35 22.34£3.95
Content 8 25.24+2.89 25.64+1.87 22.03+2.88 20.98+1.45 22.67%3.30
Antioxidant 1 1.00£0.124 1.02+£0.414 1.21+0.194 1.07+0.184 1.33+0.604
Activity 4 1.26+0.704 1.27+0.204 1.14+0.444 1.24+0.794 1.91+0.784

8 1.19£0.2048 0.97+0.334 1.23+0.6048 1.80£0.9648 2.10+0.468

Capital letters (A-B) denote a significant difference between zerde sweets for the same storage day at the p<0.05 level).
Table 4. Textural properties for five zerde samples during storage.
Properties Storage period S SF T T-S T-SF

Hardness 1 19.42+3.96 18.83+4.26 20.33+9.66 18.66+5.60 24.16+4.51
(g) 4 18.41+2.85 18.58+5.41 17.83+5.37 22.08+3.99 21.50+2.42

8 16.50+3.27 16.00+1.97 15.66+6.47 19.66+1.63 19.25+4.26
Springiness 1 14.32+1.08b 12.76+1.352 12.26+2.272 11.63+2.132 13.54+3.412
(mm) 4 14.17+0.89> 13.59+1.162 11.05+3.282 13.25+2.422 13.62+1.172

8 11.51+1.182 12.30+1.622 11.36+2.482 11.73+1.902 11.15+2.572
Gumminess 1 11.31+2.96 11.80+2.332 11.58+5.772 10.17+3.402 13.03+3.87"
(8) 4 10.08+1.022> 10.80+2.852 8.58+4.012 12.03+1.602 11.65+1.442b

8 8.38+1.392 9.39+2.702 7.96%3.032 9.16+1.282 9.6+1.992

Cohesiveness 1 0.56+0.02b 0.59+0.052 0.56+0.032 0.54+0.092 0.50+0.112
4 0.55+0.03p 0.58+0.072 0.48+0.06° 0.50+0.06° 0.54+0.06°

8 0.51+0.032 0.53+0.052 0.51+0.082 0.46+0.072 0.50+0.072

Chewiness 1 1.61+0.52b 1.35+0.54 1.50£0.962 1.14+0.552 1.82+0.882
(m]) 4 1.40+0.122b 1.46+0.54> 1.02+0.702 1.57+0.442 1.57+0.292

8 1.01£0.212 1.05+0.322 0.93+0.472 1.07+0.322 1.13+0.312

Lowercase letters (a-b) denote a significant difference between the storage days for the same zerde sweets at the p<0.05 level.
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Majzoobi et al. [20] reported that the gumminess value of milk
desserts with added wheat germ varied between 47.58 g and
77.64 g, but the present findings were lower than these results.
Chewiness indicates the amount of energy needed to chew food
[31]. Chewiness values were lower than the results of Vidigal et
al. [32]. Similar cohesiveness values were reported by Zarzycki
et al. [33] in the dairy desserts with the addition oat gum
concentration and carrageenan, who noted a range from 0. 491
to 0.647. These hardness and gumminess results were lower
than those reported by Ganje et al. [34]. On the other hand,
other textural properties are quite similar to the results of the
saffron milk dessert [34].

3.5 Microstructure

Microstructure affects the textural properties of food and is of
great interest [35]. Figure 1 shows the micrographs of the
product obtained for five different formulations.
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Figure 1. Image of zerde samples produced with different
spices under a light microscope with a 10X objective (a): Zerde
prepared by adding saffron (S). (b): Zerde prepared by adding

safflower (SF). (c): Zerde prepared by adding turmeric (T).

(d): Zerde prepared by adding turmeric and saffron (T-S).

(e): Zerde prepared by adding turmeric and safflower (T-SF).

In a study on a custard-like soy-based dessert with guava pulp,
the addition of soy extract and dry ingredients affected the
microstructure. Researchers found that incorporating dry
ingredients supported the network structure and that a
correlation existed between water binding capacity and
microstructure [36]. Alimi etal. [37] studied the effect of native
or hydrothermally modified banana starch on the
microstructure properties of corn starch custard paste. The

micrographs exhibited similar homogenous, non-continuous
gel network structures for all custard paste samples. In the
study conducted on instant puddings with low glycemic index,
it was stated that the irregular shapes and proteins seen in the
microstructure were related to the process conditions and the
ingredients used [38]. In our study, no significant differences
were observed between the microstructures of the samples.
The analysis of samples’ textural structures demonstrated that
the spice addition did not lead to statistically significant
differences, supporting our view.

3.6 Volatile compounds

Aromatic components are one of the parameters affecting
consumer preferences [39]. The release of flavor in foods can
be influenced by various factors such as the nature (texture,
particle size, viscosity), the amount of flavoring agents, food
matrix (lipid, protein, sugar, pectin, etc.), and oral physiology
(saliva release, chewing, breathing, oral cavity volume, mouth)
[40]. A total of 28 volatile compounds were identified in the
zerde samples (Table 5). The sample included esters, terpenes,
alcohols, ketones, aldehydes, phenolics, and others. The
number of volatile compounds was 24, 21, 7, 19,and 7 in the S,
SF, T, T-S, and T-SF zerde samples.

Ethyl esters are primarily responsible for sweet and fruity
flavors [41]. Ethyl acetate was present in all samples. In another
study conducted on milk samples subjected to various heat
treatments, Hougaard et al. [42] noted that volatile compounds
were affected by these heat treatments. The amount of ethyl
acetate was higher in instant infusion pasteurized samples
compared to raw milk, high-temperature short-time
pasteurized milk, and milk pasteurized at 85 °C for 30 seconds.
It has been suggested that ethyl acetate may be formed due to
the heat catalysis of ethanol and acetic acid. Lubber and Butler
[43] investigated the effects of texture and temperature on
aroma release in model milk desserts. The researchers
conducted a kinetic study by considering 4 aroma components,
namely isoamyl acetate, octan-2-one, ethyl hexanoate, and allyl
hexanoate. The ester content of the S-and SF samples exceeded
46%. Sample T contained only ethyl acetate from the ester
group. Studies in model systems show that esters can interact
with macromolecules found in custard compositions [43].

Ketones are present in both raw milk and processing
parameters [44]. They are characterized by distinctive odors,
including fruity, floral, mushroom, or musty notes, and have
low perception thresholds [45]. Table 5 shows that the ketone
group was not detected in samples T and T-SF, while the
majority of ketone compounds were detected in SF.

Acetaldehyde has a light, fresh, green, and strong odor. It may
be derived from various compounds, such as fatty acids,
glucose, and amino acids [44]. Acetaldehyde was identified in
all samples. Safranal is the major compound in the saffron
aroma [46]. As expected, safranal was determined in the S and
T-S samples.

The number and amount of alcohol and epoxy compounds in
the samples were also quite low. Cyclobutanol concentrations
in the S and SF samples were recorded as 5.34 % and 0.55%,
respectively.

Certain volatile phenols were identified in the samples. In this
study, guaiacol was the main aroma compound in the zerde
samples containing turmeric.
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Table 5. Volatile compounds of zerde samples.

Compound (%) S SF T T-S T-SF
Esters
Ethyl acetate 44.33+3.148 39.15+3.968 1.87+0.424 0.93+0.214 0.53+0.144
Ethyl butyrate 1.47+0.104 1.53+0.114 n.d. 7.00+1.568 0.37+0.064
Ethyl hexanoate 0.39+0.064 0.22+0.034 n.d. 8.09+1.418 0.34+0.044
Hexyl formate 1.39+0.13 3.44+1.13 n.d. 1.19+0.73 n.d.
Butyl acetate n.d. 1.66+0.15 n.d. n.d. n.d.
Vinyl acetate n.d. 19.70+2.83 n.d. n.d. 1.50+0.14
Ketones
2-Pentanone 2.04+0.428 0.61+0.024 n.d. 0.36+0.044 n.d.
2-Heptanone 2.25+0.284 2.00£0.574 n.d. 3.65+0.428 n.d.
n-Octane 8.06+1.418 0.11+0.034 n.d. n.d. n.d.
2-Nonanone 0.79+0.144 23.90+3.968 n.d. 0.16+0.034 n.d.
2-undecanone 0.86+0.144 0.78+0.114 n.d. 2.44+0.288 n.d.
n-dodecane 1.07+0.178 0.21+0.034 n.d. n.d. n.d.
Aldehydes
Acetaldehyde 1.65+0.284 0.63+0.144 0.44+0.144 27.62+4.808 1.75+0.214
Hexenal 0.57+0.148 0.14+0.034 n.d. 0.17+0.044 n.d.
Heptanal 0.62+0.148 0.16+0.034 n.d. 0.16+0.034 n.d.
Safranal 12.34+2.838 n.d n.d. 1.07+0.284 n.d.
Alcohol
Cyclobutanol 5.34+0.988 0.55+0.144 n.d. n.d. n.d.
Isoamyl alcohol n.d. 1.18+0.14 n.d. n.d. 1.29+0.28
Volatile Phenols
Guaiacol 6.69+0.99 n.d. 94.33+4.39 42.80+4.38 94.21+4.24
Vanillin 2.14+0.05 3.58+0.10 n.d. 0.20+0.02 n.d.
Terpene
Limonene 0.89+0.07¢ 0.16+0.034 0.24+0.044 0.64+0.108 n.d.
p-Cymene 0.50+0.058 n.d. 0.28+0.034 n.d. n.d.
Calamenene 0.59+0.05 n.d. n.d. n.d. n.d.
Alpha Curcumene 4.36+1.268 0.18+0.034 n.d. 0.23+0.044 n.d.
Farnesol (Z,E-) 0.82+0.068 n.d. n.d. 0.30+0.044 n.d.
aR-Turmerone 0.66+0.078 0.10+0.014 n.d. 0.17+0.034 n.d.
4-carene n.d. n.d. 0.29+0.02 n.d. n.d.
Other 2,3-Epoxybutane 0.66+0.044 n.d. 2.55+0.578 2.78+0.588 n.d.

Capital letters (A-B) denote a significant difference between zerde sweets at the p<0.05 level.

n.d.: not detected.

Guaiacol (a medicinal phenol) had the most pungent aroma,
characterized by its bitterness, phenolic notes, and smoky
quality [39]. Kesen [39] identified 21 aroma compounds in
turmeric. The researcher found that the 5 most abundant
compounds in turmeric were determined as guaiacol, cuminic
alcohol, isoamyl isobutyrate, o-curcumene and phenol,
respectively. Guaiacol was determined all samples except SF
sample. Vanillin was detected in the control sample, SF and T-S
sample. Vanillin is one of the identified flavor components in
saffron [47].

Terpenes are flavoring agents primarily found in plants. The
terpenes found in milk originate from animal nutrition [41].
Additionally, terpenes can also be derived from plant materials
added to dairy products [41, 48]. The highest concentration of
a terpene compound was detected in the saffron sample.
Terpene compounds were not identified in the T-SF sample.
The most abundant terpene in the control sample was alpha-
curcumene. The second most abundant terpene in the sample
with saffron was limonene. Saffron is an excellent source of
carotenoids and terpenes [49]. Turmeric rhizomes contain both
mono- and sesquiterpenoid terpenoids [50]. The formulation
and processing steps are believed to significantly impact the
aroma compounds of zerde.

Martuscelli et al. [51] investigated the effect of fat content on
seven aroma compounds (ethyl hexanoate, ethyl butanoate,
benzyl acetate, ethyl 3-methyl butanoate, cis-3-hexenyl acetate,

cis-3-hexenol, and hexanal) in strawberry-flavored milk
desserts. In a study conducted on saffron-added cheese, 10
different aroma groups (aldehydes, ketones, alcohols, esters,
sulfur compounds, terpenes, ethers, hydrocarbons, aromatic
hydrocarbons, and others) were identified. In this study, it was
determined that saffron-added and control cheeses had similar
aroma profiles, except for the presence of safranal [52].

3.7 Sensory Properties

The findings indicated that the presence of different spices
influenced the general acceptability of the zerde samples;
however, statistical analysis revealed no significant difference
between the zerde types (p=0.05). All sensory properties were
significantly affected by the storage period (Table 6). Generally,
the sensory properties of the samples were higher on the 4th
day of storage compared to other days. There was a significant
effect of various spices and storage time on the appearance and
odor scores of zerde. The highest appearance score was
recorded for the control on the 4th day. Compared to the other
formulations, the zerde sample supplemented with turmeric
powder exhibited the highest general acceptability on days 4
and 8 of the storage period. Conversely, the general
acceptability scores of the samples were similar.

Choobkar et al. [53] found that as the amount of cinnamon
powder increased, the appearance scores of puddings
improved.
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Table 6. Sensory properties for five zerde samples during storage.

Properties Storage period S SF T T-S T-SF
Appearance 1 4.79+1.08A8ab 4.76+1.1248b 4.67+0.8748a 4.33+1.28% 4.98+0.9282
4 5.07+1.14¢> 4.40+1.1042b 5.02+0.90¢a 4.76+0.828 4.69+1.1682
8 4.26+0.91482 4.17+1.06% 4.57+0.948¢a 4.52+1.078Cab 4.90+1.14¢
Color 1 4.74+1.042 4.67+1.222 4.71+1.022 4.71+0.892 5.12+0.922
4 5.33+1.24b 5.02+0.96? 5.21+0.98° 5.12+0.80° 5.12+1.132
8 4.52+0.942 4.69+0.872 4.69+1.072 4.79+0.952 4.76+1.032
Odor 1 4.55+1.15482 4.67+1.05482 4.86+0.9382 4.21£0.934 4.43+1.13482
4 5.10+1.0678b 5.02+1.2248a 4.98+1.32% 5.10£1.0148b 5.19+0.998b
8 4.43+0.7748a 4.81+1.0982 4.79+0.9382 4.17+1.38% 4.60+1.01482
Taste 1 4.55+1.27% 4.43+1.172 4.48+1.132 4.90+1.102 4.69+1.16°
4 5.00+1.27b 5.02+1.02b 5.17+1.17b 5.02+1.102 4.88+1.452
8 4.33+£1.052 4.69+1.16% 5.07+0.89P 4.74+1.06° 4.45+1.192
Consistency 1 4.93+1.22b 4.10+1.272 4.29+1.042 4.88+0.97b 4.76x1.17°
4 4.86+0.84b> 5.17+£1.10° 5.00£0.83P 4.98+1.05b 4.64+1.06°
8 4.14+0.982 4.52+0.942 4.67+0.902 4.29+1.182 4.17+0.992
General 1 4.60+1.152 4.43+1.092 4.38+0.912 4.55+0.942b 4.76x1.142
acceptability 4 4.98+1.10b 5.02£1.12b 5.24+0.82b 4.88+0.89> 4.64+1.272
8 4.33+0.822 4.62+0.88 4.98+0.75P 4.43+0.892 4.55+1.092

Capital letters (A-C) denote a significant difference between zerde sweets on the same storage day at the p<0.05 level.

Lowercase letters (a-b) denote a significant difference between the storage days for the same zerde sweets at the p<0.05 level.

In a study on puddings made with Iranian and Turkish saffron,
it was found that as the quantity of saffron increased, both
visual and oral consistency scores rose [54]. Kaur and Goswami
[55] noted that the sensory scores of dairy desserts (Rasgulla)
decreased with extended storage periods. Kumare et al. [56]
reported that the overall acceptability of the milk dessert
containing 0.8% black pepper powder and 1% turmeric
powder was higher than that of other samples with black
pepper-turmeric powder.

4 Conclusions

The combination of turmeric and safflower increased
antioxidant activity, positively affecting zerde desserts. The b
value was significantly influenced by different spices and
storage periods (p<0.05). All zerde samples exhibited a similar
total phenolic content. While cohesiveness, gumminess, and
chewiness progressively decreased over the storage period, the
hardness value was not significantly affected by
storage(p=0.05). The most volatile compounds were detected
in zerde samples containing saffron and safflower. Guaiacol was
identified as a major volatile compound in zerde samples that
included turmeric. Aroma compounds such as aldehydes,
alcohols, ketones, volatile phenols, and terpenes were recorded
in zerde samples. The effects of spices on Hunter L, a and b
values were significant. The results revealed that the spices
(saffron, safflower, turmeric) played distinct roles as
ingredients in the zerde dessert. Zerde samples with added
turmeric exhibited higher taste, consistency, and general
acceptability compared to other samples during storage, with
the exception of the first day. Turmeric or formulations
containing turmeric may be utilized in zerde production.

5 Acknowledgement

The authors would like to thank Pamukkale University
Scientific Research Unit (Project No: 2016FEBE010) for
financially supporting this study.

6 Author contribution statement

Nebahat Kirath was responsible for developing the idea,
designing the experiments, conducting the literature review,

and writing the initial draft of the article; Seher Arslan
contributed to the study design, evaluated the results,
examined the findings, and wrote and reviewed the article.

7 Ethics committee approval and conflict of
interest statement

“There is no need to obtain permission from the ethics
committee for the article prepared”. “There is no conflict of
interest with any person / institution in the article prepared”.

8 References

[1] Isin PM. Giilbeseker Siit Tatlilart Tarihi. 2. baski, Istanbul,
Tiirkiye, Yap1 Kredi Yayinlari, 2008.

[2] Mzabril, Addi M, Berrichi A. “Traditional and modern uses
of saffron (Crocus sativus)”. Cosmetics, 6(4), 63, 2019.

[3] Heidarbeigi K, Mohtasebi SS, Foroughirad A, Ghasemi-
Varnamkhasti M, Rafiee S, Rezaei K. “Detection of
adulteration in saffron samples using electronic nose”.
International Journal of Food Properties, 18, 1391-1401,
2015.

[4] Kumar R, Singh V, Devi K, Sharma M, Singh MK, Ahuja PS.
“State of art of saffron (Crocus sativus L.) agronomy:A
comprehensive review”. Food Reviews International,
25(1), 44-85, 2008.

[5] Delshad E, Yousefi M, Sasannezhad P, Rakhshandeh H,
Ayati Z. “Medical uses of Carthamus tinctorius
L.(safflower): a comprehensive review from traditional
medicine to modern medicine”. Electronic Physician,
10(4), 6672-6681, 2018.

[6] Mohammadi M, Tavakoli A. “Effect of harvest time of
spring safflower (Carthamus tinctorius L.) florets on the
production of red and yellow pigments”. Quality Assurance
and Safety of Crops & Foods, 7(5), 581-588, 2015.

[7] Turgumbayeva AA, Ustenova GO, Ross SA. “Volatile oil
composition of Carthamus tinctorius L. the flowers grown
in Kazakhstan”. Research Journal of Pharmaceutical,
Biological and Chemical Sciences, 6(2), 125-129, 2015.

[8] Kocaadam B, Sanlier N. “Curcumin, an active component of
turmeric (Curcuma longa), and its effects on health”.
Critical Reviews in Food Science and Nutrition,
57(13), 2889-2895, 2017

1363



Pamukkale Univ Muh Bilim Derg, 31(7), 1357-1365, 2025
N. Kiratly, S. Arslan

[9] Urosevi¢ M, Nikoli¢ L, Gaji¢ I, Nikoli¢ V, Dini¢ A, Miljkovi¢
V. “Curcumin: Biological activities and modern
pharmaceutical forms”. Antibiotics, 11(2), 135, 2022

[10] AOAC. Official Methods of Analysis. 15th edn. Arlington,
USA, Association of Official Analysis Chemists, 1990.

[11] Metin M, Oztiirk GF. Siit ve Mamiilleri Analiz Yéntemleri.
7. Baski, Izmir, Turkiye, Ege Meslek Yiiksekokulu
Basimevi, 2012.

[12] Cemeroglu B. Gida Analizleri. 1. Baski, Ankara, Tiirkiye,
Gida Teknolojisi Dernegi Yayinlari, 2007.

[13] Kadagan S, Arslan S. “Effects of different hydrocolloid
combinations and storage time on some properties of rice
pudding samples”. Pamukkale University Journal of
Engineering Sciences, 28(7), 1045-1050, 2022.

[14] Peker H, Arslan S. “Effect of olive leaf extract on the quality
of low fat apricot yogurt”. Journal of Food Processing and
Preservation, 41(5), e13107,2017.

[15] Okur OD. “Utilization of natural plant sources in a
traditional dairy dessert, Muhallebi”. Cogent Food &
Agriculture, 9(1), 2200601, 2023.

[16] Puri S, Dhillon B, Banura S. “To formulate and analyze
brown rice puddings for its physico-chemical and sensory
attributes”. Basic and Applied Sciences,10, 1-12, 2014.

[17] Rodriguez Furlan LT, Campderrés ME. “The combined

effects of Stevia and sucralose as sugar substitute and

inulin as fat mimetic on the physicochemical properties of
sugar-free reduced-fat dairy dessert”. International

Journal of Gastronomy and Food Science, 10, 16-23, 2017.

Kuttigounder D, Lingamallu JR, Bhattachary S. “Turmeric

powder and starch: selected physical, physicochemical

and microstructural properties”. Journal of Food Science,

76(9), C1284-1291, 2011.

[19] Karimidastjerd A, Gulsunoglu-Konuskan Z, Olum E, &

Toker OS. “Evaluation of rheological, textural, and sensory

characteristics of optimized vegan rice puddings prepared

by various plant-based milks”. Food Science & Nutrition,

12(3),1779-1791, 2024.

Majzoobi M, Ghiasi F, Farahnaky A. “Physicochemical

assessment of fresh chilled dairy dessert supplemented

with wheat germ”. International Journal of Food Science &

Technology, 51(1), 78-86, 2016.

[21] Prasad W, Khamrui K, Mandal S, Badola R. “Effect of

combination of essential oils on physicochemical and

sensorial attributes of burfi in comparison with individual
essential oil and BHA”. International Journal of Dairy

Technology, 71(3), 810-819, 2018.

Pathirana GPS, Mudannayake DC. “Development of ginger

(Zingiber officinale) incorporated functional milk dessert”.

International Research Conference Sustainable Business

Transition through Technology and Innovation, Badulla, Sri

Lanka, 07-09 February 2019.

Shahidi F, Ambigaipalan P. “Phenolics and polyphenolics

in foods, beverages and spices: Antioxidant activity and

health effects-A review”. Journal of Functional Foods,

18,820-897, 2015.

[24] Bacchetti T, Morresi C, Bellachioma L, Ferretti G.
“Antioxidant and pro-oxidant properties of Carthamus
tinctorius, hydroxy safflor yellow A, and safflor yellow A.”
Antioxidants, 9(2), 119, 2020.

[25] Ivanova M, Petkova N, Balabanova T, Ognyanov M, Vlaseva
R. “Food design of dairy desserts with encapsulated
Cornelian cherry, chokeberry and blackberry juices”. The
Annals of the University Dunarea de Jos of Galati Fascicle VI
- Food Technology, 42(1),137-142,2018.

[18

—_

—
N
(=}

—_—

[22

[ir}

—
N
w

—_

[26] Kusio K, Szafranska ]JO, Radzki W, Sotowiej BG. “Effect of
whey protein concentrate on physicochemical, sensory
and antioxidative properties of high-protein fat-free dairy
desserts”. Applied Sciences, 10(20), 7064, 2020

[27] Hosseinipour SL, Ghanbarzadeh B, Mofid V, Soltani M,
Hosseini H. “Low-calorie functional dairy dessert enriched
by prebiotic fibers and high antioxidant herbal extracts: A
study of optimization and rheological properties”. Food
Science & Nutrition, 12(10), 7829-7841, 2024.

[28] Moin A, Ali TM, Hasnain A. “Characterization and
utilization of hydroxypropylated rice starches for
improving textural and storage properties of rice
puddings”.  International  Journal  of  Biological
Macromolecules, 105 (Part 1), 843-851, 2017

[29] Alambri MS, Mohamed AA, Hussain S. “High-fiber date pits
pudding: formulation, processing and textural
properties”. European Food Research and Technology,
239,755-763,2014.

[30] El Bouchikhi S, Pages P, El Alaoui Y, Ibrahimi A, Bensouda
Y. “Syneresis investigations of lacto-fermented sodium
caseinate in a mixed model system”. BMC Biotechnology,
19,57,20109.

[31] Istk F, Ozgoren E, Sola Y. “Comparison of quality
characteristics of muffins produced with einkorn, whole
grain and white wheat flours”. Pamukkale University
Journal of Engineering Sciences, 28(7), 1051-1061, 2022.

[32] Vidigal MCTR, Minim VPR, Ramos AM, Ceresino EB, Diniz
MDMS, Camilloto GP, Minim LA. “Effect of whey protein
concentrate on texture of fat-free desserts: sensory and
instrumental measurements”. Ciéncia e Tecnologia de
Alimentos (Campinas), 32(2), 412-418,2012.

[33] Zarzycki P, Ciotkowska AE, Jabtonska-Ry$ E, Gustaw W.
“Rheological properties of milk-based desserts with the
addition of oat gum and k-carrageenan”. Journal of Food
Science and Technology, 56,5107-5115, 2019.

[34] Ganje M, Sekhavatizadeh SS, Teymouri F, Gilkheiri M,
Rahmani B. “Encapsulation of Lacticaseibacillus
rhamnosus by extrusion method to access the viability in
saffron milk dessert and under simulated gastrointestinal
conditions”. Food Science & Nutrition, 12(11), 9714-9726,
2024.

[35] Ahmad I, Xiong Z, Xiong H, Aadil RM, Khalid N, Lakhoo
ABJ, Zia-ud-din, Nawaz A, Walayat N, Khan RS.
“Physicochemical, rheological and antioxidant profiling of
yogurt prepared from non-enzymatically and
enzymatically hydrolyzed potato powder under
refrigeration”. Food Science and Human Wellness,
12(1), 69-78, 2023.

[36] Spada]C, Marczak LDF, Tessaro IC, Flores SH, Cardozo NS.
“Rheological modelling, microstructure and physical
stability of custard-like soy-based desserts enriched with
guava pulp. CyTA- Journal of Food, 13(3), 373-384, 2015.

[37] Alimi BA, Workneh TS, Oyeyinka SA. “Structural,
rheological and in-vitro digestibility properties of
composite corn-banana starch custard paste”. LWT-Food
Science and Technology, 79, 84-91, 2017.

[38] Naseer B, Naik HR, Hussain SZ, Qadri T, Dar BN, Amin T,
Reshi M, Shafi F, Fatima T. “Development of low glycemic
index instant Phirni (pudding) mix-its visco-thermal,
morphological and  rheological characterization”.
Scientific Reports, 12(1), 10710, 2022.

1364



Pamukkale Univ Muh Bilim Derg, 31(7), 1357-1365, 2025
N. Kiratly, S. Arslan

[39] Kesen S. “Characterization of aroma and aroma-active
compounds of Turkish turmeric (Curcuma longa) extract”.
Journal of Raw Materials to Processed Foods, 1, 13-21,
2020.

Baysal M, Elmaci Y. “Investigation of aroma release and
rheological properties in dairy desserts with reduced fat
content”. Turkish Journal of Agriculture-Food Science and
Technology, 8(6), 1331-1340, 2020.

[41] Gurkan H, Hayaloglu AA. “Volatiles and sensory
characteristics of yogurt manufactured by incorporating
basil (Ocimum basilicum L.)". International Journal of Food
Properties, 20(1), S779-S789, 2017.

Hougaard AB, Vestergaard ]S, Varming C, Bredie WLP,
Ipsen RH. “Composition of volatile compounds in bovine
milk heat treated by instant infusion pasteurisation and
their correlation to sensory analysis”. International
Journal of Dairy Technology, 64(1), 34-44, 2011.

Lubbers S, Butler E. “Effects of texture and temperature on
the kinetic of aroma release from model dairy custards”.
Food Chemistry, 123(2), 345-350, 2010.

[44] Papaioannou G, Kosma I, Badeka AV, Kontominas MG.
“Profile of volatile compounds in dessert yogurts
prepared from cow and goat milk, using different starter
cultures and probiotics”. Foods, 10(12), 3153, 2021
Vitova E, Loupancova B, Zemanova ], Stoudkové H, Bitezina
P, Babdk L. “Solid-phase microextraction for analysis of
mould cheese aroma”. Czech Journal of Food Sciences,
24(6), 268-274, 2006.

Carmona M, Zalacain A, Salinas MR, Alonso GL. “A new
approach to saffron aroma”. Critical Reviews in Food
Science and Nutrition, 47, 145-159, 2007.

Avila-Sosa R, Nevdarez-Moorilléon GV, Ochoa-Velasco CE,
Navarro-Cruz AR, Hernandez-Carranza P, Cid-Pérez TS
“Detection of saffron’s main bioactive compounds and
their relationship with commercial quality”. Foods,
11(20), 3245, 2022.

Esen BN, Gilineser O, Akyiiz S. “Evaluation of physico-
chemical, microbiological and sensory properties with
aroma profile of analogue cheeses produced from plant
and dairy based protein sources”. Pamukkale University
Journal of Engineering Sciences, 26(7), 1214-1222, 2020.

[40

—_

[42

—_—

[43

—_—

[45

—_—

[46

—_

[47

—_—

[48

—_

[49] El Midaoui A, Ghzaiel I, Vervandier-Fasseur D, Ksila M,
Zarrouk A, Nury T, Khallouki F, Hessni AE, Ibrahimi SO, et
al. “Saffron (Crocus sativus L.): A source of nutrients for
health and for the treatment of neuropsychiatric and age-
related diseases”. Nutrients, 14(3), 597, 2022.

[50] Afzal A, Origat G, Akram Khan M, Jose ], Afzal M.
“Chemistry and biochemistry of terpenoids from Curcuma
and related species”. Journal of Biologically Active Products
from Nature, 3(1), 1-55,2013.

[51] Martuscelli M, Savary G, Pittia P, Cayot N. “Vapour
partition of aroma compounds in strawberry flavoured
custard cream and effect of fat content”. Food Chemistry,
108(4), 1200-1207, 2008.

[52] Licén CC, Carmona M, Berruga MI. “Volatile compounds in
pressed ewes' milk cheese with saffron spice (Crocus
sativus L.)". International Journal of Dairy Technology,
68(3), 399-408, 2015

[53] Choobkar N, Daraei Garmakhany A, Aghajani AR, Ataee M.
“Response surface optimization of pudding formulation
containing fish gelatin and clove (Syzygium aromaticum)
and cinnamon (Cinnamomum verum) powder: Effect on
color, physicochemical, and sensory attributes of the final
pudding product”. Food Science &  Nutrition,
10(4), 1257-1274,2022.

[54] Rahim SC, Ova G. “Changes in textural quality properties in
puddings prepared by using Iranian and Turkish saffron
through objective and subjective methods”. Academic
Food Journal, 14(4), 388-392, 2016.

[55] Kaur G, Goswami TK. “Effect of stevia level on chemical,
microbiological, and sensory properties of dairy dessert
(Rasgulla) at different storage periods and temperatures”.
Journal of Food Processing and  Preservation,
44(1),e14293, 2020.

[56] Kumare KD, Londhe GK, Anarthe NK. “Effect of black
pepper (Piper nigrum) and turmeric (Curcuma longa)
powder on sensory and rheological quality of burfi”.
The Pharma Innovation Journal, 11(1), 539-543, 2022.

1365



Pamukkale Univ Muh Bilim Derg, 31(7), 1366-1373, 2025

Pamukkale Universitesi Miihendislik Bilimleri Dergisi

Formulation and development of a high-fiber snack bar with baobab and
lupin flour

Baobab ve ac1 bakla unu ile yiiksek lifli bir atistirmalik barin formiilasyonu
ve gelistirilmesi

Ceren Oguz! , Filiz Hazal?

, Hatice Neval Ozbek!*

, Banu Kog? , Fahrettin G64iis?

1Department of Food Engineering, Faculty of Engineering, Gaziantep University, Gaziantep, Tiirkiye.
cerenoguz55@gmail.com, filizhazal@gmail.com, haticeneval@gantep.edu.tr, fahret@gantep.edu.tr
2Department of Gastronomy and Culinary Arts, Faculty of Tourism, Gaziantep University, Gaziantep, Tiirkiye.
banukoc@gantep.edu.tr

Received/Gelis Tarihi: 02.02.2025
Accepted/Kabul Tarihi: 18.05.2025

Revision/Diizeltme Tarihi: 13.05.2025

doi: 10.5505/pajes.2025.67675
Research Article/Arastirma Makalesi

Abstract

High protein, high energy, and nutritious snack bars are considered
great supplemental meals. The purpose of this study was to develop a
nutritionally balanced, high fiber, antioxidant-rich snack bar using
baobab powder and lupin flour. Healthy snack bar formulations
containing lupin flour alone and containing 10%, 30%, and 50%
baobab instead of lupin flour were evaluated, and their sensory, textural
and color properties were analyzed. Sensory analysis identified the
snack bar with 10% baobab as the best formulation, achieving the
highest ratings for sweetness, texture and overall acceptability. Further
analyses were conducted to evaluate its composition, total phenolic
content, and DPPH radical scavenging activity. The snack bar with 10%
baobab demonstrated a well-balanced nutritional profile, with high
protein content (19.11%), dietary fiber (20.6%), moderate fat content
(12.42%), and low carbohydrate levels (48.95%). Additionally, it
exhibited strong antioxidant properties, with a total phenolic content of
20.08 mg GAE/g and a DPPH radical scavenging activity of 50.66%. The
results highlight the potential of incorporating baobab powder and
lupin flour into snack bars to produce high-energy, nutrient-dense
products with substantial health benefits, making them an appealing
option for health-conscious consumers.

Keywords: Baobab powder, Sensory analysis, Lupin flour, Snack bar.

(0)4

Yiiksek proteinli, yliksek enerjili ve besleyici atistirmalik barlar, harika
ek dgiinler olarak kabul edilmektedir. Bu ¢alismanin amaci, baobab
tozu ve act bakla unu kullanarak besinsel olarak dengeli, ytiksek lifli,
antioksidan acisindan zengin bir atistirmalik bar gelistirmektir.
Yalnizca aci bakla unu igeren ve act bakla ununun yerine sirastyla %10,
%30 ve %50 oraninda baobab tozu iceren saghkl atisttrmalik bar
formiilasyonlari degerlendirilmis ve bunlarin duyusal, tekstiirel ve renk
ozellikleri analiz edilmistir. Duyusal analiz sonuglari, tathlik, doku ve
genel kabul edilebilirlik agisindan en yiiksek puant alan %10 baobab
iceren atistrmalik barin en iyi formiilasyon oldugunu ortaya
koymustur. Kompozisyon, toplam fenolik icerigi ve DPPH radikal
baglama  aktivitesini  degerlendirmek  icin ek  analizler
gergeklestirilmistir. %10 baobab iceren atistirmalik bar, ytiksek protein
(%19.11), diyet lifi (%20.6), orta diizeyde yag (%12.42) ve diisiik
karbonhidrat (%48.95) icerigi ile dengeli bir besin profili sergilemistir.
Ayrica, 20.08 mg GAE/g toplam fenolik bilesik icerigi ve %50,66 DPPH
radikal baglama aktivitesi ile giiclii antioksidan ozellikler gostermistir.
Sonuglar, baobab tozu ve act bakla ununun atistirmalik barlara dahil
edilmesinin yiiksek enerjili, besin agisindan zengin ve énemli saghk
faydalart sunan iirtinler iiretme potansiyelini vurgulayarak, bunlart
saghk bilincine sahip tiiketiciler icin cazip bir secenek haline
getirmektedir.

Anahtar kelimeler: Baobab tozu, Duyusal analiz, Aci bakla unu,
Atistirmalik bar.

1 Introduction

Increasing awareness of health and wellness among consumers
has driven demand for convenient, nutrient-dense food
products that align with contemporary dietary needs. Snack
bars, particularly those enriched with functional ingredients,
have emerged as a popular choice due to their portability,
energy content, and ability to deliver essential nutrients in a
compact form. These products cater to the growing interest in
plant-based and sustainable diets, offering an alternative to
traditional snack foods often high in artificial additives and
calories [1]. The integration of underutilized natural resources,
such as baobab and lupin, into snack formulations presents an
opportunity to develop innovative products that combine
superior nutritional benefits with consumer appeal [2]-[4].
Baobab and lupin are recognized for their high fiber, protein,
and antioxidant content, which can significantly enhance the

*Corresponding author/Yazisilan Yazar

health-promoting properties of snack bars while supporting
sustainable food systems [5],[6].

Baobab (Adansonia digitata L.), a fruit native to Africa and other
arid regions, is valued for its unique nutritional profile [6]. The
fruit pulp is rich in dietary fiber, vitamin C, and polyphenols,
offering antioxidant and functional health benefits. Baobab fruit
pulp contains high amount of vitamin C (280-300 mg/100 g),
almost ten times that of oranges, calcium (293 mg/100 g),
phosphorus (96-118 mg/100 g) and soluble and insoluble
dietary fibers (52%) [6]. Furthermore, baobab is highly
sustainable due to its drought-tolerant nature, making it an
appealing ingredient for addressing global food security
concerns in dry regions [7]. Despite this potential, baobab
remains underutilized in modern food applications, with
limited research exploring its incorporation into ready-to-eat
snack products. Its natural acidity and high pectin content make
it a promising component for innovative formulations,
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particularly in snacks designed to provide functional health
benefits [8].

Similarly, lupin (Lupinus spp.) seeds are emerging as a
sustainable and nutrient-dense food source. With a protein
content of approximately 40%, lupin is one of the most protein-
rich legumes. Lupin seeds contain 30-40% dietary fiber,
primarily consisting of insoluble fiber and they have a fat
content in the range of 8% to 11.5% with a fat profile
predominantly consists of mono- and polyunsaturated fats,
omega 3, 6 and 9 fatty acids. They are also rich in minerals such
as iron, magnesium, zinc, calcium and potassium; they contain
vitamin A, B vitamins and vitamin E [5],[9]. These nutritional
attributes make lupin suitable for various food applications,
including baking and as a substitute for animal proteins in
products such as meat, egg, or cheese analogues [5],[9],[10].
Additionally, its prebiotic properties support gut health by
fostering beneficial microbiota, while its low glycemic index
and bioactive compounds make it suitable for managing weight,
blood glucose levels, and cardiovascular health risks [5],[11].
Despite these advantages, lupin remains underrepresented in
mainstream food products, particularly in snack formulations.
Combining lupin with complementary ingredients such as
baobab could therefore significantly enhance the functional and
sensory properties of snack bars.

Unlike conventional protein-enriched snack bars, this study
focuses on the synergistic effects of baobab and lupin, two
underutilized yet highly nutritious ingredients, in a single
formulation. In this study, three distinct snack bar formulations
were chosen to create various combinations of these
components. Sensory evaluation, along with texture and color
analysis, was conducted to assess taste, structural integrity, and
visual appeal, ensuring alignment with consumer preferences.
The results of these assessments guided the selection of the
optimal formulation for the final product.

2 Materials and methods

2.1 Raw materials

Baobab powder was supplied from Naturiga, Tiirkiye (origin:
Ghana). Apple juice concentrate was generously provided by
Tasargem Company in Kozan, Adana, Tirkiye. Flaxseed and
pistachio powder purchased from a local market in Gaziantep,
Tiirkiye, White Lupin was purchased from a local market in
Denizli, Trkiye.

2.2 Preparation of snack bars

Three snack bar formulations were prepared by incorporating
baobab powder at concentrations of 10%, 30%, and 50% (by
weight of lupin flour and baobab powder). The control snack
bar was prepared without any baobab powder. The

proportions of the ingredients used in each formulation are
presented in Table 1. Fresh lupin seeds were first soaked in
water to facilitate the removal of their outer skins. The peeled
lupin seeds were then dried for 4 h using a 10 kW, 27.12 MHz
free-swinging transitional field electrode radio frequency (RF)
drying system with a hot air (45 °C) heating unit (Sonar, izmir,
Tiirkiye). After drying, the lupin seeds were ground into flour
using a high-speed grinder (Isolab Laboratory Mill 602,
Interlab, Istanbul, Tiirkiye). Next, apple juice concentrate was
combined with flaxseed at concentration of 15% (w/w) and
mixed for different durations to evaluate the Brix value. Apple
juice concentrate with flaxseed mucilage and flaxseeds were
combined with baobab, lupin, and pistachio powders in the
specified proportions (Table 1). The total weight of each snack
bar was 25.74 g. The images of the formulated snack bars are
given in Figure 1.

50% 30% 10% |
baobab baobab baobab Cont
powder powder powder

Figure 1. Images of formulated snack bars.

2.3  Soluble solids content

To evaluate the soluble solids content of the flaxseed-apple
juice concentrate mixture, Brix values were measured using an
ABBE refractometer (Atago, NAR-1T Liquid Model, Saitama,
Japan). The mixture, containing 15% flaxseed (w/w), was
analyzed at 0, 15, 30, 45, and 60-min intervals to assess the
effect of mixing time on the soluble solid content.

2.4 Sensory analysis

The sensory quality of snack bars was evaluated using the nine-
point hedonic scale. Plain water was provided to participants
for palate cleansing between samples. The scale ranged from 1
(extremely dislike) to 9 (extremely like) [7]. A total of 30
untrained panelists (19 females and 11 males) participated in
the sensory evaluation. The panel consisted of undergraduate
and graduate students, as well as academic staff from the Food
Engineering Department, Gaziantep University, Tiirkiye, aged
between 20 and 60 years. Although the panelists were not
formally trained in sensory analysis, they received brief
instructions on the evaluation procedure prior to testing.

Table 1. Formulations of the snack bars.

Ingredients Control Snack bar with 10% Snack bar with 30% Snack bar with 50%
baobab baobab baobab
Baobab powder (g) 1.01 3.04 5.06
Lupin flour (g) 10.12 9.11 7.08 5.06
Flaxseed (g) 2.70 2.70 2.70 2.70
Pistachio powder (g) 2.60 2.60 2.60 2.60
Apple juice concentration (g) 10.32 10.32 10.32 10.32
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Each participant received four different snack bar formulations
in a randomized order under controlled testing conditions
(uniform lighting and neutral background). Participants rated
the snack bars on the hedonic scale based on the following
attributes: sweetness, sourness, fruitiness, appearance, texture,
and overall acceptability.

2.5 Texture evaluation

The texture profile analysis (TPA) of the snack bars was done
using the approach given by Mildner-Szkudlarz et al. [12], with
minor modifications. A TAXTplus Texture Analyzer (Stable
Micro System Co. Ltd., Surrey, UK) with a 5 kg load cell and a
cylindrical plunger probe 36 mm in diameter was used. Pre-test
speed was set at 0.5 mm/s and 50% strain was applied during
the measurement. Samples were prepared in a cylindrical
shape with a diameter of 3.7 cm and sample thickness of 1.5 cm.
Each sample was compressed twice to 50% of its original
height. A total of 3 replicates per sample were analyzed to
ensure statistical reliability. During the test, hardness,
cohesiveness and chewiness were recorded.

2.6 Color Analysis

The color measurements of the snack bars were performed
using a HunterLab ColorFlex (A60-1010-615 Model
Colorimeter, HunterLab, and Reston VA, USA) with the different
snack bar formulations. The samples were crushed, filled 34 into
the measuring head, and the color values were determined [20].
The L*a*b* color space, commonly known as CIELAB, was used
to express the color changes. The color values were
represented by the a* (greenness/redness), b*
(blueness/yellowness), and L* (darkness/whiteness) values.
Calibration was provided using the reference white tiles
(L*=93.41, a*=-1.12, b* = 1.07), the device was calibrated.

2.7  Analysis of nutritional composition and calculation
of caloric value of the snack bar

The moisture, protein, and ash contents of the sample were
analyzed following the standard procedures outlined by AOAC
[13]. Fat content was measured by Soxhlet extraction using n-
hexane as the solvent, in accordance with the AOCS method
[14], without prior hydrolysis, over a period of 8 hours. Crude
fiber content of the snack bar samples was evaluated using the
standard procedure described in AOAC 991.43 [15]. Total sugar
content was determined using the 3,5-dinitrosalicylic acid
(DNS) method developed by Miller [16]. Total carbohydrate
content of the snack bar was calculated by subtraction of the
sums of the total fat, moisture, protein and ash from 100.

The total caloric value of the snack bar was calculated by
multiplying the grams of fat, protein, and carbohydrates by
their corresponding calorie values (4 calories per gram for
protein and carbohydrates, and 9 calories per gram for fat) [17].

Total energy (kcal/100g)
= (carbohydrates (g) X 4)
+ (protein (g) x 4)
+ (fat (9) x9)

(1)

2.8 Determination of total phenolic content

The total phenolic content of the samples was determined using
the Folin-Ciocalteu colorimetric method, as described by Ozbek
etal. [18], with slight modifications. Briefly, 2 g of the snack bar
sample was mixed with 20 mL of 70% methanol, and the
mixture was shaken in an incubator at room temperature and

150 rpm for 60 min. The mixture was then centrifuged at
6000 x g for 15 min, and the supernatant was carefully
collected. 0.2 mL aliquot of the extract was transferred into a
10 mL test tube, followed by the addition of 1 mL of 10-fold
diluted Folin-Ciocalteu reagent (2N). After a 5-min incubation,
1.5 mL of 6% (w/v) sodium carbonate solution was added to
the reaction mixture. The mixture was incubated in the dark at
room temperature for 90 minutes. Absorbance was measured
at

725 nm against a blank using a spectrophotometer (Optima SP
3000 Nano, Tokyo, Japan). The total phenolic content was
expressed as gallic acid equivalents per gram of extract (mg
GAE/g extract).

2.9 Antioxidant activity

The antioxidant activity of the 10% baobab snack bar extract
was evaluated using the DPPH radical assay, following the
method described previously [19]. Briefly, 0.1 mL of the snack
bar extract in 70% methanol, was added to test tubes
containing 3.9 mL of DPPH solution (6x10-5 mol/L) in
methanol. The mixture was vortexed and incubated in the dark
at 37°C for 30 min. After incubation, the absorbance of each
sample was measured at 517 nm against a methanol blank. A
control, containing 70% methanol instead of the bar extract,
was used for comparison. The scavenging activity (%) was
calculated using the following formula:

Acontrol - Asample

Scavenging activity (%) = x 100 (2)

A control

2.10 Statistical analysis

All experiments conducted in triplicate. The findings of analysis
were presented as mean values * standard deviation. The
significance between the bar samples were statistically
analyzed by using one-way analysis of variance (ANOVA) and
compared by Tukey multiple range tests by using SPSS software
(SPSS Inc., Chicago, IL, USA-Version 25).

3 Results and discussion

3.1 Evaluation of soluble dry matter in mucilage
extraction

Flaxseeds at a concentration of 15% (w/w) were added into the
apple juice concentrate to determine the optimal time of
mucilage extraction. The Brix values of the mixture were
measured at different time intervals. Since the mucilage
concentration in apple juice concentrate directly impacts on the
consistency, it plays a crucial role in determining textural
properties of the final product.

The soluble solid content of the mixture was influenced by both
the sugar content of the apple juice concentrate and the
mucilage from the flaxseed. As mucilage was gradually
extracted into the apple juice, a gel-like structure formed,
contributing to increased soluble solids. This interaction not
only enhances the sweetness of the snack bar but also improves
its consistency. Similar findings have been reported in previous
studies, where the incorporation of plant mucilages, such as
flaxseed and chia seed, has been shown to increase the soluble
solids content in various food products by contributing to water
retention and gel formation [21],[22].

The Brix value of the mixture increased from 67.8 + 0.28% and
reached into the equilibrium (72.4 * 0.50%) at 60 minutes of
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mixing. This trend aligns with earlier studies indicating that
mucilage extraction efficiency improves over time due to
progressive hydration and diffusion process [23],[24].
Additionally, in a previous study on a snack bar formulation,
which included an investigation of flaxseed mucilage
extraction, reported that increasing extraction time enhanced
polysaccharide solubilization, leading to a higher soluble solids
content [25]. These findings further support the observed
relationship between mixing time and soluble solid content in
this study.

3.2 Sensory evaluation

The sweetness, sourness, fruitiness, chewiness, hardness,
general acceptability, and appearance of three distinct snack
bar formulations (10%, 30%, and 50% baobab powder) were
evaluated and compared to a control snack bar (without
baobab) during sensory analysis. These parameters were
assessed to analyze and characterize the sensory attributes of
the formulations, as presented in Table 2. The results showed
that the snack bar with 10% baobab and 90% lupin flour
received the highest ratings for sweetness, texture, appearance,
and overall acceptability, while the snack bar with 50% baobab
and 50% lupin flour received the lowest ratings in these
parameters.

Statistical analysis revealed significant differences among
formulations (p<0.05), particularly in sweetness and hardness.
The control sample exhibited the highest chewiness and
hardness, whereas increasing the baobab content resulted in a
significant decrease in these textural properties (p<0.05).
Sweetness increased with 10% baobab addition but declined at
higher concentrations. Sourness and fruitiness were
significantly enhanced with increasing baobab levels (p<0.05).
However, overall acceptability was highest for the 10% baobab
formulation, suggesting that moderate baobab addition
provides an optimal balance between flavor and texture. These
findings highlight the impact of baobab powder concentration
on both sensory and consumer preference.

The sensory results were influenced by interactions between
varying ratios of baobab powder and lupin flour. The snack bars
with the highest sweetness ratings were the control and the
10% baobab snack bars, as sweetness was moderated by the
baobab content. The sourness parameter was notably low in
both the control and 10% baobab snack bars, likely due to the
reduced influence of organic acids in baobab and the higher
proportion of lupin flour, which can counteract sour flavors. As
observed in the 50% baobab snack bar, the pronounced
sourness is directly linked to the high content of baobab
powder, known for its organic acid and vitamin C composition.
This aligns with the findings of Netshishivhe et al. [26], who

highlighted the influence of the baobab on enhancing the
nutritional quality and sensory properties of snacks. The
increased fruitiness in this formulation results from the
synergistic effect of baobab powder and apple concentrate,
creating a more pronounced citrus-like flavor.

The 10% baobab bar also received the highest ratings for
chewiness, hardness, and appearance. These attributes were
largely due to the smooth and cohesive texture contributed by
lupin flour, which enhanced the bar’s overall sensory appeal. In
contrast, the snack bar with 50% baobab exhibited a fibrous or
sandy texture, leading to its lower ratings in texture and overall
acceptability. This result is consistent with the study by You et
al. [27], which demonstrated that higher fiber content increases
hardness, a key factor in sensory evaluations. Higher baobab
content also affected hardness, as seen in the 50% baobab
snack bar, which had the highest hardness scores among all
formulations. This is in line with findings by Netshishivhe et al.
[26], who noted that higher baobab concentrations contribute
to increased hardness while enhancing specific nutritional
benefits. However, the high fiber content likely diminished
consumer preference for this texture. Sensory analysis
confirmed that the 10% baobab snack bar achieved an optimal
balance among the evaluated parameters, combining higher
sweetness and texture ratings with favorable sourness and
fruitiness levels. These results are consistent with those
reported by Bergman [28], who found that moderate baobab
concentrations could improve sweetness and overall
acceptability without overwhelming sourness or altering the
texture of the product negatively. Based on the combined
sensory evaluations, the snack bar containing 10% baobab was
identified as the most preferred formulation.

The textural properties of snack bars prepared with varying
proportions of baobab powder, and lupin flour were evaluated
based on hardness, cohesiveness, and chewiness, as
summarized in Table 3. These parameters were significantly
influenced by the composition of the formulations.

The snack bar containing 50% baobab exhibited significantly
higher hardness (269.52 + 1.15 N) compared to all other
formulations. This increase in hardness is attributed to the
higher fiber content of baobab powder, which also contributed
to its fibrous and sticky structure. These findings are consistent
with previous research [20], which reported that snack bars
enriched with dietary fiber tend to exhibit higher levels of
chewiness and hardness. However, the excessive hardness and
chewiness of the 50% baobab snack bar likely diminished its
sensory appeal, as reflected in the low ratings for texture,
appearance, and overall acceptability in the sensory analysis.

Table 2. The statistical evaluation of various sensory parameters of a snack bar formulated with lupin flour and baobab powder.

Control (without baobab) Snack bar with 10% Snack bar with 30% Snack bar with 50%
baobab baobab baobab

Sweetness 5.66+0.57" 7.13+0.89° 5.3+0.95" 3.36+1.47°
Sourness 1.33 £ 0.68" 3.43 + 1.54° 5.96 096" 7.5+1.38°
Fruitiness 7.66 + 0.92° 3.83 + 1.45° 51+1.15" 7.16 + 1.20°
Chewiness 7.54 +0.57" 8.13 + 0.95° 6.73+1.08" 4.96 +1.29°
Hardness 2.53+0.84° 2.04+0.71° 4.56 +0.57° 7.22 +1.06"
Overall Acceptability 5.33+1.02° 7.1+0.95 6.46 +1.35" 4.86 +1.47°
Appearance 5.66 + 0.57" 7.16 + 1.05" 5.73 + 1.00" 423 +1.38°

Values are presented as mean * standard deviation. Superscript letters (a, b, ¢, d) indicate statistically significant differences between the samples for each parameter in

lines (p < 0.05).
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Table 3. Texture profile evaluation of snack bars.

Formulations Hardness (N)

Cohesiveness Chewiness (N)

Control 100.95+0.19°
Snack bar with 10% baobab 121,3911_11b

Snack bar with 30% baobab 167.18+0.63°
Snack bar with 50% baobab 269_5211,15cl

0.236£0.004" 9.69+0.01°
0.250+0.010" 13.42+1.12°
0.293+0.001" 26.58+0.35"
0.317+0.020° 61.86+1.18"

Results mean * standard deviation of triplicate analyses. Values in columns with different letters are significantly different (p < 0.005).

3.3 Textural profile of snack bars

In contrast, the snack bar containing 10% baobab
demonstrated a balanced textural profile, with moderate
hardness (121.39 + 1.11 N) and chewiness (13.42 + 1.12 N). Its
cohesiveness (0.250 + 0.01) suggests an appropriate structural
integrity that complements consumer preferences for a smooth
and consistent mouthfeel. These characteristics were reflected
in the sensory analysis, where the 10% baobab snack bar
received the highest ratings for texture, appearance, and
overall acceptability. The sensory preferences for the 10%
baobab snack bar were influenced by its textural balance, with
chewiness and hardness contributing positively to the eating
experience. These favorable textural attributes contributed to
the overall consumer acceptance of the 10% baobab snack bar.
Considering both sensory and textural evaluations, this
formulation emerged as the most suitable option. Its balanced
texture, moderate hardness, and cohesive structure provided
an enjoyable mouthfeel, complementing its high scores in
sweetness, appearance, and overall acceptability during
sensory analysis. These findings are consistent with those of
Santiago-Ramos et al. [29], who reported that moderate
hardness enhances consumer acceptance.

3.4 Color analysis

Color analysis was conducted for all four snack bar
formulations, and the corresponding color parameter values
are presented in Table 4.

Table 4. The experimental values of color parameters for

snack bars.

Samples L’ a’ b*
Control 58.17:0.09°  5.83+0.02°  30.24%0.09"
Snack bar with a ab a
10% baobab 61.71+£0.34 7.74+0.34 34.97+1.21
Snack bar with . R N
30% baobab 53.94+0.37 8.71£0.37 29.37+0.03
Snack bar with e N N
50% baobab 56.04+1.45 7.17+1.45 28.19+0.56

Results mean * standard deviation of triplicate analyses. Values in columns with
different letters are significantly different (p < 0.05).

The ratio of lupin flour to baobab powder plays a significant
role in the lightness (L*), redness (a*), and yellowness (b*)
values of snack bars. Formulations containing 30% and 50%
baobab powder exhibited lower L* values and higher a* and b*
values compared to the control and the 10% baobab
formulation. The L* values indicated that the addition of 10%
baobab powder increased the lightness of the snack bar
compared to the control, likely due to the naturally light beige
color of baobab powder. However, at higher concentrations, the
L* values decreased. This trend may be related to the changes
in water retention properties and possible Maillard reactions
during processing, which could contribute to a darker
appearance. These results highlight the complex interplay
between ingredient composition and color development in

snack bars. Furthermore, the snack bar with 10% product had
the greatest value (34.97) of yellowness (b*), while the control,
snack bar with 30%, and snack bar with 50% product had lower
values, respectively. These findings are related to the lack or
amount of lupin flour and baobab powder in the components of
the snack bars. Color and sensory analysis findings are strongly
correlated. Color is an important factor in sensory analysis in
the consumer group. The overall acceptability and appearance
perception of the items are significantly influenced by
parameters including lightness (L*), redness (a*), and
yellowness (b*). It has been found that the snack bar with 10%
baobab had a high acceptance rate due to its bright and
balanced color tone. The snack bar with 50% baobab has a
lower acceptance and image criteria due to its deeper color
tone.

These findings are consistent with the results of Netshishivhe
et al. [26], who reported significant color changes with
increasing baobab content. Additionally, the color values of the
snack bar with %10 baobab were observed to be lighter and
brighter than the color values of the baobab-containing snacks
in the literature [30]. This may be attributed to the combined
use of baobab powder, lupin flour, and pistachio powder in the
formulation. The light and bright tone of the snack bar with
10% baobab may represent this product to the consumer group
as a light, healthy, and nutritious snack bar. These findings
highlight the importance of integrating sensory evaluation with
instrumental data such as texture and color analysis, when
selecting the optimal formulation. The snack bar with 10%
baobab demonstrates a balance between consumer
preferences and key quality attributes, ensuring structural
integrity, appealing appearance, and consistent texture.

3.5 Proximate composition analysis and energy value of
the snack bar

Based on the preliminary sensory, texture and color analyses,
the snack bar with 10% baobab and 90% lupin flour (by weight
of lupin flour and baobab powder) was selected as the optimal
formulation for further nutritional and antioxidant evaluations.
This concentration was found to best balance consumer
acceptability and textural properties, and thus was chosen for
detailed compositional analysis. The results obtained are
presented in Table 5.

The snack bar with 10% baobab contained 12.42% fat,
primarily due to the inclusion of pistachio powder and flaxseed.
A similar fat content (10%) was reported by Mridula et al. [31]
in a snack bar formulation containing 15% flaxseed, supporting
the findings of this study. Similarly, moisture content of 18.24%
aligns with moisture levels in other high-protein snack bar
formulations, where moisture levels ranged from 11.22-
30.38% [32],[33]. The ash content, representing the mineral
composition, was 1.28%, reflecting the contribution of mineral-
rich ingredients such as baobab and lupin flours.
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Table 5. Energy, composition and bioactive properties of snack
bar with 10% baobab.

Parameters Snack bar with 10%
baobab
Fat (%) 12.42+0.74
Moisture (%) 18.24+0.14
Ash (%) 1.28+0.05
Protein (%) 19.11+0.11
Total Sugar (%) 21.42+1.34
Dietary Fiber (%) 20.60+0.98
Carbohydrate (%) 48.95+0.63
Energy (kcal) 384.02
Total Phenolic Content (mg 20.08+0.29
GAE/g sample)
DPPH Scavenging Activity (%) 50.66+0.40

Results mean * standard deviation of triplicate analyses. The quantities of the
ingredients are given on a wet basis.

The dietary fiber content was notably high at 20.60%, placing
this snack bar at the upper range of fiber-rich snack bars (15-
22%) as reported in a previous study [32]. This higher fiber
level is largely due to the combined effects of baobab powder
(rich in pectin), lupin flour, and flaxseed, all of which are known
for their fiber content. Such fiber levels support digestive health
and promote satiety, making the product particularly suitable
for health-conscious consumers. Moreover, the dietary fiber
level surpasses those reported in other studies, where values
ranged from 5.12% to 9.06% [20]. The results are consistent
with Chiacchio et al. [34], who also reported a significant
contribution of baobab powder to dietary fiber levels.

The carbohydrate content 0of 48.95% is relatively low compared
to similar snack bars in earlier studies, where carbohydrate
levels ranged from 55.24% to 69.03% [20],[33]. This can be
attributed to the high inclusion of protein- and fiber-rich
ingredients like baobab powder, lupin flour, and flaxseed. The
addition of apple juice concentrate contributed to the
carbohydrate content while enhancing energy density of the
snack bar.

The total energy value of the snack bar was calculated as 384.02
kcal per 100 g, consistent with energy ranges reported by
Alfheeaid et al. [33] (376-378 kcal/100 g). This makes the
snack bar suitable for individuals seeking a nutritious and
balanced energy source. Compared to Singh et al. [20], where
the energy content were in the range 0f 316.14 - 332.78 kcal per
100 g, this snack bar offers higher energy content due to its
well-balanced composition of protein, fat, and carbohydrates.

The snack bar with 10% baobab appeared that it provided
similar levels of dietary fiber value, lower levels of
carbohydrate value, and greater protein value as compared to
previous studies [30]. The composition analysis of the snack
bar with 10% baobab reveals a profile with high protein and
sugar levels and moderate fat content, which is influenced by
the contents of snack bar.

3.6 Bioactive properties

The bioactive properties of the snack bar formulated with 10%
baobab powder were evaluated in terms of total phenolic
content and DPPH radical scavenging activity, as presented in
Table 5. The total phenolic content was 20.08+0.29 mg GAE/g.
The high levels of phenolic compounds in the snack bar are
primarily due to the natural antioxidant sources of flaxseed,
pistachio, lupin flour and baobab powder. These ingredients
are known to significantly contribute to phenolic content,

thereby enhancing the health-promoting properties of the
snack bar. The DPPH radical scavenging activity was found to
be 50.66+0.40%. This activity reflects the synergistic effects of
baobab powder, flaxseed, lupin flour and pistachio nut in the
formulation. These ingredients provide a robust antioxidant
profile, making the snack bar an excellent choice for individuals
seeking functional foods with health benefits, highlighting the
significant contribution of the selected ingredients to its
antioxidant properties. Moreover, the DPPH scavenging activity
reported in this study exceeds the values found in previous
studies [20],[35], confirming the superior antioxidant capacity
of this formulation. The combination of high phenolic content
and strong radical scavenging activity underscores the
formulation’s potential as a functional food product with
considerable health benefits. These results demonstrate that
the snack bar with 10% baobab not only offers nutritional
advantages but also delivers enhanced antioxidant properties
due to the carefully selected plant-based ingredients. In
comparison with existing products in the literature, this
formulation shows promise as a health-promoting and
nutrient-rich snack option [20],[35].

4 Conclusions

This study evaluated the nutritional composition, antioxidant
activity, and sensory properties of a healthy snack bar
formulated primarily with baobab powder and lupin flour. The
results demonstrated both the nutritional benefits and
potential consumer appeal of this novel snack bar. The sensory
evaluation, alongside texture and color analysis, showed that
the snack bar with 10% baobab received the highest ratings for
sweetness, texture, overall acceptability, and appearance,
outperforming the formulations with 30% and 50% baobab,
which scored lower in these attributes. The variations in
sensory characteristics were attributed to the differing
proportions of baobab and lupin flour in the formulations.
Additionally, the bioactive properties of the snack bar,
including its high phenolic compound content and antioxidant
activity, were found to be significantly enhanced, with values
surpassing those of similar products in the literature. The
integration of sensory evaluation with instrumental texture
and color analysis played a crucial role in identifying the
optimal formulation. The snack bar with 10% baobab
demonstrated a well-balanced nutritional profile, with high
fiber, protein, and mineral content, as well as moderate fat and
low carbohydrate levels, making it a suitable option for health-
conscious consumers. In addition to its nutritional composition,
the snack bar's rich antioxidant activity and functional
attributes underscore its potential as a nutrient-dense, health-
promoting food. The findings contribute to the growing interest
in plant-based snack bars, particularly those enriched with
baobab powder, lupin flour, and flaxseed, as part of the
emerging trend for nutritious, functional foods. Future studies
should focus on optimizing the formulation by incorporating
other functional ingredients and evaluating the shelf-life and
stability of the snack bar. Further research on the relationships
between the bioactive components and their health benefits
will also be valuable in supporting the development of similar
functional snack products.

5 Author contribution statements

Ceren Oguz: Data curation, Investigation, Writing-original draft,
Visualization.  Filiz ~Hazal: Methodology, Validation,
Conceptualization, Writing-review & editing. Hatice Neval
Ozbek: Methodology, Validation, Conceptualization, Writing -

1371



Pamukkale Univ Muh Bilim Derg, 31(7), 1366-1373, 2025
C. Oguz, F. Hazal, H.N. Ozbek, B. Kog, F. Gégiis

review & editing. Banu Kog: Conceptualization, Writing - review
& editing. Fahrettin G6gilis: Conceptualization, Methodology,
Supervision, Writing-review & editing.

6 Ethics committee approval and conflict of
interest statement

Ethical approval for the study was obtained from Gaziantep
University Science and Engineering Ethics Committee dated 23
February 2024 and numbered E-87841438-050.99-459395.
The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

7 Kaynaklar

[1] Umme H, Ashadujjaman RM, Mehedi HM, Afroz TM, Delara
A, Rahman MMA. “Nutritional, textural, and sensory
quality of bars enriched with banana flour and pumpkin
seed flour”. Foods and Raw Materials, 9(2), 282-289, 2021.

[2] Aliani M, Ryland D, Pierce GN. “Effect of flax addition on
the flavor profile of muffins and snack bars”. Food
Research International, 44, 2489-2496, 2011.

[3] Darr D, Chopi-Msadala C, Namakhwa CD, Meinhold K,
Munthali C. “Processed baobab (Adansonia digitata L.)
food products in malawi: from poor men’s to premium-
priced specialty food?”. Forests, 11, 698, 2020.

[4] Ricklefs-Johnson K, Johnston CS, Sweazea KL. “Ground
flaxseed increased nitric oxide levels in adults with type 2
diabetes: A randomized comparative effectiveness study
of supplemental flaxseed and psyllium fiber”. Obesity
Medicine, 5, 16-24, 2017.

[5] Bryant L, Rangan A, Grafenauer S. “Lupins and Health
Outcomes: A Systematic Literature Review”. Nutrients,
14(2), 327, 2022.

[6] Rahul ], Jain MK, Singh SP, Kamal RK, Naz A, Gupta AK,
Mrityunjay SK. “Adansonia digitata L. (baobab): a review
of traditional information and taxonomic description”.
Asian  Pacific Journal of Tropical Biomedicine,
5(1), 79-84, 2015.

[7] Momanyi D, Owino W, Makokha A. “Formulation,
nutritional and sensory evaluation of baobab based ready-
to-eat sorghum and cowpea blend snack bars”.
Scientific African, 7, 00215, 2020.

[8] Silva ML, Rita K, Bernardo MA, Mesquita MFD, Pintdo, AM,
Moncada M. “Adansonia digitata L. (Baobab) bioactive
compounds, biological activities, and the potential effect
on glycemia: a narrative review”. Nutrients,
15,2170, 2023.

[9] Prusinski J. “White lupin (Lupinus albus L.)-nutritional
and health values in human nutrition-a review”.
Czech Journal of Food Sciences, 35,95-105, 2017.

[10] van de Noort M. Lupin: An Important Protein and Nutrient
Source, in: Sustainable Protein Sources. Editors: Nadathur
S, Wanasundara JPD, Scanlin L. Sustainable Protein
Sources, 219-239, Kidlington, Oxford, United Kingdom,
Elsevier, 2024.

[11] Malekipoor R, Johnson SK, Bhattarai RR. “Lupin kernel
fibre: nutritional composition, processing methods,
physicochemical properties, consumer acceptability and
health effects of 1ts enriched products”. Nutrients,
14(14), 2845, 2022.

[12] Mildner-Szkudlarz S, Bajerska ], Gérnas P, Seglina D,
Pilarska A, Jesionowski T. “Physical and bioactive
properties of muffins enriched with raspberry and
cranberry pomace powder: a promising application of
fruit by-products rich in biocompounds”. Plant Foods for
Human Nutrition, 71, 165-173, 2016.

[13] Official Methods of Analysis of the Association of Official
Analytical Chemists. “Moisture in dried fruits, Ash of flour,
Determination of protein content in food”. Gaithersburg,
MD, USA, AOAC 934.06, AOAC 923.03, AOAC 945.18-B,
2019.

[14] American Oil Chemists' Society. “Rapid determination of
oil/fat utilizing high-temperature solvent extraction”.
Urbana, IL, USA, Am 5-04, 2017.

[15] Official Methods of Analysis of the Association of Official
Analytical Chemists. “Total, soluble, and insoluble dietary
fibre in foods”. Gaithersburg, MD, USA, AOAC 991.43,
1999.

[16] Miller GL. “Modified DNS method for reducing sugars”.
Analytical Chemistry, 31(3), 426-428, 1959.

[17] Merrill AL, Watt BK. “Energy value of foods: basis and
derivation”. Human Nutrition Research Branch,
Agricultural Research Service, US Department of
Agriculture, Washington, USA, Agriculture Handbook, 74,
1955.

[18] Ozbek HN, Halahlih F, Gégiis F, Kocak Yanik D, Azaizeh H.
“Pistachio (Pistacia vera L.) Hull as a potential source of
phenolic compounds: evaluation of ethanol-water binary
solvent extraction on antioxidant activity and phenolic
content of pistachio hull extracts”. Waste and Biomass
Valorization, 11, 2101-2110, 2020.

[19] Azaizeh H, Halahlih F, Najami N, Brunner D, Faulstich M,
Tafesh A. “Antioxidant activity of phenolic fractions in
olive mill wastewater”. Food Chemistry, 134, 2226-2234,
2012.

[20] Singh A, Kumari A, Chauhan AK. “Formulation and
evaluation of novel functional snack bar with amaranth,
rolled oat, and unripened banana peel powder”. Journal of
Food Science and Technology, 59, 3511-3521, 2022.

[21] Puligundla P, Lim S. “A review of extraction techniques
and food applications of flaxseed mucilage”.
Foods, 11,1677, 2022.

[22] Tosif MM, Najda A, Bains A, Kaushik R, Dhull SB, Chawla P,
Walasek-Janusz M. “A comprehensive review on plant-
derived mucilage: characterization, functional properties,
applications, and 1ts utilization for nanocarrier
fabrication”. Polymers (Basel), 13, 1066, 2021.

[23] Fabre JF, Lacroux E, Valentin R, Mouloungui Z.
“Ultrasonication as a highly efficient method of flaxseed
mucilage extraction”. Industrial Crops and Products,
65, 354-360, 2015.

[24] Nazir S, Wani IA, Masoodi FA. “Extraction optimization of
mucilage from Basil (Ocimum basilicum L.) seeds using
response surface methodology”. Journal of Advanced
Research, 8(3), 235-244, 2017.

[25] Erarslan S. Production of a Healthy Snack Bar. MSc Thesis,
Gaziantep University, Gaziantep, Tiirkiye, 2019.

[26] Netshishivhe M, Omolola AO, Beswa D, Mashau ME.
“Physical properties and consumer acceptance of maize-
baobab snacks”. Heliyon, 5, 01381, 2019.

1372



Pamukkale Univ Muh Bilim Derg, 31(7), 1366-1373, 2025
C. Oguz, F. Hazal, H.N. Ozbek, B. Kog, F. Gégiis

[27] You XY, Ding Y, Bu QY, Wang QH, Zhao GP. “Nutritional,
textural, and sensory attributes of protein bars formulated
with mycoproteins”. Foods, 13, 671, 2024.

[28] Bergman, D, Wikner O. Development of a Semisolid,
Baobab-based Protein Snack. MSc Thesis, Lund University,
Lund, Sweeden, 2022.

[29] Santiago-Ramos R, Silva CLM, Ramos IN. “Modelling and
optimization of the processing of a healthy snack bar made
of grape and tomato pomaces”. Foods, 11, 2676, 2022.

[30] Geppert, B. Development of a Fibre-Rich Snack Made From
Baobab Fruit Pulp. MSc Thesis, Lund University, Lund,
Sweeden, 2024.

[31] Mridula D, Singh KK, Barnwal P. “Development of omega-
3 rich energy bar with flaxseed”. Journal of Food Science
and Technology, 50(5), 950-957, 2013.

[32] AlJaloudi R, Al-Dabbas MM, Hamad HJ, Amara RA, Al-
Bashabsheh Z, Abughoush M, Choudhury IH, Al-Nawasrah,
BA, Igbal S. “Development and characterization of high-
energy protein bars with enhanced antioxidant, chemical,
nutritional, physical, and sensory properties”.
Foods, 13, 259, 2024.

[33] Alfheeaid HA, Barakat H, Althwab SA, Musa KH, Malkova
D. “Nutritional and physicochemical characteristics of
mnovative high energy and protein fruit- and date-based
bars”. Foods, 12,2777, 2023.

[34] Chiacchio MF, Tagliamonte S, Visconti A, Ferracane R,
Mustafa A, Vitaglione P. “Baobab-fruit shell and fibrous
filaments are sources of antioxidant dietary fibers”.
Molecules, 27,5563, 2022.

[35] Irshad Z, Aamir M, Akram N, Asghar A, Saeed F, Ahmed A,
Afzaal M, Ateeq H, Shah YA, Faisal Z, Khan, MR, Busquets
R, Teferi Asres D. “Nutritional profiling and sensory
attributes of sesame seed-enriched bars”. International
Journal of Food Properties, 26, 2978-2994, 2023.

1373



