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RESEARCH ARTICLE / ARASTIRMA MAKALESI

Production of TPU-reinforced 3D printing PLA filaments:
Structural, Phase Transition and Crystallinity Properties

Ugur SOYKAN 2
yenicaga Yasar Celik Vocational School, Bolu Abant Izzet Baysal University, Bolu, 14300, Turkiye

2Nuclear Radiation Detectors Research and Development Center, 14280, Bolu, Tiirkiye

Abstract

Polylactic acid (PLA) has emerged as a vital biodegradable polymer due to its significant potential to reduce environmental
pollution and dependence on fossil-based plastics and PLA with improved properties were required in material science.
Thus, the main purpose of this study was to examine the influence of both polyethylene-based colorant and termoplastic
polyurethane (TPU) addition on the crucial features of PLA filaments. The neat and reinforced filaments were fabricated by
extrusion method with five channels. The structural characterization, thermal behavior and crystallinity properties of the
produced filaments were investigated meticulously by comparing the commercial PLA (eSUN). The obtained findings
showed that the percentage of the additive substantially affected the main characteristic behavior of PLA filaments, thus,
the optimum production level of the additives was tried to determine for the filament samples. ATR-FTIR analysis depicted
that all the filament showed characteristic absorption bands and the structural character of the filaments did not affected
by the additives. Moreover, TPU and PLA exhibited good compatibility thanks to probable secondary bonds formed.
Furthermore, DS analyses revealed that ,at high TPU contents, no glass transition (Tg) could be observed due to the
decrease in chain mobility, and Fetaplast filaments showed lower T, values than the commercial one (eSUN). Moreover,
cold crystallization temperature (Tc) value of eSUN PLA filament shifted relatively higher temperature with the addition of
TPU since the addition of TPU probbaly augment the rigidity of PLA. Additionally, melting point (T,) of eSUN was found as
167 °C with sharp peak, while all other filaments depicted T, at about 151 °C with little shifts by showing broader peaks.
This melting temperature decrement was attributed to disruption of TPU and PE-based color (Albosa Masterbatch) fillers to
crystalline regions of PLA by hindering their ability to align. Accordingly, the results showed that all Fetaplast filaments
possessed relatively lower degree of crystallinity compared to eSUN.

Keywords: Polylactic acid (PLA), TPU, structural characterization, DSC, phase transition, degree of crystallinity.

I. INTRODUCTION

Biopolymers are important polymer group thanks to their peculiar characteristic features such as
biodegradability, deriving from renewable sources and having lower carbon footprint. Thus, they attracted great
attention and had a growing production potential in the material science. This was stemmed from several critical
factors; (1) the polymer consumer has recently demanded more environmentally sustainable products, (I1) there
existed advancements in bio-based feedstocks, and, most notably, stricter regulations on polymers with a high
carbon footprint from petrochemical sources [1, 2]. The market size of bio-based polymers was recorded as
$6395.5 million in 2017 and, it was estimated that this value reached $9905.9 million in 2025 with the 5.3 %
CARG increment. This shows that the production volume enhanced more when compared to petroleum-based
polymers [3]. Carbohydrate-based biopolymers like cellulose, starch, polylactic acid (PLA),
polyhydroxyalkanoates (PHA), and bio-based drop-in polyethylene terephthalate (PET) and polyethylene
(PE)/polypropylene (PP) are common examples of well-known biopolymers [4]. Among them, recently,
polylactic acid (PLA, (H-[OCHCH;CQ],-OH)), which is bio-based aliphatic polyester polymer with fundamental
four types (poly-DL-lactic acid, poly-L-lactic acid, regular poly-L-lactic acid and poly-D-lactic acid), has been
the famous one derived from renewable resources like corn starch, sugarcane, bagasse, potatoes, or cassava.
Depending on that, nowadays, the overall production volume for PLA is valued as 180,000 tons [3]. Unlike
traditional petroleum-based polymeric materials, PLA can decompose in nature, which makes it indispensible for
reducing plastic waste and environmental damages [5]. Moreover, PLA has relatively lower greenhouse effect
(~roundly half) during production when compared to other conventional plastic materials like PP, PE, PVC etc.
PLA with eco-friendly property has been used many areas such as packing industry, medical and healthcare
products, household appliance shells, textile and clothing, agriculture, automotive and electronics and
construction etc [6]. It must be underlined here that PLA also is safe for food contact application, providing that
it does not leach dangerous chemicals into the food. This make it very proper polymeric materials for dry and
fresh food packing [7, 8].
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In addition, PLA is one of the most widely used
biopolymer in 3D printing technology thanks to its
low melting point (~180-220 °C) and acceptable glass
transition (55 °C) providing easily printing ability as
well as its minimal warping and shrinkage character
making it suitable for beginners and high-precision 3D
prints [9]. In more details, PLA is the most preferable
biopolymer for 3D printing technology thanks to that
it has several peculiar properties like (I) majorly
fabricated (I1) widespread application; (I111) favorable
melt flow index; (IV) biodegradability; (V) ease of
production etc [10]. Furthermore, it has strong tensile
strength with substantial extensibility. With PLA, the
production of smooth surfaces with fine details can be
performed, which enables us to fabricate perfect
prototypes, polymer based model and plastic project
having different colors. During decomposition of it,
only CO; and H,O are formed, which makes it non
toxic and environmentally friendly
polymer. Unfortunately, PLA has several drawbacks,
whereas specialized end-use qualities are needed for
various applications. Especially, its brittleness gives
rise to some limitation at its operational processes
[11]. Furthermore, the effective usage of PLA is
limited by its poor processability, formability and also
foamability, which caused by its slow crystallization
process and its low melt strength [12]. Adding micro
or nano reinforcing fillers to the PLA matrix as well as
blending with thermoplastics like TPU are thought to
be a potent way to achieve certain end-use features
and significant property improvements. There exists
lot of studies focusing the combination of PLA and
thermoplastic to reduce the brittleness of PLA [13-15].
Correspondingly, the microstructural and mechanical
features of PLA-TPU blend were studied
experimentally to obtain 3D printed PLA-TPU
polymer blend [16]. They found that the addition of
TPU in PLA increased ductility of the matrix. In
another study, the effect of addition of TPU having
different hard segment (HS) percent on crystallization,
rheological and morphological properties were
investigated by Nofar et al [17]. The results showed
that better compatibility was obtained as TPU with
higher HS content was used accompanied by the finer
morphology of the TPU phase. Furthermore, Fang et
al [18] prepared PLA-TPU copolymer by situ ring-
opening coordination polymerization technique and
this copolymer was used as compatibilizer between
PLA and TPU matrices. The impact strength of the
blend enhanced by 4.7 kJ/m? increment with the
addition of copolymer. All things considered, the
disadvantages of PLA can be eliminated by especially
using TPU since TPU improves flexibility of PLA,
provide better compatibility, enhances toughness,
slightly increase PLA’s thermal resistance by reducing
warping at high temperatures.

With this perspective, the main focus of this study is
to preparation of TPU-reinforced PLA and investigate
the structural and thermal properties of these prepared
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PLA filaments when compared to the commercial one.
Moreover, the influence of PE-based color (Albosa
Masterbatch) addition on the polymer compound was
investigated.

Il. MATERIALS AND METHODS

2.1. Materials

PLA granules were supplied from NatureWorks with
the code as Ingeo™ Biopolymer 4043D. The
commercial PLA (belonging to Shenzen eSUN
Industrial Co; Ltd from China) and other colored
PLA filament were kindly purchased from Fetaplast
Filament/Ontas Plastics in Bolu from Tirkiye. The
eSUN filament (F1) is known as the most consumed
filament in the market. eSUN includes 92-96 % of
PLA, 2-4 % of calcium carbonate and 2-5 of other
additives according to its MSDS data. In order to
give desired colors to PLA filament in the
production, the PE-based color masterbatches were
taken from Albosa Masterbatch in Istanbul from
Turkiye. They were polyethylene-based concentrated
pigment mixtures used to color PLA. Moreover, the
main polymer, thermoplastic polyurethane (TPU),
coded as Ravathane® R140A85 and Ravathane®
R140A95 from the polyester-based series, was
kindly purchased from Ravago Petrochemical
Manufacturing Inc. (Kocaeli, Turkiye). According to
company data sheet, the densities of Ravathane®
R140A85 and Ravathane® R140A95 were reported
as 1.16 g/cm® and 1.21 g/cm?® and, the hardness
values (Shore A/D, ISO 868 ) of them were 85A and
95 A, respectively.

2.2. Preparation of PLA Filament

All the PLA filaments were produced via Demir
Machine  Extrusion instrument having five
production channels for 3D printing. The fabrication
of high-quality PLA filaments were done with four
main steps; (1) mixing all raw materials, PE-based
Albosa Masterbatch and additives, (I1) shaping of
PLA as a filament, (11) cooling with water baths, and
(IV) spooling. After, PLA granules and additives
were loaded into a hopper, all materials were fed
into a screw extruder that was preheated at 170 °C.
The temperature was increased by 10 °C until the
exit of the filament and the exit temperature was 220
°C. The sample composition for the filaments were
depicted meticiously in Table 1. F1 was ascribed as
the commercial one (eSUN) as described. By
pushing the melt through a precision die, PLA
filament having 1.75 mm diameter were obtained.
The temperature, screw speed and pressure kept
constant during fabrication to ensure uniform
thickness and quality. Then, the cooling process was
started in two steps. First, the hot-filament entered a
first cooling water bath (60 °C) and then, the pre-
cooled filament entered into second cooling bath (25
°C) to retain its smooth and solid cylindrical shape.
After that, The drying process was done with hot air



Production of PLA Filaments

Int. J. Adv. Eng. Pure Sci. 2025, 37(3): <224-230>

in the dryer chamber to get rid of the moisture and
then, the final filament was wound onto spools The
produced filaments were checked carefully whether
the diameter of the filament was +0.05 mm
tolerance. The obtained PLA filaments were shown
in the Figure 1. After that, the dried PLAs directly
were transferred from the hot air dehumidifier
machine to the dryer without moisture. After, the test
were carried out carefully.

Table 1. The composition of PLA

Filaments PLA Albosa TPU
content  Masterbatch (%)
(%) (%)
F1 (eSUN) 92-96 - -
F2 (Fetaplast)  100.00 - -
F3 (Fetaplast)  98.75 1.25 -
F4 91.50 15 7.0 (85A)
F5 91.50 15 7.0 (95A)
F6 90.00 2.0

8.0 (95A)

PLA filament

Figure 1. The production process and PLA filaments
obtained.

2.3. Instruments

ATR-FTIR analysis of all the produced PLA were
carried out by using a Perkin Elmer Spectrum Two
with the serial number of 94955, which runs with 1
cm™? resolution at room temperature. The intensity
data were collected in frequency range of 600-4000
cm? frequency. DSC analyses of all the produced
PLA samples were conducted with a Setaram DSC
131 Differential Scanning Calorimeter. The
measurement was also carried out with a heating rate
of 10°C/min under nitrogen atmosphere. 5-15 mg of
sample were used for all the measurements. All the
phase transitions were investigated using the obtained
thermograms.

I11. RESULTS AND DISCUSSION

3.1. ATR-FTIR analysis of PLA filaments
ATR-FTIR analysis for all the manufactured PLA
filaments were conducted both to analyze structural
changes and to provide detailed chemical information.
ATR-FTIR spectra were shown in detail in Figure 2.
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Figure 2. ATR-FTIR spectra of produced PLA
filament
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According to the figure, at first glance, the addition of
PE-based color masterbatches and TPU (85A and
95A) did not create significant effect on the chemical
characteristic of PLA. As for the unfilled PLA, it
displayed characteristic absorption bands
corresponding to its molecular vibrations of the
funtional groups. Namely, the strong carbonyl (C=0)
stretching vibration was observed at ~1743 cm?,
which is related a distinctive peak for the ester
functional groups in PLA. The C-O-C asymmetric
and symmetric stretching vibrations appeared in the
region of 1078 cm™, associated with the ester bonds.
The CHs asymmetric stretching was recorded near
2922 cm?, while the CHs symmetric stretching
appeared around 2848 cm™. Besides, the bands at
about 761 cm™ and 869 cm® were attuributed to
crystalline and the amorphous phase of PLA, which
means that pristine PLA had both crystalline and
amorphous phase [19]. The C-H bending vibrations
were detected at ~1448 cm™ and the presence of the
amorphous and crystalline phases of PLA was
reflected in slight variations of these peaks. When
comparing pristine PLA and PLA with PE-based
Albosa Masterbatch, the intesity of the peak observed
at about 720 cm increased due to characteristic bands
belonging to PE [20, 21]. This band also become more
intense when the PE-based colorant reached to 2 %.
In addition, the peaks regarding C=0, C-O and The
C—H vibrations were more visible with the addition of
TPU. Since the charactersitics bands of neat TPU, as
announced previously [22], presumably overlapped
with PLA bands, the intesities of these bands
augmented as observed from the figure. Moreover, the
similar behavior was also observed at the peak
detected at about 3002 cm, which is assigned to the
skeletal vibration of C=C bond in the aromatic ring of
TPU [23]. This results confirmed that there existed
good incorporation between TPU and PLA matrices,
which probably results in the occurance of hydrogen
bonding interactions between them thanks to the
chemical similarity. Additionally, a broadening and
little left shifting of the peak at 869 cm™ depicted that
the addition of TPU made PLA little, further
supporting intermolecular interactions between the
two polymers. All thing considered, this spectral
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investigation confirmed that the introduction of TPU
into the PLA matrix altered sligtly the molecular
interactions and structural organization and influenced
the properties of the resulting PLA filaments. The
observed shifts, and intensity changes provided strong
evidence of the formation of the intermolecular
interactions.

3.2. Thermal analysis of PLA filaments
As well known, thermal analysis of PLA filaments is
crucial analysis in order to understand their thermal
behavior, stability, and suitability for applications like
3D printing. Thus, DSC anaylses were conducted for
all the produced PLA filaments in this study, and the
obtained thermograms were presented in Figure 3 and
4 in details. As observed from the figure, three major
thermal transitions were detected as being the typical
DSC thermogram of PLA filaments as shown from
Figure 3.
5 1 L 1

——F6
——F5
—F4
—— FETAPLAST PURE PLA (F2)
eSUN (F1)

-20

-25

Heat Flow (endo-up, mW)

-30

-35

~367

40

T
50

T T T T T T
150 200 250 300 350 400
Temperature (°C)

Figure 3. DSC curves of the produced PLA filaments.

T
100 450

These were glass transition (Tg), cold crystallization
temperature (T¢) and melting point (Tm). Firstly, as
for Tg, it can be influenced by molecular weight of
PLA and the presence of plasticizers or additives [24].
According to the findings, F1, F2, F3 and F4 PLA
filaments had a Tg between 59-64 °C, indicating that
the filaments transitions from a rigid to a more rubber-
like state. However, F6 and F5 filaments did not
exhibited glass transition peaks as observed in Figure
4. This was presumably caused from TPU added [25].
In more details, when TPU content was reached to 7
% or above, TPU probably acted as a plasticizer due to
plasticizing effect from TPU, which results in
lowering or missing of Ty Accordingly, as seen, the
filaments without TPU had apparent Ty peaks.
Moreover, the results showed that the sample with
95A TPU did not possess any Ty peaks. That is, the
addition of harder TPU (95A) having a higher hard
segment content (urethane groups) when compared to
TPU (85A) gave rise to restrict the chain mobility of
PLA due to the probably occurrence of stronger
secondary bonds between PLA and urethane groups
[26]. Thus, at these samples, Ty peaks were not
observed from the DSC thermograms. On the other
hands, eSUN PLA filament showed T, peak at 64 °C,
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while Fetaplast pure PLA and Fetaplast PLA with 1.25
% of PE-based color had T4 endotherms at about 61
°C. Correspondingly, at Fetaplast samples without
TPU (F2 and F3), Ty values shifted to lower
temperature (from 64 °C to 61 °C) compared to
commercial one (eSUN, F1). These results meant that
the PLA chains became more mobile and flexible
(soften) than commercial one (eSUN). As observed
from Figure 4, this effect increased with the addition
of 7 % of TPU (85A) and T4 was recorded as 59 °C.
Furthermore, when comparing F1 and F2, the effect of
CaCOs and other additives were also seen in the
thermogram. Namely, it was found that F2 showed
lower Tg since the presence of some additives in F1
filaments decreased plasticizer ability. In addition to
Tg almost all the filaments showed cold
crystallization temperature (Tc) between 90-108 °C.
These observed exothermic peak typically occurred
after T4 and before Tr. It implied that amorphous PLA
rearranged into a crystalline structure depending on
heating, in other words, amorphous region of PLA
started to crystallize upon heating. As seen clearly
from the Figure 4, the T value belonging to eSUN
PLA filament shifted relatively higher temperature
with the addition of TPU.

Accordingly, the T value was found to be 108 °C at
F6 filament. Consistent with the T results, it seemed
that the presence of TPU in PLA matrices brought
about reduced chain mobility accompanied by rigidity
increment due to the formed secondary chemical
bonds between PLA and TPU [27]. Thus, PLA
filaments with TPU needed more thermal energy to
start organizing into crystals. Furthermore, the
existence of the TPU into PLA matrix may hinder
PLA chain movement, delaying the crystallization
process. Moreover, one could be deduced that TPU
promoted crystallization by acting as nucleating agent
into PLA matrices. These exothermic transitions were
also faintly at Fetaplast pure PLA (F2) and Fetaplast
PLA with 1.25 PE-based color (F3). In this study, Tm
values of the filaments were also discussed. As well
known, semi-crystalline PLA exhibits a sharper peak,
more defined Tm, while amorphous PLA showed a
broader melting peak. Namely, T value of eSUN was
found as 167 °C with sharp peak, while other filament
depicted Tm at about 151 °C with little shifts with
broader peaks. The melting point of PLA also is
directly tied to the order and size of its crystalline
regions. Therefore, the crystalline regions of the
filaments excepted eSUN probably poorly packed, as
a result of that, they required less energy to melt, so
Tm appeared at relatively lower temperature as seen
from Figure 3[28]. Moreover, PLA was blended with
TPU, these may interfere with the crystalline lattice
of PLA, which results in the formation of imperfect or
mixed-phase crystals, thus obtained lowering Tm. As
observed form Figure 3, this effect became more
visible at F6 filament. T, was found to be about 147
°C for this filament. Finally, the observed large peak
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at abour 360 °C was clearly degradation of PLA
filament samples.
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Figure 4. Magnified DSC curves of the produced PLA
filaments.

In this study, the degree of crystallinity (X;) of all the
PLA filaments were also calculated from DSC data
using the following equation 1:

AHp— AHcce
AHD,

X.(%) = x 100 (1)

AH_,, AH..and AHg, represented melting enthalpy
(J/9), cold crystallization enthalpy (J/g) and theoretical
enthalpy of 100% crystalline PLA (93 J/g) [29]. The

computed results were presented in Figure 5.
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Figure 5. Calculated degree of crystallinity (Xc) of all
the produced filaments.

As seen from Figure 5, the percent crytallinities of the
filaments mainly decreased with the increasing of
percent TPU and PE-based color (Albosa
Masterbatch) in the PLA matrices. Moreover, the
crystallinity of all Fetaplast filaments were lower Xc
compared to eSUN (commercial one). It was observed
that it decline from 28 % to lower values below 10 %.
Crystallinity in PLA highly depended on how well
PLA chains aligned and packed into an ordered region
in the structure [30]. Thus, when PE-based color and
TPU were added to PLA, they get between PLA
chains, and may physically disrupted their ability to
align [31]. As a result of that, fewer, smaller and
imperfect crystalline regions were formed in the
matrices. Additionally, the fillers presenting in F1 like
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CaCOs seemed to be acted as nucleating agents,
providing sites for crystal growth during cooling. This
leads to increased crystallization rate and higher
degree of crystallinity (Xc), as seen from the figure.

IV. CONCLUSIONS

This study dealt with both the production of TPU-
reinforced PLA filaments to use for 3D printing and
investigation of the effect of filler addition on the
structural and thermal behaviors of PLA by
comparing commercial PLA (eSUN). The PLA
filaments were fabricated by using extruder equipped
with five channel systems. When focusing structural
examination, ATR-FTIR results revealed that all
peculiar absorption peaks were observed and there
existed better compatibility between PLA and filler
without any phase separation. Thermal analysis also
depicted that TPU acted as plasticizer in the
matrices, resulting lower T4 value. However, the
harder TPU addition into PLA matrices brought
about no observation of T4 due to restricted chain
mobility causing fixing of the PLA polymer chains.
On the other hand, this decrement in the chain
mobility limits PLA chain movement, thus delaying
the crystallization process and lower Te. Tm
analysis of the filaments showed that the crystalline
regions of the filaments excepted eSUN probably
poorly packed, thus, considerable degree of
crystallinity reduction was recorded at these
samples.
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Dogrusal Olmayan Regresyondaki Kendinden Esik Degerli Otoregresif
Hatalar Sorununa Uyarlamal Bir Yaklasim

An Adaptive Estimation Method for Nonlinear Regression with Self-Exciting Threshold
Autoregressive Errors

Baris ASIKGIL *
Mimar Sinan Giizel Sanatlar Universitesi, Fen-Edebiyat Fakiiltesi, Istatistik Boliimii, Istanbul, Tiirkiye

Oz

Bu calisma, dogrusal olmayan regresyon modellerinde kendinden esik degerli otoregresif (KEDAR) hatalarin varliginda etkin
parametre kestirimleri elde edebilmeyi amaglamaktadir. Bu dogrultuda, otoregresif (AR) slreglere karsi 6nerilen iki asamali
en kiiciik kareler (IAEKK) ydntemi KEDAR siirecleri icin ele alinacak ve etkin parametre kestirimleri elde edilebilmesi icin
uyarlamali bir yaklasim arastirilacaktir. Karesel cokterimli (polinomiyel) daraltma fonksiyonu kullanilarak IAEKK yéntemine
bir uyarlama yapilip bu yeni yaklasimin etkinligi farkli senaryolar altinda bir benzetim ¢alismasi ile incelenecektir.

Anahtar Kelimeler: Dogrusal Olmayan Regresyon, Otokorelasyon, Kendinden Esik Degerli Otoregresif Sirecler, Uyarlamali
iki Asamali Yaklasim

Abstract

This study aims to obtain efficient parameter estimates in the presence of self-exciting threshold autoregressive (SETAR)
errors in nonlinear regression models. In this way, the two-stage least squares (TSLS) method proposed for autoregressive
(AR) processes is discussed for SETAR processes and an adaptive approach is investigated to obtain efficient parameter
estimates. An adaptation of TSLS method is made by using a quadratic polynomial tapering function and the efficiency of
this new approach is examined with a simulation study under different scenarios.

Keywords: Nonlinear Regression, Autocorrelation, Self-Exciting Threshold Autoregressive Processes, Adaptive Two-Stage
Approach

I. GIRIS

Dogrusal olmayan modeller, son zamanlarda birgok bilimsel alanda (fizik, kimya, eczacilik, tip, mithendislik vb.)
caligilan degiskenler arasindaki iligkilerin incelenmesi i¢in sik¢a bagvurulan modellerdir. Bu modeller, dzellikle
¢ok uzun zaman ve maliyet gerektiren deneysel ¢alismalardan elde edilen bulgularin modellenmesinde yogun
olarak kullanilmaya baglanmistir. Bu modellerde bulunan degiskenlerin istatistiksel olarak incelenmesi ve

olusturulan modeller i¢in parametre kestirimlerinin elde edilmesinde dogrusal olmayan regresyon analizi tercih
edilebilir.

n gézlemli (i, yi) ¢ifti i¢in bir dogrusal olmayan regresyon modeli,
yizf(Xi,ﬂ)-i-Si, i=1,2,..n, (1)
biciminde verilebilir. Burada yi, bagiml degisken; xi, bagimsiz degisken; f, bilinmeyen parametreler ve e, sifir

ortalamali ve o2 varyansh iliskisiz hata terimidir. Bu dogrusal olmayan regresyon modeli, Gallant [1] tarafindan
f (X , ﬂ) =f ( g ) olarak tanimlandigindan, matris bigimiyle asagidaki gibi gosterilebilir:

Y=1f(B)+e. (2)
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Burada, parametre kestirimlerini bulmanin bir yolu
hata kareler toplammi en kiigciiklemek olup bu
yaklasim, aligilagelen en kiigiik kareler (EKK) olarak
bilinir. EKK yontemi, bazi 6zel durumlarda (degisen
varyansli hatalar, iligkili hatalar vb.) etkin olmayan
sonuglar verir. Bu nedenle, 6zel durumlar i¢in taniml
gesitli yontemlere bagvurmak gerekebilir [1]. Gunluk
hayatta sik¢a karsilasilan bir durum, bir degiskendeki
(yi) degisimin zamana () gore dogrusal olmayan
bicimde modellenmesidir. Bu durum, hatalar arasinda
serisel bir iligki dogurabilir. Bu nedenle, EKK
yonteminin performanst bu durumdan olumsuz bir
bicimde etkilenebilecektir. Literaturde, Gallant ve
Goebel [2], Glasbey [3], otoregresif hatalarin
varhiginda etkin parametre kestirimleri verebilecek
yontemler iizerinde caligmalar yapmislardir. Bunun
yaninda, Glasbey [4], [5], Huang ve Huang [6],
Bender ve Heinemann [7], Asikgil ve Erar [8]
tarafindan yapilan caligmalarda da otokorelasyonlu
hatalarin  varlifinda yasanacak sorunlara dikkat

cekilerek etkin sonucglar verebilecek baz1 farkh
yaklagimlar iizerine yogunlasiimustir.
Bu calismada, dogrusal olmayan zaman serisi

modellerinden biri olan kendinden esik degerli
otoregresif siiregle taniml1 hatalarm, dogrusal olmayan
regresyon modelinin analizinde yaratacagi olumsuz

etki incelenip, etkin parametre Kkestirimleri elde
edilebilmesi  amaclanmaktadir.  Boylece, farkl
alanlarda dogrusal olmayan modellerle ¢alisan

aragtirmacilar igin bu tarz bir problemin varliginda
etkin  parametre  kestirimleri elde etmelerinin
saglanmast ile birlikte tutarli yorumlarda bulunulmasi
en 6nde gelen hedefler arasindadir. Calismanin ikinci
béltiminde, farkli baz1 otokorelasyon yapilari tanitilip
literatlirde taniml1 baz1 parametre kestirim yéntemleri
ile birlikte uyarlamali iki asamali bir yaklagim
verilmistir. Calismanimn {iglincii boliimiinde, Monte
Carlo benzetim ¢aligmasi ile sunulan yaklagim igin
incelemeler yapilmistir. Calismanm son bdliminde
ise cesitli degerlendirmelere yer verilmistir.

Il. MATERYAL VE YONTEM

Bir hata teriminin kendi gecikmeleri ile iliskili olmas1
durumu otokorelasyon olarak adlandirilir. Regresyon
analizinde, zaman ya da uzaklik bagimsiz degisken
olarak kullaniliyorsa ve bu degerler birbirlerine
yakinsa otokorelasyonlu hatalarin varligi
kacinilmazdir. Literatiirde, genellikle, hata terimleri
arasindaki otokorelasyonun otoregresif modeller ile
aciklandigr durumlar ele alinmistir. Bu ¢alismada ise
dogrusal olmayan zaman serisi modellerinden biri
olan kendinden esik degerli otoregresif modeller ile
aciklanan iliskili hatalar 6n plana ¢ikacaktir.

2.1. Otoregresif (AR) Model
Hata teriminin kendi gecikmeleriyle arasindaki iliski,
g’uncu dereceden AR modeli ile,
& :algi_1+azgi_2+...+aqei_q +€i*, i:]., 2, ., N,

(3)
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bi¢iminde tanimlanabilir. Burada, ai, a;, ..., ag,
bilinmeyen parametreler ve gi*, sifir ortalama ve 2
&

varyansli bagimsiz aynt dagilimli hata terimidir. AR
modelindeki parametrelerin  kestirimi igin tercih
edilebilen yollardan biri Yule-Walker denklemlerini
kullanmaktir. Bu denklemleri elde etmek igin Esitlik
(3)’tin her iki tarafi sirasiyla ve ayri ayri, &1, &2, &i-3,
.., €iq 1le carpilarak ortaya g¢ikan esitliklerde her iki
tarafin  beklenen degerleri almir. Elde edilen
otokovaryanslar asagidaki gibi tanimlanabilir:

E(6i-161-4) = E(6i)=E(6i18i2) =% - E(citig) =G0 E(fi_15i*)=0- (4)
Bdylece,

G=&C +a04
CZ = alcl + az(:O + 3301 +---+ anq_2

+a3Cy +---+ anq,]_
(5)

Cq = alcq_l + ach_z + ascq_g e anO

bigiminde ortaya ¢ikan denklem takimi yardimiyla
parametre kestirimleri hesaplanabilmektedir [9].

2.2. Kendinden Esik Degerli Otoregresif (KEDAR)
Model
r-dizenli KEDAR model,

(6)

I T, _
2, =g + E @z, +00, 71524 <7,
=

bi¢iminde tamimlanabilir. Burada, r, d ve
(G Gr v ) pozitif tam sayilardir. (j), duzeni

belirtmekte olup esik degerler, —o=7, <7, <---<7, =0
“dur. 0, sifir ortalama ve gjz varyansli olup bagimsiz

aynt dagilimhdir. d, gecikme parametresi olarak
tammlanip Esitlik (6), KEDAR(; qi, G2, ..., )
biciminde gosterilebilir [10]. Bu model, asimetrik artis
ve azalig Oriintiisii gibi dogrusal olmayan ozellikleri
aciklayabilmekte olup, uzay1 r diizene bdlen pargali
dogrusal AR modellerden olusur [11]. KEDAR
modellerinde, parametrelerin kestirimi kadar esik
degerin kestirimi de 6nemlidir. Chan ve Tong [12],
Chan [13], Chan ve Cheung [14]’un ¢alismalarinda
farkli kosullar altinda esik deger ve parametre
kestirimleri incelenmistir. Bu c¢alismada, serinin bir
elemani olarak diistiniilen esik degerin iki diizenli
modellerdeki kestirimi icin grid arama yaklagiminin
kullanimi uygun goriilmiistiir. Bu yaklasimda, EKK
yontemiyle her bir kestirilmis z; degeri bulunup, her
bir diizene yeterli sayida gozlem diisecek sekilde
(serinin ortasindaki %80’inin incelenmesi) esik
degerin aranacag bir aralik belirlenir. Bu aralik belirli
bir adim biyiikligiiyle (6rnegin, 0.01) parcalara ayrilir.
Her bir aday esik deger i¢in model kurulur ve her bir
kestirilmis model i¢in artik kareler toplam1 degeri elde
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edilir. Artik kareler toplamini en kiigiik yapan modele
ait esik deger kullanilabilir [15].

2.3. En Kiguk Kareler (EKK) Yontemi
EKK yonteminin temeli olan hata kareler toplami
fonksiyonu Esitlik (2) i¢in asagidaki gibi verilebilir:

s(B)=[Y-1(8)][Y-1(8)] (7)

Bu fonksiyonun en kiigliklenmesiyle,

J

S5l =2 - (AT F(B)=-2F (B]Y- (B0 (&)

esitligi i¢in Taylor serisi agilimindan yararlanilarak,
-1
1))

91 [ )] g

ve
pr=p"+6° (10)
elde edilir. Burada, F(ﬂ):é’f(ﬂ)/ﬁﬁj (=12,...,k

biciminde tanimli olup bir Jakobiyen matrisidir. Bu
iteratif sireg, ﬂi+1,ﬂi‘<g (i=0 1,2 ..; £=107°)

esitsizligi saglanincaya kadar siirdiiriiliir. Yakinsaklik
saglandiginda elde edilen parametre kestirimi, Gauss-
Newton iteratif yontemiyle elde edilen EKK
kestirimidir [16].

2.4. Daraltlms iki Asamah En Kiiciik Kareler
(DIAEKK) Yé6ntemi

Gallant ve Goebel [2] tarafindan AR bigimli hatalarin
varliginda etkin parametre kestirimleri elde edebilmek
icin Onerilen iki agamali yontem, Asikgil ve Erar [8]
tarafindan bir daraltma yaklasimi ile yeniden
diizenlenmis ve DIAEKK yontemi elde edilmistir. Tki
asamadan olugan bu yontem, her iki agamada da EKK
yontemi igerir.

ilk asamada, oncelikle, Esitlik (2)’ye EKK yontemi
uygulanarak artiklar (ej) elde edilir. Artiklara bir

daraltma fonksiyonu uygulanarak daraltilmis (taper)
otokovaryans kestirimleri,

n-h

?taper(h)=% > (i) (Sisheish) »

i=1

h=0,1 .., q, (11)

biciminde hesaplanir. Burada g, gecikme degeri ve n,
gdzlem sayis1 olup,

n
Zsiz =n.
i-1

(12)
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s, bir daraltma fonksiyonu olup, s: [0, 1] — [0, ] ve
s(0) = s(1) = 0’dur. sj degerleri,

1
Si =s((|—2j/njkn1/2, (13)
biciminde elde edilir. Burada,
n 1 2
kn:,/zs((i_j o 1)
i=1 2

Esitlik (11)’den elde edilen daraltilmis otokovaryans
kestirimleri kullanilarak, (q x ) boyutlu varyans-
kovaryans matrisi ve (q x 1) boyutlu otokovaryans
vektorii agagidaki gibi olusturulur:

0 - e
fg 1T TR 0 - ). as)
i) i) - i

AR modelin parametre kestirimleri, Yule-Walker
denklemleri yardimiyla asagidaki gibi bulunur:

~2

A A1 A Ars

a=-Iy7q , 6 =p0)+a7,. (16)
Boylece, (n x n) boyutlu doniisiim matrisi,

_ — -
o Py 0
éq éq_l & 1
P= éq éq_l & 1 ) (17)
g agq1 - 4 1

bi¢iminde tanimlanir. Burada, ilk satir ¢ satirdan
olusur ve Cholesky yontemi kullanilarak 7 q_ 1= F30" FA’q

elde edilir. Doniisiim matrisinin elde edilmesiyle
yontemin ilk asamasi sonlanmis olur.

Ikinci asamada, doniisiim matrisi Esitlik (2)’ye
uygulanarak asagidaki doniisiimler elde edilir:

W =PY , g(B)=Pf(B) , v=Ps. (18)
Boylece, AR bicimli  otokorelasyonlu hatalar
sorununun ¢oziildiigli yeni model asagida verildigi
gibi tanimlanabilir:

W =g(8)+v. (19)
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Bu yeni modele EKK yontemi uygulanarak, AR
bicimli  otokorelasyondan bozuluma —ugramamig
DIAEKK-AR parametre kestirimleri elde edilir.

2.5. Uyarlamal iki Asamah Yaklasim

Asikgil [17] tarafindan KEDAR bigimli hatalarin
varliginda dogrusal regresyon modellerinde etkin
parametre kestirimleri elde edebilmek igin incelenen
yontem, bu calismada karesel daraltma fonksiyonu
kullanilarak dogrusal olmayan regresyon modellerinde
KEDAR bigimli otokorelasyon problemini ¢ozebilmek
amactyla uyarlanmistir. Bu uyarlanmig yaklagim
DIAEKK yéntemini temel alir. Bu yaklasimm isleyisi
kisaca agagida tanimlandigi gibidir:

DIAEKK yonteminin ilk asamasindaki EKK
yonteminden elde edilen artiklar igin grid arama ile
esik degerler tahminlenir ve diizenler belirlenir. r-
diizenli bir sistemde her bir diizendeki gozlem sayisi

asagida verildigi gibi birbirinden farkli olarak
bulunabilir:

r

don;=n. (20)

=

Her bir diizen kendi igerisinde ayr1 diisiiniilerek her
biri i¢in donlisim matrisi  bulunur. Doniisiim
matrisinin igerdigi elemanlardan olan, otokorelasyonlu
hatalarin tanimlandig1 modelin parametre kestirimlerini
bulabilmek icin, s daraltma fonksiyonu,
s(v) =v(@d-V), (21)
biciminde tanimlanarak Esitlik (13) yardimiyla s;
degerleri bulunup, bu degerlerin kullanimi ile Esitlik
(11)’deki  daraltilmis  otokovaryans  kestirimleri

hesaplanir. Bu kestirimler kullanilarak Esitlik (15) elde
edilir.

Ikinci asamada, her bir diizen icin ayr1 ayri
doniisiimler uygulanir ve sirali bir bigimde diizenler
alt alta eklenerek Esitlik (19)’da wverildigi gibi
KEDAR big¢imli otokorelasyonlu hatalar sorununun
¢oziildiigii yeni bir model elde edilir. Bu yeni modele
EKK yontemi uygulanarak, KEDAR bicimli
otokorelasyondan bozuluma ugramamis DIAEKK-
KEDAR parametre kestirimleri elde edilir.

I11. BENZETIM CALISMASI

Bu kisimda, KEDAR bigimli hatalarmm varliginda
farkli senaryolar iizerinden kapsamli bir Monte Carlo
benzetim calismasi yapilarak, EKK, DIAEKK-AR ve
DIAEKK-KEDAR yaklasimlarinin  performanslari
incelenecektir. Bu benzetim ¢alismasinda,

Ve = PxF e+ e, t=12,..,n, (22)

seklinde verilen geometrik model kullanilmis ve
parametrelerin gergek degerleri, f# = (5 1) olarak
belirlenmigtir. Bagimsiz degisken (X;), tekdize
(uniform) dagilimdan U(1, 4) bi¢iminde iretilmigtir.
Otokorelasyonlu hatalar icin,

0.5¢,+v, if §,<0

& = , (23)
08¢, +v, if §,>0
0.34¢,,+0.13¢,,+v, if g,<1

gt = y (24)
0.55¢,,+0.18¢,, +v, if g,>1
0.85¢,, +, if ,<0

& = \ (25)
0.52¢,,+0.10¢,, +v, if &,>0
0.5¢,+2v, if g,<1

& = , (26)
0.8¢,+0, if &,>1

bigimlerinde verilen kosullu (if), duragan yapida dort
farkli KEDAR modeli ele alinmigtir. Bu modellerin
ortak noktast iki diizenli olmalaridir. o, terimi,

bagimsiz ve aym1 dagilmh olup, N(0, %) bigimindeki
dagilimdan farkl standart sapmalar (6 = 0.5, 6 =1, 0=
3) ve farkli 6rneklem biiyiikliikleri (n =30, n =50, n =
70, n =100) icin dretilmistir. Bu benzetim ¢alismasi,
her bir farklt durum altinda (model, standart sapma ve
orneklem biiyiikliigii) 1000 kere tekrarlanmistir.

Bu calisma, MATLAB R2017b’de yazilan kodlama ile
olusturulan program yardimiyla yapilmistir. Sirasiyla,
Esitlik (23) ile verilen durum i¢in sonuglar Tablo 1°de,
Esitlik (24) ile verilen durum i¢in sonuglar Tablo 2’de,
Esitlik (25) ile verilen durum i¢in sonuglar Tablo 3 ve
Tablo 4°de, Esitlik (26) ile verilen durum i¢in sonuglar
Tablo 5°de verilmistir. Bu tablolarda, EKK, DIAEKK-
AR ve DIAEKK-KEDAR yaklagimlariyla, farkl
durumlarda p1 ve B, icin elde edilen, ortalama (Ort),
standart sapma (St.Sapma), hata kareler ortalamasi
(HKO) ve goreli etkinlik (Etk = HKOgkk / HKOyantem)
degerleri verilmistir.

Tablo 1’deki, Esitlik (23) ile verilen KEDAR(Z; 1, 1)
bicimindeki hatalarn varliginda yapilan benzetim
calismasiyla elde edilen yaklasik sonuglar géz 6niinde
bulunduruldugunda, her ii¢ yontem i¢in de elde edilen
parametre kestirim ortalamalarmnm parametrelerin
gercek  degerlerine  olduk¢a  yakin  olduklart
gozlenmistir. Her ii¢ yontemden de parametrelerin
yansiz kestirimlerine ulasildigi sOylenebilir. Bunun

234



Dogrusal Olmayan Regresyonda KEDAR Hatalar Sorunu

Int. J. Adv. Eng. Pure Sci. 2025, 37(3): <231-242>

yaninda, DIAEKK-KEDAR ile elde edilen parametre
kestirim  ortalamalarmnin  parametrelerin  gergek
degerlerine daha yakin oldugu belirtilebilir. Her ¢
yéntem icin de parametre kestirimlerinin standart
sapmalar1 dikkate alindiginda en biiyiiklere sahip olan
EKK yontemiyle elde edilenlerdir. n = 30 ve n = 50
gibi daha kiiciik hacimli 6rneklemlerde DIAEKK-
KEDAR ile elde edilen parametre kestirimlerinin
standart sapmalar1 en kiiciik olmaktadir. Bu
dogrultuda, goreli etkinlikler agisindan kiiglik hacimli
orneklemler i¢in DIAEKK-KEDAR yénteminin diger
yontemlere gore daha etkin oldugu, ancak gozlem
sayist artttkca DIAEKK-AR  yontemi  etkinlik
degerlerinin de artis gostererek n = 100 gibi biyuk
hacimli 6rneklemlerde en biiylik oldugu goze
carpmaktadir. Incelenen ii¢ yontem iginde EKK etkin
bir yontem degildir. Ayrica, gézlem sayisi arttikca
yani orneklem hacmi biiyiidiikce DIAEKK ile elde
edilen parametre kestirimlerinin  EKK ile elde
edilenlere gore etkinlikleri de gozle goralir bicimde
artmaktadir.

Tablo 2’deki, Esitlik (24) ile verilen KEDAR(1; 2, 2)
bigimindeki hatalarin varliginda yapilan benzetim
caligmasiyla elde edilen yaklasik sonuglar géz 6niinde
bulunduruldugunda, her ¢ yontem icin de elde edilen
parametre kestirim ortalamalarmin parametrelerin
gercek  degerlerine  olduk¢a  yakin  olduklari
gozlenmistir. Her {i¢ yontemden de parametrelerin
yansiz kestirimlerine ulasildigi sdylenebilir. Bunun
yaninda, DIAEKK-KEDAR ile elde edilen parametre
kestirim  ortalamalarmin  parametrelerin  gercek
degerlerine daha yakin oldugu belirtilebilir. Her ii¢
yéntem icin de parametre Kkestirimlerinin standart
sapmalar1 dikkate alindiginda en biiyiiklere sahip olan
EKK yontemiyle elde edilenlerdir. n = 30 gibi daha
kiiciik hacimli &rneklemlerde DIAEKK-KEDAR ile
elde edilen parametre kestirimlerinin  standart
sapmalar1 en kiigiik olmaktadir. Bu dogrultuda, goéreli
etkinlikler a¢isindan kiigiik hacimli 6rneklemler igin
DIAEKK-KEDAR yénteminin diger yontemlere gore
daha etkin oldugu, ancak gozlem sayis1 arttikca
DIAEKK-AR yéntemi etkinlik degerlerinin de artis
gostererek n = 70 ve n = 100 gibi blyik hacimli
orneklemlerde en biiyiik oldugu géze carpmaktadir.
Incelenen ii¢ yontem iginde EKK etkin bir yontem
degildir. Ayrica, gbzlem sayisi arttikga yani drneklem
hacmi biiyiidiikge DIAEKK ile elde edilen parametre
kestirimlerinin EKK ile elde edilenlere gore etkinlikleri
de gozle goriiliir bigimde artmaktadir.

Tablo 3’deki, Esitlik (25) ile verilen KEDAR(Z; 1, 2)
bicimindeki  hatalarm  varligmmda AR  model
derecelerinin en kii¢tigii (AR(1)) yaklasimi ile yapilan
benzetim calismasiyla elde edilen yaklasik sonuglar
g6z ontinde bulunduruldugunda, her ii¢ yontem icin de
elde edilen parametre kestirim ortalamalarinin
parametrelerin  gercek degerlerine olduk¢a yakin
olduklar1 gdzlenmistir. Her 1iic ydntemden de
parametrelerin  yansiz ~ kestirimlerine  ulasildig1
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soylenebilir. Bunun yaninda, DIAEKK-KEDAR ile
elde edilen parametre kestirim ortalamalarmin
parametrelerin gercek degerlerine daha yakin oldugu
belirtilebilir. Her (¢ yontem igin de parametre
kestirimlerinin standart sapmalar1 dikkate alindiginda
en buyuklere sahip olan EKK yodntemiyle elde
edilenlerdir. n = 30 ve n = 50 gibi daha kugtik hacimli
orneklemlerde DIAEKK-KEDAR ile elde edilen
parametre kestirimlerinin standart sapmalart en kiigiik
olmaktadir. Géreli etkinlikler ile DIAEKK-KEDAR 1n
diger yontemlere gore daha etkin oldugu goze
carpmaktadir. Incelenen ii¢ yontem i¢inde EKK etkin
bir yontem degildir. Ayrica, gozlem sayisi arttikga
yani orneklem hacmi biiyiidiikkce DIAEKK ile elde
edilen parametre kestirimlerinin  EKK ile elde
edilenlere gore etkinlikleri de gozle gortlir bigimde
artmaktadir.

Tablo 4’deki, Esitlik (25) ile verilen KEDAR(Z; 1, 2)
bi¢gimindeki  hatalarin  varliginda AR model
derecelerinin en biiyiigii (AR(2)) yaklasimi ile yapilan
benzetim calismasiyla elde edilen yaklasik sonuglar
g6z onilinde bulunduruldugunda, her ii¢ yontem i¢in de
elde edilen parametre kestirim ortalamalarmin
parametrelerin gercek degerlerine oldukga yakin
olduklar1 goézlenmistir. Her {i¢ yontemden de
parametrelerin  yansiz  kestirimlerine  ulasildig1
soylenebilir. Bunun yaninda, DIAEKK-KEDAR ile
elde edilen parametre kestirim ortalamalarinin
parametrelerin gergek degerlerine daha yakin oldugu
belirtilebilir. Her ¢ ybntem icin de parametre
kestirimlerinin standart sapmalar1 dikkate alindiginda
en blyuklere sahip olan EKK yéntemiyle elde
edilenler olup, DIAEKK-KEDAR ile elde edilen
parametre kestirimlerinin standart sapmalari da en
kiiciik olmaktadir. Géreli etkinlikler ile DIAEKK-
KEDAR’1n diger yontemlere gore daha etkin oldugu
gbze carpmaktadir. Incelenen ii¢ yéntem icinde EKK
etkin bir yontem degildir. Ayrica, goézlem sayisi
arttik¢a yani 6rneklem hacmi biiyiidiikkce DIAEKK ile
elde edilen parametre kestirimlerinin EKK ile elde
edilenlere gore etkinlikleri de gozle gorilir bigcimde
artmaktadir.

Tablo 5’deki, Esitlik (26) ile verilen 6zel durumlu
(asagi-yukar1  sigramalardaki  asimetrik  yap1)
KEDAR(1; 1, 1) bigcimindeki hatalarm varliginda
yapilan benzetim g¢alismasiyla elde edilen yaklasik
sonuglar gbdz Oniinde bulunduruldugunda, her ii¢
yontem icin de elde edilen parametre kestirim
ortalamalarinin  parametrelerin gercek degerlerine
oldukca yakin olduklar1 goézlenmistir. Her {ig
yontemden de parametrelerin yansiz kestirimlerine
ulasildig1  sdylenebilir. Bunun yaninda, DIAEKK-
KEDAR ile elde edilen parametre kestirim
ortalamalarinin  parametrelerin gercek degerlerine
daha yakin oldugu belirtilebilir. Her U¢ yontem igin de
parametre kestirimlerinin standart sapmalar1 dikkate
alindiginda en biiyiiklere sahip olan EKK yontemiyle
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Tablo 1. Esitlik (23)’de verilen KEDAR(1; 1, 1) bigimindeki hatalarin varliginda elde edilen yaklasik sonuglar

Parametre n o EKK DIAEKK-AR DIAEKK-KEDAR
Ort St.Sapma HKO Etk Ort St.Sapma HKO Etk Ort St.Sapma HKO Etk
Jii 30 0.5 5.01982 0.03495  1.61*10° 1 5.00802  0.02169  0.53*10° 3.02 5.00552  0.02001 0.43*10° 3.75
1 5.03734 0.06871  6.12*10° 1 5.01410  0.04144  1.92*10° 3.19 5.00981 0.03847 1.58*10° 3.88
5.10422 0.19765 49.9%10° 1 5.03981 0.11785 15.5%10° 3.23 5.02733 0.10674 12.1*10° 4.11
50 0.5 5.01980 0.02448  0.99*10° 1 5.00577  0.01386  0.23*10° 4.40 5.00324  0.01371 0.20*10° 5.00
1 5.03490 0.04882  3.60*10° 1 5.00978  0.02622 0.78*10° 4.60 5.00571  0.02544 0.68*10° 5.30
3 5.09706  0.14844  31.5*10° 1 5.02518  0.07446  6.18*10° 5.09 5.01179  0.07307 5.48*10° 5.74
70 0.5 5.01781 0.02071  0.75*10° 1 5.00502  0.01077 0.14*10° 5.28 5.00279  0.01105 0.13*10° 5.75
1 5.03435 0.04191  2.94*10° 1 5.00826  0.02070 0.50*10° 5.91 5.00371  0.02092 0.45*10° 6.51
510059 0.12815  26.5*10° 1 5.02402  0.05935  4.10*10° 6.47 5.01017 0.06195 3.94*10° 6.73
100 0.5 5.01676  0.01774  0.60*10° 1 5.00322  0.00815 0.08*10° 7.75 5.00129  0.00925 0.09*10° 6.83
1 5.03410 0.03602  2.46*10° 1 5.00719  0.01580  0.30*10° 8.17 5.00299  0.01737 0.31*10° 7.92
5.10924 0.10933  23.9*10° 1 5.02289  0.04740 2.77*10° 8.62 5.01010  0.05222 2.83*10° 8.44
P2 30 0.5 0.99927  0.00136  2.38*10° 1 0.99971  0.00085  0.81*10° 2.94 0.99980  0.00078 0.65*10° 3.64
1 0.99863  0.00265  8.89*10° 1 0.99948  0.00163  2.93*10% 3.03 0.99964  0.00150 2.37*10° 3.75
3 0.99632 0.00739  68.1*10° 1 0.99859  0.00448  22.1*10% 3.09 0.99903  0.00409 17.6*10° 3.87
50 0.5 0.99928  0.00092  1.37*10° 1 0.99979  0.00053  0.32*10% 4.25 0.99988  0.00052  0.28*10° 4.84
1 0.99874  0.00182  4.91*10° 1 0.99965  0.00100  1.12*10% 4.39 0.99980  0.00096  0.97*10° 5.07
0.99656  0.00551  42.2*10° 1 0.99909  0.00285  8.94*10° 4.71 0.99958  0.00279  7.96*10° 5.30
70 0.5 0.99936  0.00078  1.02*10° 1 0.99982 0.00041  0.20*10° 5.05 0.99990  0.00042  0.19*10° 5.50
1 0.99876  0.00157  4.00*10° 1 0.99970  0.00079  0.71*10% 5.64 0.99987  0.00079  0.64*10° 6.22
0.99643  0.00471  35.0%10° 1 0.99914  0.00224  5.77*10% 6.06 0.99965  0.00233 5.54*10° 6.31
100 0.5 0.99939  0.00066  0.81*10° 1 0.99989  0.00031  0.11*10% 7.43 0.99996  0.00035 0.12*10° 6.59
1 0.99877  0.00134  3.30*10° 1 0.99974  0.00060  0.43*10% 7.71 0.99989  0.00066  0.44*10° 7.48
3 0.99610  0.00403  31.4*10° 1 0.99917  0.00181  3.94*10% 7.96 0.99964  0.00197 4.02*10° 7.80
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Tablo 2. Esitlik (24)’de verilen KEDAR(1; 2, 2) bi¢imindeki hatalarin varliginda elde edilen yaklagik sonuglar

Parametre n o EKK DIAEKK-AR DIAEKK-KEDAR
Ort St.Sapma HKO Etk Ort St.Sapma HKO Etk Ort St.Sapma HKO Etk
Jii 30 0.5 5.01411 0.02834  1.00*10° 1 5.00624  0.01934  0.41*10° 2.43 5.00549 0.01835 0.37*10° 2.73
1 5.02547  0.05622  3.81*10° 1 5.01094  0.03777  1.55*10° 2.46 5.00873  0.03529 1.32*10° 2.88
5.07257 0.16838  33.6*10° 1 5.03098  0.10580  12.2*10° 2.77 502616  0.10402 11.5*10° 2.92
50 0.5 5.01139  0.02082  0.56*10° 1 5.00336  0.01260 0.17*10° 3.31 5.00258 0.01265 0.16*10° 3.38
1 5.02266  0.04049  2.15*10° 1 5.00649  0.02392 0.61*10° 3.50 5.00459  0.02383 0.59*10° 3.65
3 5.06365 0.12776  20.4*10° 1 5.01819  0.07439  5.87*10° 3.47 5.01211 0.07306 5.49*10° 3.71
70 0.5 5.01223 0.01686  0.43*10° 1 5.00288  0.00968 0.10*10° 4.26 5.00218 0.01004 0.11*10° 4.11
1 5.02242  0.03290  1.59*10° 1 5.00526  0.01833  0.36*10° 4.36 5.00383 0.01922 0.38*10° 4.13
5.06772  0.11025  16.7*10° 1 5.01843  0.05755  3.65*10° 4.58 5.01284  0.06190 4.00*10° 4.19
100 0.5 5.01127 0.01478  0.35*10° 1 5.00271  0.00819  0.07*10° 4.64 5.00208 0.00882 0.08*10° 4.21
1 5.02232  0.02860  1.32*10°% 1 5.00557  0.01508  0.26*10° 5.10 5.00378  0.01704 0.30*10° 4.32
5.06414  0.09003  12.2*10°% 1 5.01375  0.04581  2.29*10° 5.34 5.00852  0.05110 2.68*10° 4.55
P2 30 0.5 0.99948  0.00111  1.49*10°6 1 0.99977  0.00077  0.64*10° 2.34 0.99980  0.00072 0.57*10° 2.64
1 0.99907 0.00218  5.63*10° 1 0.99960  0.00149  2.37*10% 2.38 0.99968  0.00138 2.01*10° 2.80
3 0.99741 0.00649  48.9*10° 1 0.99888  0.00417  18.7*10% 2.62 0.99905  0.00409 17.6*10° 2.77
50 0.5 0.99958  0.00080  0.82*10° 1 0.99987  0.00049  0.26*10° 3.18 0.99990  0.00049 0.25*10° 3.30
1 0.99918  0.00153  3.02*10° 1 0.99976  0.00092  0.90*10% 3.35 0.99984  0.00091 0.86*10° 3.52
0.99774  0.00481  28.2*10° 1 0.99936  0.00283  8.43*10° 3.34 0.99958  0.00279  7.96*10° 3.54
70 0.5 0.99955  0.00064  0.60*10° 1 0.99990  0.00037  0.15*10% 4.01 0.99992  0.00038 0.16*10° 3.93
1 0.99919  0.00123  2.18*10° 1 0.99981  0.00069  0.52*10° 4.19 0.99986  0.00073 0.55*10° 3.99
0.99759  0.00411  22.7*10° 1 0.99934  0.00219  5.24*10% 4.34 0.99954  0.00234 5.69*10° 4.00
100 0.5 0.99959  0.00056  0.48*10° 1 0.99990  0.00031  0.11*10% 4.47 0.99993  0.00033 0.12*10° 4.10
1 0.99919  0.00108  1.81*10°6 1 0.99980  0.00057  0.37*10% 4.87 0.99986  0.00064 0.43*10° 4.18
3 0.99771 0.00332  16.3*10° 1 0.99951  0.00174  3.27*10% 4.97 0.99970  0.00193 3.81*10° 4.27
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Tablo 3. Esitlik (25)’de verilen KEDAR(1; 1, 2) bigimindeki hatalarin varliginda AR(1) yaklagimiyla elde edilen yaklagik sonuglar

Parametre n o EKK DIAEKK-AR DIAEKK-KEDAR
Ort St.Sapma HKO Etk Ort St.Sapma HKO Etk Ort St.Sapma HKO Etk
Jii 30 0.5 498671 0.03781  1.61*10°% 1 499583  0.02348  0.57%10° 2.82 499805 0.02193 0.48*10° 3.31
1 497119 0.07498  6.45*10°% 1 499163  0.04604  2.19%10° 2.95 499590 0.04241 1.82*10° 3.55
4.88526 0.23240 67.2%10°° 1 4.95867 0.13982 21.3*10° 3.16 4.97277 0.12903 17.4*10° 3.86
50 0.5 498240 0.02918  1.16*10°% 1 499584  0.01487  0.24*10° 4.87 499822  0.01399 0.20*10° 5.84
1 496122 0.06269  5.43*10°% 1 499056  0.03016  1.00%10° 5.44 499540 0.02917 0.87*10° 6.23
4.88370  0.18471  47.6*10°% 1 497108 0.08725  8.45*10° 5.64 498355  0.08434 7.38*10° 6.45
70 0.5 498199 0.02620  1.01*10°% 1 499630 0.01156  0.15*10° 6.87 499829  0.01172 0.14*10° 7.21
1 496046  0.05112  4.18*10°% 1 499216  0.02266  0.58*10° 7.26 499694  0.02277 0.53*10° 7.91
4.87363  0.16195  42.2*10°% 1 497645  0.06593  4.90%10° 8.61 498863  0.06681 4.59*10° 9.19
100 0.5 4.98004  0.02240  0.90*10° 1 499680  0.00901  0.09%10° 9.85 499892  0.00903 0.08*10° 10.90
1 495998  0.04399  3.54*10°% 1 499415  0.01740  0.34*10° 10.49 499816  0.01752 0.31*10° 11.40
487371  0.12898  32.6*10°% 1 498172  0.05151  2.99*10° 10091 499093  0.05238 2.83*10° 11.53
P2 30 0.5 1.00050 0.00146  2.38*10° 1 1.00016  0.00091  0.86*10° 2.76 1.00007  0.00085 0.73*10% 3.25
1 1.00109 0.00291  9.65*10° 1 1.00032  0.00180  3.33*10° 2.90 1.00016  0.00165 2.76*10° 3.50
1.00456  0.00944  109.9*10° 1 1.00162  0.00554  33.2*10° 3.30 1.00109  0.00506 26.7*10% 4.11
50 0.5 1.00065 0.00111  1.65*10° 1 1.00015  0.00057  0.35*10° 4.77 1.00006  0.00053 0.29*10% 574
1 1.00144  0.00239  7.78*10° 1 1.00035  0.00115  1.44*10° 5.41 1.00017  0.00111 1.26*10% 6.16
1.00447  0.00721  72.0*10° 1 1.00110  0.00336  12.5*10° 5.75 1.00064  0.00323 10.8*10% 6.63
70 0.5 1.00066  0.00098  1.40*10° 1 1.00014  0.00044  0.21*10° 6.65 1.00006  0.00044 0.20%10% 6.99
1 1.00146  0.00193  5.87*10° 1 1.00029  0.00086  0.82*10% 7.12 1.00011  0.00086 0.75*10% 7.79
1.00477 0.00623  61.6*10° 1 1.00088  0.00251  7.08*10% 8.70 1.00043  0.00253 6.59*10% 9.35
100 0.5 1.00073  0.00084  1.24*10° 1 1.00012  0.00034  0.13*10° 9.51 1.00004  0.00034 0.12*10% 10.49
1 1.00147 0.00166  4.90*10° 1 1.00022  0.00066  0.48*10° 10.17 1.00007  0.00066  0.44*10° 11.10
1.00471 0.00496  46.8*10° 1 1.00067  0.00197  4.32*10° 10.83 1.00034  0.00199 4.09*10° 11.45

238



Dogrusal Olmayan Regresyonda KEDAR Hatalar Sorunu Int. J. Adv. Eng. Pure Sci. 2025, 37(3): <231-242>

Tablo 4. Esitlik (25)’de verilen KEDAR(1; 1, 2) bigimindeki hatalarin varliginda AR(2) yaklasimiyla elde edilen yaklagik sonuglar

Parametre n o EKK DIAEKK-AR DIAEKK-KEDAR
Ort St.Sapma HKO Etk Ort St.Sapma HKO Etk Ort St.Sapma HKO Etk
Jii 30 0.5 498650 0.03931  1.73*10°% 1 499504  0.02461  0.63*10° 274 499702 0.02176  0.48*10° 3.58
1 496698 0.07685  7.00%10°% 1 498820  0.04461  2.13*10° 3.29 499179  0.04153 1.79*10° 3.90
4.89928  0.24152  68.5*10° 1 496874  0.12967  17.8*10° 3.85 497333  0.12262 15.7*10° 4.35
50 0.5 498405 0.02960  1.13*10°% 1 499643  0.01439  0.22*10° 5.14 499753  0.01366  0.19*10° 5.87
1 496196  0.05937  4.97*10°% 1 499127  0.02825 0.87*10° 5.69 499427  0.02698 0.76*10° 6.54
4.88711 0.17195  42.3*10°% 1 497658  0.07992  6.94*10° 6.10 498065 0.07560 6.09*10° 6.95
70 0.5 498010 0.02527  1.03*10°% 1 499664  0.01126  0.14*10° 7.49 499790  0.01099 0.13*10° 8.26
1 496017 0.05094  4.18*10°% 1 499276  0.02165 0.52*10° 8.02 499533  0.02122 0.47*10° 8.86
4.87545  0.15855  40.7*10° 1 497774  0.06456  4.66*10° 8.72 498402  0.06399 4.35*10° 9.34
100 0.5 498025 0.02214  0.88*10°% 1 499681  0.00908  0.09%10° 9.51 499804 0.00885 0.08*10° 10.72
1 495911  0.04429  3.63*10°% 1 499448  0.01722  0.33*10° 11.12 499655  0.01715 0.31*10° 11.87
488086  0.13230  31.7*10°% 1 498317  0.05065 2.85*10° 11.13 498872  0.05027 2.65*10° 11.94
P2 30 0.5 1.00051 0.00155  2.65*10° 1 1.00019  0.00099  1.01*10° 2.62 1.00011  0.00086 0.76*10° 3.50
1 1.00126  0.00300  10.6*10° 1 1.00045 0.00175 3.28*10° 3.22 1.00031 0.00162 2.72*10% 3.88
1.00399  0.00960 108.2*10° 1 1.00123  0.00508  27.4*10° 3.95 1.00106  0.00476  23.8*10° 4.54
50 0.5 1.00058 0.00112  1.59*10° 1 1.00013 0.00055  0.32*10° 4.95 1.00009 0.00052  0.28*10% 5.69
1 1.00141 0.00226  7.09*10° 1 1.00032 0.00107  1.26*10° 5.64 1.00021  0.00103  1.10*10% 6.43
1.00432  0.00663  62.6*10° 1 1.00089 0.00307 10.2*10° 6.13 1.00074 0.00288  8.85*10% 7.07
70 0.5 1.00072  0.00095  1.42*10° 1 1.00012 0.00043  0.20*10° 7.20 1.00007 0.00042 0.18*10% 7.94
1 1.00147 0.00192  5.82*10° 1 1.00026  0.00082  0.74*10% 7.82 1.00017 0.00080 0.68*10% 8.61
1.00471 0.00612  59.6*10° 1 1.00084  0.00247  6.78*10% 8.80 1.00061  0.00243 6.28*10% 9.49
100 0.5 1.00072  0.00083 1.21*10°® 1 1.00011  0.00034  0.13*10° 9.20 1.00007  0.00033 0.12*10° 10.34
1 1.00150 0.00167 5.04*10 1 1.00020  0.00066  0.47*10° 10.70 1.00013  0.00065 0.44*10° 11.37
1.00444  0.00505 45.2%106 1 1.00062  0.00193  4.10*10° 11.02 1.00042  0.00191 3.82*10° 11.84
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Tablo 5. Esitlik (26)’da verilen 6zel durumlu KEDAR(1; 1, 1) bigimindeki hatalarin varliginda elde edilen yaklasik sonuglar

Parametre n o EKK DIAEKK-AR DIAEKK-KEDAR
Ort St.Sapma HKO Etk Ort St.Sapma HKO Etk Ort St.Sapma HKO Etk
Jii 30 0.5 5.02839  0.04707  3.02*10° 1 5.01211  0.03028  1.06*10° 2.84 5.00992  0.02962 0.98*10° 3.10
1 5.05535 0.08828  10.9%10° 1 5.02113  0.05694  3.69*10° 2.94 5.01688  0.05599  3.42*10° 3.17
513514 0.27915  96.2*10° 1 5.04953  0.17103  31.7*10° 3.03 503223 0.16135 27.1*10° 3.55
50 0.5 5.02778  0.03452  1.96*10° 1 5.00866  0.01892  0.43*10° 4.53 5.00632 0.01884 0.40*10° 4.97
1 5.05050 0.07029  7.49*10° 1 5.01412  0.03672  1.55*10° 4.84 5.01029 0.03687 1.47*10° 5.11
3 516770  0.21052  72.4*10° 1 5.04575  0.11351  15.0%10° 4.83 5.02434  0.11343 13.5*10° 5.38
70 0.5 5.02666  0.02949  1.58*10°% 1 5.00682  0.01576  0.29*10° 5.36 5.00519 0.01689 0.31*10° 5.06
1 5.05205 0.05755  6.02*10°% 1 5.01200  0.02965  1.02*10° 5.88 5.00827 0.03286 1.15*10° 5.24
5.16834  0.18297  61.8*10° 1 5.04429  0.09178  10.4*10° 5.95 5.02918 0.09846 10.5*10° 5.86
100 0.5 5.02568  0.02425  1.25*10° 1 5.00509 0.01210 0.17*10° 7.24 5.00364 0.01339 0.19*10° 6.48
1 5.05323 0.04828  5.16*10° 1 5.01063  0.02334  0.66*10° 7.85 5.00539  0.02643 0.73*10° 7.10
5.16606  0.14676  49.1*10° 1 5.03482  0.06954  6.05*10° 8.12 5.02337 0.07809 6.64*10° 7.39
P2 30 0.5 0.99895  0.00184  4.48*10° 1 0.99955  0.00119  1.63*10% 2.76 0.99963  0.00116  1.48*10° 3.02
1 0.99799  0.00338  15.4*10° 1 0.99924  0.00219  5.39*10% 2.86 0.99939  0.00216 5.04*10° 3.06
3 0.99534 0.01076 137.6*10% 1 0.99830  0.00679  49.0*10° 281 0.99892  0.00636 41.6*10° 3.31
50 0.5 0.99899  0.00130  2.72*10° 1 0.99968  0.00073  0.63*10° 4.33 0.99977  0.00072 0.57*10° 4.74
1 0.99817  0.00265  10.3*10° 1 0.99949  0.00140  2.23*10% 4.64 0.99962  0.00140 2.10*10° 4.93
0.99411  0.00780  95.5*10° 1 0.99840  0.00430  21.0*10% 454 0.99917  0.00431  19.3*10° 4.95
70 0.5 0.99903 0.00111  2.17*10° 1 0.99975 0.00060  0.42*10° 5.17 0.99981  0.00064  0.44*10° 4.94
1 0.99813  0.00216  8.16*10° 1 0.99957  0.00113  1.46*10% 5.60 0.99970  0.00124  1.62*10° 5.03
0.99405 0.00668  80.0*10° 1 0.99840  0.00345  14.5*10% 553 0.99895  0.00368 14.7*10° 5.46
100 0.5 0.99907 0.00090  1.68*10° 1 0.99981  0.00046  0.25*10° 6.84 0.99987  0.00051 0.27*10° 6.17
1 0.99808 0.00181  6.96*10° 1 0.99961  0.00089  0.94*10% 7.43 0.99980  0.00099 1.03*10° 6.78
3 0.99413 0.00536  63.3*10° 1 0.99876  0.00263  8.43*10% 7.50 0.99918  0.00292 9.21*10° 6.87

240



Dogrusal Olmayan Regresyonda KEDAR Hatalar Sorunu

Int. J. Adv. Eng. Pure Sci. 2025, 37(3): <231-242>

elde edilenlerdir. Ozellikle, n = 30 gibi daha kuguk
hacimli érneklemlerde DIAEKK-KEDAR yo6ntemiyle
elde edilen parametre kestirimlerinin  standart
sapmalar1 en kiiglik olmaktadir. Bu dogrultuda, goéreli
etkinlikler a¢isindan kiigiik hacimli 6rneklemler igin
DIAEKK-KEDAR yénteminin diger yontemlere gore
daha etkin oldugu, ancak goézlem sayist arttikca
DIAEKK-AR yéntemi etkinlik degerlerinin de artis
gostererek n = 70 ve n = 100 gibi biyuk hacimli
orneklemlerde en biiyiik oldugu goze carpmaktadir.
Incelenen ii¢ yontem iginde EKK etkin bir yontem
degildir. Ayrica, gdzlem sayist arttik¢a yani 6rneklem
hacmi biiyiidiikge DIAEKK ile elde edilen parametre
kestirimlerinin EKK ile elde edilenlere gore etkinlikleri
de gozle goriliir bigimde artmaktadir.

IV. SONUC VE ONERILER

Bu ¢alisma, dogrusal olmayan regresyon modellerinde
otokorelasyonlu hatalar sorunu temelinde
olusturulmustur. Bir regresyon varsayim bozulumu
olarak bilinen otokorelasyonlu hatalarin ortaya
¢ikmasinda, farkli bir durum olarak verilen KEDAR
modellerin  kullanimi ile ortaya ¢ikan sorunun
istesinden gelebilecek bir yaklasim arastirilmistir. Bir
baska deyisle, bdyle bir sorunun varhiginda etkin
parametre kestirimleri elde edebilecek uyarlamali bir
yontem olusturulmaya c¢alisilmigtir. Bu amagcla,
literatlirde tanimli iki agamali yontem tizerinde
yogunlasilmistir. Her iki asamada da EKK uygulanan
bu yontemdeki farklilik, ikinci asamadan Once bir
doniisiim matrisi olusturularak modelin doniistiiriilmesi
ve otokorelasyon probleminin ortadan kaldirilmasidir.
Bu baglamda, doniisim matrisinin olusturulmasi
asamasinda karesel ¢okterimli bir daraltma fonksiyonu
kullanimi diisiiniilmiis ve bdylece DIAEKK yo6ntemi
tasarlanmistir. Bu ydntem, hem literatiirde siklikla
verilen AR modeli hem de KEDAR modeli tizerinden
uyarlanmis ve DIAEKK-AR ile DIAEKK-KEDAR
yaklagimlart verilmistir. Bu yaklagimlarin ve klasik
EKK yo6nteminin, KEDAR bi¢imli hatalarin varliginda
nasil sonuglar verecegi merak konusu oldugundan
kapsamli bir Monte Carlo benzetim c¢aligmasi
planlanmigtir. Bir onceki kisimda kosullart  ve
sonuglart birlikte verilen bu kapsamli c¢alisma ile
olusturulan  yaklagimlarin  parametre  kestirim
etkinlikleri karsilagtirilmastir.

Benzetim c¢alismasi ile varilan sonuglardan biri,
kullanilan her ii¢ ydntemin de yansiz parametre
kestirimleri tirettigidir. Bunun yaninda, kiigiik hacimli
orneklemlerde parametre kestirim etkinligi acisindan
DIAEKK-KEDAR yaklasimi 6n plana c¢ikmaktadir.
Gozlem sayist arttikga, yani bilyiik hacimli
orneklemlerde DIAEKK-AR yaklasimmin etkinligi en
fazla olabilmektedir. Bu durum, buyik hacimli
orneklemlerde KEDAR bigimli hatalarmm AR bi¢imli
hatalara benzedigi bi¢iminde yorumlanabilir. Bir
baska deyisle, gozlem sayisinin ¢ok biiyiik oldugu
durumlarda otokorelasyon icin tanimlanan KEDAR
etkisi ortadan kalkabilmektedir. Ancak, her ne olursa
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olsun iki yaklasim da literatiirde otokorelasyonlu
hatalarin ~ varliginda etkin olmayan parametre
kestirimleri verdigi bilinen EKK yontemine gore
oldukg¢a basarili sonuglar vermektedir. Hatta, benzetim
calismasi i¢in tanimlanan biitiin durumlarda gdzlem
sayist arttikca yaklasimlara ait etkinlik degerleri gozle
goriiliir bicimde artmaktadir. Bununla birlikte,
otokorelasyonlu hatalarmm varliginda tanimlanan
Monte Carlo deneyleri veya caligilan gercek veri
kiimeleri degistikge EKK yonteminin disindaki diger
yaklagimlarin etkinlik siralarmin ve bundan kaynakli
ortaya c¢ikan sonuglarin degisiklik gosterebilecegi
unutulmamalidir.

Sonug olarak, KEDAR bi¢imli hatalarm varligidaki
dogrusal olmayan regresyon analizinde etkin
parametre kestirimleri elde etmek igin 6zellikle kuguk
hacimli 6rneklemlerde DIAEKK-KEDAR yaklagimiin
kullanimu tercih edilebilir. Bu ¢alismada, otokorelasyon
olarak incelenen yap1 iki diizenli KEDAR modelleri
iizerine kuruludur. Tleriki ¢alismalarda, ikiden ok
diizenli yapilarla  olusturulan otokorelasyon
durumundaki parametre kestirim etkinlikleri konusuna
odaklanabilinir.
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Abstract

Understanding the influence of air quality parameters and meteorological factors on SARS-CoV-2 transmission remains a
critical concern in the science world. This study investigates the effects of air quality and meteorological parameters on the
occurrence of SARS-CoV-2 cases in the cities of Turkiye. Air quality data including PM,s, PMjg, O3, SO,, CO, along with
meteorological data such as temperature and humidity, were analyzed across 41 cities in Tirkiye using Geographic
Information Systems and spatial regression models. This regional case study contributes to existing research by emphasizing
the importance of localized investigations, acknowledging that the unique characteristics of cities in Tiirkiye demand a region-
specific approach. Differences in climate, air quality, and urbanization patterns across regions can significantly influence
disease transmission, making localized studies essential for a comprehensive understanding of virus spread. Ordinary Least
Squares (OLS) and Geographically Weighted Regression (GWR) methods were employed to assess both global and localized
associations. While the OLS analysis did not reveal statistically significant relationships at the national scale, the GWR
approach uncovered notable spatial variability in the strength of associations, particularly for PM, s and PMy,. Certain cities,
such as Aksaray and Konya, exhibited stronger correlations between particulate matter concentrations and COVID-19
incidence, suggesting the influence of localized environmental and urban characteristics. The findings of this study aim to
enhance global efforts to improve resilience against emerging infectious diseases and promote sustainable, healthier urban
environments through tailored regional strategies. Additionally, the results provide valuable insights to local policymakers,
aiding in the implementation of strategies to improve air quality in high-risk regions and mitigate the adverse effects of future
pandemics on public health and the economy.

Keywords: air quality, SARS-CoV-2, meteorological factors, COVID-19

I. INTRODUCTION

Since the World Health Organization officially declared the COVID-19 pandemic in March 2020 [1],
environmental factors, particularly air quality, have emerged as significant components in understanding the
dynamics of SARS-CoV-2 transmission. The virus spreads primarily through human-to-human contact, especially
via respiratory droplets that are expelled when an infected individual coughs, sneezes, or exhales near others [2].
Urban centers such as New York City in the United States, Madrid, Barcelona, and Milan in Italy have experienced
particularly severe effects of the pandemic due to their high population densities and urban pollution levels [3].
Many studies have examined the variations in COVID-19 prevalence and fatality rates in these areas, establishing
connections between air pollutants such as particulate matter (PM), nitrogen dioxide (NO.), and ozone (Os). Initial
research indicates that exposure to particulate matter (PM) could play a key role in the transmission of the virus,
with inhalation of these particles serving as a potential vector for SARS-CoV-2 [4].

Additional studies have presented conflicting evidence on the impact of environmental factors like temperature
and particulate matter levels. For instance, while some research suggests that lower temperatures and increased
PMyo levels may reduce COVID-19 incidence, other studies highlight the greater risk posed by PM:s and high
humidity levels [5]. As the pandemic progressed, researchers worldwide began investigating the spatial
relationships between air pollution, meteorological conditions, and COVID-19 transmission. In Bangladesh, for
example, Hassan et al. [6] found a significant correlation between infection rates and PM.s, carbon monoxide
(CO), and ozone (Os) levels. Similarly, in Canada, a study by Stieb et al. [7] explored the relationship between
long-term PM s exposure, temperature, and public health, revealing a positive, but statistically insignificant, link
between COVID-19 cases and air pollution. The study shows the importance of regions with severe health impacts
and minimal variations in pollutant exposure, which likely influenced these findings.
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Research in Chile further emphasized the role of air
pollution and meteorological factors in shaping
COVID-19 mortality rates. Dales et al. [8] observed a
strong correlation between elevated levels of CO, NOa,
PM.s, and increased COVID-19 deaths, with
fluctuations in temperature and humidity playing a
significant role in these outcomes. In metropolitan
centers where ozone (Os) and PMgy frequently
exceeded safety limits, researchers suggested that
SARS-CoV-2 could potentially attach to PMyg
particles, prolonging its persistence in the atmosphere,
particularly in stable atmospheric conditions with high
concentrations of particulate matter.

This trend was also observed in Spain, another country
severely affected by the pandemic. Researchers there
focused on measuring PMio, NO,, Oz, and CO levels,
uncovering positive associations between these
pollutants and COVID-19 transmission [3]. In addition,
studies from the Middle East, characterized by warmer
climates, revealed significant environmental changes
that could influence viral transmission. For instance,
Meo et al. [9] highlighted the role of sandstorms in
dispersing PM2s, CO, and Os, which increased the risk
of COVID-19 transmission. Sulfur dioxide (SOy),
however, was found to decrease the incidence of
confirmed cases in lIran, suggesting a complex
interaction between various pollutants and viral
transmission [10]. Further research examined the daily
exposure to PMz2s, PMyg, and ozone, finding strong
correlations  between short-term  exposure and
increased COVID-19 incidence, particularly in warmer
regions.

The earlier studies in Turkiye analyzed the temporal
relationship between parameters and COVID-19 cases
[11]. The later studies investigated the spatial analysis
in different regions of the country [12]. Building upon
this global body of research, the present study
investigates the relationship between air quality,
meteorological factors, and COVID-19 transmission in
Tirkiye. Using geographic analysis tools within
ArcMap [13], the study employs both Geographically
Weighted Regression (GWR) and Ordinary Least
Squares (OLS) analyses to explore these relationships.
While OLS regression identifies the best-fitting line by
minimizing the difference between observed and
predicted values, GWR accounts for geographic
variability in the correlation between independent and
dependent variables. GWR provided more insightful
results by capturing regional variations and underlying
mechanisms. Although its predictive power remains
subject to debate, GWR offers a better understanding of
non-linear relationships between air pollution,
meteorological conditions, and COVID-19
transmission. This comprehensive analysis shows the
importance of regional variability and environmental
factors in understanding the dynamics of the pandemic
in Tarkiye.

Il. MATERIALS and METHODS

Data Collection

The COVID-19 infection case numbers were obtained
from the Ministry of Health's official website, covering
eight weeks from February 14, 2021, to April 2, 2021
[14]. This data encompassed 41 cities in Turkiye,
specifically selected due to the limited availability of
information on PMy, PMzs, SO, 0Os; and CO
concentrations in other cities. The air quality
parameters were obtained from the Ministry of
Environment, Urbanization, and Climate Change [15],
while meteorological data was provided by the General
Directorate of Meteorology within the Ministry [16].

Study Area

The study area covers 41 cities across Turkiye, selected
based on the availability of consistent and
comprehensive data on air quality parameters and
meteorological conditions. The selected cities are
Adana, Aksaray, Amasya, Antalya, Artvin, Balikesir,
Canakkale, Igdir, Karabiik, Kayseri, Kirklareli,
Kirsehir, Konya, Kiitahya, Malatya, Manisa, Mersin,
Mus, Nevsehir, Nigde, Ordu, Rize, Sakarya, Samsun,
Sivas, Tekirdag, Tokat, Trabzon, Tunceli, Usak, Van,
Yalova, Yozgat, Zonguldak, Elazig, Erzurum,
Erzincan, Afyonkarahisar, Aydin, Bolu, and Denizli.
Tiirkiye’s geographical diversity, covers various
climate zones and urbanization patterns, provides a
valuable context for exploring environmental
influences on public health. The cities included in the
analysis represent a range of geographic regions,
including coastal, inland, urban, and semi-rural areas,
ensuring that the study captures spatial variation in
environmental and atmospheric conditions. This
regional distribution supports a robust spatial analysis
framework to investigate the relationships between
environmental factors and COVID-19 transmission
using GIS-based statistical modeling techniques.

Statistical Methods

A range of data visualization techniques and regression
models were employed to explore the influence of air
quality and meteorological factors on the transmission
of SARS-CoV-2 in Tirkiye. The methodology was
designed to account for both linear and non-linear
relationships between variables. To analyze linear
associations, the OLS regression model was used. For
geospatial analysis, the GWR technique was
implemented, utilizing ArcMap software [12]. Within
ArcMap, data layers were used to create heat maps, and
the software generated raster surfaces that displayed the
concentration of point data in specific regions.

OLS regression was applied to model the relationships
between the independent variables (PMio, PM; 5, SO,,
03, NOy, temperature, wind direction, and wind speed)
and the dependent variable (number of COVID-19
cases). ArcMap's spatial statistics tools were utilized to
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perform the OLS regression and analyze spatial
relationships within the dataset.

Vi = o+ PiXii + PaXai + ... + PiXui + &

(1)
Where:

- i is the dependent variable (COVID-19 cases in city
i),

- X1, X2, ..., Xki are the independent variables (e.g., PMyy,
PMazs, SO, etc.),

- Bo is the intercept,
- B1, P2, ..., Px are the coefficients to be estimated,

- g is the error term. [12]

To further investigate potential non-linear associations,
GWR analysis was conducted using ArcMap's
Toolbox. GWR, as a local regression method, accounts
for spatial heterogeneity, making it distinct from OLS,
which assumes uniformity across the study area.

Yi = Bo(Ui, Vi) + 2 [Br(wi, Vi) * Xii] + & (2)

Where:
- (u;, vi) are the coordinates of location i,

- Bx(w, Vi) represents the location-specific coefficient
for variable k,

- Other terms are as defined in the OLS equation. [12]

The dependent variable in the GWR analysis was the
number of COVID-19 cases, and the independent
variables included PMiy, PMzs, SO, Os NOg,
temperature, wind direction, and wind speed. Several
key parameters were considered during the GWR

600.000

0 100.000 200.000

400.000

analysis, including bandwidth, residual sum of squares,
effective number of parameters, sigma, Akaike
Information Criterion corrected for small sample size
(AICc) [17], and R-squared. Detailed explanations of
these parameters are provided in the results and
discussion sections of this paper.

I1l. RESULTS and DISCUSSION

Exploratory Data Analysis

The heat maps show the visualization of the dispersion
of average COVID-19 cases per 100,000 people over
an eight-week period across various cities. As shown in
Figure 1, the color white signifies the absence of
officially shared data, thereby leading to the exclusion
of cities falling under this category from our study.
Conversely, cities denoted by a distinctive orange, such
as Samsun, Ordu, and Trabzon cities are indicative of a
notable prevalence of COVID-19 cases. Upon initial
inspection, it becomes apparent that larger urban
centers and those with a substantial presence in the
tourism sector exhibit a higher incidence of cases, while
smaller cities exhibit a comparatively lower density of
such occurrences. A comprehensive statistical
summary encompassing all the parameters referenced
within the specified time interval can be found in Table
1.

Temperature constituted one of the meteorological
parameters subjected to our analysis. In Figure 2, the
depiction of elevated temperatures is denoted by a
deeper shade of green. Notably, cities such as Antalya,
Adana, and Trabzon emerged as possessing higher
temperature levels when compared to the remaining
cities showcased in the illustration. The distribution of
humidity follows a pattern similar to temperature in
some cities, whereas in others, it differs significantly.

(: Tarkiye |l Siniriar
Tiirkiye il Sinirlan
Cases (1/100.000 to

800.000
O s 22,86 - 35,49

[]3550-44.96
[[7] 4a97-66.16
I 66.17- 103,16
B 103,17 - 228,02

Figure 1. Heat map illustrating the variation in COVID-19 cases across different cities of Turkiye.
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Table 1. Statistical summary table, concentrations of the parameters (ug/mq)

City No Avg. | Avg. | Avg. | Avg. Avg.

PM1o SO, NO: O3 PM:s

Adana 8 16.75 | 439 | 13.36 | 51.64 6.67
Aksaray 8 41.62 | 18.57 | 21.73 | 45.02 | 20.38
Amasya 8 56.07 | 0.00 | 27.70 | 38.07 | 30.92
Ankara 8 55.68 | 3.07 | 44.75 | 23.32 | 18.82
Antalya 8 39.19 | 4.78 | 34.28 | 50.11 | 18.25
Artvin 8 215. | 897 | 18.23 | 57.44 0.00
Balikesir 8 72.32 | 27.07 | 32.40 | 39.48 | 26.02
Bartin 8 58.21 | 12.54 | 31.74 | 45.40 | 24.98
Bilecik 8 43.48 | 11.89 | 21.55 | 78.68 | 19.30
Bolu 8 45.34 | 20.81 | 30.77 | 32.05 | 19.18
Burdur 8 42.38 | 16.91 | 25.99 | 49.92 | 27.30
Canakkale 8 34.36 | 13.72 | 20.51 | 50.06 | 15.86
Cankiri 8 31.98 | 22.38 | 31.87 | 44.17 9.65
Diizce 8 43.54 | 10.22 | 15.62 | 11.26 | 29.27
Edirne 8 70.21 | 68.70 | 11.24 | 3551 | 33.34
Erzurum 8 61.4 0.00 | 54.82 | 0.00 36.97
1gdir 8 67.38 | 5.09 | 14.49 | 67.64 | 34.55
Isparta 8 39.95 | 20.25 | 29.12 | 5154 | 25.12
Istanbul 8 4140 | 18.48 | 56.07 | 64.81 | 22.42
Izmir 8 36.60 | 8.85 0.00 0.00 21.58
Kahramanmarag 8 87.30 | 21.89 | 34.34 | 8.35 24,51
Karabiik 8 71.33 | 3.38 | 28.09 | 0.00 25.21
Karaman 8 26.74 | 5.77 21.16 | 55.68 | 16.42
Kastamonu 8 30.28 | 17.8 | 27.43 | 24.34 9.26
Kayseri 8 50.89 | 7.96 | 54.85 | 0.00 41.64
Kirikkale 8 0.00 | 17.85 | 23.83 | 3.44 14.09
Kirklareli 8 50.37 | 22.10 | 17.37 | 55.17 17.66
Kirgehir 8 23.23 | 13.26 | 68.63 | 55.94 8.59
Kocaeli 8 31.48 | 12.46 | 16.71 | 54.68 | 18.78
Konya 8 57.11 | 8.98 | 47.23 | 25.78 | 32.60
Nevsehir 8 34.16 | 10.98 | 24.25 | 48.56 | 12.13
Nigde 8 34.78 | 5.82 | 26.12 | 57.00 | 18.34
Ordu 8 34.29 | 15.75 | 62.26 | 0.00 17.72
Rize 8 27.76 | 4.98 6.52 | 76.37 | 12.35
Sakarya 8 39.16 | 29.83 | 25.70 | 35.16 | 32.17
Samsun 8 33.15 | 10.25 | 66.43 | 7.64 9.53
Tekirdag 8 44,65 | 28.63 | 28.02 | 39.79 | 23.64
Trabzon 8 61.74 8 41.65 | 0.00 23.88
Yalova 8 46.99 | 57.59 | 44.16 | 49.24 | 20.38
Yozgat 8 41.80 | 38.52 | 27.38 | 5.54 10.53
Zonguldak 8 61.42 | 24.01 | 21.20 | 35.99 | 33.96

The proximity of cities to bodies of water plays a
crucial role in influencing local humidity levels.
However, for a more in-depth understanding,
comprehensive meteorological analyses would be
necessary.

PMas has emerged as a key parameter in this study,
given its considerable impact on the results. As
demonstrated in Figure 3, cities such as Konya,
Amasya, Kayseri, Trabzon, and [gdir are marked by the
darkest shades of pink, indicating high concentrations
of PM.s. Konya’s economy is largely based on
agriculture and livestock farming. Although specific
emission data for Konya is limited, studies from other
regions have shown that such activities contribute
substantially to particulate matter concentrations
[18,19]. The elevated PM; s levels in Konya can thus be
attributed to these practices. Similarly, Amasya,
Kayseri, Trabzon, and Igdir exhibit high PMas
concentrations, which can be explained by comparable
economic activities.

In contrast, cities like Kirklareli, Canakkale, Balikesir,
and Rize are represented by lighter shades of pink,
signifying lower PM.5s concentrations. The sources of
particulate matter in these urban centers are more
diverse, stemming from a broader range of activities. It
is essential to recognize that the origins of particulate
matter in these regions are highly complex, influenced
not only by industrial or agricultural practices but also
by factors such as daily human behaviors and local
pollution control measures. These diverse factors
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contribute to the varying levels of particulate matter
observed across different regions. The highest
concentrations of PM1o were observed in four cities:
Karabiik, Trabzon, Kahramanmaras, and Igdir.
Identifying the exact sources of PMyo in these regions
is challenging due to the nature of particulate
emissions. However, one contributing factor in these
cities is the use of wood burning for heating during the
winter months, which significantly adds to particulate
matter levels. On the other hand, cities such as Kirsehir

and others have lower PMj, levels, which could arise
from a variety of sources. These cities do not share a
common primary cause for PMjo generation.
Geographically, they are not close enough to exhibit
similar weather-related patterns, making it difficult to
draw direct correlations between PM;o concentrations
and meteorological parameters like temperature or
conditions related to SARS-CoV-2. As such,
understanding the interplay of these factors requires a
more nuanced approach.
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0
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Figure 2. Heat map illustrating the variation in temperature across different cities of Turkiye.
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Figure 3. Heat map illustrating the variation in PM_s concentrations across different cities of Turkiye.
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The Ordinary Least Squares Analysis

The spatial dataset was analyzed using OLS regression,
a commonly used method due to its simplicity and
effectiveness in providing a global perspective on
variable relationships. OLS was selected to serve as a
baseline model, offering insights into potential
explanatory factors and laying the groundwork for
comparisons with more advanced spatial regression
techniques. The results of the OLS analysis are
displayed in Table 2.

Table 2. Summary of OLS Results - Model Variables

The OLS model did not provide sufficient evidence to
conclusively link the independent variables to COVID-
19 case numbers. The analysis was unable to determine
whether air pollution directly contributes to an increase
in COVID-19 cases or merely exacerbates the impact
of the virus on the population. However, the analysis
suggests that certain pollutants' intensity may be
correlated with case levels, as shown in the heat maps.
The OLS model does not robustly support a direct
association between the independent variables and
COVID-19 cases. This is evident because the
probability values for each independent variable are
higher than 0.001, and even when using Robust

learning

Variable | Intercept | PMy | SO2 | NO2 | PM2s | Probability to test for significance, no meaningful
Coefficient results were obtained. While some positive coefficients
[a] 73.85 044 | 019 | 018 | 052 | yere observed, they lacked statistical significance. This
StdError 9995 051 | 066 | 040 | o0ss | indicates that the relationship between air pollutants
t-Statistic and COVID-19 cases might be more complex than
3.32 -0.87 | 029 | 044 | 059 hat a li . del t that oth
Frobabifity what a linear regression model can capture, or that other
[b] 0002071* | 039 | 078 | 066 | o056 | Variables may play a stronger role in driving COVID-
Robust_SE 19 case numbers. In this context, more flexible models,
1387 034 | 058 | 036 | 064 | gych as nonlinear regression, machine
Robust_t . . .
5.33 -1.30 | 033 | 049 | 081 algorithms (e.g., random forest or gradient boosting), or
Robust_Pr spatial-temporal models, may offer better performance
VIEE][C] 0.000005* | 020 | 075 | 063 | 042 | pycapturing potential interactions, nonlinear effects, or
......... 261 | 1.04 | 1.05 2.64 spatial dependencies that a simple linear model cannot
account for.
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Figure 4. Variable distributions and relationships.

Figure 4 presents the relationships between the
dependent and explanatory variables. The histograms
display the distribution of each variable, providing a
visual overview of their patterns and central tendencies.
Meanwhile, the scatterplots illustrate the relationship
between each explanatory variable and the dependent
variable, offering a clear representation of their
associations.  These  graphical  representations
collectively provide valuable insights into the
distribution of the variables and the nature of their
interconnections, enhancing our understanding of their
underlying relationships.

It is important to recognize the limitations of OLS,
particularly its assumption of constant relationships
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across the dataset and its inability to account for spatial
dependencies. These limitations can result in an
incomplete analysis, especially when dealing with
spatially distributed data. To address these
shortcomings and better capture the complexities
inherent in spatial data, GWR offers a more nuanced
approach by considering spatial variations and
localized relationships.

The Geographically Weighted Regression Analysis
The GWR technique was employed in this study to
account for the spatial heterogeneity present within the
dataset. While the initial analysis using OLS regression
provided useful insights into the overall relationships
between variables, it failed to capture the potential
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spatial variations and non-stationarity inherent in the
data. GWR was used to investigate and better
understand the localized relationships between the
dependent and explanatory variables. This method
enables the estimation of spatially varying coefficients,
revealing how these relationships differ across various
cities.

Through the application of GWR, a more detailed
understanding of the spatial patterns emerged,
addressing the spatial non-stationarity within the study
area. The results obtained from GWR provide a clearer
picture of the spatially varying associations, offering
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valuable insights into the localized dynamics of the
variables under investigation. In this study, both single-
variable and multivariable GWR analyses were
conducted. The single-variable analysis aimed to
explore the spatial variations and localized impacts of
specific independent variables on COVID-19 cases.
For example, as shown in Figure 3, PMas
concentrations were analyzed using GWR, revealing
notable localized impacts. The province of Aksaray, in
particular, was highlighted as having the highest
concentrations of PMzs, demonstrating the power of
GWR in pinpointing regional variations.
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Figure 5. Single variable Geographically Weighted Regression heat map depicting the spatial distribution of PM2s
concentrations.

Figure 5 presents the spatial relationships between
multiple air quality parameters and COVID-19 cases.
This multivariable approach allows for a more
comprehensive assessment of the spatially varying
effects of several predictors simultaneously. By
accounting for multiple variables, the analysis provides
deeper insights into the factors contributing to the
observed patterns or variations in the dependent
variable across different locations. The multivariable
GWR analysis helps to identify how the interaction
between various air quality indicators influences the
spread of COVID-19, offering a more detailed
understanding of the drivers behind these spatial
patterns.

The GWR results for the model variables suggests that
the model does not provide strong evidence linking the
independent variables to COVID-19 cases. It remains

unclear whether air pollution directly contributes to the
increase in COVID-19 infections or simply exacerbates
the virus's impact on more vulnerable populations.
Nonetheless, the analysis indicates a potential
correlation between the intensity of certain pollutants
and the severity of COVID-19 cases, as demonstrated
in Figure 6. The heat map generated from the GWR
analysis reveals the standard deviations for PMas,
PMio, SO, and NO,, shedding light on the spatial
distribution of these air pollution parameters.

The further details of the GWR results, offering key
insights into the relationships between variables. The
R-squared value indicates that approximately 69% of
the variability in COVID-19 cases can be explained by
the independent variables included in the GWR model.
The AICc measures model fit while balancing
complexity and accuracy. A lower AICc value
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represents a better trade-off, and in this case, the AICc
value is 5297.5, suggesting a reasonable fit of the GWR
model. The bandwidth parameter in GWR defines the
spatial extent over which relationships between
variables are estimated, with neighboring data points
considered within this distance. In this model, the
bandwidth value is 34,256, which indicates the spatial
range taken into account for each location. The residual
sum of squares represents the goodness of fit of the
model, where a lower value suggests a better alignment
of the model with the data. Finally, the sigma value,
representing the standard deviation of the residuals, is
4187, indicating the typical deviation between
observed and predicted values in the model.

IV. CONCLUSION

This study investigated the association between SARS-
CoV-2 and various meteorological and air pollution
factors. The research employed ArcMap for conducting
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Ordinary Least Squares and Geographically Weighted
Regression analyses. These two approaches yielded
distinct results, with GWR proving effective with
geographic variations and localized influences, while
OLS was more suitable for situations where
interactions remained consistent across different cities.
GWR, being more intricate, provided a comprehensive
examination by identifying spatial variations.
Nonetheless, it is important noting that GWR can be
computationally intensive and necessitates careful
consideration of geographic scales, making local model
interpretation more challenging. In the OLS analysis,
the data characteristics did not reveal a significant link
between COVID-19 cases and meteorological and air
pollution factors. This suggests that the relationship
may be more complex than what can be captured by a
linear model. Additionally, it hints at the possibility of
other independent variables that should be considered
to obtain more accurate results.
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Figure 6. Multivariable Geographically Weighted Regression heat map depicting the spatial distribution of air
quality parameters.

Conversely, in the GWR analysis, the dataset displayed
a non-linear relationship between COVID-19 cases and
meteorological and air pollution parameters. Notably,
certain cities, such as Samsun, Rize, and Artvin,
exhibited contrasting results in both methods, as
indicated by different standard deviations. On the other
hand, Trabzon and Ordu demonstrated a greater degree
of consistency in terms of data variability. To arrive at
a more precise interpretation, it is essential to delve
deeper into the specifics of the GWR study, including
the variables utilized and the source of these results.
Furthermore, to strike a better balance between model
accuracy and complexity, it may be beneficial to reduce
the number of parameters in the dataset.

Several limitations of the current study should be
acknowledged. First, the analysis was limited by the
spatial resolution and temporal granularity of the
COVID-19 case data and air quality data. Daily or
weekly case counts, if available, would allow for more
dynamic temporal modeling. Second, the set of
environmental predictors was limited; additional
variables such as population mobility, socioeconomic
indicators, healthcare access, or vaccination rates might
improve explanatory power. Third, the GWR model,
although effective in capturing spatial variations, is
computationally intensive and may be sensitive to the
choice of kernel and bandwidth, which could affect
result interpretation.
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To enhance the robustness of future studies, more
comprehensive datasets with higher spatial and
temporal resolution should be used. Including a broader
array of predictor variables and employing ensemble or
hybrid modeling approaches could also improve
predictive accuracy. Finally, cross-validation or out-of-
sample testing should be applied to compare model
performance objectively and ensure generalizability.

In conclusion, while GWR demonstrated its strength in
capturing spatial heterogeneity, the study underlines
the need for more flexible and data-rich modeling
strategies to fully understand the environmental
determinants of COVID-19 spread.
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Abstract

This study simultaneously evaluates the performance of Training and Research Hospitals in Turkey for 2018 and 2019 at both
the overall and sub-unit levels. Traditional Data Envelopment Analysis (DEA) models treat decision-making units as a single
process, often neglecting internal structures. To overcome this limitation, the study employs the Dynamic Network Data
Envelopment Analysis (DN-DEA) approach, which incorporates two interrelated sub-units: administrative services and
medical care services. This enables independent evaluation of sub-units, without disregarding their mutual connections. The
results show that hospitals efficient in both sub-units are classified as fully efficient. However, some hospitals not on the
overall efficiency frontier demonstrated full efficiency in specific sub-units. For instance, H12 and H33 were efficient in
administrative services, while hospitals such as H14, H17, H21, and H23 attained efficiency only in medical services. In 2018,
the budget account balance was identified as the most critical input requiring reduction (72.7%) for inefficient hospitals,
followed by the number of resident physicians (50.7%). In 2019, the budget balance remained the top priority for reduction
(62.1%), while the insufficient reduction in resident physicians caused the required adjustment to rise to 52.3%. In light of
these findings, it is recommended that hospital performance management consider not only overall efficiency scores but also
sub-unit-level analyses. Furthermore, the study emphasizes that improvements in budget management and human resource
planning may play a critical role in enhancing hospital efficiency.

Keywords: Hospital efficiency, Network DEA, Dynamic and Network DEA, Slack-based measure

I. INTRODUCTION

A decrease in hospital efficiency is observed worldwide [1,2,3].Correct and efficient uses of resources that will be
used in health services play a critical role in determining the limit of health policies of states. The third strategic
planning of the Republic of Turkey Ministry of Health, covering the period of 2019-2023, drew attention to this
situation and stated that the objectives of the ministry are the provision of accessible, effective, efficient and high
quality health services [29]. The share of education and research hospitals, which are tertiary care providers, in
current has increased health expenditures significantly over the years [28]. In this context, examining the
effectiveness of training and research hospitals is important for decision makers and health care policies.
Evaluating hospital efficiency is a process that optimizes resource use and allocation [3]. Hospitals are
organizations that have their own unique inputs, outputs and are made up of sub-units that are interconnected. To
be able to continue their activities requires their sub-units to be organized with networks that enable them to
connect with each other. This organization creates a network/network structure. Traditional data development
analysis (DEA) methods, which see the hospital as a structure consisting of a single process that collects all inputs
and transforms them into outputs, have been widely applied in the efficiency measurements of such structures [26].

The DEA approach is advantageous since this technique does not require any functional relationship between
inputs and outputs [4]. On the other hand, traditional DEA models see the organization as a black box and neglect
its internal structure. Not neglecting the internal dynamics of the organization allows us to get more accurate results
[27].

In this study, it was considered that the two sub-units of the hospitals, which are the decision-making unit (DMU),
perform service production with their activities. These subunits are; management unit and medical care unit. The
output element of one of the units continues its activities in connection with each other as the input of the other.
This structure creates a network system. In line with this information, the purpose of this paper is to simultaneously
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measure the total activity levels and period-sub-unit
activities of Turkey training and research hospitals for
the years 2018 and 2019, and to determine the
efficiency change between years. In this context,
Network DEA, which is suitable for the efficiency
measurement of network systems, was used. In
addition, the Dynamic Network DEA (DN-DEA)
model was preferred to include the elements transferred
from one period to the other in the analysis and to
investigate the time-dependent efficiency change.

There are various international studies that have
applied the DN-DEA model in the field of healthcare
services. Kawaguchi et al. [6] examined the impact of
healthcare reforms in municipal hospitals in Japan,
focusing on treatment and administrative units. Lobo et
al. [15] evaluated the efficiency of federal university
hospitals in Brazil in terms of healthcare services,
education, and research. Khushalani and Ozcan [25]
analyzed adult general hospitals in the United States
based on medical and quality-related outputs.
Considering the existing literature, this study appears to
be among the first to apply the DN-DEA model to
evaluate the efficiency of healthcare services in Turkey.

According to the results of the DN-DEA model
analysis, not only are fully efficient and relatively
inefficient hospitals identified, but the sources of
inefficiency within specific service sub-units are also
revealed. The remainder of the paper is organized as
follows; section two mentions dynamic and network
examples from studies using the DEA model are
presented and the conceptual structure of the model is
explained, and sample selection and data used for
hospital efficiency measurement are presented. Section
three results and finally, section four provides
concluding remarks.

II. METHOD AND DATA

2.1. Concept Dynamic and Network DEA Model
Farrell conducted one of the pioneering studies focus
on measuring the efficiency of homogeneous entities
known as Decision Making Units (DMUs) [5]. DEA is
characterized as a data-oriented, non-parametric
methodology grounded in linear programming, and has
been extensively utilized to evaluate the technical
efficiency of relatively homogeneous groups of DMUs.
DMUs refer to comparable units that utilize identical
resources (inputs) to generate similar products
(outputs). A DMU is regarded as efficient if it generates
a higher level of output with a constant amount of input
(output-oriented) or achieves a given output using
fewer inputs (input-oriented). Efficient DMUs define
the best practice frontier that encompasses all units
under comparison. A DMU is considered efficient if it
reaches the Pareto-Koopmans optimum, where no
output can be increased (or input reduced) without
worsening another output or input [6].
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The first DEA models were the CCR Model, proposed
by Charnes, Cooper and Rhodes (1978). The CCR
model is based on a production possibility frontier and
assumes constant returns to scales, which implies a
proportional relationship between the increases in
inputs and the resulting increases outputs [7].
Alternatively, BCC (Banker, Charnes & Cooper) model
was developed to analyze pure technical and scale
efficiencies of DMUs by considering variable returns
to scale. This assumption allows for non-proportional
chances between inputs and outputs, which is
especially useful when comparing units that differ
significantly in size or output scale [4].

Any distance from the boundary (score less than “1” or
100%) is due to ineffectiveness, that is, the difference
between current values and predicted values. By
developing traditional DEA models, it can be used for
network structures consisting of many subsystems and
revealing intermediate products that can be used as
inputs in a new process.

Network DEA consists of a family of DEA models that
establish linear constraints on the size of each sub-
activity of the system under study. In this way, it is
possible to take into account the input and output
elements of more than one dimension, the connection
variables, and to measure the effectiveness separately
for each dimension. Fare and Grosskopf [8], provided
the theoretical groundwork for N-DEA models. Then,
measurement methods suitable for the network
structure of the system of interest were developed
Lothgren and Tambour [9], Golany, Hackman, and
Passy [10], Yuand Lee [11] Fukuyama and Weber [12],
Kao and Hwang [13], Yu and Fan [14].

The models applied in the literature for network
systems have generally not dealt with projections in the
non-Pareto efficient regions of the frontier and
estimates involving Pareto-efficiency target related
slackness lead to efficiency prediction errors. Non-
radial models determine efficiency based on Pareto-
optimal targets, and among these, the SBM approach is
particularly noteworthy [15]. The SBM approach was
adopted by Tone and Tsutsi for efficiency measurement
of network systems [27]. In addition, some studies have
performed efficiency measurements for both the
current and successive periods, taking into account the
shift in the production frontier. These studies have also
incorporated time-dependent variations into DEA
models, thereby contributing to the development of
dynamic efficiency analysis frameworks [16,12,17,18].

While the same outputs are produced by using the same
inputs in each period in DMUs, some of the outputs in
different systems can be processed as inputs in the
following period. These variables that provide the inter-
period connection are called carry over variables and
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can be used in fixed, desired, undesired, free options
[15].

In this study, Dynamic Network Slack Based Measure
(DN-SBM) model, which was proposed by Tone and
Tsutsi (2014), to analyze dynamic efficiency in systems
with a network structure [18]. While the model deals
with the interconnection variables of each DMU and
the individual activities of its connected sub-DMUs, it
connects the successive periods of DMUs through
transferring variables and allows us to see the time-
dependent change dynamically on the horizontal. We
can measure the total activities of the DMUs for the
relevant period and the their sub-activities, which are
sub-DMUs. We can also see the changes in total
activities and sub-DMU activities during the studied
period. Based on the model’s findings, in the case of a
DMU to be efficient, the efficiency score of all its sub-
DMUs must be 1.0. If at least one sub-DMU has a value
of less than 1.0, the efficiency of DMU decreases. In
addition, the slack based model gives the projection
values of the inefficient DMU and sub-DMUs that can
be made on the inputs/outputs to reach the effective
limit.

In the study, DN-SBM was preferred as input-oriented.
Public hospitals serve with the aim of using the
resources in the most effective and optimum way by
considering the public interest. For this reason, a model
was used to prevent waste of resources and reduce
inputs. Since the resources and workforce sizes of the
hospitals also vary, the variable return to scale model
was preferred. Modelling was done using Python 3.8
programming for efficiency measurement with DN-
DEA.

2.2. Data

In our study, the effectiveness of Turkey's training and
research hospitals for the years 2018-2019 was
examined. The data used for analysis were obtained
through official procedures relevant from units within
the Republic of Turkey Ministry of Health.
Specifically, information regarding the humber of on
personnel was accessed from Ministry’s General
Directorate of Administrative Services, while financial
data were accessed from the department of Financial
Affairs. For DN-DEA, the hospitals within the scope of
the study as DMU are 91 training and research
hospitals. 59 of these hospitals are general hospitals and
32 of them are special branch training and research
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hospitals. In the DN-DEA application, the decision-
making unit should be chosen in a homogeneous
structure to avoid incomplete and misleading
comments. Special branch training and research
(cardiovascular hospitals, eye hospitals, gynecology
hospitals, etc.) were excluded from the analysis, since
the machinery, equipment and health personnel used by
them are specific to the hospital in the relevant branch,
so comparing them with general hospitals in efficiency
measurement will not yield reliable results. The sample
was taken from 59 training and research hospitals.

The Dynamic Network model structure of the hospital
organization is shown in Figure 1. In our model,
hospitals represented as DMU are designed as an
organization consisting of two sub-segments; the
medical care division and the administration division.
The administration division provides funds to the
medical care unit to provide treatment services and is
responsible for all necessary resources (beds, health
personnel, non-health personnel, medical equipment,
etc.). The medical care division is also responsible for
all medical services. It also generates revenue for the
administration division.

The inputs of the administrative division consist of the
number of “Number of non-health personnel” and
“total expenditures”. Number of non-health personnel
is composed of the number of administrative personnel
and maintenance personnel. Administrative personnel
represent management activities, while maintenance
personnel are responsible for maintaining the hospital
infrastructure [22,23].

The input “total expenditures” refers to non-labor
operating expenses. These expenses include medical
supplies, medications, energy (electricity, water,
heating), cleaning, maintenance and repair, and other
administrative costs. Such expenditures are essential
for the sustainability of hospital operations and play a
direct role in the healthcare service production process
[19,26,24].

The output of the administrative division is the
hospital’s “total income”. This includes payments
received from the Social Security Institution and
income generated from the hospital’s own investments.
The reason total income is used as an output is that it is
evaluated against expenses to represent financial
efficiency [23].
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Figure 1. Structure of the Dynamic and network DEA model for hospital efficiency measurement

The number of beds was designated as a link variable
from Division 1 to Division 2 (see Table 1). The
management unit responsible for the financing and
service continuity of hospital beds. The management
unit supplies beds to the medical service unit, and the
medical unit is responsible for providing medical
services.

We defined the number of beds as a non-optional
“fixed” connection state. The reason for this is that
changes in the number of beds are rarely initiated by the
medical unit in coordination with management;
therefore, this was treated as a fixed connection
situation [6].

The inputs of the medical care division include the
number of doctors, medical residents (assistant
physicians), general practitioners, nurses, and other
healthcare staff. These inputs are considered important
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indicator of a hospital's capacity for patient admission
and overall service delivery.

These staffing levels are typically measured in full-time
equivalents, providing a comparable metric across
different hospitals [22,30,31,32].

The outputs of the medical division are the total number
of inpatients, outpatients, and intensive care beds. The
number of inpatients is used to assess internal service
production and resource utilization.

Outpatient visit indicate the extent and accessibility of
ambulatory care services. In addition, the number of
intensive care beds reflects the hospital’s capacity to
manage emergency cases [19,20,21,22].

The inputs, outputs, link variables, and carry-over
variables used in the DN-DEA model for the
management and medical care divisions of hospitals are
presented in Table 1.
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Table 1. Description of variables of DN-DEA model to hospitals Turkey, 2018-2019

Division Variable Observation Units
Administration(Division 1) Input Number of non-health Total number of administrative officers, Person
personnel maintenance officers, workers
Input Total expenditures Personnel expenditures are not included in the Million TL
total expenses.
Output Total income All incomes that the hospital receives from Milion TL
Social Security Enstitution and arise from its
investments
Link(Divl—Div2) Number of beds Total number of used active beds annually Unite
(including intensive care beds)
Carry over 1 Balance of account budget It is the output of management division Milion TL
transferred from one year to the next.
Medical care(Division 2) Input Number of doctors It is the number of specialist doctors working Person
full-time in the hospital.
Input Number of medical residents Number of doctors settled in hospitals to receive Person
(assistant physician) training after medical specialty exam, While
medical residents continue their education, they
also provide healthcare in the hospital.
Input Number of general Total number of newly graduated students who Person
practitioners have not been trained in any specialty.
Input Number of nurses Considering the total workforce this variable has Person
quantitatively important place in the care
workforce.
Input Number of other healthcare These variable, in addition to doctors and Person
staff nurses, it represents other health workers such as
dentists, pharmacists and midwives in hospitals.
Output Total number of inpatients Annual total number of inpatients, reflects the Person
intensity of medical care services.
Output Number of outpatients Total number of annual outpatient polyclinic Person
visits
Output  Number of intensive care beds It is the variable that indicates the hospital’s Unite
capacity to provide care for emergency patients.
Carry over 2 Total number of staff This variable transferred from the medical Person

services division from one year to the next.

Two carry-over variables were defined that act as a
connection from period 1 to period 2. The first is the
Balance of account budget, which connects the inter-
period activities of the management unit. Since the
main task of the management is to ensure the income-
expenditure balance, we have adopted this carry-over
variable as an undesirable carry-over. Period 1 to period
2 is considered as input, and its redundancy is
considered inefficiency [6].

The other transferred variable is the total number of
personnel transferred from the medical services unit
between periods. We defined this variable as the
desired transfer. The number of personnel is
determined as a result of the work of the management
and is a resource that cannot be easily changed. It is
treated as an output from one period to the next, and its
insufficiency leads to inefficiency [18].

I1l. RESULTS

Table 2 shows descriptive statistics of input, output,
connection and carry-over variables in the DN DEA
model for 2018 and 2019 training and research
hospitals in Turkey. The results of the model regarding
the measurement of total efficiency, period efficiency
and division efficiency of hospitals (Table 3, Figure 2)
and possible projections for inefficient hospitals to
reach the effective limit are given in the following
sections (Figure 3).
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As seen in Table 2 regarding the labor force inputs of
training and research hospitals, an increase is observed
in the number of doctors, nurses and other health
personnel from 2018 to 2019.

When we look at the average annual income and
expenditure balance of hospitals, 2019 showed an
increase in expenses (238.70-285.23) compared to the
previous year, while the average annual income
increased from year to year (230.08-282.70). While the
budget balance variable resulted in an average of 11.80
million TL in 2018 due to the change in expenditure
and income, an average of 16.37 million TL deviation
was observed in the budget balance in 2019.

On the other hand, the average number of inpatients,
which is one of the output elements of hospitals,
declines slightly from year to year. On the other hand,
an increase was observed in the average number of
outpatients from 2018 to 2019. This situation can be
interpreted that the increase in the number of personnel,
which is the input source of the hospital
administrations, has a positive effect on the outpatients.
The output of the number of intensive care beds is also
used to measure the capacity of hospitals to respond to
their emergency patients, and from Table 2 it is seen
that hospitals preferred to increase the number of
intensive care beds from 2018 to 2019 (95.12-100.53)
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Table 3 presents the DMU total efficiency and division
efficiency scores of Turkey's training and research
hospitals for the years 2018 and 2019, as calculated by
the DN model. Based on the analysis results derived
fromthe DN model, it is observed that the average total
efficiency scores of the hospitals increased in 2019
(0.8545-0.9412) compared to the previous year. The
efficiency of the administration division (0.8505-
0.9514) and the efficiency of the medical care division
(0.8585-0.9311) also increased in 2019 compared to the
previous year. The increase in the average efficiency
score in 2019 in the administration division is
remarkable (0.8505-0.9514).

Figure 2 shows the total effectiveness, administration
division and medical care division efficiency results of
59 training and research hospitals according to the DN
model analysis results.

In the efficiency analysis, hospitals of different sizes
were evaluated by comparing them with the best ones
in service production. Large-scale and complex
hospitals, consisting of hospitals with one thousand
beds or more, yield efficiency with maximum output
production. On the other hand, small hospitals with a
small number of beds are efficient because their input
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resource consumption is low. These differences are
important for the selection of benchmarks for
ineffective hospitals and the identification of their
counterparts [26].

In Figure 2, 10 hospitals are at the effective margin
(100%). Five of these hospitals have a bed capacity of
less than one thousand (H5, H6, H42, H53, H57).
Among the efficient hospitals, the remaining five
operate with a bed capacity exceeding one thousand
(H13, H15, H18, H44, H59).

In addition, H12 and H33 hospitals, whose total
effectiveness scores are not “1” (They are not included
in the 100% efficiency frontier shown in figure 2.) are
fully efficient only in the administration division. On
the other hand, hospitals such as H14, H17, H21, H23,
H24, H25, H29, H31, H32, H35, H37, H38, H40, H45,
H50, H52, H54 and H55 (although their total
effectiveness scores are not “1”) are only in the
efficiency frontier in the medical care division. In
figure 3, the average values of the possible
improvements in the input elements are given for the
ineffective hospitals to reach the effective limit.
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Table 2. Description variables of the dynamic network DEA model applied to hospitals Turkey, 2018-2019

AIC Carry
Administration Division Link (0)V/<] g2 Care Division
Total Total
Other
Year Measure Non- Total Total Balance of ) number  yymber )
. Assistant General £ inot: Intensive Total
health expense income  Number account Doctors o B Nurses health ~ OTIMPIS  of gytpts
physicians practitioners care beds number
ersonnel of beds budget (0)
P 0) ©) 9 0) o o 0) carestaff ~ (©) () ©) of staff
M .

(million  (million (million 0) (per (per

TL) TL) ) 1000)  1000)
2018 Mean 931.86 238,70 230,08 721.27 11,80 286.36 136.36 32.92 609.08 456.10 40,42 1784,67 95.12 244231
Maximum 1843.00 440,84 410,36 1660.00 59,49 556.00 467.00 161.00 1205.00 1096.00 83,75 3319,89 253.00 4082.00
Minimum 344.00 88,49 88,59 260.00 0,10 73.00 0.00 1.00 209.00 173.00 16,44 349,17 27.00 1047.00
Sd. 377.00 97,23 92,33 327.93 10,32 119.57 133.34 24.49 234.72 195.96 16,10 695,96 45.56 888.15
2019 Mean 970.90 285,23 282,70 730.63 16,37 290.39 150.90 37.61 617.20 467.03 40,27 1818,32 100.53 2526.03
Maximum 2658.00 562,88 555,67 1660.00 138,66 573.00 532.00 200.00 1372.00 1132.00 89,87 3197,09 263.00 4373.00
Minimum 332.00 52,05 106,19 260.00 1,30 73.00 0.00 1.00 216.00 177.00 1,68 33,70 27.00 1034.00
Sd. 461.87 126,67 119,88 332.01 21,86 122.28 145.96 33.94 246.38 214.27 18,68 793,46 48.67 963.65

Source: Descriptive statistics of the data obtained from the Ministry of Health of the Republic of Turkey are calculated and presented.
I: input variable; O: output variable; inpts: inpatients; outpts: outpatients; A/C Link: the output of the administration division is the input for the care division; TL: Turkish Lira.
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Figure 2. Efficiency scores of teaching-research hospitals dynamic network DEA, Turkey. 2018- 2019

In 2018, the most striking input that ineffective
hospitals should reduce in order to reach the effective
limit is the budget account balance (72.7%). In
addition, it was observed that the number of assistant
physicians should be reduced (50.7%). Similar results
were seen in 2019. The budget account balance should
have been reduced (62.1%). Compared to 2018, a more
negative picture is observed in the number of assistant
physicians in 2019. This ratio increased even more
(52.3%) by not making the necessary reduction. The
average improvement rates that can be made in other
inputs of the hospitals to reach the effective limit are
also seen in Figure 3 and interpreted in the same way.
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-40
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Figure 3.Variation need of input (I) and carry-over
variable to reach best practice frontier. Turkey, 2018-2019



DN-DEA for Hospital Efficiency

Int. ). Adv. Eng. Pure Sci. 2025, 37(3): <252-262>

Table 3.Efficiency scores of hospitals Turkey, 2018-2019

Dynamic-Network DEA model

DMU 2018 2019
Average 0,8545 0,9412
Overall efficiency score ) S_d' 0,0956 0,0922
Minimum 0,6743 0,6880
Maximum 1 1
Average 0,8505 0,9514
Division 1 (Administration) Sd. 0,1184 0,1028
Minimum 0,6623 0,5734
Maximum 1 1
Average 0,8585 0,9311
Division 2 (Medical care) Sd. 0,1204 0,1086
Minimum 0,6248 0,7140
Maximum 1 1

IV. CONCLUSION

In this study, we present the application of a novel
method for evaluating hospital efficiency using Data
Envelopment Analysis (DEA). Our study is the first
study in which the Dynamic Network DEA approach
has been applied for efficiency studies of hospitals
serving in Turkey. Previous studies have been applied
to hospitals in Japan, America, and Brazil [6],[15],[25].
In our study, hospitals were conceived as organizations
consisting of two sub-units as management and medical
care units. . The findings indicated an improvement in
the owerall average efficiency of the hospitals
significantly in 2019 compared to 2018. The most
noticeable improvement from year to year was seen in
the average efficiency increase of the management unit.

The DN-DEA model applied in this study not only
identifies the overall efficiency levels of hospitals but
also reveals which specific sub-units are the sources of
inefficiency. The results indicate that hospitals
achieving efficiency across all sub-units are considered
fully efficient; however, some hospitals that are not
deemed efficient owerall can still demonstrate full
efficiency in certain sub-units. This highlights a key
contribution of the model, as it allows hospital
managers to focus not only on overall performance but
also on unit-level improvements.

The findings of the study indicate that all input
resources increased over the years and that the gap
between actual and projected values slightly widened
from 2018 to 2019. Although this may initially suggest
a negative outlook, the observed improvement in
average efficiency in 2019 is attributed to a shift in the
production frontier.

The DN-DEA model applied in the study not only
assesses hospitals’ overall efficiency but also provides
a detailed evaluation of performance at the sub-unit
level. A key contribution of the model is that a hospital
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is not considered fully efficient unless all of its sub-
units operate efficiently. This enables hospital
managers to identify the specific service areas
responsible for inefficiency and to set more targeted
improvement priorities. Moreover, the model generates
projections for input, link, and intermediate variables,
offering decision support particularly for resource-
constrained hospitals by indicating which parameters
need improvement and to what extent. The DN-DEA
approach accounts not only for current efficiency levels
but also for the resources used, scale structures, and
time-dependent changes among peer hospitals, thus
providing more tailored and actionable planning
insights. In this respect, the model offers healthcare
managers and policymakers the opportunity to go
beyond aggregate performance metrics and to focus on
specific sub-units in developing evidence-based
strategies.

Thanks to the methodological scope and multi-layered
analytical capacity of the DN-DEA model, it becomes
possible to evaluate both overall hospital efficiency and
sub-unit performance simultaneously. However, future
research can expand the scope of the model to generate
additional insights. For instance, in the case of training
and research hospitals — which are the focus of this
study — a network-based model that incorporates the
education and research dimensions could be
constructed, allowing for the separate assessment of
their impact on overall and sub-unit efficiency. In
studies focusing on general public hospitals, sub-unit
analysis can be further detailed by disaggregating
medical services into surgical units (e.g., general
surgery, orthopedics) and clinical departments (e.g.,
cardiology, dermatology), enabling a more granular
measurement of efficiency.

Moreover, rather than focusing solely on internal
hospital operations, future studies could explore
broader system-level efficiency by constructing
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network structures that include interactions between
hospitals, the Social Security Institution, pharmacies,
and other healthcare providers. Additionally, since the
DN-DEA model incorporates both the temporal
dimension and inter-unit linkages within its structure, it
internally accounts for inter-period  changes,
eliminating the need for separate calculation of the
Malmquist index. Nevertheless, comparative studies
between the results of the DN-DEA model and
Malmquist-based efficiency analyses in future research
may offer valuable methodological insights.
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Fiber Halka Dongii Soniimleme Spektroskopisi Tekniginin Egitimsel
Tammi: Calisma Prensibi ve Uygulama Alanlar

Educational Description of the Fiber Loop Ringdown Spectroscopy Technique: Working
Principle and Application Areas
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Oz

Fiber Halka Dongu Sontimleme Spektroskopisi (Fiber Loop Ringdown Spectroscopy (FLRDS)) (FHDSS) teknigi, bir fiber halkayi
optik bosluk olarak kullanarak bir sistem igindeki sogurma ve sagilma kayiplarini dlgen ileri diizeyde hassas bir optik algilama
teknigidir. Bu teknik, fiber tabanli konfiglirasyonlara uyarlanmis Kavite Dongli Sonimleme Spektroskopisi (Cavity Ringdown
Spectroscopy (CRDS)) (KDSS) tekniginden tiretilmistir ve kompakt boyut, mekanik dayaniklilik ve maliyet etkinligi gibi birgok
avantaj sunmaktadir. FHDSS nin temel ¢alisma prensibi, tek bir 1sik sinyalinin fiber halka igerisine hapsedilmesi ve bu sinyalin
fiber optik icerisinde tam i¢ yansima yaparak fiber halka igcinde birden fazla tur yapmasindan dolayi dlgimlenecek numune ile
birden ok kez etkilesimi sayesinde yiiksek hassasiyetli ve hizli 6¢lim timeline dayanir. Isik sinyalinin yogunlugunun Ustel
olarak azalmasi analiz edilerek igsel optik kayiplar yliksek hassasiyetle belirlenebilir. FHDSS, optik ve fotonik alanlarinda 6nemli
bir egitim degeri tagimaktadir. Tam i¢ yansima, optik bosluk rezonansi ve Ustel sonim dinamikleri gibi temel optik
fenomenlerin pratik olarak gosterilmesini saglar. Ayrica, 6grencilere ve arastirmacilara ileri dizeyde optik 6l¢iim teknikleri
konusunda uygulamali deneyim kazandirarak fiber tabanli algilama sistemlerini daha iyi anlamalarina yardimci olur. Egitimsel
oneminin otesinde, FHDSS birgok farkli alanda genis uygulama imkanina sahiptir. Cevresel algilama alaninda, gaz izi takibi ve
kirletici izleme igin yiksek hassasiyeti sayesinde ¢ok disik konsantrasyon degisimlerini bile belirleyebilir. Biyomedikal
arastirmalarda, biyomolekiiler etkilesimleri ve doku sogurma oOzelliklerini tespit ederek invaziv olmayan tani siireglerine katki
saglar. Ayrica, endustriyel kalite kontrol alaninda, optik bilesenlerin butinlGguni izlemek ve sivi ile gazlardaki kirleticil eri
tespit etmek igin de kullanilr.

Anahtar Kelimeler: Fiber Halka Dongii Sonimleme Spektroskopisi, FHDSS, Optik algilama, Fiber optik sensorler

Abstract

Fiber Loop Ringdown Spectroscopy (FLRDS) is a highly sensitive optical sensing technique that measures absorption and
scattering losses within a system by employing an optical fiber loop as the cavity. Derived from Cavity Ringdown Spectroscopy
(CRDS)—a well-established method in optical detection—FLRDS adapts the principles of CRDS into a fiber-based
configuration, offering numerous advantages such as compactness, mechanical robustness, and cost-effectiveness. The core
operating principle of FLRDS is based on trapping a single optical pulse within a fiber loop, allowing the light to undergo
multiple internal reflections due to total internal reflection. As the light pulse circulates within the loop, it interacts repeatedly
with the sample under investigation, thereby enhancing measurement sensitivity and temporal resolution. By analyzing the
exponential decay of the light intensity, intrinsic optical losses can be determined with high precision. FLRDS holds significant
pedagogical value in the fields of optics and photonics. It provides a practical platform for demonstrating fundamental optical
phenomena such as total internal reflection, optical cavity resonance, and exponential decay dynamics. Furthermore, it
equips students and researchers with hands-on experience in advanced optical measurement techniques, thereby fostering
a deeper understanding of fiber-based sensing systems. Beyond its educational significance, FLRDS offers a wide range of
applications across multiple disciplines. In environmental sensing, it enables the detection of trace gases and monitoring of
pollutants with high sensitivity, even at very low concentration levels. In biomedical research, it facilitates non-invasive
diagnostics by detecting biomolecular interactions and tissue absorption characteristics. Additionally, in industrial quality
control, it is employed for monitoring the integrity of optical components and detecting contaminants in liquids and gases.
Keywords: Fiber Loop Ringdown Spectroscopy, FLRDS, Optical sensing , Fiber optic sensors
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I. GIRIS

Optik algilama teknikleri ¢esitli bilimsel ve endiistriyel
uygulamalarda son derece &nemli olup fiziksel,
kimyasal ve biyolojik parametrelerin hassas bir sekilde
tespit edilmesini ve analiz edilmesini saglar. Bu
teknikler arasinda Fiber Halka Dongii Soniimleme
Spektroskopisi  (FHDSS), optik  sistemlerdeki
absorpsiyon ve sagilma kayiplarin1 6lgmek igin son
derece hassas ve verimli bir yontem olarak ortaya
cikmustir. FHDSS teknigi geleneksel olarak serbest
uzay optik bosluklarinda kullanilan Kavite Dongii
Soéniimleme Spektroskopisi (KDSS) tekniginden [1-3]
tiretilmis ve fiber tabanli konfigiirasyonlara
uyarlanmustir. Bu adaptasyon, kompaktlik,
taginabilirlik, mekanik dayaniklilik ve maliyet etkinligi
gibi cesitli avantajlar sunarak FHDSS teknigini
geleneksel optik algilama yontemlerine cazip bir
alternatif haline getirmektedir.

FHDSS tekniginin temel prensibi, bir 151k darbesinin
bir fiber halka igerisine enjekte edilmesi ve tam ic
yansima nedeniyle halka igerisinde bir¢ok tur yaparak
yayilmasi, bu nedenle 6lgiilmesi istenen parametreyi
iceren numune ile birden fazla etkilesimi sonucu
yiksek dogruluk ve hizli olgim ile analizinin
gerceklesmesi temeline dayanir. Isik sinyali fiber
halkada ilerledik¢e, sogurma, sagilma ve birlestirici
(kuplér) kayiplari gibi i¢ optik kayiplar nedeniyle
yogunlugu iistel olarak azalir. Bu azalma orani analiz
edilerek fiber halkadaki ortamun optik ozellikleri
yiiksek hassasiyetle belirlenebilir. FHDSS tekniginin
bu cok gecisli yapisi, Foruer Doniistimlii Kizilotesi
Spektroskopisi (Foruer Transform Infrared
Spectroscopy (FTIR)) veya Ultraviyole ve Goriiniir Isik
Spektroskopisi  (Ultraviolet and  visible light
spectroscopy (UV-VIS) [4-7] gibi tek gecisli analiz
tekniklerine  kiyasla  Ol¢im  dogrulugunu  ve
hassasiyetini artirmaktadir.

Teknik avantajlarinin 6tesinde, FHDSS teknigi optik ve
fotonik alaninda 6nemli bir egitim araci olarak da
goriilmektedir. Bu teknik, optik bosluk rezonansi, tam
i¢ yansima ve istel soniim dinamikleri gibi temel optik
prensipleri pratik olarak gostermek i¢in kullanilir. fleri
dizeyde optik 6l¢iim deneyimi saglayarak fiber tabanl
algilama sistemlerine dair anlayig1 gelistirir [8-12].

Ayrica, FHDSS teknigi genis bir bilimsel ve
endiistriyel uygulama yelpazesinde ¢ok yonliliigiinii
kanitlamustir. Cevresel izleme alaninda, yapisal saglik
izleme i¢in gatlak, basing ve sicaklik algilama [13-16],
gaz izi tespiti ve kirletici analizinde [17-21] FHDSS
tekniginin yiiksek hassasiyetinden faydalanilarak
kiigiik konsantrasyon degisikliklerini tespit etmek icin
kullanilmaktadir. Biyomedikal arastirmalar alaninda,
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FHDSS biyomolekiiler etkilesimleri, tiirleri, miktarlart
ve doku sogurma ozelliklerini 6lgerek invaziv olmayan
tanilara olanak saglar [22-25]. Ornegin, FHDSS
tekniginin kullanildig: bir fiber optik sensdor, beton kiip
icerisine  gomdilerek beton blok igerisindeki su
sizintisinin takibi i¢in kullanilmig ve 0.12 ml system
algilama hassasiyeti elde edilmistir [26]. Baska bir
FHDSS sensori, laboratuvar ortaminda iiretilen beton
cubuklar icerisine gomiilmiis ve bu ¢ubuklar tizerinde
kontrollii gatlaklar olusturularak, teorik yiizey c¢atlak
genisligi 0.5 mm olan beton ¢ubuklarda catlak sensorii
olarak kullanilmustir [27]. Baska bir galismada, azot
gazi referans olarak kullanilmus ve 0.1% tespit limiti ile
asetilen 6lgimd icin hassas bir FHDSS sensorii dizayn
edilmistir [28]. Biyosensér uygulamalari olarak
yukarida verilen referanlar analiz edildiginde;
calismalardan birinde [22] ti¢ farkli DNA tiirii ve bir
bakteri icin kiitle kirllma indisi bazli ve DNA igin
yiizey kirilma indisi bazli tespit yapan bir FHDSS
biyosensorii kullanilmustir. Diger bir ¢aligmada [23],
glikoz  oksidazin  asindirilmug  fiber  {izerine
immobilizasyonu ile evanescent alan-FHDSS sensori
kullanarak 10 mg/dl olarak tahmin edilen teorik tespit
limitiyle glikoz tespitine odaklannmustir. Baska bir
FHDSS sensorii ¢alismasinda [25], Alzheimer tespiti
icin beta-amiloid izlenmesine yonelik bir uygulama
olmustur. Farkli bir c¢alismada ise, tiiberkiiloz
biyobelirteci olan lipoarabinomannanin tespiti igin bir
fiber rezonans halkasi biyosensorii kullanilmis ve 10
pg/mL tespit limiti elde edilmistir [29]. Ayrica, bu
teknik optik bilesenlerin biitiinliiglinii izleme ve sivilar
ile gazlardaki kirleticileri tespit etme amaciyla
endustriyel kalite kontrol sureclerinde de énemli bir rol
oynamaktadir. FHDSS tekniginin uyarlanabilirligi,
optik fiberlerin ve konnektorlerin mutlak kayiplarim
O0lgme ile makrobiikilme ve fiber yanlis
hizalamalarindan kaynaklanan kayiplar tespit etme
uygulamalariyla daha da pekistirilmektedir. FHDSS
teknigi ve uygulamalart hakkinda daha detayli bilgi
edinmek isteyenler yukarida verilen referanslardan
yararlanabilirler [2,8,20].

FHDSS teknigi gelismeye devam ettikge, optik
algilama teknolojilerini ilerletme potansiyeli giderek
daha 6nemli hale gelmektedir. Teknoloji olgunlastikea,

sensOr tasarimi, sistem entegrasyonu ve veri
analizindeki  ilerlemeler, uygulama  alanlarim
genisleterek  optik algilama  cihazlarinin  hem

hassasiyetini hem de ¢ok yonliiliigiinii artiracaktir. Bu
makale, FHDSS'nin ¢alisma prensibini, optik egitim
izerindeki etkisini ve c¢esitli uygulama alanlarini
inceleyerek, bu teknigin modern bilimsel arastirmalar
ve endustriyel uygulamalardaki artan  Gnemini
vurgulamaktadir.
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II. CALISMA PRENSIBI

FHDSS teknigi, KDSS tekniginden tiiretilmis, 6zellikle
fiber tabanli konfigiirasyonlara uyarlannus, gelismis bir
optik algilama teknigidir. Bu yontem, optik sogurma ve
sacilma kayiplarin1 yiiksek hassasiyetle dlgmek igin
rezonans boslugu olarak bir optik fiber halkas1 kullanir
[30[. Teknik, 151k zayiflamasi ve iistel bozunum
ilkelerinden yararlanarak incelenen numune hakkinda
kritik bilgileri ¢ikarir.

FHDSS teknigi, bir optik fiber halkas1 igindeki 15181n
bozunum siiresini 6lgerek bir ortamin absorpsiyon ve
sagilma Ozelliklerini nicellestiren bir optik algilama
teknigidir. FHDSS’nin temel prensibi, fiber optik
halkaya enjekte edilen 15181n, fiber boyunca yayilirken
zamanla nasil bozuldugunu 6lc¢en "ringdown" siiresine
dayanir. Isik fiber halkasina girdiginde, fiber iginde
dolasir ve fiberin igindeki ya da gevresindeki ortamla
etkilesime girerek bircok tur atar. Ortam iginde
meydana gelen herhangi bir absorpsiyon veya sagilma
olayi, 1s1k siddetinin zamanla azalmasina neden olur.
Bu bozunum orani (ringdown siiresi) hassas bir sekilde
Olgllerek, FHDSS c¢ok kuiglk konsantrasyonlardaki
absorplayict veya sacgici tiirleri yiiksek hassasiyetle
tespit edebilir. Bu teknik, 1sik siddetindeki kiigiik
degisimlere karsi olaganiistii hassasiyeti nedeniyle iz
miktardaki gazlari, sivilart veya biyomolekiilleri tespit
etmek icin son derece etkilidir. FHDSS teknigi,
cevresel izleme, kimyasal analiz ve biyomedikal
uygulamalar gibi hassas ve non-invaziv 6l¢limlerin
kritik oldugu alanlarda yaygin olarak kullanilmaktadir.

FHDSS tekniginde, bir lazer kaynagindan gelen 151k
sinyali bir fiber halkasina baglanir. Isik kaynagi hizlica
kapatildiginda, halka igerisine hapsedilen 151k sinyali
halkada birgok tur yaparak ilerler (Sekil 1.a). Her bir
turda, fotodetektor fiber kupldr (coupler) araciligiyla
151810 kiiciik bir kismuini alir ve zayiflayan 151k sinyali
fibered i¢ iletim kayiplarina ugrayarak halkada
ilerlemeye devam eder. Dedektdrde gdzlemlenen
sinyal, zamanla ustel olarak azalan bir dizi darbe
seklindedir. Azalma sabiti, ringdown siiresi olarak
adlandirilir ve bu siire FHDSS tekniginin algilama
parametresidir. Bir zaman-dongi algilama teknigi
olarak FHDSS, herhangi bir parametreyi veya miktar1
algilamak i¢in ringdown siirelerini 6lger. Sekil 1.b ise
bu doéniiden elde edilmis bir soniimlenme grafigidir.
Her bir darbe aras1 ringdown siiresine (t) esittir.

Lightin Pulse to detector

CD

Fiber loop J Coupler

a)

Sekil 1. a) Fiber halkasinin sematik gosterimi ve b) bir
fiber halkasindan elde edilen ringdown verisi

2.1. Temel Mekanizma

Bir FHDSS sistemi, bir 151k kaynagi, bir fonksiyon
jeneratorii, ayni1 kuplorlere sahip bir fiber halkasi, bir
fotodetektor, bir osiloskop ve FHDSS yazilimina sahip
bir bilgisayardan olusur. Bir FHDSS sisteminin
sematik gosterimi Sekil 2.’de verilmistir. Fiber tipi, 151k
kaynagina gore uygun sekilde segilmelidir. Kuplorler,
caligma alanina gore 50:50, 90:10 veya 99.9:0.1 gibi
farkli oranlarda segilebilir. Fiber halkast uzunlugunu
secerken onemli nokta, minimum halkasi uzunlugunun
bagli 151k darbesinin halkada bir tur atma siiresinden
uzun olmasi gerektigidir.

FHDSS tekniginde, kisa bir lazer 151k sinyali kapal1 bir
fiber halkasina (yiiksek hassasiyet ve duyarlilik i¢in
genellikle tek modlu optik fiberden yapilmis ve kuplor
oran1 disiik olan fiber halkalar tercih edilir) igine
verilir. Isik, toplam i¢ yansima nedeniyle halkada
ilerler ve birden fazla tur yapar. Her bir turda, 15181 bir
kismu disartya kuplor araciligiyla cikarilir ve bir
fotodetektor tarafindan tespit edilir. Halkadaki dolagan
darbenin siddeti, optik kayiplar nedeniyle {istel olarak
azalir; bu kayiplar arasinda i¢ fiber zayiflamasi, sagilma
ve sisteme tanitilan O6rnek nedeniyle meydana gelen
absorpsiyon yer alir.

—| Function
ﬁ Generator

Coupler Fiber Loop Coupler
Sensor Region

Sekil 2. Bir FHDSS sisteminin sematik gdsterimi.

Photodetector

Sekil 2’deki gorselde, fiber halkasina hapsedilen 11k
darbesi (lp) halka igerisinde bir¢ok tur attigi igin,
fotodetektor tarafindan toplanan ¢ikis sinyali (I) bir
azalma gosterir. Bu davranis su sekilde yazilabilir:

ar _ _ IAc
at nL (1)
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Is181n yogunlugunun I, zaman t'ye bagl olarak azalmasi
iistel bir iligkiyi takip eder. Denklem 1’in ¢6ziimii, 151k
yogunlugunun davranigini $oyle verir:

I =1, e(-az4t) 2)

Burada lo baslangic 1sik siddetini, ¢ m/s cinsinden
vakum altindaki 1s1k hizini, n fiberin kirilma indisini, L
fiber halkasinin metre cinsinden uzunlugunu ve A her
bir turda 1s181n fiberdeki toplam iletim kaybini temsil
eder. Bu denklemdeki 151k siddeti genellikle dedetdrde
Olglilen optik guc olup birimi watt (W) veya miliwatt
(mW) olarak verilir. Denklem (2), FHDSS teknigindeki
151k yogunlugunun azalma hizin1 Sl¢tiigiinii, mutlak
yogunluk degisikligi Al'yi 6lgmedigini gosterir. Bu
nedenle, A'min Ol¢iimii, yani gelen 151k (Io)
yogunlugundaki dalgalanmalara duyarsiz oldugunu
soyler. Toplam iletim kaybi, fiberin sogurma kaybi,
fiber birlestiricilerinin yerlestirme kayiplar1 ve fiber
sacilma kaybindan olusur ve su sekilde verilir:

A= alL+E+y (3)

Burada o fiber ¢ekirdek malzemesinin cm™ biriminden
dalgaboyuna bagli sogurma katsayisi, E fiber
birlestiricilerin toplam iletim kaybi ve y toplam fiber
sacilma kaybidir. Bu parametrelerin tiimii optik kayip
ile iliskili oldugu i¢in decibel (dB) cinsinden alinir ve
toplam iletim kaybi A dB birimi olarak disiiniiliir.
Esitliklerin birbirleri ile nasil iliskilendirildigi ve
FHDSS sistemi icin nasil kullanilabilecegi iizerine
detaylar Ref. (20)’de sunulmustur. Isik siddetinin (I)
baslanging 151k siddeti (Ip) degerinin 1/e’sine diigmesi
icin  fotodedektorde gozlenen gerekli  zaman
soniimlenme zamani (to) olarak isimlendirilir. Birimi
sistem hassasiyetin bagli olarak ms, us veya ns olarak
almir ve su sekilde verilir:

nlL
W= ()

Fotodedektor
Fiber Halka
S
Fonksiyon Uretici

s 4
Sensér Basligi

=
=

—_—
L:

Sekil 3. Laboratuvar ortaminda dizayn edilmis bir
FHDSS sistemi gorseli. (ESOGU Saglik Hizmetleri
MYO, Optik & Fotonik Laboratuvart)

Sekil 3’te Eskisehir Osmangazi Universitesi, Saglik
Hizmetleri Meslek Yiiksekokulu Optik ve Fotonik
Laboratuvarinda dizayn edilmis bir FHDSS sistemi
gosterilmektedir. Bu sistem gerilme dl¢limlerini dizayn
etmek icin 6zellikle tasarlanmustir. 120 m uzunlugunda
bir fiber halka, 1.5 m uzunlukta fiber halkaya giren ve
fiber halkadan ¢ikan iki adet fiber kol, bu kollarin fiber
halkaya baglanmasini saglayan 99.9:0.1 birlestirici
oranlarina sahip, 6zdes iki kuplor, 1550 nm siirekli
dalga lazer 151k kaynagr ve 151k kaynagini stabilize eden
ve calismasini saglayan siirliciisli, fiber baglantili 5
GHz InGaAs fotodedektor, fonksiyon dretici ve
verilerin daha hizli toplanip islenebilmesi igin 6zel
dizayn edilmis FHDSS yazilimini igeren bilgisayardan
olusmustur. Bu galismada uzunlugu yaklasik 15 cm
sensor bolgesi gerdirilerek sistemdeki sénimlenme
stireleri Olgiilerek optik kayiplar hesaplandi. Boylece
koprii, baraj, bina gibi gergek yasam alanlarinda
kullanilacak fiber optik sensorlerin erken teshis ile
Onlem alinabilmesi amaglandi. Bu ¢aligsma Ref. (16)’da
verilmistir.

2.2. Matematiksel Gosterim

Belirli bir FHDSS sensorii (basing, sicaklik veya
gerinim vb.) igin toplam iletim kaybi, A, sensOrin
fiziksel parametreleriyle belirlenen sabit bir degerdir.
Bu parametreler arasinda fiber sogurma kaybi,
kuplorlerin yerlestirme kayiplari, kirtlma indisi ve fiber
uzunlugu bulunur. Agikca goriilmektedir ki, fiberdeki
151k kayiplar ne kadar diisiik olursa, sdniimleme zaman
sabitleri (to) o kadar uzun olur. Fiber halkasinin bir
boliimiinde (sensor basligl) absorpsiyon gibi harici bir
etki ya da basing, sicaklik veya gerilme gibi herhangi
bir ol¢im biyiikliginde bir degisim meydana
geldiginde, bu durum fiber halkasinda 151k darbesine ek
bir optik kayip, B, olarak yansir ve bu da ringdown
(sdnumleme) suresinde, T, bir degisime yol agar. Bu
degisim Denklem (5) ile verilmektedir.

_ nL
T+ (5)

Burada n fiberin kirilma indisi, L fiber halkanin
uzunlugu, ¢ vakum ortaminda 1s1k hizi, A 15181n fiber
halka igerisindeki toplam iletim kaybi1 ve B sensor
bolgesinde olusturulan ekstra kayip olarak verilir. Bu
ek kayiptan dolayi, sistemin referans ringdown siresi
(o) olarak alinan stire (Denklem 4) degisir ve Denklem
5’teki yeni ringdown siiresi ortaya ¢ikar. Bu ringdown
sureleri opsiloskopta okunabilir. Denklem 4 ve 5
kullanilarak sensor bolgesine uygulanan dis etkenden
dolay1 fiber halkada olusturularan ek optik kayip B, su
sekilde elde edilir.

B= nc—L(%—%) (6)
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Burada B FHDSS sisteminde, 6l¢iimlemeden dolay:
olusan ek optik kayb1 verir. n, L ve ¢ daha Once
tanimlanan niceliklerdir. to Sensor bdlgesinde hic bir
dis etken (basing, gerilme, sicaklik degisimi, vs)
yokken sistemin sdnimlenme suresini verirken, t
sensOr bolgesinde ekstra bir degisim oldugu zamanki
sonimlenme siresini verir. Denklem (6), yani FHDSS
ilkesine gore, belirli bir fiber ringdown sensoru icin bir
algilama aktivitesindeki degisim (6rnegin gaz emilimi,
fiberin mekanik deformasyonu, termal genlesme vb.),
T algilama aktivitesi olmadan dlgiilen ringdown siiresi
ve Tt aktivite sirasinda Olgllen ringdown siresi
Olgiilerek belirlenir. Ayrica, (1/t — 1/10) terimi ile
aktivite kaynakli optik kayip B arasinda dogrusal bir
iligki vardir.

Algilama hassasiyeti genellikle minimum algilanabilir

optik kayip ile tamimlanir. Denklem (6), su sekilde

degistirilerek ifade edilebilir:
5= trAt 1At

B Ty T “m1 (7)
Burada At = 19 - 1, t; 151k sinyalinin fiber halkadaki bir
tur dénmesi i¢in gegen silire ve m donme sayisidir. Bu
yizden, 1-c 6lglim limiti olarak tanimlanan minimum

Olgiilebilir optic kayip (Bmin) su sekilde verilir:
_ 1Ag;,
TmoT

(8)

Burada Ao, soniimlenme zamaninin 1-c standart
sapmasidir. Ac/t deneysel olarak ~10~° mertebesinde
elde edilebilir.

Bmin

2.3. FHDSS Tekniginin Avantajlari, Dezavantajlar
ve Uygulamalan

FHDSS, ¢evresel izleme, kimyasal algilama ve temel
fizik gibi gesitli alanlarda yiiksek hassasiyetli l¢limler
icin gicli bir ara¢ haline getiren bircok avantaja
sahiptir. Bu teknik, fiber halkasi icindeki uzun
etkilegim yolu sayesinde son derece yiiksek hassasiyet
sunabilir. Bu da diisiik konsantrasyondaki iz
miktarlardaki analizleri tespit etmeyi miimkiin kilar.
Ayrica sistem kompakt yapida olup uzaktan ya da
taginabilir kurulumlara kolayca entegre edilebilir, bu da
gercek zamanli saha dlglimleri i¢in uygunluk saglar.
Optik fiberlerin kullanilmasi, teknigin yiiksek esneklik
ve uyarlanabilirlik gdstermesini saglar; farkli dalga
boylart ve ortamlar {izerinde 6l¢lim yapmaya olanak
tanir. FHDSS aym1 zamanda yiiksek spektral
¢oziinlirlik ve hizli yanit siiresi sunar; bu o6zellikler,
hassas zamansal ve mekénsal analiz gerektiren
uygulamalarda kritiktir. Ayrica, diisiik enerji tiiketimi
ile caligmast, 6zellikle batarya ile ¢alisan sistemlerde ya
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da kesintisiz galismasi gereken sistemlerde biiyiik

avantaj saglar.

FHDSS ve KDSS tekniklerinin hassasiyet, sinyal-
giiriiltii orani, algilama limiti gibi dnemli parametreleri
kullanilarak karigaltirilmasi Tablo 1°de sunulmustur.

Tablo 1. FHDSS ve KDSS sistemlerinin

kargilastirilmasi.
Parametre | KRDS TEKNIGi | FHDSS TEKNIiGi
Yiksek yansiticili _— L
k
optikyol | (R > %99.99) ayna El)c?ct: ): Iberdonguzz
puky iceren bosluk ereﬁ]«;]ez Y
(cavity) g
Sinyal .
séniimleme | ~1-10 ps (tipik) 10-100 1S (Fiber
L boyuna bagli olarak)
siiresi (1)
nW/mV/mm
Algilama . . . .
limiti ~ppb seviyelerinde | seviyelerinde (kayip
(LoD) (gaz tespiti) tespiti, cevresel
degiskenler igin)
Yiksek; ancak | Yiuksek; sistem
Hassasiyet | aynalarn kalite ve | kararlih@i ve fiber
hizalanmasma baglh | kalitesine bagl
Sinyal- Yiksek;  spektral Orta-Yiksek; optik
Guralta saflis: iksek fiber kaynakli
Orani Iazer?ierle dahyai : sacilmalar SNR’yi
(SNR) YU 1 etkileyebilir
. Daha kompakt ve
. Hassas  hizalama N .
Mekanik - saglam; tagmabilir
L gerektirir, cevresel | .
stabilite . sistemlerde
titresimlere duyarl .
avantajli
Genis dalga boyu
Spektral \I;;izer dalga bozuzz araliklarinda
esneklik Kaplamal by‘l uygulanabilir (farkli
aplamalarina baghh | giner tirleriyle)
Yiksek; 6zel ayna | Disiik; ticari fiber
Kurulum :
maliveti ve hizalama | ve komponentlerle
y diizenegi gerektirir | kurulabilir
Gergek Karmagik; hizli veri Gorece _basn; hizh
. . . | elektronik
zamanh isleme  sistemleri
Sleim crekebilir devrelerle entegre
¢ g edilebilir
Yiiksek yansiticili I L
opiyn | (2 58959 sy | OO o i
puky iceren bosluk p); y
; gerekmez
(cavity)

Avantajlarina ragmen, FHDSS performansini ve
uygulanabilirligini etkileyebilecek bazi sinirlamalara
da sahiptir. En buylk dezavantajlardan biri, fiber
halkas1 ve dedektor sistemi icin gereken nispeten
karmasik kurulum ve hizalamadir. Bu yapi, sicaklik
dalgalanmalart ve mekanik titresimler gibi cevresel
faktorlere karsi hassas olabilir. Bu hassasiyet, bazi
uygulamalarda Ol¢lim hatalarina veya kararlilikta
azalmaya yol agabilir. Ayrica, FHDSS'nin hassasiyeti,
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fiber kalitesi ve kayiplar gibi faktorlerden etkilenebilir;
bu durum 6zellikle uzun fiber halkalarinda sinyal-
giriiltli oranin1 ve dogrulugu olumsuz etkileyebilir.
Teknik, arka plan giriltisi ve diger 151k
kaynaklarindan gelebilecek girisimlere karst dikkatli
kalibrasyon gerektirir; bu da bazi kurulumlar igin
zaman alict ve kaynak agisindan yogun olabilir. Optik
fiber kullanimi, simnirli dalga boyu araligi ve fiberde
olugabilecek dogrusal olmayan etkiler gibi zorluklar: da
beraberinde getirebilir; bu durum, genis bir madde
yelpazesi veya Ol¢iim kosullarinin  incelenmesini
sinirlayabilir. Son olarak, FHDSS genellikle yiksek
hassasiyetli dedektdr ekipmanlari gerektirir; bu da
sistemin maliyetini ve karmasikligini artirabilir.

Yiksek  hassasiyet  gerektiren  uygulamalarda
karsilasilan sistematik hata kaynaklarina, cevresel
etmenlere bagli sapmalara ve sistem kararliligina
iligkin birka¢ dezavantaji géz Oniinde bulundurmak
gerekir. Oncelikle, FHDSS sistemlerinde kullanilan
optik fiberlerin zamanla yaslanmasi (fiber aging)
sonucu ortaya ¢ikan sinyal zayiflamasi, sagilma
katsayisinda degisim ve termomekanik 6zelliklerdeki
bozulmalar, uzun vadeli élgiimlerde énemli sapmalara
yol acabilmektedir. Bu durum &zellikle kalibrasyon
dogrulugunu ve sistemin uzun dénemli giivenilirligini
olumsuz etkiler. Ikinci olarak, sistemde kullanilan lazer
kaynaklarinin dalga boyu ve gii¢ kararliligl, 6l¢lim
hassasiyetini dogrudan etkileyen unsurlar arasindadir.
Lazerin kisa siireli kararsizliklari (intensity noise,
frequency jitter) veya uzun vadede yasanan spektral
kaymalar, yanki  sinyalinin = genliginde ve
zamanlamasinda degisikliklere neden olabilir. Bu da
Ozellikle zaman tabanli 6lglim tekniklerinde sistematik
hata kaynaklarindan biridir. Ayrica, sistem mimarisine
bagl olarak parazitik yansimalar, konektor ve splice
noktalarindaki mikroskobik kusurlar, girisim sinyalleri
ve polarizasyonla ilgili  kararsizliklar, 6lg¢iim
dogrulugunu  disiirebilir. Bu tip optik pasif
bilesenlerden kaynaklanan hatalarin modellenmesi ve
giderilmesi kritik Oneme sahiptir. Ger¢ek zamanli
uygulamalarda ise, veri isleme hizinin siirli olmast,
dijital sinyal isleyicilerinin (DSP) tepki sireleri,
algoritma optimizasyon gereklilikleri gibi faktorler
sistemin pratik uygulanabilirligini simrlandirmaktadir.
Ayrica, sahada degisken cevresel kosullar altinda
(sicaklik, nem, titresim) sistemin tepkisel performansi
genellikle ideal laboratuvar kosullarindaki
performansla  Ortiismemektedir.  Sonu¢  olarak,
FHDSS’nin  potansiyelinin ger¢ek¢i bir sekilde
degerlendirilebilmesi i¢in yukarida belirtilen teknik
zorluklarin detayli sekilde ele alinmasi gereklidir. Bu
durum, sistemin giivenilirligi, siirdiirilebilirligi ve
endiistriyel uygulanabilirligi agisindan kritik  bir
degerlendirme eksenidir.
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FHDSS tekniginin performansint  ve etkinligini
etkileyen birkag temel faktor asagida belirtilmistir.

« Fiber Kalitesi ve Uzunlugu: FHDSS’de
kullanilan optik fiberin kalitesi, sinyal glici ve
sonimleme  (ringdown) siresini  belirlemede
kritik rol oynar. Diisiik kayipli ve kusursuz yiiksek
kaliteli fiberler, daha iyi hassasiyet ve daha uzun
bozulma siireleri saglar, bu da daha dogru
Olctimlere yol acar. Fiber uzunlugu da etkilesim
yolunu etkiler; genellikle daha uzun fiberler daha
yuksek hassasiyet sunar.

s Lazer Kaynagi: Isik kaynaginin dalga boyu, giicii
ve kararlilig1 6nemli faktorlerdir. Diisiik koherens
uzunluguna sahip, kararli ve ayarlanabilir bir lazer
tercih edilir, cunkid bu, sondiirme olaylart
sirasinda hassas ve tutarli 6l¢iimler saglar.

s Dedektdr Hassasiyeti: Dedektdriin hassasiyeti ve
glriiltii 6zellikleri, 1518 soniimiinii dogru bir
sekilde 6lgmede Onemlidir. Yiiksek hassasiyetli
bir dedektor, 151k yogunlugundaki kiigiik
degisimleri algilamayr miimkiin kilar; bu, iz
miktardaki maddelerin analizinde kritik éneme
sahiptir.

% Fiber Dongii (Loop) Yapilandirmasi: Fiber
déngusiinin kurulumu — geometri, hizalama ve
kuplor veya ayna gibi optik bilesenler — ringdown
sinyalinin kalitesini etkiler. Dogru hizalama,
kayiplart minimize eder ve fiber etkilesim yolunu
maksimize eder.

% Cevresel Stabilite: Sicaklik, nem ve mekanik
titresim gibi dis etkenler FHDSS sisteminin
performansini etkileyebilir. Bu faktorler fiber
Ozelliklerinde dalgalanmalara ya da hizalama
bozulmalarina yol agarak 6l¢iim hatalarina neden
olabilir.

% Ringdown Sdresi: Isik yogunlugunun sénmesi
icin gecen sure olan ringdown siresi, fiberin
uzunlugu, malzemesi ve Olglilen maddeye
baglidir. Daha uzun ringdown siireleri genellikle
daha yuksek hassasiyetle iliskilidir; ancak bu
durum giiriiltii ve 6l¢lim hiz1 agisindan zorluklar
yaratabilir.

< Ornek Ogzellikleri: Analiz edilen 6rnegin
absorpsiyon ve sagilma ozellikleri, 15181in sénme
oranini etkiler. Analit konsantrasyonu ve tiiri,
ringdown  siresini  etkileyerek  maddenin
yogunlugu veya diger ozelliklerinin
belirlenmesinde kullanilir.
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Sinyal Isleme ve Kalibrasyon: Dogru veri
analizi, sistemin kalibrasyonu ve arka plan
gurdltistnun dazeltilmesi givenilir sonuclar elde
etmek igin gereklidir. Sinyal isleme teknikleri,
ringdown siiresinin  ¢ikarilmasi ve analit
konsantrasyonunun dogru sekilde
nicelendirilmesinde kullanilir.

Bu faktorler, fiber loop ringdown spektroskopisinin
cesitli uygulamalarda hassasiyet, dogruluk
glivenilirligini belirlemede birlikte rol oynar.

Ve

FHDSS vyiiksek hassasiyet ve dogrulugu sayesinde
birgok bilimsel ve endiistriyel alanda genis uygulama
alan1 bulmustur. Cevresel izleme alaninda, karbon
dioksit, metan ve kirleticiler gibi iz gazlarin tespiti i¢in
kullanilir ve numune hazirhigr gerektirmeden, gergek
zamanli ve yerinde Olgiimler saglar. Kimyasal
algilamada, belirli molekiillerin ya da kimyasal
reaksiyonlarin tespiti miimkiin oldugundan, endiistriyel
sireglerde, kalite kontroliinde ve givenlik izleme
alanlarinda  degerlidir. FHDSS ayni zamanda
biyomedikal arastirmalarda, 6zellikle viicut sivilarinda
biyobelirteglerin tespiti i¢in yaygin olarak kullanilir; bu
teknik, non-invaziv (girisimsel olmayan) ve yiiksek
hassasiyetli ol¢limler yapmayr miimkiin kilar. Temel
fizikte ise, molekiler ve atomik @&zelliklerin
kesfedilmesine yardimet olarak ayrintili spektroskopik
veriler saglar. Ayrica, atmosfer biliminde aerosol ve
diger partikiillerin incelenmesinde, yiiksek zamansal ve
mekansal ¢ozlinlirliigii sayesinde aerosol yogunluklari
ve boyutlarinin hassas Olgiimiinii miimkiin kilar.
FHDSS’nin taginabilir ve fiber tabanli kurulumlarla
kullanilabilmesi, uzaktan algilama uygulamalari i¢in de
uygun olmasini saglar; bu, uzay kesfi ya da erisimi zor
kara bolgelerinde geleneksel 6lgiim yontemlerinin zor
oldugu durumlar i¢in idealdir.

2.4. FHDSS Tekniginin Egitimsel Onemi

FHDSS ¢esitli bilimsel disiplinlerde 6nemli bir egitsel
degere sahiptir ve hem 6grenciler hem de arastirmacilar
icin uygulamali bir 6grenme deneyimi sunar. Bu
yontem, dzellikle yliksek hassasiyetli 6lciim teknikleri
baglaninda, optik, spektroskopi ve fotonigin temel
ilkelerini 6gretmek i¢in milkemmel bir platform saglar.

FHDSS aracihigilyla  Ogrenciler, 1s1k-madde
etkilesimleri, optik bosluk kavrami ve fiber halkada 1s1k
yogunlugunun soniimlenmesinin malzeme

Ozellikleriyle nasil iligkili oldugu konusunda pratik
bilgiler edinebilirler. Bu teknik ayni1 zamanda sinyal
isleme ve bilimsel olglimlerde giiriiltli azalttminin
onemi konusunda daha derin bir anlayis gelistirir.
Ayrica, FHDSS 06grencileri ¢evre bilimi, kimya ve
biyoloji gibi ileri diizey uygulamalarla tanigtirmak i¢in
kullanilabilir ve sofistike cihazlarin Kkirletici tespiti
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veya kimyasal algilama gibi ger¢ek diinya
problemlerinde nasil uygulandigini gosterir. Bunun
yani sira, FHDSS’nin kompakt ve ¢ok yonlii dogasi,
onu egitim ortamlarinda deneysel gosterimler ve
projeler icin ideal bir ara¢ haline getirir; bu sayede
ogrenciler kendi deneylerini tasarlayabilir ve ¢esitli
faktorlerin 6l¢iim dogrulugu ve hassasiyeti iizerindeki
etkilerini kesfedebilirler. Sonug¢ olarak, FHDSS
Ogrencilerin  modern arastirma metodolojileriyle
etkilesim kurma yeteneklerini artirir ve onlart ileri
bilimsel alanlardaki kariyerlere hazirlar.

FHDSS ogrencilere ve aragtirmacilara  yiiksek
hassasiyetli  optik  dlglim  tekniklerine  yonelik
uygulamali bir yaklasim sunarak ¢esitli bilimsel
disiplinlerde 6nemli bir egitsel deger saglar. Bu
yontem, optik, spektroskopi ve fotonigin temel
ilkelerini, 6zellikle optik bogluklar i¢inde 151k ve madde
arasindaki etkilesimlere odaklanarak ogretmek igin
milkemmel bir platformdur. Ornegin, FHDSS bir fiber
halkadaki 151k yogunlugunun istel soniimlemesini

incelemek i¢in kullanilabilir; bu da Ogrencilere
absorpsiyon ve sacilma gibi farkli malzeme
Ozelliklerinin  1sik-madde  etkilesimlerini  nasil

etkiledigini anlamada yardimci olur. Buna bir 6rnek
olarak, cevresel izleme kapsaminda metan veya
karbondioksit gibi iz gazlarin tespiti verilebilir. Bu
gazlara kars1 ringdown siiresini gozlemleyerek,
ogrenciler bu teknigin iz konsantrasyonlar1 gergek
zamanlt olarak nasil 6lgtiigiine dair pratik bilgiler
edinebilirler.

FHDSS ayrica, 6zellikle zaman alanindaki 6l¢iimler ve
giriiltii azaltimi baglaminda, Ogrencilerin  sinyal
islemesini derinlemesine anlamalar1 i¢in degerli bir
aragtir. Ornegin, biyomedikal aragtirmalarda FHDSS,
molekiiler etkilesimleri incelemek veya biyolojik
orneklerde belirli biyobelirtecleri tespit etmek igin
kullanilabilir. Bu teknigin 151k yogunlugundaki kiigiik
degisimlere olan hassasiyeti, kan veya idrar gibi
karmasik biyolojik sivilarda diistik
konsantrasyonlardaki biyobelirteclerin tespit
edilmesini mimkiin kilar; bu durum erken hastalik
teshisi i¢in kritik olabilir. Bu, sofistike cihazlarin
kirletici tespiti veya kimyasal algilama gibi gercek
diinya zorluklarinda nasil uygulandigini
gostermektedir.

Ayrica FHDSS, yiiksek mekéansal ve zamansal
cozinurlik  gerektiren uygulamalarda  &zellikle
faydalidir. Ornegin, malzeme biliminde FHDSS, bu
malzemelerin absorbsiyon spektrumlarini analiz ederek

ince filmlerin veya nanomalzemelerin
karakterizasyonunda kullanilabilir. Optik
ozelliklerdeki c¢ok kiiciik degisimleri ¢oziimleme
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yetenegi, FHDSSyi yart iletken iiretimi ve fotonik gibi
alanlarda kritik olan nanoyapilarin incelenmesi igin
ideal bir arac haline getirir.

FHDSS’nin kompakt ve uyarlanabilir yapisi, onu
laboratuvar ¢aligsmalar1 ve deneysel gosterimlere
entegre edilebilir kilar; burada Ogrenciler kendi
deneylerini tasarlaylp uygulayabilirler. Ornegin,
ogrenciler fiber kalitesi, 151k kaynaginin kararlilig1 veya
dedektdr duyarlilign gibi faktorlerin  ringdown
stirelerini nasil etkiledigini arastirarak deney tasarinm
ve sorun giderme konularinda deneyim kazanabilirler.
Bu uygulamali ¢aligmalar, ayrica, sicaklik ve titresim
gibi cevresel faktorlerin dlgiim dogrulugu iizerindeki
etkilerini kesfetmelerini saglar; bu durum, gergek
diinya uygulamalarindaki zorluklarin anlasilmasi
acisindan énemlidir.

FHDSS ile ¢alisarak Ogrenciler, giincel arastirma
metodolojileriyle tanigir ve ileri diizey bilimsel
alanlarda kariyer yapmaya hazirlanirlar. Ornegin,
nanoteknoloji  veya g¢evre Dbilimi  alanindaki
arastirmacilar, FHDSS’yi kentsel ortamlarda hava
kalitesini izleyen sensorlerin gelistirilmesi ya da uzay
arastirmalarinda kimyasal reaksiyonlarin incelenmesi
icin kullanabilirler. Ayrica, FHDSS, astrofizik,
cevresel izleme ve kimya gibi alanlarda yaygin olarak
uygulanan  lazer  spektroskopisi  tekniklerinin
anlasilmasi ve gelistirilmesinde degerli bir aragtir.
Sonu¢ olarak FHDSS, oOgrencilerin optik fizigi
anlayiglarin1 derinlestirmekle kalmaz; ayni zamanda
onlar bilimsel kesifler ve teknolojik yeniliklerde katk1
saglayabilecek becerilerle donatir.

FHDSS, optik mithendisligi
laboratuvarlarinda  6nemli  bir
Ogrencilere sunlar saglar:

fotonik
aractir.

ve
egitsel

Fiberlerdeki optik kayip mekanizmalari
anlama.

Ustel soniimlemeyi ve bunun spektroskopi ile
iligkisini 6grenme.

Optik bilesenler ve sinyal isleme konularinda
uygulamali deneyim kazanma.

Spektroskopinin ¢evresel ve biyomedikal
algilama gibi ger¢ek diinya uygulamalarim
kesfetme.

I11. SONUC

Fiber Loop Ringdown Spektroskopisi (FHDSS), birgok
bilimsel ve endistriyel alanda &nemli potansiyele
sahip, son derece ¢ok yonlil ve hassas bir optik algilama
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teknigini temsil etmektedir. Optik fiber halkalar iginde
Ustel sdnumleme ilkelerinden yararlanan FHDSS,
absorpsiyon ve sacilma kayiplarinin hassas sekilde
Ol¢iilmesine olanak tanir; bu da onu g¢evresel izleme,
kimyasal algilama ve biyomedikal tani gibi alanlarda
vazgecilmez bir ara¢ haline getirir. iz miktarlardaki
maddeleri yiiksek hassasiyetle tespit etme yetenegi,
kompakt, tasmnabilir ve maliyet etkin yapisiyla
birlestiginde, FHDSS’yi geleneksel optik algilama
yontemlerine Gstlin bir alternatif konumuna getirir.
Ayrica, FHDSS nin egitsel onemi de g6z ard1 edilemez;
bu yontem, temel optik ilkelerin dgretilmesi ve ileri
diizey oOlglim teknolojileriyle uygulamali deneyim
kazandirilmast agisindan etkili bir platform saglar.
FHDSS aracihigiyla  Ggrenciler, 1s1k-madde
etkilesimleri, sinyal isleme ve kirletici tespiti veya
kimyasal algilama gibi gercek diinya problemlerinde
sofistike cihazlarin kullanimu hakkinda pratik bilgiler
edinirler. Ancak, fiber Kalitesi, cevresel istikrar ve
sistem hizalamas1 gibi faktdrler teknigin performansim
etkileyebileceginden, dikkatli kalibrasyon ve sistem
optimizasyonunun 6nemi blyuktir. Bu zorluklara
ragmen FHDSS, gelisimini siirdiirmekte ve uygulama
alanint genisletmektedir; bu durum, optik algilama
teknolojilerinin ilerletilmesi ve ¢esitli alanlarda
bilimsel aragtirmalarin zenginlestirilmesi agisindan
bliyik  bir  vaat tasimaktadir.  Teknolojinin
olgunlagsmastyla birlikte, hem akademik hem de
endlstriyel uygulamalara entegrasyonunun devam
etmesi, hassas Ol¢iim ve cevresel izleme alanlarinda
yeni yenilikleri kacinilmaz olarak beraberinde
getirecektir.
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ilhan Firat KILINCER *

YFirat University, Faculty of Technology, Digital Forensics Engineering, Elazig, Turkey

Oz

Bilgi teknolojileri ve akilli cihazlarin hizli gelisimi ile birlikte dijital verilerin korunmasi dnemli bir konu haline gelmistir. Saldiri
tespit sistemleri (IDS), dijital verilerin korunmasi, kurum ve kuruluslarin servis strekliligini saglayabilmeleri igin glinUmuzin
vazgecilmez glivenlik 6nlemlerinden biri haline gelmistir. Bu calismada ¢evrimici lokal aglarda kullanilan switch’ lerin
portlarinda meydana gelebilecek saldirilarin engellenmesine ydnelik bir yontem sunulmustur. Onerilen yéntemde kullanilan
SPA_IDS veri seti bir regresyon problem olarak ele alinmis ve Long Short-Term Memory (LSTM) derin 6grenme yontemi ile
veri setinin saldiri tespit performansi 6lgilmustur. Calismada kullanilan veri setinin farkli time step degerlerindeki performans
degerleri test edilmis ve time step degerinin 10 oldugu durumda en yiiksek tahmin degerlerine ulasiimistir. Calismada
performans metrikleri olarak Root-Mean-Square Error (RMSE) ve R? skor degerleri hesaplanmis ve sirastyla 0,0551 ve 0.9953
degerlerine ulasiimistir. Calismada kullanilan veri setindeki her bir veri bir saniye araliklar ile alinmistir. Dolayisiyla time step
10 degeri, 10 saniyede alinan verileri gostermektedir. Her 10 saniyede bir alinan verilere gore hizli ve yiksek basarim oraniyla
saldiri tespitinin yapiliyor son derece pozitif bir ¢iktidir.

Anahtar Kelimeler: STS, LSTM, Regresyon, Switchport

Abstract

With the rapid development of information technologies and smart devices, the protection of digital data has become an
important issue. Intrusion detection systems (IDS) have become one of the indispensable security measures of today for the
protection of digital data and for institutions and organizations to ensure service continuity. In this study, a method is
presented to prevent attacks that may occur on the ports of switches used in online local networks. The Switchport Anomaly
based Intrusion Detection System (SPA-IDS) dataset used in the proposed method is considered as a regression problem and
the intrusion detection performance of the dataset is measured with the Long Short-Term Memory (LSTM). The performance
values of the dataset used in the study were tested at different time step values and the highest estimated values were
reached when the time step value was 10. Root-Mean-Square Error (RMSE) and R? score values were calculated as
performance metrics in the study and the values of 0.0551 and 0.9953 were reached, respectively. Each data in the dataset
used in the study was taken at one-second intervals. Therefore, the time step value of 10 indicates the data taken in 10
seconds. Attack detection is done quickly and with a high success rate based on data received every 10 seconds, which is an
extremely positive outcome.

Keywords: IDS, LSTM, Regression, Switchport

. INTRODUCTION

The widespread use of the Internet in almost every area of life brings with it many security risks. Attackers cause
many data breaches and disruptions in network infrastructures with the malicious software or methods they
prepare. This situation forces institutions and organizations to use various security mechanisms and tools in every
segment of their network infrastructure. Although threats from many technological methods such as security
patches, authentication, encryption mechanisms, firewalls are mitigated, attackers are constantly developing new
methods to overcome the security measures taken. Intrusion detection systems (IDS) are one of the most effective
methods used to protect from malicious software that attackers constantly develop[1,2]. IDS systems are software-
based security mechanisms that deeply monitor events occurring in networks and systems, detect malicious events
and generate alarms.
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IDS systems are generally divided into host-based IDS
(HIDS) and network-based IDS (NIDS). HIDS systems
are used to analyze the behavior of users on the host or
server while NIDS systems are used to analyze
networks between hosts or servers [3]. IDS systems,
which work as signature-based or anomaly-based
attack detection method, have become a necessity due
to the recent increase in the number and severity of
network attacks. In signature-based IDS systems, the
signatures of incoming events match the signature
patterns of the attacks in their database, and if they
match, an alarm is generated. This type of IDS systems
are effective in detecting known attacks, but they are
not effective enough in detecting new attacks.
Anomaly-based IDS systems first create profiles of
normal network behavior. Intrusion is detected and an
alarm is generated when deviations from the specified
normal network profiles occur. Thanks to these
features, anomaly-based IDS systems are very effective
in detecting newly derived attack types such as zero-
day attacks. However, modeling normal network
behaviors and adding new behaviors to this model is a
costly and difficult process. In order to prevent this
situation, anomaly-based IDS systems benefit from
artificial intelligence methods [4-6].

Today, artificial intelligence methods and data mining
techniques are frequently used to automate attack
detection. Many IDS systems using these techniques
cannot be used in a real network environment as they
have not been tested in practice [3,7]. In addition, old
datasets are used in most of the studies on intrusion
detection systems. This leaves systems vulnerable to
updated attack scenarios. In this study, a new dataset
and a new regression-based method are proposed in
order to eliminate the deficiencies in IDS systems. The
contributions of the proposed method are indicated as
follows.

e The SPA_IDS dataset used in the study is an
original dataset obtained for detecting Layer 2 —
Layer 7 attacks in an online network. The dataset
has brought a new perspective to the literature in
detecting common attacks today. The dataset used
was shared on github in order to contribute to the
literature studies and the IDS industry?.

With the proposed method, it enables to detect
attacks made from the switchport in an online
network in a very short time (10 seconds) with high
performance. This both minimizes network
interruptions and alleviates the workload of
network administrators.

The proposed method was considered as a
regression problem and high RMSE and R? Score
values were obtained with LSTM.

https://github.com/ifkilincer/SPA IDS
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The remaining parts of the paper are structured as
follows. In Section 2, literature studies on 1DS systems
are discussed. Background, Proposed Method, Results
and Discussion, Conclusion and Future Works sections
are discussed in In Section 3, Section 4, Section 5 and
Section 6, respectively.

Il. RELATED WORKS

Recently, studies on the development of IDS systems
and increasing their intrusion detection performance
have become a popular topic for both the literature and
the cyber security industry. IDS systems; critical
networks have become mandatory to detect attacks
such as DDoS, Brute force. Kannari et al.[1], proposed
a method to reduce the resource requirements and
computational complexity of the intrusion detection
process. In their proposed method, the best 21 features
of the NSL-KDD dataset were selected with the
Recursive Feature Elemination (RFE) algorithm and
then the features selected with the Random forest (RF)
algorithm were classified.

Qiu et al.[8], combined packet-based and stream-based
intrusion detection technologies with Dempster-Shafer
Theory (DST). In their proposed method, flow-based
IDS is used to predict traffic flows, while packet-based
IDS is used to detect attacks in network packets. Merve
et al.[9], systematically discussed IDS technologies and
methodologies in their study. In addition, new attack
types, protection mechanisms and the latest scientific
studies in this field are examined in detail. Dwivedi et
al. [9,10], classified the ISCX-2012 dataset with their
proposed Ensemble of Feature Selection and Addaptive
Grasshoper Optimization Algorithm (EFSAGOA)
algorithm and obtained accuracy values reaching
99.23%.

Larijani et al.[9,11], proposed a Random Neural
Network-based IDS system (RNN-IDS) for intrusion
detection. The NSL-KDD dataset was classified with
the suggested methodology and 94.50% an accuracy
value of was obtained. Devan et al. [9,12], proposed the
XGBoost-DNN model. In their work, the best features
in the NSL-KDD dataset were selected with the
XGBoost algorithm. At the last stage, the selected
features were classified with the Deep Neural Network
(DNN) and 97% accuracy rates were obtained. Ragab
et al.[13], proposed the outlier detection with optimal
deep learning enabled IDS (ODODL-IDS) model for
smart environments. In their proposed method, they
used convolutional neural network with attention long
short term memory (CNN-ALSTM) algorithm for
classification and poor and rich optimization algorithm
(PROA) algorithm for hyper parameter optimization.
With the developed method, NSL-KDD, KDDCup99,
UNSW-NB15 and CICIDS 2017 datasets, which are
frequently used in the literature, were classified. Yao et
al.[14], proposed an AutoEncoder(AE)-LightGBM
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based intrusion detection method for the Software
Define Network (SDN). In the proposed system,
Borderline-SMOTE algorithm was used to optimize the
data distribution and Auto Encoder (AE) algorithm was
used to extract the main features. In the last step,
LightGBM was used to classify the NSL-KDD and
KDDCup99 datasets using the obtained features.

Pampapathi et al.[15], presented the Filtered Deep
Learning Model for intrusion detection. With the
proposed method consisting of five stages, it is aimed
to process heterogeneous data sources and to detect
zero day attacks in 10T networks. The proposed model
ToN_loT dataset was classified and 96.12% accuracy
rates were achieved. Abdallah et al.[16], proposed
supervised machine learning methods for intrusion
detection. In their work, a detailed discussion of IDS
systems and supervised machine learning algorithms is
presented. Alazab et al.[17], proposed a method
consisting of feature selection and classification steps
for IDS systems. In their proposed method, they used
Moth-Flame Optimization (MFO) algorithm for feature
selection and Decision Tree (DT) algorithm for
classification. The performance of the proposed
method has been tested with NSL-KDD, KDDCup99
and UNSW-NB15 datasets, which are frequently used
in the literature. Balla et al.[18], examined the deep
learning-based methods in the literature for the security
of SCADA systems in detail. In the study, previous
studies for each deep learning algorithm used in the
literature were examined and compared according to
their performance values. Although there are many
studies in the literature on intrusion detection, studies
that approach the intrusion detection problem as a time
series are very rare. In this study, the anomaly detection
problem is considered as a regression problem. The
main theoretical justification for this is the assumption
that the normal behavior of the system can be
represented by a certain time series model. In this
approach, the LSTM model is trained to predict the
future normal behavior of switchport data (e.g.
continuous values such as packet count, bandwidth
usage, etc.). The detected anomaly is triggered when
the difference between the real-time observed value and
the prediction made by the model (error) exceeds a
certain threshold value. In other words, the model
learns the normal behavior through ‘regression’ and
defines deviations from the normal as ‘anomalies’. This
approach offers the potential to detect “zero-day”
attacks in particular. Traditional classification-based
IDSs usually learn known attack patterns and classify
data that fits these patterns. However, regression-based
anomaly detection can mark any deviation from the
normal behavior (even if the attack type is unknown) as
anomalies. This provides flexibility, especially for
network traffic data that is constantly flowing and
dynamic. The RMSE and R? metrics used in the study
were determined as standard and appropriate metrics to
evaluate the regression performance of the model. A
low RMSE value indicates that the model’s prediction

274

errors are small, while a high R? value indicates that
the model can explain a large portion of the variance in
the dependent variable. Since anomaly detection is
essentially reduced to a prediction error problem, these
metrics are important in order to measure how well the
model can predict deviations from “normal” behavior.

I11. BACKGROUND

3.1. Long Short Term Memory (LSTM)

Today, in addition to traditional machine learning and
artificial intelligence methods, deep learning (DL)
methods are frequently used for intrusion detection.
Recursive neural networks (RNN) are one of the DL
methods. RNNs try to predict the next step by
establishing relationships between inputs. RNNs have
memories that remember the recent past. LSTM, which
is the customized version of RNN, has a longer memory
than RNN[19,20].

Figure 1. LSTM Architecture

Each LSTM cell has input, output and forget gates that
perform different operations. Door number 1 in Figure
1 represents the forget gate, gate number 2 represents
the entrance gate, and gate number 3 represents the exit
gate. Gate number 1, 2 and 3 in Figure 1 represents
firin, and Q. functions respectively. f; function
decides whether the incoming information is forgotten
or not. f; function is given in Equation 1 [19,20].

fe= U(Wf(ht—pxt)) + by (1)
The forget gate, the f; function, takes the cell input
function X, from the current step and the hidden state
function h,_, of the previous step as input and puts
them into the sigmoid function. The terms Wy and by in
the equation represent the weight and additional input
values, respectively. The sigmoid function, which
calculates the result of the operation, produces values
in the range of 0 to 1. If the result of the function is
close to 1, the incoming information is kept, the
information that comes close to 0 is forgotten. The
input gate (in,) decides which information is stored in
memory or not. The in, function is given in Equation
2

in, = c(Win(he_1, X)) + bin (2)
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W, and b, terms in Equation 2 represent weight and
additional input values, respectively. The output gate
decides what information should be output or not. The
output of the normal LSTM unit is the purple colored
h, function. The other h function at the output is the
output to enter the next LSTM unit. h, and ¢, functions
are given in Equation 3 and Equation 4 [19] .

h, = o,.tanh(C,) (3)
¢t = ft-Coq + ing* Gy (4)

Despite the long training times, LSTM has an advanced
architecture thanks to the functions that decide whether
the incoming data will be forgotten or not. LSTM is
used in many fields such as sliding window methods,
time series, classification regression. In this study, the
sliding windows method was used for the estimation of
the obtained data. In the sliding windows method, the
values at the previous time (t) are examined in order to
predict the values at the next time (t+1)[17]. The data
obtained in this study were divided into timesteps and
then predictions were made according to these
timesteps. In this study, LSTM is modeled as a
regression problem for anomaly detection. The reason
for this is to learn how the normal behavior of the
system changes over time. Traditional classification-
based intrusion detection systems are usually trained to
recognize known attack patterns or labeled anomalies.
However, the performance of these systems may
degrade when new or unknown (zero-day) attacks
occur. In the regression approach, the LSTM model
focuses on predicting future normal values by learning
the past normal behavior of the switchport data. When
an anomaly (attack) occurs, a significant difference
(error) occurs between the actually observed value and
the normal value predicted by the model. When this
error exceeds a certain threshold value, the system
detects an anomaly. This approach offers the ability to
detect deviations from normal behavior even if the type
or signature of the attack is unknown. This provides
flexibility, especially in dynamic and constantly
changing network environments.

3.1. Dataset

IDS systems are one of the technologies frequently
used to ensure the security of network structures and
information systems. In this study, a new Switchport
Anomaly based Intrusion Detection System (SPA-IDS)
dataset is used for IDS systems. The dataset used in the
study was created by taking the number of anomaly
packets that occur in the ports of the switching devices
in the normal state and attack state. While creating the
dataset, Brute Force FTP, Brute Force RDP, Brute
Force SSH, DHCP starvation, DoS ICMP Flood, DoS
Syn Flood, TCP Scan, UDP Scan and Mac Flood
attacks were used. These attack scenarios and the
anomaly packets left by the normal network traffic on
the switchport were received and recorded on the log
server. The amount of data received for each scenario
is given in Table 1. A connection was made to the

switchgear via SSH to receive the data, and the
command indicating the anomaly change was
automatically executed once per second [21].

Table 1. SPA-IDS dataset summary

Data quantity | Time (minute)

Attack types Tools Target

Brute Force FTP | Hydra Windows Server 2012 53030 883
Brute Force RDP | Hydra Windows Server 2012 56008 933
Brute Force SSH | Hydra Windows 10 PC 52993 883
DHCP Starvation | Yersinia | Metasploit 49112 818
DoS ICMP Flood | Hping3 | Windows 7 PC 52449 874
DoS SYN Flood Windows 10 PC 50439 840

Hping3

TCP Scan Nmap All PCs on Network 52130 868
UDP Scan Nmap All PCs on Network 52905 881
Mac Flood Macof | Extreme x450 switch 56212 861

Normal ‘Web browsing, youtube, social media etc.. | 60255 1004

Total - - 535.503 8845

IV. PROPOSED METHOD

As attackers update their attack scenarios, efforts to
develop intrusion detection systems are also increasing.
In this study, the dataset created by considering the
change of anomaly packets on the switch ports is
considered as a regression problem and an original
intrusion detection system is proposed. The flow chart
of the proposed method is given in Figure 2.

Data gathering phase

Stack switches

===== ==l
===== ==l

Anomaly
packet
change

Attacker PC

v

Min-Max Train Test Split
Scaler (709% train 30%test)

Sliding windows.

Dataset processing phase

Figure 2. Proposed method architecture

In Figure 2, the step of obtaining the dataset and the
proposed method are summarized together.
Accordingly, the following steps were applied in the
proposed method. In the step of obtaining data, attack
scenarios determined from the attacker’s computer with
Kali Linux to the target network were applied. During
each attack, anomaly packets on the switch port are
recorded as text on a log server. In the data
preprocessing step, the anomaly packet numbers
received as text on the log server were first imported
into excel and sorted. For each scenario, the difference
in the number of packets between two consecutive
seconds in the excel environment and the effect of each
attack scenario applied on the switchport has been
observed.

Approximately 50,000 pieces of data were obtained for
each scenario. This means approximately 50,000
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seconds (14 hours) of time for each scenario. The
datasets obtained for all attack scenarios were
combined in a single excel environment and the SPA-
IDS dataset was obtained. There are 10 classes in the
dataset, namely Brute Force FTP, Brute Force RDP,
Brute Force SSH, DHCP starvation, DoS ICMP Flood,
DoS Syn Flood, TCP Scan, UDP Scan, Mac Flood and
normal. The amount of data obtained for each class is
shown in Figure 3.

10

]

Classes

0 100000 200000 300000 400000

Data Count

Figure 3.SPA-IDS data by classes

In order to faster and more successful results, the
dataset first subjected to the Scaling process and then
separated into 70% train and 30% test. The optimum
window shift value was determined by using different
timesteps during the training and testing phases of the
dataset. In the study, the optimum window shift value
is determined using different time step values. The
selection of these values is intended to mirror the
dynamic nature of network traffic and the evolution of
attack scenarios over time. In particular, the testing of
different time scales, such as [10, 20, 50, 100], covers
a wide range from short-term anomalies to longer-term
attack patterns. The primary rationale behind the
selection of these values pertains to the capture of
anomalies in network traffic, encompassing diverse
speeds and durations, which may arise in practical
scenarios. This approach is adopted to ensure the
model’s capacity to adapt to these variations. The
following discussion aims to provide a more thorough
explanation of the impact of the selection of these
values on the generalizability and accuracy of the
model. This will be achieved by means of a detailed
analysis of how the model performs at different time
steps. After the dataset was separated according to
timestep values, the data obtained were subjected to a
regression with LSTM. At this stage, the parameters of
the LSTM algorithm are tuned to give high
performance to the regression process. LSTM
parameters used as a result of parameter optimization
are given in Table 2.

500000
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Table 2. LSTM tuned parameters

LSTM Parameters Value

Neuron Count 10

Hidden Layer Count 1

Hidden Layer Activation | ReLU

Function

Optimizer adam

Epochs 50

Batch_size 10

Loss mean_squared_error

The proposed LSTM model is adopted as a lightweight
model. In this way, it is important to process a featured
SPA-IDS dataset much faster. With the parameters
tested in Table 2, the difference between the predicted
values and the actual values is minimized every 10
second. In addition, since the SPA-IDS dataset consists
of 1 feature, a regression model was adopted. Root
Mean Squared Error (RMSE) and R? score values were
measured at the output of the LSTM block and a
decision threshold was created according to these
values.

V. RESULTS AND DISCUSSION

In regression problems, independent Y variables are
estimated by taking the dependent X variables and the
main purpose is to find the distance between the actual
values and the predicted values. The square root of
Mean Squared Error (RMSE) and coefficiant of
determination ( R? score) values were calculated to
evaluate the performance of the proposed regression
model. The RMSE value is used more often because the
MSE value is too large to compare in some problems.
The RMSE is the ratio of the squared deviation between
the predicted value and the true value. The RMSE is
one of the performance metrics often used to calculate
forecast accuracy. Mathematical equations of MSE and
RMSE values are given in Equation 5 and Equation 6
[22,23].

1
MSE = =¥71(Xsj — Xi,j)? (5)
1
RMSE = ; ?=1XS,]' _Xk,j (6)

The X, ; expression in the equations represents the
estimated values, X, ; represents the actual values, and
the n value represents the number of observations.
Since MSE and RMSE are error measures, low results
are measures that show high performance. For
example, it performs well if the RMSE is equal to zero.
Another important success criterion in regression
problems is the R? value. This value is a measure of
how well the experimental data fit a linear curve. A
value of 1 indicates that the experimental data provides
a perfect linear curve. Mathematical value of measure
R? is given in Equation 7 [24,25].
Xres

R2=1- (7)

Xtot
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In Equation 7, X, is the sum of the squares of the
remaining errors, and X,,, is the sum of all the errors.
In the proposed method, RMSE and R? score values
were calculated for different timesteps and are given in
Table 3. The results of the study were obtained by using
scikit_learn, matplotlib, tensorflow libraries in Python
3.7 environment.

Table 3. Proposed method performance results

Timestep  Train Test Train  Test R?
RMSE RMSE  R?

10 0.0072 0.0551 1.00 0.9953

20 0.0107 0.0673 1.00 0.9929

50 0.0117 0.1645 1.00 0.9577

100 0.0132 0.2805 1.00 0.8777
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As can be seen from the table, as the time step value
decreases, the RMSE value approaches 0 and the R?
value approaches 1. The closer the RMSE value to 0
and the ¢ value to 1, the lower the difference between
the actual value and the predicted value. In the
proposed method, it has been observed that the
difference between the estimated values and the actual
values decreases as the time step value decreases. The
difference between the estimated values and the actual
values for different time steps is visualized in Figure 4.
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Figure 4. Graphical representation of actual and predicted values

277



IDS on Switchports

Int. J. Adv. Eng. Pure Sci. 2025, 37(3): <272-280>

As can be seen in Figure 4, as the time step value gets
smaller, the difference between the actual value and the
predicted value decreases, and in Figure 4d, this
difference is almost zero. As demonstrated in Figure 4a,
the performance of the model is depicted as a function
of the time step, which is set at 100 in this instance. The
orange ladder graph represents the true values. The blue
and green lines represent the model's predictions. For
the majority of the graph, the blue and green prediction
lines are in close proximity to the orange true value line.
However, as the number of data points increases and
the "class" value rises, the prediction lines deviate
slightly above the true value line. This finding indicates
that the model exhibits a tendency to overestimate the
probability of high class values when the time step is
set at 100. As demonstrated in Figure 4b, the
performance for time step 50 is illustrated. As
demonstrated in Figure 1, the prediction lines (blue and
green) exhibit a high degree of proximity to the true
value line (orange). As with the "Time step 100" graph,
a slight upward deviation is observable at high "class"
values, yet the overall fit remains satisfactory. As
illustrated in Figure 4c, the model for time step 20 is
presented. This plot suggests that the agreement
between the actual and predicted values has improved
further in comparison to the previous two plots. The
blue and green prediction lines exhibit a high degree of
overlap with the orange true value line, suggesting that
the model demonstrates a high degree of accuracy in its
predictions. As demonstrated in Figure 4d, the plot
demonstrates the highest degree of agreement between
the actual and predicted values. The blue and green
prediction lines exhibit a high degree of overlap with
the orange true value line across all designated "class"
levels. This finding lends further support to the
hypothesis that step 10 represents the optimal value for
the model, enabling it to generate the most precise
predictions.

In the figures, since the difference between the actual
value and the estimated values in classes up to the 7th
grade is very small, the graph of the actual value and
the predicted values overlap and are shown in orange.
There was a difference between the actual value and the
predicted values in the 8th, 9th and 10th classes. As the
time step value decreased, the difference between the
lines decreased and the lines overlapped in Figure 4d.
It is observed that the proposed method is quite
successful in detecting anomalies in switchports. The
data in the SPA-IDS used were taken at one second
intervals. Achieving high performance in small
timesteps is a very important output. Thus, in an online
network, switch ports can be controlled for 10-second
periods, and if there is an attack on switchports, attacks
can be detected very quickly.
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In the study, it is emphasized how critical it is to
achieve high performance in anomaly detection at
switchports with small time steps. However, there are
practical limitations in terms of data collection and real-
time operation of the system. The data in the SPA-IDS
dataset we used was collected at 1-second intervals.
This represents the finest granularity of our current
dataset. As can be seen in the results obtained with the
smallest time step used in the tests, which is 10 seconds
(Test RMSE: 0.0551, Test R? :0.9953), it is seen that
anomalies at switchports can be detected with a
sensitivity close to real time and quite successfully.
Considering that our system can be controlled in 10-
second periods, this time step is small enough for
practical applications and offers the opportunity for
rapid intervention when anomalies are detected.
Smaller time steps can increase the computational load
on the system and sensitivity to noise, which can
negatively affect performance or increase false positive
rates. Therefore, in the current study, a time step of 10
seconds was decided to be an optimal choice
considering the nature of our dataset, the operational
requirements of the system and the high performance
achieved.

VI. CONCLUSION and FUTURE

WORKS

Due to the increasing complexity and volume of
network attacks, IDS as an essential component of
network infrastructures is constantly evolving to
address emerging threats. In this study, the SPA-IDS
dataset is utilised to address the problem of detecting
attacks in local networks as a regression problem. The
approach utilised in this study employs LSTM
networks to formulate predictions based on varied time
step configurations. The performance of the prediction
model is rigorously evaluated using the RMSE and R?
parameters. Our findings clearly show that reducing the
time step value significantly improves the prediction
performance and also reduces the difference between
the predicted values and the actual values. In particular,
a time step of 10 provided remarkable performance
metrics: RMSE of 0.0551 and R? score of 0.9953.
These results are particularly effective in demonstrating
the potential to detect switchport attacks in a very short
time of approximately 10 seconds. Such rapid detection
capabilities are vital for minimizing service disruptions
and improving overall network visibility.

The present work is distinguished by its approach to
attack detection as a regression problem, a
methodology that has received comparatively less
attention in the extant literature than traditional
classification =~ methods. ~ Whilst  conventional
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classification algorithms are wont to categorise
network traffic as either malicious or benign, the
regression-based LSTM model under consideration can
furnish a more detailed understanding of attack severity
or progression by virtue of the fact that it provides a
continuous estimate of anomaly levels. A high R? score
indicates a strong correlation between predicted and
actual attack parameters, thus demonstrating the
model's capacity to capture key attack patterns with a
high degree of fidelity.

Despite the strengths of the proposed model, it has
some limitations. The effectiveness of the model has
currently been demonstrated on the SPA-IDS dataset.
Although this dataset includes many attack scenarios, it
does not fully capture the numerous attack vectors
present in real-world network environments. Future
work will prioritize evaluating this model on larger
datasets that include a wider range of contemporary
attacks and network configurations. Furthermore,
although the model shows promising performance, the
computational burden on extremely large-scale, high-
traffic networks requires further investigation. For real-
world network environments, the rapid detection time
of 10 seconds offers a significant advantage, which can
enable automated mitigation responses before
extensive damage occurs. The regression output can be
integrated into Security Information and Event
Management (SIEM) systems to provide continuous
risk assessments. In addition, loT devices will be
placed on the planned network to detect attacks against
IoT devices in local networks. Attacks against 10T
devices will also be simulated over this network.
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Fir¢asiz Dogru Akim Motorunda Miknatis Tiiri ve Oluk Sayisi
Degisiminin Tork Dalgalanmasi Uzerindeki Etkisinin Incelenmesi

Investigation of the Effect of Changing Magnet Type and Slot Number on Torque Ripple in
Brushless DC Motor
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Oz

Bu galisma, firgasiz dogru akim (BLDC) motorlarinin elektromanyetik tork karakteristikleri Gzerinde miknatis tipi ve stator oluk
sayisinin etkilerini kapsamli bir sekilde analiz etmekte ve 6zellikle performans ve kararliigi artirmaya yonelik tasarim
optimizasyonuna odaklanmaktadir. Literatlirde genellikle bu parametreler ayri ayri ele alinirken, bu ¢alismada her iki
parametrenin birlikte etkisi ANSYS Maxwell ortaminda gergeklestirilen ayrintili 2D elektromanyetik similasyonlarla sistematik
olarak incelenmistir. NdFeB, SmCo ve literattirde gérece daha az incelenmis olan XG196/96 gibi li¢ farkli miknatis malzemesi
kullanilarak, manyetik doyma, manyetik aki dagilimi ve tork salinimi tizerindeki etkileri degerlendirilmistir. Ayrica, stator oluk
sayisinin ortalama tork ve tork kararhligi tizerindeki etkisi analiz edilerek elektromanyetik glirtlti azaltimi ve motorun diizglin
calismasi agisindan dnemli bulgular elde edilmistir. Ozellikle XG196/96, daha diisiik maliyetli olmasina ragmen NdFe35’e
kiyasla %36,3 daha disik tork tiretmis ve performans-ticari denge gozetilen uygulamalar igin potansiyel bir alternatif olarak
one ¢ikmistir. Bunun yaninda, stator oluk sayisindaki artisin tork salinimini 6nemli élglide azalttigi ve daha kararli bir motor
calismasi sagladigl gézlemlenmistir. Bu g¢alismanin 6zgiin yonii, miknatis malzeme oOzellikleri ile yapisal tasarimi birlikte
optimize eden ¢ok parametreli bir yaklasim sunmasidir. Elde edilen sonuglar, daha verimli ve uygulamaya 6zel BLDC motor
tasarimlarinin gelistiriimesine katki saglamaktadir.

Anahtar Kelimeler: FSDAM, ANSYS/Maxwell, Tork, Verim, Aki Yogunlugu

Abstract

This study presents a comprehensive parametric analysis of how magnet type and stator slot number influence the
electromagnetic torque characteristics of brushless direct current (BLDC) motors, with a particular focus on optimizing design
for enhanced performance and stability. Unlike previous studies that treat these parameters in isolation, this work
systematically investigates their combined impact using detailed 2D transient electromagnetic simulations performed in
ANSYS Maxwell. Three different magnet materials NdFeB, SmCo, and the relatively underexplored XG196/96 were evaluated
to assess their influence on magnetic saturation, flux distribution, and torque ripple. Additionally, the effect of stator slot
number on torque stability and average output torque was quantified, revealing critical insights into electromagnetic noise
mitigation and motor smoothness. Notably, XG196/96, despite its lower cost, exhibited a 36.3% torque reduction compared
to NdFe35, positioning it as a potential candidate for cost-sensitive applications where performance trade-offs are
acceptable. Furthermore, the results indicate that increasing the stator slot number significantly suppresses torque ripple,
promoting a more stable operation. The originality of this work lies in its multi-parameter design perspective, offering a novel
optimization approach that couples material properties with structural design to enhance BLDC motor efficiency. The findings
contribute to the development of more robust and application-specific BLDC motor designs.

Keywords: BLDC motor, ANSYS/Maxwell, Torque, Efficiency, Flux density

I. GIRiS
Giiniimiizde elektrikli araglardan endiistriyel otomasyon sistemlerine kadar genis bir uygulama yelpazesinde
kullanilan fir¢asiz dogru akim motorlar1 (BLDC), yiiksek verimlilikleri, diisiik bakim ihtiyaglar1 ve kompakt
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yapilar1 nedeniyle tercih edilmektedir [1-3]. BLDC
motorlarin performansini etkileyen temel parametreler
arasinda muknatis tipi, stator yapisi, slot sayis1 ve
kullanilan malzemelerin manyetik 6zellikleri 6ne
¢ikmaktadir [4-6].

BLDC motorlarda kullanilan sabit miknatislar,
motorun manyetik devresini dogrudan etkileyerek tork
iretimini, doygunluk davranigini ve genel verimliligi
belirler [7-9]. Ozellikle NdFeB, SmCo gibi nadir
toprak elementi iceren miknatislar, yiiksek enerji
yogunluklar1 sayesinde kompakt motor tasarimlarinda
avantaj sunmaktadir [10,11]. Bununla birlikte, ferrit
bazli miknatislar gibi alternatif malzemeler, maliyet-
etkinlik agisindan tercih edilse de diigiikk manyetik
Ozellikleri nedeniyle performansta azalmaya neden
olabilmektedir [12].

Stator slot sayist da BLDC motor performansinda kritik
rol oynamaktadir. Slot sayisi, stator sargilarinin
dagilimimi ve dolayisiyla iiretilen elektromanyetik
torkun diizglinliigiinii belirler [13,14]. Uygun slot sayisi
secimi ile tork dalgalanmalar1 azaltilabilir, giiriiltii ve
titresim seviyesi digiiriilebilir ve motorun calisma
kararhilig1 artirilabilir [15-17].

Yapilan caligmalar, miknatis malzemesi ve stator slot
sayisinin  birlikte optimize edilmesinin, 6zellikle
yuksek performans gerektiren uygulamalarda motor
tasarimina  6nemli  katkilar sagladigini  ortaya
koymaktadir [18-20],[23].

Bu calisma, firgasiz dogru akim motorlarinmn tasarim
siirecinde miknatis malzemesi se¢imi ve stator oluk
sayisinin  motor performansi iizerindeki etkilerini
inceleyerek literatiire 6nemli katkilar sunmaktadir.
Oncelikle, XG196/96, NdFeB ve SmCo gibi farkli
miknatis malzemelerinin manyetik doyma egilimleri ve
tork dalgalanmalar1 tizerindeki etkileri detayli olarak
analiz edilmistir. Bu baglamda, miknatis malzemesinin
seciminde manyetik doyma 6zelliklerinin motor verimi
acisindan kritik oldugu gosterilmistir. Ayrica, stator
oluk sayisinin ortalama tork iretimi ve tork
dalgalanmalar1 iizerindeki etkileri degerlendirilerek,
motorun  ¢aligma  stabilitesine  olan  Kkatkisi
vurgulanmistir. FSDAM i¢in belirlenen her senaryoda
motor dig ¢ap1, motor i¢ ¢ap1, miknatis kalinligi ve tel
¢ap1 sabit tutulmustur. Oluk bagina iletken sayisi, oluk
yiiksekligi ve oluk genisligi her durum igin tekrar
hesaplanmustir. Farkli oluk sayilari i¢in farkli miknatis
tiirlerinin stator boyunduruk aki yogunlugu, stator dis
aki yogunlugu, rotor boyunduruk aki yogunlugu,
ortalama tork, tork dalgalanmasi ve verim
parametrelerine etkisi detayli olarak incelenmistir.
Farkli senaryolar icin yapilan elektromanyetik
analizler, stator oluk sayisinin tork dalgalanmalarini
azaltarak motorun daha kararli ¢aligmasini sagladigini
ortaya koymaktadir. Bu ¢caligma, FSDAM’larin tasarim
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optimizasyonuna yonelik kapsamli bir degerlendirme
sunarak, daha yiliksek verimli ve kararli c¢alisan
motorlarin gelistirilmesine rehberlik etmektedir. Ayn1
zamanda, miknatis se¢imi ve stator oluk sayisinin
optimizasyonunun, motor performansina dogrudan
etkilerini ortaya koyarak, gelecekteki aragtirmalara
temel olusturacak 6nemli bulgular saglamaktadir.

Il. MATERYAL VE METOD

2.1. Manyetik Devre Denklemleri
Denklem (1)’den (4)’e kadar statik manyetik alanlar
icin Maxwell analiz denklemleri verilmistir[21,22].

B —
Vxﬁ =] (1)
B (Wb/m2) ve | (A/m2) sirasiyla; manyetik aki
yogunlugu ve akim yogunlugudur. pu (H/m) malzeme
manyetik gecirgenligidir.

1
Vx (£ VxA) = J, Vxd = B 2)
A (Wb/m) wvektor potansiyeldir.  Denklemler
diizenlendiginde sonlu elemanlar yontemi (SEY) ile
sistemi ¢c6zecek denklem (3) elde edilerek manyetik ve
elektrik devresi analizleri yapilir.

_leA _]
VA= (3)

2.2. Tasarimda Kullanilan Temel Denklemler
Elektrik motorunun elektrik ve mekanik ¢ikis degerleri
ve ana boyutlar ile ilgili olan denklemleri tasarimda
yol gosterir. Tasarim i¢in FSDAM  6zel ¢ikarimlari
denklem (4) ve (7) arasinda verilmistir. Motorun
trettigi ¢ikis giicii Po(W) rotorda endlklenen zit emk
E(V) ve faz akimi I(A) cinsinden denklem (5) ile
verilir[21,22,24].

(4)

B (Wb/m2) hava araligi manyetik aki yogunlugu, D (m)

rotor ¢api, L (m) motor eksenel uzunlugu, P toplam

kutup sayisi ve ¢ aki (Wb) denklem ile (5) verilmistir.
P¢

= DL (5)

DL
Motorun zit-emk faz gerilimi E denklem (6) ile
bulunur.

g

E= ZNDmeBg (6)
Elektromanyetik tork denklem (7) ile bulunur.
T = 4NDLIB, (7)

Burada; N:faz basina sarim sayisini ifade etmektedir.
Sargilardan gecen akimin 1s1 etkisi ile bakir kayiplari
olusur.
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Pry = 31%,6R

ph
Irms: faz basmma RMS akimi, Rph: faz basina direnci
temsil etmektedir.

Cekirdek kayiplar1 genellikle histerezis ve fuko (eddy
current) kayiplarmin toplamidir:

Prore = knfBraxV + ke (meax)ZV

kh: histerezis kaybi katsayisi, ke: eddy akim kaybi
katsayis, f: frekans, Bmax: maksimum manyetik aki
yogunlugu, V: manyetik malzemenin hacmi, n: 1.6-2
arasi olan malzemeye bagli olan sayidir.

Invertdr kayiplari, iletim ve anahtarlama kayiplarmin
toplamudir.

(8)

(9)

Peona = 617msRon (10)
Ron: yar1 iletken direncidir.
Psy = 6fs(Eon + Eofr) (11)

Fs: anahtarlama frekansi, Eon ve Eoff yariiletken
bagina anahtarlama enerjileridir.

Cikis giicti ve kayiplar bilindigine gore FSDAM verim
denklemi elde edilebilir:
F,

P0+Pcu+Pcore +Pcond +Psw

%n = 100

Sekil 1’de FSDAM yapisi gosterilmistir.

Sabit Miknatislar

Stator

\\:ﬁ‘v -

e

Sekil 1. FSDAM yapisi

2.3. Motor Tasarim

FSDAM’da stator, motorun doéner manyetik alanin
meydana geldigi duran kismidir. Caligmada tasarlanan
i¢ rotorlu motorda stator sargilar1 dis yiizeyde
oldugundan, dis rotorlu yapiya gore statorun sogumasi
daha kolaydir. Ancak statorun seri iiretimde sarilmasi
ve islenmesi olduk¢a zordur, ayn1 zamanda maliyeti ve
isciligi de ¢ok fazladir[25-27].

Statorda her olugunda alt ve iist olmak {iizere iki bobin
kenar1 bulunan sargilar ¢ift katmanli, tek kat bobin

(12)
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kenari bulunan sargilar ise tek katmanlhidir. Cift
katmanli sargi tipinde katmanlar arasma yalitim
malzemesi konulacagi i¢in tek katmanli sarg: tipine
gore oluk doldurma orani daha disiiktiir ve fazlar arasi
elektriksel risk daha yiiksektir. Ancak daha yiksek gii¢
uygulamalarinda  ¢ift  katmanli  sargi  tipi
kullanilmaktadir [27].

Motorun her bir faz1 basina kutup ¢ifti bagina sadece bir
bobin karsilik gelecek seklinde ortaya ¢ikacak baglanti
tipini yarim kalip, birden fazla bobin gelecek sekilde
yapilan baglanti ise tam kalip sarimdir [28].

Sekil 2°de Tam kalip iki tabaka konsantre sarim tipi
gosterilmistir.

BLDC motorlarm rotoru, motorun dénmesini saglayan
ve sabit miknatislardan olusan bilesendir. Rotorda
kullanilan ~miknatislarin ~ diizeni, manyetik aki
yogunlugu, verimlilik, tork dalgalanmasi ve genel
motor performansi iizerinde biiyiik bir etkiye sahiptir.
BLDC motorlarda rotor tasarimi dis rotorlu ve ig
rotorlu iki ana gruba ayrilir. Dig rotorlu tasarimda,
miknatislar dis cercevede yer alir ve rotor disarida
doner. Daha fazla atalet sagladigi icin bazt
uygulamalarda daha stabil hiz kontroli saglar.
Genellikle fanlar, dron motorlar1 gibi diisikk hiz ve
yiiksek tork gerektiren uygulamalarda kullanilir. Ig
rotorlu tasarimda ise, miknatislar rotorun merkezinde
bulunur ve stator etrafinda sabittir. Daha hizli tepki
siiresi ve yiiksek hiz gerektiren uygulamalar igin
uygundur. Elektrikli araglar, CNC motorlari, servo
motorlar gibi uygulamalarda kullanilir [29]. Bu
calismada i¢ rotorlu yiizey montaji FSDAM
incelenmigtir. Sekil 3’te i¢ rotorlu yiizey montajl
FSDAM tipi gosterilmistir.
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Sekil 3. FSDAM’da yiizey montajli rotor

Rotordaki demagnetizasyon adi verilen siirekli
miknatislarin sagladigi akinin stator sargilarindan akan
akimin olusturdugu manyetik alanin etkisiyle azalmasi
durumu miknatis se¢imini dnemli 6lglide etkiler[30].
Miknatisin yiiksek demagnetizasyon degerinin yanisira
yiilksek aki yogunluguna sahip olmasi, kolay
bulanabilir olmasi ve maliyetinin diisiik olmasi
istenir[31]. Bu degerler géz o6niinde bulundurularak
analizler  gergeklestirilirken  siklikla  kullanilan
XG196/96, SmCo, NdFeB miknatis tiirlerine yer
verilmistir.

I1l. ELEKTROMANYETIK ANALIZ
FSDAM’larin  elektromanyetik analizi, motorun
manyetik alan dagilimini, moment iretimini,
verimliligini ve 1s1l performansini degerlendirmek icin
yapilir. Bu analiz genellikle sonlu elemanlar yontemi
(FEM) kullanilarak gerceklestirilir[32,33]. Bu bolimde
24 oluk 4 kutuplu, 18 oluk 4 kutuplu, 12 oluk 4 kutuplu
FSDAM igin sirastyla XG196/96, NdFeB ve SmCo
miknatislarinin  etkisi incelenmistir. x64 tabanli
islemci, 4 GB RAM ozelliklerine sahip bilgisayarda
ANSYS Electronics Desktop 2021 R1 versiyonu paket
programi ile simiilasyonlar  gerceklestirilmistir.
Transient analizi i¢in 40 ms durma zamani, 0,2 ms adim
zamani belirlenmistir. FSDAM 4 kutuplu ve hizi 1500
rpm oldugu icin bir elektrik periyodu 20 ms olarak
hesaplanmistir.Simiilasyon durma zamani belirlenirken
kararli duruma ulastiginin gézlemlenebilmesi igin iki
elektrik periyodu boyunca analiz siirdiiriilmiistiir. Her
analizin sonuglanma siiresi yaklagik 30 dakikadir.
FSDAM ozellikleri Tablo 1’de verilmistir.

Tablo 1. FSDAM Ozellikleri

Azellik Oluk/Kutup Oluk/Kutup  Oluk/Kutup
sayisli (24/4) sayis1 (18/4)  sayis1 (12/4)

Gug 550 W 550 W 550 W

Hiz 1500 rpm 1500 rpm 1500 rpm

Dis ¢ap 120 mm 120 mm 120 mm

ic cap 75 mm 75 mm 75 mm

M'knafls 3.5mm 3.5mm 3.5mm

kalmhg:

lletken 66 106

sayis1

Tel ¢capr 0.91 mm 0.91 mm 0.91 mm

Oluk 85 mm 7.49 mm 13.87 mm

yiiksekligi

Oluk tepe 7 6 9.65 mm 6.13 mm

genisligi
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Sekil 4, 24 oluk 4 kutuplu FSDAM i¢in (XG196/96)
verim-hiz egrisini gostermektedir.

90.00 plolaint
$0.00
. Name X Y
70.00 ml |1506.760087.4223
- 6000 m2 |1545.3900/87.7885 Curve Info
50,00 m3_|1584.0300)87.7060 = Elficiency
E
E 4 |1622.6600186.8686
54000 35 1661 3(;0084303(:
30,00 :
20.00
10.00
000" : ' : :
0.00 500,00 1000.00 1500.00 1800

0 (rpm)
Sekil 4. Verim-hiz egrisi (24 Oluklu XG196/96)

Motorun farkli hiz araliklarindaki verimlilik durumu
incelendiginde, asagidaki egilimler gézlemlenmistir:
Diisiik hizlar (0-500 rpm): Bu hiz araliginda motor
verimliligi oldukga diigiiktiir. Diisiik hizlarda g¢alisan
motor, daha yiiksek oranda kayiplara maruz kalmakta
ve bu durum toplam verimi olumsuz etkilemektedir.
Orta hizlar (500-1500 rpm): Bu boélgede verimlilik
hizla artmakta ve motorun en verimli ¢alistig1 aralik
olarak o6ne c¢ikmaktadir. Verim, bu hiz araliginda
maksimum seviyeye yaklagmaktadir. Tepe noktasi
(~1500-1600 rpm): Motor verimliligi bu bolgede
maksimum degere ulasarak yaklasik %87,8 seviyesinde
zirve yapmaktadir. Bu nokta, motorun optimal ¢alisma
noktast olarak degerlendirilebilir. Yiiksek hizlar
(>1600 rpm): Bu hiz seviyesinden itibaren verimlilik
diisiise gegmektedir. Ozellikle 1800 rpm civarmda ani
ve belirgin bir verim kaybi1 gézlemlenmistir.

Her oluk/kutup sayist ve miknatis tirii igin tork
dalgalanmasi denklem (13) yardimi ile
incelenmistir[21]. Tork-zaman grafiginde maksimum
tork ve minimum tork farki, ortalama tork degerine
boliinerek tork dalgalanmasi hesaplanabilir.

Tmax — Tmin 100
Tort

Sekil 5’te 24 oluk 4 kutuplu FSDAM’da (XG196/96)
tork-zaman egrisi gosterilmistir.

%TDalgalanmaSl = (13)

Torque (24 Oluklu_XG196/96)

—5.00
§4.50
E350
=3
Z3.00
o

£ o
K<)

Z 150
100
20.50

= 000
0.00

Curve Inlo

avg  max  min
~ Movingl.Torque

Setupl : Transient  3.9098 4.9167 0.0000

10.00 20.00 30.00 40.00

Time [ms]

Sekil 5. Tork-zaman egrisi (24 Oluklu_ XG196/96)

0-5 ms zaman araliginda, motor ¢alismaya basladiginda
tork hizla yiikseliyor. Ilk anlarda dalgalanmalar var, bu
gecici rejimde motorun stabil hale gelmeye calistigini
gosterir. 5-40 ms zaman aralifinda kararli duruma
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ulastign gozlemlenmistir. Tork, siirekli dalgali bir
yapiya sahiptir. Maksimum tork 4.91 Nm, ortalama
tork 3.9 Nm civarmdadir.

Sekil 6’da 24 oluk 4 kutuplu FSDAM’da XG196/96
miknatis1 ile gerceklestirilen manyetik analiz

sonucunda, stator, rotor, hava araligi ve miknatis
olusan

bolgelerinde manyetik aki  yogunlugu

gOsterilmistir.

B [tesla]

1.6000
1.4933
1.3867

1.2800

11733

0.6400
05333

0.4267

0.3200
0.2133
0.1067
0.0000

Sekil 6. Ak1 yogunlugu (24 Oluklu_XG196/96)

Stator oluklarmin uglarinda yiiksek manyetik aki
yogunlugu (yaklasik 1.5 Tesla) gozleniyor. Rotor
miknatislarmin  etrafinda  manyetik aki cizgileri
yogunlagsmis, bu da miknatislarin manyetik devrede
etkin oldugunu gosteriyor.

Sekil 7°de 24 oluk 4 kutuplu FSDAM (NdFeB35)
verim-hiz egrisi verilmistir.

90.00 W
80.00
70.00
_60.00 Name
<000 _m2 1 Curve Tnfo
& m3 Efficiency
; 40,00 "
3000 s
2000
10.00
0.00 i L
0.00 250.00 500.00 750.00 1000.00 1250.00 1500

n (rpm)
Sekil 7. Verim-hiz egrisi (24 Oluklu NdFe35)
Motorun farkli  devir sayilarindaki  verimlilik
performansi agagidaki sekilde dzetlenebilir:

0-500 rpm: Bu bolgede motor verimliligi oldukca
sirhdir. Diigiik hizlarda artan demanyetizasyon riski,
stirtinme ve diger kayiplar nedeniyle toplam verim
onemli Olgiide digmektedir. 500-1300 rpm: Hiz
artttk¢a  verimlilikte  belirgin ~ bir  iyilesme
gozlemlenmektedir. Bu aralik, motorun en verimli
calistig1 bolgeyi olusturmaktadir. 1300-1350 rpm: Bu
aralikta motor, yaklagitk %87,9'luk maksimum
verimlilige ulagsmaktadir. Optimum performans bu hiz
bandinda elde edilmektedir. >1400 rpm: Bu esigin

iizerinde verimlilikte diisiis baslamaktadir. Ozellikle
1500 rpm civarmnda ani bir verim kaybi meydana
gelmistir. Bu durum, yiiksek hizlarda artan kayiplarm
sistem performansini olumsuz etkiledigini
gostermektedir.

Sekil 8’ 24 oluk 4 kutuplu FSDAM’da (NdFe35) elde
edilen tork-zaman egrisi gostermektedir.

Torque (24 Oluklu_NdFe35)

Curve Info
~  Movingl.Torque
Sectupl : Transient  6.2455 §.4830 0.0000

avg max  min

0.00 10.00 20.00 30.00 40.00

Time [ms]

Sekil 8. Tork-zaman egrisi (24 Oluklu_NdFe35)

Motorun ¢aligmaya basladigi 0—10 ms araliginda tork
hizla yiikselmistir. 10—40 ms araliginda ise tork kararl
duruma ulagmustir. Maksimum tork 8.48 Nm, ortalama
tork 6.24 Nm olup, bu da motorun verimli ¢aligtigini
goOstermektedir.

Sekil 9°da 24 oluk 4 kutuplu FSDAM’da (NdFe35)
manyetik aki yogunlugu dagilimi gosterilmistir.

B [tesla]

1.6000
1.4933

1.3867
1.2800
11733

0.0000

Sekil 9. Ak1 yogunlugu (24 Oluklu NdFe35)

Stator oluklarinin uglarinda ve stator dislerinde yiiksek
manyetik aki  yogunlugu (yaklasgik 1.6 Tesla)
gozleniyor.

Sekil 10’da 24 oluk 4 kutuplu FSDAM’da (SmCo)
verim-hiz grafigi gosterilmistir.
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90,007
80.00° [
Name X Y

70.00 ml 13455300 87.6923
G000 | m2 1379.170087.848%
Ssp00 | m3 1412810087 3201 Curve lnfo
Eoon  Lmd 1446 440085 4051 Efficiency
§4onn;

30.00

20.00°

10,00

0.00

0.00 500.00 100000 1500.00

n (rpm)

Sekil 10. Verim-hiz egrisi (24 Oluklu_SmCo)

0-500 rpm arasi hizlarda verim oldukga diistiktiir. 500-
1350 rpm hiz araliginda, verim hizla artarak en yiiksek
seviyeye ulasiyor. Motorun en verimli ¢alistigi bolge
burasidir. 1350-1400 rpm hiz araliginda, maksimum
verimlilik (%87.85) seviyesine ulasiyor. 1450 rpm’den
verim diigmeye basliyor. 1500 rpm civarinda ani verim
diisiisti gergeklesmistir.

Sekil 11°de 24 oluk 4 kutuplu FSDAM’da SmCo
muknatisina ait tork-zaman egrisi gosterilmistir.

Torque (24 Oluklu_SmCo)

=~
n
=)

o
o
th

)
=)
=3

b
fE]
L

Curve Info avg  max  min
~ Movingl.Torque

Setupl : Transient  5.3863 7.1266 0.0000

s
in
=]

[
U

Moving 1 Torque [NewtonMeter]

0.00

0.00 10.00 20.00

Time [ms]

Sekil 11. Tork-zaman egrisi (24 Oluklu_SmCo)

30.00 40.00

0-5 ms zaman araliginda, motor ¢aligmaya basladiginda
tork hizla yikseliyor. 5-40 ms zaman araliginda kararli
durumdadir. Maksimum tork 7.12 Nm, ortalama tork
5.38 Nm civarmdadir.

Sekil 12’de 24 oluk 4 kutuplu FSDAM’da SmCo
miknatisma ait manyetik aki yogunlugu dagilimi
gosterilmistir.

B [tesla]

1.6000
l 1.4933
1.3867

1.2800
1.1733
1.0667
0.9600
0.8533
- 0.7467
0.6400
05333
0.4267
0.3200
02133
0.1067
0.0000

b1
Sekil 12. Ak1 yogunlugu (24 Oluklu_SmCo)
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Stator oluklarinin uglarinda ve stator dislerinde yiiksek
manyetik aki  yogunlugu (yaklastk 1.6 Tesla)
olusmustur.

Tablo 2’de 24 oluklu tasarima gore XG196/96, NdFe35

ve SmCo miknatilarinin simiilasyon sonuglari
verilmistir.
Tablo 2. 24 oluklu simiilasyon sonuglar1
Ozellik XG196/96 NdFe35 SmCo
Verim %87.78 %87.86 %87.84
Tork 3.90 Nm 6.24 Nm 5.38 Nm
Tork %125.89 %13580  %132.34
Dalgalanmasi
Anma Hiz 1545 rpm 1299 rpm 1379 rpm

Ug farkli miknatis tiirii igin verim degerleri oldukca
yakindir(%87.78 %87.86 %87.84). NdFe35
miknatist en yiiksek verimi saglamis (%87.86), ancak
fark ¢ok kiiciik oldugu i¢in tiim miknatislarin benzer
verim sundugu sOylenebilir. NdFe35 miknatis1 en
yiiksek torku tiretmistir (6.24 Nm). SmCo, 5.38 Nm ile
ikinci sirada, XG196/96 ise en diisiik torku tiretmistir
(3.90 Nm). Bu sonug, NdFe35'in daha yiiksek manyetik
ozelliklere sahip oldugunu ve motorun daha giiclii
caligmasini sagladigim gosteriyor. NdFe35 miknatisi
%135.89 ile en yiiksek tork dalgalanmasma sahiptir.
XG196/96 %125.89 ve SmCo %132.34 ile daha diisiik
dalgalanma degerleri sunuyor. Tork dalgalanmasi ne
kadar diisiikse, motorun titresimi ve giiriiltiisii o kadar
az olur. Bu yiizden SmCo ve XG196/96 miknatislari,
titresim agisindan daha iyi bir performans gosteriyor.
XG196/96 miknatist ile en yiiksek anma hizi elde
edilmis (1545 rpm). NdFe35, 1299 rpm ile en diisiik
hiz1 saglamistir. SmCo, 1379 rpm ile orta seviyede
kaliyor.

Sekil 13, 12 oluk 4 kutuplu FSDAM’da (XG196/96)
verimin hiza gére degisimi gosterilmistir.
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Sekil 13. Verim-hiz egrisi (12 Oluklu_XG196/96)

500.00

0-500 rpm araliginda verim ¢ok diisiiktiir. 500—1550
rpm arali§inda verim hizla artar ve 1600 rpm civarinda
%85.6 ile zirveye ulasir. >1650 rpm hizlarda verim
azalmaya baslar, 1800 rpm’de ise ani bir diisiis
gozlemlenmistir.

Sekil 14’te 12 oluk 4 kutuplu FSDAM’da XG196/96
miknatisina ait tork-zaman egrisi gosterilmistir.
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Torque (12 Oluklu_XG196/96)

Curve Info
—  Movingl Torque
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Sekil 14. Tork-zaman egrisi (12 Oluklu XG196/96)

30.00 40.00

Motorun g¢alismaya basladigi 0—10 ms araliginda tork
hizla artmistir. 1040 ms arasinda ise sistem kararl
duruma ge¢mistir. Maksimum tork 6.36 Nm, ortalama
tork 4.80 Nm olarak Sl¢iilmiistiir.

Sekil 15’te 12 oluk 4 kutuplu FSDAM (XG196/96)
manyetik aki yogunlugu dagilimi gosterilmistir.
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Sekil 15. Akt yogunlugu (12 Oluklu_XG196/96)

Stator oluklarinin uglarinda ve stator dis uglarmda
yiiksek manyetik aki yogunlugu (yaklasik 1.6 Tesla)
olustugu goriilmektedir.

Sekil 16’da 12 oluk 4 kutuplu FSDAM’da NdFe35
miknatismin  kullanilmasiyla  verimin hiza gore
degisimi gosterilmistir.
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Sekil 16. Verim-hiz egrisi (12 Oluklu_NdFe35)

1000.00 1250.00 1500

0-500 rpm araliginda verim diigiikttir. 500-1300 rpm
arasimnda hizla artarak %85.7 ile 1250-1300 rpm
civarinda maksimum seviyeye ulagir. 1350 rpm’den
yiiksek hizlarda verim azalmaya baglar; 1500 rpm’de
ise ani bir diislis goriilmiistiir.

Sekil 17°de 12 oluk 4 kutuplu FSDAM’da NdFe35

miknatist igin zamana gore gore tork grafigi
gosterilmisgtir.

Torque (12 Oluklu_NdFe35)
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Sekil 17. Tork-zaman egrisi (12 Oluklu NdFe35)

0-10 ms zaman araliginda, tork hizla yiikseliyor. 10-40
ms zaman aralifinda kararlh duruma ulasmaktadir.
Maksimum tork 11.17 Nm, ortalama tork 7.54 Nm
civarindadir.

Sekil 18’de 12 oluk 4 kutuplu FSDAM’da (NdFe35)
manyetik aki yogunlugu dagilimi gosterilmistir.
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Sekil 18. Ak yogunlugu (12 Oluklu_NdFe35)

Stator dislerinde ve stator dis uclarinda yiiksek
manyetik aki  yogunlugu (yaklastk 1.6 Tesla)
gorilmektedir.

Sekil 19°da 12 oluk 4 kutuplu FSDAM’da SmCo
miknatisinin  kullanilmasiyla elde edilen verim-hiz
egrisi gosterilmistir.
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Sekil 19. Verim-hiz egrisi (12 Oluklu_SmCo)
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0-500 rpm hiz araliginda verim ¢ok diisiiktiir. 500-1410
rpm hiz aralifinda ise, verim hizla artarak en yiiksek
seviyeye ulasiyor. Motorun en verimli ¢alistigi bolge
burasidir. Tepe noktasinda (1400-1420 rpm civari)
%85.9 seviyesine ulasiyor. Daha yiiksek hizlarda
(>1445 rpm), verim diismeye basliyor. 1600 rpm
civarmda ani verim diisiigii ger¢eklesmistir.

Sekil 20’de 12 oluk 4 kutuplu FSDAM’da SmCo
miknatisina ait tork-zaman egrisi gosterilmistir.

Torque (12 Oluklu_SmCo)
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Sekil 20. Tork-zaman egrisi (12 Oluklu_SmCo)

0-5 ms zaman aralifinda, tork hizla yiikseldikten sonra
5. ms’den itibaren kararli duruma ulagmaktadir.
Maksimum tork 9.27 Nm, ortalama tork 6.56 Nm’dir.

Sekil 21’de 12 oluk 4 kutuplu FSDAM’da (SmCo)
manyetik aki yogunlugu dagilimi verilmistir.
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Sekil 21. Akt yogunlugu (12 Oluklu_SmCo)

Stator boyundurugunda ve stator dis uglarinda yiiksek
manyetik aki  yogunlugu (yaklastk 1.6 Tesla)
olusmustur.

Tablo 3’te 12 oluklu tasarima gore XG196/96, NdFe35
ve SmCo miknatilarinin simiilasyon sonuglari
verilmistir.

Tablo 3. 12 oluklu simiilasyon sonuglari

Ozellik XG196/96 NdFe35 SmCo
Verim %85.84 %85.83 %85.88
Tork 4.80 Nm 7.54 Nm 6.56 Nm
Tork %132.50 %148.14 %141.31
Dalgalanmasi

Anma Hiz 1622 rpm 1317 rpm 1410 rpm
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Tiim miknatis tiirleri i¢in verim degerleri birbirine gok
yakindir (%85.83 - %85.88). SmCo en yiiksek verimi
saglarken (%85.88), NdFe35 en diisiik verime sahip
(%85.83), ancak fark cok kiiciik oldugu igin pratikte
onemli bir avantaj veya dezavantaj olusturmaz.
NdFe35 en yiiksek torku tiretmistir (7.54 Nm). SmCo,
6.56 Nm ile ikinci sirada yer aliyor. XG196/96 en
diisiik torku sagliyor (4.80 Nm). NdFe35’in yiiksek
manyetik 6zellikleri, en yiiksek torku Uretmesini
saglamistir. NdFe35, %148.14 ile en yiiksek tork
dalgalanmasina sahip. XG196/96 en diisik tork
dalgalanmasini saglamistir (%132.50). SmCo %141.31
ile orta seviyede yer aliyor. Yiiksek tork dalgalanmasi,
motorun titresim ve giiriiltii seviyesini artirabilir. Bu
nedenle, XG196/96 titresim agisindan en stabil motor
performansini sunuyor. XG196/96 en yiiksek anma
hizin1 sunuyor (1622 rpm). NdFe35 en diisiik anma
hizina sahiptir (1317 rpm). SmCo, 1410 rpm ile orta
seviyede bulunuyor. NdFe35 yiiksek tork iirettigi i¢in
daha diisiik anma hiz1 saglamaktadir.

Sekil 22°de 18 oluk 4 kutuplu FSDAM’da XG196/96
miknatismm kullanilmasiyla elde edilen verim-hiz
grafigi verilmistir.
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Sekil 22. Verim-hiz egrisi (18 Oluklu_XG196/96)

Diisiik hizlarda (0-500 rpm), verim oldukga diisiiktiir.
Orta hizlarda (500-1535 rpm), verim hizla artarak en
yiiksek seviyeye ulasiyor. 1520-1540 rpm  hiz
araliginda, %387.78 seviyesine ulagiyor. 1570 rpm’den
yiiksek hizlarda verim diismeye basliyor. 1650 rpm
civarinda ani verim diigiisii gézlemlenmistir.

Sekil 23°te 12 oluk 4 kutuplu FSDAM’da XG196/96
miknatisina ait tork-zaman degisimi gosterilmistir.

Torque (18 Oluklu_XG196/96)
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Sekil 23. Tork-zaman egrisi (18 Oluklu XG196/96)

10.00

Tork-zaman grafigi incelendiginde, 0-5 ms zaman
araliginda, tork artis1 goriilmektedir. 5-40 ms zaman
araliginda kararli duruma ulastig1 durumda maksimum
tork 5.05 Nm, ortalama tork 4.04 Nm seviyesindedir.
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Sekil 24’te 18 oluk 4 kutuplu FSDAM’da XG196/96
miknatisma ait manyetik aki yogunlugu dagilimi
gOsterilmistir.
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Sekil 24. Aki yogunlugu (18 Oluklu XG196/96)

Stator dis uclarinda yiiksek manyetik aki yogunlugu
(yaklagik 1.6 Tesla) olusmustur.

Sekil 25’te 18 oluk 4 kutuplu FSDAM’da (NdFe35)
verim-hiz egrisi gosterilmistir.
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Sekil 25. Verim-hiz egrisi (18 Oluklu NdFe35)

1000.00 1250.00 1500

Maksimum  verime (%87.82) 1240-1280 rpm
seviyesinde ulasilmaktadir. 1300 rpm’den yiiksek
hizlarda verim diismeye basliyor. 1350 rpm civarinda
ani verim diisiisii gerceklesmistir.

Sekil 26’da 18 oluk 4 kutuplu FSDAM’da NdFe35
miknatisi i¢in zamana gore tork degisimi gosterilmistir.

Torque (18 Oluklu NdFe35)
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Sekil 26. Tork-zaman egrisi (18 Oluklu_NdFe35)

0-5 ms zaman araligindaki tork artisindan sonra kararl
calisma durumuna ulastigi gortilmektedir. Maksimum
tork 8.87 Nm, ortalama tork 6.87 Nm civarindadir.
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Sekil 27°de 18 oluk 4 kutuplu FSDAM’da NdFe35
miknatisina ait manyetik aki yogunlugu dagilim
gosterilmistir.
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Sekil 27. Aki yogunlugu (18 Oluklu NdFe35)

Stator dislerinde, stator boyundurugunda ve stator dis
uclarinda yiiksek manyetik aki yogunlugu (yaklasik 1.6
Tesla) olusmustur.

Sekil 28’de 18 oluk 4 kutuplu FSDAM’da (SmCo)
verimin hiza gére durumu gosterilmistir.
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Sekil 28. Verim-hiz egrisi (18 Oluklu_SmCo)

1500.00

Motor 500-1330 rpm araliginda verim hizla artarak en
verimli calistigi bolgeye ulasiyor. 1340-1360 rpm hiz
araliginda %387.80 seviyesine ulasiyor. 1390 rpm’de
verim diismeye basliyor. 1400 rpm civarinda verim
hizla diismektedir.

Sekil 29°da 18 oluk 4 kutuplu FSDAM’da SmCo
miknatisina ait tork-zaman grafigi gosterilmistir.
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Sekil 29. Tork-zaman egrisi (18 Oluklu_SmCo)

Motor ¢aligmaya basladiginda tork hizla yiikseliyor. 5-
40 ms zaman araliginda kararli duruma ulastig
gozlemlenmistir. Maksimum tork 7.59 Nm, ortalama
tork 5.77 Nm civarindadir.
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Sekil 30’da 18 oluk 4 kutuplu FSDAM’da SmCo
miknatist i¢in manyetik aki yogunlugu dagilimi
gOsterilmistir.

Sekil 30. Aki yogunlugu (18 Oluklu_SmCo)

Stator boyundurugunda ve stator dis uglarinda yiiksek
manyetik aki  yogunlugu (yaklastk 1.6 Tesla)
olusmustur.

Tablo 4’te 18 oluklu tasarima gore XG196/96, NdFe35

ve SmCo muknatilarmm simiilasyon sonuglar
verilmistir.
Tablo 4. 18 oluklu simiilasyon sonuglari
Ozellik XG196/96 NdFe35 SmCo
Verim %87.78 %87.82 %87.80
Tork 4.04 Nm 6.87 Nm 5.77 Nm
Tork %125 %12911  %131.54
Dalgalanmasi
Anma Hiz 1517 rpm 1272 rpm 1363 rpm

Verim degerleri birbirine ¢ok yakindir (%87.78 -
%87.82 - %87.80). NdFe35 en yiiksek verimi sagliyor
(%87.82), ancak fark c¢ok kiigiik oldugu igin ii¢
miknatis arasinda belirgin bir avantaj olusturmaz.
NdFe35 en yiksek torku Uretiyor (6.87 Nm). SmCo
5.77 Nm ile ikinci sirada yer aliyor. XG196/96 en
diistik torku {iiretiyor (4.04 Nm). NdFe35’in yiiksek
manyetik aki yogunlugu sayesinde en yiiksek tork
saglandig goriilityor. NdFe35 %129.11 ile en yiiksek
tork dalgalanmasina sahiptir. SmCo %131.54 ile ikinci
sirada  yer aliyor. XG196/96 en disik tork
dalgalanmasini  sagliyor (%125). Disik tork
dalgalanmasi, motorun titresimini ve giriiltiisiini
azaltacagr icin XG196/96 bu agidan avantajlidir.
XG196/96 en yiiksek anma hizina sahiptir (1517 rpm).
NdFe35 en diisiik hizda ¢alistyor (1272 rpm). SmCo,
1363 rpm ile orta seviyede bulunuyor. Yiksek tork

ireten  NdFe35’in, motor hizin1  disiirdiigi
gozlemleniyor.

IV. TARTISMA

Bu c¢alismada, FSDAM tasariminda miknatis

malzemesi ve stator oluk sayisinin motor performansi
iizerindeki etkileri ayrintili sekilde degerlendirilmistir.
Elde edilen bulgular, hem malzeme se¢iminin hem de
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geometrik parametrelerin motor performansi iizerinde
belirleyici roller iistlendigini gostermektedir.

Miknatis malzemeleri karsilastirildiginda, NdFeB en
yiikksek tork degerlerini sunmasma ragmen, tork
dalgalanmalarmin da en yiikksek seviyede oldugu
gozlemlenmistir. Bu durum, yiiksek giic gerektiren
uygulamalarda NdFeB'nin tercih edilebilecegini, ancak
motor kontrol stratejilerinde gelismis algoritmalarin
gerekebilecegini ortaya koymaktadir. SmCo, dengeli
bir tork tretimi ile birlikte orta seviyede dalgalanma ve
hiz sunarak, ¢ok yonlii bir performans sergilemistir. Bu
da SmCo'yu hem tork hem de dinamik tepki agisindan
denge arayan uygulamalar (insansiz hava araglari,
Radar tahrik sistemleri) i¢in uygun hale getirmektedir.
XG196/96 ise en diisiik tork iiretimi ile birlikte en
diisiik tork dalgalanmasi ve en yiiksek hiz1 saglayarak,
yiiksek hiz ve diisiik titresim gerektiren senaryolarda
one ¢ikmaktadir. Bu bulgular, uygulama bazli malzeme
seciminde performans kriterlerinin dikkatle
degerlendirilmesi gerektigini ortaya koymaktadir.

Stator oluk sayisinin etkilerine bakildiginda, 12 oluklu
yapt daha yiiksek tork sunmakla birlikte, tork
dalgalanmalar1 belirgin sekilde artmakta ve hiz
diismektedir. Bu yap1, yiiksek gii¢ gerektiren ancak
dalgalanmanin tolere edilebilecegi uygulamalara hitap
etmektedir. 18 oluklu yapi, tork seviyesi ile tork
dalgalanmasi arasinda makul bir denge kurarak, hem
performans hem de kararlilik agisindan optimal bir yap1
sunmaktadir. 24 oluklu yapr ise tork dalgalanmalarinin
en diisiik oldugu ve kararliligin yiiksek oldugu bir yap1
olmakla birlikte, tork seviyesinin gérece daha diisiik
oldugu tespit edilmistir. Bu durum, bu yapinmn diisiik
titresimli ve sessiz calisan motor uygulamalari
(Elektrikli cam agma motorlar1) i¢in daha uygun
olabilecegini diisiindiirmektedir.

Genel olarak, 18 oluklu yapi, motor tasariminda
performans ve kararhilik arasinda optimum dengeyi
kuran bir yap1 olarak 6ne ¢ikmustir. Ayrica, miknatis
malzemesi ve oluk sayis1 arasinda karsilikl
etkilesimlerin oldugu goriilmiis; 6rnegin, diisiik torklu
ancak kararli bir miknatis malzemesinin (XG196/96),
yiksek oluk sayisi ile desteklenerek performansin
dengelenebilecegi anlasilmistir.

V. SONUCLAR

Bu calismada, FSDAM tasarim siirecinde miknatis
malzemesi se¢imi ve stator oluk sayisinin motor
performans: iizerindeki etkileri kapsamli bir sekilde

incelenmistir. Elektromanyetik analizler
dogrultusunda, farkli miknatis malzemelerinin
(XG196/96, NdFeB, SmCo) manyetik doyma

ozellikleri ile bu malzemelerin tork dalgalanmalarina
etkileri karsilastirmali olarak degerlendirilmistir. Elde
edilen bulgular, miknatis malzemesi segiminde
manyetik doyma davraniginin  motor verimliligi
acisindan  kritik bir parametre oldugunu ortaya
koymaktadir.
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Calismada ayrica, stator oluk sayisindaki degisimin
ortalama tork {iretimi, tork dalgalanmalar1 ve manyetik
aki yogunluklar iizerindeki etkileri analiz edilmistir.
Motorun dis ¢api, i¢ ¢ap1, miknatis kalinligi ve tel capi
sabit tutulurken; her senaryoda oluk basma iletken
sayisi, oluk yiiksekligi ve genisligi yeniden belirlenerek
performans degerlendirmeleri yapilmistir. Elde edilen
sonuglar, stator oluk sayisinin artirtlmasmin tork
dalgalanmalarmi azalttigini ve motorun c¢alisma
kararliligini iyilestirdigini gostermektedir.

Genel olarak, bu ¢alisma miknatis malzemesi ve stator
oluk sayisinin FSDAM performans: {izerindeki
etkilerini ortaya koyarak, daha verimli ve stabil motor
tasarimlart igin Onemli bir referans sunmaktadir.
Bulgular, hem motor tasariminin optimizasyonuna
katki saglamakta hem de gelecekte yapilacak
caligmalar i¢in saglam bir temel olusturmaktadir.

24 oluklu yapu icin: YUksek tork isteniyorsa, NdFe35
en iyi secim gibi gorunmektedir, ancak bu durumda
tork dalgalanmas: yiiksek ve hiz en diisiik seviyededir.
Daha dengeli bir performans isteniyorsa SmCo iyi bir
secenek olabilir ¢linki orta seviyede tork dretirken
dalgalanma ve hiz agisindan daha dengeli bir
performans segilemektedir. XG196/96, ise en diisiik
tork degerine sahip olmasma ragmen en yiiksek hizi
sunmakta ve tork dalgalanmasi en diisik seviyede
bulunmaktadir.  Buradaki  se¢im, uygulamanin
gereksinimlerine bagl olacaktir. Yiiksek hiz ve diisiik
titresim  gerekiyorsa = XG196/96, yiiksek  tork
gerekiyorsa NdFe35 tercih edilebilir.

12 oluklu yapr igin: YUksek tork gerektiren
uygulamalarda NdFe35 en iyi secim olabilir, ancak tork
dalgalanmasi oldukea yiiksek ve motor hizida diistiktiir.
Daha dengeli bir performans istenirse SmCo uygun
olabilir. Tork seviyesi iyi, tork dalgalanmasi orta
seviyede ve hiz da uygundur. Yiiksek hiz ve diisiik
titresim gereken durumlar icin XG196/96 daha
avantajl performans sergiledigi goriilmektedir. Ancak
tork seviyesi en diisiik oldugu icin yiiksek yiik
gerektiren uygulamalar i¢in uygun olmayabilir.

18 oluklu yapr icin: Yiksek tork gerektiren
uygulamalarda NdFe35 en iyi secim olabilir, ancak tork
dalgalanmasi en yiiksek seviyede ve hiz en diisiiktiir.
Dengeli bir performans icin SmCo uygun olabilir. Tork
seviyesi iyi, tork dalgalanmasi orta seviyede ve hiz da
uygundur. Yiksek hiz ve diigiik titresim gereken
durumlar i¢in XG196/96 avantajli goriinmektedir.
Ancak diistik tork degerine sahip oldugu icin yiiksek
yik gerektiren uygulamalarda tercih edilmeyebilir.

Genel  karsdastirmalar: 24  oluklu  motorla
kiyaslandiginda, 12 oluklu motor genel olarak daha
yiiksek tork {iiretmektedir, ancak tork dalgalanmasi
daha fazladir. Yani, 12 oluklu motor, daha gii¢lii ancak
daha dizensiz bir tork karakteristigi sunmaktadir. 18
oluklu motor, 12 olukluya gore daha disiik tork
dalgalanmas1 saglar, bu da daha stabil bir ¢alisma
sunar. 24 oluklu motorla kiyaslandiginda ise tork
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seviyesi daha yiiksek olmakla birlikte, hiz biraz daha
disiiktiir. Sonug olarak, 18 oluklu motor, tork ve
dalgalanma agisindan dengeli bir yap1 sunar; bu da hem
stabilite hem de gii¢ acisindan avantajli bir segenektir.

VI. ETiK KURUL ONAYI ve CIKAR
CATISMASI BEYANI

Hazirlanan makalede etik kurul izni alinmasina gerek
yoktur. Herhangi bir kisi/kurum ile ¢ikar ¢atismasi
bulunmamaktadir.
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Abstract

The freeze-drying procedure was used to create the scaffold that was meant to cure bone deformities. Fourier transform
infrared (FTIR) spectroscopy, X-ray diffraction analysis, swelling and degradation ratio, and scanning electron microscopy
(SEM) tests were used to characterize the scaffolds. Osteoblast cells were used in an in vitro cytotoxicity test to evaluate the
scaffolds' biocompatibility. The results of the characterization revealed an interconnected porous structure and significant
ionic connections between the alginate, egg-shell membrane, and B-tricalcium phosphate (B-TCP). The scaffolds are regarded
as nontoxic because the cell viability was more than 80%. When all the findings are evaluated, B-TCP with alginate/egg-shell
membrane can be regarded as appropriate for bone treatment applications.

Keywords: alginate, egg shell membrane, beta-tricalcium phosphate, tissue engineering

I. INTRODUCTION

Biomaterials utilized in tissue engineering that emulate the physicochemical features of the native extracellular
matrix (ECM) have been demonstrated to support cellular adhesion, proliferation, migration, and new tissue
formation. The structure of natural bone is a complex composite, consisting of hydroxyapatite (HA) crystals
organized within an organic matrix primarily composed of type I collagen (Col) [1]. According to the current state-
of-the-art, it is compatible with the combination of different materials, inorganic and organic, as well as the
immediate incorporation of cells to accelerate the bone regeneration process [2]. The three-dimensional (3D)
composite systems developed in recent studies aim to replicate the structural and biochemical characteristics of
bone ECM—comprising a mineral phase mainly of calcium phosphate, typically in the form of HA, and a fibrous
organic matrix rich in type I collagen [3]. To achieve this, the researchers combine ceramics with advanced
mechanical properties such as hydroxyapatite, tricalcium phosphate (TCP) and glass ceramics with highly
bioactive and biocompatible polymers such as collagen, alginate, chitosan and gelatin to create matrices that
support bone tissue formation. [4]. Eggshell membrane (ESM), being a rich source of collagen,
glycosaminoglycans, chondroitin sulfate, and hyaluronic acid, is considered a promising candidate for biomedical
applications in tissue engineering [5—7]. These components closely resemble those found in bone’s natural
collagenous matrix, positioning ESM as a suitable structural base for scaffold fabrication. Eggshell, one of the
approximately 5 million tons of high-value biological resources produced annually in industry and households, is
ignored and generally discarded as waste [8]. It is important to consider the cost-effectiveness of a biomaterial that
can reduce the economic burden of high-priced biomedical materials. ESM can therefore be considered as a cost-
reducing natural material alternative. Sodium alginate, a hydrophilic, biocompatible polysaccharide extracted from
brown algae, is well-known for its gel-forming ability and high viscosity in aqueous environments [2]. Composite
biomaterials combining alginate with inorganic fillers have been effectively employed to mimic the
microenvironment of bone [9]. In this context, incorporating B-tricalcium phosphate into alginate/ESM-based
biopolymers may further enhance their regenerative capacity in treating bone defects. Furthermore, innovations in
fabrication techniques could improve the performance of such scaffolds in bone tissue engineering applications.
Thus, a hybrid scaffold composed of alginate, B-TCP, and ESM is anticipated to offer an effective platform for in
vitro osteoblast culture. The objective of this study is to synthesize and characterize scaffolds composed of
alginate, egg shell membrane, and B-TCP for tissue engineering applications. To the best of our knowledge, this
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novel ternary system has not been previously explored
for cell proliferation. In this study, swelling and
degradation properties and assessment of cell
proliferation activity of cells on designed material have
been carried out.

II. MATERIALS AND METHODS

2.1. Fabrication of ALG/ESM/TCP scaffolds

Fresh eggs separated from yolk and albumen were
obtained from a local restaurant and then rinsed with
sterile distilled water followed by disinfected with
ethanol. The eggshells were kept in 2% (v/v) acetic acid
solution for 1 hour and the ESM were carefully peeled
off from eggshells with forceps. Following this, the
ECM was subjected to freeze-drying until completely
dried. Different types of ALG/ESM/TCP were
prepared by 100 mL of ALG (5 wt.%) aqueous solution
with various amounts of 3-TCP (0, 1, 2.5 wt.%) in the
presence of ESM (100 mg). Freeze drying method was
used in the production of ALG/ESM/TCP scaffolds.
The prepared ALG/ESM/TCP solutions were poured
into 24-well plates and treated with 5% CaCl, solution
overnight. Post-crosslinking, the constructs were
extensively washed with double-distilled water to
remove residual calcium ions and then freeze-dried at —
50 °C for 24 hours. The similar procedure was used to
prepare the control ALG/ESM scaffold.

2.2. Characterization of ALG/ESM/TCP scaffolds
Chemical analyses of crosslinking of ALG/ESM and
ALG/ESM/TCP scaffolds was verified via the Fourier
transform infrared (FTIR) spectrometer (model 4600
Jasco, Japan). The analysis was performed within the
wavelength range 4004000 cm™ '. All spectra were
baseline-corrected and calibrated to ambient
atmospheric conditions. The morphology of the control
ALG/ESM and ALG/ESM/TCP scaffolds was
analyzed by the Scanning Electron Microscopy (SEM,
EVO MA-10, Zeiss, Germany) after sputter-coating
with gold at an accelerating voltage of 10 kV. The
crystalline structures of the nanocomposites was
analyzed by X-ray diffraction (XRD, Shimadzu-6100,
Japan) using Cu Ka radiation (A = 1.54060 A°). The
scan range was changed from 10° to 40°, and the scan
speed was altered to 2° min—1.)

2.3. Swelling studies

ALG/ESM and ALG/ESM/TCP scaffolds were
allowed to swell in phosphate buffered saline (PBS; pH
7.4) at 37 °C to determine their swelling behavior. At
the beginning of each experiment, the dried scaffolds
were weighed accurately to determine Wd. The swollen
samples were removed from PBS at predetermined
intervals over a period of 120 hours, excess surface
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liquid was removed with filter paper and reweighed to
determine the swollen weight (Ww). PBS was replaced
by fresh PBS each time. Triplicate measurements were
taken for each data point. Swelling ratio was calculated
using the formula (1).

Swelling degree = [(Ww — Wd)/Wd] x 100 (1)
2.4. In vitro degradation analysis
Scaffold degradation profiles were monitored over 4
weeks in PBS at 37 °C. Samples with known initial
weight (Wi) were incubated in 10 mL PBS and
retrieved at set intervals. Each specimen was washed
with distilled water, freeze-dried, and reweighed to
obtain the final weight (Wf). Weight loss percentage
was determined using the formula (2):
Weight loss(%) = [(Wi — Wf)/Wi] x 100 (2)
2.5. In vitro biocompatibility analysis
Biocompatibility analysis of the samples was assessed
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) assay on human osteoblast
cells (ATCC hFOB 1.19 CRL-3602™). Cells were
cultured in DMEM medium enriched with 10% fetal
bovine serum and 1% penicillin/streptomycin. Disc-
shaped scaffolds (16 mm diameter) were sterilized
using UV light for 2 hours before being seeded with
1x10° cells per well in 24-well plates. Control groups
included cells cultured on standard tissue culture plastic
(2D). After incubation periods of 1, 4, and 7 days, the
culture medium was removed, and wells were rinsed
with PBS (pH 7.4). MTT solution (0.5 mg/mL) was
added to each well and incubated at 37 °C for 4 hours.
The resulting formazan crystals were dissolved in 1 mL
of dimethyl sulfoxide (DMSO), and absorbance was
measured at 590 nm using a microplate reader.

III. RESULTS AND DISCUSSION

The initial mixing of B-tricalcium phosphate (B-TCP)
with alginate solution under ambient conditions led to
a partial scaffold formation, observed visually as a
weak hydrogel. This early-stage network formation is
likely initiated by ionic interactions between the
divalent calcium ions (Ca?") on the surface of B-TCP
particles and the carboxylate groups of alginate [10]. To
enhance scaffold integrity, CaCl, solution was added,
promoting a complete ion-exchange where Ca®
replaced Na+ ions in the alginate matrix, resulting in a
fully crosslinked structure. The final composite
scaffolds were obtained by freeze-drying the
crosslinked gels at -50°C for 24 hours.
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Fourier-transform infrared (FTIR) spectroscopy
revealed characteristic peaks confirming the presence
of scaffold components. ALG-ESM, ALG-ESM-TCP1
and ALG-ESM-TCP2.5 samples were freeze-dried.
FTIR spectra of freeze-dried ALG-ESM, ALG-ESM-
TCP1 and ALG-ESM-TCP2.5 samples are shown in
Fig. 1. Most of the peaks in the sample spectrum
appeared to come from its components. The sharp
peaks at 551 cm™! and 605 cm™' were attributed to
phosphate group (PO4*") in B-TCP [10]. ESM has a
high density of functional groups, such as amines,
amides, and carboxylic acids, and strong chemical
stability. Covalent cross-links are created between the
carboxyl groups on the alginate chains and the amine
groups on the ESM particles. Furthemore, a peak at
1411 cm™ and 1601 cm™ for related stretching
vibrations of COO- indicates the presence of
carboxylate groups on alginate in the scaffold samples,
showing that functional groups were well maintained
[2]. The C-O stretching vibrations are represented by
the absorption peak at 1156 cm™! [11]. O-H and N-H
stretching bonds are represented by the large peak at
about 3320 cm™! [11,12]. In addition, the typical ESM
bonds are observed in the same spectrum as well.

(PO4™)

1601 cm™! 1411 cm™!

ALG-ESM-TCPLS

_

ALG-ESM-TCP1

I'ransmittance (%)

ALG-ESM
T

T T T T T
4000 3500 3000 2500 2000 1500 1000 500

>33

Wavelength (cm")

Figure 1: FTIR spectra of ALG-ESM, ALG-ESM-
TCP1 and ALG-ESM-TCP2.5 scaffolds.

In Figure 2, the patterns seen at 20 values of 25.8°
(1010) and 32.5° (0210) validated the crystalline
structure of the B-TCP sample. All of the scaffold
samples' reflection patterns showed up at the same 260
angles as the B-TCP sample, confirming that the
scaffold materials successfully integrated B-TCP. The
composite spectrums are observed to be amorphous in
nature due to high concentration of sodium alginate—
egg shell membrane matrix with crystalline B-TCP.
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Figure 2: X-ray diffraction (XRD) patterns of ALG-
ESM, ALG-ESM-TCP1 and ALG-ESM-TCP2.5
scaffolds.

The cross-sectional surface morphology of freeze-dried
ALG-ESM, ALG-ESM-TCP1, and ALG-ESM-TCP2.5
samples was examined using SEM, as shown in Fig. 3.
In ALG-ESM-TCP1 and ALG-ESM-TCP2.5 scaffolds,
B-TCP is easily seen. While the ESM fiber structure
was clearly seen in ALG-ESM, ALG-ESM-TCPI
scaffolds, it was observed that B-TCP particles were
integrated into the fibers and covered the surface in
ALG-ESM-TCP2.5 scaffold. As can be seen in Figure
5, samples formed complete pore structures and exhibit
interconnection pores. Among the samples, the ALG-
ESM-TCP2.5 scaffold exhibited the most pronounced
porous structure, with more evenly distributed large,
prominent pores and thicker pore walls, indicating a
stronger overall structure. These features were more
clearly visible at 200X magnification. Furthermore, at
1000X magnification, crystalline B-TCP was observed
in both scaffold systems, confirming the successful
incorporation of B-TCP into the scaffolds. The porous
structure plays a crucial role in biomedical applications
for cellular adhesion, intercellular communication, and
oxygen and nutrient transfer. Composite scaffolds with
uniform pore architectures are preferred over those with
non-uniform pores in biomedical applications.
Although tissue growth on scaffolds with irregular pore
sizes may lead to poor biomechanical qualities, cell
attachment can occur on heterogeneous scaffolds [10].
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Figure 3: SEM images of ALG-ESM (A, B), ALG-
ESM-TCP1 (C, D ) and ALG-ESM-TCP2.5 (E, F)
scaffold.

The equilibrium swelling behavior of different ALG-
ESM scaffold samples was analyzed and the results are
presented in Fig. 4. The samples were weighed at
various time points—I1, 6, 12, 24, 48, 72, 96, and 120
hours—after being immersed in PBS solution at 37°C.
All samples began to swell after 1 hour of incubation.
The results showed that the degree of swelling was
generally higher in samples with greater ALG-ESM-
TCP1 content throughout most time points. The highest
swelling degrees were observed at 72 hours, with the
ALG-ESM, ALG-ESM-TCP1, and ALG-ESM-TCP2.5
samples reaching swelling values of 218.05 + 17.01%,
283.61 £ 19.96%, and 255.52 + 12.96%, respectively.
Between 72 and 120 hours, the swelling rate slowed
and became more stable.
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Figure 4: Swelling ratio of ALG-ESM, ALG-ESM-
TCP1 and ALG-ESM-TCP2.5 scaffolds according to
incubation time.

The degradation kinetics for all scaffold samples were
monitored for 4 weeks under simulated physiological
conditions at 37 °C and the calculated weight retention
percentages are shown in Fig. 5. From the start of the
experiment to day 7, the ALG-ESM, ALG-ESM-TCP1,
and ALG-ESM-TCP2.5 samples degraded by 70.37 +
6.52%, 70.16 + 7.71%, and 52.59 + 8.24%,
respectively. During weeks 1 to 3, the degradation rates
slowed, with all samples retaining up to 30% of their
original mass. After week 3, the degradation ratio
increased and ALG-ESM, ALG-ESM-TCP1 and ALG-
ESM-TCP2.5 were calculated the degradation ratio
84.93 + 8.59%, 89.07 + 2.38% and 89.63 + 2.79%,
respectively. After 4 weeks of incubation, the form of
all scaffold samples degraded entirely.
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Figure 5. Degradation ratio of ALG-ESM, ALG-
ESM-TCP1 and ALG-ESM-TCP2.5 scaffolds
according to incubation time.

While the scaffolds used in this study exhibited a
relatively rapid degradation profile, which may be
advantageous for short-term applications in bone
regeneration, their degradation rate was found to be
faster than the typical healing time required for bone
defects, which may extend up to 6 months. The
complete degradation of the scaffolds within 4 weeks
raises concerns about their ability to provide sufficient
support during the crucial initial stages of bone healing.
Several strategies could be employed to extend the
degradation time of these scaffolds, including
increasing the crosslinking density, incorporating
biodegradable polymers with slower degradation rates,
and modifying the scaffold's structural properties.

The MTT assay was employed to assess the
cytotoxicity of ALG-ESM scaffold samples on human
osteoblast cells, with comparison to the control (2D). In
the control group, cells were cultured in the culture
medium, while in the experimental group, cells were
cultured on the scaffold samples. The cell viability rates
of the scaffold samples, compared to the control, are
shown in Fig. 6. All samples exhibited cell viability
exceeding 80% for both B-TCP concentrations in the
hydrogels, indicating that they are non-cytotoxic and
biocompatible. In all samples, the viability of human
osteoblast cells increased with B-TCP concentration at
day 1 incubation with 87.3 + 1.09%, 93.7 + 1.72% and
954 + 1.35% in ALG-ESM, ALG-ESM-TCP1 and
ALG-ESM-TCP2.5, respectively. On day 4 and day 7
of cell incubation, ALG-ESM-TCP1 showed cell
viability above 100%, which is competitive with the
control group. In vitro biological response of B-TCP-
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based scaffolds was studied using osteoblast [13] and
fibroblast cells [14,15] to analyze the biocompatibility
of materials for orthopedic applications. Algul et al.
[14] noticed that the alginate and chitosan layer with
the highest B-TCP concentration (70 wt%) among the
samples led to higher cell viability, highlighting the
properties of calcium phosphates to facilitate cellular
adhesion and promote cellular proliferation. At 7 day of
cell incubation in the study, B-TCP content increased
the percentage of cell viability. In addition to higher
cell viability, they emphasized the ability of calcium
phosphates to facilitate cellular adhesion and promote
cellular proliferation.

* k% %

A

150
= 2D

M ALG-ESM
mm ALG-ESM-TCP1
M ALG-ESM-TCP2.5

100

Cell Viability (%)

Day 1 Day 4 Day 7

Figure 6: Viability of human osteoblast cells on the
ALG-ESM, ALG-ESM-TCP1 and ALG-ESM-TCP2.5
scaffolds after 1, 4, and 7 days of incubation period.
Statistical analysis were done in comparison to the
two-dimensional (2D) monolayer culture by one-way
ANOVA (*p<0,05, **p<0,01) Turkey-Kramer
Multiple Comparisons Test.

IV. CONCLUSION

In this study, scaffolds based on ALG-ESM, ALG-
ESM-TCPI1, and ALG-ESM-TCP2.5 were prepared
using a freeze-drying method. The formation of Schiff's
base linkages was confirmed by FTIR analysis, which
also demonstrated the successful integration of B-TCP
into the scaffold. The concentration of B-TCP
influenced the scaffold formation, characteristics, and
in vitro cytocompatibility. Overall, the scaffolds were
porous, biodegradable, biocompatible, and non-
cytotoxic. Among the samples, the ALG-ESM-TCP1
scaffold exhibited the most favorable results, including
rapid gelation time, an interconnected porous structure
with the highest porosity, acceptable swelling capacity,
and excellent in vitro cytocompatibility. These findings
highlight its potential for supporting, repairing, and
regenerating non-displaced or non-load-bearing bone
injuries. In order to overcome some limitations of our
investigation, the degradation rate could be better
aligned with the healing process, ensuring that the
scaffold provides sustained support while promoting
successful bone regeneration. Future study will aim to
explore these approaches to improve the performance
and applicability of the scaffolds for long-term bone
tissue engineering applications.
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Bioactive Hydrofiber Dressings with Quince (Cydonia oblonga) Seed
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Oz

Cilt, vicudumuzun en disinda bulunan ve en genis ylizey alanina sahip organ oldugu igin, bu dokuda meydana gelen herhangi
bir bozulma veya hasar insan yasamini 6nemli 6lglide etkileyebilmektedir. Bu tir yaralanmalar genellikle hastaneye yatis, agri,
travma, yara izi riski ve enfeksiyonlarla sonuglanabilmekte ve bu nedenle acil tedavi gerektirmektedir. Hidrofiber sistemler ve
yara ortdleri, cilt yenilenmesini destekleyen, enfeksiyonlari 6nleyen ve daha az agriyla hizl iyilesmeyi tesvik eden yenilikgi
yaklasimlar olarak kapsamli sekilde arastirimaktadir. Biyolojik olarak aktif bilesenler, biyolojik ve hicresel yollari
diizenlemede 6nemli rol oynamakta ve yara iyilesmesi ile cilt yenilenmesi stratejilerinde yaygin olarak kullaniimaktadir. Dogal
polimerler, biyolojik kokenleri, dogal biyoaktif 6zellikleri ve buylime faktorlerini taklit etme yetenekleri nedeniyle yara
iyilestirme uygulamalari igcin umut verici adaylar olarak degerlendirilmektedir. Doga, biyopolimerler agisindan zengin bir
kaynak olup, bitki 6zleri tarih boyunca tedavi amagh kullanilmistir. Ayva olarak bilinen Cydonia oblonga, yara iyilesmesini ve
cilt hastaliklarinin tedavisini destekleyen cesitli biyolojik aktiviteleri ile taninmaktadir. Bu ¢alismada, ticari olarak temin edilen
bir hidrofiber yara ortlistiniin, ayva ¢ekirdegi musilaji (QSM) ile zenginlestirilmis halinin biyolojik aktivitesi incelenmistir. QSM
ile zenginlestirilen 6rneklerin, kontrol ve yalnizca hidrofiber ile karsilastirildiginda insan Keratinosit Hiicre Hatlarinda (HaCaT)
hicre canliligl ve cogalmasini artirdigi gosterilmistir.

Anahtar Kelimeler: Yara iyilesmesi, Dogal Polimerler, Hidrofiber, Ayva Cekirdegi Msilaji

Abstract

Since the skin is the outermost organ with the largest surface area, any disruption to this tissue can significantly affect human
life. Such injuries often lead to hospitalization, pain, trauma, risk of scarring, and infections, and therefore require immediate
treatment. Hydrofiber systems and wound dressings are extensively investigated and represent innovative fields that support
skin regeneration, prevent infections, and promote rapid recovery with reduced pain. Biologically active ingredients play a
crucial role in modulating biological and cellular pathways and are widely applied in wound healing and skin regeneration
strategies. Natural polymers, due to their biological origin, inherent bioactivity, and their ability to mimic naturally occurring
growth factors, are considered promising candidates for wound healing applications. Nature serves as a rich source of
biopolymers, and plant extracts have been used since time immemorial for therapeutic purposes. Cydonia oblonga,
commonly known as quince, is recognized for its diverse bioactivities that support wound healing and the treatment of skin
ailments. In this study, a commercially available hydrofiber dressing enriched with quince seed mucilage (QSM) was
evaluated. The QSM enrichment demonstrated improved cellular viability in Human Keratinocyte Cell Lines (HaCaT) when
compared to control and hydrofibers.

Keywords: Wound Healing, Natural Polymers, Hyrofiber, Quince Seed Mucilage

. INTRODUCTION

The skin has evolved to protect the body from pathogens, toxins and other potential damage from the external
environment and has neural, perceptual, cosmetic and regulatory effects. It maintains the body's moisture and
electrolyte balance. It has the ability to "self-renew", resulting in the formation of a new layer of skin every two to
three weeks. It consists of 3 layers called epidermis, dermis and hypodermis. The epidermis consists of squamous
epithelium, melanocytes (which contain pigment), Langerhans cells, Merkel cells (which sense pressure), and
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keratinocytes, which act as a protective layer. The
epidermis consists of 5 sub-layers (stratum corneum,
stratum  spinosum,  stratum  lucidum, stratum
gronulosum and stratum corneum) and interacts with
textiles, pathogens, toxins, cosmetics and many other
surfaces and prevents skin dehydration. The dermis is
responsible for the mechanical properties of the skin
and is composed of fibroblasts, fibronectin, ECM,
proteoglycans, elastin, collagen, blood vessels,
lymphatic system and nervous network and is
separated from the epidermis by a basal layer. Collagen
and elastin are structural proteins that support tissues,
bind cells together, and are responsible for the shape
and function of the body. The hypodermis is a layer of
fatty tissue beneath the epidermis that separates the
dermis from the muscle layer [1-4].

Although the skin is defined as the largest and
outermost organ and it is exposed to many damaging
factors, any wounds or damage to this layer adversely
affect the quality of life and it is vitally important to
heal these wounds promptly with minimal scarring and
scar tissue formation. Acute injuries and traumas (cut,
surgery, accident), burns (physical, chemical), ulcers,
infections are known to affect the function of tissues,
cells, and organs and effect host life and well-being
several. The number of health problems related to
chronic wounds is increasing rapidly due to the growth
of the aging population worldwide. In particular, the
money spent on healing chronic wounds threatens not
only our country but also the whole world by causing
direct and indirect economic losses.) [5,6]. Wound can
be classified into three main titles by rank (tidy, untidy),
type (clean, lacerating, hematoma, bruising and
abrasion) and thickness (epidermal loss only,
superficial, deep, and full). Wounds only epidermal
loss is known to heal with basic dressings and expected
full re-epithelization with minimal scar tissue
formation is observed in 5-7 days in epidermal loss and
superficial wounds which have partial thickness where
epidermis and some papillary dermises are lost and heal
2-4 weeks. Epidermis, papillary dermis and deep into
reticular dermis wounds are named as superficial
wounds and heal approx. 3-5 weeks with scar
formation. Deep and Full thickness wounds require
months to heal with no complete tissue regeneration
and scar formation where epidermis, dermis and
subdermal tissues are damaged [5-8].

Wound healing is a response of body to injury and
tissue disruption and known to consist of four main
stages namely, hemostasis, inflammation, proliferation,
and remodeling. Keratinocytes response to violation
and start hemostasis followed by vasoconstriction and
clotting. Secretion of growth factors, proinflammatory
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cytokines. In the second step, inflammation, is known
to start with fibroblast related growth secretion and
neutrophil reaction to wound area where monocyte
cell transformation to macrophages and result in
inflammatory response and angiogenesis. Proliferation
stage is named also granulation tissue formation, and
several growth factors (VEGF, FGF) start proliferation
stage where endothelial cell reproduction and
angiogenesis occur together with production of ECM
components to support skin. Final stage, remodeling, is
the replacement of type 111 collagen by Type | collagen
and degraded in control to correct tissue form
[5,6,9,10].

Healing skin wounds fast without any mark on skin
surface after trauma, diabetes related conditions or
surgery is important because of not only aesthetic
reasons but also reducing hospitalization, scarring, pain
and life threating infection problems. Providing
microenvironment for cells, non-toxic, antimicrobial,
antiallergic, anti- scar tissue former and non-sticky
wound dressings are required for skin wound healing
while maintaining moisture and hydration of wounded
area is known to enhance the quality of the newly
formed tissue Keratinocyte proliferation and migration
to wounded area is an important process for tissue
regeneration and intra and extracellular interactions
play role in it. After acute cutaneous injuries cells close
to wound bed and start to migrate through wound area
and this process play vital role in wound closure.
Epidermal cellular migration is known to be much more
dynamic and higher than leukocyte migration [11-12].
Tissue engineering and regenerative medicine seek
alternative ways to repair injured or dysfunctional
tissues in the human body in the light of biology,
materials  science, medicine, engineering and
mechanics.  Tissue engineering has  become
increasingly important over the past three decades
[11,13]. This field seeks to develop biocompatible
tissue constructs that contact existing cells or tissues to
regenerate damaged tissue and provide a three-
dimensional matrix at the implanted site, as well as
support cell-cell signaling, growth factor production,
extracellular matrix (ECM), cell proliferation and
differentiation. Natural or synthetic-based scaffolds
such as hydrogels, micro/nanofibrous scaffolds, porous
matrices, fibers, sponges, and foams are increasingly
being used to provide a natural-like ECM environment
and support cell growth, proliferation, and
differentiation to replace damaged tissue function [14].
Various strategies have been developed to produce
scaffolds that can be cellular/cell-free, synthetic,
biosynthetic or natural and support the regions where
they are placed. Nanofibers, sponges, 3D printed
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scaffolds, foams, cryogels, decellularized matrices are
widely used in tissue engineering applications [5].

The biological activities of cells and tissues can be
regulated by biochemical factors such as hormones and
growth factors, and thanks to the concept of
"Materiobiology", it is known that the biophysical
properties of the designed scaffold have significant
effects on the biological response. This concept takes
into account the properties of biomaterials that affect
the biological response and functionality, and attempts
to improve the biological behavior of these materials
with a multidisciplinary approach Cell proliferation,
differentiation, migration, and other functions are
influenced by pore size, mechanical properties such as
Young's modulus (stiffness), elasticity, topography
(2D), geometry (3D), chemical and temporal properties
such as degradation rate, and biocompatibility of
scaffolds [15,16].

Nano- and microfibers produced by solution blowing or
electrospinning have been widely applied in biomedical
fields such as wound dressing, tissue engineering,
immobilized enzymes and artificial blood wvessels.
Biodegradable polymers such as polylactic acid (PLA)
have been converted into PLA nanofibers and applied
to drug delivery, bone remodeling, and tissue
engineering. The use of existing nanofiber products in
the market is still limited due to the lack of sufficient
research on the effectiveness of wound treatment, easy
availability, and high cost to the patient and the national
economy. Therefore, in the treatment of chronic
wounds that are difficult to heal, the emergence of
qualified health products because of scientific research
and development of wound care products that will
support healing, which can be an alternative to ordinary
dressing materials that are commercially sold and
currently used, will make a serious contribution to
reducing costs in the field of health expenditure of our
country [17,18].

Natural and synthetic polymers are used widely to
correct, restore or maintain skin tissue dysfunction.
Synthetic polymers are non-biological components
with the advantage of stability and controlled
production, but they can sometimes be bioinert or lack
bioactivity. It is desirable that these polymers do not
cause toxic effects when broken down into their
components in the living body. Because of their low
cost and availability, they are often preferred in tissue
engineering applications. Synthetic polymers such as
polyvinyl pyrrolidone (PVP), polyvinyl alcohol (PVA),
polyethylene glycol (PEG), and polyethylene oxide
(PEO) are examples of synthetic materials often
preferred in tissue engineering applications. Synthetic
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polymers are often used in combination with
biopolymers to design combined scaffolds that take
advantage of the matrix strength of synthetic materials
and the bioactivity of natural polymers [5]. Natural
polymers are frequently used in stem cell culture and
regenerative medicine applications because they are
compatible with the human body. Different types of
polysaccharides such as B-glucans, dextran, cellulose
(neutral), alginic acid, hyaluronic acid (acidic), chitin,
chitosan (basic), heparin, chondroitin, dermatan sulfate
and keratan sulfate are frequently preferred in tissue
engineering applications [19-21]. Microbial and plant-
based polysaccharides are superior to animal-oriented
ones with extraction easiness, low risk of
contamination and ethical Concerns.

Quince namely, Cydonia oblonga Miller belongs to
Rosaceae family and various components used for
medicinal effects like sedative, antipyretic, anti-
diarrheal. This leafy tree usually grows in the Middle
East, South Africa and Central Europe. Quince is
known to be rich in bioactive materials such as tannins,
carotenoids, flavonoids, phenolic acids, total
polyphenol, vitamins (retinol, thiamine, riboflavin,
ascorbic acid), minerals (potassium, sodium, calcium,
iron, magnesium) [22-24] Seeds are known to include
polyphenols (C-glucosyl flavones, lucenin-2, vicenin-
2, stellarin-2, isoschaftosyde, schaftosyde, 6-C-
pentosyl-8-C- Glucosyl chrysoeriol and 6 6-C-
glucosyl-8-C-pentosyl chrysoeriol, and kaempferol-3-
Orutinoside), fat soluble compounds(tocopherols,
phytosterols and phenolic acids), and organic acids
(citric, ascorbic, malic, quinic, shikimic, fumaric acids,
ursolic acid, tormentic acid, and B-daucosterol) [24-
26]. Quince seed mucilage consist of water-soluble
polysaccharides and cellulose and acidic hydrolysis
(reverse reaction of esterification) is form the sugar
presence in quince seeds (D-xylose, 4-Omethyl
glucose, and D-glucose) [27]. Quince seed mucilage is
reported to have complete healing when applied to
wound area of rabbit full thickness model for 13 days
reported by Tamri et al., [28]. Wounds infected with
Staphylococcus aureus is reported to be healed by
quince seed extracts [29]. Antifungal activity of quince
seed mucilage nano hydrogel decorated with essential
oils against C. albicans and M. furfur reported [30] .
QSM is known to have high medicinal properties but
cannot be applied to exudative wounds directly due to
its high-water content and non-absorption of infection
of open wounds [31]. Thus, here in this study quince
mucilage (QSM) is combined with hydrofiber wound
dressings to observe cell proliferating abilities of
mucilage to improve bioactivity of hydrofiber and
enlighten their bioactivities to be used in skin tissue
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engineering and wound dressing applications when
combined with fiber/matrix systems.

Il. MATERIALS and METHODS

2.1. Preparation of Quince Seed Mucilage

Quince fruits (Cydonia oblonga) are purchased from a
local market in city of Istanbul (early fall). Quince seed
mucilage (QSM) is prepared after removing seeds from
pulp, washed with ethanol and 5 grams of seeds are
mixed with 10 mL of dH,O for 24 hours. Seeds are
filtered and mucilage is precipitated with ethanol
washed, centrifuged and freeze-dried for further usage
[27,32].

2.2. Preparation of QSM- Wound Dressings
Agquacell hydrofiber wound dressings (Convatec) is
fortified with QSM. Briefly wound dressings coated
with  QSM mucilage with different concentrations
prepared in PBS (4mg/ml, 2 mg/ml and 1 mg/ml) via
dropwise on to precut surfaces (0.5x 0.5 cm) in 400 pl
for each concentration and freeze dried and further used
for cellular proliferation and attachment studies.

2.3. Characterization of QSM-Wound Dressings
The structural integrity of the wound dressing, QSM
and QSM fortified dressings were analyzed using
Fourier Transform Infrared Spectroscopy via Thermo
Fisher Scientific NICOLET 6700 FTIR spectrometer
(Waltham, MA, USA) over a range of 400-4000 cm"
Land attenuated total reflectance (ATR) capability
operating in 600—4000 cm™.

2.4. In-vitro Cytotoxicity and Cellular Adhesion
Evaluation of the Hydrofibers

2.4.1. Assessment of cytotoxicity

In-vitro cytotoxicity evaluation of the wound dressings
fortified with QSM were determined using method of
in-direct toxicity assessment according to 1SO-10993-
5: Biological evaluation of biomedical devices-in-vitro
cytotoxicity test [33]. Human epidermal keratinocyte
cell line (HaCaT) used for in-vitro cytotoxicity and
adhesion studies. HaCaT cells cultured in 3Dulbecco’s
Modified Eagle Medium (DMEM (Biosera/France)
fortified with 10% FBS (Biosera/France) and 1%
penicillin-streptomycin (Pan Biotech/Germany) and
cells were maintained at 37 °C in a 5% CO2, 95%
humidity environment. Cell viability is analyzed via
MTT, a tetrazolium salt, metabolized by live cell
mitochondria to form insoluble purple formazan to
inspect cellular viability through optical density [34].
Cells seeded to 96 well cell culture plates at the density
of 1X 10* cells/well and incubated for attachment
overnight. Hydrofiber wound dressing itself, and

fortified with “QSM (4mg/ml, 2mg/ml and 1 mg/ml)
containing samples were extracted according to 1SO-
10993-12 [35] extraction protocol after uv
sterilization for 1 hour both sides and submerged in
DMEM (Dulbecco’s Modified Eagle Medium) at 37
°C in a 5% CO2, 95% humidity environment for 24
hours and used as 100% extract and diluted with
DMEM (Dulbecco’s Modified Eagle Medium) and
applied on to cells and cells incubated in DMEM only
used as control (0%) and cells incubated with those
extracts for 72 hours. After incubation period media in
wells replaced by 110 uL. MTT reagent prepared in PBS
and mixed with DMEM and incubated for 4 h
incubation, after which 100 pL of DMSO added on to
wells to dissolve formazan crystals and absorbance was
measured at 570 nm with a 630 nm reference.

2.4.2. Investigation of cellular adhesion on hydrofibers
Investigation of cellular adhesion on hydrofibers (both
QSM fortified and commercial) examined through
visualization of cellular attachment via fluorescence
microscopy DM:4000B with a DFC7000T camera
(Leica, Germany) and SEM investigations (Thermo
Fisher Quattro S). Cells at the density of 5X10°
cell/well seeded onto presterilized and media saturated
hydrofibers and incubated for 72 hours. After
incubation period media removed and hydrofibers
washed with PBS and fixed with 2.5% glutaraldehyde
in PBS for 20 minutes. Hydrofibers examined with
Fluorescence microscopy is dyed with DAPI (Sigma-
Aldrich) to mark nuclei of the cells for 30 minutes in
dark and washed with PBS and further dehydrated via
washes with increasing ethanol concentrations (70%,
80% 90% and 100%). Samples used in SEM
investigation is washed with PBS and dehydrated as
described for fluoresce microscopy investigation
samples.

2.5. Statistical Analysis

The experiments were performed at least in triplicate,
and Statistical significance between the experimental
groups for cell culture experiments was assessed using
a one-way ANOVA followed by Kruskal Wallis
multiple comparison test. A p-value below 0.05 was
considered as statistically significant.

I1l. RESULTS and DISCUSSION

3.1. Characterization

FTIR analyses of hydrofiber, QSM enriched
hydrofibers (1, 2 and 4 mg/ml) and QSM were
performed by measuring absorbance values in the
frequency range of 400-4000 cm™. Results shared in
figure 1.
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Figure 1. FTIR image of hydrofiber, QSM and QSM
enriched hydrofibers (1 mg/ml, 2 mg/ml, 4 mg/ml)

Figure 1 Shows the FTIR spectra of QSM, hdyrofiber
and QSM absorbed hydrofibers with different
concentrations (Img/ml, 2 mg/ml and 4 mg/ml). QSM
is known to contain large fraction of hemicelluloses
that consist of charged uronic acids. At the 3323 cm™,
which corresponds to stretching of —OH groups of
QSM while the band observed between 1633 and 1784
cm? is symmetric COOH and asymmetric C=0
vibrations. Peaks around 1518-1530 cm™ could be
resonance of COOH functional groups in COO™ ions.
Peaks around 610, 1283, 1200, 1620 and 1730 cm™
ascribed to the C-(0)-O stretching and B-D-glycosidic
linkages of uronic acid in the polysaccharide structures
in Mucilages previously mentioned by researchers
while QSM is known to contain large fraction of
hemicelluloses that consist of charged uronic acids [36-
38].

3.2. In-vitro Cytotoxicity and Cellular Adhesion
Evaluation of the Hydrofibers

3.2.1. Assessment of cytotoxicity

Viability of QSM fortified hydrofibers and
commercially available hydrofiber is incubated with
keratinocytes for 72 hours and results shared in figure
2.
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Figure 2. Cell Viability results of HaCaT cell line
after being cultivated with hydrofiber and QSM
fortified hydrofibers against control (ctrl) for 72h. (A
P value below 0.05 considered as statistically
significant).

Commercially available hydrofiber showed control
similar  biocompatibility. Enrichment of QSM
increased cellular viability for Img/ml at the end of 72
hours for the doses of 25%, 50% and 100% as;
111.561%, 111.489%, 102.642% while control was
100%. Addition of 2 mg/ml QSM increased cellular
viability to 108.283%, 111.885%, 104.664% for the
doses of 25%, 50% and 100% after 72 hours. Viability
recorded for 4 mg/ml QSM addition as 118.764%,
105.042%, 97.172 for 25%, 50% and 100% extracts.
All QSM enriched hydrofibers showed greater viability
than control and commercial hydrofiber resulting in
addition of QSM improved cellular proliferation with
the highest viability observed at 4 mg/ml enrichment
extraction dose of 25%.

3.2.2. Investigation of cellular adhesion on hydrofibers
Cellular adhesion on the hydrofibers were visualized
via fluorescent labelling of nuclei in cells with DAPI
and analyzed with fluorescent microscopy and SEM.
Results are shared below (Figure 3 and Figure 4).
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Figure 3 Fluorescent microscopy images of
hydrofibers after being cultivated with HaCaT cells
for 72 hours (A: Hyrdofiber, B: Hydrofiber with
Img/ml QSM, C: Hydrofiber with 2 mg /ml QSM, F:
Hydrofiber with 4 mg /ml QSM)

Cellular adhesion on hydrofibers were examined via
fluorescent microscope marked via DAPI are shared in
figure 3. Although cells observed inside the fibers due
to swollen behavior and cellular adhesion inside the
fibers clear images are struggled to be captured.

Cellular adhesion on to hydrofibers are further
examined via SEM (Figure 4). Figure 4 A porous and
fiber aligned surface structure of hydrofiber. Porous
structure observed in figure 4B after being enriched
with QSM prior to cell seed. Cells observed on surface
figure 4C, D, E and F and enrichment of QSM showed
dense cellular attachment on surface with the increase
of QSM amount (Figure 4 D, E, F). Cell proliferation
and cellular adhesion results evaluated together it can
be concluded that QSM enrichment increased cellular
viability and attachment on surface of the hydrofibers.
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Figure 4: SEM images of hydrofibers after being
cultivated with HaCaT cells for 72 hours. (A:
hydrofiber without cells, B: Hydrofiber with 4mg/ml
QSM without cells, C: Hyrdofiber with cells, D:
Hydrofiber with Img/ml QSM with cells, E:
Hydrofiber with 2 mg /ml QSM with cells, F:
Hydrofiber with 4 mg /ml QSM with cells).

QSM containing (5%, 10% and 20%) in Eucerin base
creams were applied to lIranian male rabbit full
thickness model and increased wound contraction
between QSM 10 and 20% and high hydroxyproline
and growth factors in wound fluid is observed [28].
Aghmiuni et al. [31] examines QSM- based
smart/stimuli-responsive PCL/Chitosan//PEG hybrid
scaffolds on human adipocyte stem cells (h-ASCs),
fibroblasts and keratinocytes and improved cellular
adhesion, growth and wound healing and keratinocyte
differentiation is observed. Crosslinked QSM porous
scaffolds tested on human adipose-derived
mesenchymal stem cells and improved cellular
adhesion and migration observed [39]. In another study
QSM applied to 45 primiparous women for 14 days and
improved wound healing and reduced pain recorded
[40]. Asilicon-integrated QSM 3D cryogel is tested for
osteobiologic capacity via human adipose derived
mesenchymal stem cells (hAMSCs) and osteogenic
differentiation is demonstrated via upregulation of
osteogenesis related genes [41]. Hyaluronic acid/QSM
injectable hydrogels synthesized for release of
dissolved curcumin and hydrogels are proposed to be
used in intra-articular drug delivery applications [42].
QSM s applied to mesenchymal stem cells isolated
from newborn foreskin (hnFSSCs) and investigated for
proliferative activities and dose of 100 pg/mL for 24 h
concluded to be the best concentration foe cell
proliferative activity when compared to control group.
Higher immunoreactivity for Ki-67, c-Myc, OCT%
QSM H-score: 266.5+12.6), OCT¥ (H-score: 239+8),
and Sall4 (H-score: 243.8+7.5) [43]. Ex situ
modification of QSM and bacterial cellulose (BC) are
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designed as biocompatible scaffold for fibroblast
proliferation and highlighted its great potential to be
used as wound dressings in clinical applications with
high swelling and good cell proliferation abilities [44].
Presence of positive result in literature for QSM when
applied to wounded zones supported with current study
data with improved epidermal keratinocyte
proliferations.

IV. CONCLUSION

When literature and present data evaluated together it
can be concluded that enrichment of QSM could be
used to improve bioactivity of the scaffold with its cell
proliferative, pain reducer, skin regenerating, wound
healing abilities. Thus, QSM can be proposed as a
strong candidate to be used together with PLA like
biodegradable polymers to design wound dressings via
electrospinning or solution blowing like technologies
and further studies are in. need for mechanical,
antimicrobial, wettability and biological activities both
in histological and molecular level of QSM enriched
fiber systems to support wound healing in-vivo and in-
vitro are in need.

ACKNOWLEDGEMENT

I would like to thank my son Artun for his invaluable
presence and admirable patience in the lab—an
impressive feat for a 5-year-old companion.

REFERENCES

[1] Bailey, A.J. (2001). Molecular mechanisms of
ageing in connective tissues. Mechanisms of
Ageing and Development, (122), 735-755.

Vig, K., Chaudhari, A., Tripathi, S., Dixit, S.,
Sahu, R., Pillai, S., Dennis, V.A.& Singh, S.R.
(2017). Advances in skin regeneration using tissue
engineering. International Journal of Molecular
Sciences, 18(4), 789-

[3] Wong, D.J. & Chang, H.Y.(2009) Skin tissue
engineering. StemBook. Girard L. (Ed). Harvard
Stem Cell Institute, Cambridge (MA).

Yildirimer, L., Thanh, N.T. & Seifalian, A.M.
(2012). Skin regeneration scaffolds: a multimodal
bottom-up approach. Trends in Biotechnology, 30,
638-648.

Selvi, S. S., Haskoyli, M. E., & Oner, E.T. (2022).
Skin Tissue Engineering: Past, Present, and
Perspectives. In Tissue Engineering (First edition,
pp. 159-202). Apple Academic Press, United
States.

[2]

[4]

[5]

305

[6] Erginer, M., Gokalsin, B., Tornaci, S., Sesal, C., &
Oner, E. T. (2023). Exploring the potential of
Halomonas levan and its derivatives as active
ingredients in cosmeceutical and skin regenerating
formulations. International Journal of Biological

Macromolecules, 240, 124418.

Adigbli, G., Alshomer, F., Maksimcuka, J., &

Ghali, S. (2016). Principles of plastic surgery,

wound healing, skin grafts and flaps. Textbook of

plastic and reconstructive surgery, 1, 3-37.

Madaghiele, M., Demitri, C., Sannino, A., &

Ambrosio, L. (2014). Polymeric hydrogels for

burn wound care: Advanced skin wound dressings

and regenerative templates. Burns & trauma, 2(4),

2321-3868.

Barrientos, S., Brem, H., Stojadinovic, O., &

Tomic-Canic, M. (2014). Clinical application of

growth factors and cytokines in wound

healing. Wound repair and regeneration, 22(5),

569-578.

[10] Barrientos, S., Stojadinovic, O., Golinko, M. S.,
Brem, H., & Tomic-Canic, M. (2008). Growth
factors and cytokines in wound healing. Wound
repair and regeneration, 16(5), 585-601.

[11] Zhang, M. Z., Dong, X. H., Guan, E. L., Si, L. B.,
Zhuge, R. Q., Zhao, P. X. & Wang, X. (2017). A
comparison of apoptosis levels in keloid tissue,
physiological scars and normal skin. American
journal of translational research, 9(12), 5548.

[12] Castano, O., Pérez-Amodio, S., Navarro-Requena,
C., Mateos-Timoneda, M. A., & Engel, E. (2018).
Instructive microenvironments in skin wound
healing: Biomaterials as signal releasing
platforms. Advanced drug delivery reviews, 129,
95-117

[13]Rahmani Del Bakhshayesh, A., Annabi, N.,
Khalilov, R., Akbarzadeh, A., Samiei, M,
Alizadeh, E., ... & Montaseri, A. (2018). Recent
advances on biomedical applications of scaffolds
in wound healing and dermal tissue
engineering. Artificial cells, nanomedicine, and
biotechnology, 46(4), 691-705.

[14] Igbal, N., Khan, A. S., Asif, A., Yar, M., Haycock,
J. W., & Rehman, I. U. (2019). Recent concepts in
biodegradable polymers for tissue engineering
paradigms: A critical review. International
Materials Reviews, 64(2), 91-126.

[15] Tchobanian, A., Van Oosterwyck, H., & Fardim,
P. (2019). Polysaccharides for tissue engineering:
Current landscape and future
prospects. Carbohydrate polymers, 205, 601-625.

[7]

(8]

(9]



Int. J. Adv. Eng. Pure Sci. 2025, 37(3): <299-307>

Quince Seed Mucilage Enriched Wound Dressings

[16] Gao, C., Zhang, L., Wang, J., Jin, M., Tang, Q.,
Chen, Z,, ... & Zhao, G. (2021). Electrospun
nanofibers promote wound healing: Theories,
techniques, and perspectives. Journal of Materials
Chemistry B, 9(14), 3106-3130

[17]Parthasarathy, V., Babu, M. D., Kumar, P. S.,
Avrivazhagan, T., Sundaresan, B., & Chandrasekar,
M. (2025). Advanced PLA biocomposites for
tissue engineering and drug delivery applications.
In Natural Fiber-Reinforced PLA Composites (pp.
251-269). Woodhead Publishing

[18] zhou, R., Ma, Y., Yang, M., Cheng, Y., Ma, X.,
Li, B., ... & Li, C. (2025). Wound dressings using
electrospun nanofibers: mechanisms, applications,
and future directions. European Polymer Journal,
113900.

[19] Bedian, L., Villalba-Rodriguez, A. M., Hernandez-
Vargas, G., Parra-Saldivar, R. & Igbal, H. M.
(2017). Bio-based materials with  novel
characteristics for tissue engineering applications—
A review. Interntional Journal of Biological
Macromolecules, 98, 837-846

[20] Bhardwaj, N., Chouhan, D. & Mandal, B. B.
(2018) Functional 3D Tissue Engineering
Scaffolds (Deng &Kuiper Ed), 3D functional
scaffolds for skin tissue engineering Woodhead
Publishing: Cambridge, United Kingdom.

[21]Mogosanu, G. D. & Grumezescu, A. M. (2014).
Natural and synthetic polymers for wounds and
burns  dressing. International Journal of
Pharmaceutics, 463, 127-136.

[22]Najman, K., Adrian, S., Sadowska, A., Swiader,
K., Hallmann, E., Buczak, K., ... & Szterk, A.
(2023). Changes in physicochemical and bioactive
properties of quince (Cydonia oblonga Mill.) and
its products. Molecules, 28(7), 306.

[23]Hanan, E., Sharma, V. & Ahmad, F. (2020).
Nutritional Composition, Phytochemistry and
Medicinal Use of Quince (Cydonia oblonga
Miller) with Emphasis on its Processed and
Fortified Food Products. Journal of Food
Processing & Technology, 11, 1-13.

[24]Silva, B.M., Casal, S., Andrade, P.B., Seabra,
R.M., Oliveira, M.B.& Ferreira, M.A. (2004) Free
amino acid composition of quince (Cydonia
oblonga Miller) fruit (pulp and peel) and jam.
Joujrnal of Agricultural and Food Chemistry, 52,
1201-1206.

[25] Hegediis, A., Papp, N., & Stefanovits-Banyai, E.
(2013). Review of nutritional value and putative
health-effects of quince (Cydonia oblonga Mill.)
fruit. International  Journal of Horticultural
Science, 19(3-4), 29-32.

306

[26] Ghopur, H., Usmanova, S. K., Ayupbek, A., &
Aisa, H. A. (2012). A new chromone from seeds of
Cydonia  oblonga. Chemistry  of  Natural
Compounds, 48, 562-564.

[27] Ermis, L. S., Deveci, E., & Asir, F. (2023). Effects
of Quince Gel and Hesperidin Mixture on
Experimental Endometriosis. Molecules, 28(16),
5945.

[28] Tamri, P., Hemmati, A., & Boroujerdnia, M. G.
(2014). Wound healing properties of quince seed
mucilage: In vivoevaluation in rabbit full-
thickness wound model. International Journal of
Surgery, 12(8), 843-847.

[29] Alizadeh, H., Rahnema, M., Semnani, S. N., &
Hajizadeh, N. (2013). Detection of compounds and
antibacterial effect of quince (Cydonia oblonga
Miller) extracts in vitro and in vivo. Journal of
Biologically Active Products from Nature, 3(5-6),
303-309.

[30] Mirzaii, M., Yaeghoobi, M., Afzali, M.,
Amirkhalili, N., Mahmoodi, M., & Sajirani, E. B.
(2021). Antifungal activities of quince seed
mucilage hydrogel decorated with essential oils of
Nigella sativa, Citrus sinensis and Cinnamon
verum. lranian journal of microbiology, 13(3),
352

[31]Aghmiuni, A. 1., Keshel, S. H., Sefat, F., &
Khiyavi, A. A. (2020). Quince seed mucilage-
based scaffold as a smart biological substrate to
mimic mechanobiological behavior of skin and
promote fibroblasts proliferation and h-ASCs
differentiation into Kkeratinocytes. International
journal of biological macromolecules, 142, 668-
679.

[32]Ali, A. B., Ahmed, T. A., Saydaxmetova, S.,
Mayani, S. V., Ballal, S., Gupta, H., ... & Islam, S.
(2025). Quince Seed Mucilage mediated
biosynthesis of silver nanoparticles as a novel
nanocatalyst for O-acetylation of alcohols. Journal
of Organometallic Chemistry, 123683.

[33]1SO 10993-5:2009, Biological evaluation of
biomedical  devices-chapter in-  vitro
cytotoxicity tests.

[34] Tornaci, S., Erginer, M., Bulut, U., Sener, B.,
Persilioglu, E., Kalaycilar, I. B, ... & Barlas, F. B.
(2024). Innovative fluorescent polymers in
niosomal carriers: a novel approach to enhancing
cancer therapy and imaging. Macromolecular
Bioscience, 2400343

[35]1S0O10993-12:2021, Biological evaluation of
biomedical devices-chapter 12: sample preparation
and reference materials.

5:



Quince Seed Mucilage Enriched Wound Dressings

nt. J. Adv. Eng. Pure Sci. 2025, 37(3): <299-307>

[36] Yousuf, S., & Maktedar, S. S. (2023). Utilization
of quince (Cydonia oblonga) seeds for production
of mucilage: functional, thermal and rheological
characterization. Sustainable Food
Technology, 1(1), 107-115.

[37]Fatima, Z., Fatima, S., Muhammad, G., Hussain,
M. A, Raza, M. A, Amin, M., & Majeed, A.
(2024). Stimuli-responsive  glucuronoxylan
polysaccharide from quince seeds for biomedical,
food packaging, and environmental
applications. International Journal of Biological
Macromolecules, 133016

[38]Hosseinzadeh, H., & Mohammadi, S. (2015).
Quince seed mucilage magnetic nanocomposites
as novel bioadsorbents for efficient removal of
cationic dyes from aqueous
solutions. Carbohydrate polymers, 134, 213-221.

[39] Simsek, E., Karaca, B., & Arslan, Y. E. (2020).
Bioengineered three-dimensional physical
constructs from quince seed mucilage for human
adipose-derived mesenchymal stem cells. Journal
of Bioactive and Compatible Polymers, 35(3),
240-

[40] Sharifipour, F., Salari, N., Jamshidi, N.,
Javanbakht, Z., Azizi, F., & Faal Siahkal, S.
(2025). The effect of quince seed mucilage on
perineal pain and healing following episiotomy: A
randomised, triple-blind,  placebo-controlled
study. Wound Repair and Regeneration, 33(2),
€70012

307

[41] Yilmaz, H. D., Cengiz, U., Arslan, Y. E., Kiran, F.,
& Ceylan, A. (2021). From a plant secretion to the
promising bone grafts: Cryogels of silicon-
integrated quince seed mucilage by microwave-
assisted sol-gel reaction. Journal of bioscience
and bioengineering, 131(4), 420-433

[42] Kolay, S., Apohan, N. K., Babug, E., & Giin, G.
(2025). Investigation of Curcumin-p-Cyclodextrin
Complex Release in Injectable Hyaluronic
Acid/Quince Seed Gum Hydrogel. American
Association of Pharmaceutical Scientists, 26(4),
99.

[43] Mammadov, B., Mammadov, E., Becer, E., &
Vatansever, H. S. (2024). The Effect of Quince
Seed Mucilage on Human Foreskin Stem Cell
Proliferation and Self-Renewal Potential. Cyprus
Journal of Medical Sciences,9(6):444-449



Int. J. Adv. Eng. Pure Sci. 2025, 37(3): <308-316>
DOI: 10.7240/jeps. 1641653

RESEARCH ARTICLE / ARASTIRMA MAKALESI

Green Supplier Selection in Food Industry: Fuzzy AHP Based Hybrid
GRA and Axiomatic Design Approach

Ecmel Seza ARDALI ¥ Tijen OVER OZCELIK #*, Yasin KIRELLI ®
1Sakarya University, Faculty of Engineering, Industrial Engineering Department, Sakarya, TUrkiye
2Dlizce University, Faculty of Engineering, Industrial Engineering Department, Diizce, Turkiye
SKiitahya Dumlupinar University, Tavsanli Faculty of Applied Sciences, Management Information Systems,
Kutahya, Turkiye

Abstract

Today, most consumers are more conscious and sensitive about environmental sensitivity. The development of technology
and the increasing awareness of people have led businesses to produce products in line with the “green” preferences of
consumers in order to sustain their existence. In this context, selecting the most suitable supplier has gained importance. The
concept of a green supply chain covers all activities from raw material procurement to production, logistics to marketing, and
recycling to re-inclusion in the production cycle throughout the life cycle of products. Green supply chain management applies
to all sectors, positively impacting businesses and the environment. One of these sectors is the food sector. Food is an
essential consumption need that increases with the rising population. This study addresses the problem of green supplier
selection for an integrated meat plant in the red meat sector in Sakarya. In this multi-criteria decision-making (MCDM)
problem, two different methods, Gray Relational Analysis (GRA) and Axiomatic Design (AD), have been applied separately for
supplier selection. In the problem, both the needs and demands of the consumer and the expectations of the producer have
been evaluated, and the most appropriate criteria for the sector have been created by considering expert opinions because
of literature research. However, since the importance level of each of these criteria is different, the Fuzzy Analytic Hierarchy
Process (FAHP) method has been used to calculate the criteria weights. As a result of the study, the best green supplier
ranking has been created for the company after determining which criterion is more critical and evaluating both methods.
According to the results obtained in BAHP, the most essential criterion is “quality,” which is 0.27. The results evaluated in
terms of green criteria show that the most suitable supplier is the S2 supplier in both hybrid applications and the S4 supplier
in the last place. As a result of the research, it has been observed that the supplier companies are susceptible to their green
policies, but some areas need to be improved.

Keywords: Green supply chain, Fuzzy analytic hierarchy process, Gray relational analysis, Axiomatic design

. INTRODUCTION

In today's world, with increasing environmental awareness, individuals and societies have become more sensitive
to environmental sustainability. This increased sensitivity has directly affected consumers' product selection and
consumption habits and forced companies to be more selective in their production and supply processes.
Competition among firms has become incredibly intense, making adopting environment-friendly policies
necessary. This situation requires companies to develop environmentally sensitive strategies to sustain their
existence. Sustainable supply chain practices in developed and developing countries are significant for
environmentally responsible companies. In accordance with global trends, the concept of “sustainability” has also
become increasingly crucial in Tirkiye. According to research, consumers are affected by the sustainability
approach of brands and are inclined towards more sustainable brands by customizing their consumption habits
accordingly. Consumer behavior in recent years reveals that many consumers (85%) have adopted sustainable
shopping habits, and 60% consider sustainability as an essential criterion in their purchasing decisions [1].
Companies' efforts to increase customer satisfaction and performance are not limited to their processes. It is also
directly related to the performance of the suppliers they cooperate with.
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The rising environmental awareness and global
pressures on sustainability require companies to
consider their environmental responsibilities while
evaluating their suppliers [2]. Therefore, a supplier's
environmentally sensitive production and service
processes increase the chance of preference.

Companies prioritize environmental sustainability
criteria in supplier selection and can fulfill their
ecological responsibilities and achieve competitive
advantages by creating a green brand identity in the
sight of customers. This leads to an increase in
customer loyalty in the long term and positively affects
the company's overall performance. Thus, each link of
the supply chain contributes to the company's
sustainability goals, helping to create a more holistic
and sustainable business model [3,4].

This study makes a unique contribution to the literature
by examining the issue of green supplier selection,
which is usually addressed through durable and long
shelf-life products, in the context of sensitive products
like red meat, which has a high risk of spoilage. In this
context, the study aims to contribute theoretically to
literature by integrating industry-specific elements like
food safety and cold chain sustainability into green
supplier selection criteria. This study also examines the
process of determining the most suitable suppliers
among seven suppliers of a company in the food sector
in line with customer demands and sustainability
policies. In the second part, literature research on green
supplier selection is presented. The third section
describes the methods used. The fourth section presents
the results.

Il. LITERATURE REVIEW

The use of multi-criteria decision-making (MCDM)
methods in the supplier selection process is an
instrument that facilitates the correct and sustainable
supplier selection of enterprises. In supplier selection,
different multi-criteria decision-making methods such
as AHP, TOPSIS, PROMETHEE, SWARA,
WASPAS, ANP, VIKOR, and ELECTRE have come
to prominence in the literature and have been found to
provide successful results in complex supplier selection
processes [5]. In supplier selection problems, MCDM
methods have seen many applications in several
sectors.

Supgiller and Capraz (2011) have evaluated AHP and
TOPSIS methods with criteria such as cost, quality, and
delivery; Cakin and Ozdemir (2013) have used ANP
and ELECTRE methods in the automotive industry,
while Alakas et al. (2019) has used AHP, TOPSIS and
VIKOR methods in the health sector. Ergll (2018)
evaluated FAHP, GIA, and MOORA methods in the
food sector, while Demirci (2020) focused on the AT
technique in logistics supplier selection. Adali and Isik
(2017) have conducted supplier selection by applying
SWARA and WASPAS methods in the textile industry

[6-9]. Opricovic, in the study aimed at determining the
consequences of choosing the right supplier for firms,
found that the compliance of suppliers to the business
improves trust and loyalty to them [10]. Kilin¢ has
emphasized that in the past years, factors such as
quality and cost have been the priorities in traditional
supplier selection problems. Still, today, in addition to
these factors, all kinds of studies, including
environmental activities, have gained importance in
sustainable supplier selection [11].

Legal regulations and the increasing environmental
sensitivity of customers have encouraged businesses to
reorganize their supply chain activities to minimize
adverse environmental impacts. Green supplier
selection is essential for green supply chain
management in this context. In Yin et al.'s study,
supplier selection for a construction company in China
has been analyzed, and the main criteria including
sustainable business potential, green operations, green
technology, and sub-criteria regarding environmentally
friendly  materials,  green  logistics,  green
manufacturing, green R&D innovation, green
certification have been used [13]. Batur and Ozyoriik
discussed the importance of infant food in human
health and made a green supplier selection for an infant
formula manufacturer using the AD method [14].
Ardali analyzed the green supplier selection problem
for a company in the automotive industry by using the
FAD method weighted with FAHP and used green
design, green logistics, green production, green
purchasing and green reverse logistics criteria [15].
Soyer and Tirkay used the ANP method in the green
supplier selection model developed in the home
appliance industry and identified five main criteria for
the model: green competencies, environmental
effectiveness, organizational factors, costs and green
image [16].

Human health is adversely affected by several reasons,
including environmental pollution, deterioration of the
ecological system, and climate change. Societies,
states, and producers take specific measures to ensure
this balance. In the food industry, it is highly
recommended to adopt processes that meet consumer
demands in the production, processing, and
consumption stages and, at the same time, do not cause
harm to the natural balance [17].

Recent studies have highlighted that businesses have an
increasing tendency to work with environmentally
friendly suppliers and that this selection plays a critical
role in sustainable supply chain management. The
studies conducted in sustainable supplier selection in
diverse fields are analyzed, and selected methods and
criteria in the literature are given in Table 1.
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Table 1. Methods and criteria from literature

Author Year Industry Criteria Methodology
[18] 2015 Automotive Price, Quality, Technology, Analytic Network Process
Resource Consumption, (ANP)
FI\)/IOe;LUatézrr]nS:tné?rtT:(r)r?i’tment Gray Relational Analysis
(GRA)
[19] 2022 Health Care Green Production, Green AHP, TOPSIS
Packaging
Green Design, Green
Distribution
Green Procurement, Green
Storage
Reverse Logistics
[20] 2017 Nutrition Financial Stability, Quality Function
Environmental Management Deployment (QFD)
Systems,_ Complex Proportional
Waste Disposal Prog_ram, Assessment (COPRAS)
Management Commitment,
Quality Control Systems, Multi-objective
Manufacturing, Plant, Reverse Optimization Based on
Logistics Ratio Analysis (MOORA)
[21] 2015 Plastic Quality, Price, Delivery Fuzzy Axiomatic Design
Capability (FAD)
Service, Environmental
Management
Corporate Social Responsibility
Pollution Control, Green Product
Green Image, Green Innovation
Hazardous Material
Management
[15] 2020 Automotive . Fuzzy Analytic Hierarchy
Egg?;igssgr';’eﬁreen Process (FAHP) Axiomatic
' Design (AD)

Logistics, Green

Manufacturing, Green
Procurement, Green
Reverse Logistics

It has been observed that different methods have been
applied in literature on the subject, and it has been
determined that fuzzy methods, which have become
prominent in recent years, are preferred and produce
more accurate results. Consequently, two different
hybrid methods (WFGRA and WFAD) have been
proposed by using fuzzy logic and multi-criteria
decision-making techniques together in the solution
process of the problem. This study aims to provide a
new perspective to the literature by examining the issue
of red meat supply, which has a high risk of spoilage
during supply in the food sector, which has not been
sufficiently addressed before. The paper is a systematic

study that evaluates supplier selection criteria that
prioritize environmental sustainability for companies in
the food sector.

I11. MATERIALS AND METHODS

In many areas of life, there are situations where a
correct decision is needed. The decision-making
process, an important step, consists of the steps in
Figure 1. It is recommended to implement this process
in a planned and effective manner for a correct
decision.

Identifying the Creating
Problem Alternatives

Evaluation of Selecting the
Alternatives Best Alternative

Implementation
of the Decision

Figure 1. Decision Making Process
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One of the decision analysis techniques is MCDM retailing company that needs to make a sustainable
methods. As a field of operations research, it is one of  supplier selection, seven supplier alternatives have
the preferred decision analysis methods. These been evaluated using WFGRA and WFAD methods
methods are analytical methods designed to be used through five criteria determined by experienced
with quantitative and/or qualitative criteria to identify  experts. The steps followed in the study are as shown
the best alternatives. In this study, for a red meat in Figure 2.

Literature Determining Determining
Research Criteria Methods

Determining Criteria GRA Method AD Method Choosing the Best
Weights with FAHP Implementation Implementation Alternatives

l:\l}ﬂl[ Insights

Figure 2. Application Model Flow Chart

In this study, the green supplier selection problem for  has been taken as estimated data from the suppliers
an integrated meat plant operating in Sakarya is through the integrated meat plant. Before starting the
considered. There are five different criteria and seven  implementation steps, firstly, a survey has been
suppliers in the problem. The criteria have been  conducted to convert the evaluations of seven experts
determined by prioritizing the suitable criteria for the  in the company into quantitative data for this green
food sector according to the literature studies and by  supplier selection problem in the red meat sector and an
taking the opinions of the experts in the company. The initial evaluation matrix has been created as shown in
criteria in the problem are listed as follows. Among  Table 2. The initial matrix has been created to evaluate
these criteria, quality (C1), green image (C2), use of the data, classified as "Very Weak Poor (VP)", "Poor
environmentally friendly technology (C3) and waste  (P)", "Moderately Poor (MP)", "Average (F)",
management (C4) are verbal criteria and have been  "Moderately Good (MG)", "Good (G)", and "Very
evaluated by the experts in the company through a  Good (VG)".

questionnaire, fuel use (C5) is a numerical criterion and

Table 2. Initial expert opinion supplier evaluation matrix

L Supplier
Criteria Expert st 2 3 sa S5 6 7
El G G VG G MG G MG
E2 G VG VG G G G G
E3 MG G G G MG G MG
Quality E4 G VG G MG MG MG MG
ES G VG VG G G G MG
E6 MG VG G MG MG VG G
E7 G G VG G G G MG
E1 MG MG MG F G G MG
E2 F MG MG F MG G MG
E3 MG G G MG MG MG MG
Green Image E4 F G MG F G G F
ES5 F MG G MG G G MG
E6 F MG MG F MG MG F
E7 MG G MG MG MG MG F
E1 MG G MG F MG MG G
E2 F MG MG F MG F MG
Eco-friendly E3 MG MG F MG MG F MG
Technology E4 MG MG MG F F MG MG
Usage E5 MG G MG MG MG F G
E6 F MG MG F MG F G
E7 MG MG F MG F MG MG
E1 MG F MG F G MG G
E2 F F MG MG G MG G
E3 F F G MG G G G
Fuel Utilization E4 MG MG G MG G MG G
= MG F G F MG MG MG
E6 MG F MG F G MG G
E7 F F MG MG MG MG MG
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3.1. Fuzzy AHP Implementation (FAHP)

AHP is a method frequently used in decision making
problems. Nevertheless, reaching the right decision in
criteria evaluation and decision-making problems is not
always sufficient. For this purpose, AHP and fuzzy
logic have been combined, and the FAHP process has
emerged. The solution phases are as follows.

Creation of a pairwise comparison matrix for the
criteria as Eq. 1 and 2.

The comparison between the two criteria has been
performed by assigning the numbers corresponding to
the linguistic expression using the fuzzy importance
levels shown in Table 3, which Akylz uses for
linguistic expressions [22]. For the criterion evaluation,
the opinion of an experienced expert in the company is
in question.

Table 3. Fuzzy importance levels

Importance Level Fuzzy Corresponding
Scale Scale

Equally Important 1,1,1 1,1,1

A Few More 203,1,32  2/3,1,3/2

Important

More Important 3/2,2,5/2  2/5,1/2,2/3

Very Important 52,3,7/2  2/7,1/3,2/5

Absolutely Important ~ 7/2,4,9/2  2/9, 1/4, 2/7

Step 1: The fuzzy geometric mean is calculated
with the help of geometric mean as Eq 3.

ri = Vau®aj; ... ®aj, (3)

Step 2: The fuzzy weights for each criterion are
calculated as Eq 4.

W =1nQ®(n + 1y . +1) 7t ()
Step 3: A weight calculation is created for each
criterion as Eq 5.
W= [(uwi - lwi) + (mwi - lwi)] +1 (5)

wi

3

3.2. Gray Relational Analysis Implementation

In gray system theory, white represents known data,
black represents unknown data, and gray represents
partially known or predicted data. GRA is used in these
uncertainty conditions. Before the implementation
steps of the GRA, the criteria are separated into
numerical and verbal, and the verbal expressions are
converted into gray number equivalents, as shown in
Table 4 [24]. This verbal evaluation includes the
opinions of seven experts who have experience

evaluating all suppliers and are employed in different
departments. The solution phases are as follows.

Table 4. Gray number equivalents for verbal criteria

Rating Abbreviation S;i)ilvzlll;:]tber
Very Weak Poor VP 0-10

Poor P 10-30
Moderately Poor ~ MP 30-40
Average F 40-50
Moderately Good MG 50-60

Good G 60-90

Very Good VG 90-100
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Step 1: Calculation of the data set and creation of the
decision matrix as Eq. 6 and 7.

xi = (x; (), -, xi(m), (6)
i=12,..,nandj=12,..,n
(1) 1) x) (7)
X=x0) x1) x,(n)

Xm(D) xm(D) x5 ()

Step 2: Creation of the reference series and
comparison matrix.

Where (x0 (j)), represents the best value of criterion j
among the normalized criteria as Eq. 8.

x; = (x¢ (D) andj=1,2,..,n

(8)

Step 3: Normalizing the decision matrix and creating
the normalization matrix: The normalization process
varies according to the way the data affects the
objective function. That is, if a larger value of the
series (max) has a positive effect on the objective, the
normalization process as Eq 9.

_ x() - min(x()) (9)
7 max(x;()) — min(x;())
Normalization if a minimum series value (min)
positively affects the objective as Eq. 10.
o max( (D) — x() (10)

P =

max(x;(j)) — min(x;(j))

Normalization of the series values according to an
optimum value as Eq. 11 and 12.



Int. J. Adv. Eng. Pure Sci. 2025, 37(3): <308-316>

Green Supplier Selection in Food Industry

_ k@) = %0l (11)

max (x;(j)) — xo(j)

() x@) xm) (12)
X' = x01) x(2) x(n)

(D) xm(2) x5 ()

Step 4: Creating the absolute value table as Eq. 13 and
14.

Boi= 150D = (DI, =12, m ve j (13)
=12,..,n
D01 (1) D8p1(2)  Aps(n) (14)
Doi= Dpz(1)  Dga(2)  Ag(n)

AOm(l) AOm (2) AOm (n)

Step 5: Creating the gray relational coefficient matrix
as Eqg. 15 and 16.

N Amin + TAmax (15)
ym(]) B Aoi(/) + Chmax
Appgx = max; + max;Ag(j) ve Ay (16)

= min; + min; A, ()

Step 6: Calculation of gray relational degrees: Gray
relational degrees are calculated in two different ways
depending on whether the criteria are of equal or
different importance. If of equal importance as Eq. 17.

r0i=(1/n)%2::1yoi(j) ve i=12,..,m (17)

If the criteria weigh different as Eq. 18.

Toi = Z;[wi(j).yoi(j)] vei=12,..,m (18)

3.3. Axiomatic Design (AD) Implementation

The aim of AD, developed by Suh, is to reduce the
random search space and time for designers,
minimizing erroneous and repetitive processes and
leading the designer to a solution [25]. In certain cases,
it is not possible to reach exact data in this method used
for ranking and decision making. In similar cases,
researchers have proposed the FAD method.

A functional need Fi whose information content is
expressed as li, has a probability as p of fulfillment.
Another name for this equation is the Shannon.
Equation I; calculation as Eq. 19.

I; = log, (1/p;) (19)

Logarithmic expressions are used to generate
information content. Given F;, the information content
is equal to the sum of these probabilities as Eq. 20.

Loystem = ) _1082(1/p0) (20)

The probability of the realization of F; is formulated by
calculating the design range dr and the system range sr
for the design that provides the functional requirements
F;. When the system probability distribution function
of an F; is uniform, the region where the design range
is determined by the designer and the system range
realized by the system intersect is called the common
area and this area is the solution area [26] Figure 3
shows these areas.

A
System Range

Design Range

A

N
>|

_ Common Range

V/
o

A\

Function Reqirements

Figure 3. Probability distribution of design parameter

P;, which is the probability of occurrence if the system
probability distribution function is uniform as Eq. 21.

_ Common Range (21)
e System Range
Information content as Eq. 22.
System Range (22)

[ =log, ———
082 Common Range

The information content of P, if F; is a continuous
random variable as Eq. 23.

dry
P = f P, (F1)dFi (23)
d

T1

The probability of realization of the system range is
derived by calculating the integral of the probability
density function. In Figure 4, the system range is
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defined [27], and the probability density function is
shown according to the functional requirements.

A

Probability
Density

Common Range

System Range

Figure 4. Common area of system range and design
range

The region where only F; is achieved is represented as
the common area cr between the design range and the
system range. Consequently, the area of the system
range divided by the area of the common range is equal
to the probability of obtaining the target set for the
design as Eq 24.

I =log,(As/Acr) (24)

The area of the system range is denoted by A, and the
area of the common range is denoted by A,, shown
hatched with lines in Figure 4.

I =1log,(1/Ac) (25)

Calculation of information content as a conclusion as
Eq 26.

(26)

Triangular Fuzzy Sys.Design )

I =log,(

Common Area

In the AD, the weight of each criterion is generally
considered equal. However, since each criterion has a
different weight value, the following expression is used
to calculate the information content. This structure is
expressed as Eq. 27.

o, (%-,-)]”3’ o=
w; , ;=1
IV. RESULTS

The gray relational coefficients considering the criteria
weights have been found as shown in Table 5. The S2

supplier, with the highest coefficient value, has been
found to be the best supplier alternative.

Table 5. Weighted gray relational coefficient

(WGRC)
c2 c3 c4 C5

ClMax Max Max Max Min GRC  Rank
w; 02711  0.2494 2'127 2'218 0.134 - -
S1 0429 0333 0385 0381 0375 0382 6
S2 1 075 0714 0333 0667 0711 1
S3 1 0.6 0.385 0.667 0.545 0.688 2
S4 0429 0333 0333 0381 0333 037 7
S5 0.36 075 0385 1 0.857 0.667 4
S6 0529 1 0.333 05 1 0678 3
S7 0333 0353 1 1 0.462 0586 5
Calculation results according to weighted fuzzy

axiomatic design (WFAD) method: S2 supplier with
the lowest total information content has been found to
be the best supplier alternative. The results of total
information content according to WFAD method are as
shown in Table 6.

Table 6. WFAD knowledge content results

Gre E°
Qua en friendly  Waste Fuel Tot
: Technol Manag Utiliz Rank
lity Ima . al
e 09y ement ation
g Usage
0.05 1.0 23
S1 428 988 0.147 1.0064 0.055 614 5
0.0 1.0
S2 003 124 0.00000 1.0064 0.004 623 1
9 582 51
6 8
0.03 1.0 0.0021 0.000 12
3 9 988 0.147 5 00277 269 8
24
0.05 1.0
S4 428 988 0.147 1.0064 0.134 ;104 7
0.0 24
S5 123 124 0.147 0.0021 1.047 397 6
09 5 2
6 1
0.05 0.0 1.2
S6 124 0.147 1.0064 0 200 2
428
6 6
57 123 1.0 0.00000 0.0021 0.018 2.3 4
09 988 582 5 3 505
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This study evaluates the criteria that are effective in
supplier selection. It consists of five criteria (quality,
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green image, use of environmentally friendly
technology, waste management, fuel wuse) that
consumers demand, supports the company’s sustainable
policies, is regarded as adequate by experts, and is also
preferred in literature.

According to the criteria weights determined by FAHP,
the essential criterion is “quality.” Therefore, it would
be appropriate for suppliers with low sustainability
performance to prioritize the quality criterion. The best
supplier ranking for the two different methods applied
is as shown in Table 7.

Table 7. Rankings according to the applied methods

Rank WFGRA WFAD
1 S2 S2
2 S3 S6
3 S6 S3
4 S5 S7
5 S7 S1
6 S1 S5
7 S4 S4

According to Table 7, supplier S2 is seen as the best
alternative in both hybrid methods. Both hybrid
methods found the lowest sustainable supplier
performance as an S4 supplier.

V. CONCLUSION AND DISCUSSION
Green image is an important criterion that directly
affects consumer preferences, provides a competitive
advantage, and increases trust in the brand. Green
image is a strategic element that affects not only the
present but also the future success of a company. Waste
management is highly essential in terms of the
prevention of environmental pollution, protection of
natural resources, and human health. In addition,
companies that are successful in waste management
also have economic advantages. The use of
environmentally friendly technology: even though
companies do not prefer it due to its costs, its
importance has been understood in recent years, and its
benefits are high with the long-term savings.
Minimizing fuel use, reducing carbon emissions, and
improving air quality are essential criteria for cost
savings.

The information observed in the study emphasizes how
sustainable supplier selection is significant for
companies and societies. The findings of this study
provide a basis for sustainable supplier selection and
may offer new approaches for a more detailed
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examination of the field. In addition, the cost savings to
be achieved through these and similar practices are
expected to contribute to the national economy.

This study proposes an integrated model to contribute
to the sustainability-based decision-making process in
the food sector, especially in the supply of perishable
products like red meat. The criteria weights determined
by fuzzy AHP are supported by GRA and AD methods
for a more comprehensive supplier evaluation. The
results show that the evaluation of sector-specific
critical factors including cold chain sustainability,
logistics competence and quality assurance in addition
to environmental performance has a positive impact on
decision-making processes. The study both contributes
to theoretical literature and provides guidance to
practitioners on green supplier selection.

In future research, it could be useful to apply the model
to different food product groups (e.g. dairy, seafood,
frozen foods) to test the generalizability of the methods.
Multiple criteria decision-making methods can be
applied on the same data set to analyze the consistency
of the results and the impact of the selection of the
method. In this study, an evaluation has been made
based on expert opinions; future research with official
supplier data could improve the accuracy of the
method. Integration of multi-criteria decision-making
methods with artificial intelligence-based models can
contribute to making supplier selection processes more
automated.
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Savunma Sektoriinde Cok Kriterli Karar Verme Yontemleri ile Tedarikgi
Secimi

Supplier Selection with Multi-Criteria Decision Making Methods in the Defense Sector
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Oz

Turk savunma sanayi firmalari son yirmi yil icerisinde elde ettikleri basarilar, ulastiklari yiiksek ciro rakamlari ve yirattikleri
cesitli savunma projeleri sayesinde uluslararasi platformlarda kiiresel ¢oziimler sunmaktadir. Savunma sanayinde rekabet
glclini elde tutmak igin, tedarikgi segimi kritik bir 6neme sahiptir. Farkh tedarikgi alternatiflerinin bulundugu, kriterlerin hem
nitel hem de nicel 6zellige sahip olmasi ve bu kriterlerin birbiriyle gelisen ve birbirini tamamlayan 6zelliklerinin bulunmasi
tedarikgi segim kararini karmasiklastirmaktadir. Tedarik¢i segiminde dogru karar vermek, firmalarin maliyetlerini
distrmesine, kaliteli Grlnler gikarmasina sebep olmakta ve rekabet glicini arttirmaktadir. Firmalar bu karari verirken
genellikle sezgisel yaklasimlardan yararlanmaktadir. Buradaki karar problemi dogasi geregi zor ve karmasik oldugundan
firmalarin dogru karar verebilmesi igin karar biliminin yontemlerine bagsvurmak faydali olacaktir. Bu nedenle ¢ok kriterli karar
verme yontemlerinin 1s18inda en uygun ¢dzime ulasilabilecektir. Calismanin uygulama bdlimiinde savunma sanayisinde
faaliyet gosteren bir firmanin tedarikgi segim problemi incelenmis, firmanin tedarikgi se¢im prosediriinde kullanilan 5 kriter
ile TOPSIS ve VIKOR uygulanmistir. Ayrica literatiirde secimde faydali olacagi disiiniilen ek kriterler incelenmis ve firmada
calisan yetkili personellerin ortak karari ile 2 yeni kriter eklenerek, toplam 7 kriterle TOPSIS ve VIKOR yeniden uygulanarak,
ideal tedarikci secimi yapilmasi amaglanmis ve yéntemlerin sonuglarina yer verilmistir. Firma yonetimi uygulamanin faydal
oldugunu ve tedarikgi se¢im prosediirlerine 2 yeni kriteri dahil edeceklerini, ayrica tedarikgi segciminde uyguladiklari mevcut
prosedir yerine CKKV yontemlerini kullanabilecegini belirtmistir.

Anahtar Kelimeler: Savunma sanayi, Tedarikgi secimi, Cok kriterli karar verme, TOPSIS, VIKOR

Abstract

Turkish defense industry companies offer global solutions on international platforms with the successes they have achieved
in the last twenty years, the high turnover figures they have reached and the various defense projects they have carried out.
In order to maintain competitive power in the defense industry, supplier selection is of critical importance. The supplier
selection decision is complicated by the fact that there are different supplier alternatives, the criteria have both qualitative
and quantitative features, and these criteria have conflicting and complementary features. Making the right decision in
supplier selection allows companies to reduce their costs, produce quality products and increase their competitive power.
Companies generally benefit from intuitive approaches when making this decision. Since the decision problem here is difficult
and complex by nature, it would be useful to apply the methods of decision science for companies to make the right decision.
Therefore, the most appropriate solution can be reached in the light of multi-criteria decision-making methods. In the
application section of the study, the supplier selection problem of a company operating in the defense industry is examined,
and TOPSIS and VIKOR are applied with the 5 criteria used in the supplier selection procedure of the company. In addition,
additional criteria that are thought to be useful in selection in the literature are examined and 2 new criteria are added with
the joint decision of authorized personnel working in the company, TOPSIS and VIKOR are re-applied with a total of 7 criteria,
aiming to make an ideal supplier selection and the results of the methods are included. The company management stated
that the application is useful and that they would include 2 new criteria in their supplier selection procedure, and that they
could also use MCDM methods instead of the current procedure they apply in supplier selection.

Keywords: Defense industry, Supplier selection, Multi-criteria decision making, TOPSIS, VIKOR
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Cok Kriterli Karar Verme Yontemleri ile Tedarikgi Segimi

I. GIRIS

Kiiresel olarak yasanan catismalar, terdr ve savaglar
tilkelerin kendi savunma kuvvetlerini giiclendirmesini
onemli hale getirmigtir. Tirk savunma sanayinin
gelismesi igin Ozellikle son yirmi sene igerisinde
kalkinma planlar1 hazirlanmis olup, devlet tesvikleri
artmigtir [1]. Nitelikli is gilicii ve istiin teknolojik
altyap1 gereksinimlerini iceren savunma sanayi artan
bir ivme ile gelismektedir.

Birgok sektorde oldugu gibi savunma sektoriinde de
firmalarin ¢aligtiklar1 tedarikgileri belirlemeleri onemli
ve stratejik kararlardan biri olarak karsilarina
¢ikmaktadir. Savunma sektoriinde ham maddelerin,
yart mamullerin veya mamullerin askeri, dayaniklilik
ve kalite gereksinimleri diger sektorlere nazaran daha
farklidir. Kiiresel rekabet kogullarmin fazla oldugu ve
politik kararlarin etken oldugu savunma sektoriinde,
firmalarin  faaliyetlerine devam edebilmesi ve
hedeflerine ulasabilmesi i¢in gii¢lii tedarik zinciri
yapisina sahip olmasi 6nem arz etmektedir. Tedarik
zinciri yonetiminde, tedarik¢i se¢imi dnemli bir karar
verme problemlerinden birisidir. Alternatif
tedarikgilerin bulunmasi, degerlendirilmesi gereken
kriterlerin nicel ve/veya nitel 6zellikte olmasi ve bu
kriterlerin birbiriyle gelisen veya birbirini tamamlayan
ozelliklerinin bulunmasi, firmalarin tedarik¢i segimi
konusunda karar vermesini zorlastirmaktadir. Bu karar
problemi ile basa ¢ikabilmek icin kisisel kararlar
yerine, bilimsel yaklasima sahip Cok Kriterli Karar
Verme (CKKV) metotlarinin kullanilmas: ile daha
saglikli ¢oziimlere ulasilmasi saglanabilecektir.

Calisma kapsaminda, savunma sanayinde faaliyet
gosteren bir firmanin tedarik¢i se¢im problemi bir
CKKV problemi olarak ele alinmistir. Ilk olarak
firmanin kuruldugu ilk yillarda yayinladigi prosediir ve
tedarik¢i  se¢im  kurallar1  incelenmistir.  Uygun
kosullara sahip tedarik¢i alternatifleri ve sec¢im
kriterleri belirlenerek, oncelikle prosediirde yer alan
kurala gore tedarik¢i se¢imi siralamasi belirlenmistir.
Daha sonra tedarik¢iler CKKV yontemlerinden
TOPSIS ve VIKOR kullanilarak yeniden siralanmustir.
Ikinci asamada; tedarik¢i secimi konusunda literatiir
incelenerek se¢im kriterleri incelenmis, kaynak
taramast sonucunda elde edilen ve firma tarafindan
onemli olan kriterler, halihazirdaki kriterlere eklenerek
TOPSIS ve VIKOR bir kez daha uygulanmistir.

Literatlirde tedarik¢i se¢imi konusunda ¢ok cesitli
yontemler bulunmaktadir ve firma secimi sektor
bazinda ve miisteri isteklerine gore degisiklik
gostermektedir. Bu g¢alismada TOPSIS ve VIKOR
yontemleri  kullamilmistir. CKKV  yontemlerinin
uygulanmasi ile elde edilen bu know-how ve bilgi
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birikimi sonrasinda firmanin amacina gore diger
CKKV  yontemleri de  uygulanip  sonuglar
genigletilebilir. Boliim 2’de problem tanimi yapilmis;
Boliim 3 ¢oziim yontemi olarak oOnerilen CCKV
yontemlerine ayrilmig; yontemlerin etkinligini test
etmek i¢in elde edilen sonuglar Boliim 4’te tartigiimus;
ve son olarak Boliim 5’°de ise sonuglara yer verilmistir.

II. PROBLEM TANIMI

Tiirkiye’nin jeopolitik konumu, yeralti kaynaklarina
yakimligmin yani sira komsu iilkelerdeki savaslar,
catigmalar  jeostratejik  pozisyonunu  tehlikeye
sokmaktadir. Kiiresel savunma ve silahlanmanin
artmasi, Tiirkiye’nin uluslararasi alanda politik ve
stratejik etkinlige sahip olmasinin 6nemini arttirmakta
ve savunma kuvvetlerinin giligli olmasini zorunlu
kilmaktadir. Bu sebeplerle, Tiirkiye savunmasini
giiclendirme ve bu sektdrde yerli iretimi arttirma
politikasini yiiriitmektedir [1]. Giiniimiizde Savunma
Sanayii Bagkanlig1 (SSB), savunma sanayinin ¢agdas
ve ileri teknolojiye sahip olmasi ve Tirk Silahli
Kuvvetleri’nin modernizasyonu i¢in kurulmustur. SSB,
Savunma Sanayii Destekleme Fonu ve kalkinma
planlar1 ile savunma projelerini desteklemekte ve
yiiriitmektedir [1].

Tiirk savunma sanayisinde faaliyet gosteren firmalar
nitelikli i glicii ve 1istiin teknolojik altyapilart
sayesinde, farkli savunma sanayi pazarlarinda ¢ok
sayida {ilkenin yerel gereksinimlerini karsilayan
kiiresel ¢oziimler sunmaktadir. Tiirk savunma sanayi,
faaliyet gosteren 3.000’e yakin firma ve 80.000°1 agkin
calisaniyla {iilke ekonomisine en yiiksek katkiy1
saglayan sektorlerden biri haline gelmistir [1]. Faaliyet
gosteren  firmalarin  drettikleri  {irlinler, SSB
destekleriyle ve 6zel tesebbiislerin yatirimlari ile yurt
ici ve yurt disinda tiim operasyonlarda basariyla
kullanilmaktadir. Savunma sanayinin son Yyillarda
gostermis oldugu basarilar sayesinde, Tiirk firmalari
platform, sistem ve yeteneklerini yurtdisi pazarlarda
gosterebilmis ve Uriinleri talep edilebilir hale gelmistir.
230’a yaki savunma sanayi Uriinliniin ihracati 170
ilkeye yapilmaktadir. Genig iriin ¢esidi arasinda
Insansiz Hava Arac1 (IHA), Silahli Hava Arac1 (STHA),
kara aracglari, deniz platformlari, hava araglari,
mithimmatlar ve flize sistemleri en onemli ihracat
kalemleridir [1].

Savunma firmalarinin tiim savunma ve havacilik
satiglart Sekil 1’de gosterilmistir ve sektdr ile ilgili
giincel bilgilere SSB’nin resmi sitesinden ulasilabilir.
Savunma ve havacilik cirosu 2002 yilinda 1 milyar §
iken, 2022 yilinda yaklagik 12 kat biiytliyerek 12 milyar
$’a ulagsmustir. Ayrica savunma ve havacilik ihracat
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hacmi, 2002 yilina nazaran 22 katin istiinde artarak
2023 yilinda 5,545 milyar $’a ulagmistir [1].

Tirkiye’nin savunmasma Onem vererek, devlet

biitcesinin ~ bir  b6liimiinii  savunma  sektdriine
ayirmasinin ¢iktilar1 ise, Sekil 2’de gosterilen proje
sayis1  bilgisinden  goriilebilmektedir.  Savunma

projeleri 2022 yilinda yalnizca 62 adet iken, 2024
yilinda 17 kat artarak 1000’in iizerine ¢iktig1
goriilmektedir. Ayrica, 2002 yilinda toplam 5,5 milyar
$ bitceye sahip savunma ve havacilik projeleri
yonetilirken, 2024 yilinda ihale siireci devam eden
projeler de dahil olmak iizere yaklasik 17 kat bir artis
yagsanmis ve proje hacmi toplam 96,3 milyar $’a
ulastlmastir [1].

Sekil 1. Toplam savunma ve havacilik cirosu

Sekil 2. Savunma projeleri

1. COZUM YONTEMI

Savunma sektoriine verilen ©nem ve destekler
sayesinde sektdrde yurt i¢inde hizmet veren sirketlerin
sayis1 artmaktadir. Bununla birlikte ana yiiklenicinin
yurt i¢i ya da yurt dis1 sirketler i¢erisinden belirledigi
ve kriterlerine uygun tedarikgileri se¢ip, tedarik¢i agina
katmasi stratejik oneme sahiptir. Giiniimiizde kiiresel
rekabet kosullarinda hayatta kalabilmek igin giicli
tedarik zincirinin olusturulmasi sirketleri de giiglii
kilmaktadir.
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Tedarikgi se¢im karari verilirken, ¢ok sayida nitel ve
nicel kriterin ayni anda degerlendirilip, bu kriterler
arasinda dengeli bir tercih yapilmasi gerekmektedir.
Uygun tedarik¢i secilmesi ile firmanin bagarist,
strdiiriilebilirligi ve rekabet giicii artarken, uygun
olmayan tedarik¢i secilmesi ile eksik siparigler,
kalitesiz iirlinler ve uygun {iirlin i¢in hesaplanmayan
maliyetler ortaya ¢ikmaktadir. Bu olumsuzluklar
firmanin uzun dénem performansi iizerinde olumsuz
etkiler yaratmaktadir [2].

Tedarik¢i se¢im siirecinde, kararlarin verilmesi i¢in
Olciilebilir ve Olciilemeyen stratejik ve operasyonel
kriterlerin ayn1 anda degerlendirilmesi ve ¢ok sayida
kisinin karar verme siirecine dahil edilerek ortak bir
karara  varilmast acisindan CKKV  metotlart
uygulanmaktadir. CKKYV ile, bilimsel yaklasimlar goz
onlinde bulundurularak verilen kararlar, dogruya en
yakin ¢6ziimleri sunmaktadir [3].

Bu calismada ele alinan tedarikg¢i se¢imi problemi, ¢ok
sayida ve ¢gogu zaman birbiriyle ¢elisen hem nicel hem
nitel kriterlerin degerlendirilmesini gerektiren CKKV
problemidir. Bu baglamda, literatiirde siklikla
uygulanan ve karar vericilerin tercihlerini sistematik
sekilde yansitabilecek giiclii araglar olan TOPSIS ve
VIKOR yoéntemleri tercih edilmistir. Her iki yontem de
karar matrisindeki alternatifleri ideal ¢6ziime olan
uzaklik temelli analizlerle siralar; ancak yaklasim
bigimleri farklidir.

Alternatif yontemler olan AHP ve Fuzzy AHP, kriterler
arast karsilagtirmalarin  ikili karsilastirma matrisi
yoluyla yapilmasint gerektirir. Bu durum, kriter sayist
arttikga karar vericiler i¢in bilissel yiik olusturabilir ve
tutarsizliklara yol acabilir. Ayrica AHP, agirlik
belirleme odakli bir yontem olup alternatif siralama
konusunda sinirhidir. Fuzzy AHP, belirsizlikleri
modelleme ac¢isindan avantajli olsa da, hesaplama
stireci daha karmagiktir ve uzmanlik gerektirir.

ELECTRE ve PROMETHEE gibi iistinlik temelli
yontemler, 6zellikle karar vericiler arasinda geligkili
oncelikler oldugunda giigliidiir; ancak bu yontemler
esik degerlerinin belirlenmesini zorunlu kilar. Bu
esiklerin siibjektif belirlenmesi, sonug¢larin tutarliligini
etkileyebilir. Ayrica, bu yontemlerin uygulanmasi
genellikle daha karmagsiktir ve yazilim destegi
gerektirir.

Buna karsin, TOPSIS ve VIKOR, karar matrisinin
dogrudan normalize edilmesi ve ideal c¢oziimlere
uzaklik temelli siralama yapmalar1 sayesinde hem
uygulama kolaylig1 saglar hem de giicli sezgisel
temellere dayanir. VIKOR’un wuzlagma ¢Oziimi
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yaklagimi, grup kararlarinda dengenin saglanmasina
olanak verirken; TOPSIS, pozitif ve negatif ideal
¢oziime olan wuzakligi esas alarak pratik bir
degerlendirme sunar. Bu iki yontemin birlikte
kullanilmasi, karar siirecinde hem en uygun ¢oziime
yakinlig1 hem de karar vericilerin uzlagsma diizeylerini
dikkate alarak daha dengeli ve saglam sonuglar elde
edilmesine olanak tanir.

Ayrica, her iki yontemin hesaplama adimlarinin gérece
basit ve uygulanabilir olmasi, karar verici birimler
acisindan da pratiklik sunmaktadir. Literatiirde
savunma sanayiinde yapilan benzer caligmalarda da
TOPSIS ve VIKOR’un etkin sekilde kullanildig:
goriilmektedir. Bu nedenle, c¢aligmamizda bu iki
yontemin birlikte kullanilmasi, problemin dogasina
uygunluk ve literatiirle uyum agisindan uygun
bulunmustur. Yani sira hesaplama basitligi, sezgisel
aciklik ve karar verici tercihlerini objektif olarak
yansitabilme yetenekleri nedeniyle TOPSIS ve VIKOR
yontemleri tercih edilmistir.

Calismada kullanilan kriterler (maliyet, zamaninda
teslim, kalite skoru vb.) sayisal ve objektif verilerden
olugsmaktadir. Bu nedenle, klasik (deterministik)
TOPSIS ve VIKOR yoéntemlerinin  kullaniminin
yontemsel agidan uygun oldugu degerlendirilmistir.
Karar verme siirecinde, kurumun satin alma biriminde
gorevli tek bir uzman karar verici yer almistir. Grup
karar1 veya uzmanlar arasi agirliklandirma yapilmamas,
caligma tekil karar verici baglaminda
gergeklestirilmisgtir.  Ayrica, ¢alismada kullanilan
veriler belirsizlik igermemekte, tamami 6l¢iilebilir ve
sayisal verilerden olugmaktadir. Bu durum, bulanik
mantik tabanli yontemler yerine klasik CKKV
yontemlerinin (TOPSIS, VIKOR) tercih edilmesini
desteklemistir.

3.1. Tedarikci Degerlendirme Kriterleri

Tedarikg¢i se¢imi firmalar igin kritik bir konu oldugu
icin literatiirde de birgok arastirmaya konu olmustur.
Bu aragtirmalara bakildiginda; tedarik¢i sec¢im
probleminin ¢éziimiinde yapilan en énemli ¢alismanin
Dickson’m  yapmis oldugu arastirma oldugu
goriilmektedir. Dickson, Amerika ve Kanada’da
caligan satin alma miidiirleri arasindan 273 yonetici ile
anket yapmistir. Bu anket sonucunda belirlenen
kriterler Tablo 1’de gosterilmektedir. Dickson yapmis
oldugu c¢aligmada 23 farkli kriter belirlemis ve bu
kriterleri Onem sirasina gore gruplandirmistir. Bu
gruplar “Cok onemli”, “Onemli”, “Orta derecede
onemli”, “Az Onemli” olarak siralanmigtir. “Cok
Onemli” olarak nitelenen kriterler; Kkalite, teslim
tarihine uyum, geg¢mis donem performansi, garanti

politikast ve {retim tesisi

belirtilmigtir [4].

ve kapasite olarak

Dickson’in tablosunda yer alan kriterlerin 6énem sirasi
sektoriin ihtiyacina ve firmalarin degerlendirdigi
kriterlerin tiretim sistemleri ile miisteri isterlerine gore
farklilik gosterdigi unutulmamalidir. Ornek vermek
gerekirse tedarik¢i se¢imi diisiik karli bir sektdrde
yapilirsa, maliyet en 6nemli kriterlerden biri olabilir

[5].

Tablo 1. Dickson kriterleri

Swra  Kriter Sira  Degerlend
1 Kalite 3,508
2 Teslim tarihine 3,147 Cok
3 Gegmis donem 2,998 Onemli
performansi
4 Garanti politikast 2,849
5 Uretim tesisi ve 2,775
kapasite
6 Fiyat 2,758
7 Teknik yeterlilik 2,545
8 Finansal durum 2,514
9 Prosediire uyum 2,488 Onemli
10  Kontrata uyum 2,426
11 lletisim sistemi 2,412
12 Endiistrideki yeri 2,256
13 s yapma istegi 2,216
14 YoOnetim ve 2,211
organizasyonu
15  Tamarin seviyesi 2,187
16 Tutum 2,120
17 Gorilisme sonrast 2,054
18  Paketleme yetenegi 2,009 Orta
19 Isci iliskileri 2,003 derecede
20  Cografi yer 1,872 6nemli
21 Cecmis donemde 1,597
yapilan is
22 Uriin kullanim 1,537
sonrasi egitim
23 Kargilikli 0,610 Az 6nemli
3.2. Tedarik¢ci Seciminde Kullanillan CKKV
Yontemleri

CKKYV, 1970 yilinin baglarinda yoneylem arastirmasi
ve karar teorisi alanlarinda kullanilmaya baslanmstir.
CKKV yontemleri birden fazla ve birbiriyle
uyusmayan kriterlerin bulundugu karar problemlerinin
¢Oziimiinde karar vermeye yardimci olur. Bu sayede,
biiyik miktarda ve dagmik olan verilerin
degerlendirilmesi siirecinde karar vericiye kolaylik
saglamaktadir [6].

Literatiir incelendiginde, tedarikei se¢im
problemlerinde ¢ok sayida cok kriterli yontemlerin
kullanildig1 goriilmektedir. Genellikle bu yontemlerde,
fayda veya maliyet igeren ve c¢oklu kriterlerin
¢Ozlimlenmesi, modellenmesi ve uzlasik ¢oziimlerin
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degerlendirilmesi amaglarina yonelinmistir. CKKV
alant; diger bilim dallar1 ile etkilesim igerisinde
kalarak, yeni yontemler ortaya ¢ikmaya devam
etmektedir [7]. CKKV siireci ve kullanilan yontemler
Sekil 3’te gorildigl izere; siniflama, siralama ve

secim olmak iizere ¢ temel baghk altinda
incelenmektedir [8].
[ Amaglarin Belirlenmesi |
[ Kriterlerin Olugturulmast |
[ Alternatiflerinin Belirlenmesi |
[ Alicrnatifierin Kriterlere Gore Degerlendiriimesi_|
[ Yontemin Belirlenmesi |
— —
Secim Smmiflama Siralama
AHP AHP AHPSort
ANP ANP UTADIS
MAUT/UTA MAUT/UTA Flowsort
MACBETH MACBETH ELECTRE - Tri
PROMETHEE PROMETHEE
ELECTRE ELECTRE IIT
TOPSIS
VIKOR
[ Ex iyi Altcrnatiflerin Belirlenmesi |
Sekil 3. CKKYV siireci ve yontemleri
Uygulama kapsaminda belirlenen tedarik se¢im

problemine CKKV yontemlerinden TOPSIS ve
VIKOR uygulanmig ve sonuglarina yer verilmistir.

Savunma sektori, yliksek stratejik deger tagimast, uzun
vadeli proje dongiileri ve siki giivenlik gereklilikleri
nedeniyle, geleneksel tedarik ortamlarindan oldukga
farklilik gostermektedir.

Asagidaki Ozetlenen g¢aligmalar, savunma sanayiinde
tedarik¢i se¢imi konusunda literatiirdeki 6nemli
bosluklari doldurmus ve bu alandaki bilgi birikimine
katk1 saglamistir.

[9] Soygiider & Geger (2023), savunma sanayiinde
ylzey isleme tedarikgisi se¢imi iizerine uygulamali
calisma yapmig ve Bulanik AHP ile Bulanik TOPSIS
yontemlerini kullanmistir. [10] Evcioglu & Kabak
(2023), savunma sanayiinde tedarik¢i degerlendirme
icin AHP ve TOPSIS yontemlerini kullanarak yazilim
tabanli bir sistem gelistirmistir. AHP, Bulanik TOPSIS
ve SECA yontemlerini kullanan [11] Rasmussen ve
ark. (2023), havaciik ve savunma sanayiinde
stirdiiriilebilirlik ve teknoloji kriterlerinin tedarikgi
secimindeki etkisini aragtirmistir. [12] Akpinar (2021),
Bulanik TOPSIS ve Bulamik VIKOR ydntemlerini
kullanarak gida sektoriinde tedarik¢i segimi tizerine bir
calisma yapmustir. [13] Yal¢in & Kilig (2019), IF-AHP
ve PROMETHEE yontemlerini kullanarak cevresel
faktorlerin tedarik¢i segimindeki rolii aragtirmigtir. Her
ne kadar son iki calisma savunma sektorii disina
odaklanmig olsa da, tedarik¢i secimi karar
problemlerinin farkli sektdrlerde benzer CKKV
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yaklagimlartyla ele  alinabilecegini  gdstermesi
acisindan bu ¢alisma, savunma sanayi baglamindaki bu
arastirmaya metodolojik bir referans niteligindedir.

Bu baglamda literatiirde, savunma sanayiine &zgii
tedarik¢i se¢im  kriterlerinin  sistematik bi¢imde
belirlendigi ve CKKV yontemleriyle degerlendirildigi
calismalar olduk¢a sinirlidir. Ayrica TOPSIS ve

VIKOR gibi yontemlerin savunma sektoriinde
karsilagtirmali  analizinin =~ yapildigi ~ kapsamli
uygulamalara rastlanmamaktadir.

Bu calismanin 6zgiin katkisi;; iki farkli CKKV

yonteminin (TOPSIS ve VIKOR) bu baglamda
uygulanmasi ve yontemlerin sonuglarinin
karsilastirmali bi¢imde analiz edilmesidir. Gergek bir
tedarik stirecinden almman verilerle yapilan bu
uygulama, literatiirdeki 6nemli bir boslugu doldurmay1
amaglamaktadir.

3.2.1.TOPSIS yontemi ve adimlari

TOPSIS (Technique for Order Preference by Similarity
to Ideal Solution) 1980 senesinde Hwang ve Yoon
tarafindan ortaya konmustur. Bu yoOntemin temel
isleyisi seceneklerin ideal ¢dziime olan yakinliklarina
dayanmaktadir ve alternatiflerin, ideal/negatif ideal
¢Oziim noktalarina olan mesafelerini hesaplayarak
calismaktadir. Alternatifler arasinda, pozitif ideal
sonuca en yakin olan ve negatif ideal sonuca en uzak
olan alternatif, en 1iyi segenck olarak kabul
edilmektedir. Ancak belirlenen en iyi alternatif, her
zaman pozitif ideal sonuca en yakin ya da negatif ideal
sonuca en uzak olmayabilir. Bu durumda negatif ideal
¢oziimlerin optimum kriter degerleri en azdir, optimum
kriter degerlerinden olusan veriler ise ideal ¢oziimlerdir
[14].

TOPSIS yonteminin 6zellikleri su sekilde siralanabilir
[15]: 1) icerigi anlasilabilir, ii) hesaplanmasi kolaydir,
iii) basit bir formiil ile alternatifler arasindaki iligki
kurulabilir, iv) alternatifler, belirlenmis olan kriterler
ve bu kriterlerin maksimum, minimum degerlerinde
ideal pozisyona gore karsilastirilabilir.

Adim 1: Karar Matrisi

Karar matrisinde alternatifler (m) satirlarda
bulunurken, kriterler (n) ise siitunlarda bulunmaktadir
ve mxn boyutunda Esitlik (1) ile gosterilen matris
yapisal olarak asagidaki sekilde ifade edilmektedir.

(

a1 Ain

)

amn

Qa2
Aij (1)

Am1 Am2
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Adim 2: Karar Matrisinin Normalizasyonu
Hesaplama hatalarim1  6nlemek amaciyla, karar
matrisinin standart hale getirilmesi gerekmektedir.
Karar matris siitunundaki her bir a;;, Esitlik (2)’deki
gibi siitun degerlerindeki a;;'lerin kareleri toplaminin
karekdkiine boliinerek, Esitlik (3)’te yer alan normalize
karar matrisi N;; elde edilmektedir.

_ al-j izl,..,m;

My = j=l,..n 2
. - (2)
i=1 jj

N1 Mz Nin

N.: = : :

ij (3)
Nm1 N2 Nnn

Adim 3: Normalize Matrisin Agirliklandirilmasi
Kriterlerin agirlik degerlerinin (w;, i=1,2,...,n) toplam1
1 olacak sekilde belirlenmektedir. Normalize karar
matrisinde bulunan degerler (n;;), Esitlik (4) uyarinca
o silituna ait agirlik (w;) ile carpilip, Esitlik (5)’teki
normalize karar matrisi (¥) elde edilmektedir.

Dij = Wi * yj (4)

V11 Viz V1in
V = H H (5)
Umi Uma2 Umn

Adim 4: Ideal ve Negatif Ideal Céziim Degerlerinin
Belirlenmesi

Eger kriter eniyisi-enbiiyiik olan ise, o siitundaki en
biiylik deger ideal deger, en kiigiik deger ise negatif
ideal ¢Oziim degeri olarak belirlenmektedir. Fakat
kriter eniyisi-enbiiyiik olan ise, o siitundaki degerlerden
en kiiclik deger ideal deger, en biiyiik deger ise negatif
ideal ¢oziim degeri olarak belirlenmektedir. Ideal
(A")/negatif ideal (A") degerler asagida Esitlik (6) ve
(7)’de gosterilmektedir.

AT = {max,,ijllj =1,..,ni= 1,..,m}

(6)

={vi v, v}

A" = {minvijllj =1,..,ni = 1,..,m}

={v;,v5,..,05,}

(7)

Adim 5: Ideal ve Negatif Ideal Noktalara Olan
Uzakliklarin Bulunmasi

Ideal ve negatif ideal noktalara olan uzaklik, oklid
uzaklig1 hesaplanmaktadir. Her bir alternatifin ideal
¢oziimden uzaklig1 S;*, negatif ideal ¢oziime uzaklig:
ise S; olarak gosterilmekte ve Esitlik (8)-(9) ile
hesaplanmaktadir.
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+_ m )
5t = szzl(vu v) )
Si = szzl(vij_vj_)z (9)

Adim 6: ideal Coziime Goreli Yakiligin Belirlenmesi
ve Alternatiflerin Siralamasi

Alternatif i’nin ideal ¢oziime goreli mesafe degeri [0,1]
araligmdadir. C; Esitlik (10) ile hesaplanmaktadir.
C; = 0 durumunda i’nin negatif ideal ¢ézlime, C; = 1
durumunda ise i’nin pozitif ideal ¢éziime yaklastigi
yorumu yapilmaktadir. Alternatiflerin C; degerleri

biliyiikten kiiciige siralanarak, tercih siralamasi
belirlenmektedir [16].
ct = S 0<C <1
t St +S7 i (10)

3.2.2.VIKOR yéntemi ve adimlari

Opricovic tarafindan 1998 senesinde gelistirilen
VIKOR (Vise Kriterijumska Optimizacija 1
Kompromisno Resenje) yontemi, oOlglilemeyen ve
celiskili kriterlerin olmasi durumunda problemin
¢Oziimlenmesinde  kullanilmaktadir. Birden ¢ok
alternatif arasinda siralama ve segim yapilmasini
saglayan ~VIKOR  yontemi, karar vericilerin
kullanacaklart ¢eligkili kriterleri degerlendirerek,
ideale en yakin uzlasik sonuglari belirlemektedir. Bu
yontem ¢ogunlugun grup faydasini enbiiyiiklemeyi
yant  swra  rakiplerin  bireysel  pigmanligini
enkiigiiklemeyi hedeflemektedir. Hesaplamalart basit
ve anlagilabilir yapida oldugu i¢in yaygin kullanima
sahiptir [17].

Adim 1: Karar Matrisi

Karar matrisinde alternatifler (m) satirlarda, kriterler
(n) ise siitunlarda bulunmaktadir ve mxn boyutundaki
karar matrisi daha Once verilen Esitlik (1)’de
gosterilmektedir.

Adim 2: Kriterler Icerisinde En Iyi (f;*) ve En Kétii
(fi7) Degerlerin Bulunmas1

Karar matrisindeki kriterlerin amaca yonelik etkisinin
fayda ya da maliyet yoniinde olup olmamasina gore
kullanilacak esitlik degisiklik gostermektedir. Esitlik
(1) ve (12ye gore f* ve f degerleri
hesaplanmaktadir.
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. Kriterin amag¢ Tlzerinde etkisi fayda
yoniindeyse kullanilacak esitlik;
fi¥ = maxx;;
L
11
fi© = minx;; (1)
i
. Kriterin amag¢ {izerinde etkisi maliyet
yoniindeyse kullanilacak esitlik;
fi¥ = minx;
i
(12)

fi = ml_ax Xij

Adim 3: Karar Matrisinin Normalizasyonu

Karar matrisini olusturan verilerin karsilastirilabilir
olabilmesi i¢in dogrusal normalizasyon iglemi
uygulanarak, Esitlik (14)’teki R normalize matris elde
edilmektedir. Normalize karar matrisinin elemanlari 7;
ile gosterilmekte olup, asagidaki Esitlik (13)’e gore
hesaplanmaktadir.

nij = fl:;xg (13)
i —fi
1 T2 Tin
Ry =< : : ) (14)
Tm1  Tm2 Tmn
Adim 4: Normalize Karar Matrisinin
Agirliklandirilmasi
Normalize karar matrisindeki 7;; degerleri, Esitlik
(15)e gore kriter agirhgr w; ile carpilip,

agirliklandirilir ve Esitlik (5)’te ki gibi V' matrisi elde
edilir.

Vij = Tij * W (15)

Adim 5: S; ve R; Degerlerinin Hesaplanmasi
Alternatifler (i) i¢in Esitlik (16)’da hesaplanan S;
degerleri ortalamay1 gosterirken, Esitlik (17)’de R;
degerleri ise en kotii degerleri ifade etmektedir.

V.

S = ij

(16)
i=1

K = maxlly (17)
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Adim 6: Q; Degerlerinin Hesaplanmasi

Q; degerlerinin Esitlik (18) ve (19)’a gore
hesaplanmasinda;
a) S; ve R; degerlerine bakilarak iclerindeki en

biiyiik deger S~ olarak, en kiiciik deger ise S*
olarak bulunmaktadir.
b) ¢ degeri, grubun en yiiksek fayday: elde
etmesini saglayan strateji agirligint temsil
etmektedir. (1-g) degeri ise karsit goriiste
olanlarin enkiigiik pismanlik seviyesini temsil
etmektedir.

Uzlagma su sekilde siniflandirilmaktadir:  1)g>0,5
“cogunluk oyu”, i1)g=0,5 “konsensus”, iii)¢<0,5 “veto”
olarak ifade edilmektedir.

Literatiir incelendiginde ¢ degerinin genel olarak 0,5
alindig1 gortilmiistiir, bu nedenle uygulama kapsaminda
da ¢=0,5 olarak alinmistir [16].

St =min§;,S” = max§;,,
1 L

18
R* =minR;,R~ = maxR; (18)
i L

ZQ*(Si_S+)+(1_Q)*(Ri_R+)
S-St R-—R*

Q; (19)

Adim 7: Alternatiflerin Siralanmasi ve Kosullarin
Sianmast

Hesaplamalar sonucu ortaya ¢ikan S;, R; ve Q; verileri
siralanmaktadir. Bu siralamanin  kiiglikten biiyiige
yapilmasi gerekmektedir ve bu siralamaya gore
alternatiflerin 3 farkli siralamasi ortaya ¢ikmaktadir.
Siralamalarin =~ dogruluk  kontroliiniin  yapilmasi
gerekmektedir. En az Q; degerine sahip olan alternatif
icin agsagida detaylar1 bulunan kabul edilebilir avantaj
ve istikrar sartlarini saglayip saglamadigi kontroliiniin
yapilmasi gerekmektedir.

Sart 1: Kabul Edilebilir Avantaj

Kabul edilebilir avantaj sart1 Esitlik (20) ve (21)’in
saglanmasii gerektirir. Siralanan Q; degerlerinde ilk
siradaki A' alternatifi, ikinci siradaki ise A? alternatifi
ifade eder. Alternatif sayisinin 4’ten az oldugu karar
problemlerinde DQ = 0,25 alinmas1 gerekmektedir
[18].

QA% - Q(4") = DQ (20)

(21)
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Sart 2: Kabul Edilebilir Istikrar

Siralanan Q; degerlerinde ilk siradaki A! alternatifi,
kiigiikten biiylige dogru swralanan S ve/veya R
degerlerinde en kiigiik degere sahip ise en 1iyi
alternatiftir. Uzlasik ¢dziimiin istikrarli olduguna, bu
kosulun saglanmas: ile karar verilmektedir. Bu iki
sartlardan birinin saglanamamasi durumunda;

a) Sart 2 saglanmazsa, her ne kadar A'’in nispi
bir avantaji olsa da karar vermede tutarsizlik
oldugu igin, hem A® hem de A? alternatifleri
uzlasik ¢oziimdiir.

b) Sart 1 saglanmazsa, A, A%, .., A™ tiim

alternatifler uzlasik ¢6ziim kiimesindedir ve

Esitlik (22)’yi saglayan tiim alternatifler

¢Oziim olarak alimmaktadir. Uzlagik ¢6ziim

kiimesi dahilinde en kiigiik degere sahip QO

degeri en iyi alternatiftir [19].

Q(A™) —Q(A") < DQ (22)

Hem TOPSIS hem de VIKOR, CKKV metotlar
icerisinde anlasilmasi kolay, Excel yardimzi ile nitel ve
nicel verilerin kolaylikla hesaplanmasina olanak
saglamaktadir. Tek baslara kullanilabilecekleri gibi,
diger yontemlerle biitiinlesik olarak da kullanildig:
literatiirde goriilmektedir.

VIKOR ve TOPSIS metotlarmi birbirinden ayiran
ozelliklerine bakilacak olursa; farkli normalizasyon
yontemleri ve toplama islevlerine sahiptir. TOPSIS
yontemi riskten kacan karar vericiler i¢in uygun bir
yontemdir. VIKOR  yonteminde nihai  karar
sonuglarinda 0’a en yakin degeri alan alternatif, en
uygun alternatif olarak belirlenmektedir. TOPSIS
yonteminin nihai siralamasindan farklilik
gostermektedir [17].

IV. HESAPLAMALI SONUCLAR

Uygulama yapilan firma, savunma sektoriinde iiretim,
bakim ve satig sonrast hizmetleri ile ulusal ve
uluslararasi platformlarda 40 yildir hizmet veren bir
firmadir. Bu sektorde ileri teknolojiye sahip ve AS
9100 Havacilik ve Savunma Sanayi Kalite Yonetim
Sistemi belgesi kalite gereksinimlerini kargilamaktadir.
Firma {retim yapacagi yeni proje kapsaminda,
kapasitesini asan mekanik parcalar igin yurt i¢i ve yurt
dis1 tedarikgilerden teklif alip, gelen tekliflerden uygun
tedarik¢ileri segmeyi hedeflemistir. Proje kapsaminda
tedarik¢ilerden saglanacak {iriiniin 6zelligi; mekanik,
hidrolik testler ve 6zel prosesler dahil bitmis iiriindiir.
Bu iiriiniin kapsami bilgi giivenligi gereksinimlerini
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kargiladigi igin tedarik¢i ile Gizlilik Soézlesmesi
imzalanmas1 gerekmektedir. Ayrica tedarikgilerin 6n
kosul olarak asagidaki standartlar1  saglamasi
gerekmektedir:
. 10 yildan fazla faaliyet gosteren iretim
isletmesi olmal,

Calisan sayist ortalama 30-200 olmali,
. AS 9100 Kalite Yonetimi Sistemi veya ISO
EN9100 Havacilik ve Savunma Sanayi Kalite Y6netim
Sistemi belgesine sahip olmali.

4.1.Sirket Tedarikci Secim Prosediirii

4.1.1.  Sirket prosediiriindeki kriterler

Uygulama kapsaminda, savunma sektoriinde faaliyet
gosteren bir firma i¢in 6ne ¢ikan kriterler, firmanin
yaymladigr “Kaynak Sec¢imi, Yan Sanayi Se¢me ve
Degerlendirme Prosediirii” incelenerek belirlenmis ve
5 kriter oldugu tespit edilmistir. Bu kriterlerin igerikleri
asagida sunulmustur.

Zamaninda Teslimat (ZT): Uretici firmanin verilen
isleri teslimat tarihine uygun bir sekilde yapip
yapmadigini 6lgmektedir. Bu 0l¢ii degeri sirketin
Kurumsal Kaynak Planlama (ERP) sisteminde
hesaplanmaktadir. Tablo 1 Dickson Kriterleri’nde
Teslim Tarihine Uyum adi ile 2. sirada yer almaktadir.

Teslim Edilen Miktar (M): Uretici firmanin verilen
islerin ne kadarmi teslim edip etmedigini 6l¢mektedir.
Bu oOlgli  degeri sirketin ERP  sisteminde
hesaplanmaktadir. Tablo 1 Dickson Kriterleri’nde
bulunmamaktadir.

Kalite (K): 1 milyondaki hatal1 par¢a sayis1 (Defective
Parts Per Million - dppm) yani hatali iiretilen parga
sayisi ile toplam kabul edilen par¢a sayisi oraninin
1.000.000 ile garpilmasi ile hesaplanmaktadir. Bu 6l¢ii
degeri sirketin ERP sisteminde hesaplanmaktadir.
Tablo 1 Dickson Kriterleri’nde 1. sirada yer almaktadir.

Paketleme (P): Teslim edilen iirlinlerin
paketlemelerinin uygun olup olmadigin1 6lgmektedir.
Paketleme puani, herhangi bir uygunsuz ambalajin
alinmast veya gozlemlenmesi durumunda teselliim
personeli tarafindan ERP sistemine girilmektedir.
Tablo 1 Dickson Kriterleri’nde Paketleme Yetenegi ad1
ile 18. sirada yer almaktadir.
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iletisim (i): Tedarikginin iletisim kabiliyetinin yeterli
olup olmadigin1 dlgmektedir. Iletisim puam, donem
icerisinde herhangi bir yetersiz iletisim ya da iletigim
eksikligi gozlemlenmesi durumunda lojistik personeli
tarafindan ERP sistemine girilmektedir. Tablo 1
Dickson Kriterleri’nde Iletisim Sistemi adi ile 11.
sirada yer almaktadir.

4.1.2. Sirket prosediiriine gére tedarik¢i secimi

Sirketin yayimlamis oldugu prosediirde yer alan ve
tedarik¢i  puant (TP) hesaplamada kullanilan
degerlendirme formiilii Esitlik 23’te yer almaktadir.
Firma kriter puanmi (ZT, M, K, P, ) 0-100 arasinda

belirleyip tedarik¢i se¢imini bu esitlige gore
hesapladigi tedarikei puanlarini kullanarak
yapmaktadir.

TP=0,30*K +0,30 *ZT + 0,10 * P + 0,10 *
i+020*M (23)
4.1.3. Sirket prosediiriine gére tedarikgilerin
swralanmasi

Uygulama kapsaminda firmanin ERP sistemine

bakildiginda, Tablo 2’de bulunan 10 adet tedarik¢inin
on kosullardan gectigi belirlenmis ve bu tedarikgiler
ardisik sayilar ile kodlanmistir. Ayni tabloda sirketin
yayinlamis oldugu prosediirde yazili olan 5 kriter de
gosterilmektedir.

Tablo 2. Alternatif ve kriter puanlari

5

=

5 K ZT P i M

=

D

=
T1 76 70 90 90 90
T2 100 75 90 80 100
T3 90 90 90 90 60
T4 100 60 100 90 100
T5 100 90 50 100 90
T6 100 65 80 70 80
T7 85 95 90 80 90
T8 90 70 90 100 80
T9 75 55 90 90 90
T10 78 70 100 90 100

Uygulama kapsaminda sirketin prosediiriinde bulunan
Esitlik (23)’e gore 10 tedarikgiye ait tedarik¢i puanlari
ve siralamalar1 Tablo 3’te yer almaktadir.

Sonug olarak, firmanin tedarikgileri T5, T2, T7, T4, T3,
T10, T8, T6, T1, T9 olarak siralamasi gerektigi ortaya
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cikmigtir. Tek tedarik¢i ile caligmak isterse, T5
tedarikgisi ile ¢aligmasi uygun goriilmektedir.

4.1.4. TOPSIS ile tedarik¢ilerin siralanmasi

TOPSIS yontemi firma prosediiriinde yer alan 5 kriter
kullanilarak uygulanmigtir. Esitlik (23)’teki kriterlerin
katsayilari, bu  kriterlerin  agirliklar1  olarak
kullanilmistir. TOPSIS yoéntemi uygulama adimlari
asagida gosterilmektedir.

Tablo 3. Tedarik¢i puanlar ve siralama

Tedarikgi Ted;ﬁ:ﬁi Siralama
T1 79.80 9
T2 89.50 2
T3 84 5
T4 87 4
T5 90 1
T6 80.50 8
T7 89 3
T8 83 7
T9 75 10
T10 83.40 6

Adim 1: Karar Matrisi

On incelemeden gegen 10 adet tedarikgiden ve sirketin
prosediiriindeki 5 kriterden olusan karar matrisi Tablo
4’te yer almaktadir.

Tablo 4. TOPSIS karar matrisi

o Kriter Tipi/Agirhk

5“:_’ Fayda Fayda Fayda Fayda Fayda
= 0.3 0.3 0.1 0.1 0.2
g Kriterler

< K 7T P i M
T1 76 70 90 90 90
T2 100 75 90 80 100
T3 90 90 90 90 60
T4 100 60 100 90 100
T5 100 90 50 100 90
T6 100 65 80 70 80
T7 85 95 90 80 90
T8 90 70 90 100 80
T9 75 55 90 90 90
T10 78 70 100 90 100

Adim 2: Karar Matrisinin Normalizasyonu

Onceki adimda elde edilen karar matrisi kullanilarak
Esitlik (2)’ye gore hesaplanan normalize karar matrisi
Tablo 5°te yer almaktadir.

Adim 3: Normalize Matrisin Agirliklandirilmasi
2. adimda elde edilen matris Esitlik (4) kullanilarak
agirhiklandirilmistir ve Tablo 6°da gosterilmektedir.
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Adim 4: ideal ve Negatif Ideal Coziim Degerlerinin
Belirlenmesi

Ideal ve negatif ideal ¢oziimler Esitlik (6) ve (7)’ye
gore hesaplanmis ve Tablo 7’de verilmistir. Tim
kriterler fayda yonlii oldugundan ideal ¢6ziim degerleri
en biiyiik degerlerden olusmustur.

Tablo 5. Normalize karar matrisi

o Kriter Tipi/Agirhk

é Fayda Fayda Fayda Fayda Fayda
§ 0.3 0.3 0.1 0.1 0.2
s Kriterler

z K ZT P i M
T1 0.267 0.295 0.323  0.322 0.321
T2 0.352 0.316 0.323  0.286 0.356
T3 0316 0379 0.323  0.322 0.214
T4 0352  0.253 0.359  0.322 0.356
TS 0352 0.379 0.180  0.358 0.321
T6 0.352 0.274 0.287  0.250 0.285
T7 0299  0.400 0.323  0.286 0.321
T8 0316  0.295 0.323  0.358 0.285
T9 0264 0232 0.323  0.322 0.321
T10 0.274  0.295 0.359  0.322 0.356

Tablo 6. Agirlikli normalize karar matrisi

o Kriter Tipi/Agirhk

= Fayda Fayda Fayda Fayda Fayda
g 03 0.3 0.1 0.1 02
5 Kriterler

z K ZT P i M
T1 0.080  0.088 0.032 0.032  0.064
T2 0.105 0.095 0.032 0.029 0.071
T3 0.095 0.114 0.032 0.032 0.043
T4 0.105 0.076 0.036 0.032  0.071
TS 0.105 0.114 0.018 0.036 0.064
Té6 0.105 0.082 0.029 0.025 0.057
T7 0.090  0.120 0.032 0.029  0.064
T8 0.095 0.088 0.032 0.036  0.057
T9 0.079  0.069 0.032 0.032  0.064
T10 0.082  0.088 0.036 0.032 0.071

Tablo 7. ideal ve negatif ideal ¢dziim degerleri

Kriterler
K ZT P i M
A+ 0.105 0.120 0.036 0.036 0.071
A- 0.079 0.069 0.018 0.025 0.043

Adim 5: ideal ve Negatif Ideal Noktalara Olan
Uzakliklarin Hesaplanmasi

Esitlik (8) ve (9)’a gore hesaplanan uzakliklar Tablo
8’de paylagilmistir.

Adim 6: Ideal Coziime Goreli Yakinlik Belirlenmesi
ve Tercih Siralamasi

Esitlik (10)’a gore hesaplanan yakinlik katsayilari ve
tedarik¢ilerin bu katsayilara gore biiylikten kiiglige
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siralamast Tablo 8’de verilmistir. Maksimum fayda
analizine gore tedarikgiler arasinda siralama T7, TS5,
T2, T3, T10, T4, T8, T6, T1, T9 olarak elde edilmistir.

Tablo 8. Alternatiflerin goreli uzakliklar

Alternatifler S} S; C; Siralama
T1 0.041 0.033 0.442 9
T2 0.027 0.049 0.647 3
T3 0.031 0.050 0.612 4
T4 0.044 0.044 0.497 6
TS 0.020 0.057 0.736 2
Té6 0.042 0.034 0.446 8
T7 0.019 0.058 0.752 1
T8 0.036 0.034 0.481 7
T9 0.058 0.027 0.317 10
T10 0.039 0.039 0.501 5

4.1.5. VIKOR ile tedarikcilerin siralanmasi

Ikinci olarak VIKOR yéntemi firma prosediiriinde yer
alan 5 kriter kullanilarak uygulanmistir. . Esitlik
(23)’teki kriterlerin katsayilari, VIKOR ydnteminde
kriter agirliklari olarak kullanilmistir. VIKOR yontemi
uygulama adimlar asagida gosterilmektedir.

Adim 1: Karar Matrisi

VIKOR’da  kullanilan  karar matrisi  TOPSIS
yontemindeki ile aynidir ve daha once Tablo 3’te
verilmistir.

Adim 2: Kriterler igerisinde En Iyi (F/" ) ve En Kétii
(F;") Degerlerin Bulunmasi

Kriterlerin amag tizerine etkileri fayda yoniinde oldugu
igin Esitlik (12) kullanmilarak hesaplanan f ve f*
degerleri Tablo 9°da verilmistir.

Tablo 9. En iyi ve en kotii degerler

Kriterler
K 7T P i M
f 100 95 100 100 100
f- 75 55 50 70 60
Adim 3, 4, 5: Normalize Karar Matrisi,

Agirliklandirilmasy, S; ve S; Degerleri

Esitlik (13)’e gore normalize edilen karar matrisi, daha
sonra Esitlik (15)’e gore agirliklandirilmistir. S; ve R;
degerleri ise Esitlik (16) ve Esitlik (17)’ye gore
hesaplanmig ve Tablo 10°da verilmistir.
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Tablo 10. S; ve R; degerleri

Kriter Tipi/Agirhk
Fayda Fayda Fayda Fayda Fayda
Alternatifler 0.3 0.3 0.1 0.1 0.2 S; R;
Kriterler
K ZT P i M
T1 0.288 0.188 0.020 0.033 0.050 0.579 0.288
T2 0.000 0.150 0.020 0.067 0.000 0.237 0.150
T3 0.120 0.038 0.020 0.033 0.200 0.411 0.200
T4 0.000 0.263 0.000 0.033 0.000 0.296 0.263
TS5 0.000 0.038 0.100 0.000 0.050 0.188 0.100
T6 0.000 0.225 0.040 0.100 0.100 0.465 0.225
T7 0.180 0.000 0.020 0.067 0.050 0.317 0.180
T8 0.120 0.188 0.020 0.000 0.100 0.428 0.188
T9 0.300 0.300 0.020 0.033 0.050 0.703 0.300
T10 0.264 0.188 0.000 0.033 0.000 0.485 0.264

Adim 6: Q; Degerlerinin Hesaplanmast

Esitlik (18)’e gore S*, S, RY, R degerleri sirasiyla,
0,188, 0,703, 0,100 ve 0,300 olarak bulunmustur. ¢
degeri (literatiirde genel olarak 0,50 alindigi igin)
uygulama kapsaminda ¢=0,5 olarak alinmis ve Esitlik
(18) ve (19) kullanilarak, Q; degerleri hesaplanmis ve
Tablo 11°de gosterilmistir.

Tablo 11. VIKOR Q;degerleri

Alternatifler S; i Q;
(9=0,50)
T1 0.579 0.288 0.849
T2 0.237 0.150 0.173
T3 0.411 0.200 0.466
T4 0.296 0.263 0.511
TS5 0.188 0.100 0.000
Té6 0.465 0.225 0.581
T7 0.317 0.180 0.325
T8 0.428 0.188 0.451
T9 0.703 0.300 1.000
T10 0.485 0.264 0.698

Adim 7: Alternatiflerin Siralanmasi ve Kosullarin
Sinanmast

Alternatifler ayr1 ayr1 S;, R; ve Q;’ye gore siralanmis ve
kosul sinamalar1 ile birlikte Tablo 12°de verilmistir.
Tabloda, ¢=0,50 alinarak bulunan @Q; degeri
siralamasina gore ilk sirada yer alan alternatif, her iki
kosulu birlikte sagladigi icin bu degerin siralamasina
gore tedarik¢i secimi yapilmasit anlamlidir. Bu
durumda firma VIKOR yontemine gore tedarikgileri
T5, T2, T7, T8, T3, T4, T6, T10, T1, T9 siralamasi ile
se¢melidir. Firma tek tedarik¢i ile calismak isterse
VIKOR yontemine gore T5 tedarikgisini segmesi
uygun olacaktir.
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Tablo 12. Alternatiflerin siralanmasi

Siralama

Alternatifler s R, Q;
(9=0,50)

T1 9 9 9

T2 2 2 2

T3 5 5 5

T4 3 7 6

T5 1 1 1

T6 7 6 7

T7 4 3 3

T8 6 4 4

T9 10 10 10

T10 8 8 8
Q(A? 0.173
Q(AYH 0.000
Q(A)-Q(AY) 0.173
DQ=1/(10-1) 0.111
1. KOSUL Saglandi
2. KOSUL Saglandi

4.2. Ek Kriterlerin incelenmesi
Literatiir incelendiginde, tedarikgi se¢imi

problemlerinde siklikla kullanilan kriterlerin, Dickson
Kriterleri (Tablo 1) kapsaminda yer aldigi ve se¢im
siirecinde 6nemli rol oynadig1 degerlendirilmistir. Bu
kriterler, firma yetkilileri ile yapilan goriismeler
dogrultusunda ele alinmis; firma, ideal ¢oziime
ulasabilmek amaciyla deneyimli personellerle projenin
yliriitilmesine olanak saglamistir. Proje kapsaminda,
sirkette en az 5 yil deneyime sahip 3 personele segim
stirecinde 6nemli oldugunu disiindiikleri kriterler
sorulmus ve literatiirde yer alan kriterler kendilerine
secenek olarak sunulmustur. Personeller, oy birligiyle,
Uretim Kapasitesi ve Fiyat kriterlerinin segim siirecine
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dahil edilmesinin faydali olacagini belirtmistir. Bu
kriterlere iligkin detayli bilgilere asagida yer
verilmistir.

Uretim Kapasitesi (UK): Bu kriter, tedarik¢i firmanin
gerceklestirecegi iiretim faaliyeti icin sahip oldugu
uygun tezgih sayisini ifade etmektedir. Uretim
sirecinde olusabilecek arizalara karsi, iiretimin yedek
tezgahlar araciligiyla kesintisiz devam edebilmesi
acisindan kritik bir 6neme sahiptir. Tezgah sayisina
iligkin bilgiler, 6n degerlendirme siirecinde tedarik¢iye
yoneltilen sorular araciligiyla elde edilmekte ve ERP
sistemine kaydedilmektedir. Tedarikgi firmalar, tezgadh
sayisinda herhangi bir degisiklik olmasi durumunda bu
durumu  firmaya Dbildirmekle yiikiimlidir; bu
yikimliliik, yapilan sozlesmelerle giivence altina
almmugtir. S6z konusu kriter, Dickson’in Kriterleri
(Tablo 1) arasinda ‘Uretim Tesisi ve Kapasitesi® baslig
altinda 5. sirada yer almaktadir.

Fiyat (F): Bu kriter, tedarikgilerin teklifleri
kapsaminda sunduklar1 fiyatlar1 ifade etmektedir.
Dickson Kriterleri igerisinde (Tablo 1) 6. sirada yer
almaktadir.

Bahsi gegen kriterler mevcut kriter setine eklenerek,
TOPSIS ve VIKOR ¢ok kriterli karar verme yontemleri
yeniden uygulanmistir. Tiim kriterlerin agirliklari,
projeye katki saglayan ve en az 5 yillik deneyime sahip
iic  personelin  ortak  goriisi  dogrultusunda
belirlenmigtir. Belirlenen agirliklarin toplami, ¢ok
kriterli karar verme yontemlerinin gerekliliklerine
uygun olarak 1’e esittir.

4.2.1. TOPSIS yontemi ile tedarikgilerin yeniden
swralanmast

Firmanmn prosediiriinde belirlenen 5 kriterin yani sira 2
ek kriter dahil edilerek, toplamda 7 kriter ile TOPSIS
hesaplamalar1 yeniden yapilmistir.

Adim 1: Karar Matrisi

On kosullardan gecen 10 tedarikgi ve 7 kriterden olusan
karar matrisi agagida bulunan Tablo 13’de verilmistir.
Matristeki degerlere ERP’den ulasilmis olup, agirliklar
Bolim 4.2°de belirtildigi gibi yetkili personeller
tarafindan belirlenmistir. Ayrica kriterlerin amag
tizerine fayda ve maliyet yonleri dikkate alinarak
TOPSIS yontemi uygulanmistir.

Tablo 13. TOPSIS karar matrisi (Ek kriterler ile birlikte)

Kriter Tipi/Agirhk
Fayda Fayda Fayda Fayda  Fayda Fayda Maliyet
Alternatifler 0.2 0.2 0.1 0.1 0.1 0.1 0.2
Kriterler
K T P i M UK F
T1 76 70 90 90 90 4 536
T2 100 75 90 80 100 6 658
T3 90 90 90 90 60 4 735
T4 100 60 100 90 100 8 584
TS 100 90 50 100 90 10 825
Té6 100 65 80 70 80 6 590
T7 85 95 90 80 90 10 960
T8 90 70 90 100 80 4 560
T9 75 55 90 90 90 8 963
T10 78 70 100 90 100 6 836

Adim 2: Karar Matrisinin Normalizasyonu

Karar matrisinden esitlik (2)’ye gore hesaplanan
Normalize Karar Matrisi agagidaki Tablo 14’te yer
almaktadir.

Adim 3: Normalize Matrisin Agirliklandirilmasi
Adim 2 sonucunda elde edilen matris degerleri kriter
agirliklarmma  gore, Esitlik  (4)  uygulanarak,
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agirliklandirilmis normalize karar matrisi Tablo 15°te
gosterilmistir.

Adim 4: Ideal ve Negatif Ideal Céziim Degerlerinin
Belirlenmesi

Esitlik (6) ve (7)’ye gore hesaplanan ideal ve negatif
ideal ¢oziim kiimeleri asagida Tablo 16°da
bulunmaktadir.
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Tablo 14. Normalize karar matrisi (Ek kriterler ile birlikte)

Kriter Tipi/Agirhk
Fayda Fayda Fayda Fayda  Fayda Fayda Maliyet
Alternatifler 0.2 0.2 0.1 0.1 0.1 0.1 0.2
Kriterler
K T P i M UK F
T1 0.267 0.295 0.323 0.322 0.321 0.182 0.229
T2 0.352 0.316 0.323 0.286 0.356 0.273 0.281
T3 0.316 0.379 0.323 0.322 0.214 0.182 0.314
T4 0.352 0.253 0.359 0.322 0.356 0.364 0.249
T5 0.352 0.379 0.180 0.358 0.321 0.455 0.352
T6 0.352 0.274 0.287 0.250 0.285 0.273 0.252
T7 0.299 0.400 0.323 0.286 0.321 0.455 0.410
T8 0.316 0.295 0.323 0.358 0.285 0.182 0.239
T9 0.264 0.232 0.323 0.322 0.321 0.364 0.411
T10 0.274 0.295 0.359 0.322 0.356 0.273 0.357
Tablo 15. Agirlikli normalize karar matrisi (Ek kriterler ile birlikte)
Kriter Tipi/Agirhk
Fayda Fayda Fayda Fayda  Fayda Fayda Maliyet
Alternatifler 0.2 0.2 0.1 0.1 0.1 0.1 0.2
Kriterler
K T P i M UK F
T1 0,053 0,059 0,032 0,032 0,032 0,018 0,046
T2 0,070 0,063 0,032 0,029 0,036 0,027 0,056
T3 0,063 0,076 0,032 0,032 0,021 0,018 0,063
T4 0,070 0,051 0,036 0,032 0,036 0,036 0,050
T5 0,070 0,076 0,018 0,036 0,032 0,045 0,070
T6 0,070 0,055 0,029 0,025 0,028 0,027 0,050
T7 0,060 0,080 0,032 0,029 0,032 0,045 0,082
T8 0,063 0,059 0,032 0,036 0,028 0,018 0,048
T9 0,053 0,046 0,032 0,032 0,032 0,036 0,082
T10 0,055 0,059 0,036 0,032 0,036 0,027 0,071
Tablo 16. ideal ve negatif ideal ¢oziim degerleri (Ek kriterler ile birlikte)
Kriterler
K VAN P i M UK F
At 0,070 0,080 0,036 0,036 0,036 0,045 0,046
A 0,053 0,046 0,018 0,025 0,021 0,018 0,082

Fiyat kriteri hari¢ diger tiim kriterler fayda odaklidir, bu
nedenle ideal ¢6ziim degeri olarak her bir kriter i¢in en
bliyliik degerler belirlenmistir. Ancak fiyat kriteri
maliyet odaklidir; yani firmanin daha disiik fiyath
teklifi segmesi, maliyetini azaltacagi i¢in ideal ¢oziim
degeri olarak en kiiciik deger secilmistir.

Adim 5: Ideal ve Negatif Ideal Noktalara Olan
Uzakliklarin Hesaplanmasi
Esitlik (8) ve (9)’ya gore hesaplanan uzaklik olgiileri
Tablo 17°de gosterilmistir.
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Adim 6: ideal Coziime Goreli Yakinlik Belirlenmesi
ve Tercih Siralamasi

Esitlik (10) kullanilarak hesaplanan yakinlik katsayilari
ile tedarik¢ilerin biiyiikten kiiglige siralanmasi Tablo
17°de sunulmustur. TOPSIS yontemine gore elde
edilen siralama su sekildedir: TS, T4, T2, T7, TS, T6,
T1, T3, T10, T9. Firma yalnizca tek bir tedarikgi ile
calismayi planliyorsa, en yiiksek yakinlik katsayisina
sahip olan T5 tedarikgisinin tercih edilmesi anlaml
olacaktir.
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Tablo 17. Alternatiflerin goreli uzakliklar1 (Ek
kriterler ile birlikte)

Alternatifler S} S; C; Swralama
T1 0.039 0.043 0.526 7
T2 0.028 0.042 0.600 3
T3 0.036 0.040 0.525 8
T4 0.031 0.048 0.604 2
TS 0.031 0.048 0.607 1
T6 0.035 0.041 0.538 6
T7 0.039 0.048 0.551 4
T8 0.036 0.043 0.542 5
T9 0.054 0.027 0.330 10
T10 0.041 0.031 0.428 9

4.2.2. VIKOR yontemi
swralanmast

VIKOR yo6ntemi, firma prosediiriinde yer alan mevcut
kriterlere eklenen yeni kriterlerle birlikte toplam 7

ile tedarikgilerin yeniden

kriter ve 10 tedarikgi alternatifi i¢in uygulanmstir.
Kriter agirliklarr, TOPSIS yonteminde de kullanilan ve
proje kapsaminda gorevlendirilen personelin ortak
goriigii dogrultusunda belirlenen agirliklardir.

Adim 1: Karar Matrisi
Karar matrisi TOPSIS y6nteminde kullanilan Tablo 13
ile aynidir.

Adim 2: Kriterler Icerisinde En Iyi (F/") ve En Kétii
(F;") Degerlerin Bulunmasi

Esitlik (11) ve Esitlik (12)’ye gore ve Tablo 13’deki
karar matrisinden hesaplanan /" ve f* degerleri asagidaki
Tablo 17’de verilmistir. Fiyat maliyet yonlii oldugu i¢in
en iyi deger olarak en kiigiik deger alinmistir. Diger
kriterlerde ise en iyi degerler icin en biiyiik degerler
almmistir.

Tablo 17. En iyi ve En kotii degerler (Ek kriterler ile birlikte)

Kriterler
K ZT P i M UK F
ft 100 95 100 100 100 10 536
f 75 55 50 70 60 4 963
Adm 3, 4, 5: Normalize Karar Matrisi, Admm 6. Q; Degerlerinin Hesaplanmasi

Agirliklandirilmasy, S; ve R; Degerleri

Ik olarak karar matrisi, Esitlik (13) kullanilarak
normalize edilmistir. Ardindan, normalize edilmis
karar matrisinin agirliklandirilmas: igin Esitlik (15)
uygulanmistir. S; ve R; degerlerinin hesaplanmasinda
ise Esitlik (16) ve Esitlik (17) kullanilmis; elde edilen
sonuglar Tablo 18’de sunulmustur.

Esitlik (18)’e gore S*, S, R", R degerleri sirasiyla,
0,264, 0,712, 0,100 ve 0,200 olarak bulunmustur. g
degeri (literatiirde genel olarak 0,50 alindigi igin)
uygulama kapsaminda ¢=0,5 olarak alinmis ve Esitlik
(18) ve (19) kullanilarak, Q; degerleri hesaplanmis ve
Tablo 19°da gosterilmistir.

Tablo 18. S; ve R; degerleri (Ek kriterler ile birlikte)

Kriter Tipi/Agirhk

.é:’ Fayda Fayda Fayda Fayda  Fayda Fayda Maliyet

§ 02 02 0.1 0.1 0.1 0.1 02 S, R

] Kriterler

< K ZT P i M UK F

T1 0.192 0.125 0.020 0.033 0.025 0.100 0.000 0.495 0.192
T2  0.000 0.100 0.020 0.067 0.000 0.067 0.057 0.310 0.100
T3 0.080 0.025 0.020 0.033 0.100 0.100 0.093 0.452  0.100
T4 0.000 0.175 0.000 0.033 0.000 0.033 0.022 0.264 0.175
TS5 0.000 0.025 0.100 0.000 0.025 0.000 0.135 0.285 0.135
T6  0.000 0.150 0.040 0.100 0.050 0.067 0.025 0.432  0.150
T7 0.120 0.000 0.020 0.067 0.025 0.000 0.199 0.430 0.199
T8  0.080 0.125 0.020 0.000 0.050 0.100 0.011 0.386 0.125
T9 0.200 0.200 0.020 0.033 0.025 0.033 0.200 0.712  0.200
T10 0.176 0.125 0.000 0.033 0.000 0.067 0.141 0.542 0.176
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Adim 7: Alternatiflerin Siralanmasi ve Kosullarin
Sinanmast

Alternatifler ayr1 ayr1 S;, R; ve Q; ye gore siralanmis ve
kosul sinamalari ile birlikte Tablo 20°de verilmistir.

Tablo 19. VIKOR Q; degerleri (Ek kriterler ile

birlikte)

Alternatifler S R; Q; (q=0,50)
T1 0.495 0.192 0.718
T2 0.310 0.100 0.052
T3 0.452  0.100 0.209
T4 0.264 0.175 0.375
TS 0.285 0.135 0.201
T6 0.432 0.150 0.437
T7 0.430 0.199 0.679
T8 0.386 0.125 0.261
T9 0.712  0.200 10
T10 0.542 0.176 0.690

Tablo 20. Alternatiflerin Siralamasi (Ek Kriterler ile

Birlikte)
Alternatifler Si R; Qi(q=0,50)

T1 8 8 9

T2 3 1 1

T3 7 2 3

T4 1 6 5

T5 2 4 2

T6 6 5 6

T7 5 9 7

T8 4 3 4

T9 10 10 10

T10 9 7 8
Q(A? 0.201
Q(AYH 0.052
Q(A%)-Q(AY) 0.149
DQ=1/(10-1) 0.111
1.Kosul Saglandi
2.Kosul Saglandi

1. ve 2. kosullar birlikte saglamistir. Tedarikei
siralamas1 T2, T5, T3, T8, T4, T6, T7, T10, T1 ve T9
olarak bulunmustur. Firma tek tedarik¢i ile ¢alismak
isterse  VIKOR yontemine gore T2 tedarikgisini
se¢mesi anlamli olacaktir.

Uygulanan tiim yontemler ve karst gelen tedarikg¢i
siralamalar1  6zet olarak asagidaki Tablo 21°de
gosterilmistir.
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4.3. Duyarhhk Analizi

CKKV  problemlerinde  kullanilan  ydntemlerin
gilivenilirligini ve karar sonuglarimin istikrarini
degerlendirmek amaciyla duyarlilik analizleri énemli
bir aragtir. Bu c¢alisma kapsaminda, savunma sanayii
tedarik¢i se¢imi problemi i¢in uygulanan TOPSIS ve
VIKOR yontemlerinin duyarliligi sistematik olarak
incelenmistir. Duyarlilik analizi, hem 5 kriterli hem de
7 kriterli problem versiyonlar1 igin ayr1 ayri
gerceklestirilmistir.

Tablo 21. Yontem sonuglarimin karsilagtirmali

degerlendirmesi
5 KRITER 7 KRITER
g :E wn z W o
< 2 7 =) 7 Q
E ¢ 35 £ 5 £
R -» =~ > = >
1 T5 T7 T5 T5 T2
2 T2 T5 T2 T4 T5
3 T7 T2 T7 T2 T3
4 T4 T3 T8 T7 T8
5 T3 T10 T3 T8 T4
6 T10 T4 T4 T6 T6
7 T8 T8 T6 T1 T7
8 T6 T6 T10 T3 T10
9 Tl Tl Tl T10 Tl
10 T9 T9 T9 T9 T9

Analiz siirecinde, ilk olarak her bir kriterin agirlig1 tek
tek %24 oraninda artirilmig; buna karsilik, diger
kriterlerin agirliklari oransal olarak azaltilarak toplam
agirhigin - %1000 gegmemesi saglanmistir.  Bu
yontemle, Dbireysel kriter agirhiklarinin  karar
sonuglarina etkisi analiz edilmistir. Boylece, kriter
agirliklarindaki degisimlerin alternatif siralamalarini ne
olgiide etkiledigi gozlemlenmistir.

Duyarlilik analizinde her bir kriterin agirlign tek tek
artirtlirken, kalan kriterlerin agirliklar orantili sekilde
azaltilmistir. Bu islem sirasinda, artig orani olarak %24
tercih edilmistir. Bu oran, rastgele belirlenmemis; 5
kriterli problemde bir kriterin agirhigi artirildiginda
geriye kalan 4 kriterin, 7 kriterli problemde ise geriye
kalan 6 kriterin agirliklarinin azaltilmasi gerektigi géz
oniinde bulundurulmustur. %24 artis orani, hem 4’{in
hem de 6’nin tam béleni olmasi sayesinde, kalan kriter
agirliklarinin orantili olarak ve kolaylikla yeniden
dagitilmasma olanak tanimaktadir. Bu sayede hem
hesaplama kolayligi saglanmigs hem de agirliklarin
toplaminin %100t gegmemesi garanti altina alinmigtur.
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T1 T2 T3 T4 T5 T6 T7 T8 T9 T10

el Orj, =t K+%24  ccchee ZT+%24 = = P+%24 == [4%24 =@ «M+%24
Sekil 4. Kriter agirliklarinin (5 kriter) degisimine gore duyarlilik analizi (TOPSIS)

12

10

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10

el Orj. e K+%24 oo chos ZTH%24 == 3w P+%24 == [+%24 =@ «M+%24

Sekil 5. Kriter agirliklariin (5 kriter) degisimine gore duyarlilik analizi (VIKOR)

12

10

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10

—.—q=0,1 e (1=0,2 == =0, 3 == =04 em—q=0,5
+q=0[6 +q=0’7 +q=0[8 +q:0,9

Sekil 6. g parametresinin degisimine gore duyarlilik analizi (5 kriterli VIKOR)
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12

10

12

10

12

10

T1 T2 T3 T4 T5 T6 T7 T8 T9

el Orj. e K+%24 ko ZT+%24 P+%24
o= [+%24 =@ <M+%24 —@ oUK+%24 =@ «F+%24

Sekil 7. Kriter agirliklarinin (7 kriter) degisimine gore duyarlilik analizi (TOPSIS)

T1 T2 T3 T4 T5 T6 T7 T8 T9

= Orj. et K+%24 el 7T+%24 P+%24
cookes [1%24 = Mi%24 === (K+%24 =@ F+%24

Sekil 8. Kriter agirliklarinin (7 kriter) degisimine gére duyarlilik analizi (VIKOR)

T1 T2 T3 T4 T5 T6 T7 T8 T9

== q=0,1 == q=0,2 ==4==q=0,3 =0,4 === =0,5
s (1=(,6 =@ 1=, 7 ==@== (=08 ==@==q=0,9

Sekil 9. g parametresinin degisimine gore duyarlilik analizi (7 kriterli VIKOR)
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Buna ek olarak, VIKOR yo6ntemine 6zgii bir parametre
olan ve karar vericinin maksimum gruplama tatmini ile
bireysel tatmin arasinda dengeyi kontrol eden ¢
parametresi de analiz kapsamma alimmistir. g
parametresi 0,1 ile 0,9 araliginda 0,1’lik artislarla
degistirilerek elde edilen siralamalar karsilagtirilmis ve
sonuglarin parametreye duyarliligi degerlendirilmistir.
Bu analiz, karar vericinin risk algisina gore sonuglarin
nasil farklilagtigini ortaya koymak agisindan 6nem arz
etmektedir.

Yapilan duyarlilik analizleri, kullanilan ydntemlerin

karar sonuglarindaki  kararliligimi  test etmekle
kalmamig; ayn1 zamanda karar silirecinde hangi
kriterlerin daha etkili oldugunu da belirlemeye

yardimct olmustur. Bdylece hem yontemsel hem de
pratik agidan daha saglam Dbir karar modeli
olusturulmasi hedeflenmistir.

Sekil 4.’de elde edilen analiz sonuglarina gore, TS5 ve
T7 alternatifleri genel olarak en ist siralarda yer
almakta ve siralama degisikliklerinden gorece az
etkilenmektedir. Ozellikle T5, kalite, zamaninda
teslimat, iletisim ve miktar kriterlerinin agirliginin
artirlldigr  senaryolarda 1. sirada yer alarak, bu
kriterlerdeki gii¢lii performansini ortaya koymustur.
Ancak paketleme kriterinin agirligt artirildiginda
siralamast 6nemli dlglide degismis ve 10. siraya kadar
gerilemistir. Bu durum, T5’in paketleme agisindan
gorece zayif bir alternatif oldugunu, dolayisiyla bu
kriterin ~ Oneminin  artmasi durumunda toplam
performansiin olumsuz etkilendigini géstermektedir.

T7, tiim senaryolarda {ist siralarda (1—4 arasi) yer alarak
dikkat c¢ekici bir kararhilik sergilemistir. Kalite,
zamaninda teslimat ve paketleme kriterlerinde 6zellikle
one ¢ikan T7, kriter agirliklarindaki degisimlerden en
az etkilenen alternatiflerden biri olmustur. Bu 6zellik,
T7yi farkli 6ncelik senaryolarinda dengeli ve giivenilir
bir segenek haline getirmektedir.

T3, analizde ilging bir davranig gostermistir. Orijinal
siralamada orta diizeyde yer alirken, iletisim kriterinin
agirhiginin artinlmasiyla 2. siraya kadar yiikselmis,
buna karsin miktar kriteri 6n plana ¢iktiginda 10. siraya
kadar diismiistiir. Bu durum, T3’{in iletisim yOniinden
giicli  ancak miktar agisindan zayif oldugunu
gostermektedir. Benzer sekilde T2, kalite ve paketleme
kriterleri agirlik kazandiginda siralamada yiikselmekte,
ancak diger kriterlerde bu avantajim kaybetmektedir.
Bu iki alternatif, kriter agirliklarina duyarli, yani
kirilgan karar adaylar1 olarak 6ne ¢ikmaktadir.

T1, genel olarak orta siralarda yer almakta, ancak
miktar kriterinin agirligi artirildiginda nispeten daha
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avantajli konuma gelmektedir. T6 ise orijinal
siralamada alt siralarda bulunmasina ragmen, kalite ve
zamaninda teslimat agirlikli senaryolarda siralamasini
iyilestirmekte; bu durum T6’nin belirli kriterlerde
goreli avantajlara sahip oldugunu gostermektedir.

Ote yandan, T9 neredeyse tiim senaryolarda son iki
sirada yer almig; bu da soz konusu alternatifin genel
olarak diisiik performans sergiledigini ve hangi kriter

o6ne ¢ikarilirsa ¢ikarilsin  gliclii  bir konuma
ulagamadigini ortaya koymustur.

Genel olarak degerlendirildiginde, kriter
agirliklarindaki  degisimlerin  bazi  alternatiflerin

siralamasin1 6nemli Slglide etkiledigi, bazilarinin ise
daha stabil kaldig1 gézlemlenmistir. Ozellikle T5 ve T3
gibi alternatiflerin belirli kriterlerdeki agirlik artisina
kars1 yiliksek duyarlilik sergiledigi, buna karsin T7’nin
¢ok daha istikrarli bir siralama performansi sundugu
goriilmektedir. Bu bulgular, karar vericilerin tedarikg¢i
secim siirecinde hangi alternatiflerin hangi kriterler
acisindan avantajli oldugunu daha net
degerlendirmelerine ve dnceliklerine uygun en uygun
aday1 belirlemelerine katki saglamaktadir.

Sekil 5.°de elde edilen analiz sonuglarina gore, bazi
alternatiflerin siralama degisimlerine karsi oldukca
duyarli, baz1 alternatiflerin ise daha kararli oldugunu
gostermektedir. Ozellikle T5 alternatifi, neredeyse tiim
senaryolarda iist siralarda yer alarak dikkat ¢cekmistir.
TS5, orijinal siralamada 1. sirada yer almakta olup;
kalite, zamaninda teslimat, iletisim ve miktar
kriterlerinin agirliginin artirildigt senaryolarda da 1.
veya 2. siradaki yerini korumustur. Ancak paketleme
kriterinin agirhiginin artirildigt durumda ciddi bir
siralama kayb1 yasayarak 9. siraya gerilemistir. Bu
durum, T5’in paketleme kriteri agisindan zayif
oldugunu ve bu kriterin énem kazanmast durumunda
tercih edilirliginin ciddi bigimde azaldigini ortaya
koymaktadir.

T2 alternatifi de siralama agisindan oldukga giiglii ve
istikrarl bir profil sergilemistir. Zamaninda teslimat ve
paketleme kriterlerinin agirhiginin artirildigr durumlar
disinda genellikle ilk ¢ icerisinde yer almustir.
Ozellikle kalite ve miktar kriterlerinin 6nem kazandig
senaryolarda 1. veya 2. sirada yer almasi, T2 nin bu
kriterler agisindan avantajli oldugunu gostermektedir.

T3, analiz boyunca orta siralarda konumlanmakla
birlikte, maliyet kriterinin agirhgmin artirildigi
senaryoda ciddi bir diisiis yasayarak 10. siraya
gerilemigtir. Bu durum, T3’iin maliyet agisindan
dezavantajli oldugunu ortaya koymaktadir. Benzer
sekilde T6, genelde alt siralarda yer almakla birlikte
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kalite ve zamaninda teslimat kriterleri dne ¢iktiginda
siralamasini kismen iyilestirmistir. Bu da alternatifin
belirli kriterlere duyarli oldugunu gostermektedir.

T4, orijinal siralamada alt orta siralarda yer almasina
ragmen kalite kriterinin artirildigi senaryoda 3. siraya
kadar yiikselmigtir. Bu durum, kalite acisindan
rekabet¢i oldugunu gostermektedir. T8 de iletigim ve
miktar kriterleri 6n plana ¢iktiginda daha avantajl hale
gelmis, ancak genel siralama iginde orta diizeyde
kalmustir.

T7, ozellikle zamaninda teslimat ve paketleme
kriterlerinin 6n plana ¢iktig1 senaryolarda iist siralara
cikmistir (6rnegin ZT+%24 — 2. sira; P+%24 — 2.
sira). Ancak Kkalite kriteri agirliklandirildiginda
siralamast 7. siraya gerilemistir, bu da T7’nin kalite
kriterinde daha zayif oldugunu géstermektedir.

T9, tiim senaryolarda alt siralarda kalmis ve higbir
kriter agirhigr degisiminde anlamli bir siralama
kazanimi elde edememistir. Bu durum, T9’un genel
olarak diigiik performans gosterdigini ve hangi kriterin

onceliklendirildiginden — bagimsiz  olarak  tercih
edilmeyecek  bir  alternatif  oldugunu ortaya
koymaktadir.

Genel olarak, analiz sonuglari VIKOR ydnteminin
kriter agirliklarindaki degisimlere karsi duyarliligini
acikca ortaya koymaktadir. Bazi alternatifler (6rnegin
T5, T2) belirli kriterler altinda giiclii performans
sergilerken, bazi alternatifler (T3, T4, T7) daha kirilgan
bir yapiya sahiptir ve siralamalari  agirhk
degisimlerinden belirgin bi¢cimde etkilenmektedir. Bu
analiz, karar vericilere hangi kriterin tedarik¢i se¢imini
daha cok etkiledigini ve hangi alternatiflerin hangi
kosullarda daha uygun oldugunu belirlemede yol
gosterici olmaktadir.

5 kriterli tedarik¢i se¢cim probleminde gerceklestirilen
duyarlilik analizinde TOPSIS ve VIKOR yontemleri
acisindan duyarlilik analizine iliskin elde edilen
bulgular karsilastirildiginda, her iki yontemin bazi
yonlerden benzer, baz1 yonlerden ise farkli duyarlilik
profilleri sergiledigi gdzlemlenmistir. Her iki yontemde
de TS5 alternatifi, cogu kriter onceliklendirildiginde
yiiksek siralarda yer almis; bu da onun genel olarak
giiclii bir aday oldugunu gostermistir. Ancak her iki
yontemde de paketleme kriterinin agirlig: artirildiginda
T5'in siralamast belirgin sekilde diismiis, bu durum
alternatifin bu kriter karsisinda kirilgan oldugunu
ortaya koymustur. T7 alternatifi, TOPSIS yonteminde

daha istikrarli bir performans sergileyerek tiim
senaryolarda iist siralarda kalmayr  basarmus;
VIKOR’da ise baz1 kriter agirliklandirmalarinda
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yiikselmis ancak kalite gibi bazi kriterlerde diisiis
yasamistir. Ote yandan T3 ve T4 gibi alternatifler her
iki yontemde de kriter agirliklarina karsit duyarlilik
gostermis, dzellikle maliyet ve iletisim gibi kriterlerin
O6ne ¢ikmasi durumunda siralamalarinda ciddi
oynamalar gOriilmiistiir. Genel olarak, TOPSIS
yontemi daha stabil siralamalar iiretirken, VIKOR
yontemi kriter agirliklarindaki degisikliklere karsi daha
hassas bir yapt sergilemistir. Bu fark, VIKOR’un
catisan kriterler arasindaki dengeyi daha belirgin
sekilde gozetmesi ve ¢oziimde uzlasmaya dayali bir
yaklagim benimsemesinden kaynaklanmaktadir.

Sekil 6.’da ki analize gore, dzellikle T1, T2, TS, T7, T9
ve T10 alternatifleri, ¢ parametresi farklilagsa da
siralamalarini biiyiik 6l¢iide korumus; bu alternatiflerin
performanslarinin, uzlasma ve bireysel kriterlere dayali
yaklagimlar arasinda degismeyen istikrarli bir yapiya
sahip oldugunu gostermektedir.

Bununla birlikte, T3, T4, T6 ve T8 alternatiflerinde ¢
parametresi arttikca sinirli da olsa siralama degisimleri
gbzlemlenmistir. Ornegin, T4 alternatifi ¢=0,1de 7.
sirada iken, ¢=0,6 ve sonrasi i¢in 4. siraya yiikselmis;
bu durum q parametresinin uzlagsma ve bireysel en iyi
performans kriterleri arasinda karar vermede belirleyici
olabilecegini ortaya koymaktadir. Benzer sekilde T8
alternatifi de ¢ degeri yikseldik¢e siralamada bir
miktar iyilesme gostermistir.

Genel olarak, VIKOR ydnteminde g parametresi, karar
vericinin uzlasma ile bireysel kriter agirligini
dengeleme tercihine bagli olarak siralamada kiigiik
oynamalara neden olmakta, ancak temel siralama
yapisini kokten degistirmemektedir. Bu durum, karar
vericilere farkli ¢ degerleri ile esneklik saglarken,
alternatiflerin genel performans trendlerinin stabil
kalmasii garantilemektedir.

Sekil 7.’de ki analiz sonuglarina gore, genel olarak, TS
alternatifi orijinal siralamada 1. sirada yer almakta
olup, kalite, zamaninda teslimat, iletisim ve tretim
kapasitesi  agirliklarinin  artirildigt  durumlarda
stiralamada {ist siralarin1 korumugtur. Ancak paketleme
kriterinin agirliginin artirilmasiyla siralamasi 10. siraya
kadar gerilemistir, bu durum T5’in paketleme agisindan
goreceli zayifligini  gostermektedir. Ayrica, fiyat
kriterinin agirligimin  yiikseldigi senaryoda T5’in
siralamasi 7. siraya diigmiis, fiyatin 6nem kazanmasinin
bu alternatif igin bir dezavantaj oldugunu ortaya
koymustur.

T2 alternatifi, kalite agirliklandirmasi artirildiginda 1.
siraya ylkselmis ve maliyet (fiyat) gibi Onemli
kriterlerde de iist siralarda konumlanmistir. Buna
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karsin, paketleme ve iletisim kriterlerinde agirlik
artiglarinda siralamasi biraz gerilemis, bu alternatifin
bu  kriterlere karst daha hassas  oldugunu
gostermektedir.

T4 ve T3 alternatifleri, 6zellikle zamaninda teslimat ve
iretim kapasitesi kriterlerinde agirlik artirilmasi
durumunda  swralamada  belirgin  ylikselmeler
gostermigtir. T4, zamaninda teslimatin dnem kazandigi
senaryoda 9. siradan 1. siraya kadar yiikselmis, bu
kriterdeki giiglii performansini ortaya koymustur. T3
ise miktar ve liretim kapasitesi agirliklarinin artmasiyla
daha st siralara c¢ikmis ancak kalite ve fiyat
agirliklarinda zayiflik yasamistir.

T7 ve T8 alternatifleri, fiyat ve iletisim kriterlerinin
agirliklarinda artis yasandiginda siralamada onemli
degisimler gostermistir. Ozellikle fiyat kriterinin
oncelik kazandig1 durumda T8’in 1. siraya yiikselmesi,
maliyet agisindan avantajli oldugunu gostermektedir.

T1, T6, T9 ve T10 alternatifleri genellikle alt-orta
siralarda yer almakla birlikte, agirlik degisimlerine
kars1 nispeten sabit bir performans sergilemistir. Ancak
fiyat ve paketleme gibi bazi kriterlerde agirlik artisi, bu
alternatiflerin siralamalarint kismen olumsuz ydnde
etkilemigtir.

Genel olarak, 7 kriterli TOPSIS duyarlilik analizi,
kriter agirliklarinin alternatif siralamalarinda belirgin
etkiler yarattigini gostermektedir. Paketleme ve fiyat
kriterleri, dzellikle bazi alternatiflerin performansinda
sert dalgalanmalara yol agarken, kalite, zamaninda
teslimat ve iiretim kapasitesi gibi kriterlerin agirlik
artisi, daha istikrarli alternatiflerin 6ne ¢ikmasina
imkan saglamistir. Bu durum, karar vericilere hangi
kriterlerin tedarik¢i se¢iminde kritik rol oynadigini ve
hangi alternatiflerin hangi Onceliklerle daha uygun
oldugunu net bigimde géstermektedir.

Sekil 8.’de ki analiz sonuglarina gore, T2 ve T5
alternatifleri genel olarak istikrarli ve yiiksek
performans sergilemistir. T2, kalite ve miktar
kriterlerinin agirliklarimin artirildigi durumlarda 1. ve 2.
siralarda  kalmayr  slirdirmiis,  fiyat  kriteri
onceliklendiginde ise siralamasinda kii¢iik diisiisler
gozlenmistir. TS5 alternatifi  ise ¢ogu  kriter
agirliklandirmasinda {ist siralarda konumlanmis, ancak
paketleme kriterinin agirliginin artmasi durumunda 10.
siraya kadar gerilemis ve bu kritere karsi hassasiyeti
ortaya ¢ikmustir.

T3 alternatifi, iiretim kapasitesi ve miktar kriterlerinin
oncelikli oldugu durumlarda iist siralara yiikselirken,
kalite ve fiyat kriterlerinde siralamasi belirgin sekilde
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diisiis gostermistir. Bu, T3’tin maliyet ve kalite
acisindan zayif oldugu, ancak iiretim kapasitesi ve
miktar acisindan avantajli oldugunu gostermektedir.

T4 alternatifi, zamaninda teslimat ve iletisim
kriterlerinin agirlig1 artirildiginda siralamasini énemli
6l¢iide iyilestirmis, bu alanlardaki gii¢lii performansini
ortaya koymustur. Benzer sekilde, T7 ve T8
alternatifleri de fiyat ve iletisim kriterlerinin
agirliklandirildigit durumlarda siralamada yiikselisler
yasamig ve bu kriterlerde avantajli  olduklar
anlagilmisgtir.

Ote yandan, T9 alternatifi, tiim senaryolarda alt
siralarda kalmaya devam etmis, herhangi bir kriter
agirhiginin - artirilmast  durumunda da  6nemli  bir
siralama avantaji elde edememistir. Bu durum, T9’un
genel olarak diigiik performans gdsterdiginin ve hangi
kriterler 6nceliklendirildiginden bagimsiz olarak tercih
edilmemesi gerektiginin gostergesidir.

Genel olarak, VIKOR yontemi duyarlilik analizinde,
kriter agirliklarindaki  degisimlerin  alternatiflerin
siralamalarinda 6nemli dalgalanmalara yol agtif1
gozlemlenmistir.  Ozellikle paketleme ve fiyat
kriterlerinin agirliginin artirilmasi bazi alternatiflerin
siralamalarinda sert diisiislere neden olurken, kalite,
zamaninda teslimat ve iiretim kapasitesi gibi kriterlerin
agirliklarnin  artirilmast daha istikrarli ve yiiksek
performans sergileyen alternatiflerin 6ne ¢ikmasini
saglamistir. Bu sonuclar, karar vericilerin kriter
onceliklerini  belirlerken,  alternatiflerin ~ hangi
kriterlerde giliglii ya da zayif oldugunu dikkate
almalarinin 6nemini vurgulamaktadir.

7 kriterli tedarik¢i se¢im probleminde gerceklestirilen
duyarlilik analizinde, hem TOPSIS hem de VIKOR
yontemleri  kriter  agirliklarindaki ~ degisimlerin
alternatiflerin siralamalarinda 6nemli etkiler yarattigini
gostermigtir. Her iki yontem de kalite, zamaninda
teslimat ve iretim kapasitesi gibi kritik kriterlerin
agirliklarinin artmasi durumunda, bu alanlarda giiglii
performans sergileyen alternatiflerin  siralamada
yiikseldigini ortaya koymustur. Ancak TOPSIS
yontemi, genel olarak alternatiflerin siralamalarinda
daha istikrarli ve tutarli bir yap1 sergilerken, VIKOR
yontemi agirlik degisikliklerine karsi daha hassas tepki
vermis, bu da uzlasma odakli yapisindan
kaynaklanmaktadir. Paketleme ve fiyat kriterlerinde
yapilan agirlik artiglari, her iki yontemde de bazi
alternatiflerin siralamasinda belirgin dalgalanmalara
yol agcmis, ancak bu etkiler VIKOR’da daha belirgin
olmustur. Sonu¢ olarak, TOPSIS yontemi karar
vericilere daha stabil bir siralama sunarken, VIKOR

yontemi farkli Onceliklendirmelerde alternatiflerin
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degisen performanslarini daha ayrintili ve esnek sekilde
yansitarak karar siirecine derinlik kazandirmaktadir.

Sekil 9.’daki analiz sonuglarina gore, 6zellikle T1, T2
ve T9 alternatifleri ¢ parametresi degisiminden
nispeten az etkilenmis ve genel olarak yiiksek veya
istikrarli siralamalarini korumusglardir. T2 alternatifi,
¢ogu durumda 1. sirada yer alirken, g=0,9 degerinde 3.
siraya gerilemis; bu da uzlagma diizeyindeki artigin
alternatifin siralamasin1 kismen etkiledigini
gostermektedir. T9 alternatifi ise her durumda 10.
sirada kalmis, dolayisiyla performans agisindan diisiik
ve sabit bir konumda oldugu teyit edilmistir.

Diger alternatiflerde ise ¢ parametresi ile siralamalarda
daha belirgin degisiklikler gozlenmistir. Ornegin, T4
alternatifi, diisik g degerlerinde 6. siradayken, ¢
arttikca siralamasi yiikselmis ve ¢=0,9’da 1. siraya
kadar ¢ikmistir. Bu durum, T4’{in uzlasma Kkriterine
daha wuygun bir performans sergiledigine isaret
etmektedir. Benzer sekilde, T3 ve T5 alternatifleri de ¢
arttikca siralamalarinda yiikselis yagamais, 6zellikle orta
ve yliksek ¢ degerlerinde daha {ist siralarda yer
almiglardir.

T7 ve T10 alternatifleri ise q parametresi yiikseldikge
siralamada gerileme gostermistir. Bu durum, bu
alternatiflerin bireysel kriterlerde giicli olsa da,
uzlagsma Onceliginin arttigi durumlarda tercih edilme
olasiliklarinin azaldigimi gostermektedir. Genel olarak,
g parametresinin artigi, karar vericinin bireysel
kriterlere olan onceligini azaltip uzlasmayi 6n plana
¢ikarmast anlamima gelmekte ve bu degisim
alternatiflerin siralamasini etkileyerek bazi
alternatiflerin avantajlarini 6n plana ¢ikarmaktadir. Bu
sonuglar, VIKOR yo6nteminin esnek yapisini ve karar
sirecinde  farkli uzlagsma seviyelerinin  karar
sonuglarina etkisini ortaya koymaktadir.

V. SONUC

Giiniimiizde Tirk savunma sanayisinde yaklasik 30
firma faaliyet gostermekte olup, bu firmalarin basarilari
hem ulusal hem de uluslararasi basinda genis yer
bulmaktadir. Savunma sanayi sirketlerinin yurt i¢i ve
yurt dis1 pazarlarda rekabet giiciinii siirdiirebilmesi,
stratejik bir dneme sahip olan giiglii bir tedarik zinciri
agina baglidir. Tedarikei firmalarin sayica fazla oldugu,
secim kriterlerinin ¢cok sayida ve birbiriyle ¢elisebildigi
durumlarda, tedarik¢i se¢imi karmasik bir siire¢ haline
gelmektedir. Bu noktada, bilimsel temellere dayanan
CKKYV yontemleri 6nemli bir rol oynamaktadir.

Bu ¢alisma kapsaminda, yeni baslayacak bir proje i¢in
on kosullar1 saglayan 10 tedarik¢i firma belirlenmistir.
Firma prosediiriinde tanimlanan Kalite, Zamaninda
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Teslimat, Paketleme, Iletisim ve Miktar olmak iizere 5
kritere iliskin veriler, ERP sisteminden temin
edilmistir. Tedarike¢i secimine yonelik karar siirecinde,
hem prosediirde yer alan kurallar hem de CKKV
yontemlerinden TOPSIS ve VIKOR yontemleri
kullanilmistir. Sirketin kurulug asamasinda hazirlanmis
olan prosediirde yer alan kriterlerin giincelligini
degerlendirmek amaciyla literatiir taramasi yapilmis ve
firma tarafindan  yetkilendirilen personel ile
gerceklestirilen goriismeler sonucunda Fiyat ve Uretim
Kapasitesi kriterleri 6nemli bulunarak degerlendirme
stirecine dahil edilmistir. Boylece, toplam 7 kriter esas
almarak TOPSIS ve VIKOR yontemleri yeniden
uygulanmuistir.

Yapilan tiim hesaplamalar sonucunda elde edilen
tedarik¢i siralamalari, Ozet olarak Tablo 21°de
sunulmugstur. Tablo incelendiginde, farkli yontemlerin
farkli siralama sonuglart trettigi goriilmektedir. Bes
kriterli degerlendirme sonucunda, firma prosediiriine
gore siralamanin basinda TS5, TOPSIS yontemine goére
T7 ve VIKOR yontemine gore yeniden TS yer
almaktadir. Yedi kriterli degerlendirmede ise, TOPSIS
yontemi T5’i en uygun tedarik¢i olarak belirlerken,
VIKOR yontemi T2’yi ilk sirada degerlendirmistir.

TOPSIS ve VIKOR yontemleri ile elde edilen tedarikgi
siralamalar1  karsilagtirildiginda  bazi  benzerlikler
bulunmakla  birlikte siralama  farkliliklar1  da
gozlemlenmistir. Bu durum, her iki yontemin karar
yapilarindaki farkliliklardan kaynaklanmaktadir. Her
iki yontemde de en yiiksek agirliga sahip olan kriter
“Zamaninda Teslimat” ve “Kalite” olmustur. Bu
kriterler, 6zellikle TOPSIS te karar noktalarini ideal ve
negatif ideal ¢ozlime olan uzakliklarina gore etkilerken,
VIKOR’da uzlasik ¢6ziim iizerinden, yani grup faydasi
ve bireysel pismanlik degerlerinin dengesi iizerinden
etkide bulunmustur. Omegin, T2 alternatifi, kalite
acisindan olduk¢a iyi olmasina ragmen zamaninda
teslimat agisinda gorece zayif performansi nedeniyle
TOPSIS’te geriye diigmiistiir. Ancak VIKOR yo6ntemi,
bu alternatifi daha 1liml1 degerlendirerek daha yiiksek
bir siralamada gostermistir.

TOPSIS yontemi hesaplamalarinda vektor
normalizasyonu, VIKOR yontemi ise dogrusal
normalizasyon kullanmaktadir. Ayrica, bu iki yontem
farkli toplama fonksiyonlariyla islem yapmaktadir.
TOPSIS, ideal ¢oziime olan geometrik uzakliga gore
karar verirken; VIKOR, uzlagma ¢6ziimiinii esas alir.
Bu nedenle, TOPSIS daha "kat1" bir siralama sunarken,
VIKOR "dengeleyici" bir bakis acis1 sergiler.
VIKOR’un pismanlik 6lgiitii, zayif performans
gosteren kriterlerdeki farklar1 daha fazla 6n plana
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¢ikarabilir. Bu farkliliklar,
cesitlilige yol agabilmektedir.

siralama  sonuglarinda

Uygulama sonuglari, firmanin yetkili yoneticileri ile
paylasilmistir. Yapilan goriismeler sonucunda, firma
prosediiriinde yer alan 5 kriter yerine, karar verme
stirecinde onemli bir etken olarak degerlendirilen 2 ek
kriterin dahil edilmesiyle, toplamda 7 kriter ile
tedarik¢i se¢iminin yapilmasina karar verilmistir.
Ayrica, prosediirdeki basit kural yerine, bilimsel
temellere dayanan CKKV yontemlerinden biri olan
TOPSIS veya VIKOR yontemlerinin kullanilmasinin
daha faydali olacagina karar verilmistir. Yani sira,
yapilan goriismelerde, karar vericiler TOPSIS’in
siralamasii daha sezgisel bulduklarini belirtmistir.
Ancak VIKOR’un da ozellikle catismali kriterler
arasinda bir uzlasi sagladigi icin degerli bulundugu
ifade edilmistir. Sonug olarak, her iki yontemden elde
edilen veriler, birlikte degerlendirilerek daha dengeli
bir karar destek yapisi olusturulmustur.

Karar verme siirecinde kullanilan TOPSIS ve VIKOR
yontemleri CKKV yaklagiminin yaygin tekniklerinden
olup, yalnizca tedarik¢i se¢imi degil; makine secimi,
proje onceliklendirme, strateji belirleme, yer se¢imi ve
risk degerlendirme gibi farkli karar problemlerinde de

etkili bigimde kullanilabilmektedir. Bu y0niiyle
¢alismanin metodolojik altyapist farkli sektor ve karar
ortamlarmma  uyarlanabilir  niteliktedir. ~ Ancak

calismanin bazi sinirliliklar: bulunmaktadir. Oncelikle,
karar vericilerin (ya da uzmanlarin) degerlendirmeleri
dogrultusunda belirlenen kriter agirliklart  &znel
unsurlar igerebilir ve bu durum, elde edilen sonuglarin
hassasiyetini etkileyebilir. Ayrica smirli  sayida
alternatifin ve kriterin kullanilmis olmasi, yontemin
daha biyilik olgekli sistemlerdeki uygulanabilirligini
tam olarak yansitmamaktadir. Gelecekteki ¢aligmalar,
daha genis veri kiimeleriyle ve farklt kriter
agirliklandirma  yontemleriyle bu  tir  etkileri
degerlendirebilir. Belirsizlik, bilgi eksikligi ya da grup
karar1 gibi daha karmagik ortamlarda klasik TOPSIS ve
VIKOR yo6ntemleri bazi kisitlar barindirabilir. Bu gibi
durumlarda Bulanik TOPSIS, Entropi tabanli
agirliklandirmalar, DEMATEL-TOPSIS entegrasyonu
veya Grup VIKOR gibi gelismis versiyonlarin tercih
edilmesi oOnerilmektedir. Ayrica, karar vericiler
arasindaki goriis ayriliklarinin ve belirsizligin etkisini
azaltmak amaciyla yapay zeka destekli karar destek
sistemleri de gelistirilebilir. Gelecek arastirmalarda
yontemlerin hibritlestirilmis versiyonlart denenerek,
daha dinamik ve gergeke¢i tedarik¢i degerlendirme
modelleri tasarlanabilir. Ayni zamanda sektorel
farkliliklarin ~ etkisi  de  arastirilarak, CKKV
yontemlerinin sektdrel hassasiyetlere ne dl¢iide duyarl
oldugu sorgulanabilir.
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Calismada onerilen yontemlerin, hem firmanin hem de
savunma sanayisindeki benzer firmalarin tedarik¢i
secim stireclerine katki saglayacagi ongoriilmektedir.
Zamanla konjonktiirdeki degisiklikler ve firmanin
tedarik¢ilerden bekledigi farkliliklar dogrultusunda,
degerlendirme kriterlerinde yeniden diizenlemeler
yapilmas1 gerekebilir. Ayrica, karar verme amacina
bagli olarak farkli CKKV yontemleri kullanilarak
karsilastirmalar  yapilabilir. Uygulama, savunma
sektoriinde faaliyet gdsteren birden fazla firma ile
genisletilerek, sektordeki oOnemli kriterler ve bu
kriterlerin dereceleri hakkinda anketler diizenlenebilir.

VI. ETIK KURUL ONAYI ve CIKAR
CATISMASI BEYANI

Hazirlanan makalede etik kurul izni alinmasina gerek
yoktur. Hazirlanan makalede herhangi bir kisi/kurum
ile ¢cikar catigmasi bulunmamaktadir.
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Oz

Tarim faaliyetleri insanhgin devami i¢in énemli olup Uretimde sirdirilebilirligin saglanmasinda biyilk rol oynamaktadir.
Teknolojik gelismeler sayesinde tarim faaliyetlerinde ve arazi ¢alismalarinda iyilesme ve verimlilik artmistir. Hassas tarim
uygulamalari sayesinde uzaktan kontrol ve algilama sistemleri ile insansiz hava arac (IHA) teknolojileri kullanilarak daha etkili
tarim yonetim stratejileri gelistirilmistir. Glincel teknolojiler sayesinde hem verimlilik artmis hem de ekonomik ve glivenilir
bicimde uydu uzay teknoloji entegrasyonu ile geleneksel ydntemlerin disina ¢ikilmaktadir. iHA’larin farkli alanlardaki basarisi
g6z 6niinde bulunduruldugunda, tarimsal faaliyetlerde etkinligin artiriimasina yénelik en uygun iHA modelinin belirlenmesi,
6nemli bir karar verme problemidir. Problemin karmasik yapisi, birden fazla kriter ve alternatifi barindirmasi, verilerdeki
belirsizlik nedeniyle karar verme ve gri iliskisel analiz (GiA) yaklasimi kullanilarak basarili sonuclar elde edilmektedir. Oncelikle
iHA teknolojisinin tarim sektérii lizerindeki etkilerini daha genis bir perspektiften degerlendirmek icin PEST (politik, ekonomik,
sosyal ve teknolojik) analizi yapilmistir. Ardindan ¢ok boyutlu ve stratejik Gnemde bir karar problemi olmasi nedeniyle daha
giivenilir sonug sunmasi beklendigi icin iki asamali bir yaklasim olan entropi tabanli gri iliskisel analiz yaklasimi ile ideal iHA
modeli arastirilmaktadir. Buna gére A1 modeli en uygun iHA tipi olarak ortaya ¢ikmis bunu A6, A4, A2, A3 ve A5 modelleri
izlemektedir. Bu ¢calismadan elde edilen sonuglarin arastirmacilara ve tarim faaliyetlerinde aktif rol alanlara, sundugu analitik
yaklasimiyla yardimci olmasi beklenmektedir.

Anahtar Kelimeler: Gri iliskisel analiz, entropi, tarimsal verimlilik, PEST analizi, IHA

Abstract

Agricultural activities are important for the continuation of humanity and play a major role in ensuring sustainability in
production. Thanks to technological developments, improvements and efficiency in agricultural activities and land studies
have increased. Thanks to precision agriculture practices, more effective agricultural management strategies have been
developed by using remote control and sensing systems and unmanned aerial vehicle (UAV) technologies. In this way, thanks
to current technologies, both productivity has increased and traditional methods are overcome with the integration of
satellite space technology in an economical and reliable way. Considering the success of UAVs in various fields, determining
the most suitable UAV model to improve efficiency in agricultural activities is a significant decision-making problem. Due to
the complex nature of the problem, multiple criteria and alternatives, and uncertainty in the data, successful results are
obtained by using decision making and grey relational analysis (GRA) approach. First, a political, economic, social and
technological (PEST) analysis was conducted to assess the impacts of drone technology on the agricultural sector from a
broader perspective. Then, since it is a multidimensional and strategically important decision problem, the ideal UAV model
is investigated with the entropy-based grey relational analysis approach, which is a two-stage approach since it is expected
to provide more reliable results. Accordingly, the A1 model emerged as the most suitable UAV type, followed by the A6, A4,
A2, A3 and A5 models. The results obtained from this study are expected to help researchers and those who take an active
role in agricultural activities with the analytical approach it offers.

Keywords: : Grey relationship analysis, entropy, agricultural productivity, PEST analysis, UAV
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Tarimda IHA Uygulamalari

I. GIRIS

Insansiz hava arac1 (IHA) teknolojilerindeki gelismeler
sayesinde ihtiya¢ duyulan pek ¢ok alanda hem stratejik
hem de operasyonel seviyede yiksek verimlilikte ve
hizli bir sekilde sonuclar almabilmektedir. Ozellikle
yaygin olarak askeri alanda kullanilmakla birlikte kesif,
trafik gbzlem, yangin sondiirme, tarimda, acil tibbi
hizmetlerde, arama kurtarma calismalarinda, kolluk
kuvvetlerinde, ulusal givenlik ve lojistik gibi temel
belli basli uygulama alanlart mevcuttur [1].

Drone olarak da ifade edilebilen IHA’lar,
kullanimlarinin artmasiyla birlikte, iilkeler bu araglari
havacilik diizenleme gergevelerine dahil etmekte ve
ilgili mevzuatlar sirekli olarak gdzden gegirilmektedir.
Diinya genelinde, her tiirlii IHA icin farkli diizenleyici
standartlar uygulanmaktadir. Dronelar mekanik ve
elektronik bilesenlerden olusmaktadir. Buna gore
sensor, uygun kamera se¢imi, hiz, dayaniklilik, pil
omrii gibi unsurlar dronelarin performansimi ve tercih
edilebilirligini  etkilemektedir. Drone kullanimi
kisitlayan en 6nemli sinirliliklardan biri pil siiresinin
yeterli olmamasidir [1]. Suan pil teknolojisi igin
yapilan galismalarda havada sarj edilmesine yonelik ve
alternatif batarya teknolojileriyle havada kalis siiresini
uzatmaya yonelik iyilestirmeler devam etmektedir [2].

Bu calismada, genis bir kullanim alanina sahip olan
[HA’larn  tarimsal  arazilerdeki ~ kullanimina
odaklanilmistir. Tarim  arazilerinde  verimliligin
artirilmasit ve isgiiciine bagimliligin azaltilmasi igin
otonom sistemlerin yani teknolojik {irinlerin tarim
sahasinda yaygin ve pratik bigimde uygulanmasi
gerekmektedir. Buna gore tarim piyasasinda rakiplere
gore daha avantajli hale gelinmektedir. Ayrica tiim
diinyanm takip ettigi IHA teknolojisinin tarimsal
uygulamalar1 ile kiiresel diinya ile paralel
ilerlenebilmektedir. Bu amacla, Oncelikle, bu
teknolojinin tarim sektorii tizerindeki etkilerini daha
kapsamli bir bakis acisiyla degerlendirebilmek
amaciyla PEST (politik, ekonomik, sosyal ve
teknolojik) analizi gerceklestirilmistir. Incelenen konu
cok sayida farkli tipte unsuru (sayisal/sdzel veri tipi)
icerdigi, verilerde belirsizlikler bulundugu ve yapisi
karmasik oldugu icin analitik karar verme yontemlerine
basvurulmas: gerekmistir. Buna gore hangi IHA
modelinin tarimsal uygulamalarda basarili oldugu
degerlendirilmis ve bu degerlendirmenin objektif ve
etkin bi¢cimde olabilmesi i¢in iki asamali Entropi
temelli GIA iliskisel analiz modeli kullanilmistir.

IHAlarin teknik donanim uzaktan komuta edilmesi ya
da otonom olarak kendi gii¢ sistemiyle ¢aligabilmesi ve
kullanim alanina gére gévdeye takilan yiik destegi ile
cesitli gorevlerde kullanilabilmektedir. Buna gore

341

dikey ucus yapan, yatay ugus yapan, iki oOzelligi
birlestiren doner kanatli araglar olarak tasarlanan
modelleri mevcuttur. Farkli teknik 6zelliklerde gesitli
tasarimlarla cesitli amaglarla kullanilmaktadir. Cesitli
gorevler icin tasarlanan farkl sekil ve boyutlarda, farkl
kanat ve motor yapilarina sahip IHA lar gelistirilmistir.
Buna gore sabit kanatli, doner kanath ve hareketli kanat
olmak {izere ii¢ farkli IHA kategorisine vurgulama
yapilmaktadir:

Sabit kanath IHA’lar, go¢ eden kuslar gibi kisa
mesafelerde  ugabilen, aerodinamik tasarimlar
sayesinde suriklenmeyi minimize edebilen ve dikey
dengede kalabilen hava araglaridir [2]. Bu IHA’lar,
Ozellikle aragtirma ve gelistirme ¢aligmalarinda biiyiik
bir ilgi gormektedir. Genellikle, sabit kanatli THA'lar
pervane, motor, ana govde ve kanatlardan olusur [2].
Doner kanath [HA’lar, izerlerindeki rotorlar
aracilityla irettikleri kuvveti dengeleyerek ugabilen
hava araglaridir [2]. Yiiksek manevra kabiliyeti ile
belirli yorungeleri izleyebilme, dikey inis ve kalkig
yapabilme, ayrica havada asili kalabilme gibi
Ozelliklere sahiptirler. Bu ozellikleri sayesinde doner
kanatli THA’lar, genis bir kullanim alanma sahip olup,
pist ya da genis alan gerektirmedigi i¢in arastirma
merkezleri ve tiniversiteler tarafindan havadan yapilan
robotik  arastirmalarda  yaygin  olarak  tercih
edilmektedir [3]. Hareketli kanatli THAlar, kuslar ve
bdceklerin kanat ¢irpma hareketlerinden ilham alarak
tasarlanmis hava araglaridir. Bu araglar, biyolojik
yapilart  kuslardan ve boceklerden alip, ucus
dinamikleri acisindan diger [HA’lara gore daha
karmagik bir yapiya sahiptir [4]. Cogunlukla elle
kontrol edilen bu IHA’lar, ileri yonde basarili bir
sekilde ucus gerceklestirebilmektedir. Ayrica, dikey
inig ve kalkis yapabilme, havada asili durabilme gibi
ozellikleri sayesinde genis bir kullanim potansiyeline
sahiptir.

Havacilik konusunda atilan her adim {ilkelerin
birbirleriyle olan iistiinliik yarisinda 6nemli olmaktadir.
Ciinkii i¢inde bulunulan kosullarda hava sahalarmin
yaristigi ve egemenlik saglandigi en biiyiik arena olarak
ifade edilmektedir. Bu c¢alismada olduk¢a genis
uygulama alan1 olan IHA’larin tarimsal arazi
kullanimlarindaki ~ uygulamalarina  deginilecektir.
Oncelikle bu teknolojinin tarim sektdrii iizerindeki
etkilerini daha genis bir perspektiften degerlendirmek
icin PEST (politik, ekonomik, sosyal ve teknolojik)
analizi yapilmigtir. Kapsadigi ¢ok sayida nicel ve nitel
faktor varligi, verilerdeki belirsizlik ve karmagik yapisi
nedeniyle analitik karar verme yontemlerine ihtiyag
vardir. Bu calismada Entropi temelli GIA iliskisel
analiz yonteminden yararlanilarak tarimsal
faaliyetlerde en uygun IHA modeli belirlenmeye
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calistlacaktir. Ozellikle zirai ve tarimsal siireclerin
planlamasinda bu ¢alismanin yol gosterici olmasi
beklenmektedir. Entropi yonteminin objektif bir
agirliklandirma ydntemi olmasi ve belirsizlik ve eksik
veri altinda karar vermede GIA yonteminin basarili
sonuglar saglamasi nedeniyle tercih edilmistir.

Bu calismanin ikinci kisminda tarrmda HA
uygulamalarindan ve PEST analizi ile
degerlendirilmesinden bahsedilecektir. Ugiincii
kisimda genel olarak literatiir arastirmasit ele

almmaktadir. Dordiincii kisimda kullanilan yontemler
acgiklanmis ve besinci kisimda iki asamali yontemin
uygulanmasidan bahsedilmigtir. Altinct kisimda elde
edilen analiz sonuglar1 paylagilmis ve son kisimda
sonu¢ ve gelecek aragtirmalara yonelik Oneriler
verilmistir.

I TARIMDA IHA
UYGULAMALARININ ONEMI ve PEST
ANALIZI ILE DEGERLENDIRILMESI

Tarimda [HA uygulamalari son yillarda biiyiik bir
gelisme gostermis ve bu teknolojiler tarim sektoriiniin
farkli alanlarinda 6nemli katkilar sunmaktadir.
[HA’lar, tarimda kullamlan geleneksel yontemlerin
yerine daha verimli, hizli ve hassas ¢ozlimler
sunmaktadir. Tarimda IHA uygulamalarmm énemini
anlatan bazi baglica hususlar su sekilde agiklanabilir:

Verimlilik Artist: [HA'lar, tarlalarin havadan hizlt
bir sekilde izlenmesini saglayarak, {iriinlerin
biiylime durumunu, sulama ihtiyacini, hastalik
veya zararlilarin varligini daha hizli tespit etmeye
yardimer olur. Bu da iireticilerin daha etkin ve
zamaninda miidahalelerde bulunmasma olanak
tanir. IHAlarin tarimda kullanimiyla ilgili yapilan
arastirmalar ve pilot projeler, verimlilik artiglarinin
ciddi oranda oldugunu gostermektedir [5].
Ozellikle hassas tarim uygulamalar1 sayesinde
toprak sagligi, bitki gelisimi ve sulama ihtiyaglari
daha dogru bir sekilde tespit edilebilmistir.
Hassas Tarim: IHA lar, tarlalar iizerinde yiiksek
¢OzUnUrluklt gorantuler elde ederek, bitkilerin
gelisim siireglerini detayli sekilde izler. Boylece,
her bitkinin ihtiyacina gore farkli miidahaleler
yapilabilir. Bu da tarimda su, giibre ve ilag
kullanimini optimize ederek maliyetleri diistiriir ve
gevreye olan etkileri azaltir. FAO (Birlesmis
Milletler Gida ve Tarim Orgiitii) raporlarina gére,
tarim sektorii kiiresel su tiiketiminin yaklasik
%70’ini kullanmaktadir [6]. IHA’lar sayesinde su
yonetimi daha hassas hale gelirken, su tiketiminin
ciddi oranda azaldig1 goriilmistiir.
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Zararh Tespiti ve Hastahk izleme: THA’lar,
tarim alanlarinda potansiyel zararlilar1 veya
hastaliklar1 erken agsamalarda tespit edebilir. Bu
sayede, kimyasal ilaglarin gereksiz yere
kullanilmasmin oniine gegilerek, hem maliyet
diismekte hem de ¢evreye zarar verilmemektedir.
Bitki hastaliklar1 ve zararlilar hakkinda erken
uyart sistemlerinin daha hizli ve dogru sonug
verdigi ortaya ¢ikmistir[7]. Bu sayede, ciftciler
hastaliklar1 erken tespit edip gerekli tedbirleri
daha hizli alabilmektedir. THA teknolojileri
sayesinde pestisit kullaniminin azaldigi ortaya
konulmustur.

Veri Toplama ve Analiz: IHA'lar, ¢ok sayida
sensorle donatilarak, tarim alanlarindaki verileri
(toprak nemi, sicaklik, {irlin sagligi, vb.) toplar ve
bu veriler analiz edilir. Bu sayede, tarim
yonetimi daha bilingli bir sekilde
yapilabilmektedir. Arastirmalara gére, glbre
dagitimi ile geleneksel yontemlere kiyasla
yaklasik %30 daha verimli sonuglar elde
edilmistir [8].

Zaman ve lIs Giicii Tasarrufu: [HA'lar,
ozellikle genis arazilere sahip tarim isletmeleri
icin ¢ok bilyiik bir zaman ve is giicli tasarrufu

saglar. Uguslar hizli bir sekilde
gerceklestirilebilir ve insan giicii gereksinimi
azalir. Tarimda genis arazilerde yapilan

caligmalarda, is giici ve zaman tasarrufu
acisindan THA'larin  biiyiik katki sagladig
goriilmektedir. ~ Ozellikle  genis  alanlarin
izlenmesinde, geleneksel yontemlere gore ciddi
bir i giicii tasarrufu saglanmustir [9].

iklim Degisikligi ile Miicadele: Tarimda
kullanilan su ve enerji kaynaklarinin daha
verimli kullanilmas;, IHA'larm en biyik
katkilarindan ~ biri  olmustur. Bu, iklim
degisikligiyle miicadeleye de dolayli olarak katki
saglamaktadir. THA'lar kullanilarak yapilan tarla
izleme iglemleriyle, toprak sagligina iliskin daha
fazla veri toplanmis ve {iriin gelisiminde %10-15
arasinda bir iyilesme saglannmistir. Tarrmda IHA
kullanimi, karbon salimmmini 6nemli oranda
azaltabilir. Bu, ¢evreye daha az zarar verilmesine
ve stirdiiriilebilir tarim uygulamalarinin tesvik
edilmesine olanak tanimaktadir [10].

Erken Uyar Sistemi: Tarim alanindaki dogal
afetler, kuraklik, sel gibi durumlar hakkinda
erken uyarilar alinabilir. Bu, iireticilerin 6nceden
hazirlik yapmalarina ve olasi zararlar1 en aza
indirmelerine olanak tanir.
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Sonug olarak, THA’ lar tarim sektoriinii doniistiiren
onemli bir ara¢ haline gelmis ve {ireticilere daha
verimli, ¢evre dostu ve siirdiiriilebilir bir tarim yapma
imkan: sunmaktadir. THA’ lar, tarimda verimlilikten
¢evre dostu uygulamalara kadar pek ¢ok agidan biiyiik
katki saglamaktadir. Istatistiksel veriler ve akademik
caligmalar, bu teknolojilerin tarim sektoriinde
verimlilik artigi, maliyet diislisi ve ¢evresel
stirdiriilebilirlik saglama konularinda ne denli etkili
oldugunu gostermektedir. Bu veriler, tarirmda THA
uygulamalarmin  gelecekteki  potansiyelinin  ve
sektordeki yerinin daha iyi anlasilmasina yardimci
olmaktadir.

Tarimda THA kullanimi igin bir PEST analizi yapmak,
bu teknolojinin tarim sektdrii lizerindeki etkilerini daha
genis bir perspektiften degerlendirmek i¢in 6nemlidir.
PEST analizi, dig faktorlerin (Politik, Ekonomik,
Sosyal ve Teknolojik faktorler) bir sektére nasil etki
edebilecegini inceleyen bir yontemdir. Tarrmda THA
kullanimini bu faktorler agisindan ele alalim:

Politik Faktorler

Tarimda THA  kullammmnin  politik  boyutu,
hiikkiimetlerin ve diizenleyici organlarin belirledigi
yasalar, tegvikler ve diizenlemelerle ilgilidir.

e Tarim Politikalar ve Tesvikler: Ciftcilerin [HA
teknolojilerini  benimsemeleri  icin  devlet
destekleri, siibvansiyonlar ve tegvikler 6nemli bir
faktordiir. Bazi iilkelerde, tarimda dijitallesme ve
teknolojik yeniliklere yonelik tesvikler mevcuttur.

Ornegin, Avrupa  Birligi, hassas tarim
uygulamalarin1  tegsvik etmek i¢in  fonlar
sunmaktadir.

e Duzenlemeler ve Lisanslar: IHA kullanimma dair
belirli hava sahasi diizenlemeleri ve glvenlik
protokolleri vardir. IHA’larm kullanimi, hava
giivenligi ve 6zel miilk haklart ile ilgili yasal
kisitlamalarla karsilasabilir.

e  Cevre Duzenlemeleri: IHAlar, ¢cevre dostu tarim
uygulamalar1 i¢in tegvik edilebilir. Ancak, asirt
kullanim veya yanlis yonetim, ¢evreyi olumsuz
etkileyebilir, bu da duzenleyicilerin dikkatini
ceker.

Ornegin, Tiirkiye’de Tarim ve Orman Bakanlig,
[HA’larm tarimda kullanimim denetleyen
diizenlemeler yaymlamustir. Ayrica, ciftcilerin THA
alimlarmi kolaylastirmak i¢in belirli finansal destekler
de saglanmaktadir.

Ekonomik Faktdrler
Tarimda THA kullanimi, ekonomik kosullar ve tarim
sektorundeki maliyet yapilariyla dogrudan iligkilidir.

e Yatirnm ve Isletme Maliyetleri: IHA
teknolojilerinin  baslangi¢ maliyetleri yiiksek
olabilir. Ancak, uzun vadede gtibre, ilag ve su gibi
kaynaklarin daha verimli kullanilmasi, maliyetleri
diisiirebilir. THA’lar, genis alanlarda hizli veri
toplama ve islem yapma kapasitesi sayesinde is
giicli ve zaman tasarrufu saglar.

e Kar Artist: THA kullanimi, verimliligi artirarak
ciftgilerin iriinlerinden elde ettigi kar artirabilir.
Hassas tarim sayesinde gereksiz harcamalar ve
kaynak israfi azaltilabilir.

e Finansman ve Erisim: IHA’larm tarimda
yayginlagmasi, tarim igletmeleri igin finansman
zorluklariyla da ilgilidir. Kiigiik 6l¢ekli ciftgiler
icin IHA’lar pahali olabilir. Ancak finansman
modelleri, leasing ya da kooperatif bazl
cozimlerle bu engel agilabilir.

Ornegin, Hindistan’da, hiikiimetin sagladigi tarimda
dijitallesme tesvikleri ve tarimsal krediler, IHA larin
daha yaygin bir sekilde kullanilmasini saglamaktadir.

Sosyal Faktorler

Tarimda THA kullaniminimn sosyal etkileri, ciftilerin bu
yeni teknolojilere adaptasyonu ve toplumun teknolojiyi
kabul etme seviyesini kapsar.

e Egitim ve Bilinclenme: Cificilerin  THA
kullanimina y6nelik egitimi 6nemli bir faktordiir.
IHA teknolojisi, yeni ve gelisen bir alan oldugu
icin, ciftcilerin bu konuda bilinglenmesi ve egitim
almas1 gerekebilir. IHA’larm kullanimu, ciftciler
arasinda dijital okuryazarlik seviyesini artirabilir.

e Gen¢ Tarim Isgiicii: Genc niifusun tarmm
sektoriline ilgisi, teknolojiye olan yatkinliklar ile
artabilir. IHAlar, geng nesli tarima cekebilecek bir
arag olabilir. Dijital tarim, yeni nesil i¢in cazip bir
kariyer alan1 yaratabilir.

e Toplumun Teknolojiye Uyumu: Tarimda IHA
kullanimina kars1 toplumsal direng olabilir. Bazi
ciftciler, teknolojiye karsi temkinli yaklagabilir ve
geleneksel yontemlere sadik kalabilir. Bu, sosyal
uyum ve kabul edilme agismndan bir zorluk
yaratabilir.

Ornegin, Hollanda’da, tarimda yiiksek teknoloji
kullanimina kars1 halkin biiyiik bir ilgisi bulunmaktadir
ve ciftciler [HA’lar1 kullanmak icin  egitim
programlarina katilmaktadir.
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Teknolojik Faktorler
Tarimda IHA kullanimi, teknolojinin gelisimi ve
inovasyonuyla dogrudan iligkilidir.

e Teknolojik Gelismeler: [HA’lar, yiiksek
¢Oziiniirlikli kameralar, sensorler ve veri isleme
sistemleri gibi gelismis teknolojilere dayanir. Bu
teknolojiler zaman iginde daha erisilebilir hale
gelmekte ve maliyetler diigmektedir. Ayrica, yapay
zeka ve makine 6grenimi gibi yeni teknolojilerle
[HA’lar daha verimli hale gelmektedir.

e Veri Analizi ve Yapay Zeka: IHA’lar tarafindan
toplanan verilerin dogru bir sekilde analiz edilmesi
ve islenmesi, tarimsal verimliligi artirabilir. Bu,

Politik faktorler

tarimda veri odakli karar alma siireclerini
guclendirebilir.

e Otomasyon: [HA'larn ve diger tarimsal robot
teknolojilerinin otomasyonu, tarimm gelecegini
sekillendirebilir. Daha diisiik is giicii gereksinimi

ve daha fazla verimlilik saglanabilir.

Ornegin, Cin’de, drone teknolojisi kullanilarak yapilan
tarimsal ilaglama ve giibreleme uygulamalari,
gelencksel yontemlere kiyasla ¢ok daha hizli ve etkili
sonuclar vermektedir. Ayrica, yeni teknolojilerle
birlikte THA'"lar daha hafif, daha uzun siire ucabilen ve
daha ucuz hale gelmistir.

Ekonomik faktorler

*Tarim politikalar1 ve tesvikler
*Duzenlemeler ve lisanslar
*Cevre dlizenlemeleri

Sosyal faktorler

*Yatirim ve isletme maliyetleri
*Kar artisi
*Finansman ve erisim

Teknolojik faktorler

*Egitim ve bilinglenme
*QGeng tarim iggiicl

*Toplumun teknolojiye uyumu

Goriildiigii gibi, tarimda IHA kullanimi, PEST
analizinin ~ dort ana  faktéri g6z  &nlnde
bulunduruldugunda, olduk¢a potansiyelli ancak
dikkatle yonetilmesi gereken bir alan olarak karsimiza
cikmaktadir. Politika yapicilarin, ekonomik tegviklerin,
sosyal kabulln ve teknolojik yeniliklerin uyum iginde
calismasi, IHA’larmn tarimda basariyla uygulanmasini
destekleyecektir.  Yine de, bu teknolojinin
yayginlagsmasi i¢in egitim, diizenlemeler ve finansal
¢cozlmler  gibi  faktérler de gbz  Oninde
bulundurulmalidr.

III. LITERATUR ARASTIRMASI
IHA’larm hemen hemen tiim tarim uygulamalarinda,
gorev gereksinimlerini karsilamak i¢in yliksek manevra
kabiliyeti ve tasima kapasitesi gereklidir. Bu nedenle,
¢ok rotorlu tipler, ayni1 boyuttaki sabit kanath
dronlardan daha esnek ve giiclii olduklar i¢in giderek
daha fazla ilgi gérmektedir (Wen ve digerleri, 2019).

Ornegin, dronlar bulutlu giinlerde yiiksek kaliteli ve
yiiksek ¢oziiniirliiklii goriintiiler sunabilir [3]. Ayrica,
kullanilabilirlikleri ve transfer hizlar1 da diger
faydalarint olusturur[4]. Ucaklarla karsilastirildiginda,
dronlar olduk¢a uygun maliyetlidir ve kurulumu ve
bakimi kolaydir [5]. Baslangigta esas olarak askeri
amagclarla kullanilmalarma ragmen, dronlar tedarik

*Teknolojik gelismeler
*Veri analizi ve yapay zeka

*Otomasyon

zinciri yonetiminde [6] insani amaglarda [7] akilli
tarimda, arastirma ve haritalamada, kiiltiirel miras
doklimantasyonunda, afet yonetiminde ve orman ve
yaban hayati korumada [8] gibi ¢ok sayida sivil
uygulamaya fayda saglayabilir.

Tarimda, dronlarin ¢ok ¢esitli uygulama alanlar
mevcuttur; bunlar, mahsul yonetimini (6rnegin,
haritalama, izleme, sulama, bitki teshisi) (H. Huang
vd., [9] afet azaltmay1, erken uyar1 sistemlerini, yaban
hayati ve ormanciligin korunmasmi (Negash vd., [10]
desteklemek icin yeni teknolojiler, bilgi islem
yetenekleri ve yerlesik sensorlerle entegre edilebilir.
Benzer sekilde, dronlar mahsul ve biiylime izleme,
verim tahmini, su stresi degerlendirmesi ve yabani
otlar, zararlilar ve hastalik tespiti dahil olmak iizere
cesitli tarimsal faaliyetlerde kullanilabilir (Inoue, [11],
Panday vd., [11]. Dronlar yalnizca duyusal verilerine
dayali izleme, tahmin ve tespit amaglar1 i¢in degil, ayni
zamanda hassas sulama ve hassas yabani ot, zararl1 ve
hastalik yonetimi i¢in de kullanilabilir. Bagka bir
deyisle, dronlar gevresel verilere dayanarak hassas
miktarlarda su ve pestisit puskiirtebilir. Dronlarin
tarimdaki faydalar1 Tablo 1'de 6zetlenmistir.
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Tarimda ¢ok disiplinli ve ¢ok amagl bir teknoloji
olarak dronlar gesitli perspektiflerden arastirilmigtir.
Ornegin, arastirmacilar tarimda dron uygulamalarint
(Kulbacki vd.,[26], Mogili ve Deepak, [27]), hassas
tarima katkilarmi (Puri vd., [28], Tsouros vd., [29])
diger son teknolojilerle tamamlayiciligini (Al-Thani
vd., [30], Dutta ve Mitra, [31], Nayyar vd.,[32]) ve
navigasyon ve algilama yeteneklerini gelistirme
olanaklarmi (Suomalainen vd., [33]) incelemistir.
Tarimda dron uygulamalarma iligkin arastirmalar

yayginlastigindan (Khan vd., 2021), mevcut literatliri
Ozetlemeye ve alanin entelektiiel yapisini ortaya
koymaya ihtiyag vardir. Ayrica, siirekli iyilestirmelerin
yapildig1 yiiksek teknolojili bir alan olarak, mevcut
literatiri periyodik olarak o6zetlemek ve &nemli
aragtrma  bosluklarim1 ~ belirlemek icin  detaylh
incelemelerin yapilmasi gerekmektedir. Bugune kadar,
tarim sektdriinde drone uygulamalarini tartisan birkag
inceleme bulunmaktadir.

Tablo 1. Tarimda dron kullanim alanlar1 (Rejeb ve dig. [6])

Dronlarin tarimsal
uygulama ornekleri

Kullanilan yontemler

Kaynak

Zamansal ve | Giincel uzaktan algilama sistemlerinin bitki su | Gago ve dig., [12]

mekansal algilama | durumunun incelenmesinde kullanilir

¢cozunarluklerin

gelistirilmesi

Hassas tarimimn | Bu caligmalarm temel amaci dar ve genis bantli ¢ok | L. Deng ve dig.,[14] , Kalischuk

kolaylastirilmasi spektral kameralarm hassas tarimdaki yeteneklerini | ve dig.,[15] ; Maimaitijiang ve
karsilastirmaktir. dig., [14].

Mahsullerin Akill tarim igin uzaktan algilama alanindaki son | Inoue, [11], Kalischuk ve dig.,

siiflandirilmast  ve | gelismeler, temel almarak tartisilmaktadir. [13]; Lopez-Granados ve dig.,

arastirilmasi [15]; Maimaitijiang ve dig., [14]

: Melville ve dig.,
[16], Moharana ve Dultta, [17].

Giibre kullanim

THA multispektral uzaktan algilama teknolojisinin
hassas tarim i¢in yararli oldugu, ancak bitki Ortiisi
icin kalibrasyon yontemleri, son islem teknikleri ve
saglam nicel calismalar konusunda daha fazla
cabaya ihtiya¢ duyuldugunu géstermektedir.

L. Deng ve dig., [18], Guan ve
dig., [19]

Kurakligin izlenmesi

Cok spektral sensorler, 6lgekler arasi endeks tabanli
bitki ortiisii izleme ¢alismalarinda kullanim igin iyi
bir potansiyel g0stermektedir ayrica diger
caligmada bugday  kuraklik durumunun
degerlendirilmesinde I1HA tarafindan uzaktan
algilama RGB goriintiilerinin  kullanilabilirligi
degerlendirilmektedir.

Fawcett ve dig., [20], Panday ve
dig., [21]; Su ve dig., [22]

Biyokuitle tahmini

Hassas tarimda mahsul izleme 6nemlidir. Yer dsti
biyokitlesini, tahmin etmek, mahsul canliligini
izlemeye ve verimi tahmin etmeye yardimci olur.
Stiiper yiiksek ¢oziiniirliiklii, ¢cok zamanh kiiciik bir
IHA'dan ¢ekilen kirmizi, yesil, mavi goriintiilerden
tliretilmistir.

Bendig ve dig., [23]

Verim tahmini

Bitkilerin ve topraklarin tanisal bilgilerine yonelik
uzaktan algilama teknolojisindeki (platformlar,
sensorler, algoritmalar) son gelismeler
degerlendirilmistir.

Inoue, [11], Panday ve dig., [21]
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Tablo 1. Tarimda dron kullanim alanlari (Rejeb ve dig. [6]) (devamu

Afet azaltma

Pahali uydularin aksine, belirli sensorler ve araglarla donatilmis
[HA'lar kanita dayali planlama ve mekansal veri toplamada
tarim1 desteklemede biiyiik bir potansiyele sahiptir.

Negash ve dig.[10]

Yaban hayatinin ve | Uzaktan algilama teknolojisindeki (platformlar, sensorler, | Negash ve
ormanciligin algoritmalar) son gelismeler degerlendirilmistir. dig.[10], Panday ve
korunmasi dig., [21]

Su stresinin | Uzaktan algilama teknolojisindeki (platformlar, sensorler, | (Inoue, [11]
degerlendirilmesi algoritmalar) son gelismeler

Zararli, yabani otlar
ve hastalik tespiti

Tarim alanlarindaki yabani otlari dogru tespiti ve tedavisi, liriin
verimini yonetmek ve herbisit kirliliginden kaginmak i¢in gerekli
bir prosedurdir. Bu makalede, otomatik ve manuel yontemleri
birlestiren yabancit ot haritalarinin olusturulmasi igin dort
bagimsiz siniflandirma algoritmasini ve ayrica iki alt kiimede
ayr1 ayr1 kullanilan nesne tabanli ve piksel tabanli smiflandirma

Gagparovi¢ ve dig.,
[25], Inoue[11]

yaklasimlarmi test edilmistir.

Ornegin, Mogili ve Deepak [27], drone'larm mahsul
izleme ve pestisit puskirtme uUzerindeki etkilerini
kisaca incelemektedir. Inoue [11], tarimda uzaktan
algilamada uydu ve drone kullanimimi incelemektedir.
Yazar, akilli ¢ift¢iligi benimsemenin teknolojik
zorluklarini ve vaka caligmalari ve en iyi uygulamalara
dayali olarak uydularin ve drone'larin katkilarini
arastirmaktadir. Tsouros ve digerleri [29], cesitli veri
toplama ve isleme yontemlerini vurgulayarak farkli
drone tiplerini ve tarimdaki ana uygulamalarini
ozetlemektedir. Daha yakin zamanda, Aslan ve
digerleri ~ [34], tarimsal  faaliyetlerde = IHA
uygulamalarint kapsamli bir sekilde incelemis ve
serada bir IHA icin es zamanl yerellestirme ve
haritalamanin énemini vurgulamistir.

Calismalar degerlendirildiginde temel olarak iig
baslikta toparlanmustir: {1ki uzaktan algilama ve sensér
teknolojisini kullanarak tarimda IHA uygulamalar,
ikincisi toprak ve triin verimliligi gibi tohum ve
giibreleme faaliyetlerine dayali IHA uygulamasi ve
lgiinciisii temel olarak karar verme yaklagimlarini
kullanarak IHA kullanimiyla tarimda iyilestirme yapan
calismalardir. Oncelikle sensor ve uzaktan algilama
yaklagsmalarina entegre eden IHA uygulamasma
ornekler soyledir: Diaz-Gonzalez ve dig.[35], farkli
makine Ogrenme teknikleri ve wuzaktan algilama
sistemlerine dayali mahsul verimi iiretimine iligskin son
calismalar1 incelemistir. Buna gore, IHA'larin toprak
gOstergelerini tahmin etmede yararli oldugunu ve
mekansal ¢oziiniirliik, bilgi zamansalligi ve esneklik
acisindan uydu sistemlerinden daha iyi performans
sagladigini géstermistir. Awais vd. [36], su durumunu
tahmin etmek igin mahsullerde IHA uzaktan algilama
verilerinin uygulanmasini ve atik stresi uygulamasi i¢in
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[HA  uzaktan algilamanin  olasi  kapasitesinin
Ol¢lilmesinde yararlanmistir. Son olarak, Aquilani vd.
[37], mera bazli hayvancilik sistemlerinde uygulanan
ongoriilii ¢iftcilik teknolojilerini incelemis ve THA'lar
tarafindan saglanan uzaktan algilamanm biyokiitle
degerlendirmesi ve siirii yonetimi i¢in avantajli oldugu
sonucuna varmistir. Ayrica, son zamanlarda THA'lar1
hayvanlarin izlenmesi, takip edilmesi ve toplanmasinda
kullanma ¢abalar1 da belirtilmistir. Marin vd. [38], Uriin
hasarini belirlemek i¢in multispektral kamera ile
donatilmis bir THA kullanmanmn, ciftcilerin dogru
kararlar almasma ve iretim kayiplarini azaltmasina
yardimcir olmak igin zamaninda ve kesin bilgiler
saglayabilecegini belirtmistir.

Uriin verimliligi, tohum ekme, giibreleme gibi tarim
arazilerini iyilestirme ve verimlilik artirma amach su
calismalar 6rnek verilebilir: Vayssade ve dig. [39],
ciftlik hayvanlarini izlemek i¢in etkili bir yol 6nermis
ve Xu ve dig. [40], Urln verim tahmininde dronedan
yararlanmigtir. Nahiyoon vd. [41], havadan ilaglama
icin IHA kullanmay: énermis ve ortalama oldiiriicii
damlactk sayistm  ve  biyosidal  yarigaplarini
degerlendirerek ilaglama parametrelerinin pestisitlerin
etkinligi lizerindeki etkisini arastirmistir. Bu durumda,
IHA kimyasal ve giibre dagitiminin hassas kontroliinde
yardimct  olarak  milyarlarca  dolar  tasarruf
saglayabilecegi fark edilmis ve bu sayede kimyasal
kullanimin ve potansiyel gevre kirliligin 6nemli 6l¢iide
azaltilabilecegi ortaya konulmustur. Wu vd. [42], bir
[HA'ya bir tohum ekme makinesi monte ederek
toprakta daha iyi bir dagilm igin tohumlarin
yoriingesini  degistirmek iizere bir engel halkasi
tasarlamistir. IHA ile dogrudan tohumlamanin
uygulanabilirligi kanitlanmistir.
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Karar verme yaklagimlarini ele alan c¢aligmalar
degerlendirildiginde su sekilde 6zetlenebilir. Kara vd.
[43] itfaiye dronlar1 arasindan en uygun olaninin
secilmesi i¢cin AHP temelli COPRAS yaklasimi ile
yangin miidahalesi konusunu ele almiglardir. Buna gére
calismada ele alman kriterler tank kapasitesi,
puskiirtme hizi, ugus hizi, tam kapasiteli havada kalma
suresi, optimum atis irtifasi ve birim fiyat1 seklindedir.

Goncl [44] calismasinda tarimsal ilaglama iglemi i¢in
kullanilacak dron tercihlerini etkileyen faktorleri
degerlendirmek i¢cin SWARA yontemini kullanmistir.
Buna gore tasinabilecek yiik miktar1 en 6nemli faktor
olarak ortaya ¢ikarken agirlik kriteri en az éneme sahip
faktor seklinde elde edilmistir. Eren ve dig.[45] afet
durumunda kullanilan THA’larin olay yerine en hizl
ulasimina yonelik bir karar modeli gelistirmiglerdir
buna gére AHP tabanli TOPSIS ydntemiyle en uygun
[HA’lar temel olarak havada kalma siiresi, yiik tasima
kapasitesi, birim fiyat, menzil ve agirhik kriterlerine
gore segilmistir. Kara ve Eren [46] afet bolgelerinde en
uygun dron se¢im problemi Pisagor bulamk AHP
temelli PROMETHEE ve TOPSIS yontemleri
kullanilarak se¢ilmis ve hasar tespit ¢alismalarinda en
yuksek verimde goriinti alma kabiliyeti olan dron
secimi yapilmistir. Demir ve Boz (2024) saglik
sektoriinde ilag dagitiminda kullanilacak dronlar igin
DEMATEL ve SWARA temelli MAUT yaklagimi
kullanilarak ideal dron seciminin degerlendirilmesini
saglamaktadir. Singh ve dig. [47], siirdiiriilebilir tarim
faaliyetlerinde drone kullaniminin o6niindeki engelleri
incelemistir. Stirdiirtlebilir tarimda drone
uygulamasinin Oniindeki engelleri analiz etmek igin
hibrit bulanik-DEMATEL-MMDE-ISM tabanli bir
yaklasim Onermistir. Bulanik-DEMATEL  teknigi
benimsenmistir. Ardindan, engellerin {i¢ seviyeli
hiyerarsik yapisini olusturmak i¢in yorumlayici yapisal
modelleme yontemi igin esik degerini belirlemek {izere
maksimum ortalama de-entropi yontemi uygulanmustir.
En 6nemli engellerin kararlilik ve giivenilirlik, drone
sensor kalitesi ve drone yik kapasitesi oldugu
goriilmiistir. Ugus siiresi, yliksek ilk maliyet ve bakim
altyapisi, 6nemli engeller ile kamu algis1 ve psikolojik
engel arasinda baglantt engelleri olarak hizmet
etmektedir.

Literatirde IHA’nm tarrm uygulamalar1 hakkinda
farkli ¢alismalar olsa da halen konunun &neminden
dolayt pek ¢ok uygulamaya ihtiya¢ vardir. Ayrica
incelemelerden elde edilen sonuca gore, bu ¢alismada
ele alindig1 bigcimde hem PEST analiz yapilarak hem de
entropi tabanli GIA yaklasimini kullanan entegre bir
model dnerisine rastlanmamis bu agidan literatiire katki
sunulmasi beklenmektedir.

IV. YONTEMLER

Bu kisimda g¢alismada kullanilan ydntemlerden
oncelikle entropi yontemi agiklanacak ardindan gri
iligkisel analiz yontemine deginilecektir.

4.1. Entropi Yontemi
Entropi kavrami, mithendislik ve fen bilimleri gibi
bir¢ok temel disiplinde, ayrica matematik ve bilgi
teorisi alanlarmda 6nemli bir rol oynamaktadir. Entropi
yontemi, karar verme sureclerinde, AHP ve Delphi gibi
geleneksel yontemlere gore, karar vericinin subjektif
yargilarina  gerek  kalmadan  kriterlerin  dnem
derecelerini  belirlemede kullanilan objektif bir
degerlendirme yontemidir. Bu yontemin adimlart su
sekilde siralanabilir:

x%nl

Xmn msn

[xn
Xm1

burada x;; : i. alternatifin j. kritere gére basar1 degeridir,
i=12,....mvej=12,..,n

1. Karar Matrisi Normalizasyonu (Esitlik 1)

= Xij j=1..n 1
YO Xixy ST ()

i:alternatif j: kriter r;j: normalize degerler

x;j: i alternatifin j.kriter icin karar matrisinde kars. gelen degeri

2. Kriterlere ait entropi degerlerinin elde edilmesi
(Esitlik 2):

e = —kZ Ty ln(rl-j) i 2)
j=1

=1.m

k entropi sabiti, e; entropi degeri (Esitlik 3)
k =1/In(m) (3)
3. Bilginin farklilasma derecesi hesabi (Esitlik 4)

4. Entropi kriter agirliklarinin  hesaplanmasi
(Esitlik 5-6)
4
"L Gl

Dw=1 (6)

4.2. Gri iliskisel Analiz

Gri Iligkisel Analiz (GIA), ¢ok kriterli karar verme
sireglerinde, alternatiflerin belirli kriterler agisindan
degerlendirilmesinde kullanilan objektif bir yontemdir.
GIA, ozellikle belirsizlik ve eksik veri igeren
durumlarda etkili bir analiz araci sunar. Bu ydntem,
belirli bir alternatifin digerleriyle olan iliskisini
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olcerek, en uygun ¢oziimii bulmak i¢in kullanilir.
GIA'nin temel avantaji, veri setindeki belirsizlige karst
dayanikli olmasi ve siibjektif yargilarin minimize
edilmesidir.

Bu yontem, belirsizlik altinda verilerle etkili sonuglar
elde edebilmesi, az sayida veriyle uygulanabilir olmasi,
gri iliskisel katsayilari kolayca hesaplayabilmesi ve
veri  setinin  belirli bir dagilma uymasim
gerektirmemesi gibi avantajlara sahiptir.

GIA’nin temeli, her alternatifin, belirli kriterlere gore
diger alternatiflerle iligkisini incelemektir. Bu iligki, bir
gri iliskisel katsayisi kullanilarak hesaplanir. Gri
iligkisel katsayisi, alternatiflerin ne kadar benzer
oldugunu gosterir; yiiksek bir katsayi, alternatiflerin
birbirine daha yakin oldugunu, diigiik bir katsayi ise
daha uzak olduklarini ifade eder. GIA yonteminin
admmlar1 asagidaki sekildedir:

1. Karar matrisinin olusturulmasi:

m adet alternatif n adet kriterden olusan matris
bitlntdur. Burada y;;, i. alternatif j. kriterdeki
performansi gostermektedir.

2. Verilerin normalize edilmesi:

Calismada degerlerde fayda esasli ise yani maksimum
cikmasi istenen verilerden olusursa asagidaki Esitlik 7
ile normalize edilir:

Xij

_ Yij — Min{yij,i =1,2, m}

- Maks{yij,i =1,2, m} - Min{yi)-,i =1,2, m}
=1..n

o)

Calismada degerlerde maliyet esash ise yani
minimum ¢ikmasi istenen verilerden olusursa

Esitlik 8 ile normalize edilir:

Xij (8)
_ Maks{yij,i =1,2,.. m} = Yij

- Maks{yij,i =1,2, m} - Min{yij,i =1,2, m}
=1..n

Calismada degerlerde fayda veya maliyet esasli durum
degil de belirli bir optimal degere gore normalizasyon
yapilmasi gerekirse asagida verilen Esitlik 9 kullanilir:

J

Xij
=1
_ |yij—y;| (9)
Maks{Maks{y”-,i =12.. m} - y[‘j,y[‘j - Min{yl-,-,i
i=12.m j=12..n

3. Gri Iliskisel katsayr matrisinin olusturulmasi:
x;;'min  x,;'ye ne kadar yakin oldugunu belirlemek

icin  gri iligkisel katsayisi  (Esitlik  10-12)
kullanilmaktadir.
y(xo,,x”):M i=12.m j=12.n

Aij + {Amaks (10)

A= |x0j - xij| (11)
Amin= Min{A;;,i = 1,2,..m;j = 1,2, ..n}
Amars= Maks{d;;,i =1,2,..m;j=1,2,..n} {(0<{
<D (12)

burada ¢ (0 < ¢ < 1) ayirt edilebilirlik indeksi olarak
ifade edilmektedir ve bu deger ne kadar kiiglikse ayirt
edilebilirligi o kadar yiiksektir. Genellikle ¢ orta
seviyede bir ayirt edicilik katsayisini yansitmasi igin
0,5 degerini almaktadir [48]-[50].

4. Gri iliskisel derecelerin hesaplanmasi:

Esit O6nem seviyesindeki kriterler i¢in Esitlik 13
kullanilmaktadir. Ancak farkli 6nem seviyesindeki
kriterler i¢in ikinci siradaki formiil olan Esitlik 14
kullanilmaktadir.

xij=1-To = 1/mzj=1)’oi(j) i=12.m (13)

hi=) W@yl i=12.m 1a)

Gri iligkisel dereceler hesaplandiktan sonra, seriler
arasindaki benzerlik oram1 referans seriye gore
degerlendirilir ve en yiiksek gri iligskisel derecesine
sahip alternatif, en iyi alternatif olarak belirlenir.

V. UYGULAMA

Son yillarda tarim sektorii, verimliligi artirmak, hasat
iiretkenligini artirmak, tarim alanlarmi izlemek ve
yonetmek, hastalik ve zararhlar1 kontrol etmek gibi bir
dizi goérevde teknolojik c¢ozlmlere yodnelmektedir.
Dronelar, bu gereksinimleri karsilamak igin ideal bir
ara¢ olabilir, ancak farkli drone modelleri arasinda
secim yapmak zorlu bir surec olabilir. Her gegen gin
teknolojik gelismelerle yeni kalifikasyonlara sahip iist
model dronelarin sisteme katilmasiyla aralarinda en
uygun ve en etkilinin belirlenmesinde yer alan ¢oklu
kriter ve alternatif cesitliligi karar verme modellerinin
kullanilmasi faydali olmaktadir. Uzman goriislerine ve
literatiirdeki arastirmalara gore tarim sektoriindeki
6nemli olan hususlari dikkate alarak tasima kapasitesi,
havada kalma siiresi, optimum artis irtifasi, fiyat,
plskiirtme hizi, ugus hiz1 ve saatlik is verimliligi gibi
yedi temel kriter ve alti model drone i¢in degerlendirme
yapilacaktir. Her bir modelin farkli 6zelliklere sahip
olmasi objektif karar verme siirecini zorlagtirmaktadir.
Ele alinan kriterler kisaca su sekilde agiklanabilir:

Tasima Kkapasitesi: [HA'larin tasima Kkapasitesi,
kullanilan modele, tasarimma ve amaclarma bagh
olarak degisiklik gosterir. Tarimda kullanilan THA'lar
genellikle daha hafif ve orta biyiklikte olur, ancak
taginabilecek yiik miktar1 yine de 6nemli bir faktordiir
[45].
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Havada kalma suresi: Kullanilan modelin batarya
kapasitesine, tasidig1 yiilk miktarina, hava kosullarina
ve IHA'nin tasarimina bagl olarak degisir. Tarimda
kullanilan THA'lar genellikle verimlilik ve uzun ugus
stireleri i¢in optimize edilmistir[45].

Optimum artis irtifasi: Bir ugusun veya aracin en
verimli sekilde yiiksekligini artirabilecegi irtifadir. Bu
kavram, oOzellikle ugaklar i¢in kullanilir ve ugusun
baslangicindan itibaren yakit tiiketimi, hava kosullari,
yik ve aerodinamik faktorlere bagh olarak belirlenir.
Optimum artig irtifasi, ugus planlamasinda énemli bir
faktor olup, ugaklarin miimkiin olan en verimli irtifada
kalmalarini saglamaya yardimei olur [43,51].

Fiyat: Drone modelleri arasindaki fiyat farklar1 ve
ekonomik avantajlar da énemli bir karar faktoridar.
Tarim [HA’lari, yiiksek Kkaliteli sensorler ve
kameralarla donatildigindan, fiyatlar1 genellikle yliksek
seviyede olur [43,45].

Piiskiirtme hizi: Tarimda kullamlan [HA’larm
plskiirtme hizi, genellikle kullanilan sistemin
kapasitesine ve tasarimma bagli olarak degisir.
Piiskiirtme hizi, bitkilere ilag veya gibre puskirtme
isleminde ne kadar hizli ve verimli ¢caligildigini belirler.
Bu hiz, THA’'nmin tasima kapasitesi, piiskiirtme
basliklarmin sayisi, ilag tankinin kapasitesi ve hava
kosullar1 gibi faktorlerden etkilenir [43,51].

Ucus hizi:  Ozellikle tarimsal alanlarda yapilan
ilaclama ve diger tarim gorevlerinde ugusun
verimliligini etkileyebilir. Cok yiiksek hizlarda ugmak,
ilaglarm diizglin bir sekilde yayilmasini engelleyebilir
ve cevresel faktorlerden (6rnegin riizgar) etkilenerek
daha fazla kayip olabilir. IHA’ nin hizinm, ugusun
gorevine, alandaki kosullara ve kullanilan sensdrler
veya ekipmanlara gore optimize edilmesi 6nemlidir
[43,45].

Saatlik is verimliligi: Tarimsal IHA’ larm saatlik is
verimliligi, ucus hizma, piiskiirtme kapasitesine, IHA’
nin tagima kapasitesine ve islenecek alana gore degisir.
Saatlik verimlilik, genellikle hektar basina yapilan is
miktartyla olgiiliir. Tarmmsal IHA’ lar, &zellikle
ilaglama ve giibreleme gibi islemlerde biiyiik verimlilik
saglar, ciinkii geleneksel yontemlere gore ¢ok daha
hizl1 ve hassas bir sekilde ¢alisabilirler [52].

Caligmada yer alan alternatif ve kriter kiimesine iliskin
olusturulan karar matrisi Tablo 2’de sunulmustur.

Tablo 2. Entropi icin karar matrisi

ma ma

maks .
Hedef Ks. maks. ) min.  maks. Ks. maks.
Ta
$1
i ) Uc Ot
ma - Ort Opti Ort. ?USK us saatlik is
ka  havada mum - e rtme h cmlilic
Drone pa  kalma artis Y& b 1z venmiig
. p o o (us m/ i
Modeli sit  sdresi irtifa D) (L/dk sn) (hektar/sa
esi  (dak) s1(m) (C4) ) C6  a)
h ©@  (© © 7 e
(C
E)
DJl
Agras $27.
T40 40 23 5000 000 16 20 10
(A1)
DJl
Agras $11.
T10 10 25 5000 000 8 18 8
(A2)
DIl
AGRAS $5.0
MG1-P 10 25 2500 00 6 15 4
(A3)
DIl
AGRAS $14.
T20 20 18 5000 000 8 18 6
(A%)
DIl
AGRAS $5.0
MGLS 10 25 2500 00 6 15 4
(A5)
DIl
AGRAS $17.
T30 30 28 5000 000 12 18 8
(A6)

Tablo 3’te normalize karar matrisi yer almaktadir.

Tablo 3. Normalize karar matrisi
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Dro  Tasi Ort. Optim  Or  Pls Ug Ort.
ne ma havada um t. kart  us  saatlik
Mo  Kapa kalma Artig fi me Hi s
deli  sitesi  slresi irtifass ya Hizn 2z verimli
t ligi
Al 033 0,159 0,2 0, 028 0, 0,25
3 05 5 19
6 2
A2 0,08 0,173 0,2 0, 014 o0, 0,2
3 13 23 17
8 3
A3 0,08 0,173 0,1 0, 010 0, 01
3 30 71 14
3 4
A4 016 0,125 0,2 0, 014 o0, 0,5
66 10 28 17
8 3
A5 0,08 0,173 0,1 0, 010 0, 01
33 30 71 14
3 4
A6 025 0,194 0,2 0, 021 0, 02
08 4 17
9 3
Ardindan entropi yontemi ig¢in gerekli adimlar

uygulanmustir. Kriterler i¢in entropi degerleri asagidaki
Tablo 4'de sunulmustur. Bir dnceki tabloda normalize
edilmis degerler logaritma degerleri ile carpilmistir.
Daha sonra bu islemden hesaplanan degerler toplanarak
entropi degeri elde edilmistir. Formildeki entropi
katsayist k, 1/In 6 (0,558) hesaplanarak bulunmus ve
formiile uyarlanmistir.
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Tablo 4. Entropi degerleri

Drone C1 C2 C3 C4 C5 C6 (o%4
Modeli

Buna gore elde edilen degerler sirasiyla 0.9112, 0.9953,
0.9756, 0.9020, 0.9614, 0.9970, 0.9686 olmustur. Daha

Al - - - - - - - sonra 1'den ¢ikarilarak bilginin farklilasma dereceleri
2763 852 2’13 g’ll g’YS (1):73 2:63 (dj) hesaplanmustir (0.0888, 0.0047, 0.0244, 0.0980,
A2 ) ) ‘ ) ) . ) 0.0386, 0.0030 ). Tablo 5'e gore faktorlerin entropi
02 03 03 02 02 03 03 d§r§celeri ve her bir kriterin agirlik degeri asagidaki
07 04 21 73 78 03 21 gibi bulunmustur.
A3 - - -
02 03 02 03 02 02 02 Tablo 5. Entropi ve faktor agirhigi degerleri
07 04 30 62 39 79 30 Entrop 091 099 097 09 09 099 096
Ad . . . . . . . i 1 5 5 2 1 7 8
02 02 03 02 02 03 02 Al 030 001 008 033 013 001 010
%8 59 21 41 78 03 84 K roe 4 s 308
A5 ) ) ] ) ) ) ) Rank 2 6 5 1 3 7 4
02 03 02 03 02 02 02
07 04 30 62 39 79 30 Karsilagtirma matrislerini elde etmek igin, referans
A6 - - - - - - - serileri birinci adimda olusturulan Tablo 6’da Karar
?1233 (1)83 213 252 g03 833 213 matrislerine ilk satir olarak eklenmistir.
Tablo 6. GIA igin karar matrisi
Drone Modeli Tasima Ort. Havada Kalma  Optimum Artig  Ort. Fiyat  Puskirtme Ugus Hizi  Ort. Saatlik Is
Kapasitesi ~ Siiresi rtifasi Hizt Verimliligi-Hektar
wj 0,307 0,016 0,084 0,339 0,133 0,010 0,108
Referans 40 28 5.000 0,000370 16 20 10
Al 40 23 5.000 0,000037 16 20 10
A2 10 25 5.00 0,00009 8 18 8
A3 10 25 2.50 0,0002 6 15 4
A4 20 18 5.000 0,000071 8 18 6
4
A5 10 25 2.500 0,0002 6 15 4
A6 30 28 5.000 0,000058 12 18 8

Tablo 7°de Normalizasyon matrisi olusturulurken
maksimum ¢ikmasinin fayda saglayacagi formiil, fiyat

kriterinde ise minimum ¢ikmasinin fayda saglayacagi
formiil kullanilmistir.

Tablo 7. Normalize karar matrisi

Referans 1 1 1 1 1 1 1
Al 1 0,5 1 1 1 1 1
A2 0 0,7 1 0,669 0,2 0,6 0,666
A3 0 0,7 0 0 0 0 0
Ad 0,333 0 1 0,789 0,2 0,6 0,333
A5 0 0,7 0 0 0 0 0
A6 0,666 1 1 0,866 0,6 0,6 0,666

Tablo 8’de, mutlak deger tablosu, normalizasyon
matrislerindeki degerler ile bu matrislerde kullanilan

referans serilerinin degerleri arasindaki mutlak farklar
hesaplanarak olusturulmustur.

Tablo 8. Mutlak deger tablosu

Al 0 0,5 0 0 0 0 0

A2 1 0,3 0 0,330 0,8 0,4 0,333

A3 1 0,3 1 1 1 1 1

A4 0,666 1 0 0,211 0,8 0,4 0,666

A5 1 0,3 1 1 1 1 1

A6 0,333 0 0 0,134 0,4 0,4 0,333
Gri iligkisel katsayt matrisinin  (Tablo 9)  Onerildigi tespit edildigi i¢in hesaplamalarda 0.5 degeri
olusturulmasinda  kullanilan  formiildeki ayirict  kullanilmustir.
katsaymnin, literatiir arastirmalarmmda 0.5 olarak
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Tablo 9. Gri iliskisel katsay1 matrisi

Al 1 0,5 1 1 1 1 1

A2 0,333 0,625 1 0,601 0,384 0,555 0,6
A3 0,333 0,625 0,333 0,333 0,3333 0,3333 0,333
A4 0,428 0,333 1 0,703 0,3846 0,5555 0,428
A5 0,333 0,625 0,333 0,333 0,3333 0,333 0,333
A6 0,6 1 1 0,789 0,5555 0,555 0,6
A mak 1

A min 0

( 0,5

Oncelikle, gri iliskisel dereceler (Tablo 10), tim
degiskenlerin (kriterlerin) esit derecede 6nemli oldugu
kabul edilerek hesaplanmustir.

Tablo 10. Gri iliskisel dereceler

Gri iliskisel
derece

[

05 1

0,60
1

1
0,38
4

1
0,55
5

0,928
0,625 06

0,33
3

0,33
3 0,585

0,33 0,33
3
0,70
3
0,33
3
0,78
9

0,33
3
0,38
4
0,33
3
0,55
5

0,33
3
0,55
5
0,33
3
0,55
5

0,625
0,333
3

0,375

0,42 0,42

0,547

0,33 0625 0,33 0375

o>a>rD>wPNODR D>
w

o
=

0,6 0,728

Belirlenen degerler 0 ile 1 arasinda degismektedir. 1'e
en yakim performans puanina sahip olan drone, en ideal
IHA modeli olarak kabul edilmis ve bu dogrultuda
siralamalar gergeklestirilmistir. Esit dnem agirligina
sahip oldugunda elde edilen siralama
AL1>AB6>A2>A4>A5, A3 seklinde yer almistir (Tablo
10).

Tablo 11’de goriilecegi gibi, ardindan entropi
yontemiyle elde edilen kriter agirliklar1 yansitilarak
Tablo 11°deki alternatif swralamalar soyle elde
edilmistir, AL>A6 >A4>A2>A5,A3.

Burada iki yontemde en onemli olan secenegin 1.
alternatif ardindan 6. alternatif oldugu goriilmektedir.
Esit agirlikli GIA yapildiginda en az 6nemli olan
3.alternatif ve 5. alternatif iken, entropi agirlikli GIA
yapildiginda da ayni sekilde 3.alternatif ve 5. alternatif
son sirada yer almigtir. Siralamalar birbirine ¢ok yakin
elde edilmistir. Her iki durumda sadece 3. Siradaki
alternatifin siralamasi degismistir. Esit agirhkli GIA da
2. alternatif tglincii swrada iken, entropi agirlikl
GIiA’dan elde edilen sonugta da 4. alternatif iigiincii
sirada yer almistir. Burada elde edilen sonuglarin ¢ok
yakin elde edilmesi analiz sonuglarinin tutarli ve
gergekei oldugunu gostermektedir.
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Tablo 11. Entropi temelli GIA yéntemiyle elde edilen

siralama
Agt 0, 0 O 03 01 0O 01 roi Sira
rhkl 30 01 08 39 33 01 09 lam
ar 7 6 4 0 a
Al 1 0, 1 1 1 1 1 0, 1
5 88
3
A2 0o, 0 1 06 03 0 06 0 4
33 62 01 84 55 45
3 5 5 8
A3 o0 o0 o0 03 03 O 03 0 5
33 62 33 33 33 33 33 30
3 5 3 3 1
Ad o, 0 1 o7 03 0 04 0 3
42 33 03 84 55 28 51
8 3 1 6 5 7
Ab o0 o O 03 03 O 03 0 5
33 62 33 33 33 33 33 30
3 5 3 3 3 3 1
A6 0, 1 1 o7 05 0 06 0 2
6 89 55 55 63
5 2

Tablo 12°de ilgili ITHA modelleri icin siralama siitun
grafik ile sunulmustur.

Tablo 12. Entropi temelli GIA yéntemine gore siitun
grafik ile siralama

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
Al A2 A3 Al A5 A6
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Gergek hayat problemlerinde karar verme siireci
karmagikliginin nedenlerinden biri, kriterlerin dogru ve
tutarli bigimde analiz edilerek degerlendirilmemesidir.
Bu sebeple en 6énemli olan kritere daha yiiksek 6nem
seviyesinin atanmasi beklenirken daha az &nemli
kritere daha diisik Onem seviyesinin atanmasi
beklenmektedir. Bu ¢alismada oncelikle esit agirlikla
degerlendirilmis ardindan entropi yontemiyle 6nem
seviyeleri belirlenerek atamasi saglanmistir. Entropi
yonteminin  objektif bir ydntem olmast bu
derecelendirmeyi dogru ve giivenilir bigcimde yapmay1
kolaylastirmaktadir.

VI. DUYARLILIK
KARSILASTIRMA

Verilerde yapilan bazi degisikliklerin ¢6ziime etkisini
incelemek ve modelin kararliligini degerlendirmek icin
duyarlilik analizine ihtiyag vardir. Caligmada
uygulanan yontemin gegerliligini sinamak igin entropi
agirlikli GIA yontemine alternatif olarak esit agirlikls
olarak degerlendirme yapilmaya ¢alisilmis ve buna
gore elde edilen sonuglar paylasilmistir. Tiim kriterler
esit agirhikli olarak 0,143 olarak alindiginda ikinci ve
dordiinci  alternatiflerin  siralamasinda ufak  bir
degisiklik oldugu goriilmiistiir. Ayrica ¢alismada farkl
agirlik degerleriyle de analiz degerlendirilmis ve genel
olarak ayn1 sonuca ulagildig1 gézlenmistir.

ANALIZI  ve

Tablo 13. Esit agirlikli GIA yontemi ile karsilastirma

Esit agirlikli Entropi agirhkl GIA
GIA yontemi yontemi

Al Al

A6 A6

A2 Ad

Ad A2

A3 A5

A5 A3

Tablo 13’te iki yaklagimla elde edilen sonuglar
kargilagtirmali olarak sunulmus ve A2 ve A4
alternatifleri arasinda degisiklik oldugu goriilmiistiir.
Agirliklarda meydana gelen degisikliklerin 6nerilen
yaklagimin sonuglarini biiyiik 6l¢iide degistirmedigi ve
yontemin giivenilir oldugu sdylenebilir.

Karsilagtirmali alternatif yontem olarak da entropi
agirliklhi SAW yontemi ile degerlendirilmistir. Buna
gore oncelikle normalize edilen veri setine SAW
yonteminin asamalar1 entegre edilmistir. Buna gore
elde edilen sonuglar Tablo 14’te su sekilde ortaya
cikmustir.

Tablo 14. Entropi agirlikli SAW yontemi ile

karsilagtirma

Entropi agirlikli  Entropi  agirhikli
SAW yontemi GIA yéntemi

Al Al

A6 A6

A4 A4

A2 A2

A3 A5

A5 A3
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Entropi agirhkli GIA yéntemi ile karsilastirildiginda
ayni siralama elde edilmis ve analiz sonuglarinin tutarl
ve giirbiiz oldugu ortaya ¢ikmaktadir.

VII.  SONUC
ARASTIRMALAR

Teknolojik gelismelere paralel olarak iilkelerin en
biiyiik yatirim plani isgiiciine bagl sektorlere kolaylik
saglamaktir. Bu kapsamda IHA’ larm yaygm bir
kullanim alani mevcut iken insanlik i¢in 6nemli olan
tarimsal uygulamalar da son donemlerde ilk siralarda
yer almaktadir. Bu sayede tarim ve arazi kullaniminda
verimlilik ve basar1 artarak isgilicine bagimlilik
azalmakta bu sayede zaman ve enerji tasarrufu
saglanarak  insan  kaynakli  hatalarm  Oniine
gecilmektedir. Ornegin, zamanmda sulama ya da
hastalik tespiti ve/veya mahsulde kayip aninda
gozlenerek olasi tedbirler almabilmektedir. insan ile
uzun siireli yapilabilecek eylemler daha kisa siirede iist
diizey sensor algilama mekanizmasiyla hizli ve etkin
bicimde degerlendirilmektedir.

VE GELECEK

Bu calismada birden ¢ok kriter ve alternatifin oldugu
tarimsal uygulamalarda en uygun dronun belirlenmesi
stirecinde problem belirsiz ve karmasik bir yapi
sergilemektedir. Bu ylzden karar verme yontemleriyle
degerlendirilmesine ihtiya¢ vardir. Bu ¢alismada
entropi tabanli GIA yaklasimiyla iki asamali bir model
onerilerek tarimsal uygulamalarda ideal drone modeli
belirlenmeye calisilmistir. Oncelikle entropi yaklagimi
objektif bir agirliklandirma yontemi olarak ele alinmis
ve kriterin 6nem seviyeleri elde edilmistir. Ardindan bu
kriter agirliklarma goére GIA ile uygun drone
secenekleri siralanmistir. GIA yontemi eksik veya
kesin olmayan veri kiumesinde ideal sonuclar
saglamaktadir.

En uygun tarimsal uygulama araci olarak oncelik Al
alternatifi ardindan A6, A4 alternatifi ve A2 alternatifi
yer almistir. Son sirada A5 ve A3 alternatifleri
bulunmaktadir. Burada, siralama kriterlerinin 6nem
derecesi etki yaratmaktadir. Ciinkii esit 6nem
seviyesinde de karsilastirma yapildigi siralamalarda
baz1 farkliliklarin oldugu gorilmektedir. Secilen IHA
modellerinin ¢iftcilere sagladigi yararlar su sekilde
sunulabilir: Hassas tarim uygulamalar1 sayesinde bitki
yogunluguna gore akilli ilaglama ve giibreleme
yapilabilir. Saglanana piiskiirtme sistemi 6zelligi
sayesinde daha homojen ve etkili uygulama saglanir.
Zaman ve isgiiclinde tasarruf saglanir ve bu sayede
genis alanlarda traktorle giinler stirecek is, bu dronelar
sayesinde birka¢ saatte tamamlanabilir. Verimlilik
artabilir ve bu sayede saglikli olmayan bitki alanlar1
erkenden tespit edilebilir ve ayrica ugus rotalar1 ve
verim haritalar1 sayesinde ilag/giibre israfi 6nlenebilir.
Maliyetler diiserek mazot, iscilik ve kimyasal
giderlerinde ciddi azalma saglanir. Engebeli, camurlu
veya erisilmesi zor tarlalarda ilaglama/giibreleme
kolaylikla yapilabilir. Ayrica bu dronelar sayesinde
akilli rota planlamast yapilabilir.
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Gelecek aragtirmalar i¢in daha fazla faktor ve alternatif
katilarak  genis  perspektiften  degerlendirmeler
yapilabilmektedir. Ayrica eksik bilgi ve belirsizlik
altinda bulanik yaklagimlarin ideal sonu¢ vermesi
nedeniyle bulanik kiime yaklagimi kullanilabilir.
Sistematik bir uygulama saglamak ig¢in bir karar destek
sisteminin gelistirilmesi siirecin daha kolay analiz
edilmesini  saglayabilir.  Gelecek arastirmalarda
kullanilabilecek yontemler arasinda bulanik AHP,
bulanik TOPSIS, bulamik SWARA vb. yaklasimlar
ve/veya bulanik yaklagimlarin giincel uygulama tiirleri
olan pythagorean ve neutrosophic yaklagimlar ile de
degerlendirmeler yapilabilir. Ayrica kullanilan entropi
yaklagimi yerine farkli agirhiklandirma tekniklerinden
TOPSIS, VIKOR, AHP, ELECTRE gibi ¢ok kriterli
karar verme yaklasimlari ile agirliklandirma yapilabilir.
Gelecek  aragtirmalarda  g¢aligmanmn  kapsami
genigleterek degisen hava kosullarina ve veya {iriin
tirline ve arazi yapisina gore degerlendirmeler
yapilabilir.
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Abstract

Metro systems constitute fundamental components of urban transportation and demand high reliability in terms of energy
continuity. In disaster and emergency scenarios, particularly during earthquakes, an uninterrupted energy supply is critical
for ensuring both operational continuity and passenger safety. This study investigates the capacity of emergency generators
to meet energy demands during an earthquake on the M5 Uskiidar-Cekmekdy metro line. The process of maintaining energy
continuity through generators was modeled and simulated within the MATLAB/Simulink environment. In the model, each
load was independently activated, and generator output was dynamically adjusted in response to the power demand. Within
the methodological framework, a risk-based load management strategy was developed, prioritizing critical loads. Te
simulation assessed the load management processes of the generators and the system's capability to maintain energy
continuity under emergency conditions. The modeling approach facilitated the evaluation of generator control mechanisms
and operator intervention processes. Simulation outcomes allowed the assessment of the effectiveness of load management
strategies and the continuity of energy supply provided by generators during emergencies. The study findings indicate that
effective management of prioritized loads substantially enhances energy continuity, while dynamic control of generators
based on demand improves overall system stability. Furthermore, the integration of artificial intelligence-based optimization
algorithms and renewable energy sources was found to have the potential to increase the efficiency and sustainability of
energy management in metro systems. Finally, recommendations were provided to enhance energy continuity in metro
operations and infrastructure during disaster scenarios, with a detailed examination of the potential contributions of
advanced technologies.

Key words: Metro systems, energy continuity, emergency management, generator control, risk analysis.

. INTRODUCTION

Metro systems are among the indispensable transportation networks of modern cities and play a crucial role in
public transit thanks to their high passenger capacity and rapid access capabilities. In today’s urban environments,
the uninterrupted and reliable operation of transportation networks have become a vital necessity. However, natural
disasters and unexpected emergencies can pose serious threats to the safety and energy continuity of these systems
[1]. Earthquakes, in particular, can severely damage electrical networks and potentially bring metro operations to
a standstill. High-magnitude earthquakes may lead to passengers being trapped in underground metro structures
with high passenger density, while panic and stampedes can disrupt evacuation processes, resulting in multiple
risky situations [2]. In such scenarios, ensuring emergency energy continuity in critical operations like metro
systems, protecting passenger safety, and maintaining controlled evacuation from stations and tunnels are of great
importance [3]. For this reason, emergency generators are activated within metro infrastructures and facilities to
provide energy supply in the event of a power outage [4]. These emergency generators play a vital role in ensuring
energy continuity of metro lines during disasters. They are deployed to meet essential electricity demands in
unexpected situations such as power outages, disasters, emergencies, and system failures [5]. In the event of a grid
power failure, these generators continue the operation of signaling systems, ventilation units, announcement
systems, communication networks, and other core infrastructure systems, thereby preventing operational
disruption [6]. Particularly in the case of fires, effective operation of ventilation systems is critical to the safe
evacuation of passengers. Therefore, efficient operation of emergency generators and the optimization of power
generation in line with energy demand are of critical importance for both energy continuity and system reliability
[7]. Therefore, efficient operation of emergency generators and the optimization of power generation in line with
energy demand are of critical importance for both energy continuity and system reliability.
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Classifying loads and managing them according to
priority offers an effective solution to prevent problems
such as insufficient generator capacity or irregular
energy distribution [8]. This optimization process
requires advanced monitoring and management
strategies to avoid overloading the generator capacity
and to ensure the uninterrupted operation of critical
systems. In this context, load prioritization must be
guided not by random or fixed rules but through a
comprehensive risk analysis. Risk analysis is a
methodology used to determine which systems should
be activated first under different emergency scenarios
[9]. Factors such as the criticality of the loads,
associated safety risks, energy requirements, and
system dependencies are considered in this analysis
[10]. One of the widely used methods in risk
assessment processes is the Fine-Kinney analysis. This
method systematically prioritizes risks by calculating a
risk score using the product of probability (P), severity
(S), and detectability (D) coefficients. In complex
infrastructures such as metro systems, the Fine-Kinney
method significantly contributes to decision-support
processes by enabling the integration of both
quantitative and qualitative data. In the literature, there
are various studies where this method has been
effectively applied in energy systems for risk-based
load prioritization and critical infrastructure
management [11]. In this context, the risk-based load
management approach developed in our study is
compatible with the Fine-Kinney analytical structure
and is based on prioritizing loads according to their
relative risk levels [12]. For example, systems such as
lighting, ventilation, and signaling are of vital
importance during large-scale disasters such as
earthquakes. In contrast, some auxiliary systems of
secondary importance may be temporarily disabled or
operated with limited power depending on necessity. In
such cases, ensuring energy continuity and prioritizing
critical loads plays a key role in enhancing the
earthquake resilience of power distribution networks
[13]. Accordingly, a hierarchical structure should be
established based on the urgency level of the loads
through risk-based load management. Emergency
lighting systems crucial for passenger safety, activation
of CER loads to transfer trains stuck in tunnels to the
nearest stations, signaling, ventilation, emergency
evacuation systems, and communication infrastructure
are classified as first-priority loads [14]. Systems that
support main operations but can tolerate short-term
interruptions, such as comfort ventilation, escalators,
and other station services, are considered secondary
priority loads [15]. Auxiliary facilities that are not
significantly impacted by comfort-level interruptions
or short-term outages are identified as low-priority
loads [16]. While these facilities are not critical in terms
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of energy supply, they are important for the smooth
functioning of operations. For instance, advertising
panels, comfort-based lighting systems, and some
supportive infrastructures are evaluated as low-priority
loads in metro networks. These systems are less
affected by power outages during emergencies and can
withstand  brief interruptions without causing
operational failure [17]. In this study, using a model
developed in the MATLAB/Simulink environment,
loads were dynamically activated based on risk
analysis, and the power generated by the emergency
generators was managed in real time. This approach
enhanced operational efficiency and optimized energy
management. The study focused on ensuring the
reliable operation of metro systems during disasters,
particularly through a scenario simulating an
earthquake on the M5 Uskiidar—Cekmekdy metro line.
Emergency generator activation mechanisms, load
management strategies, and energy optimization
processes were analyzed in detail. System responses
under varying loads were analyzed using the developed
MATLAB/Simulink model. The study aims to propose
strategies for ensuring energy continuity in metro
systems during disasters and emergencies. The findings
contribute to improving energy management in future
metro operations, supporting safer and more reliable
transportation. Furthermore, integrating smart control
and Al-based energy management will provide
innovative solutions to enhance efficiency and safety in
metro networks.

Il. METHODOLOGY

2.1. General Approach

In this study, the load management of emergency
generators was examined for the M5 Uskiidar-
Cekmekdy metro line in order to ensure energy
continuity in metro systems, and simulation model was
developed in the MATLAB/Simulink environment.
The main goal of working in this direction is to design
a control mechanism for prioritizing demand loads,
dynamically managing generators, and to evaluate this
within the scope of an earthquake scenario specific to
the M5 metro line. The Fine-Kinney risk analysis
method was used in the process of prioritizing the
loads. In this context, all load needs on the M5 line were
analyzed in detail and a risk analysis was carried out by
considering an example earthquake scenario. Because
of the analysis, critical loads were put into operation on
a priority basis and were started gradually, considering
the general condition of the system. All these processes
were modeled in the MATLAB/Simulink environment
to fit precisely with the emergency generator system of
the M5 metro line, and how the system would react in
times of disaster was examined. During the simulation
process, the real system parameters of the emergency
generators on the M5 metro line, were used. Because of
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the Fine-Kinney risk analysis carried out in line with
the sample earthquake scenario, the loads on the M5
Uskiidar-Cekmekdy metro  line were classified
according to risk priority order. Within the scope of this
classification, in the event of a disaster, the most critical
loads for the continuity of the system were prioritized
for operation. However, non-critical loads were not
activated to save energy and use generator capacity
effectively. The order in which critical loads were put
into operation and the entire process of ensuring energy
continuity were modeled and evaluated in detail in the
MATLAB/Simulink environment. In this way, the
analysis was conducted on how the generators
responded to the load demands during the disaster and
under which scenarios energy management reacted.

2.2. Sample Earthquake Scenario

After a major earthquake that may occur in Istanbul, if
three TEIAS entrance points are disabled, the M5
Metro Line will eperince a loss of energy. This will
cause some trains and stations in the tiinel to remain
powerless. The earthquake will not cause any collapse
in the stations and tunnels, but passengers will need to
be evacuated from these areas. In this emergency
scenario, critical systems must be kept operational to
safely evacuate passengers trapped in trains in subway
tunnels and passengers in stations. To ensure the safety
of passengers and effectively carry out the evacuation
process, all emergency evacuation systems, especially
those involving internal transformers, and all CER
power systems required for trains to reach the nearest
station should be activated. To ensure continuity,
critical systems such as lighting, ventilation, signaling,
communication, SCADA, fire safety, and train CER
power must operate. Generators detect outages, switch
to emergency mode, and supply energy under SCADA
control. Station systems and CER power support
evacuation, ensuring continuous operation and
passenger safety.

2.3. Load Prioritization with Risk Analysis

Fine-Kinney risk analysis is a quantitative risk
assessment method used especially in engineering
fields [18]. Three main factors are considered in Fine-
Kinney analysis. Probability: The probability of hazard
occurring, Frequency (Exposure): The frequency of
occurrence of the hazard or duration of exposure,
Severity: The magnitude of the damage that will occur
when the hazard occurs. A risk value is calculated using
these three factors as multipliers, see calculations; The
parameters in Table.1, Table.2, Table.3 and Table.4
were used. Risk Value=Probability x Frequency X
Severity [19]. This risk value determines whether the
resulting risk is acceptable based on its severity and
areas where the risk needs to be prevented or controlled
are identified. Fine-Kinney analysis is often used to
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prevent accidents and plan safety measures [20]. On the
M5 Uskiidar-GCekmekdy metro line, the Fine-Kinney
risk analysis method was used to prioritize loads in
order to ensure energy continuity within the scope of a
possible earthquake scenario. This analysis; it has
helped to identify systems that are critically important
in energy management by enabling the evaluation of
risk probability, risk impact and risk degree parameters
of each system separately. In order to use the limited
generator capacity in the most effective way in times of
disaster, the systems are classified according to their
priority order in line with the risk analysis. Critical
systems with a high degree of risk will be put into
operation on a priority basis to ensure the safety of
metro operations and passenger evacuation. On the
other hand, systems with low risk will not be put into
operation in order to save energy and preserve
generator capacity.

See Table: 1.

2.3.1. Priority group (Vital systems)

These systems are of vital importance for the metro
line, as they maintain basic safety and operation
processes in the event of an earthquake, and they will
be put into operation on a priority basis.

* Emergency Lighting System: Required to ensure
visibility during an earthquake.

* Emergency Ventilation System: Plays a critical role
in situations such as fire or smoke evacuation.
Communication Systems: Required to ensure
communication and coordination of operators and
emergency teams.

* Notification and Announcement Systems: These are
critical systems used to inform passengers in case of
emergency, provide guidance and ensure security.

* Signaling Systems: Required for safe guidance of
trains remaining in the tunnel.

2.3.2. Priority group (Operational systems)
These systems help protect the basic infrastructure of
the metro line and ensure continuity of operations.

* Extinguishing and Waste Water Discharge Systems:
It is important for fire extinguishing, flood prevention
and waste water discharge operations.

2.3.3. Priority group (Tunnel evacuation systems )
These systems are necessary to carry out evacuation
processes safely and facilitate effective emergency
management. Train Evacuation Systems: Required to
deliver the trains remaining in the tunnel area to the
nearest station and to evacuate the passengers safely.
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capacity in case of disaster. These systems were not
considered critical according to the earthquake scenario

2.3.4. Systems that will not be

Commissioned Systems with priorities 4, 5, and 6 will
be disabled to save energy and preserve generator

Table 1. Fine-Kinney Risk Analysis

and were not a risk in operations.

P ELEmENT DANGER RisK POSSIBILITY | FREQUENCY | SEVERITY | SCORE | PRIORITY
Inability to move and find T
inability to regch due to panic and stampede,
EMERGENCY | emergency exit points and ]
S being stranded as a result of
LIGHTING inability to evacuate not finding emeraency exit 6 1 100 600 1
SYSTEM safely. Serious hazards for points dl?e o ing deqﬁate
|nd\|/\i/;ciigr?lgrvr\:t:b:ﬁctiuced lighting and directions, Loss
Y of life, etc. Risks.
Serious dangers such as | With the decrease in oxygen
exposure to smoke, quality, the risk of
EMERGENCY | decrease in oxygen level, | breathlessness and poisoning
VENTILATION | increase in temperature, | of passengers, the chaos that 6 1 100 600 1
SYSTEM decrease in air quality, will occur during the
panic and chaos evacuation process and the
environment. loss of life and injury, etc.
risks.
Passengers getting stuck in | Serious injuries, loss of life,
the train and tunnel, Train- | damage to trains and long-
Train contact, Train term service disruption as a
SIGNALING derailment (Deray result of collision, Injury,
SYSTEMS incident), Trains not being | loss of life, etc. as a result of 6 2 40 480 1
able to move, loss of field | train movements, signaling
control of the command | and other vital systems being
center, etc. dangers. trapped in the train and
tunnel by passengers. risks.
Inability to manage the Failure to r_espond q_mckly
and effectively during an
Emergency Response -
earthquake, loss of life and
process, Lack of roperty, train movement
Coordination Between property., '
. . evacuation process, etc.
Trains and Stations, Injury and loss of life due to
COMMUNICAT Impossibility of Rapid Jfai)Ilure to fulfill critical
ION SYSTEMS | Detection and Solution of - : 6 2 40 480 1
- processes, risks of serious
Faults in the System, L -
N ) injury and loss of life due to
inability to provide -
: . the creation of a chaos
passenger information and -
- environment as a result of
communication processes, oo ; .
difficulty in responding to
etc. . :
and managing all kinds of
threats, etc.
Risks of injury and loss of
Lack of Effective life _dl_Je to sIO\_Nlng down of
decision-making processes
Management and -
o during an earthquake, lack
NOTIFICATION Coordination, Lack of of coordination between
Guidance during the ;

AND earthauake. Failure to teams and prolonging the
ANNOUNCEM reco n?ze thé moment of | "€SPONse time, risks of injury 6 2 40 480 1
ENT SYSTEMS 9 ! and loss of life due to failure

the earthquake, failure to -
. - to make warnings and
communicate with
assengers, etc. dangers announcements as a_result of
P T " | difficulty in evacuation, and
failure to guide passengers
during evacuation processes.
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Table 1. Fine-Kinney Risk Analysis(cont.)

In case of a possible fire
hazard during an

Risk of injury and loss of
life due to failure of

EXTINGUISHI extinguishing systems, rapid
NG AND : ear_thquake, the spread of fire, failure to
extinguishing systems do | . ; N
WASTE not work and cannot intervene in the fire, risk of
WATER intervene in the fire poisoning of passengers due 40 240
DISCHARGE lumbin t t,r to flood, bad odor and dirty
SYSTEMS 2 usten:s%e;valzgewgs water, risk of injury and loss
Y dan pers T of life as a result of
gers. disruption of evacuation due
to flood and fire.
During and after the
TRAIN earthquake, passengers Passengers in the trains
EVACUATION | were trapped in the tunnel | trapped in the tunnel result 40 160
SYSTEMS in the train, disruption of in panic, stampede, and
emergency evacuation crowded environment risks
processes, etc. dangers.
Failure to monitor station
locations during and after Risk of security camera
CAMERA AND _the earthqugke event, ~ systems not yvorkmg,
SECURITY failure to provide guidance | incidents not being recorded
and follow-up processes of | and subsequent processes 40 80
SYSTEMS . S X
the teams, failure to not being improved, possible
progress the process ina | security risks to passengers
healthy manner, etc. and station structures.
dangers.
These systems are
class[fled as b_usmess trip When the passenger
information for . . .
assengers, but they can |nformat|oq an_d guidance
PASSENGER P ! : system is disabled,
also be used as written .
INFORMATION warnings and quidance in passenger density, a 40 80
SYSTEMS 9 9 L crowded environment, and
case of emergencies; .
. chaos may occur, resulting
without them, passengers L A
: - in risks such as injuries.
lack information and
guidance, which poses a
danger.
Uncontrolled entrances and
ENTRANCE Irregular exits and exits to the stations cause
AND EXIT entrances from station congestion, which leads to
CONTROL areas during and after the disruption of passenger 40 40
SYSTEMS earthquake, etc. dangers. evacuation processes,
resulting in risks such as
stranding or injury.
With the turnstiles being
disabled, passengers Slowdown, disruption of
TURNSTILE congestion, evacuation passenger evacuation 15 15
GROUPS processes are disrupted processes, etc. foreseeable
and passenger flow is and tolerable risks.
disrupted, etc. dangers.
As a result of the cooling Tolber_able {)'ISks such ‘?j not
and heating systems not eing able to provide
HEATING AND : p thermal comfort
being activated, the .
COOLING environment becomes too | _€mviron ment as a result of 15 15
SYSTEMS station areas being too hot or

hot or too cold,
deterioration of thermal air
comfort, etc. dangers.

too cold and creating a
temporary stress
environment for passengers.
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Table 1. Fine-Kinney Risk Analysis(cont.)

Considering the possibility
of damage to the

Considering the possibility
of damage to the escalators

increase hazards such as
entrapment, falls, or fire.
For these reasons,

elevators can increase
hazards such as entrapment,

falls, or fire. For these
reasons, elevators will be out

ESCALATORS - on the ground or in the
escalators during the - . 1 15 15
earthquake, the escalators station areas during the
will be out of service eart_hquake, the esca_lators
' will be out of service.
Elevators may face risks Elevators may face risks
Slés\fl\e?soztt?c;ucr)?l fi?lrfegteé such as structural damage,
P detect ar? e'mergency power outage or failure to
ELEVATOR during an earthquake. ::t::rttﬁnue;}:grgfgg%igﬁgng
GROUPS Additionally, elevators can 4 : 4 1 15 15

elevators will be out of

2.3.5. Fine kinney risk analysis parameters severity
score

This represents the magnitude of damage or loss that
may occur if a hazard materializes. Severity is rated
based on the following parameters.

Table 2. Fine Kinney Risk Analysis Violence Score

Violence Score Description

1 Insignificant (minor injuries)

3 Minor (requires treatment)

7 Serious (long-term disability)

15 Very serious (permanent disability)
40 Death or multiple deaths

Probability Score:
Represents the likelihood of a hazard occurring. The
probability is rated as follows.

Table 3. Fine Kinney Risk Analysis Probabilit Score

Probabilit Score Description

0,1 Very low (almost impossible)

0,5 Low (rare occurrence)

1 Medium (possible under conditions)
3 High (regularly occurs)

6 Very high (inevitable)

Frequency Score:

Represents how often and how many times exposure to
a hazardous situation occurs. The frequency is rated
based on the following parameters.
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service. of service.
Frequency Score Description . . . .
Table 4. Fine Kinney Risk Analysis Frequency Score
05 Once ayear In the Fine-Kinney method, the risk value is calculated
L Once every six months with the following formula:
2 Once a month
3 Once a week . . .
6 Once a day Risk Value (R) = Severity (S) x Probability (P) x
10 Once an hour or more frequently Frequency (F) Prioritization According to Risk Value,

According to the calculated risk value, the priority of
risks and the actions to be taken are determined as
follows.

Table 5. Fine Kinney Risk Value Range Score

Risk Value | Risk Level Action Required

Range

1-20 Low Risk Can be reviewed later.

21-70 Medium Control measures should be taken.
Risk

71 - 200 High Risk Should be controlled immediately.

> 200 Very High | Activities should be stopped, and
Risk urgent measures should be taken.

2.4. Matlab/Simulink Model of the System

This section explains the methodology of the load
management system developed to ensure energy
continuity in metro lines. In the study, a simulation
model was created by modeling the emergency
generators of the M5 Uskiidar - Cekmekdy Metro Line
exactly in the MATLAB/Simulink environment and
taking them as a reference. The model is designed to
analyze the dynamic management of generators, the
risk-based prioritization of loads, and how the system
ensures energy continuity in line with disaster
scenarios.

2.4.1. Simulation design components

Energy flows at TEIAS entry points, which feed the
line from three different points, are constantly
monitored by the logic controller. If all three arms are
de-energized, these signals are detected as "1" and a
semi-automatic generator scenario warning is sent to
the control center. This mechanism plays a critical role
in ensuring energy continuity. Based on the risk
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analysis created according to the sample earthquake
scenario in the study, the simulation ensures that
different loads, such as trainload, ventilation, lighting,
and pumps, are commissioned separately and that the
generators work in accordance with the load demands.
Each load is switched on or off by logic signals,
optimizing the generators' power production. The
control center receives the signal from the TEIAS line
and activates or deactivates the generators.
Additionally, Semi-Automatic Generator Scenario
Control Backup Session can be activated as needed. PM
values determined for each load are transmitted to the
generators according to load demands. The activity of
the loads is controlled by logic gates, and the power
production of the generators is optimized by combining
the total signals from all loads in the sum-block. The 3
Phase Analysis Control Block ensures the energy
balance of the system by measuring active and reactive
power measurements. As a result, loads are controlled
independently, and generators operate according to
system needs.

The first data point of the system begins with
monitoring the energy flows in the field at the entry
points of Baglarbasi, Umraniye, and Dudullu, which
feed the line from three different branches. In case of
any power outage, the signals are detected as "0" and a
semi-automatic generator scenario warning is sent to
the control center to activate the generator system.

BAGLARBASI TEIA§ ENTRANGE | | 34000 -

BAGLARBASI TEIAS ENTRANGE 2 | 34000 +

UMRANIYE TEIAS ENTRANGE | | 34000

UMRANIYE TEIA§ ENTRANGE 2 | 34500

DUDULLU TEIAS ENTRANGE | | 34000

34000

DUDULLU TEIAS ENTRANGE 2

Figure 1. M5 Metro Line Main Line Teias Connection
Line

2.4.2. M5 command center emergency generator
control block

Shape. The M5 Command Center Emergency
Generator Control Block in 2 allows multiple loads
(train, wventilation, pumps, etc.) to be controlled
separately and the generators to operate according to
load demands. Loads are switched on with logic signals
a PM signal is assigned to each load according to the
demand amount. These signals enable generators to be
dynamically adjusted to precisely match load demands.
Additionally, the logic 1 signal from the TEIAS control
block activates the system, while the logic O signal
terminates the simulation. In addition, the semi-
automatic generator scenario is also backed up.
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NTER SEM]
CENARID
L

SENERATOR OPTIMAL PM VALUE

L BACKUP
TRAIN POWER CONTROL
EMERGENCY LIGHTING POWER CONTROL
VENTILATION POWER CONTRO)
IGNAL COLLECT
BLOCK

PUMP GROUPS POWER CONTROL

LIGHT LOADS POWER CONTROL

TRANSFORMER AND TRANSMISSION LINE
LOSESPOSER CONTROL

Figure 2. M5 Control Center Emergency Generator
Control Block

2.4.3. Logic block controlling generators

This block controls the active or passive state of the
generators through the excitation voltage gate input.
The mechanical power input of the generators is
adjusted according to the optimal PM values from the
control block, thereby optimizing power production.
Since each load has different power demands, the
control block produces the requested power precisely
by dynamically adjusting the PM values of the
generators.

EXCITAION VOLTAGE LOGIC GATE

Figure 3. Excitation Voltage Logic Gate

2.4.4. Generators

The three generators in the system (Dudullu Campus
Generators 1, 2, and 3) can be started independently but
operated simultaneously. While the PM input of the
generators determines the power production according
to the load demands, the VF input provides reactive
power production and voltage regulation. M output
represents mechanical status information, and A, B, and
C outputs represent phase voltages. The power
production of the generators is dynamically adjusted
with PM and VF inputs to ensure efficiency. The design
data of Dudullu Campus Generators optimize dynamic
power generation capacities that vary according to the
PM and VF input parameters. While system voltage
regulation is provided due to reactive power settings,
generators can adapt to different load scenarios.



Int. J. Adv. Eng. Pure Sci. 2025, 37(3): <356-368>

Metro Energy Safety

2 MWA SYNCHRONOUS GENERATOR

Figure 4. Generator with 2 MVVA Apparent Power

Table 6. Simulation Generator Parameters

Parameter Value Explanation

Rated Power (Pn) 2MW (2000kW) The maximum active power
that the generator can produce.

Nominal Voltage (Vn) 10,000 V (Vrms) Nominal voltage value of the

generator.

Operating frequency of the

Frequency (fn) 50Hz generator is compatible with
the grid.
Rotor Type Round Rotor type used for stable
operation.
Mechanical input Mechanical power The generator takes

(Pm) mechanical power as input.

1.000, 0.003, 0.0023,
1.0076, 0.0065,
0.0025, 0.0015

d and q axis reactance values;
represent magnetic  circuit
responses. Leakage reactance
(XI) is also included in this
group.

Reactances (Xd, Xd',
Xq, Xq', XI)

d Axis Time Constants
(Td, Td")

13201, 0.0231s,
0.3371s

D-axis dynamic responses of
the generator in short circuit
situations.

on these values. The positions of the loads are
determined with logic signals (1 and 0). The balance
between power production and consumption is
achieved.

POWER SPENDED MEASUREMENT BLOCK

b P

e

ol w] =[-
'l

3 PHASE INPUT

LOAD CONTROL BLOCK

Figure 5. Three-phase System Analysis Circuit and
Load Control Block

2.4.6. Load blocks nstalled in the system

In the simulation, active and reactive power
consumption was simulated separately for each load
using a three-phase parallel RLC load block. These
blocks represent the electrical properties of the loads
(resistive, inductive, capacitive) exactly, allowing the
generators to feed the loads and the dynamic responses
of the system to be analyzed.

q Axis Time Constants 0.3371s, 0.0295s Q-axis dynamic responses of

(Tg, Tq'") the generator in short circuit
situations.

Stator Resistance (Rs) 0 (pu) Resistance  of the stator
winding (ideal case).

Inertia Coefficient (H) 0.1028 Rotor inertia coefficient of the
generator; expresses energy
change dynamics.

Friction Factor (F) 0.02056 Rotor friction coefficient.
Pole Pairs (p) 2 Pole pairs of the rotor.
Saturation Coefficients [956, 1.082, 1.19, It is used to simulate the
(ifd, vt) 1.316, 1.457; ..; behavior of the generator to
1.151, 1.201] magnetic saturation levels.
Load Type PV It controls the active power and
voltage magnitude.
Generated Active Power 2MW (2000000W) Active power supplied to the
P) grid.
Minimum Reactive Unlimited (inf) The minimum reactive power
Power (Qmin) limit is specified.
Maximum Reactive Unlimited (inf) The maximum reactive power

Power (Qmax) limit is specified.

Saturation Simulation included The magnetic saturation effect

of the generator is simulated.

Measurement Data Disabled Signal labels were not used.

(Measurement Bus)

2.4.5. Three-phase system active-reactive power
measurement circuit and load control block

In this block, energy signals from three phases are
analyzed, and active and reactive power values are
measured. The data obtained are evaluated according to
the energy demands of the loads, and the load control
block decides whether the loads will be activated based
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Figure 6. Load Blocks

2.4.7. Energy distribution and load profiles setup

The amount of power obtained from the generators is
intended to supply the systems required to be activated
in emergency scenarios. All load profiles are activated
separately in line with the conditioned signals coming
from the control mechanism. Thanks to this approach,
the energy requirement and priority of each load were
evaluated through a risk analysis prepared specifically
for the scenario. Loads with priority order 1, 2, and 3
will be commissioned. Systems that are not identified
as critical loads in the scenario will not be put into
operation.

2.5. Defining Input and Output Data

The input parameters, scenarios, and relationships of
system components used in the simulation are detailed.
Under the subheadings below, numerical details
specific to the simulation setup are explained step by
step.

2.5.1. Providing teias login data

The system is triggered when the requested amount of
energy cannot be received exactly from Baglarbasi,
Umraniye, and Dudullu TEIiAS inputs. In the
simulation, a scenario in which TEIAS resources are
completely disabled is considered. When the energy
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detection sensors cannot provide the 34,500V AC
voltage required by the line, the output signals go to "1"
to detect the outage. The system initiates the generator
commissioning process by monitoring these signals
through the control block.

2.5.2. Definition of loads installed in the system

In the simulation, each load component is modeled with
athree-phase parallel RLC load block. This block made
it possible to analyze how generators feed the loads by
simulating the active and reactive power consumption
of the loads on an individual basis. Additionally,
resistive, inductive, and capacitive load characteristics
were represented, enabling power flow and balance
analysis.

2.5.3. Train energy need

The system is designed to allow the movement of only
one train at a time. There are 16 engines in each train
set, and the total energy need is determined as 2,320
kW. In addition, there are 2 auxiliary power systems in
each train and the total energy need of these systems is
240 kW. The maximum energy consumption of both
systems is calculated as 2.56 MW. See. Figure 8.

2.5.4. Ventilation systems energy requirement

This load is configured to operate uninterruptedly
during power outages. Ventilation systems are planned
to operate at 70% capacity. 8 TVFs will be activated
between both stations, and thus the total energy
consumption of these systems is calculated as 660 kW.
An EXF will be commissioned at each station and the
total energy consumption will be 268 kW. In addition,
the energy consumption for a total of 16 INFs, was
determined as 201 kW, with one INF active at each
station. The total energy consumption of ventilation
systems is calculated as 1.128 MW. See. Figure 8.

2.5.5. Emergency lighting systems energy need

The amount of energy required to ensure uninterrupted
operation of emergency lighting systems in tunnels and
stations has been determined. Energy consumption was
calculated as 59.92 kW for a total of 4,280 tunnel
emergency luminaires and 39.65 kW for 7,080 station
luminaires. The total energy consumption of
emergency lighting systems was determined as 0.4565
MVA. See, Figure 8.

2.5.6. Pump groups energy requirement

Water evacuation and fire extinguishing systems are
calculated within a load group that operates based on
demand. Considering the starting currents and
operating times, there is 1 fire pump group (416 kW)
and 1 wastewater pump (297 kW) at each station. The
total energy consumption of these systems was
determined to be 0.7132 MW. See; Figure 8.

2.5.7. Light loads energy requirement
Light Loads is a load group that meets the power needs
of low energy consumption systems, within the station.
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This group includes systems such as emergency
detection and warning systems, signaling systems,
station master logins, and command center logins. The
total energy consumption of these systems is calculated
as 0.155 MW. See; Figure 8.

2.5.8. Transformer and transmission line lost loads
Loss Loads refer to the energy losses occurring in
transformers and transmission lines. This group was
created by taking into account the transformer and
transmission losses associated with the line to obtain
accurate values under real field conditions. Three
transformers that will feed the main line will be
activated: Uskiidar, Carst and Cekmekdy CER
Transformer. Each transformer has a load of 3.3 MVA
and each MVA loss is calculated as 7.12 kW. In this
case, the total loss of transformers was determined to
be 70,488 kW, and the loss of service transformers was
determined to be 220,008 kW. The total amount of lost
load was calculated as 0.2878 MW. See: Figure 7.10.

1. IMPLEMENTATION

3.1. Energy Loss of the Line

In a possible earthquake scenario in Istanbul, if TEIAS
stops the energy supply or the energy transmission lines
in the city are damaged, the three main energy sources
feeding the M5 Metro Line will become disabled.
According to this scenario, when there is a power
outage throughout the city and the 34,500 Volt AC
energy normally required by the M5 line cannot be
provided, the system will try to ensure uninterrupted
operation by quickly activating backup energy sources.
When a power outage occurs on the TEIAS line, a "1"
signal will be transmitted to the control block. This
signal indicates that energy loss has been detected.

3.2. M5 Command Center Control Block Process
After detecting this situation, the M5 Command Center
Control Block activated the semi-automatic generator
scenario. In this process, logic gates (AND and
SWITCH blocks) were activated as needed in line with
the required loads, and power management was carried
out through the PM (power management) inputs of the
generators. This conditioning process ensured that the
loads were gradually put into operation.

3.3. Activation Process of Generators

The signals, produced in line with the decisions taken
by the command center control block, were transmitted
to the generator control block, designed separately for
each generator. This control block manages mechanical
power and excitation voltage, which are the two basic
input parameters of generators. The signal reaching the
mechanical power input is first directed to the AND
block and transferred to the PM value, which allows the
generator to reach the predetermined optimal power
production. In the opposite case, when a zero signal is
received from the AND block, it will be activated, and
the generator will remain in the off position
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momentarily. Similarly, the excitation voltage input is
controlled. As seen in the simulation output diagrams,
the generators become synchronized within the first
second of each load change and enter into a stable
energy production process.

3.4. Load Energization Process

Before the energy demand passing through the 3-phase
system blocks is distributed to the loads, it is prioritized
based on a risk analysis prepared according to the
scenario aligned with the system's energy needs. In the
risk analysis prepared according to these guidelines, the
priority-one vital systems were the first to be put into
operation. These systems include Emergency Lighting
Emergency Ventilation, Communication Notification
and Announcement Systems, and Signaling Systems.
The primary purpose of these systems is to ensure the
safety of passengers and personnel during
extraordinary situations and to facilitate effective
guidance. In the simulation, systems such as
notification, announcement, and signaling were
considered part of the light load group and were put into
operation as required by the scenario. Within this
scope, it was taken into account that such systems are
among the first to be activated in emergency situations.
Additionally, all transmission line and transformer
losses in the system were included as lost loads in the
model; thus, the design aims to generate realistic data
that reflect possible field conditions. Subsequently, Fire
Extinguishing and Water Drainage Systems, which are
part of the operational systems, were classified under
Priority Group 2 and activated after the necessary
checks. These systems play a critical role in ensuring
life and property safety by operating in the second
phase of emergency response. These systems are
important in terms of protecting the critical basic
infrastructure of the metro line and sustaining
emergency response processes. Finally, Priority Group
3 Tunnel Evacuation Systems will be put into
operation, and it has been simulated to deliver the trains
stuck in the tunnel during the earthquake to the nearest
station and ensure the safe evacuation of the
passengers. Systems with priorities 4, 5, and 6 are
disabled to provide energy to critical systems and
preserve generator capacity in the event of a disaster.
These systems, which are not of vital importance
according to risk analysis, will increase energy
efficiency and ensure that metro operations continue
safely and ensure the continuity of energy supply.
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3.5. Simulation Finalization Process

The stable power output obtained from the generators
met the requested power values and provided the
desired level of power to each load group. The
termination process of the simulation was initiated
when the energy provided by TEIAS returned. When
the 34,500 V AC voltage required by the line started to
be fed from TEIAS busbars, the controller signal
dropped to zero and was directly transmitted to the M5
Command Center Emergency Generator System
Control Block. With this signal, the process of
disabling the generators was initiated and the system
was manually disabled by the control center operators.
With the approval of the operators, the generators were
disabled, and all loads started to be fed from TEIAS's
main energy source again. With the generators having
become passive, all processes of the simulation were
completed, and the system was terminated safely.

3.6. Produced and Consumed Power Data

3.6.1. Generator production data

The energy production capacity of generators is
directly related to their ability to adapt to sudden or
continuous changes in loads. Generators do not have
any restrictions on reactive power production, which
allows the system to operate more flexibly. Thanks to
this feature, generators enable more efficient use of
energy by making voltage regulation and power factor
adjustments. The system used on the M5 Metro Line
consists of three separate generators. The generators,
each producing 2 MVA power, have a total apparent
power capacity of 6 MVVA. According to the simulation
results, when the systems belonging to the first 3 groups
(emergency ventilation, emergency lighting, light
loads, train loads, pump loads, and lost loads) were put
into operation based on the risk analysis, the total
amount of active power produced by the generators was
calculated as 5,303 MW (See: Figure 7). When the
power-time graphs were examined, it was observed that
all three generators produced the same amount of
power within the same time period.

GENERATORS TOTAL FRODUCED POWER.
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Figure 7. Active Power Time Graph Produced by
Generators



Metro Energy Safety

Int. J. Adv. Eng. Pure Sci. 2025, 37(3): <356-368>

3.6.2. Generator production data

The graph below shows the amount of power each load
group draws from the generators when all critical loads
are put into operation.
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Figure 8. Consumed Active Power Time Graph
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3.6.3. Commissioning of loads separately and power
change

According to the simulation setup, each load can be
activated separately and these generators produce
power as much as the amount of loads activated. In the
first stage, the priority group and vital systems, namely
Ventilation, Lighting, Light loads, Transformer and
Transmission line loss loads, were put into operation
and it was observed that the generators produced a total
of 2,035 MW of power corresponding to the requested
load. When other critical systems it was observed that
the generators produced 5,303 MW (See Figure 7.)
power.
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Figure 9. First Demanded Loads Produced Power
Time Graph.
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Figure 10. First Demanded Loads Consumed Power
Produced Power Time Graph

3.7. Comparison and Analysis of Generator Data in
Field and Simulation

The performance of the generators used in the real field
was compared with the results of the generators
modeled on MATLAB Simulink. This comparison is of
great importance in terms of evaluating the accuracy of
the system and analyzing the consistency of the
modeling approach. When the generator data in the
field was examined, it was seen in live tests that each
generator produced approximately 1,768 MW active
power and the total active power of the system was
5,304 MW. In the Simulink model, the nominal power
of the generators is defined as 2 MVA, and in the
simulation results, the output power of each generator
is calculated as approximately 1.768 MW. This shows
that certain energy losses exist both in field conditions
and in the simulation environment and that operating
conditions are subject to certain limitations. In real
operating conditions, generators are not operated at
100% capacity as their installation and permanent
operating parameters, but are operated in the 75% -
90% power range for safety, extending equipment life
and preventing overload.

This situation was also observed in the simulation
results, and the output power of the generators was
lower than the nominal value of 2 MVVA. Energy losses
in real field conditions were calculated and included in
the simulation model. The results were obtained
accordingly; see Figure 8.
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The required results with the field parameters were
calculated with the equations below.

I =P /3 V cosd (1)
Cos¢p=P/S (2)
P =S cosd (3)
P =3 VIcosd (4)
MW(s) =V3 VI (5)

According to these calculations, apparent power = 2
MVA, current value = 2.897, power factor = 0.88 and
real power = 1.768 MWA. When the real field data and
the general results of the Matlab Simulink simulation
model are compared, it is seen that the model is
compatible with the real system. The main reasons why
real generators operate below their rated power are the
maintenance of safe operating limits and losses in
transmission lines. Although constant loads and
nominal values are taken as basis in the simulation, the
results obtained are very close to the values in the field.
This supports the accuracy of the model and the
system's ability to represent real conditions in the field.

Figure 11. Operating Parameters of Field Generators
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Figure 12. Power Time Curve of Field Generators and
Simulation Generators

In the graph, the power change of the real field and
Matlab Simulink simulation generators is analyzed.
Field generators start with 168 MW and simulation
generators start with 154 MW, and the power decreases
in both systems over time. In 0.5 seconds, both
generators decrease to 5.303 MW and stabilize. This
shows that generators initially meet high energy
demand and then switch to stable power production.
Although the synchronous generators in the simulation
exhibit similar performance to field generators, there
are differences in their initial values.
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IV. CONCLUSIONS

The analysis reveals that generators play a critical role
in terms of energy continuity and that a correct load
management strategy makes significant contributions
to emergency systems that support evacuation
processes as well as ensuring energy continuity, based
on a long-term risk analysis. In this regard, the energy
of the generators was dynamically managed based on
the reference to disaster plans and was rented in
accordance with the load diversity order. The ability of
the generators to respond to sudden load changes,
maintain stability and ensure the continuity of energy
are important. has been seen. Within the scope of the
disaster scenario, vital systems (Emergency Lighting,
Emergency Ventilation, Communication, Warning and
Announcement, Signaling systems) were first
activated, and then operational systems (Fire
Extinguishing and Water Evacuation) were activated.
In the final stage, tunnel evacuation systems were
activated, enabling trains to reach the nearest station
and passengers to be evacuated safely in the event of an
earthquake. In this process, low priority auxiliary and
comfort systems were disabled, and the generator
capacity was transferred to critical priority systems.
When the simulation and field data were compared to
verbatim, it was seen that the model had the ability to
represent real-world conditions.

It was determined that the active power of the real
generators was 1,768 MW and the total system
produced 5,304 MW active power. It has been observed
that the simulation outputs match the application
results. Therefore, improvements can be made for the
current system by simulating different scenarios with
the designed model. As a result, power management
and generator optimization of generators are of great
importance to ensure energy continuity in metro
systems. The analyzes have revealed how a load
management strategy appropriate to the energy needs
of the system can be created, and have shown that
energy continuity can be ensured in possible disasters
and emergencies by commissioning the generators in a
controlled manner and managing the loads in order of
priority according to risk analysis, and that energy
resources can he used efficiently. Going forward,
separate risk analyzes can be prepared for each disaster
and emergency scenario and action plans can be created
based on these analyses. hese plans can be integrated
with artificial intelligence-supported control scenarios
to create dynamic load management suitable for every
scenario. By developing artificial intelligence-based
scenarios for each event, the load management of the
generator system can be more optimized and energy
resources can be used in the most efficient way.
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Havadan Suya Is1 Pompasinin Farkli Ortam Sartlarinda Enerji Verimliligi
Acisindan Analizi

Analysis of Air-to-Water Heat Pump in Terms of Energy Efficiency under Different Ambient
Conditions

Ismail ALTUN Y2, Ayhan ONAT *
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Oz

Havadan suya i1si pompalari kullanicilarin isitma, sogutma ve kullanim sicak suyu ihtiyacinin karsilanmasinda kullanilan, buhar
stkistirmali sogutma cevrimi esasina dayall calisan cihazlardir. Bu cihazlarin enerji verimliligi agisindan etkin bir sekilde
kullanilabilmesi icin ¢alisacagl ortam sartlarinin degerlendirilmesi gerekmektedir. Havadan suya isi pompalarinin isi kaynagi
havadir. Bu ¢alisma kapsaminda; yapilan deneyler yardimiyla havanin iki 6nemli 6zelligi olan sicaklik ve bagil nem degerleri
belli araliklarla degistirilerek her bir sicaklik-bagil nem noktasi i¢in havadan suya isi pompasinin performans katsayisi (COP) ve
enerji verimlilik orani (EER) hesaplanmistir. Su ¢ikis sicakliklarinin ortam sicakhigi ve bagil nem ile degisimi gosterilmistir.
Deneyler sonucunda COP degerlerinin ortam sicakligina bagli olarak -15 °C ortam sicakliginda 2,13 ile 20 °C ortam sicakliginda
5,24 arasinda degistigi gorilmistlr. Deneylerden elde edilen veriler IBM SPSS Statistics programi kullanilarak analiz edilmistir.
Yapilan analiz sonucunda COP degerini kompresor giris-gikis sicakligi, kondenser ¢ikis sicakhigi ve evaporator giris sicakligi ile
iliskilendiren matematiksel model denklemi bulunmustur. Deneylerde hesaplanan COP degerleri ile programdan elde edilen
matematiksel model denklemi kullanildiginda bulunan COP degerleri karsilastirilarak degerlendirilmistir. Ayrica bagil nem
etkisinin deneysel olarak ele alinmasi agisindan literatlire 6zgln bir katki saglanmistir.

Anahtar Kelimeler: Isi Pompasi, Enerji Verimliligi, Sogutma Cevrimi, Sicaklik, Bagil Nem

Abstract

Air-to-water heat pumps are devices that work based on the vapor compression cooling cycle and are used to meet the
heating, cooling and domestic hot water needs of users. In order for these devices to be used effectively in terms of energy
efficiency, itis necessary to evaluate the environmental conditions in which they will operate. The heat source of air-to-water
heat pumps is air. Within the scope of this study; with the help of experiments, the temperature and relative humidity values,
which are two important characteristics of the air, were changed at certain intervals and the performance coefficient (COP)
and energy efficiency ratio (EER) of the air-to-water heat pump were calculated for each temperature-relative humidity point.
The variation of water outlet temperatures with ambient temperature and relative humidity has been shown. As a result of
the experiments, it was seen that the COP values varied between 2.13 at -15 °C ambient temperature and 5.24 at 20 °C
ambient temperature, depending on the ambient temperature. The data obtained from the experiments were analyzed using
IBM SPSS Statistics program. As a result of the analysis, a mathematical model equation was found that relates the COP value
to the compressor inlet-outlet temperature, condenser outlet temperature and evaporator inlet temperature. The COP values
calculated in the experiments were evaluated by comparing the COP values found when using the mathematical model
equation obtained from the program. In addition, an original contribution to the literature has been made in terms of
experimentally addressing the effect of relative humidity.

Keywords: Heat Pumps, Energy Efficiency, Cooling Cycle, Temperature, Relative Humidity

|. GIRIS

Ist pompalar1 bir 1s1 kaynagindaki 1s1 enerjisini buhar sikistirmali sogutma ¢evrimi yardimiyla farkli bir ortama 0
ortamin 1sitilmasi veya sogutulmasi maksadiyla aktaran cihazlardir. Is1 pompalari, 1s1 enerjisini aldiklar1 kaynaga
gore hava kaynakli, su kaynakli ve toprak kaynakli 1s1 pompalar1 seklinde siniflandirilmaktadir. Is1 pompalarinin
kompresor, kondenser, genlesme vanasi ve evaporatér olmak iizere dort temel unsuru vardir. Bir sogutucu
akigkanin 1s1 pompasi icerisinde s1vi ve gaz fazlar1 arasinda hal degisiminde bulunmasi yardimiyla ortam ile 1s1
transferi gerceklestirilir. Ist pompalarinin basitge ¢aligsma prensibi su sekildedir: Sogutucu akiskan kompresorde
sikistirtlarak kizgm buhar haline getirilir. Kompresor tarafindan basinci ve sicakligi artirilan sogutucu akiskanin
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Havadan Suya Isi Pompasi Verimliligi

sicakligt kondenser kisminda yogusarak gevreye 1st
vermesinden dolay1 azalir. Teoride sogutucu akiskanin
kondenser kisminda basincinin sabit kaldigi kabul
edilir fakat gergekte boru strtunmeleri ve ylzey
kayiplarindan dolay1 bir miktar basing diisiimii
yasanmaktadir. Kondenserde yogusmus halde ¢ikan
diisitk  sicakliktaki  sogutucu akigkanin  basinct
genlesme (kisilma) vanasinda diiserek evaporator
basincina iner. Evaporatorde ise diisiik basing ve diisiik
sicaklikta olan sogutucu akigkan ortamdan 1s1 ¢ekerek
buharlasir. Evaporatérde tekrardan gaz fazma gegen
sogutucu akiskanin kompresdre girmesiyle g¢evrim
tamamlanmuis olur.

Is1 pompalar1 sogutma ¢evriminin ters yonde
¢aligmastyla 1sitma yapilmasi ve kondenserde atilan 1s1
enerjisinin suya aktarilmasiyla sicak su saglanmasi i¢in
kullanilmaktadir. Bu sekilde c¢alisan 1s1 pompalar1 tek
bir sistem olarak kullanicilarmm hem isitma-sogutma
hem de kullanim sicak suyu ihtiyacini karsilamasindan
dolay1 olduk¢a yaygin bir kullanim alanina sahiptir.
Havadan aldigi 1s1 enerjisini suya aktaran 1s1 pompalari
havadan suya 1s1 pompalar1 olarak adlandirilmaktadir.
Isti pompasmin kondenserinde yogusan sogutucu
akigkanin 1s1 enerjisi radyator, yerden 1sitma ve fan-coil
gibi sistemlerle 1sitma maksadiyla kullanilmaktadir.
Ayrica 1s1 pompasindan elde edilen sicak su boyler
veya tanklarda depo edilerek kullanim sicak suyu
olarak da kullanilmaktadir. Bu sekilde calisan 1s1
pompalar1 giines enerjisi ve ek elektrikli 1siticilar ile de
desteklenebilmektedir.

Enerji verimliligi basitce elde edilen faydali enerjinin
bu enerjinin saglanmasi i¢in harcanan enerjiye orant
olarak tanimlanabilir. Is1 pompalarinda fayda saglanan
enerji 1sitma maksadiyla kullanildiginda enerji
verimliligi ile ilgili degerlendirmelerde performans
katsayist (COP) g6z o6niine alinir. Fayda saglanan 1s1
enerjisi sogutma maksadiyla kullanildiginda ise
verimlilik enerji verimliligi oran1 (EER) olarak dikkate
alinir. Is1 pompasinin basit ¢evrimi Sekil 1 igerisinde
verilerek COP ve EER degerlerinin hesaplanmasinda
kullanilan denklemler belirtilmistir.

Qu
Kondenser

-
Genlegsme
valfi Kompresor
Evaporator|

==

Sekil 1. Is1 pompasi basit ¢cevrimi

Q~n: ortama atilan 1s1 enerjisini
QL: ortamdan alman 1s1 enerjisini
W: harcanan enerjiyi

Qy = Q, + W ise Sekil 1°de verilen sistemin enerji
dengesini ifade etmektedir.

Yukaridaki ifadeler géz Oniine alindiginda 1s1
pompalari icin COP degeri kondenserden ortama atilan
1s1 enerjisinin kompresorde harcanan enerjiye oranidir.
Is1 pompast sogutma maksadiyla kullanildiginda ise
EER degeri evaporatérde ortamdan alinan 1smim yine
kompresorde harcanan enerjiye oranidir.

QLW

CoP =" =L =1+ (Qu/W) (1)

i
EER = Q,/W (2)

Isi  pompalar1 gelencksel 1sitma sistemlerinde
kullanilan komiir, dogal gaz ve LPG gibi yanmasi
sonucu havaya karbondioksit, nitrojen ve kikirt gibi
zararli gazlar salan yakitlara nazaran c¢evre igin daha
sagliklidir. Havadan suya 1s1 pompalart ise 1sitma-
sogutma ihtiyac1 ile birlikte sicak kullanim suyu
saglamas1 ve ¢evre igin fosil yakitlara gére daha saglikli
olmasi dolayisiyla kullanim1 giderek
yayginlasmaktadir. Enerjinin verimli kullanilmasi ise
getirilen yasal diizenlemeler, enerji kaynaklarina
ulagimin zorlagsmasi ve enerji maliyetlerinin artmasi
sebebiyle zorunluluk haline gelmistir. Havadan suya 1s1
pompalarinin enerji verimliligin artirilmasi ile ilgili
birgok ¢alisma ve degerlendirme bulunmaktadir. Bu
calisma kapsaminda ise havadan suya 1s1 pompalarinin
kullanildig1 ortamdaki havanin sicaklik ve bagil nem
degerlerindeki degisimin 1s1 pompasinin  enerji
verimliligi ve calisma performansi {izerindeki etkileri
incelenmistir.

1.1. Literatiir Incelemesi

Naldi, C., Dongellini, M. ve Morini, G.L. tarafindan
yapilan ¢alismada, 1sitma amaciyla kullanilan ve farkl
tipte kompresorlerle calistirilan elektrikli 1sitict
takviyeli havadan suya 1s1 pompasinin bir matematiksel
model kullanilarak farklt iklimlerdeki sezonsal
performans katsayilari, binanin 1s1 ihtiyacina gore
degerlendirilmistir [1].

Popa, V., Ton, I. ve Popa, C. L. tarafindan yapilan
calismada, bir havadan suya 1s1 pompasmin isitma
ihtiyaci i¢in ¢alistirilmasinin ekonomikligi, fosil yakitli
sistemlerle karsilastirilarak degerlendirilmistir.
Bununla birlikte havadan suya 1s1 pompasi sisteminin
performans katsayisi hesaplanmigtir. Ayrica havadan
suya 1s1 pompasi sistemini biyoyakithi bir 1sitict ile
kombine ederek daha ekonomik bir sistem elde
edilebilecegi belirtilmistir [2].
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Janusevicius, K. ve Streckiené, G. tarafindan yapilan
bu ¢aligmada, TRNSYS (Transient System Simulation)
programi kullanilarak bir havadan suya 1s1 pompasinin
performansmin degisken dis ortam sartlarina gore
deneysel arastirilmast ve simiilasyonu yapilarak
incelenmistir [3].

Sansli boyler eklenen bir split klimanin COP
degerlerini klimanin boyler ekli ve normal sekilde
sogutma modunda  ¢alistigt  durumlar  igin
kargilagtirmistir. Split klimanin kondenserine boyler
eklenmesinin enerji verimliligini artirdigini tespit
etmistir [4].

Afshari, F., Comakli, O., Adiguzel, N. ve Karagoz, S.
tarafindan yapilan bu ¢alismada, bir havadan suya 1s1
pompasi sistemi i¢in gerekli optimum sogutucu akiskan
miktarinin tespit edilebilmesi maksadiyla ii¢ farkli
sogutucu akigkan (R22, R134a ve R404a) cesitli
debilerde kullanilarak havadan suya 1s1 pompasinin
performans katsayisi, 1sitma kapasitesi ve kompresor
basinct incelenmistir [5].

Liu, F., Wang, L., Wang, Q. ve Wang, H. tarafindan
yapilan bu ¢alismada, giines enerjisi ile desteklenen bir
1s1 pompasi tasarlanarak hava kaynakli 1s1 pompasimin
performanst deneysel olarak degerlendirilmistir.
Bununla birlikte diisik hava  sicakliklarmda
olusabilecek karlanma ile 1s1 pompasinin defrost
ozelliginde calismasi ile olusan enerji kayiplarmin
béyle bir sistem ile onine gegilerek daha yliksek
verimler elde edilmeye c¢alisilmigtir. Ayrica 1sitma
kapasitesi ve COP degerinde artis hedeflenmistir.
Sonuglar 1s1 pompasina giines paneli ekli olmadigi
durum ile karsilastirilmistir [6].

Zhao, X., Long, E., Zhang, Y., Liu, Q., Jin, Z. ve Liang,
F. tarafindan yapilan bu caligmada, ortam hava
sicakligmin sabit kaldigi bir hava kaynakli 1s1
pompasinin  performans katsayisi  bir sicak su
deposunun igerisindeki suyun sicakliginin degismesine
gore incelenmistir. Is1 pompasinin performans katsayisi
(COP) tankin farkli giris ve ¢ikis su sicakliklarmdaki
degisime gore hesaplanmustir [7].

Coskun, havadan suya olarak caligan bir 1s1 pompasimnin
kompresér, kondenser, evaporatér ve genlesme
vanasmin matematik modellerini olusturarak R12,
R134a, R22 ve R404a sogutucu akigkanlart
kullanildiginda farkli su debileri, su giris sicaklari, hava
debileri ve hava sicakliklarinda havadan suya 1s1
pompasinin ¢aligma performansini ve enerji analizini
degerlendirmistir [8].

Biiyiikerzen, R., Kahraman, A., Kaya, M.N. ve Dag,
H.i. tarafindan gergeklestirilen ¢alismada TRNSYS
programi kullanilarak modellenen sicak su ihtiyacini
gideren bir giines enerjisi destekli hava kaynakli 1s1
pompas1 sisteminin test odasi, 1S1 pompasi ve su
hattindan olusan deneysel sistemi ile dogrulamasini
yapmislardir. Yapilan deneylerde kullanilan test
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odasmin sicakligi 15 °C’den 0 °C’ye diigiiriilmiis ve
nem orani %70-80 arasinda sabit alinarak 1s1
pompasinin 1sitma performans katsayisi, 1s1 pompasina
su girig sicakligi ve 1s1 pompasidan su ¢ikis sicakligi
Olglilmiis ve similasyondan elde edilen sonuglar ile
karsilastirilmigtir [9].

Gundi ise yaptigi ¢alismada sivi pompast ve ejektor
ilavesi yapilan bir 1s1 pompasinin 1sitma performansini
incelemistir. Yapilan matematiksel modellemede bir ve
iki ejektor ile calisan iki farkli sistem karsilagtirilmustir.
Yapilan incelemeler sonucunda sivi pompasi ile
ejektoriin ekli oldugu bir 1s1 pompast kompresoriiniin
geleneksel bir 1s1 pompas1 kompresériinden daha az
enerji tikettigi ve sistemin COP degerinin daha yiiksek
bulundugu gosterilmistir [10].

Isik, N., Onat, A. ve Mendi, F. tarafindan yapilan
calismada ortam sicakliklar1 degistirilerek sogutucu
akigkan olarak R134a kullanilan bir havadan suya 1si
pompasinin 1sitma kapasitesi, performans katsayisi,
harcanan elektrik enerjisi ve kompresor hacimsel
verimliligi incelenmistir [11].

Kazjonovs, J., Sipkevics, A., Jakovics, A., Dancigs, A.,
Bajare, D. ve Dancigs, L. tarafindan yapilan yapilan
calismada 1s1 pompasi iireticileri tarafindan verilen
performans katsayisinin  sadece belirli sicaklik
araliginda tespit edildigi belirtilerek bu performans
katsayisina dayali olarak 1s1 pompasmin verimi
hakkinda yorum yapilamayacagi ifade edilmistir. Bu
calismada Letonya’nm iklim sartlarinda calistirilan
havadan suya 1s1 pompasmin sezonsal performans
faktori gergek ve deneysel kosullarda hesaplanarak
degerlendirilmistir.  Ayrica havadan suya 1s1
pompasinin yenilenebilir olmayan sistemlerle isletme
maliyeti agisindan karsilagtirmasi yapilmistir [12].

Literatiirde havadan suya 1s1 pompalariin performansi
farkli iklim kosullarinda, ¢esitli sogutucu akiskanlar ve
kompresor tipleriyle incelenmistir. Ancak birgok
calisma bagil nem degiskenini kapsamli sekilde analiz
etmemistir. Bu calisma, bagil nem parametresini
deneysel ve istatistiksel olarak biitiinlestirerek
literatiire farkli bir perspektif kazandirmaktadir.

Il. MATERYAL VE YONTEM

Havadan suya olarak c¢alisan bir 1s1 pompasmin
kaynagmdaki yani ortam olarak kullanilan havadaki
sicaklik ve bagil nem degerlerinin degismesiyle 1s1
pompasinin ¢aligma performansini nasil etkilendiginin
incelenebilmesi maksadiyla Marmara Universitesi
Teknoloji  Fakiiltesi Iklimlendirme ve Sogutma
Laboratuvarinda bulunan deney iinitesi iizerinde ¢esitli
deneyler yapilmistir. Deney iinitesi; 1900 mm x 2400
mm x 2100 mm o6lgiilerinde ve 8 cm kalinhiginda
politiretan panellerden olusan yalitimli soguk hava
deposu ile bu depoyu ortam olarak kullanan havadan
suya 1s1 pompast deney Unitesinden olusmaktadir.
Soguk hava deposunun igerisinde ortamm bagil nemi
ve sicakligmin degistirilmesinde kullanilan sirasiyla
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nemlendirici iinite ile havadan havaya olarak ¢alisan bir
1s1 pompasi bulunmaktadir. Ortamin bagil nem ve
sicaklik degerleri soguk hava deposu iizerinde bulunan
dijital kumanda ile ayarlanabilmektedir.

Deneylerde kullanilan 1s1  pompasinda sogutucu
akigkan olarak yaygin kullanilabilirlige ve ortalama
sicaklik  degerlerindeki uygulamalara uygunlugu
sebebiyle Rl134a gazi kullanilmigtir.  Sistemin
kompresori hermetik yapida tek silindirli pistonlu
tipte, kondenseri su sogutmali, evaporatorii alliminyum
kanatli, bakir borulu ve entegre fanlidir. Genlesme
vanast olarak ise termostatik genlesme vanasi
kullanilmustir.

Deneyler %30, %40, %50, %60 ve %70 bagil nem
oranlarinda her bir bagil nem degeri i¢in ortam sicaklig1
-15 °C’den 40 °C’ye kadar 5’er derece araliklarla 12
farkli sicaklik degeri igin tekrarlanmigtir. Toplamda bes
farkl bagil nem degeri igin 12 farkl sicaklik degeri
olmak tizere 60 farkli sicaklik-bagil nem noktasi igin
deneyler yapilmistir. Ortam sartlar1  6lglimlerin
alinacag sartlara getirilerek havadan suya 1s1 pompasi
caligtirilmig ve sistemin karali hale gelmesi igin 10
dakika beklenmistir. Sistemin kararli hale gelmesi
tizerine su verilerin 6l¢limii yapilmistir:

T11
Tz:
T31
T4Z
T51
Te:

Kompresor giris sicakligt (°C)
Kompresor ¢ikis sicakligi (°C)
Kondenser ¢ikis sicakligi (°C)
Evaporator giris sicakligi (°C)
Su giris sicakligi (°C)

Su ¢ikis sicakligi (°C)

P1: Kompresor basma basinct (Pa)
P,: Kompresor emis basinci (Pa)
ma: Sogutucu akiskan debisi (g/s)
g, Su debisi (g/s)

t: Elektrik sayacinin bir tam devri igin gecen
stire (saniye)

VVVVYVYVVVVYYY

Deneylerde ol¢iim yapilan verilerin gosterge ekrant
Sekil 2 igerisinde yer almaktadir.

WARNING

Sekil 2. Deney Unitesi 6lcum verileri gosterge ekrant
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Deneylerden 6lgiilen veriler kullanilarak kondenserde
atilan 1s1 enerjisi (Qu, Watt), evaporatorde alinan 1s1
enerjisi (Qu, Watt), kompresorde kullanilan elektrik
enerjisi  (Qelekrik, Watt), COP ve EER degerleri
hesaplanmistir.

Deneylerde kullanilan su sogutmali kondenserde
sirtinme ve ylizey kayiplar1 ihmal, burada atilan
enerjinin tamaminin suya gectigi kabul edilip
kondenserde atilan 1s1 enerjisi 3 numarali denklemde
belirtildigi sekilde hesaplanmustir.

kg)

QH = msu( Csu( ) (TG - TS)( C) (3)

- Qn : Kondenserde atilan 1s1 enerjisi (W)
- Csu : Suyun ozgiil 1s1s1 (4182 J/kg °C)

- g, : Su debisi (kg/s)

- Te : Su ¢ikis sicakligi (°C)

- Ts: Su giris sicakligi (°C)

Sistemin caligmas1 igin gerekli elektrik enerjisi ise
deney initesi Ol¢lim verileri gosterge ekraninda
bulunan elektrik sayaci yardimiyla bulunmustur.
Sistemdeki tiim kayiplar ihmal edilerek kondenserde
atilan 1s1  enerjisinin  sistemin  ¢alismasi  i¢in
kompresorde tuketilen elektrik enerjisi ile evaporatdrde
alinan 1s1 enerjisinin toplami oldugu belirtilmistir.

Qu (4)

COP ve EER degerlerinin hesaplanmasi ise denklem 5
ve denklem 6 igerisinde verilmistir.

COoP = QH/Qelektrik (5)

EER = QL/Qelektrik (6)

Havadan suya 1s1 pompasi deney {initesinin ¢evrim
elemanlar: ile olglim yapilan degerlerin yer aldigi
sematik gosterimi Sekil 3 igerisinde sunulmustur.

= Qelektrik + QL

Emme bas\nc\ Basnabasn
Elekiri sayaci

i Gem%me valf

Sugutucu
akigkan
debimeresi |

Komprestr

Konognser
sl

Sugl

Evaporatir

Ti
Sekil 3. Deney Unitesi sematik gosterimi
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2.1. Optimizasyon Calismasi

Gergeklestirilen deneyler yardimiyla kullanilmasi veya
iiretilmesi disiiniilen ve R134a sogutucu akiskani ile
calisan belirli bir havadan suya 1s1 pompasmin anlamli
ve biitiincill bir sicaklik-bagil nem degeri araliginda
enerji verimliliginin degerlendirilebilmesi igin her
sicaklik-bagil nem degeri noktasi igin COP degerleri

hesaplanmistir.  Hesaplanan COP  degerlerinin
dogrulugunun saglanmasi ve deney verilerinin
optimizasyonunun yapilabilmesi maksadiyla

deneylerden elde edilen verilerin tamami IBM SPSS
Statistics 26 programma kaydedilmistir. Yapilan
optimizasyon analizi ile hesaplanan COP degerinin
ol¢limii yapilan kompresor giris sicakligi, kompresor
¢ikis sicakligi, kondenser ¢ikis sicakligi ve evaporator
giris sicaklig1 degerleri ile etkilesimi
degerlendirilmistir. Bu analiz ile hedef fonksiyon olan
COP degerinin maksimize edilmesi amag¢lanmustir.
Yapilan analizde COP degeri bagimli Y degiskeni,
kompresor ¢ikis sicaklign bagmmsiz X degiskeni,
kompresor giris sicakligi My, kondenser ¢ikis sicakligt
M., evaporator giris sicakligi ise Ms olarak
tanimlandiginda  belirlenen analizin  matematiksel
model denklemi denklem 7 igerisinde gosterilmistir.
Y=iy+c'X+b,M +b,M,+b;M; + ey (7)
Denklem 7°de yer alan iy ifadesi model denkleminin
sabit degerini, ey ifadesi ise hata payini gostermektedir.
c', by, by ve bz degerleri ise sirasiyla X, Mi, M, ve M3
degiskenlerinin katsayr degerlerini ifade etmektedir.
Denklem 7 igerisinde belirtilen bilinmeyen degerlerin
bulunabilmesi maksadiyla deneylerden elde edilen
veriler kullanilarak model ¢alistirildiginda iy = 4,2952,
¢' = 0,0149, b; =-0,0392, b, = -0,0448 ve bz = 0,1305
olarak bulunmustur. Bu degerler kullanildiginda
yapilan caligmanin matematiksel model denklemi
denklem 8 igerisinde belirtilen sekilde bulunmustur.

Y = 4,2952 + 0,0149X — 0,0392M, — 0,0448M, +
0,1305M, (8)

Yapilan optimizasyon sonucunda elde edilen ve
denklem 8 igerisinde belirtilen denklem kullanilarak
Olgtim yapilan belirli bir sicaklik-bagil nem degerindeki
kompresor ¢ikis (X), kompresor giris (M1), kondenser
cikis (M2) ve evaporator giris (Ms) sicaklik degerleri
yerine kondugunda o 6l¢iim noktasi i¢in COP degerinin
bulunmasi saglanmaistir.

III. BULGUAR VE TARTISMA

Yapilan deneysel caligmalar sonucunda elde edilen
COP, EER ve su cikig sicakligi degerlerinin ortam
sicakligina bagh degisimi bes farkli bagil nem orani
icin grafikler yardimiyla sunulmustur.

Bes farkli bagil nem oraninda deneylerden elde edilen
veriler kullanilarak hesaplanan COP degerlerinin

ortamin sicakligi ile nasil degistigi Sekil 4 igerisinde
bulunan grafik yardimiyla gosterilmistir.
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Farkh Bagil Nem Oranlarinda COP Degerinin Ortam
SicakliZina Bagh Degisimi

-15

6

A, 4
=t
~ 2

-10 -5 0 5 10 15 20

Ortam Sicakhg1 (°C)

25 30 35 40

==@=%70 bagil nem oraninda COP degeri %60 bagil nem oraninda COP degeri

%50 bagil nem oraninda COP degeri %40 bagil nem oraninda COP degeri

=== %30 bagil nem oraninda COP degeri

Sekil 4. Farkli bagil nem oranlarinda COP degerinin
ortam sicakligina bagl degisimi

%70 bagil nem oraninda en diisiik COP degeri -15 °C
ortam sicakliginda 2,104 olarak hesaplanmigtir. En
yiiksek COP degeri ise 20 °C ortam sicakliginda 5,304
olarak hesaplanmustir.

%60 bagil nem oraninda en diisiikk COP degeri -15 °C
ortam sicakliginda 2,161 olarak hesaplanmistir. En
yliksek COP degeri ise 25 °C ortam sicakliginda 5,024
olarak hesaplanmustir.

%50 bagil nem oraninda en diisiikk COP degeri -15 °C
ortam sicakliginda 2,233 olarak hesaplanmistir. En
yiiksek COP degeri ise 40 °C ortam sicakliginda 5,152
olarak hesaplanmustir.

%40 bagil nem oraninda en diisik COP degeri -15 °C
ortam sicakliginda 2,048 olarak hesaplanmistir. En
yiiksek COP degeri ise 20 °C ortam sicakliginda 5,246
olarak hesaplanmustir.

%30 bagil nem oraninda en diisiik COP degeri -15 °C
ortam sicakliginda 2,133 olarak hesaplanmistir. En
yiiksek COP degeri ise 20 °C ortam sicakliginda 5,244
olarak hesaplanmustir.

Bu veriler, ortam sicakligmin genelde COP iizerinde
belirgin bir artig etkisine sahip oldugunu gostermekte,
ancak 20 °C’den sonra bazi bagil nem oranlarinda
verimde diislisler go6zlenebilmektedir. Bu durum
kondenser verimi, kompresor yiikii ve 1s1 transfer
kayiplarinin degisimine baglanabilir. Bulgular genel
olarak literatiirde benzer iklim kosullarinda raporlanan
degerlerle uyumlu bulunmustur.

Hesaplanan = EER  degerlerinin  farkli  ortam
sicakliklarinda 6l¢lim yapilan tiim bagil nem oranlari
icin gosterimi ise Sekil 5 icerisinde bulunan grafikte yer
almaktadir.
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Farkh Bagil Nem Oranlarinda EER Degerinin Ortam
Sicakhgma Bagh Degisimi

/\—.—

-15

EER
= S R

-10 -5 0 5 10 15 20

Ortam Sicaklig1 (°C)

25 30 35 40

==@= %70 bagil nem oraninda EER degeri %60 bagil nem oraminda EER degeri

%50 bagil nem oraninda EER degeri %40 bagil nem oraninda EER degeri

e=@=230 bagil nem oraninda EER degeri

Sekil 5. Farkli bagil nem oranlarinda EER degerinin
ortam sicakligina bagl degisimi

%70 bagil nem orani igin hesaplanan en diisiik EER
degeri ortam sicakligt -15 °C oldugunda 1,104 olarak
bulunmustur. En yiiksek EER degeri ise ortam sicaklig1
20 °C oldugunda 4,304 olarak bulunmustur.

%60 bagil nem orani i¢in hesaplanan en diisik EER
degeri ortam sicakligi -15 °C oldugunda 1,161 olarak
bulunmugtur. En yiiksek EER degeri ise ortam sicaklig:
25 °C oldugunda 4,024 olarak bulunmustur.

%350 bagil nem orani i¢in hesaplanan en diisik EER
degeri ortam sicakligl -15 °C oldugunda 1,233 olarak
bulunmustur. En yiiksek EER degeri ise ortam sicakligi
40 °C oldugunda 4,152 olarak bulunmustur.

%40 bagil nem orani i¢in hesaplanan en diisiik EER
degeri ortam sicakligl -15 °C oldugunda 1,048 olarak
bulunmustur. En yiiksek EER degeri ise ortam sicakligt
20 °C oldugunda 4,246 olarak bulunmustur.

%30 bagil nem orani i¢in hesaplanan en diisik EER
degeri ortam sicakligl -15 °C oldugunda 1,133 olarak
bulunmustur. En yiiksek EER degeri ise ortam sicakligt
20 °C oldugunda 4,244 olarak bulunmustur.

Havadan suya 1s1 pompasi deney flnitesi lizerinde
yapilan c¢alismalar sonucunda bulunan su c¢ikis
sicakliklarinin ortam sicakligina bagli degisiminin
deneylerin yapildigt bes farkli bagil nem orani igin
gosterimi  Sekil 6 icerisindeki grafik yardimiyla
sunulmustur.

Farkli Bagil Nem Oranlaninda Su Cikis Sicakligimim Ortam
Sicakhigna Bagh Degisimi

Su Cikag Sicak

Sekil 6. Farkli bagil nem oranlarinda su ¢ikis
sicakliklarmin ortam sicakligina bagli degisimi
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%70 bagil nem degerinde su ¢ikis sicakliginin en
yiiksek degeri ortam sicakliginin 40 °C oldugu
durumda 34,6 °C olarak Oolglilmiigtir. Su ¢ikis
sicakligmmin en diisiik degeri ise -15 °C ortam
sicakliginda 22,4 °C olarak bulunmustur.

%60 bagil nem degerinde su ¢ikis sicakliginin en
yiikksek degeri ortam sicakliginm 40 °C oldugu
durumda 37,8 °C olarak Oolgiilmiistir. Su ¢ikis
sicakligmmin en diisiik degeri ise -15 °C ortam
sicakliginda 23,6 °C olarak bulunmustur.

%50 bagil nem degerinde su c¢ikis sicakliginin en
yiiksek degeri ortam sicaklignin 20 °C ve 30 °C oldugu
durumlarda 36,1 °C olarak Olgiilmiistir. Su ¢ikis
sicakligmmin en diigiikk degeri ise -15 °C ortam
sicakliginda 23,8 °C olarak bulunmustur.

%40 bagil nem degerinde su c¢ikis sicakliginin en
yilksek degeri ortam sicakligmin 40 °C oldugu
durumda 42,8 °C olarak Oolglilmiigtir. Su ¢ikis
sicakligimmin en diigiikk degeri ise -15 °C ortam
sicakliginda 27,5 °C olarak bulunmustur.

%30 bagil nem degerinde su c¢ikis sicakligmin en
yiiksek degeri ortam sicakliginm 40 °C oldugu
durumda 37 °C olarak Olgilmiistir. Su ¢ikis
sicakligmin en diigiikk degeri ise -15 °C ortam
sicakliginda 24,5 °C olarak bulunmustur.

Su ¢ikis sicakligr degerlerinin incelenmesi elde edilen
sicak suyun kullanimi igin Onem arz etmektedir.
Bununla birlikte; havadan suya 1s1 pompasmin enerji
verimliliginin tam olarak degerlendirilebilmesi i¢in su
cikis sicaklik degeri ile su giris sicakligi degeri
arasindaki farkin g6z o6niinde bulundurulmasi
gerekmektedir. Sekil 6 igerisinde bulunan grafikte
goriilecegi iizere %40 bagil nem oraninda Olgiilen su
cikis sicakligi degerleri diger bagil nem oranlarinda
olgiilen su ¢ikis sicakligi degerlerinden daha yuksektir.
Bu durumun sebebi deneylerin yapildigi farkh
zamanlarda su girisini besleyen sebeke suyundaki
sicakligm degigimidir. %40 bagil nem degerinde
sebeke suyunun sicakligi diger bagil nem oranlarinda
Olciilen sebeke suyunun sicakligindan yaklagik 3-4 °C
daha fazladir. AT sicaklik farkinin en yiiksek degeri 40
°C ortam sicakliginda ve %40 bagil nem oraninda 19,7
°C olarak hesaplanmustir.
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Denklem 8 igerisinde yer alan matematiksel model
denkleminde ol¢lim yapilan 60 farkli sicaklik-bagil
nem noktasinda elde edilen veriler yerine
konuldugunda her bir nokta i¢in COP degeri
bulunmustur. Deneyler sonucunda hesaplanan COP
degerleri ile optimizasyon modelinden bulunan COP
degerlerinin kiyaslanmasi her bir bagil nem orant i¢in
grafikler yardimiyla ayri ayri sunulmustur. Her bir
bagil nem oraninda Olglim  yapilan  ortam
sicakliklarinda deneylerde hesaplanan COP degerleri
ile modelde bulunan COP degerleri arasindaki hata
paylarmin aritmetik ortalamasi alinarak ilgili bagil nem
orani i¢in hata paylar1 hesaplanmistir.
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=@ COP Degeri, Model COP Degeri, Gercek

Sekil 7. %70 bagil nem oraninda elde edilen COP
degerlerinin karsilastirilmasi

Sekil 7 igerisinde bulunan grafikte optimizasyon
modelinden elde edilen COP ile gercek COP
degerlerinin ortam sicakligina bagl olarak degisimi
gosterilmigtir. %70 bagil nem oranmi i¢in; hesaplanan
COP  degerleri  kiyaslandiginda  optimizasyon
modelinden elde edilen ile gercek degerler arasinda
%4,2 oraninda hata pay1 oldugu belirlenmistir.

%60 bagil nem oranindaki optimizasyon modelinden
elde edilen COP ile gercek COP degerlerinin
karsilastirilmasi1 Sekil 8 igerisinde bulunan grafikte
sunulmustur. Bu bagil nem oraninda tim o6l¢im
noktalarinda hesaplanan gercek COP degerleri ile
modelden elde edilen COP degerlerinin hata paymin
aritmetik ortalamasi %2,2 olarak bulunmustur.
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Sekil 8. %60 bagil nem oraninda elde edilen COP
degerlerinin karsilastirilmasi

%350 bagil nem oranmdaki optimizasyon modelinden
elde edilen COP ile gercek COP degerlerinin
karsilagtirilmast Sekil 9 igerisinde bulunan grafikte
sunulmustur.
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Sekil 9. %50 bagil nem oraninda elde edilen COP
degerlerinin karsilastirilmast

%50 bagil nem oraninda tim Ol¢lim noktalarinda
hesaplanan gercek COP degerleri ile modelden elde
edilen COP degerlerinin hata paymin aritmetik
ortalamasi %3,4 olarak tespit edilmistir.
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Sekil 10. %40 bagil nem oraninda elde edilen COP
degerlerinin karsilastirilmasi

Sekil 10’da ise COP degerlerinin karsilastirilmasi %40
bagil nem orani i¢in belirtilmistir. Her bir 6l¢iim
noktasindaki hata paylarinin aritmetik ortalamasi
alindiginda %3,6 oraninda bir hata pay1 goriilmiistiir.

Son olarak %30 bagil nem orani i¢in; COP degerlerinin
kiyaslanmasina Sekil 11 igerisinde bulunan grafikte yer
verilmistir.
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%30 bagil nem oraninda gergek COP ile modelden elde
edilen COP degerleri karsilastirildiginda %3 oraninda
bir hata payr goriilmiistiir.

IV. SONUC VE DEGERLENDIiRMELER
Bu ¢alisma kapsaminda havadan suya olarak calisan bir
1s1  pompasmin kullanildigt ortam sartlarindaki
degisimin 1s1 pompasinim enerji verimliligi {izerinde
nasil bir etkide bulundugu deneysel olarak analiz
edilmistir. Is1 pompasinin 1s1 kaynagi olan havanin
sicaklik ve bagil nem parametreleri belirli ve anlamli
bir aralikta degistirilerek her bir deney noktasi igin
COP, EER ve su ¢ikis sicakligr degerleri saptanmustir.
Deneylerden elde edilen veriler kullanilarak IBM SPSS
Statistics 26 programi yardimiyla optimizasyon
caligmasi yapilmuigtir.

Hesaplanan COP degerleri incelendiginde goriilecegi
tizere deneylerin yapildigi tiim oOlglim noktalar
arasinda en yiiksek COP degeri 5,246 olarak 20 °C
ortam sicakliginda ve %40 bagil nem oraninda tespit
edilmigstir. En diisiik COP degeri ise yine -15 °C ortam
sicakliginda ve %40 bagl nem oraninda 2,048
degerinde hesaplanmistir. En yiiksek ve en diisitk EER
degerleri de COP degerlerinin en yiiksek ve en diisiik
degerini aldigi ayni ortam sartlarinda bulunmustur.
Genel olarak COP ve EER degerlerinin ortam
sicakligmin yiikselmesiyle arttigi gézlemlenmistir.

Su ¢ikis sicakligt degerleri incelendiginde ise en
yiksek su ¢ikis sicaklignt %40 bagil nem degerinde
ortam sicakligmm 40 °C oldugu durumda 42,8 °C
oldugu goriilmiistiir. En diisiik su ¢ikis sicakligi da 22,4
°C olarak %70 bagil nem oraninda ve -15 °C ortam
sicakliginda o6l¢iilmiistiir.

Bu calismada COP, EER ve su ¢ikis sicakliklarinin
tespit edilmesiyle R134a sogutucu akiskani ile ¢alisan
belirli bir havadan suya 1s1 pompasi Ozelinde 1s1
pompasinin enerji verimliligi ve ¢aligma karakteristigi
hakkinda kullanici ve iireticilerin bilgi sahibi olmasina
katkida  bulunulmustur. ~ Yapilan  optimizasyon
calismasiyla elde edinilen verilerin tutarli oldugu
saptanmugtir. Olgiim yapilan bes farkli bagil nem
degerlerinde  deneylerde hesaplanan COP ile
optimizasyon modelinden gelen COP degerleri
karsilastirildiginda  biitliin - bagil nem oranlarinda
olduk¢a diisiik hata paylarinin oldugu goriilmiistiir.
Tim hata paylarmm aritmetik ortalamasi ise %3,3
olarak hesaplanmistir. Bu deger yapilan ¢alismanin son
derece anlaml1 ve tutarli oldugunu ortaya koymustur.

Bu calisma, havadan suya 1s1 pompasmin farkli bagil
nem ve sicaklik sartlarinda enerji verimliligini deneysel
ve istatistiksel olarak detayli analiz ederek literatiire
Ozgiin katki sunmustur. Gelecek galigmalarda alternatif
sogutucu akiskanlar, hibrit sistemler ve farkli iklim
kosullarinda benzer analizlerin yapilmasi tavsiye
edilmektedir.
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Abstract

Brake pad formulations for heavy-duty vehicles must balance wear resistance, fade resistance, and friction stability under
extreme braking conditions. This study systematically investigates the impact of solid lubricant compositions, including
graphite, antimony trisulfide (Sb,S3), molybdenum disulfide (MoS,), zinc sulfide (ZnS), and calcium fluoride (CaF,), on the
tribological performance of copper-free brake pads. A Design of Experiments (DOE) approach was employed to develop 29
unique formulations and evaluate them under the ECE R90 test procedure using a Krauss friction tester. Statistical analyses
were used to determine the effects of lubricant combinations on performance metrics. The findings revealed that increasing
CaF, content led to a significant rise in the coefficient of friction (up to 0.46), whereas Sb,Ss; enhanced fade resistance by
reducing loss of friction coefficient to as low as 0.03 but increased wear. MoS, was associated with superior thermal stability,
while graphite primarily contributed to reduced wear loss (minimum 0.009 g). The formulation containing 10 wt% graphite,
2.5 wt% MoS,, and 2.5 wt% CaF, demonstrated the most optimal balance of performance. These results underscore the
importance of synergistic solid lubricant combinations in improving the durability and effectiveness of environmentally
friendly brake pad formulations for heavy-duty applications.

Keywords: Brake pads, solid lubricants, tribology, friction, ANOVA

I. INTRODUCTION

Brake friction materials are essential for ensuring the safety and efficiency of heavy vehicle braking systems.
Unlike passenger vehicles, heavy-duty vehicles operate under significantly higher loads, extreme braking
conditions, and prolonged service durations. As a result, brake pads for heavy vehicles must exhibit high thermal
resistance, minimal wear, stable friction coefficients, and excellent fade resistance to ensure long-term durability
and safety in severe operating environments [1, 2]. The performance of disc brake systems in heavy commercial
vehicles is determined by the friction and wear characteristics of the brake pad-disc interface, which are heavily
influenced by the tribological properties of the friction material [3-5].

Friction materials in brake pads are complex composite systems typically formulated from more than ten different
components, each tailored to fulfill a specific function in braking performance. These components generally
include binders, reinforcing fibers, abrasives, fillers, and most critically, solid lubricants. Solid lubricants are
particularly essential for reducing wear, stabilizing friction, and minimizing stick-slip behavior across a wide range
of operating conditions[6-9]. In heavy-duty vehicles, where brake systems are exposed to elevated loads, frequent
braking, and high thermal stress, the choice and optimization of solid lubricant combinations are vital [10]. Brake
pads must maintain consistent friction behavior and minimal wear despite these harsh conditions and achieving
high fade resistance, defined as the ability to retain braking performance at elevated temperatures, is a critical
design requirement. Variations in braking response can be minimized by carefully selecting and optimizing solid
lubricant compositions, as factors such as chemical structure, particle size, and phase transformations significantly
influence tribological behavior. Recent studies indicate that synergistic combinations of metal sulfides and
fluorides enhance braking stability by modifying wear mechanisms and regulating interfacial temperature
fluctuations [11]. During breaking, the oxidation of metallic and carbon-based materials, along with a series of
thermochemical reactions, leads to the formation of a tribofilm at the pad-disc interface [12]. This tribofilm plays
a vital role in stabilizing friction, minimizing wear enhancing thermal stability and improving overall braking
efficiency [9, 13, 14]. Its formation, thickness, and composition are influenced by the type and the amount of solid
lubricants in the brake pad formulation [13]. Therefore, a well-balanced selection of solid lubricants is essential
for optimizing the performance of heavy-duty brake pads [2, 13].
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Graphite is one of the most extensively used solid
lubricants in friction materials due to its ability to
provide consistent lubrication under both dry and wet
conditions [15]. Studies have shown that graphite
particle size and structure significantly influence
braking performance, with finer particles promoting
better dispersion and tribofilm formation, leading to
more stable friction behavior [1, 16]. MoS; is widely
utilized for friction stability, attributed to its layered
structure that facilitates easy shear between contact
surfaces and excellent thermal resistance [17, 18]. The
particle size of MoS; has been found to influence
tribological properties significantly, with larger
particles exhibiting improved wear resistance and
thermal endurance [18].

SnS- has been a preferred solid lubricant in brake pads
due to its ability to form a stable boundary layer at high
temperatures, reducing wear and preventing sudden
variations in the coefficient of friction [6]. Studies
suggest that combining Sh,S; with MoS; and SnS: can
significantly enhance fade resistance and durability
while mitigating these environmental issues [9, 13].
Additionally, research indicates that dual and triple
metal sulfide combinations provide superior tribofilm
stability compared to single-lubricant formulations,
leading to improved braking performance under
extreme conditions [13, 19].

Calcium fluoride (CaF>) is another widely studied solid
lubricant, valued for its ability to improve wear
resistance and thermal stability, particularly in high-
load braking conditions [20]. Additionally, tungsten
disulfide has been explored as an alternative solid
lubricant, demonstrating superior thermal stability and
tribofilm formation, which contributes to enhanced
fade resistance, wear control, and recovery
performance compared to SnS. [8]. Further
investigations into graphite, coke, and ZnS-based
formulations have highlighted the importance of solid
lubricant ratios in tribofilm formation, showing that
higher graphite content leads to more stable tribofilms
and improved durability [11].

As environmental regulations evolve, heavy vehicle
brake pad formulations must now comply with stricter
standards while maintaining optimal performance. One
such regulation is the Better Brakes Rule, enacted by
the Washington State Department of Ecology in 2010
and implemented in phases starting from 2014 [21].
This legislation restricts the use of harmful substances
such as copper, asbestos, and heavy metals in brake
components to reduce environmental pollution caused
by brake wear debris. The rule mandates the gradual
elimination of copper and other toxic materials from
friction materials, thus accelerating the shift towards
safer and eco-friendly alternatives [22]. Thus, the
alternative brake pads formulations require further
investigation, particularly in terms of their ability to
compensate for the loss of traditionally used materials
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while maintaining or enhancing tribological properties.
In this regard, understanding the synergistic effects of
different solid lubricants, their impact on tribofilm
formation, and their long-term stability under extreme
braking conditions is crucial for developing next-
generation brake pads that meet both performance and
regulatory requirements.

This study aims to systematically investigate the effects
of different solid lubricant compositions on the
tribological performance of copper-free, ashestos-free
organic composite brake pads specifically formulated
for heavy-duty vehicles. The formulation used in this
study is based on a proprietary organic polymer matrix
designed to comply with REACH directives and Better
Brakes legislation. The main matrix is a non-metallic,
fiber-reinforced composite system that excludes copper
and ashestos entirely. The environmental impact of the
selected lubricants was also considered. None of the
additives used in this study are classified as Substances
of Very High Concern (SVHC) under the REACH
Regulation (EC) No 1907/2006 [23]. Sh,Ss, although
containing antimony, is used in minimal controlled
amounts and in a chemically bound form within the
matrix. ZnS and CaF, are widely used industrial
lubricants with no known harmful emissions during
operational use. By analyzing the interaction effects
between graphite, Sb.Ss, ZnS, MoS:, and CaF-, this
research seeks to optimize solid lubricant formulations
that provide superior braking performance under
extreme operating conditions. Additionally, Analysis
of Variance (ANOVA) based statistical modeling
techniques are employed to quantify the significance of
each solid lubricant and its interaction with others.

Il. MATERIALS AND METHODS

2.1. Materials and Design of Experiments

The experimental approach employed a constrained full
factorial Design of Experiments (DOE) framework to
evaluate the effects of solid lubricant combinations on
tribological properties. The base material matrix was a
non-metallic,  asbestos-free  organic  composite
composed primarily of phenolic resin, reinforcing
fibers, and proprietary fillers. This matrix was fixed at
85 wt% across all samples and represents a standard
commercial-grade copper-free heavy-duty brake pad
formulation. To systematically investigate the
influence of solid lubricants, a mixed-level factorial
array, with graphite was included in all formulations at
two levels (5% and 10%), while other lubricants, Sh,Ss,
ZnS, MoS;, and CaF,, were examined at three levels
(0%, 2.5%, and 5%). The total solid lubricant content
was constrained to 15 wt% in every formulation,
ensuring that all combinations adhered to this
compositional limit. Based on this design logic, 29
unique brake pad compositions were generated to
represent a constrained full factorial coverage of
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feasible solid lubricant mixtures. These combinations
are detailed in Table 1.

Table 1. Design of Experiments (DOE) matrix for
solid lubricant amounts in the brake pad
formulations used in the study.

Sample # Graphite Sb.Ss ZnS MoS: CaF:
(%) () () () (W)
1 5 0 0 5 5
2 5 0 2.5 25 5
3 5 0 2.5 5 25
4 5 0 5 0 5
5 5 0 5 25 25
6 5 0 5 5 0
7 5 25 0 25 5
8 5 25 0 5 25
9 5 25 25 0 5
10 5 2.5 2.5 2.5 2.5
11 5 2.5 2.5 5 0
12 5 2.5 5 0 2.5
13 5 2.5 5 2.5 0
14 5 5 0 0 5
15 5 5 0 25 25
16 5 5 0 5 0
17 5 5 2.5 0 2.5
18 5 5 2.5 2.5 0
19 5 5 5 0 0
20 10 0 0 0 5
21 10 0 0 2.5 2.5
22 10 0 0 5 0
23 10 0 2.5 0 2.5
24 10 0 2.5 2.5 0
25 10 0 5 0 0
26 10 2.5 0 0 2.5
27 10 2.5 0 2.5 0
28 10 2.5 2.5 0 0
29 10 5 0 0 0

To characterize the properties of the investigated solid
lubricants, various analytical techniques were
employed. Particle size distribution (PSD) analysis was
performed using the Malvern Panalytical Mastersizer
3000 to ensure precise measurement of lubricant
particle dimensions. X-ray diffraction (XRD) analysis
was conducted using the Malvern Panalytical X Pert®
MRD to identify the crystalline phases present in the
lubricants and their interaction within the composite
matrix. Furthermore, thermogravimetric analysis
(TGA) was carried out to assess the thermal stability
and decomposition behavior of the lubricants. These
characterization techniques provided comprehensive
insights into the physical and thermal properties of the
solid lubricants, aiding in the evaluation of their
tribological performance.

2.2. Production of Samples

The 85 wt% base formulation for brake pads consisting
of phenolic resin, reinforcing fibers, abrasives and
fillers was prepared based on a proprietary recipe
provided by Eren Balata INC specifically for heavy-

duty commercial vehicle brake pads. The solid
lubricant compositions were added to the base
formulation according to Table 1. The main
manufacturing steps and conditions can be summarized
as below:

1. All raw materials were weighed and added
into a mechanical mixer, where they were
blended at 750 rpm for 14 minutes to ensure
homogeneous distribution.

2. The blended mixture was transferred into a
mold, where it was compacted using a hot
hydraulic press at 165°C and 300 kgf/cm? for
5 minutes.

The compacted samples were post-cured in an
industrial oven at 165°C for 8 hours to enhance bonding
and mechanical properties.

The final sample size was approximately 85 mm x 52
mm X 13 mm. The samples were ground to achieve
uniform thickness after curing.

Gearbox

Control panel

Caliper

Electric motor Brake pads

Brake disc

Figure 1. Schematic diagram of Krauss-type test setup
used in this study. The device simulates dynamic
braking events under controlled thermal and
mechanical loading as outlined in ECE R90 Annex 9.

2.3. Tribological Characterization

The tribological performance of the developed friction
materials was evaluated using a computer-controlled
Krauss-type test machine, schematically illustrated in
Figure 1. This setup simulates dynamic braking
conditions under controlled thermal and mechanical
loading. Testing was performed according to the ECE
R90 regulation, specifically Annex 9, Section 3.2.2,
which outlines standardized procedures for evaluating
replacement brake linings [24]. The program began
with an initial bedding phase consisting of 30
consecutive brake applications to stabilize the contact
surfaces. This was followed by a sequence of 11
braking stages at varying initial and maximum disc
temperatures to assess key performance indicators such
as fade behavior, friction stability, and wear resistance
under progressively severe conditions. Each stage was
designed to replicate real-world thermal and
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mechanical stresses encountered during heavy vehicle
operation, with or without active cooling. The full test
schedule is detailed in Table 2.

Table 2. ECE R90 Annex 9 Section 3.2.2 brake
testing sequence applied on Krauss-type test rig.
Each stage simulates a defined thermal condition
by specifying the number of brake applications,
initial brake temperature, and target disc
temperature. “Cooling” indicates whether active
cooling was applied between applications.

Stage No. of Initial Brake Target Max. Cooling

Brake Temp. (°C) Disc Temp.

App. (°C)
1 5 100 300-350 V4
2 5 <200 300-350 X
3 5 200 300-350 X
4 5 <300 300-350 X
5 5 300 500-600 X
6 3 250 300-350 V4
7 3 200 300-350 V4
8 3 150 300-350 V4
9 10 100 300-350 V4
10 5 <300 500-600 X
11 5 300 300-350 X

The friction coefficient and temperatures on the brakes
were continuously monitored throughout the tests to
evaluate the fade resistance and recovery
characteristics of each material. To compare wear
behavior of different compositions, the masses of
individual brake pads were measured prior to and after
each test.

2.4. Analysis

The experimental results were comparatively
investigated though statistical approaches. A General
Factorial Regression model was employed to establish
the relationship between solid lubricant compositions
and the tribological performance of the friction
materials. This statistical approach was utilized to
analyze the effects of solid lubricant type and amount
on key response variables, namely friction coefficient,
wear rate, and fade resistance.

The model was constructed using Minitab statistical
software, incorporating main effects as well as selected
two-way interactions. Analysis of Variance (ANOVA)
was performed to quantify the contribution and
significance of each input factor and their interactions.
F-values and P-values were used to evaluate the
statistical relevance of the parameters, while
contribution percentages were calculated to understand
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their relative impact on performance. This approach
enabled the identification of the most influential
lubricant components for each tribological metric and
provided insight into synergistic effects between
additives.

Table 3. Characterization test results of solid

lubricants
PSD XRD TGA
Lubricant  d50 Main Decomposition
(um)  component Temperature
(%) (T°C)
Synthetic 453 C 100.0 750
Graphite
Antimony 10 Sh,S; 100.0 750
Trisulfide
Zinc Sulfide 7 ZnsS 973 450
Molybdenum 11 MoS, 100.0 450
Disulfide
Calcium 43 CaF, 980 550
Floride

Figure 2. SEM micrographs of solid lubricants:
(a) Graphite, (b) Sb2Ss, (€) MoS,, (d) ZnS, ()
CaF». The images depict morphology prior to

blending into the brake pad formulation. (Scale

bar corresponds to 50 pm)

I1l. RESULTS AND DISCUSSION

3.1. Materials Characterization

To evaluate the properties of the investigated solid
lubricants, a series of characterization tests were
performed. Particle size distribution, main chemical
component of the lubricants obtained from X-ray
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diffraction (XRD), and decomposition temperatures
extracted from thermogravimetric analysis (TGA)
results for each solid lubricant are summarized in Table
4. In addition, the morphological characteristics of
solid lubricants were examined using scanning electron
microscopy (SEM). Figure 2 presents the SEM images
of graphite, ShySs, M0S,, ZnS, and CaF, respectively,
providing insights into their microstructural properties
and surface morphology.

3.2. Tribological Performance Evaluation

A key requirement for an effective friction material is
maintaining a stable coefficient of friction regardless of
variations in pressure, speed, torque, or temperature.
The 29 formulated samples underwent a fixed-pressure
test using the Krauss-type friction tester in accordance
with ECE R90 Annex 9. The raw test data, including
coefficient of friction and surface temperature
responses, were automatically recorded and are
presented in Figure 3. Figure 3a illustrates the evolution
of the friction coefficient (|1) over successive braking
cycles, while Figure 3b shows the corresponding brake
disc temperature responses. The initial 30 brake
applications represent the bedding period. While disc
temperature profiles followed a similar trend due to
consistent test settings, p-values showed marked
variation, indicating the strong influence of solid
lubricant composition on friction behavior. And the
surface temperature has a negative effect on the
coefficient of friction.
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Figure 4. Evolution of (a) friction coefficient and
(b) brake disc surface temperature as a function of
sequential brake applications during the Krauss
test of all tested specimens.

Based on the complete test data, three key performance
indicators; fade resistance, average friction coefficient,
and total wear rate, were extracted and summarized in
Figure 4. Among all samples, the most favorable fade
resistance was observed in samples 21, 29, 27, and 11.
The highest coefficient of friction (0.46) was recorded
in sample 14, while sample 21 demonstrated the lowest
value (0.31). Wear rates varied substantially across
samples, with sample 16 showing the highest wear and
samples 21, 22, and 24 exhibiting the least. Overall,
sample 21 (10 wt% graphite, 2.5 wt% MoS,, and 2.5

wt% CaF,) provided the most balanced tribological
performance across all metrics.

0.1
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Figure 3. a. fade resistance, b. average friction
coefficient, and c. wear amount obtained from the
experiments.

It is worth noting that samples 6 and 20 exhibited
inconsistent or unstable behaviors upon repeated
testing and were thus excluded from final comparisons.
These results suggest that specific combinations of
solid lubricants not only affect fade resistance and wear
but also induce complex interaction effects that
dominate friction coefficient behavior—an insight
further explored through ANOVA modeling in the next
section.

3.3. Statistical Analysis

To determine the statistical significance of various
factors affecting tribological performance, an analysis
of variance (ANOVA) was conducted. Table 4 provides
F and P-values and percentage contribution of each
factor and interaction effect for fade resistance, wear
amount, and friction coefficient. For simplicity, degree
of freedom, sum of squares and mean squares values
were removed from the table.

The ANOVA results suggest that in terms of friction
coefficient, the statistical significance of individual
factors was low, with MoS; (20.68%) and ZnS
(19.94%) showing the highest contributions. However,
the relatively high P-values indicate that these effects
are not strongly significant, suggesting that the
coefficient of friction is governed by a more complex
set of interactions among the lubricants and is not
governed by individual components alone. Graphite,
despite its widespread usage, contributed only 0.73%,
reinforcing the hypothesis that frictional stability
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results more from tribofilm integrity than isolated
material effects.

In the analysis of fade resistance, MoS, and Sb,Ss
emerged as the dominant contributors with 18.74% and
15.65% contributions respectively, each associated
with near-significant P-values (0.053 and 0.067). These
findings align with the established understanding of

their thermal stability and effectiveness in supporting
tribofilm development at elevated temperatures. The
interaction between Sbh»Sz and MoS; (19.59%) and
other two-way combinations further confirms that fade
resistance is highly dependent on the synergistic
behavior of solid lubricants. In contrast, ZnS exhibited
minimal contribution, indicating a more limited role in
fade performance.

Table 4. Combined ANOVA results for tribological performance

Analysis of Coefficient of Friction Fade Resistance (Ap) Wear
Variance
SOURCE Contr.. F- P- Contr. F- P- Contr. F- P-
Value Value Value  Value Value  Value
Model 79.21% 0.91 0.611 91.98% 273 0.134 | 91.39% 2.53 0.154
Linear 46.75% 1.42 0.36 37.24% 2.83 0.135 | 40.47% 4.02 0.073
Graphite 0.73% 1.26 0.313 0.01% 3.18 0.134 | 20.49% 1.52 0.272
Sh,S3 5.40% 254 0.173 15.65% 4.86 0.067 9.14% 1.97 0.234
MoS2 20.68% 2.88 0.148 | 18.74% 5,59 0.053 | 8.68% 3.18 0.129
ZnS 19.94% 1.36 0.339 2.84% 0.79 0.502 2.17% 1.69 0.275
2-Way 32.46% 0.56 0.821 54.74% 2.44 0.166 | 50.92% 2.11 0.21
Interactions
Graphite*Sh.Ss 3.09% 0.91 0.46 6.22% 1.84 0.252 | 11.97% 4.86 0.067
Graphite*MoS; 3.45% 0.2 0.823 17.54% 0.82 0.492 | 19.08% 2.26 0.2
Graphite*ZnS 6.40% 0.16 0.857 0.67% 0.12 0.893 | 2.15% 0.95 0.448
Sh2S3*MoS: 5.17% 0.8 0.574 19.59% 3.38 0.107 | 13.65% 1.89 0.25
Sh2S3*ZnS 14.34% 0.86 0.544 10.73% 1.67 0.291 | 4.08% 0.59 0.684
Error 20.79% 8.02% 8.61%
Total 100.00 100.00 100.00
Graphite Sh2s3 Zns MoS2 CaF2
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Figure 5. Main effects plot for average coefficient of friction
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Figure 7. Main effects plot for fade resistance behavior
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Figure 6. Main effects plot for wear amount.

Regarding the wear amount, graphite was found to be
the most critical factor, contributing 20.49% to the
model. These results suggest that graphite enhances
load-bearing capacity and suppresses abrasive wear by
promoting the formation of thermally stable tribofilms.
The interactions of Graphite/MoS; (19.08%) and
Sh,Ss/MoS; (13.65%) further highlight how well-
balanced combinations of solid lubricants can
significantly improve wear performance. Sh,S; also
contributed meaningfully through its interaction with

graphite (11.97%) but did not show a strong individual
effect.

Figures 5 through 7 further elaborate on these statistical
insights. Figure 5 illustrates CaF, content has a
pronounced effect on the friction coefficient, where an
increase in CaF leads to a noticeable rise in friction
levels. This finding aligns with its role in stabilizing the
tribofilm under high-temperature conditions. While
other lubricants such as MoS,, Sh,Ss, and ZnS exhibit
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non-linear behavior, this suggests that these lubricants
contribute to tribofilm formation in a more complex,
non-linear manner, dependent on their interactions with
other components rather than their individual
concentrations.

Figure 6 shows that an increase in Sh,Ss content
improves fade resistance, meaning it helps maintain
friction stability under high-temperature conditions.
This result is consistent with literature findings, which
indicate that Sb.Ss facilitates tribofilm formation at
elevated temperatures, thereby preventing significant
friction loss during prolonged braking applications [6].
Conversely, the addition of ZnS and CaF, appears to
negatively impact fade resistance, reducing the
system's ability to sustain friction levels over extended
braking cycles. One possible explanation for this trend
is that excess CaF, may lead to the formation of
unstable tribofilm regions, resulting in discontinuous
surface interactions. Such disruptions in the friction
layer can cause inconsistent contact conditions, which,
in turn, lower fade resistance.

Figure 7 shows that increasing graphite content leads to
a reduction in wear amount suggesting that graphite
contributes to a well-formed, thermally stable tribofilm,
reducing direct surface interactions and minimizing
abrasive wear. On the other hand, while Sh,Sz enhances
fade resistance, its effect on wear behavior does not
follow the same pattern. Unlike graphite, Sb,Ssdoes not
consistently contribute to wear reduction, indicating
that its primary function is to stabilize friction rather
than directly mitigate wear. This suggests that while
Sh,S; strengthens the braking response at high
temperatures, its interactions with other solid lubricants
must be optimized to prevent excessive material loss.

The tribological performance of friction materials is
inherently governed by complex interactions between
mechanical, thermal, and chemical phenomena
occurring at the pad-disc interface. Among these, the
formation and evolution of tribofilms play a pivotal role
in determining friction stability, fade resistance, and
wear behavior.

The results from the ANOVA analysis and
experimental evaluations reinforce the importance of
not only selecting the right solid lubricant types but also
formulating them in synergistic combinations. The
statistical data clearly demonstrate that while individual
effects of some lubricants may appear modest, their
interaction effects are often substantial and sometimes
dominant.

For example, graphite, traditionally recognized for its
layered crystal structure and self-lubricating properties,
exhibited the most consistent contribution to wear
reduction. This aligns with its capacity to form stable,
thermally resilient tribofilms that minimize abrasive
contact [25]. However, graphite’s effect on fade
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resistance and friction stability was less significant
when considered in isolation. This suggests that
graphite's benefit is primarily mechanical, buffering
shear forces and suppressing wear rather than
thermochemical in nature.

In contrast, Sb,S; and MoS, emerged as critical to
enhancing fade resistance. Both materials are known
for their lubricating efficiency at elevated temperatures,
and the ANOVA results confirm their role in preserving
friction stability during thermal cycling. Importantly,
the presence of these materials appears to facilitate the
formation of dense, adherent tribofilms that resist
degradation under cyclic thermal stress [26]. The
interactions between Sh,S; and graphite, and between
Sh,Sz and MoS,, were particularly influential in both
fade and wear responses—highlighting that carefully
balanced dual-lubricant strategies are more effective
than single-lubricant additions.

The role of CaF; is more nuanced. While increasing its
content led to a notable rise in the average coefficient
of friction (as observed in the main effect plots), its
effect on fade resistance was ambiguous. This behavior
likely stems from CaF,’s tendency to contribute to
friction-enhancing tribofilms at high temperatures,
albeit at the risk of creating discontinuous or thermally
unstable surface layers when used in excess [14]. These
inconsistent tribofilm regions may be responsible for
reduced fade performance in some compositions.

ZnS, while environmentally favorable, demonstrated
minimal individual influence on fade or wear behavior
in the statistical models. Its contribution appears to be
more supportive, potentially enhancing tribofilm
adhesion or complementing the effects of stronger
lubricants like MoS, or Sh,Ss; [11]. Its granular
morphology and moderate thermal reactivity likely
make it a passive yet beneficial filler rather than a
performance driver.

From a systems-level perspective, the interplay
between friction, fade, and wear performance points to
a critical trade-off: compositions that resist fade often
experience increased wear, particularly when tribofilms
are thermally stable but abrasive [17]. However,
formulations containing graphite appear to moderate
this effect, achieving acceptable fade performance
while substantially lowering wear rates. This
moderation underscores graphite’s versatility as a
foundational solid lubricant in multi-component
systems.

The observations are further corroborated by Figure 3
and Figure 4, where sample-specific behaviors across
thermal cycles provide empirical support for the
statistical findings. Sample 21 containing 10 wt%
graphite, 2.5 wt% MoS,, and 2.5 wt% CaF, emerged as
the optimal composition, delivering low wear, high
fade resistance, and moderate friction coefficient. This
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result highlights the effectiveness of combining
mechanical lubricants (graphite) with thermally
resilient additives (MoS,, CaF) to achieve balanced
tribological performance.

Finally, the inclusion of SEM micrographs (Figure 2)
enhances the understanding of the role of solid
lubricant morphology. The platelet structure of
graphite, the angular grains of Sb.Ss, and the layered
features of MoS; each contribute to distinct tribofilm
characteristics. Morphological attributes like particle
size, shape, and surface texture influence dispersion,
thermal contact, and film formation, all of which are
critical to performance.

Together, the study confirms that optimal friction
material performance cannot be achieved through the
addition of a single solid lubricant. Instead, a multi-
objective design approach, accounting for synergy,
thermal stability, morphology, and interaction effects is
essential. Future research should focus on mapping
these interactions in higher resolution, including in-situ
tribofilm analysis, to fully characterize the mechanisms
underpinning brake pad performance.

IV. CONCLUSIONS

This study experimentally investigated the effects of
solid lubricant combinations on the tribological
performance of friction materials for heavy-duty brake
applications. Graphite, antimony trisulfide (Sh,Ss),
molybdenum disulfide (MoS,), zinc sulfide (ZnS), and
calcium fluoride (CaF,) were selected as solid
lubricants, and their physical and chemical properties
were characterized using Scanning  Electron
Microscopy (SEM), Particle Size Distribution (PSD),
Thermogravimetric  Analysis (TGA), and X-ray
Diffraction (XRD) techniques.

A total of 29 different formulations were prepared by
systematically varying the composition of solid
lubricants while maintaining a fixed total lubricant
content of 15 wt%, ensuring consistency in the base
formulation. All samples were produced under
identical manufacturing conditions to eliminate
processing variations.

The tribological performance of the formulated friction
materials was evaluated using the Krauss test machine,
following the ECE R90 standard, which is widely used
for assessing the braking behavior of commercial
vehicle brake systems. The tests measured the
relationship  between temperature and friction
coefficient, fade resistance, recovery performance, and
wear rates of the brake pad formulations.
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The experimental results revealed that:

1. Calcium fluoride (CaF,) significantly
increased the friction coefficient.
Compositions with 5 wt% CaF. demonstrated
average M values up to 0.46, compared to
lower values (~0.31) in samples without CaF..
However, excessive CaF; led to reduced fade
resistance due to tribofilm discontinuities.
Antimony trisulfide (Sb,Ss) was most
effective in enhancing fade resistance.
Samples with 5 wt% Sh,Ss exhibited up to
37% improvement in Ap compared to SbySs.
free samples (Ap improved from ~0.05 to
0.03). However, high Sh,Ss content also
increased wear, with some samples showing
wear losses up to 0.019 g.

Graphite showed the strongest influence on
wear reduction. Increasing graphite from 5%
to 10% decreased wear by approximately
35%, from 0.014 g to 0.009 g, without
negatively affecting fade resistance or friction
stability.

Molybdenum disulfide (MoS;) contributed to
both fade and wear improvement when
combined with Sh,Ss. The synergy between
MoS; and Sb,Sz resulted in more stable

tribofilms and enhanced performance,
especially in mid-range compositions (2.5%
each).

The best-performing sample (Sample 21), comprising
10 wt% graphite, 2.5 wt% MoS; and 2.5 wt% CaF,
achieved the lowest wear loss (0.009 g), moderate
average friction coefficient (1 = 0.31), and one of the
best fade resistances (Ap = 0.03), demonstrating a well-
balanced tribological profile.

ANOVA analysis confirmed that MoS; (18.7%) and
Sh,Ss (15.6%) had the highest contributions to fade
resistance, while graphite (20.5%) was the dominant
factor for wear reduction.

Overall, this study highlights the importance of
strategic solid lubricant selection in developing high-
performance copper-free friction materials for heavy-
duty braking applications. The findings suggest that
optimized multi-metal sulfide formulations offer a
promising approach to enhancing brake pad
performance by balancing wear resistance, fade
resistance, and friction stability. Future studies should
focus on long-term durability testing under real-world
braking conditions and further optimization of lubricant
compositions to meet evolving environmental
regulations and performance demands.



Int. J. Adv. Eng. Pure Sci. 2025, 37(3): <378-388>

Investigation of Solid Lubricants in Brake Pads

REFERENCES

[1] Singh, S., Kalel, N., Darpe, A., et al. (2020).
Controlling the performance of copper-free brake-
pads by varying size of graphite particles. In SAE
Technical Papers. SAE International.

Kijanski, J., Otto, J., Stebner, F., et al. (2020).
Investigation of influences on brake pad wear. In
SAE Technical Papers. SAE International.
Druzhinina, M., & Stefanopoulou, A. G. (2002).
Speed control experiments for commercial heavy
vehicles with coordinated friction and engine
compression brakes. In Proceedings of the
American Control Conference. IEEE Xplore.
Antonyraj, I. J., & Singaravelu, D. L. (2019).
Tribological characterization of various solid
lubricants based copper-free brake friction
materials: A comprehensive study. In Materials
Today: Proceedings (pp. 2650-2656). Elsevier.
Le Gigan, G., Vernersson, T., Lundén, R., &
Skoglund, P. (2015). Disc brakes for heavy
vehicles: An experimental study of temperatures
and cracks. Proceedings of the Institution of
Mechanical Engineers, Part D: Journal of
Automobile Engineering, 229(5), 684—707. SAGE
Publications.

Martinez, A. M., & Echeberria, J. (2016). Towards
a better understanding of the reaction between
metal powders and the solid lubricant Sb2S3 in a
low-metallic brake pad at high temperature. Wear,
348-349, 27-42.
https://doi.org/10.1016/j.wear.2015.11.014

Kalel, N., Bhatt, B., Darpe, A., & Bijwe, J. (2020).
Eco-friendly brake-pads using ferritic stainless-
steel particles of varying sizes: Influence on
performance properties. In SAE Technical Papers.
SAE International.

Justin  Antonyraj, ., Vijay, R., & Lenin
Singaravelu, D. (2019). Influence of WS2/SnS2 on
the tribological performance of copper-free brake
pads. Industrial Lubrication and Tribology, 71(3),

(2]

[3]

[4]

[5]

[6]

[7]

8]

398-405.  https://doi.org/10.1108/ILT-06-2018-
0249

[9] Osterle, W., & Dmitriev, A. (2016). The role of
solid lubricants for brake friction materials.
Lubricants, 4(1), 5.
https://doi.org/10.3390/lubricants4010005

[10] Melcher, B., & Faullant, P. (2000). A

comprehensive study of chemical and physical
properties of metal sulfides. In SAE Technical
Papers. SAE International.

[11]Ertan, R., & Yavuz, N. (2011). The effects of
graphite, coke and ZnS on the tribological and
surface characteristics of automotive brake friction
materials. Industrial Lubrication and Tribology,
63(4), 245-253.
https://doi.org/10.1108/00368791111140468

387

[12] Barros, L. Y., Poletto, J. C., Gehlen, G. S, et al.
(2023). Transition in wear regime during braking
applications: An analysis of the debris and surfaces
of the brake pad and disc. Tribology International,
189, 108968.
https://doi.org/10.1016/j.triboint.2023.108968

[13] Sathickbasha, K., Selvakumar, A. S., Balaji, M. A.
S., & Rajan, B. S. (2019). The dual role of metal
sulfides as lubricant and abrasive: An interface
study in friction composite. Materials Research
Express,  6(1). https://doi.org/10.1088/2053-
1591/aafd5a

[14] Balaji, P., Sathickbasha, K., & Baskara Sethupathi,
P. (2024). The significance of low and high
temperature solid lubricants for brake friction
applications and their tribological investigation.
Tribology International, 191, 109109.
https://doi.org/10.1016/j.triboint.2023.109109

[15]Ouyang, J.-H., Li, Y.-F., Zhang, Y.-Z., et al.
(2022). High-temperature solid lubricants and self-
lubricating composites: A critical review.
Lubricants, 10(8), 177.
https://doi.org/10.3390/lubricants10080177

[16] Zhang, P., Zhang, L., Wei, D., et al. (2019). Effect
of graphite type on the contact plateaus and friction
properties of copper-based friction material for
high-speed railway train. Wear, 432-433.
https://doi.org/10.1016/j.wear.2019.202927

[17]1Cho, M. H., Ju, J., Kim, S. J., & Jang, H. (2006).
Tribological properties of solid Ilubricants
(graphite, Sb2S3, MoS2) for automotive brake
friction materials. Wear, 260(7-8), 855-860.
https://doi.org/10.1016/j.wear.2005.04.003

[18] Vijay, R., Singaravelu, L. D., & Filip, P. (2020).
Influence of molybdenum disulfide particle size on
friction and wear characteristics of non-asbestos-
based copper-free brake friction composites.
Surface Review and Letters, 27(9), 1950085.
https://doi.org/10.1142/S0218625X19500859

[19] Vijay, R., Manoharan, S., Nagarajan, S., &
Singaravelu, L. D. (2021). Influence of premixed
dual metal sulfides on the tribological performance
of copper-free brake friction materials. Industrial
Lubrication and Tribology, 73(2), 266-274.
https://doi.org/10.1108/ILT-03-2020-0116

[20] Makhesana, M. A., & Patel, K. M. (2021).
Improvement in friction and wear characteristics
using CaF2 as a solid lubricant at different
conditions. Metal Powder Report, 76(S1), S55—
S65. https://doi.org/10.1016/j.mprp.2020.06.058

[21] Washington State Department of Ecology. (n.d.).
Better Brakes Law. Retrieved May 9, 2025, from
https://ecology.wa.gov/waste-toxics/reducing-
toxic-chemicals/washingtons-toxics-in-products-
laws/better-brakes-law


https://doi.org/10.1016/j.wear.2015.11.014
https://doi.org/10.1108/ILT-06-2018-0249
https://doi.org/10.1108/ILT-06-2018-0249
https://doi.org/10.3390/lubricants4010005
https://doi.org/10.1108/00368791111140468
https://doi.org/10.1016/j.triboint.2023.108968
https://doi.org/10.1088/2053-1591/aafd5a
https://doi.org/10.1088/2053-1591/aafd5a
https://doi.org/10.1016/j.triboint.2023.109109
https://doi.org/10.3390/lubricants10080177
https://doi.org/10.1016/j.wear.2019.202927
https://doi.org/10.1016/j.wear.2005.04.003
https://doi.org/10.1142/S0218625X19500859
https://doi.org/10.1108/ILT-03-2020-0116
https://doi.org/10.1016/j.mprp.2020.06.058
https://ecology.wa.gov/waste-toxics/reducing-toxic-chemicals/washingtons-toxics-in-products-laws/better-brakes-law
https://ecology.wa.gov/waste-toxics/reducing-toxic-chemicals/washingtons-toxics-in-products-laws/better-brakes-law
https://ecology.wa.gov/waste-toxics/reducing-toxic-chemicals/washingtons-toxics-in-products-laws/better-brakes-law

Investigation of Solid Lubricants in Brake Pads

Int. J. Adv. Eng. Pure Sci. 2025, 37(3): <378-388>

[22] Bilvatej, B., Naveen, J., Karthikeyan, N., et al.

(2024). Progress in polymeric and metallic brake
pads: A comprehensive review. Proceedings of the
Institution of Mechanical Engineers, Part J:
Journal of Engineering Tribology, 238(1), 3-25.
https://doi.org/10.1177/13506501231204655

[23] European Agency for Safety and Health at Work.

(2006). Regulation (EC) No 1907/2006 -
Registration, Evaluation, Authorisation and
Restriction of Chemicals (REACH). Retrieved
May 8, 2025, from
https://osha.europa.eu/en/legislation/directives/re
gulation-ec-no-1907-2006-of-the-european-
parliament-and-of-the-council

[24] United Nations Economic Commission for Europe

(UNECE). (2012). ECE R90: Uniform provisions
concerning the approval of replacement brake
lining assemblies, drum brake linings and discs
and drums for power-driven vehicles and their
trailers.

[25]Lin, H. Y., Cheng, H. Z., Lee, K. J., et al. (2020).

Effect of carbonaceous components on tribological
properties of copper-free NAO friction material.
Materials, 13(5), 1163.
https://doi.org/10.3390/mal13051163

[26] Lee, W. K., Rhee, T. H., Kim, H. S., & Jang, H.

388

(2013). Effects of antimony trisulfide (Sb2S3) on
sliding friction of automotive brake friction
materials. Metals and Materials International,
19(6), 1101-1107.
https://doi.org/10.1007/s12540-013-5027-x


https://doi.org/10.1177/13506501231204655
https://osha.europa.eu/en/legislation/directives/regulation-ec-no-1907-2006-of-the-european-parliament-and-of-the-council
https://osha.europa.eu/en/legislation/directives/regulation-ec-no-1907-2006-of-the-european-parliament-and-of-the-council
https://osha.europa.eu/en/legislation/directives/regulation-ec-no-1907-2006-of-the-european-parliament-and-of-the-council
https://doi.org/10.3390/ma13051163
https://doi.org/10.1007/s12540-013-5027-x

Int. J. Adv. Eng. Pure Sci. 2025, 37(3): <389-409>
DOI: 10.7240/jeps.1639522

RESEARCH ARTICLE / ARASTIRMA MAKALESI

Metanol-Dizel Cift Yakithh Reaktivite Kontrollii Sikistirma ile Ateslemeli
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Oz

Dinyada insan nufusunun ve tasit sayisinin artmasina bagli olarak artan emisyon kirliligi, insan sagligini ve dogayi olumsuz
etkilemektedir. Bu kirletici emisyonlar, atmosferde sera gazi ve partikiillerin birikmesine neden olur. Bu da glinimizde, basta
iklim degisikligi ve hava kirliligi olmak lizere birgok soruna yol agmaktadir. Dizel ve benzin motorlarinin avantajlarini birlestiren
RCCI motorlar, daha verimli ve temiz bir yanma saglayan yenilikgi bir dusik sicaklikta yanma konseptidir. Bu konseptte, ytiksek
reaktiviteli ve duistik reaktiviteli olmak tizere en az iki farkli tirde yakit kullanilmaktadir. Bu gcalismada, dusUk sicak yakiti olarak,
yliksek oktan sayisi ile bilinen bir alkol yakiti olan metanol ile geleneksel dizel yakiti kullanilmistir. Dort silindirli, turbosar;jli, su
sogutmali, common-rail yakit enjeksiyon sistemine sahip bir dizel motor, emme manifolduna metanol yakiti puskirtecek yeni
bir enjektor eklenmesiyle birlikte RCCl yanma konseptine dénustirialmustir. Deneyler 1750 d/d sabit hizda ve dort farkl
motor yiikiinde (40 Nm, 60 Nm, 80 Nm ve 100 Nm) gerceklestiriimistir. Bu ¢alismada kullanilan metanol, 12,19 ve 26 g/d
(M12, M19 ve M26) olmak Uzere (g farkh kitlesel debide motora gonderilmis, elde edilen sonuglar dizel yakiti ile elde edilen
sonuglarla karsilastinlmistir. Yapilan ¢alisma ile common-rail yakit enjeksiyon sistemine sahip metanol-dizel ¢ift yakitli bir RCCI
motorda, sabit emme havasi sicakliginda (55 °C), farkl metanol enerji oranlarinda ve kismi ytiklerde detayli olarak incelenmesi
ve literatlire 6nemli katki saglanmasi amaglanmistir. Yanma karakteristikleri, (silindir basinci, i1st dagilim orani, kimdilatif 1si
dagilimi, basing artis orani, tutusma gecikmesi ve yanma slresi) motor performansi (6zgul yakit tiketimi ve voliimetrik verim)
ve egzoz emisyon parametreleri (HC, CO,, O,, NOx ve is) incelenmistir. Deneyler sonucunda, kullanilan metanol oraninin
artmasiyla birlikte basing artis orani degerinin M26 yakitinda vuruntu limitinde oldugu tespit edilmistir. Motor yiki arttikga
maksimum silindir basinglarinin ve basing artis oranlarinin arttigi, maksimum is1 dagilim oraninin ise azaldig1 gorilmektedir.
Minimum tutusma gecikmesi M12 yakiti ile 40 Nm’de, 5,63 krank mili agisinda meydana gelirken, maksimum tutusma
gecikmesi M26 yakiti ile 80 Nm’de 15,12 krank mili agisinda meydana gelmis olup motor yiiki arttik¢a artan bir egilim
gostermektedir. En yiiksek yanma siiresi M26 yakitiyla 100 Nm torkta elde edilirken, en dlsik yanma siiresi ayni yakitla 40
Nm’de elde edilmistir. Genel olarak artan ylkle azalma egilimi gosteren 6zgiil yakit tiketimi icin minimum deger geleneksel
dizel yakiti igin 100 Nm'de 231,11 g/kWh olurken, en ylksek degeri M21 yakiti ile 40 Nm’de 350,49 g/kWh olmustur. Metanol
orani arttikca NO, ve CO, emisyonlarinda énemli iyilesmeler gézlenirken, HC ve O, emisyonlarinda artis gériilmiistir. is
emisyonu ise dusik ylklerde azalirken, yliksek yiiklerde artma egilimi gostermistir.

Anahtar Kelimeler: Metanol, RCCl, Yanma Karakteristigi, icten Yanmali Motorlar

Abstract

The increasing emission pollution caused by the growing human population and the rising number of vehicles worldwide
negatively affects both human health and the environment. These pollutant emissions lead to the accumulation of
greenhouse gases and particulates in the atmosphere, resulting in various problems, primarily climate change and air
pollution. RCClI engines, which combine the advantages of diesel and gasoline engines, represent an innovative low-
temperature combustion concept that enables more efficient and cleaner combustion. This concept involves the use of at
least two different types of fuels: one with high reactivity and the other with low reactivity. In this study, methanol, an alcohol
fuel known for its high octane number, was used as the low-reactivity fuel along with conventional diesel fuel. A four-cylinder,
turbocharged, water-cooled diesel engine with a common-rail fuel injection system was modified to the RCCI combustion
concept by adding an additional injector to spray methanol fuel into the intake manifold. In this study, a detailed investigation
was conducted on a methanol-diesel dual-fuel RCCI engine equipped with a common-rail fuel injection system under constant
intake air temperature conditions (55 °C), at various methanol energy ratios and partial load operations, with the aim of
making a significant contribution to the literature. The study focuses on combustion characteristics (cylinder pressure, heat
release rate, cumulative heat release, pressure rise rate, ignition delay, and combustion duration), engine performance
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parameters (brake specific fuel consumption and volumetric
efficiency), and exhaust emission parameters (HC, CO,, O,,
NO,, and soot). Experiments were conducted at a constant
speed of 1750 rpm under four different engine loads (40 Nm,
60 Nm, 80 Nm, and 100 Nm).The methanol used in this study
was supplied to the engine at three different mass flow rates
12,19, and 26 g/s (M12, M19, and M26) and the results were
compared with those obtained using diesel fuel. As a result
of the experiments, it was found that with an increasing
proportion of methanol, the pressure rise rate in the M26
fuel reached the knock limit. It was also observed that as the
engine load increased, the maximum cylinder pressures and
pressure rise rates increased, while the maximum heat
release rate decreased. The minimum ignition delay
occurred with the M12 fuel at 40 Nm, at 5.63 crank angle
degrees, while the maximum ignition delay was observed
with the M26 fuel at 80 Nm, at 15.12 crank angle degrees,
showing an increasing trend with rising engine load. The
longest combustion duration was obtained with the M26
fuel at 100 Nm torque, whereas the shortest combustion
duration was also recorded with the same fuel at 40 Nm. In
terms of brake specific fuel consumption, which generally
exhibited a decreasing trend with increasing load, the lowest
value was 231.11 g/kWh at 100 Nm with conventional diesel
fuel, while the highest value was 350.49 g/kWh at 40 Nm
with the M21 fuel. As the methanol ratio increased,
significant improvements were observed in NOyx and CO,
emissions, while HC and O, emissions showed an increasing
trend. Soot emissions decreased at low loads but tended to
increase under high load conditions.

Keywords: Methanol, RCCI, Combustion Characteristic,
Internal Combustion Engines

I. GIRIS

Diinyada hizla artan endiistriyel gelismelerin
paralelinde bazi problemler de ortaya ¢ikmaktadir. Bu
endiistriyel gelismeler icerisinde igten yanmal
motorlar énemli bir yer tutar. igten yanmali motorlar,
uzun yillardir tagitlarda kullanilan yaygin bir motor
tipidir. Genellikle fosil kokenli yakitlar kullanilir. Bu
yakitlarin yanmasiyla egzozdan cevreye kirletici gazlar
yayilir. Bu gazlarin kiiresel 1sinmaya, hava kirliligine,
gevre ve insan saghigma olumsuz etkileri oldugu
bilinmektedir. Bir diger problem ise bu fosil kokenli
yakitlarmm  rezervlerinin  smirli  olmasidir.  Bu
problemlerin ¢dziimii i¢in bilim adamlari i¢ten yanmali
motorlarda kullanilabilecek alternatif yakit arayiglarina
yonelmiglerdir.

Fosil kdkenli yakit rezervlerinin azalmasi sonucunda,
petrol kokenli olmayan alternatif yakitlara olan ilginin
artmasi dikkat cekmektedir. Buna gore motorlarda

yapilacak ¢ok kiiciik degisikliklerle komiirden elde
edilen sentetik benzin veya metanoliin yakit olarak
kullanilmasi miimkiindiir [1]. Metanol, benzine
alternatif olarak diisiiniilen yakitlar i¢inde {imit vaat
eden ve iizerinde arastirmalar yapilan bir yakittir. Saf
metanol ve farkli yiizdelerdeki metanol-benzin
karigimlari son yillarda motorlar iizerinde kapsamli bir
sekilde test edilmektedir [2,3].

Benzin-metanol karigimlarinin yakit olarak
kullanilmasinda ortaya dezavantajlar da ortaya
¢ikmaktadir. Bu sorunlardan biri alkoliin su ile

reaksiyona girme egilimidir. Bu olay ger¢eklestiginde
metanol yerel olarak benzinden ayrigir ve bu durumda
homojen olmayan bir karisim meydana gelir. Bu
durum, iki yakit arasindaki yiiksek hava-yakit orani
farkliliklar1 sebebiyle motorun diizensiz g¢aligmasina
neden olur. Bununla birlikte, otomotiv firmalari
herhangi bir  benzin-metanol-etanol  bilesimi
kullanilabilen motor iizerinde de testler yapmaktadir

[4].

Cift yakith bazt dizel motorlarda metanol
kullanilmaktadir. Metanol tek basmna kullanildiginda
dizel motorlar i¢in uygun degildir. Ancak, tutusmayi
iyilestirmek igin az miktarda dizel yakitinin
kullanilmast  durumunda metanol iyi sonuglar
vermektedir. Metanol, dizel yakitindan ¢ok daha ucuz
olarak {iretildigi baz1 iilkelerde cazip bir yakit olarak
kullanilmaktadir. Metanol ile gergeklestirilen ilk
deneylerde eski tip bilyilk vasita dizel motoru
kullanilarak, = metanol ile ¢alisacak  sekilde
doniistiiriilmiistiir. Bu deneyler sonucunda dizel yakiti
ile galisan biiyiik vasita dizel motoruna kiyasla zararl
emisyonlarin hepsinde iyilesmeler goriilmiistiir [S].

Metanol, etanol, biitanol ve propanol gibi yakitlar birer
alkol yakitidir. Alkol yakitlarinin en 6nemli avantajlari,
dizel yakitina gore diisikk viskoziteli olmalaridir. Bu
nedenle kolayca enjekte edilebilir, atomize edilebilir ve
hava ile karigabilirler. Ayrica, yanma igleminin daha
erken bitmesini saglayabilen yiiksek laminer yanma
hizi, motordaki 1s1l verimliligi artirmaktadir. Yiiksek
oksijen igerigi ve diisiik kiikiirt igerigi nedeniyle daha
az emisyon ortaya ¢ikmaktadir [6].

Bu calismada, emme manifoldundan metanol yakiti
gonderilmek {izere benzin enjektorii ilave edilmistir.
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Alternatif yenilenebilir bir yakit olan metanoliin yanma
karakteristiklerine etkisinin incelenmesi ¢alismanin ana
prensibini olusturmaktadir. Deneylerde bir dizel
motorda, ana puskiirtmede dizel yakiti ve pilot
puskiirtmede metanol yakiti kullanilarak RCCI
yapilmistir. Baslangicta emme manifolduna benzin
enjektorii ile metanol, daha sonra sikigtirma zamani
sonuna dogru dizel yakiti enjekte edilmistir. Motor
farkl yiiklerde ¢aligtirilmis, silindir basinci, 1s1 dagilim
orani, basing artis oraninin farkli motor yiik degisimine
bagli olarak incelenmistir.

Metanoliin igten yanmali motorlarda kullanilmasiyla
birlikte yanma  karakteristiklerine  etki eden
parametreler iizerine yapilan arastirmalar devam
etmektedir. Emme havasmin isitilmast ve sikistirma
oranlarmin degistirilmesi gibi farkli yontemler tercih
edilmektedir. Bu ¢alismada, emme havasi isitilarak
metanol yakiti kullanilan bir RCCI motorda farkli
motor yiikii kosullar1 ile yanma karakteristiklerine
etkisinin incelenmesi amaglanmistir.

RCCI motorlar, yiiksek 1s1l verimleri ve diisiik
azotoksit (NO,) ile is emisyonlari nedeniyle verimli bir
yanma konseptidir. RCCI yanma konsepti ile ilgili ok
sayida ¢ift yakith calisma yapilmistir. Arastirmalar
daha cok deneysel caligmalar olup, teorik olarak
gerceklesen galismalar da bulunmaktadir.

Duraisamy ve arkadaslar1 yapmis olduklar1 ¢aligmada,
Uc silindirli, common-rail direkt enjeksiyonlu,
turbosarjli RCCI yanma konseptine doniistiiriilmiis bir
dizel motorda metanol/dizel ve
metanol/polioksimetilen dimetil ester kullanimmin
emisyonlar Uzerindeki etkilerini  incelemislerdir.
Testler 3,4 bar fren ortalama efektif basinci ve 1500 d/d
motor devrinde gerceklestirilmistir. Arastirmacilar,
metanoliin kiitlesinin artmasiyla tutusma gecikmesinin
uzadigni, hem metanol/dizel hem de
metanol/polioksimetilen dimetil ester yakitlar1 igin
silindir i¢i basmcin azaldigini gézlemlemislerdir [7].
Kokabi ve arkadaglar1 yapmis olduklari calismada,
diistik reaktiviteli yakit olarak propan veya hidrojen ya
da ikisini bir arada kullanmislardir. Maksimum tepe
basinct 150 bar ve maksimum basing artis hizi 10 bar/°
ile siirlanmigtir. En iyi sonuglar optimum piiskiirtme
orant (%3,4 oraninda propan ve %6,6 oraninda hidrojen
enjeksiyonuyla) 0,31 esdegerlik orani, 1,983 bar emme
basinci ve 75° krank mili agis1 (KMA) Ust Olii Nokta
(UON) enjeksiyon zamanlamasinda gergeklesmistir
[8]. Wategave ve arkadaslari, RCCI bir motorda
sikistirilmis dogal gaz (CNG) ve Karanja biyodizelinin
yakitlarinin yanma {izerine etkilerini incelemislerdir.
Calismada, RCCI modunda ¢aligsan bir dizel motorun,
diisiik ve yiiksek reaktif yakit kombinasyonlari ile daha
az giirtiltiilii yanma ve igletim sinirlart belirlenmistir.
Arastirma kapsaminda, tam yiik c¢alismasi sirasinda
hava-yakit orani, ¢evrimsel farkliliklar, yanma
giiriiltlisii ve emisyonlarin incelenmesi yer almaktadir.
Calismada, CNG'nin %90'lik enerji payma ulastig
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durumda motorun 3,5 kW c¢ikis giiciinde vuruntu
limitine eristigi belirlenmistir [9]. Duan ve arkadaslari,
yiiksek sikistirma oranli, direkt enjeksiyonlu bir
motorda  metanoliin  enjeksiyon ve atesleme
zamanlamalarinin yanma, performans ve emisyonlara
etkisini incelemislerdir. Deneyler 65 ve 87 kPa emme
basinglarinda gergeklestirilmis; enjeksiyonun
geciktirilmesiyle tutusma gecikmesi azalmig ancak
hacimsel ve yanma verimleri diismiistiir. Atesleme
zamanimin geciktirilmesi NOx ve CO emisyonlarimni
azaltirken, 1s1l verimlilik ve diger emisyonlarda azalma
gozlemlenmistir. En iyi performansm -270° ile -240°
krank mili agilarinda enjeksiyonla elde edildigi
belirtilmistir [10]. Panda ve Ramesh, metanol-dizel
yakitli RCCI motorda emisyonlar1 azaltmak ve 1sil
verimi artirmak amaciyla deneysel bir c¢alisma
gergeklestirmiglerdir. 1500 d/d sabit hizda yapilan
testlerde, metanol oranm1 %56’ya c¢ikarildiginda 1si1l
verim %38’e ulagmis, NOx emisyonu %95, is emisyonu
ise %78 oraninda azalmigtir. Yiksek metanol
oranlarinda ve 85 °C’lik emme havasi sicakliginda %42
oranmda 1s1l verime ulasildig1 ifade edilmistir [11].
Agarwal ve arkadaslari, tek silindirli bir dizel motorda
tek ve c¢ift kademeli pilot enjeksiyon stratejileriyle
piiskiirtme avansinin emisyonlara etkisini incelemistir.
1500 d/d motor devri ve 3 bar ortalama efektif basingta,
farkli metanol oranlariyla yapilan testlerde, diisiik
devirlerde pilot enjeksiyon yapilmistir. RCCI modunda
NOy emisyonlar1 azalirken, CO ve HC emisyonlarinda
artis gozlenmistir. Ancak metanol orani arttikga HC
emisyonlar1 diigme egilimi gdstermistir [12]. Literatir
calismalar1  incelendiginde, common-rail yakit
enjeksiyon sistemine sahip RCCI arastirmalarinda,
sabit emme havasi sicakhiginda (55 °C), metanol ve
dizel yakitlar1 kullanilan ¢ift kademeli enjeksiyon
yanma (silindir basinci, 1s1 dagilim orani, kiimiilatif 1s1
dagilimi, basing artis orani, tutusma gecikmesi ve
yanma siiresi) performans (6zgiil yakit tiketimi ve
vollimetrik verim) ve emisyon parametrelerinin (HC,
CO2, NOy ve is) yiiksek metanol enerji oranlarinda
(M12, M19 ve M26) arastirilmadigr goriilmektedir.
Yapilan bu calisma ile literatiirdeki bu eksikligin
giderilmesi amaglanmaktadir.

Il. MATERYAL VE YONTEM

Deneyler, Marmara Universitesi Teknoloji Fakiiltesi
Makine Miihendisligi Boliimii Otomotiv
Laboratuvarlari'nda  gerceklestirilmistir. Deney
yakitlar1 olarak kullanilan metanol ve dizelin bazi
fiziksel ve kimyasal oOzellikleri Tablo 1’de
belirtilmistir.
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Tablo 1. Dizel ve metanoliin baz fiziksel ve kimyasal
Ozellikleri [13,14]

Yakat ozellikleri Dizel Metanol
Kimyasal formuli CioH2a CHsOH
Yogunluk (kg/m®, 293 847 795

K)

Tutugma sicaklig: (K) 483-523 743

Alt 151l degeri (MJ/kg) 42,5 20,1
Gizli buharlagma 1s1s1 260 1100
(kJ/kg)

Setan sayis1 51 <5
Oktan sayis1 17 111
Laminer yanma hizi - 523
(cm/s)

Stokiyometrik hava/yakit 14,3 6,5
orant

Viskozite (mm?/s, 313 2,72 0,58

K)

Kaynama noktasi (°C) 180-360 64,5

Deney diizenegi; test motoru, motor dinamometresi,
silindir i¢i basing ve yakit hatti basing 6l¢lim sistemleri,
sinyal sartlandirici, enkoder, veri toplama karti, hava ve
yakit 6l¢lim sistemi, gaz besleme sistemi, emme hava
wsiticist, sicaklik kontrol paneli, elektronik kontrol
iinitesi ve egzoz gazi analiz cihazindan olusmaktadir.
Sekil 1’de ise deney diizeneginin genel goriiniimii
gosterilmistir.

Sekil 1. Deney diizeneginin genel gértiniimi

Deneyler common rail yakit enjeksiyon sistemine
sahip, turbosarjli, dort silindirli, su sogutmali bir dizel
motorda yapilmistir. RCCI yanma modu i¢in diisiik
reaktiviteli yakit olan metanol, elektronik kontrol
iinitesi ve basing ayar valfi ile kontrol edilerek emme
manifoldundan piskiirtiilmiistiir. Deney motoru ise
Sekil 2’de gosterilmistir.

Sekil 2. Deney motoru

Deney motorunun teknik ozellikleri ise Tablo 2’de
belirtilmistir.

Tablo 2. Deney motorunun 6zellikleri

Ozellikler

Motor modeli Renault-1,5 litre dCi K9K-700
Motor tipi fa?lilindirli, turbosarjli, common-
Silindir cap1 x kurs 76 x 80,5 mm

Silindir hacmi 1461 cm?

Sikigtirma orani 18,25:1

Valf sayist 8

Maksimum gii¢ 48 kW-4000 d/d

Maksimum tork 160 Nm-1750 d/d

Deneylerde, motorun yiiklenmesi i¢in maksimum torku
475 Nm, maksimum giicii 160 kW ve maksimum devri
8000 d/d olan Eddy Current tipi bir dinamometre
(Cussons P8602) kullanilmistir. Dinamometre, bir 1s1
degistiriciyle donatilmistir. Hem motorun hem de
dinamometrenin sogutma islemi, sehir sebekesinden
saglanan su ile gerceklestirilmistir. Kullanilan motor
dinamometresi Sekil 3’de sunulmustur.
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Sekil 3. Eddy Current Dinamometre

Motor suyu sicakligl, ayarlanabilir bir termostat
aracilifryla 80+ 5°C araliinda sabitlenmigtir. Test
sistemine entegre edilen sensorler sayesinde farkl
noktalardan sicaklik, basm¢ ve debi verileri
alinabilmektedir. Ayrica, motora ilk calistirma, devir
artirma ve azaltma gibi islemler de kontrol sistemi
tizerinden gergeklestirilebilmektedir. Dinamometre
kontrol yazilimi olan MOTEST araciligiyla motor
devri, giig, tork, sogutma suyu giris-¢ikis sicakliklari,
yag ve yakit sicakliklari, egzoz ve emme havasi
sicakligr ile emme havasi debisi gibi birgok parametre
izlenebilmekte ve kaydedilebilmektedir. Diisiik ve
yiiksek reaktiviteye sahip yakitlarin debi ol¢limleri ise
hassas terazi ile yapilmistir. Motor dinamometresi
kontrol sistemi ekran1 Sekil 4’de gosterilmektedir.

Devir Koglige Koql‘gl

s S O, O 5.

s a. Orae A o e
il 21| e 0 6] |

5o

E40omT0 uu

Sekil 4. Dinamometre kontrol ekrani

Silindir i¢i basing ol¢iim sisteminde; Biltek marka
enkoder, Oprant AutoPSI silindir basing sensori,
National Instruments veri toplama karti, bir yanma
analiz yazilimi ve bilgisayar kullanilmistir. Basing
sensorii, kizdrma  bujisinin  bulundugu yuva
kullanilarak silindire monte edilmistir. Montaj

sirasinda sizdirmazligi saglamak amaciyla baglanti
noktalarma sivi conta uygulanmistir. Sekil 5’de
deneylerde kullanilan silindir i¢i basing sensoriiniin
yerlesimi gosterilmektedir.

Sekil 5. Silindir i¢i basing sensorii

Yakit hatt1 basing sensorii, birinci silindirin yliksek
basing borusu iizerinde yer almaktadir. Sensérden
aliman veriler, Febris yanma analiz programi ile
islenmektedir. Kullanilan sensér, Kistler 6533-All
modelidir. Sekil 6’da yakit hatti basing sensorii
gosterilmektedir.

SeKkil 6. Yakit hatt1 basing sensorii

Sensorlerin  {iirettigi sinyaller genellikle dogrudan
iglenebilir seviyede veya formatta olmayabilir; zayif,
parazitli ya da farkli bicimlerde olabilir. Sinyal
sartlandiricilar, bu sinyalleri diizelterek, oOl¢iim ve
kontrol sistemlerinin daha kolay algilayabilecegi,
analiz edebilecegi ve kullanabilecegi bir formata
dontistiirirt. Deneylerde, KISTLER Piezoresistive
Amplifier Type 4618A0 model sinyal sartlandirict
kullanilmigtir.  Sekil  7°de  sinyal  sartlandiric
gosterilmektedir.

393



Int. J. Adv. Eng. Pure Sci. 2025, 37(3): <389-409>

Metanol-Dizel RCCI

’\ .

w ¥KISTLER
E 7 wister i
ive Arr plifier Type “£18A0 C€

-ensor:

Sekil 7. Sinyal sartlandirict

Deneylerde, Biltek marka optik enkoder kullanilmstir.
360°'lik bir agiyla calisan ve 1024 pulse o6zelligine
sahip bu enkoder, her ¢evrimde 360/1024°1iik degerle,
yani 0,35 KMA agilarinda veri toplamaktadir. Enkoder,
motorun krank kasnagina monte edilmistir ve sabitleme
civatast ile aparat kullanilarak gilivence altina
almmigtir. Titresimsiz c¢alisma saglamak amaciyla
kaplin takilmigtir. Enkoder montaji Sekil 8’de
gosterilmektedir.

Sekil 8. Enkoder montaji

Silindir i¢i basing sensériinden alinan veriler, Febris
yanma analiz sistemine iletilmektedir. Yanma analiz
sistemi arayiizii iizerinden, indikator diyagrami,
maksimum basing, 1s1 dagilim orani, basing artig orani,
kiimiilatif 1s1 dagilimi, kiitlesel yanma miktari, yanma
odast basinci, yakit hatt1 basinci, Wiebe fonksiyonlari,
yanma baslangici ve sonu gibi yanma parametrelerinin
grafik ve sayisal degerleri krank agilarinda
belirlenmektedir. Sekil 9’da Febris yanma analiz
sistemi araylzl gosterilmektedir.

Sekil 9. Yanma analiz sistemi ekrani

RCCI yanma konseptinde, diistik reaktiviteli yakitin
puskartilmesi icin BOSCH marka bir benzin enjekt6ri
kullanilmigtir.  Sekil 10 ve Tablo 3’de benzin
enjektdriine ait detaylar sunulmaktadir.

Sekil 10. Benzin enjektori

Tablo 3. Benzin enjektorii teknik 6zellikleri

Ozellikler

l?;:fr'da statik akig 213 g/d
Direng 12 Ohm
Yakat Tiri Benzin
Ticari numara EV-14-ES
Agirlik 0,036 kg

RCCI konseptinde, metanoliin kiitle akis debisini
ayarlamak  amaciyla  farkli  oranlarda  yakit
piskiirtiilmiistiir. Bu islem i¢in Arduino IDE 1.8.19
yazilimi kullanilmistir.
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Emme manifolduna giren havanin isitilmasi igin,
yalitimli plastik bir varil igine 2000 W giiciinde bir PTC
seramik 1sitict  yerlestirilmistir.
sicaklik  kontrol

Sekil

Isiticinin  sicaklik
paneli  araciligiyla
PTC seramik 1sitict

kontroli,
yapilmaktadir.
gosterilmektedir.

11°de

Sekil 11. PTC Seramik 1sitici

Emme havasi sicakligini artirmak amaciyla PTC
seramik 1sitict kullanilmistir. Isitilan hava, kapali bir
plastik wvaril araciligtyla RCCI motorunun emme
manifolduna yonlendirilmistir. Ayrica, sicaklik kontrol
paneli sayesinde, havanin uygun sicaklik seviyelerine
ulasmasi saglanmaktadir. Sicaklik kontrol paneli 12°de
gosterilmektedir.

Sekil 12. Sicaklik kontrol paneli

Deneylerde egzoz emisyonlarmi 6lgmek amaciyla
Bosch BEA 460 egzoz emisyon 6l¢iim cihazi ve Bosch
is Ol¢iim cihazi kullanilmigtir. Daha dogru sonuglar
elde edebilmek icin, deneyler 6ncesinde emisyon test
cihazinmn bakim ve kalibrasyonu yapilmistir. Emisyon
6l¢lim sonuglari {i¢ kez tekrarlanarak ortalama degerler
almmustir. Filtreler her deneye baglamadan once
degistirilmigtir. Ayrica, emisyon ve diger verilerin
almabilmesi icin motor sogutma suyunun 80°C’ye
1sinmasi1 beklenmistir. Egzoz emisyon cihazi ile HC,
NOy, CO; ve is emisyonlar1 dl¢iilmiistiir. Sekil 13°de
Bosch BEA 460 egzoz emisyon 6l¢iim cihazi, Tablo
4’de ise cihazin teknik ozellikleri gosterilmektedir.

BEA 460

Sekil 13. Egzoz emisyon cihazi

Tablo 4. Egzoz emisyon cihazi teknik 6zellikleri

Ozellikler Olgme Aralig
0-10000 ppm
Hidrokarbon (HC) PP
1 ppm
0-22 % haci
Oksijen (0,) o naam
0,01 % hacim
0-10000
Azotoksit (NO,) Pem
1 ppm

0-18 % haci
Karbondioksit (CO,) >haam

0,01 % hacim
Hava fazlalik 0,5-1,8
katsayisi 0,001
Absorbiyon 0-10 m1
katsayisi (K) 0,01 m1?
2.1. Deneysel Veriler ile Hesaplanan Yanma

Karakteristikleri

2.1.1. Ist Dagilim Oranimin Hesaplanmasi
Bu calismada net 1s1 dagilim orani hesaplanmistir. Bu
hesaplama yapilirken krank agisina bagh olarak silindir
basinci kullanilmigtir. Termodinamigin I.yasasi (kapal
bir sistem ig¢in enerjinin korunumu) kullanilarak
asagidaki denklem elde edilmistir [15,16].

Q@ _ , ¥v pav 1 ,,dP
ae +y—1Pd6 +y—1Vd9 (1)

Z—g: Is1 dagilim oran1 (J/°’KMA)

V: Silindir hacmi (m?®)

y: Ozgiil 1silar oran1
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2.1.2. Basing Artrs Oranimin Hesaplanmasi

Tutusma  gecikmesi  hesaplamalarinda  yanma
baslangic1 ve piiskiirtme baglangict arasindaki fark
kullanilarak basing artis orant hesaplanmistir [17].

dP
BAO = T}

2
BAO: Basimng artis oran1 (bar/°’KMA)

P: Silindir basinci (bar)

6: Krank mili agis1 ("(KMA)

2.1.3. Silindir Gaz Basincimin Belirlenmesi

Deneyler sirasinda motor devri 1750 d/d'da sabit

tutulmus ve motor yiikii sirasiyla 40, 60, 80 ve 100 Nm
olarak degistirilmistir. Motor yiikii arttikca, silindir

basinglarmda da artis gozlemlenmistir.  Olciim
sonuglarmin  sensorler, yiikselticiler ve devreler
nedeniyle giriiltiye maruz kalmamasi amaciyla

Savitzky-Golay filtresi uygulanmistir. Sekil 14°de, 200
¢evrimde elde edilen ve her bir ¢evrimdeki silindir
basiglarmm krank agisina gore ti¢ boyutlu dagilimlar
gosterilmektedir. Sikistirma siireci, emme supabinin
kapanmasi ile pistonun UON’ye ulagmasi arasinda
tanimlanmakta olup politropik bir siirectir. Elde edilen
ortalama basmcin dogrulugu, Sekil 15°de yer alan
logaritmik basing-hacim diyagrami (log P — log V) ile
kontrol edilmektedir.

760
865 ©
5
570 2
urs &
380 3
2855
]

190 &

50 ™
Krank agisi (KA)

Sekil 14. 200 cevrimde toplanan ¢ boyutlu silindir
basinci grafigi (40 Nm, M19)

T
\ ™~

§ \
NN
\\

50

Silindir Basmer [bar]

N\

Silindir Hacmi [m?]

) 1000

= 2

0,5

Sekil 15. Logaritmik P-V diyagrami (40 Nm, dizel)
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Sekil 2.20°de, 1s1 dagilim oraninin krank agisina bagh
olarak degisimi sunulmustur. Is1 dagilimi grafigi
iizerinden yanma baslangici ve sonu belirlenebilmistir.
Yanma baslangici, her dort yakat tiirii i¢in de 1s1 dagilim
oranimin 0 J/° degerine en yakin oldugu krank mili agis1
olarak kabul edilmistir. Tutusma gecikmesi, yakitin
yanma odasina piskiirtiilmesi ile yanma baglangict
arasindaki zaman farkinin krank agis1 cinsinden
hesaplanmasiyla belirlenmektedir. Piiskiirtme
baslangici, dizel hat basing egrisinde ilk ani basing
diisiisliniin bagladigi nokta olarak kabul edilmistir [18].

/ \\
" v ..TJ..,L“//\/ .
.f
T 350 360 370

Krank Mili Agis1 [°]

Is1 Dagilim Ovam [J/°]

80

Sekil 16. Is1 Dagilim Orani

2.1.4. Kiimiilatif Is1 Dagiliminin Hesaplanmasi

Bu ¢alismada, silindir iginde yanma baslangicindan
sonuna kadar meydana gelen toplam 1s1 dagilimi
kiimiilatif 1s1 dagilimi olarak tanimlanmustir. Yakitin
yanmasiyla aciga c¢ikan enerji olarak da bilinen
kiimiilatif 1s1 dagilimmi hesaplamak igin asagidaki
denklem kullanilmustir.

0
Quc = Jj, Sodb (3)

Qy : Kimulatif 1s1 dagilimi (J)
0,: Yanma sonu (°KMA)
0,: Yanma baslangici (°KMA)

2.1.5. Yalkat Hatti Basincinin Hesaplanmasi

Yakit hattt basinci, motor yiikiine bagli olarak
degismekte olup motorun ¢alisma kosullarindan 6nemli
Olclide etkilenmektedir. Bu basing degeri, birinci
silindire yonlendirilen yakit hatti borusuna monte
edilmis basing sensorii araciligiyla izlenmektedir. Elde
edilen veriler, enjeksiyon baslangicinin ve tutusma
gecikmesinin tayininde kullanilmaktadir. Yakit hattinda
gozlemlenen ilk ani basing diislisii, enjeksiyon
siirecinin baslangicini isaret etmektedir. Calismada
kullanilan motor, common-rail yakit enjeksiyon
sistemine sahip olup, ana enjeksiyondan once bir pilot
enjeksiyon gergeklestirmektedir. Bu nedenle, Sekil
17°de sunulan basing-zaman grafiginde ilk ani disiis
pilot enjeksiyonun, ikinci belirgin diisiis ise ana
enjeksiyonun baglangicina karsilik gelmektedir.
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§

Ana piiskiirtme

Pilot piiskiirtme \
\ v

g

7

Yalat Hatti Baswiner [bar]

§

8

360 an 380 30 ) 410

Krank Mili Agisi [°]

34 350

&

Sekil 17. Yakit hatt1 basincinda pilot ve ana
puskirtmelerin gosterimi (40 Nm, M26)

2.1.6. Tutusma Gecikmesinin Hesaplanmast

Tutusma gecikmesi, enjeksiyonun baglamasi ile
yanmanin baglamasi arasindaki zaman araligi olarak
tanimlanir [19]. Denklem 4’de hesaplanmustir.

TG =6, — 6, @
TG: Tutusma gecikmesi ("(KMA)

6,: Yanma baslangict ((KMA)

6,: Piiskiirtme baslangic1 ("(KMA)

2.1.7. Metanol Enerji Orammnin Hesaplanmasi

Metanol enerji orani, metanol-dizel karigimlarinda
metanoliin igerdigi enerji miktarmin, toplam yakit

karistimmin  enerji  igerigine  oram1  olarak
tanimlanmaktadir.

MEO = LHVCH30H' ThCH30H / LHVD.Tle +

LHVcy,0m- Meuzon 6))

MEQO: Metanol enerji orant (%)

mp,: Dizel yakit kiitlesel akis orani (g/d)

My, ont Metanol yakit kiitlesel akis orani (g/d)
LHV}: Dizel yakit alt 1s1l deger (J/g)
LHVy,on: Metanol yakit alt 1s1l deger (J/g)

Sekil 18’de deneyde kullanilan yakitlar igin enerji
oranlarmi gosterilmektedir.
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Sekil 18. Metanol ve dizel enerji oranlarmin gosterimi

Metanol yakiti, kiitlesel bazda enjeksiyon yoluyla
silindire beslenmistir. Asagidaki tabloda, dakikada
gram cinsinden hesaplanan kiitlesel metanol debileri
gosterilmektedir.

Tablo 5. Yakitlarin kiitlesel degerleri
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2.1.8. Belirsizlik ve Hata Analizi

Bu c¢alismada, Ol¢iim sistemine ait sensorlerin
hassasiyet degerleri esas alinarak, her bir girdinin
belirsizlik diizeyi belirlenmigtir. Kline ve McClintock
yontemi  kullanilarak, bu bireysel belirsizlikler
matematiksel olarak birlestirilmis ve toplam birlesik
belirsizlik hesaplanmigtir. S6z konusu yontem, her bir
degiskenin sonuca etkisini kismi tiirevler yoluyla
dikkate alarak, sensor tabanli 6l¢lim hatalarinin sistem
genelindeki belirsizlik tzerindeki etkisini nicel olarak
ortaya koyar. Bu sayede, 6l¢lim siirecinin giivenilirligi
analitik olarak degerlendirilmistir. ~ Belirsizlikler
karelerinin toplaminin karekoki alinarak hesaplanir.

Up = JUuu? +up? + uc? (6)
ug: Toplam hata orani

u,: Hata orani (%)

ug: Hata oran1 (%)

uc: Hata oran1 (%)

Tablo 6. Belirsizlik ve Hata Analizi

Olgulen Birim | Olgim | Mutlak | Bagl

Buyuklik Aralh@ | Hata Hata
&) (%)

Yakit /s 0-5 0,19fs 2,0

Tuketimi

Zaman S 0-500 1s 0,2

Motor kw 0-25 0,25kw | 1,0

Glci

Emme bar 0-1,5 0,05bar | 3,3

Manifoldu

Basinci

Silindir Igi | bar 0-100 0,1 bar 0,1

Basing

Krank Agis1 | °’KMA | 0-720 0,35° 0,05

NOx ppm 0-5000 | 10 ppm | 0,2

Emisyonu

HC ppm 0-5000 | 10ppm | 0,2

Emisyonu

CO: %vol 0-20 0,1 0,5

Emisyonu %vol

0. %ovol 0-21 0,1 0,5

Emisyonu %vol

Is (K m! 0-10 0,1 1,0

Degeri)

II1. BULGULAR ve TARTISMA

3.1. Silindir Basinglari

Sekil 19, 20, 21 ve 22’de gosterilen grafikler
incelendiginde, motor yiikiinlin artmasiyla birlikte
genelde maksimum silindir  basinglarinmn  arttig1
goriilmektedir. Ozellikle 60 Nm yiikte M26 yakitinin
kullanilmastyla maksimum silindir basinci en yiiksek
%11,60 oraninda artmistir. Ayn1 yiikte metanoliin kiitle
akis debisi artttkca maksimum silindir basmglar1 da
artmaktadir. Ana puskiirtilen dizel yakita metanol
eklenmesiyle viskozitenin azalmasi ve metanolde
bulunan dogal oksijen igerigi sayesinde silindir basinct
artmigtir. Bu durum, daha fazla yakit molekiiliiniin
buharlagmasina ve yanma siirecinin iyilesmesine
olanak tanimistir. Emme havasi sicakligt metanol
yakitlar i¢in artirilmistir. Dizel yakitina kiyasla metanol
yakitlarindaki ~ silindir  basinglar1  bu  nedenle
artmaktadir. Maksimum silindir basinglart 40 Nm
yiikte dizel yakitinda 364,57° krank a¢isinda 83,48 bar,
M12 yakitinda 365,63° krank agisinda 86,56 bar, M19
yakitinda 366,33° krank acisinda 87,24 bar, M26
yakitinda 368,44° krank acisinda 89,55 bar olarak
bulunmustur. 40 Nm sabit yiikte M12, M19 ve M26
yakitli caligmalardan elde edilen maksimum silindir
basing degerleri, dizel yakitina gore karsilastirildiginda
sirastyla %3,69, %4,5 ve %7,27 oraninda artmustir.
Maksimum silindir basinglari 60 Nm yiikte dizel
yakitinda 364,92° krank acisinda 88,97 bar, MI12
yakitinda 365,27° krank acisinda 93,45 bar, M19
yakitinda 365,98° krank acisinda 95,03 bar, M26
yakitinda 366,33° krank acisinda 99,29 bar olarak
bulunmustur. 60 Nm sabit yiikte M12, M19 ve M26
yakitli caligmalardan elde edilen maksimum silindir
basing degerleri, dizele gore karsilastirildiginda
sirastyla %5,04, %6,81 ve %11,60 oraninda arttig
gozlemlenmistir. Maksimum silindir basinglart 80 Nm
yiikte dizel yakitinda 377,58° krank acisinda 105,57
bar, M12 yakitinda 366,68° krank acgisinda 103,27 bar,
M19 yakitinda 365,98° krank agisinda 105,33 bar, M26
yakitinda 365,63° krank agisinda 109,56 bar olarak
bulunmustur. 80 Nm sabit yiikte M12 ve M19 yakith
calismalardan elde edilen maksimum silindir basing
degerleri, dizele gore Kkarsilastirildiginda sirasiyla
%2,28 ve %0,23 azalirken, M26 yakith c¢alismada
%3,78 oraninda arttif1 tespit edilmistir. Maksimum
silindir basinglar1 100 Nm yiikte dizel yakitinda
377,23° krank agisinda 117,97 bar, M12 yakitinda
375,82° krank agisinda 114,86 bar, M19 yakitinda
375,47° krank acisinda 116,31 bar, M26 yakitinda
371,25° krank agisinda 117,89 bar olarak bulunmustur.
100 Nm sabit yikte M12,M19 ve M26 vyakith
caligmalardan elde edilen maksimum silindir basing
degerleri, dizele gore karsilastirildiginda sirasiyla
%2,64, %1,41 ve %0,07 oraninda azaldig1
hesaplanmustir.
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Metanol yakitlarinda ozellikle diisik yiiklerde
maksimum silindir basinglarmin yiiksek olmas1 emme
havasi sicakligma da baglanabilir. Maksimum silindir
basinci metanol ile dizel yakitlar: ile kiyaslandiginda,
metanol yakitlarinda daha erken gerceklesmektedir.
Bunun nedeni, homojen metanol/hava karigimimnin
yanmasindan  kaynaklanmaktadir.  Diisiik  yiikte
metanoliin enerji dagilim oranindan aldig1 pay daha
fazla olacagindan yani gorece daha fazla metanol
almdigindan silindir i¢i sogumus ve basing diismiistiir.
Yik arttik¢a sicakliklar artmig ve metanoliin sogutma
etkisi bertaraf edilmistir [20,21].

100 Nm’de dizel yakitinda basing yiiksektir. Ana
yanmanin M26’da bariz bir sekilde ge¢ basladigini

gbriyoruz. Bunun nedeni, metanoliin  yiksek
buharlagma  gizli 1sisindan  kaynaklanmaktadir.
Manifolddan silindire aldigimiz pilot enjeksiyon

ortamdan daha fazla 1s1 ¢eker. Fazla 1s1 gekmesi silindir
i¢i sicakligmi disiiriir. Sicaklign diismesiyle yanmanin
bir miktar gecikmesine neden olur. Ancak metanol
yakit1 tutustuktan sonra oksijen igeriginin fazla olmasi
yanma hizini artirmistir. Common-rail yakit enjeksiyon
sistemi, mekanik enjeksiyon pompalarma gore
atomizasyon orani oldukga iyidir ve daha kontrolliidiir.
Enjeksiyon basinci sabit ve yiiksek basinglarda 2300
barlara kadar ¢ikabilmektedir. Common-rail yakit
enjeksiyon sistemi sayesinde yiiksek basinglarda
atomizasyon ve dizel yakiti ile birlikte yiiksek
oranlardaki  metanol  karigimi  bu  miimkiin
olabilmektedir. Kontrolli yanma suresinin, 6zellikle
yilksek yilklerde (80 ve 100 Nm) daha fazla arttigini
goriiyoruz. Hem dizel hem de metanol yakitlarmin
yakit miktarlarinin artmasiyla yanma siirelerinin
uzadigmi grafik egrilerinden goézlemliyoruz. Burada
M26 yakitinda yanma siiresi daha kisadir. Bunun,
oksijen igeriginin fazla olmasi ve metanoliin yanma
hizinin yiiksek olmasindan kaynaklandig
disiiniilmektedir.

)

DIZEL
——MI2
——MI9
—M26

0 35 10 5 3@ 3m
Krank Vil Agw [7]

360 am 380

Krank Mili A¢is1 [°]

Sekil 19. 40 Nm yilkte dizel, M12, M19 ve M26
yakaitlari i¢in olusan silindir basinglari
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Silindir Basuer [bar]
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Krank Mili Agis [°]
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Sekil 20. 60 Nm yiikte dizel, M12, M19 ve M26
yakitlar1 i¢in olusan silindir basinglari

DiZEL

—MI19

Krank Vil Agis [

——N26

Silindiv Basinct [bar]
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o e
Krank Mili Agis1 [*]

Sekil 21. 80 Nm yikte dizel, M12, M19 ve M26
yakitlar1 i¢in olusan silindir basinglari
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Keauk Mill Agws [1)

3 380
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Sekil 22. 100 Nm yukte dizel, M12, M19 ve M26
yakitlar1 i¢in olusan silindir basinglari

3.2. Is1 Dagilim Oranlan
Yanma baglangici, dort yakit icin de 1s1 dagilim

oranmin 0 J/° degerine en yakin oldugu krank agisi
olarak kabul edilmistir. Is1 dagilim oranlar1 yaklasik
340° krank acilarinda, en erken dizel yakitta baglamis,
sirastyla M12, M19 ve M26 olarak devam etmistir.
Bunun nedeni, metanoliin buharlagsma 1sisimnm, dizel
yakitina kiyasla yiiksek olmasidir.

Yakit ve hava miktarinin artmasma bagli olarak artan
silindir i¢i sicakliklar yiikselmektedir. Bunun sonucu
olarak motor yiikii arttikca 1s1 dagilim orani1 da
artmaktadir. Sekil 23, 24, 25 ve 26’daki grafiklerde
goriilmektedir ki, motor yiikii arttik¢a, 1s1 dagilim orant
da artmaktadir.

RCCI motorlarda, diisiik reaktiviteli yakit kullanilmasi
ozelligiyle, geleneksel dizel motorlara kiyasla, 1s1
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dagilim oranlar1 daha diisiiktiir [22]. Ciinkii sicaklik ve
basinglar1 dizel yakitina gére daha diisiiktiir. Buna bagl
olarak, RCCI motorlarda yanma daha yavas
gerceklesmektedir. Ornegin, 100 Nm motor yiikiinde
geleneksel dizel yakitinda maksimum 1s1 dagilim orant
58,30 J/° iken, MI12 yakitinda 32,47 J/° olarak
hesaplanmistir. Metanoliin kiitle akis debisi arttikga, 1s1
dagilim oran1 da buna paralel olarak azalmaktadir
[23,24]. 100 Nm’de M12, M19 ve M26 yakitlari igin
maksimum 1s1 dagilim oranlar1 sirastyla 50,20 J/°, 49,41
J/° ve 40,70 J/° olarak azalma egilimindedir. Bu durum,
metanoliin, dizel yakita gore daha diisiik setan sayisina

sahip olmasma baglh olarak tutusma gecikmesi

siresinin uzamasina ve sonug¢ olarak yanma
baslangicinin ~ geciktirilmesine neden olmaktadir
[25,26].
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Sekil 23. 40 Nm yiikte dizel, M12, M19 ve M26
yakitlar1 i¢in olusan 1s1 dagilim oranlari
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Sekil 24. 60 Nm yiikte dizel, M12, M19 ve M26
yakitlar1 i¢in olusan 1s1 dagilim oranlari
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Sekil 25. 80 Nm yikte dizel, M12, M19 ve M26
yakitlar1 i¢in olusan 1s1 dagilim oranlari
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Sekil 26. 100 Nm yukte dizel, M12, M19 ve M26
yakitlar1 i¢in olusan 1s1 dagilim oranlari

3.3. Kiimiilatif Is1 Dagilim Oranlari

Motor yiikii arttik¢a kiimiilatif 1s1 dagiliminda da artis
gozlemlenmistir. Sekil 27, 28, 29 ve 30°da goriildigi
iizere, artan yiikle birlikte kiimiilatif 1s1 dagilimi da
yiikselmektedir. Ornegin, M12 yakiti kullanildiginda
40 Nm’de 527,53 J olan maksimum kiimiilatif 1s1
dagilimi, 60 Nm’de 629,37 J, 80 Nm’de 744,35 J ve
100 Nm’de 830,45 J degerlerine ulasmistir. Bu arts,
motor yukinin yukselmesiyle birlikte silindire daha
fazla yakit enjeksiyonunun yapilmasi ve buna baglh
olarak yanma siresinin uzamasiyla agiklanabilir [27].
RCCI motorlarda diigiikk reaktiviteli yakitlarin
kullanilmasi, genellikle dizel motorlara kiyasla daha
diisiik kiimiilatif 1s1 dagilimi ile sonuglanmaktadir. Bu
durum, metanoliin dizel yakitina gore daha yiiksek gizli
buharlagsma 1sisina sahip olmasiyla
iligkilendirilmektedir [28]. Ancak Sekil 27°de
goriildiigii izere, 40 Nm yiikte M26 yakitinin kiimiilatif
1s1 dagilimi dizel yakita gore daha yiiksek ¢ikmistir. Bu
durumun, emme havasinin 1sitilmasiyla
aciklanabilecegi diisiiniilmektedir. Ayrica metanoliin
kiitle akig debisi arttikca kiimiilatif 1s1 dagiliminda
genel olarak azalma egilimi goriilmiistiir. 60 Nm yiikte,
M12, M19 ve M26 yakitlari i¢in maksimum kiimiilatif
1s1 dagilimi sirastyla 629,37 J, 627,62 J ve 625,73 J
olarak belirlenmistir. Bu durum, metanolin dizel
yakitina kiyasla daha diisiik alt 1sil degerine sahip
olmasindan kaynaklanmaktadir [29].
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Sekil 27. 40 Nm yukte dizel, M12, M19 ve M26
yakitlar1 i¢in olusan 1s1 dagilim oranlari
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Sekil 28. 60 Nm yiikte dizel, M12, M19 ve M26
yakitlar1 i¢in olusan 1s1 dagilim oranlari
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Sekil 29. 80 Nm yilkte dizel, M12, M19 ve M26
yakatlar1 i¢in olusan 1s1 dagilim oranlari
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Sekil 30. 100 Nm yiikte dizel, M12, M19 ve M26
yakitlar1 i¢in olusan 1s1 dagilim oranlari

3.4. Basin¢ Artis Oranlari

Basing artis oranti, her krank mili agisinda silindir i¢inde
olusan basinci ifade etmek i¢in kullanilir. dP/d6'deki
maksimum basing artig oraninin degisimi 5 bar/°'yi
asmamalidir; aksi takdirde motorda vuruntu meydana
gelebilir ve motorun zarar gérmesine neden olabilir
[30]. En yiiksek basing artis oran1 100 Nm yiikte M26
yakitinin kullanilmasiyla elde edilmis ve 4,96 bar/°
olarak hesaplanmigtir. Maksimum basing artig oranlari
M26 yakaiti igin, 40 Nm’de 3,45 bar/°, 60 Nm’de 3,96
bar/°, 80 Nm’de 4,67 bar/° ve 100 Nm’de 4,96 bar/°
olarak bulunmustur. 100 Nm ve M26 yakitinda 5 bar/°
degerine yaklasildigi i¢in motorun kararli calisma
bolgesi M26 yakiti ile siirlanmustir.

Motor yiikiinlin artmasiyla birlikte basing artig
oranlarinin dogru oranda arttig1 gortilmektedir. Ayrica,
motor yiikii arttikca, maksimum basing artis hizinin
daha erken KMA’larda elde edildigi gézlemlenmistir.
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Motor yiikiiniin artmasiyla birlikte, silindirdeki
maksimum basmcin hizli yiikselmesi ve basing artis
oraninin artmasinin nedeni, yakitin debisinin artmast,
bagka bir deyisle yakit miktariyla iliskili oldugu
sOylenebilir [31].

Bu ¢alismada, RCCI motorda emme havasi sicakliginin
artirllmasiyla  tutusma  baslangicnin - daha geg
KMA’larda basladigi  gozlemlenmisti. ~Emme
havasmin sicakliginin artirilmasi, daha yiliksek basing
artisina neden olur. Bu nedenle dizel motorlara goére
basing artis orani daha yiiksektir [32]. Emme havasi
sicakliginin  artirtlmasi, buharlagsmayr artiran  bir
faktordiir. Buharlasmanin daha fazla olmasi ve silindir
icerisine daha fazla yakit buharinin birgok noktada ayni
anda tutusmasi, basing artisg oranini yiikseltir.

Metanoliin kiitlesel akis debisi arttikga basing artis
orani da artmaktadir. Alkol yakitlarin disiik setan
sayllar1 nedeniyle tutusma gecikmesinin daha uzun
siirmesi basing artis oranmi artirmaktadir. Daha fazla
yakitin birlikte yanmasiyla ani basing artislart meydana
gelir [33]. Metanoliin gizli buharlasma 1sis1, dizel
yakitina gére daha yiiksektir. Bu nedenle, ortamdan
daha fazla 1s1 ¢ekmesine neden olur. Bu durum,
reaksiyon hizinin artmasii saglamig ve basing artig
oranint artirici bir unsur olmustur.

3.5. Tutusma Gecikmesi

Tutusma  gecikmesi, yakitin  yanma odasina
piiskiirtiilmesinden itibaren, yanmanin basladig1 yani
ilk alev ¢ekirdeginin olustugu ana kadar gegen siire
olarak tanmmlanmaktadir. Sekil 31°de, farkli motor
yiikleri i¢in elde edilen tutugma gecikmesi degerleri
sunulmustur. 40 Nm sabit motor yiikiinde, dizel yakiti
ile tutugsma gecikmesi 5,98° krank acisi olarak
belirlenirken; M12, M19 ve M26 yakitlar1 i¢in bu
degerler sirasiyla 5,63°, 11,25° ve 10,20° krank agis1
olarak Olciilmiistiir. Dizel ile kiyaslandiginda, M12
yakiti kullanildiginda tutusma gecikmesi yaklasik
%S5,85 oraninda azalmis; buna karsilik M19 ve M26
yakitlarmda ise sirasiyla %88,13 ve %70,57 oraninda
artis gostermistir.

Alkol yakitlar, diisiik setan sayilarina sahip olmalari
nedeniyle tutusma gecikmesi siiresini uzatma
egilimindedir. Tutusma gecikmesinin artmasi, yanma
olaymin daha ge¢ baslamasina neden olmaktadir. Bu
slirenin uzamasi, bazi durumlarda daha homojen bir
hava-yakit karigimi olusmasma olanak taniyarak 1si
salmim siirecini etkileyebilmektedir [34]. Motor yiikii
arttikea, silindire alinan yakit miktar1 da artmakta, buna
bagli olarak basing ve sicaklik yiikkselmekte ve tutusma
gecikmesi slresi uzayabilmektedir. Artan motor
yiiklerinde, tutusma gecikmesini dengeleyebilmek
amactyla emme havasmin sicakliginin artirilmasi gibi
yontemler  uygulanabilmektedir  [35,36]. RCCI
motorlarda, diisik reaktiviteli yakitlarin tercih
edilmesi, geleneksel dizel yakitlara kiyasla tutusma
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gecikmesi siiresini daha da uzatmaktadir. Ozellikle
metanoliin kiitlesel akis debisinin artmasiyla birlikte,
tutusma gecikmesinin genellikle uzadigi
gozlemlenmistir. Bu durum, metanoliin diisiik setan
sayisina sahip olmasi nedeniyle silindir i¢erisinde daha
fazla yakitin birikmesine yol agmakta, biriken bu
yakitin ani yanmasiyla birlikte 1s1 dagilim oranlarmin
yiikselmesine neden olmaktadir [37,38]. Diisitk motor
yiklerinde (6rnegin 40 ve 60 Nm), tutusma
gecikmesinin ~ daha  belirgin  sekilde  arttig
g6zlemlenmistir. Bu artis, metanoliin dizel yakitina
kiyasla daha yiiksek gizli buharlagsma 1sisina ve daha
diisik  enerji igerigine sahip olmasindan
kaynaklanmaktadir [39]. Ozellikle 40 Nm motor
yiikiinde, dizel ve metanol yakitlari arasindaki tutusma
gecikmesi farki en belirgin seviyededir. Dizel yakat,
daha diisiik buharlasma gizli 1si1sma sahip oldugu i¢in
daha kisa siirede tutugsmaktadir. 80 Nm ve iizerindeki
yiiklerde ise, artan metanol oraniyla birlikte tutusma
gecikmesinde azalma egilimi goriilmektedir. Bu
durum, ylik artigina bagli olarak silindirdeki 1s1
transferinin  artmast ve  buharlagsma
yogunlasmasiyla agiklanabilir.
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Sekil 31. Farkli yiiklerde olusan dizel, M12, M19 ve
M26 yakitlari i¢in tutugsma gecikmesinin degisimi

3.6. Yanma Stireleri

Yanma siresi, yanma baglangici ile yanma sonu
arasindaki fark ile bulunur [40]. Motor yiikii arttikca,
yanma siresinin de genel olarak uzadig
gozlemlenmektedir. Bu durum, artan motor yikiyle
birlikte silindire daha fazla yakit enjeksiyonunun
yapilmasmdan kaynaklanmaktadir. RCCI motorlarda,
geleneksel dizel motorlara kiyasla diisiik yiik
seviyelerinde (40 ve 60 Nm) yanma siiresi daha kisa
olurken, yiiksek yiik kosullarinda (80 ve 100 Nm)
belirgin bir artis gdstermektedir. Bu durum, metanol
gibi oksijen igerigi yliksek olan alkol bazli yakitlarin
silindir igerisindeki yanma verimini artirarak daha hizl
yanma saglamasindan kaynaklanmaktadir [11].
Metanoliin karisimdaki enerji oran1 yiikseldikge, diistik
yiik kosullarinda tutusma gecikmesi azalmakta, ancak
yiksek yiiklerde bu gecikme artis gOstermektedir.
Bunun nedeni, diisiik yiiklerde yakitin enerji ihtiyacinin
daha ¢ok metanol tarafindan karsilanmasiyken; yiiksek
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yiikk seviyelerinde, enerji talebinin karsilanmasinda
dizel yakitin baskmn hale gelmesidir. Ozellikle 100
Nm’lik yiiksek motor yiikiinde, farkli yakit
karigimlarinin  olusturdugu yanma siiresi farklar
olduk¢a azalmaktadir. Yanma siiresine etki eden temel
faktorlerden biri oktan sayisidir. Diisiik oktan sayisina
sahip yakitlar, erken krank mili agilarinda hizli
tutusarak yanma olaymi hizlandirmaktadir. Bununla
birlikte, yanmanm biiyiikk bir kisminm genlesme
zamanina kaymasi, silindir hacminin artmasina ve buna
bagli olarak gaz sicakliginin diismesine neden
olmaktadir. Bu durum, silindir igindeki kimyasal
reaksiyon hizlariin yavaglamasina ve daha uzun siireli
bir yanma siirecinin olugmasma yol acar. Ayrica,
yiiksek buharlagma potansiyeline sahip metanol yakiti
¢evreden daha fazla 1s1 emer; bu da silindir i¢i gaz
sicakliginin diismesine ve yanma reaksiyonlarmimn
yavaglamasina neden olmaktadir. Metanolin daha
diisik adyabatik alev sicakligma sahip olmasi, birim
kiitle bagia daha az enerji liretimiyle sonuglanmakta
ve yanma odasi sicakligmi diisiirerek yanma siiresinin
uzamasina neden olmaktadir [41].
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Sekil 32. Farkli yiiklerde olusan dizel, M12, M19 ve
M26 yakitlari igin yanma siirelerinin degisimi

3.7. Ozgiil Yakat Tiiketimi

Ozgiil yakit tiiketimi, motorun iirettigi birim gii¢ bagina
tiikettigi birim yakit miktari olarak tanimlanmaktadir.
Motor yiikiindeki artig, 0Ozgiil yakit tiiketiminde
azalmaya neden olmaktadir. Ornegin, M26 yakiti
kullanildiginda 80 Nm motor yiikiinde 6zgiil yakit
tlketimi 295,54 g/kWh iken, bu deger 100 Nm yiikte
279,66 g/kWh’ye diismistir. Yiiksek motor
yiiklerinde, silindir i¢i sicakliklarin ve tiirbiilans
seviyesinin artmasi, yanma odasinda daha iyi yakit-
hava karigim1 ve yakit atomizasyonu saglar. Bu durum,
sirtinme  kayiplarmm  azalmasina ve yanma
verimliliginin ylikselmesine katki saglayarak motorun
daha verimli calismasma ve 1s1l verimin artmasina
neden olmaktadir [42]. RCCI motorlar, geleneksel dizel
motorlara kiyasla genellikle daha yiiksek 6zgiil yakit
titketimi degerleri sergilemektedir. Bu baglamda en
yiiksek 6zgiil yakit tiiketimi, 40 Nm motor yiikiinde
M21 yakit1 ile 350,49 g/kWh olarak kaydedilmis; en
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diistik tiiketim degeri ise 100 Nm’de dizel yakit
kullanildiginda 231,11 g/kWh olarak belirlenmistir.
Metanolln, dizel vyakita kiyasla daha yiiksek
buharlagma gizli 1s1sma sahip olmasi nedeniyle, silindir
i¢i sicaklik diigmekte ve bu da yanma siirecini olumsuz
etkileyerek 0zgiil yakit tiketimini artirmaktadir.
Literatiirde, diisiik alev sicakligi ve uzamis yanma
stiresinin, 6zgul yakit tikketiminde artisa neden oldugu
yoniinde bulgulara rastlanmaktadir [43].
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Sekil 33. Farkli yiiklere bagh meydana gelen 6zgiil
yakat tiiketimi degisimleri

3.8. Volumetrik Verim

Motor  yiikiindeki  artig,  voliimetrik  verimin
yiikselmesine neden olmaktadir. Ozellikle 100 Nm
motor yiikiinde, geleneksel dizel yakiti kullanilarak
elde edilen vollimetrik verim en vyiksek seviyeye
ulasmis ve %112,8 olarak hesaplanmistir. Voliimetrik
verim Uzerinde etkili olan ¢esitli  faktorler
bulunmaktadir. Bu faktorler arasinda motor vuruntusu,
emme havasinin sicakligi, emme manifoldunda basing
seviyesi, motor sogutma sisteminin etkinligi, egzoz
gaz1 sicakligl ve yanma odasi sicakligl yer almaktadir
[44]. Deneylerde kullanilan motorun turbosarjli olmasi,
emme havasmin yogunlugunu artirmakta ve dolayisiyla
motor silindirlerine daha fazla hava almmasina imkan
tanimaktadir. Yik arttik¢a, motora giren hava ve yakit
ihtiyac1 da yiikselmekte, bu durum voliimetrik verimi
artirmaktadir [45-47]. Metanol yakitinin dizel yakita
kiyasla daha diisiik alt 1s1l degere sahip olmasi, ayni
miktarda enerji Uretimi icin daha fazla metanol
kullanimmi gerektirmektedir. Artan metanol miktari,
yanma odasmma alman saf hava hacmini
kisitlayabilmekte ve bu durum voliimetrik verimin
diismesine neden olabilmektedir [48,49].
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Sekil 34. Farkli yiiklere bagl meydana gelen
voliimetrik verim degisimleri

3.9. Egzoz Emisyonlar

Fosil kaynakli hidrokarbon yakitlarin igten yanmali
motorlarda yanmasiyla gesitli egzoz emisyonlar1 agiga
¢ikar. Bu emisyonlarin azaltilmasi i¢in kullanilan
sistemler, belirli emisyon standartlarin1 saglamak
zorundadir. Ancak bu ¢6ziimler, motor performansini
diigiirebilir ve maliyetleri artirabilir.

3.10. Hidrokarbon Emisyonlar:
Geleneksel dizel motorlarda motor yiikii arttikca HC

emisyonlar1 azalirken, RCCI motorlarda artmaktadir.
Dizel motorlarda HC emisyonlarmmn azalmasinin
nedeni, motor yikulyle birlikte silindir ici gaz
sicakligmin artarak yanma veriminin yiikselmesidir
[50-52]. RCCI motorlarda ise metanoliin tutusma
gecikmesi  siiresini  uzatmasi, yanma  Suresinin
artmasina  ve  bazi  bolgelerde  yanmanin
tamamlanmamasina neden olur. Bu durum, HC
emisyonlarinin artmasina yol agar. Ayrica, metanoliin
yiiksek buharlagma 1sisi, karisimin yerel sogumasina
neden olarak, silindir iginde sicakliklarn yanma
esiginin altna diigmesine ve HC emisyonlarmin
artmasina sebep olur [53]. Metanoliin kiitle akis debisi
arttikca HC emisyonlar1 da artar. Metanoliin sogutma
etkisi, silindir sicakligmi diisiirerek, silindir duvarlarina
yakin bolgelerde tutugsmaya ve kismi yanmaya neden
olur. Bu da HC emisyonlarinin artmasina yol agar
[54,55].

DIZEL
#MI12
160 MI19
#M26

HC [ppm]

Motor Yiikii [Nm]

Sekil 35. Farkli motor yiiklerindeki yakitlar i¢in
hidrokarbon emisyonlar1 degisimi.
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3.11. Azotoksit Emisyonlar1

Yiksek  sicakliklarda yanma  gergeklestiginde,
havadaki azotun oksijenle reaksiyona girerek NOy
emisyonlarint olugturur. NOy olusumunu etkileyen
baslica faktorler, yanma odas1 sicakligi ve hava-yakit
oranidir.  Ayrica, NOy emisyonlarinin miktarini
belirleyen bir diger etken de kimyasal reaksiyon
hizlaridir. Bu reaksiyon hizlari, sicakliga bagl olarak
degistiginden, sicaklik da NOyx olusumunu etkileyen
6nemli bir parametre olarak rol oynar [56]. Motor yiki
arttikca, NOx emisyonlarinda da bir artig gdzlemlenir.
Bunun baglica nedeni, motor yiikiiniin artmasiyla
birlikte silindirdeki yanma sicakligmin yiikselmesi ve
calisma akigkanmin yiiksek sicaklikta silindirde daha
uzun sire kalmasidir. Bu, NOy emisyonlarinin
artmasina yol agmaktadir [57]. Ayrica, motor yiikiiniin
artmasiyla birlikte silindire daha fazla yakit girmekte,
basing orani yiikselmektedir ve bu da daha yiksek
maksimum basing ve yanma sicaklifina sebep
olmaktadir. Bu etkiler, NOx emisyonlarinin artmasina
neden olmaktadir [58]. RCCI motorlarinda, dizel
motorlara  kiyasla emme havast  sicakligmm
artirilmasiyla NOy emisyonlar1 bir miktar artmakla
birlikte, metanol kiitle akis debisi arttikca NOy
emisyonlarinda bir azalma egilimi gézlemlenmektedir.
Emme havasinin 1sitilmasi, yanmanin daha yiiksek
sicakliklarda gerceklesmesini saglar ve daha iyi 1sil
verim elde edilir. Bu durumda, yiiksek sicaklik tepe
noktalarma ulagilabilir. RCCI motorlar, geleneksel
dizel motorlara kiyasla genellikle daha diisiik NOx
emisyonlarina  sahiptir. Bir ¢alismada, RCCI
motorunda daha diisiik NOyx emisyonu, artan 1sil verim
ve daha =zayif vyanma ile azalan oksijen
konsantrasyonunun etkisiyle alev sicakliklarmin NOy
olusum esiginin altinda kalmasi sonucu daha az NOy
emisyonu tretildigi belirtilmistir [59].

Metanoliin kiitle akis debisi arttikca, NOx emisyonlart
azalir. Bunun nedeni, metanolin yiiksek gizli
buharlagma 1sisinin karigim sicakligini diisiirmesidir.
Yanma sicakliginin  diigmesi, NOyx olusumunu
sinirlayarak emisyonlarin azalmasina yol agmaktadir.
Ayrica, metanoliin diigiik 1s1l degerleri ve adyabatik
alev sicakliklari, NOx emisyonlarini azaltan diger
faktorlerdir [60-62]. Benajes ve arkadaglarinin yaptigi
bir calismada, daha yiiksek bir tutugma gecikmesinin
NOyx emisyonlarin1 azaltmaya yardimci oldugu
belirtilmistir. Maksimum adyabatik alev sicakliklarinin
yiiksek oldugu durumlarda ise NOy emisyonlarinin
arttigl gézlemlenmistir [63].
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Sekil 36. Farkli motor yiiklerindeki yakitlar i¢in
azotoksit emisyonlar1 degisimi

3.12. Karbondioksit Emisyonlari

Motor yiikii arttikga, CO2 emisyonlar1 da artmaktadir.
Silindire alinan yakit miktarmin artmasiyla birlikte,
CO; emisyonlar1 da yiikselmektedir. Literatiirde, daha
yiiksek motor yiiklerinin daha fazla yakit tiiketimi
gerektirdigi  belirtilmektedir. ~ Motor  yiikiiniin
artmastyla silindirdeki gazlarn sicakliklar1 da artar, bu
da CO; emisyonlarinin artmasma yol agar [64,65].
RCCI motorlari, genellikle geleneksel dizel motorlara
gore daha diisitk CO2 emisyonu Uretir. Ancak, emme
havasi sicakliginin arttirtlmasiyla CO, emisyonlarinda,
NOx emisyonlarma benzer bir degisim
gozlemlenmektedir. Emme havast  sicakliginin
artmasiyla CO; emisyonlar1 yiikselmekte, metanol
kiitle akis debisinin artmasiyla ise azalma egilimi
gostermektedir. Metanoliin kiitle akis debisi arttikea,
CO; emisyonlar1 azalir. Literatiirde, dizel-metanol
karigimli  yakitlarla yapilan ¢aligmalarda, CO;
emisyonlarinin dizel yakita gore daha diisiik oldugu
bulunmustur. Bunun temel nedeni, metanoliin dizel
yakita kiyasla daha az karbon atomu icermesidir. Dizel-
metanol  karisimlarindaki  karbon atomu oram
azaldikca, yanma sonucu ortaya ¢ikan CO, emisyonlari
da diismektedir [66].
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Sekil 37. Farkli motor yiiklerindeki yakitlar i¢in
karbondioksit emisyonlar1 degisimi.
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3.13. is Emisyonlar1

Dizel motorlarda, difiizyon kontrollii yanma sirasinda,
hidrojenin karbonlara kiyasla oksijenle daha hizh
reaksiyona girmesi nedeniyle hidrojen yanarken,
karbonlar sicaklik etkisiyle kurumlagarak yanmanin
tamamlanmasi i¢in gereken siireyi uzatir ve 6zellikle
oksijen yetersiz oldugunda is olusur. Bu is, kati karbon
partikiilleridir. Istenmeyen is olusumu genellikle dizel
yanma siirecinin bir parcasidir. Baslangicta meydana
gelen karbonun bilyiik bir kismi yeniden yanarak yok
olur. Motor yiikii arttik¢a, yanma odasina verilen yakit
miktar1 da artar; bu durum silindirde yeterli oksijen
bulunmamasi ve is birikmesine yol agar [67]. Motor
yikii arttikca, is emisyonlarinda da bir artig
gozlemlenmektedir. Yapilan bir aragtirmaya gore,
motor yiikii yiikseldikge is emisyonlarindaki bu artigin
nedenlerinden biri, pilot yakit miktarinin ve dizel
yakitinin enerji oraninin artmasidir [68]. RCCI
motorlarinda, geleneksel dizel yakita kiyasla is
emisyonlar1 40 Nm yiikte daha disiik seviyelerde
kalirken, 80 ve 100 Nm gibi daha yiiksek yiiklerde
belirgin bir artis gostermistir. Ozellikle M12 ve M19
yakitlarinda bu artisin, motor yiikiiyle birlikte artan
yanma sicakliklarmm, dizel pilot yakitin lokal
bolgelerde yogunlasmasma neden olmasi ve bu
bolgelerde oksijenin smirli hale gelmesiyle iliskili
oldugu degerlendirilmektedir. Daha yiiksek sicakliklar,
yeterli oksijen bulunmayan bélgelerde is olusumunu
artrrabilir [11]. Yiiksek motor yiiklerinde, artan sicaklik
ve yakit kiitlesi nedeniyle CO: emisyonlarinda da
yikselme gozlemlenmektedir. Benzer sekilde, bu
kosullar is olusumunu da tetikleyebilmektedir. Ote
yandan, Sekil 37°de metanoliin kiitle akis debisinin
artmasi ile CO: emisyonlarinda diisiise neden oldugu
gortlmektedir. Bu diisiis, yanma odasinda daha
homojen bir karigim olusmasina ve dolayisiyla daha
temiz bir yanma siirecine katki saglamaktadir. Bu
durum, 6zellikle diigiikk motor yiiklerinde gézlemlenen
is emisyonlarinda da azalmaya yol acabilmektedir.

DIZEI
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50
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Sekil 38. Farkli motor yiiklerindeki yakitlar i¢in is
emisyonlar1 degisimi.
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IV. SONUCLAR

1) Motor yiikii arttikca, maksimum silindir basinglari
artmig ve metanoliin  kiitlesel akis debisinin
yiikselmesiyle viskozite azalmig, bu da yanma
kosullarint iyilestirmistir. Diisiik yiiklerde metanoliin
181 ¢ekme etkisi silindir sicakligimi diisiiriirken, yiiksek
yiiklerde bu etki ortadan kalkmistir. Common-rail
enjeksiyon sistemi, metanol ve dizel karisimlarinda
kontrollii yanma ve yiiksek verim saglamigtir. 100
Nm’de M26 yakitinda yanma siiresi, diger karigim
yakitlarina gore daha kisa olmustur.

2) Motor yiikil arttikga, maksimum yanma sicakliklari
ve 1st salinim orani artig gostermistir. Metanoliin
yiiksek buharlagsma 1sis1 ve diisiik setan sayisi, metanol
orani arttikca yanma baslangicinda gecikmeye neden
olmustur. Ozellikle 100 Nm gibi yiiksek yilk
kosullarinda, enerji ihtiyacinin daha biiyiik bir kisminin
dizel yakitindan karsilanmasi ve dizelin metanole goére
daha yiiksek setan sayisina sahip olmasi nedeniyle, 1s1
salinim oraninda kismi bir azalma gdzlemlenmistir.

3) Motor yiikii ve emme havasi sicakligindaki artisla
birlikte basing artis oranlar1 yiikselmis ve maksimum
basing artis hizlarn daha erken KMA’larda
gerceklesmistir. 100 Nm yiikte M26 yakaiti ile 4,96 bar/°
degeri, motorun kararli ¢alisma bolgesini sinirlamistir.
Metanoliin diisiik setan sayisi ve yiiksek buharlasma
1s1s1, basing artig oranlarini artirmis ve yiiksek emme
havasi sicakligi ani basing artislarina yol agmustir.

4) Tutusma gecikmesi, metanoliin diisiik setan sayisi ve
yiiksek gizli buharlagma 1sis1 nedeniyle uzamaktadir.
Motor yukl arttikca bu gecikme daha da uzun
stirmektedir. RCCI motorlarinda metanol gibi diisiik
reaktiviteli yakitlar kullanildiginda, tutusma gecikmesi
artar ve daha homojen bir hava-yakit karigimi olusur.
Ancak, biriken yakitin ani yanmast 1s1 dagilim
oranlarini artirir.

5) Motor yiikii arttik¢a, silindire gonderilen yakit
miktart arttiindan yanma siiresi de uzamaktadir.
Metanoliin oksijen igerigi sayesinde yanma siireci
hizlanmakta, ancak metanoliin diisiik oktan sayisi ve
hizli yanma ozelligi, silindirdeki gaz sicakligini
diislirerek yanma siiresini uzatmaktadir. Metanoliin
cevreden daha fazla 1s1 ¢ekmesi ve diisiik adyabatik
alev sicakligi, yanma siiresini artirmaktadir.

6) Motor ylku arttik¢a 6zgiil yakit tiiketiminde azalma
gorulmektedir. Ornegin, M26 yakitinin o6zgiil yakit
tiketimi 80 Nm'de 295,54 g/kWh iken, 100 Nm'de
279,66 g/kWh'ye diigmiistiir. Yiiksek motor yiiklerinde
silindirdeki tilirbiilans ve sicaklik artigi, slirtiinme
kayiplarmi azaltarak yakit atomizasyonunu iyilestirir
ve yanma verimliligini artirr.  Ancak RCCI
motorlarinda 6zgiil yakit tiiketimi, geleneksel dizel
motorlara gore daha yiiksektir. En yliksek 6zgiil yakit
titketimi 40 Nm'de M21 yakitinda 350,49 g/kWh, en
diisiik 6zgiil yakit tiiketimi ise 100 Nm'de geleneksel
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dizel yakitinda 231,11 g/kWh olarak bulunmustur.
Metanolilin yiksek buharlagma gizli 1sis1, silindir igi
sicakligr distirerek 6zgiil yakit tiiketiminin artmasina
yol agmaktadir; bu da uzun yanma siiresi ve diisiik alev
sicakliklarindan kaynaklanmaktadir.

7) Motor yiikii arttikga, vollimetrik verim artmistir.
Maksimum volimetrik verim 100 Nm’de dizel
yakitinda %112,8 olarak hesaplanmistir. Turbosarj
sistemi, silindirlere giren havanin yogunlugunu
artirarak motor veriminde iyilesme saglamistir. Ote
yandan, metanoliin diisiik alt 1s1l degeri nedeniyle ayni
enerji ¢iktisini elde edebilmek i¢in daha fazla metanol
kullanilmasma ihtiya¢ duyulur. Bu durum ise
voliimetrik verimin diigmesine yol agar.

8) Geleneksel dizel motorlarinda motor yiikii arttikca
HC emisyonlar1 azalirken, RCCI motorlarinda
artmigtir. Metanoliin tutugsma gecikmesi ve yiiksek
buharlagsma 1s1s1, HC emisyonlarmin artmasma yol
acar. Metanol kiitlesel akis debisi artikca HC
emisyonlar1 daha da yiikselmistir.

9) Motor yiikii arttikca NOx emisyonlart artmistir.
Yuksek motor yuki ve silindirdeki ylksek yanma
sicakliklari  NOyx emisyonlarmi  artirr.  RCCI
motorlarinda, metanoliin kiitlesel akis debisindeki artis,
NOy emisyonlarinin azalmasina neden olmustur.

10) Motor tizerindeki yiik arttikga, silindire g¢ekilen
yakit miktar1 da artar ve bu durum CO, emisyonlarini
yikseltir. Ancak, RCCI motorlar1 geleneksel dizel
motorlara gore daha diisiik CO, salim1 saglar. Bunun
baslica nedeni, metanoliin diisiik karbon igerigine sahip
olmasidir; bu da emisyonlarin azalmasina neden olur.

11) Artan motor yiku ile birlikte is emisyonlar
artmistir. RCCI konseptinde, metanol kullanimiyla
birlikte, 0zellikle 80-100 Nm vyiklerinde is
emisyonlarinda belirgin bir artig goriiliir. Metanoliin
heterojen karisim olusturmasi ve yetersiz buharlagma,
is emisyonlarinin artmasina neden olur.
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Oz

Ulkemiz alternatif enerji kaynaklar agisindan yiiksek giines enerijisi potansiyeline sahiptir. Ozellikle ilk yatirim maliyetleri ve
enerji Uretim maliyetleri agisindan en verimli sekilde kurulmasi ve isletilmesi gerekmektedir. Bu g¢alismada optimum
verimliligin saglanmasi ve fizibilite raporlarinin dogru hazirlanabilmesi icin 4 bélgede ve 8 ayri ilde kurulan glnes enerjisi
santrallerinin Uretim degerleri izlenerek birbirleriyle ve bulunduklari illerin giines potansiyelleri ile karsilastinlmistir. Bu
sayede paylasilan verilerin sonraki ¢alismalara yol gosterici olmasi amaglanmaktadir. Ortalama glines enerjisi potansiyeli
acisindan en yiiksek verim %118 ile Elazig’da elde edilmistir. Sonrasinda Sanliurfa'da %116, Aksaray'da %115, Konya'da %114,
Gaziantep'te %113, Kahramanmaras'ta %113 potansiyelin (zerinde verimler elde edilmistir. Ancak, Diyarbakir ve
Osmaniye'de sirasiyla %78 ve %85 verimler elde edilmis ve potansiyelin altinda kalmistir. Bu durum fizibilite raporlar
hazirlanirken segilecek parametrelerin dnemini gdstermektedir.

Anahtar Kelimeler: Giines Enerjisi Sistemleri, Verim Analizi, Enerji Uretimi

Abstract

Our country has high solar energy potential in terms of alternative energy sources. It needs to be established and operated
in the most efficient way, especially in terms of initial investment costs and energy production costs. This study, to ensure
optimum efficiency and to prepare feasibility reports correctly, the production values of solar energy plants established in 4
regions and 8 different provinces were monitored and compared with each other and the solar potentials of the provinces
where they are located. The highest efficiency in terms of average solar energy potential was obtained in Elazig with 118%.
Afterwards, efficiencies above the potential were obtained in Sanliurfa 116%, Aksaray 115%, Konya 114%, Gaziantep 113%,
Kahramanmaras 113%. However, efficiencies of 78% and 85% were obtained in Diyarbakir and Osmaniye, respectively, and
remained below the potential. This situation shows the importance of the parameters to be selected when preparing
feasibility reports.

Keywords: Solar Energy Systems, Efficiency Analysis, Energy Production

L.GIRIS

Yenilenebilir enerji kaynaklar1 (YEK), enerji tiretiminde giderek artan bir rol oynamaktadir. Bu kaynaklara iliskin
maliyetlerin azalmasiyla birlikte, yenilenebilir enerjinin toplam enerji liretimindeki pay: hizla artmaktadir. Cesitli
alanlarda enerji saglamak amaciyla yenilenebilir enerji kaynaklarinin kullanimi, atmosfere salinan CO:
emisyonlarini azaltmakta ve bu sayede sera etkisini sinirlandirarak kiiresel 1sinmayla miicadelede temel bir unsur
haline gelmektedir.

Enerji iretiminde gilines radyasyon potansiyeli, en onemli alternatif enerji kaynaklarindan biri olarak 6ne
cikmaktadir. Ekvatora yakin deniz seviyesinde maksimum radyasyon akis1 1.020 W/m? diizeyine ulasabilmektedir.
Orta enlemlerde ise bu deger yaz aylarinda yaklastk 800 W/m? kis aylarinda ise 300 W/m? civarinda
gerceklesmektedir [1]. Dolayisiyla, enerji tiretiminde giines enerjisi sistemleri (GES) 6nemli bir paya sahiptir.

Artan niifusa baglh olarak iiretimdeki biiyiime, enerji talebini de beraberinde getirmektedir. Bu durum, enerji
titkketimine paralel olarak emisyon seviyelerinin yiikselmesine ve dolayistyla iklim degisikligine yol agmaktadir.
Bu baglamda, iilkelerin daha gevreci ve siirdiiriilebilir enerji kaynaklarina yonelimi giderek artmaktadir [2][3].
Tiirkiye’nin yiiksek giines enerjisi potansiyeline sahip olmasi, temiz enerji iiretimi agisindan giines enerjisini
ulkemiz icin gucli bir alternatif haline getirmistir [4][5]. Tablo 1’de Tiirkiye’nin toplam enerji kapasitesi ve giines
enerjisinden elde edilen enerji miktarlar1 verilmistir.
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Tablo 1. Tirkiye’nin yillara gore giines enerjisi
kapasitesi ve toplam gii¢ miktarlar1 (MW) [6]

Giines Enerjisi Toplam Oran
kapasitesi Kurulu Gii¢
2015 248 73.146  0,34%
2016 832 78.497  1,06%
2017 3.420 85.200  4,01%
2018 5.062 88.550  5,72%
2019 5.995 91.266  6,57%
2020 6.667 95890  6,95%
2021 7.815 99.819  7,83%
2022 9.425 103.809  9,08%
Tabloya bakildiginda, iilke igindeki kurulu giig

miktarlar1 2015 yilinda toplam 73.146 MW iken giines
enerjisi kapasitesi 243 MW olarak belirlenmistir. 2022
yilina gelindiginde ise toplam kurulu gii¢ 103.809
MW’a yiikselirken giines enerjisi kapasitesi 9.425
MW’a yiikselmistir. 2015 yilinda giines enerjisi
kapasitesinin toplam kurulu giice orani %0,34 iken
2022 yilinda bu oran %9,08 olarak hesaplanmistir.
Sonuglar, Tiirkiye giines enerjisi agisindan ¢ok elverisli
bir cografi konumda bulunmasina karsilik, mevcut
potansiyelini yeterince degerlendiremedigini
gostermektedir. Bu durum, {lkemiz icin 06nemle
tizerinde durulmasi gereken bir konu olarak goze
carpmaktadir [7].

Enerji ve Tabii Kaynaklar Bakanligi tarafindan
yayimlanan verilere gore, 2024 yili haziran ay1
itibartyla Tirkiye’nin toplam kurulu giicii 110.518
MW’a ulagmis olup, bu kapasitenin %13,7’si gilines
enerjisine dayali sistemlerden olugmaktadir [8].
Yatirrm egilimleri incelendiginde, giines enerjisi
alanindaki  yatirimlarin  artarak  devam  ettigi
gorilmektedir. Ancak, tesis kurulum maliyetlerinin
yiiksek olmasi nedeniyle, bolgesel diizeyde yapilacak
fizibilite ¢aligmalarinda bir¢ok parametrenin birlikte
degerlendirilmesi gerekmektedir [9]. Literatiirde bu
kapsamda yapilan calismalarda; arazinin egimi ve
yoOnii, giineslenme siiresi ve radyasyon miktari, riizgar
hizi, hava sicakligi, arazi kullanimi, iletim hatlarina
uzaklik, nem orani, hava basimnci, yiizey sicakligi ve
yiikselti gibi ¢esitli parametreler dikkate alinmaktadir
[10].

Bouzguenda vd. (2014) tarafindan yiritilen bir
caligmada, elektrik iretimi amaciyla kurulan
fotovoltaik (FV) sistemin, aylik bazda yiiksek
gilineslenme siiresine sahip bir bolgede yer almasina
ragmen, yiksek sicakliklarin panel verimliligini
olumsuz etkiledigi ve iiretim kayiplarina neden oldugu
belirtilmigtir  [11].  Ayrica, yiizey kirlenmesi,
fotovoltaik modiil bozulmasi, sicaklik kaynakl
kayiplar, dahili sebeke ve invertdr kayiplari, trafo kaybi
ile sistemin genel kullanilabilirligi ve sebekeye baglanti
gibi faktorler de toplam PV performans kayiplarina
onemli ol¢iide katk: saglamaktadir [12].
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Guo vd. (2015) tarafindan yapilan bagka bir ¢aligmada
ise, c¢ol ikliminde yer alan fotovoltaik sistemlerin
performansi, ozellikle toz birikimine bagh yiizey
kirlenmesinden etkilenmistir. Katar’da kurulu bir GES
iizerinde yapilan bu aragtirmada, ¢evresel toz yiikii ve
hava kosullarmin fotovoltaik modiil verimliligi
Uzerindeki etkileri incelenmistir. Elde edilen bulgular,
yiizey kirlenmesinin enerji tiretiminde ciddi kayiplara
yol agtigini ortaya koymustur. Arastirma kapsaminda,
her iki ayda bir temizlenen FV modiillerinin, yalnizca
toz birikimi nedeniyle giinliik %0,45 oraninda, aylik ise
%10 ila %20 arasinda verim kaybi yasayabilecegi
gosterilmistir [13].

Bunlara bagli olarak, bu ¢alismada Tiirkiye nin farkli
sehirlerinde kurulmus olan 1 MW kapasiteli GES’lerin
bir yillik enerji {iretim verileri incelenmis ve kurulu
kapasite (zerinden verim analizleri gergeklestirilmistir.
Bu sayede hem bolgesel diizeyde hem de sehir bazinda
enerji verimlilikleri ortaya konmustur. Elde edilen
bulgular, gelecekte bu bolgelerde kurulmasi planlanan
GES tesisleri icin referans almabilecek ortalama verim
degerlerinin belirlenmesine katki saglamaktadir.

Il. MATERYAL VE METOT

2.1. Tiirkiye’deki Bolgelerin Giines Potansiyelleri
Tirkiye, dort mevsimin belirgin sekilde yasandigi ve
her bolgesinde farkli enerji kaynaklarimin tiretilebildigi
ender Ulkelerden biridir. Ulke, fosil yakit rezervleri,
nukleer enerji Uretimi icin gerekli hammadde
potansiyeli ve yenilenebilir enerji kaynaklar1 a¢isimndan
dikkate deger bir cesitlilige sahiptir. Bu baglamda,
Tirkiye’nin glines enerjisi potansiyelini gorsel olarak
ortaya koyan glnes enerjisi haritast Sekil 1’de
verilmistir.

Calismada sunulan  giines enerjisi  potansiyel
hesaplamalarinda “ESRI Solar Radiation Model”
kullanilmistir. Bu modelleme, cesitli meteorolojik ve
cografi parametrelere dayanarak gerceklestirilmistir.
Hesaplamalar, giines enerjisinin enerji {iiretimindeki
verimliligini belirlemek amaciyla yapilmistir. Giines
potansiyelinin  belirlenmesinde;  yilik  ortalama
glineslenme siiresi ve 1s1mim miktar1 gibi giines 1smimi
verileri, bulutluluk, nem, sicaklik ve riizgar hiz1 gibi
meteorolojik degiskenler ile enlem-boylam, rakim gibi
cografi konum bilgileri dikkate alinmustir. Ayrica, zenit
ve azimut agilar1 32 farkli yonde degerlendirilmis; agik
ve kapali gokyiizli senaryolart da modele entegre
edilmigti. Bu parametrelerin  biitiincil  olarak
degerlendirilmesi sonucunda, Tiirkiye genelinde aylik
ortalama giines 1s11m1 degerleri hesaplanmig ve 500 m
x 500 m  c¢Oziiniirlikte grid formatinda
haritalandirilmastir [8].

Bolgelerin giines enerjisi potansiyellerine bakildiginda,
teorik olarak en fazla enerji Uretilebilecek bolge 1.460
kWh/m?y1l  kapasite ile Giineydogu Anadolu
Bolgesidir. Bu bolgeyi 1.390 kWh/m?yil ile Akdeniz
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Bolgesi takip etmektedir. En diisiik potansiyele sahip
bolge ise 1.120 kWh/m?y1l ile Karadeniz Bolgesi
oldugu belirlenmistir (Tablo 2). Benzer durum
glineslenme siireleri i¢in de gegerlidir. Yillik bazda en
yiiksek giineslenme siiresine sahip bolge 2.993 saat/yil
ile Gilineydogu Anadolu Bolgesi iken, en diisiik
glineslenme siiresine sahip bolge 1.971 saat/yil ile
Karadeniz Bolgesidir. Bu degerler ortalama degerler
olup, bdlgenin kendi icerisinde de alansal olarak
farkliliklar olabilmektedir. Dolayisiyla giines enerjisi
santralinin (GES) ilgili bolge igerisinde kurulacagi alan
da dnemli olmaktadir.

Tablo 2. Tiirkiye'nin y1llik toplam giines enerjisi potansiyelinin ve giineslenme siirelerinin bolgelere gére dagilimi [8].

Sekil 1. Tiirkiye nin giines enerjisi potansiyeli haritasi
[14].

Giines Enerjisi Miktarlar

Giineslenme Siireleri

Toplam En ¢ok En az Ortalama En ¢ok En az
ortalama (Haziran) (Aralik) (saat/y1l) (Haziran) (Aralik)
BOLGE (kWh/m?y1l)  (kWh/m?) kWh/m? (saat) (saat)
Giineydogu 1.460 1.980 729 2.993 407 126
Anadolu
Akdeniz 1.390 1.869 476 2.956 360 101
Dogu 1.365 1.863 431 2.664 371 96
Anadolu
i¢ Anadolu 1.314 1.855 412 2.628 381 98
Ege 1.304 1.723 420 2.738 373 165
Marmara 1.168 1.529 345 2.409 351 87
Karadeniz 1.120 1.315 409 1.971 273 82

2.2. Calisilan Bolgeler ve Santraller
Calisma kapsaminda, dort farkli cografi bolgede yer
alan sekiz giines enerjisi santralinin elektrik Uretim

kapasiteleri  ve  verimlilikleri  sehir  bazinda
degerlendirilmistir.  Bu  dogrultuda, Osmaniye,
Kahramanmaras, Aksaray, Konya, Gaziantep,
Sanlwrfa, Diyarbakir ve Elazig illerinin kirsal
bolgelerinde  kurulu  bulunan  giines  enerjisi
santrallerine ait yillik UOretim  verileri analizde
kullanilmustir.

Aksaray: Aksaray ilinin yillik ortalama giines enerjisi
potansiyeli 1.550-1.600 kWh/m? diizeyindedir. Bu
deger, bdlgenin giines enerjisi agisindan elverigli bir
potansiyele sahip oldugunu gostermektedir. Kis
aylarinda yogun kar yagislar1 ve sert hava kosullar
gozlemlenmekle birlikte, bu donemde gilineslenme
siiresi azalsa da yillik ortalama giineslenme siiresi
Tirkiye ortalamasina yakin seviyelerdedir. Tiirkiye
genelinde ortalama giinliik giineslenme siiresi yaklagik
7 saat olarak kabul edilmektedir

Konya: Arazi alan1 bakimindan daha genis bir yiizeye
sahip olmasi, gilines enerjisi yatirimlar1 agisindan
avantaj saglamaktadir. Gilines enerjisi potansiyeli
acisindan oldukga zengin olan sehir, ayn1 zamanda
hammadde temini ve ulagim ag¢isindan da merkezi bir
konumda yer almaktadir. Konya ilinin giiney kesimleri,
yillik  1.700-1.800 kWh/m?  diizeyinde  giines
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radyasyonuna maruz kalmakta olup; dogu bolgelerinde
bu deger 1.600-1.650 kWh/m?yil araliginda
gerceklesmektedir. Bu  veriler, gilines enerjisi
yatirimlar1  acisindan  yiiksek potansiyele sahip
oldugunu ortaya koymaktadir.

Elaz1g: Cografi konumu ve yapisi itibariyla bolgesel
olarak avantajli bir konuma sahiptir. Ortalama rakimi
cevre illere kiyasla daha diigiiktiir (1.250-1.450 m).
Giiney komsularina gore daha iliman bir iklime sahip
olan Elazig’da wyillik ortalama sicaklik 12,5-13 °C
arasinda degismektedir. Il genelinde giines radyasyonu
1.600-1.700 kWh/m?-y1l diizeyindedir ve bu da giines
enerjisi acisindan uygun bir potansiyele isaret
etmektedir.

Gaziantep: Ginliik ortalama 8,35 saatlik giineslenme
sliresiyle yiksek bir potansiyele sahiptir. Bu deger,
giines enerjisi santrali kurulumu icin gerekli esik
degerinin {izerindedir. 11 genelinde yillik giines
radyasyonu 1.600-1.650 kWh/m? diizeyinde olup, bu
durum Gaziantep’i gilines enerjisi yatirimlari igin
elverisli bir bolge haline getirmektedir.

Sanhurfa: Bolgesel olarak giineslenme siiresi fazla
olan bir illerden bir tanesidir. Glinesten yararlanma
konusunda 1. Kusakta yer alir. Giinlik Giineslenme
stiresi ortalamast 8-9 saat arasmdadir. 1.600-1.650
kWh/m2-yil  esik  degerleri  arasinda  giines
radyasyonuna maruz kalmaktadir.
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Diyarbakir: Bolgesindeki diger illere gore ozellikle
kis aylar1 daha zorlu ge¢cmektedir. Dogu Anadolu
illeriyle olan komsuluklart buna sebep olmaktadir.
Buna ragmen bolgesel olarak giineslenme siiresi
fazladir. Diyarbakir ilinde yaz aylarinda sicak ve kuru
bir hava etkindir. Glineslenme siiresi yaklasik 8-8,5
saat arasindadir.

Osmaniye: Bolge olarak giines enerjisi bakimindan 1.
Kusakta yer almaktadir. Osmaniye ilinin toplam
giineslenme radyasyonu 1.650-1.700 kWh/m?-y1l
arasindadir. Giineslenme siresi 8-8,5 saat arasindadir.

Glines enerjisini en verimli sekilde kullanilacak en
yiiksek degerlere sahip sehirlerden biridir.
Kahramanmaras: Her ne kadar Akdeniz Bolgesi’nde
yer alsa da Gilineydogu Anadolu Bdlgesi’nin iklim
kosullarmndan da etkilenmektedir. il genelinde bagh
arazilerde  yillikk  giines  radyasyonu  1.650-
1.800 kWh/m? diizeyindedir. Bu durum,
Kahramanmaras’in giines enerjisinden faydalanma
potansiyelinin yiiksek oldugunu gdstermektedir.

Tablo 3. Tiurkiye’nin farkl bolgelerinde kirsal alanlara kurulan giines enerjisi santrallerinin teknik 6zellikleri

Sehir Bolge Kuruldugu Panel Panel  Panel Giicii Net Inverter Tiirii
Alan Tiiril Sayisi (Wp) Kurulu
(Adet) Gii¢ (Wp)
Aksaray I¢ Anadolu Kirsal Cam-cam  10.110 117,5 1.187,93 String inverter
(Abb 27.6 trio)
Konya I¢ Anadolu Kirsal Polikristal ~ 4.036 285 1.150,26  String inverter (Huawei
100 kWe)
Osmaniye Akdeniz Kirsal Polikristal ~ 4.182 275 1.150,05  String inverter (Huawei
100 kWe)
K. Maras Akdeniz Kirsal Polikristal ~ 4.182 275 1.150,05  String inverter (Huawei
100 kWe)
Gaziantep  Giineydogu Kirsal Polikristal ~ 4.340 265 1.150,10  String inverter (Huawei
Anadolu 100 kWe)
Diyarbakir  Giineydogu Kirsal Polikristal ~ 4.340 265 1.150,10  String inverter (Huawei
Anadolu 100 kWe)
Sanhurfa Giineydogu Kirsal Polikristal ~ 4.182 275 1.150,05 String inverter (Huawei
Anadolu 100 kWe)
Elazig Dogu Kirsal Polikristal ~ 4.036 285 1.150,26  String inverter (Huawei
Anadolu 100 kWe)

Calismada degerlendirilen toplam sekiz ilde kurulan
glines enerji santrallerine ait teknik Ozellikleri Tablo
3’te sunulmaktadir. Kurulumlar benzer kapasite
hedeflenerek  gerceklestirilmis olup, santrallerin
tamaminda string inverter teknolojisi tercih edilmistir.
Aksaray ilindeki kurulumda cam-cam tipi paneller ve
ABB 27.6 Trio model inverter kullanilmisken, diger
tim illerde polikristal paneller ile Huawei marka 100
kWe kapasiteli inverterler tercih edilmistir. Panel
glicleri 117,5 Wp ile 285 Wp arasinda degismekte olup,
panel sayilar1 bu farkliliga goére optimize edilerek
yaklasik 1.150 kWp diizeyinde net kurulu gii¢ elde
edilmistir. Bu yap1, saha kosullar1 ve proje hedeflerine
gore ekipman se¢imlerinin ¢esitlendigini; ancak kurulu
glic bakimmdan belirli bir standartta kalindigini
gostermektedir.

2.3. Verilerin Toplanmasi ve Analizi

Calismada kullanilan veriler, yaklasik 1 MW kapasiteli
Gilines Enerjisi Santrali (GES) sistemlerinin bir yillik
gercek dretim verileridir. Bu santraller, Gretim
miktarlarmi giinliik ve aylik bazda kaydetmektedir.
Caligmanin yontemi, bu sistemlerden elde edilen aylik
iretim verilerinin detayli bir sekilde incelenmesine
dayanmaktadir. Veriler, 2018 yilina ait olup tam olarak
1 yillik dretim verisi her bir il i¢in ayr1 ayr1 analiz
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edilmistir. Analiz surecinde, santrallerin her birinin
iretim miktarlar1 hesaplanarak, elde edilen sonuglar
diger illerle karsilastiriimustir.

Veri analizi, santrallerin Uretim verilerinin bolgesel
performans farklarini belirlemek amaciyla yapilmis ve
istatistiksel kiyaslamalar ile bolgesel enerji verimliligi
degerlendirilmistir. Bu yontem, Tirkiye genelindeki
glines enerjisi liretim potansiyelinin karsilastirilmasina
ve bolgesel enerji stratejilerinin gelistirilmesine 6nemli
katkilar saglamaktadir. Elde edilen bulgular, giines
enerjisinin farkli cografi bolgelerdeki performansini
anlamaya yoOnelik saglam bir metodolojik yaklasim
sunmakta ve bolgesel enerji planlamasinda yonlendirici
bir rol oynamaktadir.

I11. BULGULAR VE TARTISMA

Ik olarak, 8 farkl1 ilde kurulan giines enerjisi iiretim
tesislerinin aylik tiretim degerleri sekil 2°de verilmistir.
Uretim degerlerine bakildiginda 8 il arasinda en fazla
iiretim Dogu Anadolu Bolgesinde Elazig’da (1.864.660
kWh/y1l) gergeklesmistir. Bu sonug, Giineydogu
Anadolu ve Akdeniz bolgelerindeki diger illeri geride
birakarak, yalnizca giines enerjisi potansiyelinin tek
bagina yeterli olmadigmni; sistem verimliliginde
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iklimsel ve yapisal birgok etkenin de belirleyici
oldugunu ortaya koymustur.

230

5210

=

£ 190

)

;170

s

~ 150

=

= 130

Q

5 110

=]

% 90

=

o 70

50 +——F——T—T+—1— — T
OSSP E O DE
F T T PP E S W
FITITFS S

Aksaray ¥ Konya
Elaz1g Gaziantep
Sanlurfa Diyarbakir
Osmaniye Kahramanmaras

Sekil 2. Tesislerde iiretilen giines enerji miktarlarmin
aylara gore dagilim

Santrallerin ilk 4 ay iretimine baktigimiz zaman
Diyarbakir 289.843, Gaziantep 409.736, Sanliurfa
461.259, Osmaniye 382.405, Kahramanmaras 455.477,
Konya 520.704, Aksaray 461.259, Elaz1g 536.358 kWh
olarak belirlenmistir. Bu degerlere gore yilin ilk 4
ayinda, yani kis aylarinda en ¢ok iiretim Dogu Anadolu
Bolgesinde bulunan ilimiz Elazig’da olmustur. Kis
aylarmin zorlu iklim kosullariyla bilinen Elazig ilinde,
yillik iretim degerinin bu denli yiiksek olmasi
(ozellikle  Giineydogu  Anadolu ve  Akdeniz
bolgelerindeki illerle kiyaslandiginda) beklenen bir
durum degildir. Ancak yiiksek verimle ¢alisan santral,
bu siirecte diger yedi iiretim tesisinin tamamini geride
birakmistir. Kis aylarinda yagisl, karli ve bulutlu hava
kosullarinin etkili olabilecegi géz 6niine alindiginda,
iretim degerlerinin iller arasinda belirgin farkliliklar
gosterdigi anlagilmaktadir. Yaz aylarinda ise genellikle
actk ve sicak hava kosullar1 hakim oldugundan, bu
donemdeki iiretim degerleri diger aylara kiyasla
anlamli sekilde artis gostermektedir. Yaz aylarindan
Haziran, Temmuz, Agustos, Eyliil aylarmin {iretim
degerleri  incelendiginde, Diyarbakir  536.070,
Gaziantep 828.637, Sanlwurfa 812.730, Osmaniye
527.847, Kahramanmaras 822.374, Aksaray 799.249,
Konya 799.344, Elazig 859.942 kWh olarak
belirlenmistir. Yaz aylar1 iiretimleri incelendiginde
Elazig yine diger illeri geride birakmustir. i¢ Anadolu
Bolgesinde yer alan Aksaray ve Konya illeri birbirine
cok yakin degerlerde iiretim gerceklestirmistir.
Aralarmdaki fark 95 kWh olarak goriilmektedir. Bu
mevsim de iiretim degerlerinin ve verimin en iist
seviyede olmast gerekmektedir. Yagmur, kar,
bulutlanma ¢ok nadir goriildiigi i¢in iiretim olumsuz
yonde etkilenmemektedir. Fakat Diyarbakir ve
Osmaniye illerinin degerlerinin hem kis aylarinda hem
de yaz aylarinda diger illere gore ¢ok diisiik oldugu
goriilmektedir. Bunlarm sebepleri arasinda {iretim

degerlerinin alindigi donemdeki hava durumu,
santrallerin ariza ve bakim durumlari, kesintiler
olabilir. Iki santralin iiretimleri diger 6 santrale gére
yaklagik 265.000 kWh daha az olmustur. Degerleri
kullanilan 8 ilin yaz aylar1 iretimleriyle kis aylari
dretimleri farki swrasiyla, Diyarbakir 246.227,
Gaziantep 418.901, Sanlurfa 351.471,
Kahramanmaras 366.897, Osmaniye 145.442, Konya
278.640, Aksaray 286.486, Elaz1g 323.584 kWh olarak
belirlenmistir. Uretim degerleri incelendiginde en ¢ok
fark Gaziantep ilinde gérulmektedir. Gaziantep ilinde
yaz aylarinda diger illere gore daha fazla (retim
olmustur. Tim bu iretim degerleri glinesin bolgesel
olarak radyasyon potansiyeline, giines paneline ve
diger kullanilan malzemelere tek basina bagli olmadigi
anlagilmigtir. Mariano vd. (2021) tarafindan yapilan
calismada, Mevsimsel 1sinlanma ve  sicaklik
degisimlerinin, fotovoltaik sistemler tarafindan iiretilen
glic izerinde onemli bir etkiye sahip oldugu
belirtilmistir [15]. Dolayisiyla 6zellikle giineydogu
bdlgesinde yaz aylarindaki 1smlanmanin daha yiliksek
olmasi nedeniyle Gaziantep ilinde daha yiiksek enerji
tiretilmesi olas1 bir durumdur. Bununla birlikte, yapilan
bir c¢aligmada da giines enerjisi santrallerinin
verimliliginin, toz, su damlaciklari, kus pislikleri ve
golgeleme kosullarinin varligindan etkilenebildigi, bu
nedenle  cevresel faktdrlerin  6nemli  oldugu
vurgulanmistir [16]. Her ne kadar Elazig’in iginde
bulundugu Dogu Anadolu Bdlgesi, ¢alisilan bolgeler
arasinda kis aylarmmda (Aralik) en az giineslenme
sliresine sahip (96 saat) olan b6lge olsa da hem cevresel
faktorlere hem de diger faktorlere bagli olarak kis
aylarinda daha yiiksek enerji iretimi
gerceklestirilmistir.  Dolayisiyla bu  durum, bu
calismanin 6nemini ortaya koymaktadir. Giineslenme
sliresi, ortalama sicaklik vb. gibi faktérlere bagl olarak
kurulan GES’lerde daha diisiik verim elde edilebilecegi
gozlenmistir. Giines enerjisi santrallerinin verimliligi
teknik, cevresel ~ve  operasyonel faktorlerin
birlesiminden etkilenir. Giines radyasyonu, sicaklik,
izleme sistemleri, entegrasyon stratejileri ve saha
secimi gibi faktorleri g6z oninde bulundurarak ve
optimize ederek, giines enerjisi santralleri daha yiiksek
verimliliklere ulasabilir, siirdiiriilebilir ve giivenilir
enerji Uretimine katkida bulunabilir [17][18].

3.1. Tesislerin Uretim Degerlerinin, Bolgesel
Ortalama Potansiyelleriyle Karsilastirilmasi
Giineydogu Anadolu, I¢ Anadolu, Akdeniz ve Dogu
Anadolu Bélgesinin illerinde kurulumu yapilmis ve su
an aktif olarak iiretim yapmaya devam eden giines
enerji santralleri kendi aralarinda verim bazinda
degerlendirilmistir. Sekil 3’te, yillik iiretilen enerji
miktarlar1 ile bolgesel olarak ortalama enerji
potansiyelleri  karsilagtirilmistir.  Grafikten  yer
seciminin iiretim verimlerine etkisi oldugu acikca
goriilmektedir. Sehirlerin, il sinirlart igerisinde bile
radyasyon potansiyeli farkliliklarinin olustugu sekil
1’de goriilmektedir.
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Sekil 3. Tesislerin tretim ve bolgesel potansiyelleri
bakimindan verimlerinin karsilastirilmasi

Karsilagtirmasmi yaptigimiz radyasyon potansiyeli
degerleri ortalama oldugu i¢in pik noktalarda yapilacak
tesislerden elde edilecek verimler otalama degerlerin
tizerinde olacaktir. Bu nedenle ayni il smirlarn
igerisinde bile farkli konumlardaki farkli tesislerin
tretim miktarlar1 degisecektir. Elazig’da verimin
beklenenden yiiksek ¢ikmasi, Diyarbakir ve Osmaniye
de verimlerin beklenenden diisiik ¢ikmasi, sicakligin
panel verimleri iizerinde smirlayict bir  etki
yapmasindan kaynaklanmig olabilir [19]. Ancak bu
durum verimler arasindaki farkin bu kadar acik
olmasinin tek nedeni degildir.

Karsilastirma yapilan sekiz il bazinda iiretim degerleri
incelendiginde, bolgesel olarak en diisiik giines enerjisi
potansiyeline sahip olan Dogu Anadolu Boélgesi'ndeki
Elazig ili, yillik 1.864.660 kWh iiretim degeriyle diger
tiim illeri geride birakmistr.

I¢c Anadolu bblgesindeki iiretim yapan iki santral verim
olarak diger bolgelerdeki santrallerin dniine gecmistir.
Giines enerjisinin bélgesel potansiyeline gore I¢
Anadolu bolgesi iiretim verimi olarak diger iki
bolgeden daha az olmasi beklenirdi. Ama iiretim,
sadece giinesin enerji potansiyeline gére olmamaktadir.
Santrallerde kullanilan paneller ve bu panellerin dogru
yerlestirilmesi, inverter secimi, Kablo se¢imi, Trafo ve
hiicrelerin se¢imi ¢ok énemlidir. Ama en dénemlisi
sadece bu trtinleri dogru segmek degil, sectikten sonra
dogru montaj ve dizayn edilmesidir. Ayrica
santrallerdeki periyodik bakimlar da verim iizerinde
etkili olabilmektedir. Ancak bu c¢alisma sinirlar
icerisinde bu gibi teknik detaylar degerlendirilmemis
olup, santrallerden bir yillik bazda {iretilen enerji
miktarlart  kryaslanmistir. Hantoro vd. (2020)
tarafindan yapilan ¢alismada, izleme ve bakim,
optimum performansin saglanmasi i¢in olmazsa olmazi
olup, diizenli izleme, gilines 1sMimIIn ve tesis
kosullarinin ~ verimlilik  iizerindeki  etkilerinin

degerlendirilmesine yardimci olacagi belirtilmistir
[18].

Bolgelere gore bir yilda diretilen toplam enerji
miktarlar1 sekil 4’te verilmistir. Dogru kiyaslama igin,
grafigin ¢iziminde ilgili bolgede en yiiksek iiretimin
gerceklestirildigi il secilmistir. Sekle bakildiginda, en
yiksek tretimin meydana geldigi bolge Dogu Anadolu
Bolgesi iken, en diisiik iiretim I¢ Anadolu Bélgesinde
gerceklesmistir.

I¢ Anadolu Bélgesi
(Konya) I

Eontiechiiaell
Bolgesi (Sanlwurfa)

Akdeniz Bolgesi
(Kahramanmaras)

DO A O Bl oS
(Elaz18)

1,400,000 1,600,000 1,800,000
Uretilen Toplam Enerji (kWh/yil)

Sekil 4. Bolgelere gore Uretilen toplam enerjinin
kiyaslanmasi

Uretilebilecek yillik giines enerjisi miktarlarina
bakildiginda, Dogu Anadolu Bédlgesinde bu deger
1.365 kWh/m?yil olup, i¢ Anadolu Bolgesinde 1.314
kWh/m?y1l’dir. En yiiksek deger 1.460 kWh/m?y1l ile
Giineydogu Anadolu Bolgesinde olmasima karsilik, bu
bolge enerji iiretiminde Dogu Anadolu Bdlgesinden
sonra ikinci siradadir. Daha 6nce de tartisildig iizere,
bircok faktdr bu durum Uzerinde etkili olabilmektedir.
Dolayisiyla bolgesel anlamda, teorik olarak daha fazla
giines iiretimi gercek Olgekte daha fazla enerji tiretim
anlamina gelmemektedir. Enerji Uretimine etki
edebilecek diger faktorlerin de degerlendirilmesi
gerektigi sdylenebilir.

Giines enerjisi santrallerinin verimliligi yalnizca
kurulum yapilan bolgenin cografi ve meteorolojik
ozelliklerine bagli kalmamakta, ayn1 zamanda teknik
parametrelerle de dogrudan iliskilidir. Bu teknik
faktorler arasinda giines panellerinin montaj agisi,
enerji Uretimi Uzerinde ®nemli bir etkiye sahiptir.
Panelin uygun olmayan bir agiyla yerlestirilmesi,
toplam gii¢ iiretiminde yaklagik %5 oraninda sapmaya
neden olabilmektedir. Bu goriiniiste kiigiik degisim,
Ozellikle genis panel dizilerinde O6nemli enerji
kayiplarina yol acabilir. Ornegin, her biri 250 W
giclinde olan 10 panelin optimum aciyla
konumlandirilmasi durumunda, panel basina yaklagik
12,5 W ek diretim saglanabilir. Bu da toplamda 125
W'lik bir artig anlamina gelmekte olup, biyik élcekli
giines enerjisi santrallerinde goz ardi edilemeyecek bir
katki saglamaktadir.
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IV. SONUCLAR

Bu calisma, Tirkiye’nin farkli bdlgelerinde kurulu
sekiz ayr1 giines enerjisi santraline (GES) ait bir yillik
gergek Uretim verilerinin, bolgesel giines radyasyonu
potansiyelleriyle karsilastirmali olarak incelenmesini
kapsamaktadir. Degerlendirilen santraller arasinda en
yiiksek yillik diretim Elazig ilinde 1.864.660 kWh ile
kaydedilmig; en diisiik {iretimler ise sirasiyla
Diyarbakir  (536.070kWh/yil)  ve  Osmaniye
(527.847 kWh/y1l) illerinde gerceklesmistir. Elazig,
giines enerjisi potansiyeli agisindan Tiirkiye’de tiglincii
sirada yer alan Dogu Anadolu Bodlgesi’nde
konumlanmasina ragmen, en yiiksek iiretim degerine
ulasarak yalnizca giines radyasyonu miktarinin degil,
ayni zamanda sistem tasarimi, sicaklik kosullari, bakim
dizeyi ve ekipman kalitesi gibi teknik faktorlerin de
enerji verimliliginde belirleyici oldugunu ortaya
koymustur.

Ote yandan, yiiksek giineslenme siiresi ve radyasyon
potansiyeline sahip olmalarina ragmen Diyarbakir ve
Osmaniye illerinde elde edilen diisiik iiretim degerleri,
bu illerde sistemsel kayiplar veya isletmeye bagh
aksakliklarin mevcut olabilecegini disiindiirmektedir.
Bu durum, yalnizca teorik potansiyel verilerine degil,
saha performansini etkileyen tiim teknik ve isletmesel
kosullara biitiinciil yaklagilmas1 gerektigini ortaya
koymaktadir.

Gelecekte yapilacak calismalarda, bu tiir sistemsel
detaylarin da ele alindigi kapsamli analizlerin literatiir
acisindan onemli katkilar saglayacagi
degerlendirilmektedir. Tiirkiye’de gilines enerjisi
yatirimlarinin hizla artmakta oldugu goézlemlenmekle
birlikte, bu yatirimlarin ekonomik olarak verimli ve
strduriilebilir olabilmesi i¢in kurulum ve isletme
stireclerinde daha titiz fizibilite ¢aligmalarma ihtiyag
duyulmaktadir. Giines panellerinin dogru montaji,
uygun ag¢i optimizasyonu ve teknik parametrelerin
dikkatle yonetilmesi, enerji Uretim kapasitesinin
maksimize edilmesinde kritik rol oynamaktadir. Bu
baglamda, yerel iklim ve ¢evre kosullarinin yani sira,
teknolojik iyilestirmeler ve sistem optimizasyonlari
gibi faktorlerin de goz 6nlinde bulundurulmasi, giines
enerjisi sistemlerinin daha verimli ve givenilir bir
sekilde isletilmesine katk1 saglayacaktir.

ETIK KURUL ONAYI VE CIKAR
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

Non-functioning pituitary neuroendocrine tumors pose a great challenge not only for the clinic but also for patients since it
has an insidious progression. Even though effortful studies and state-of-the-art techniques are improving our knowledge
about this disease, no therapeutic modality is currently approved for the treatment. This study aimed to determine
significantly altered genes that showed aberrantly expressed patterns in NF-PitNET using high-throughput RNA-sequencing
transcriptome data. To uncover essential elements in disease pathogenesis, biological networks in protein, transcription
factor, and microRNA levels were constructed and topologically analyzed. by drug prioritization for NF-PitNETs via a
repositioning approach. The hub elemets of AGO2, BCL2L2, BIRC5, BRCC3, CDC42, CUL3, E2F2, ESR1, ESR2, GIGYF1, JUN, KRAS,
MDM2, NFKB1, PLEKHA4, RELA, RNF40, and ZNF460 were proposed as systems biomarkers of NF-PitNET. A signature-based
drug repositioning using hub elements as treatment targets unraveled repositioned drug candidates including valdecoxib,
penfluridol, maprotiline, mitoxantrone, vorinostat, homoharringtonine, norethynodrel, strophantine octahydrate, bufalin,
and digoxin. The efficiency of maprotiline was confirmed in silico via molecular docking and resulted in higher binding
affinities with hub elements compared to their inhibitors. Maprotiline was proposed as a promising repositioned therapeutic
for the management of NF-PitNETs.

Keywords: transcriptomics, RNA-seq, biological networks, drug repositioning, non-functioning pituitary neuroendocrine
tumors

I. INTRODUCTION
Pituitary adenomas, lately alternatively called pituitary neuroendocrine tumors (PitNETS) [1], are reported as the

second most encountered type of intracranial neoplasms in the clinic [2]. Non-functioning pituitary neuroendocrine
tumors (NF-PitNETS) account for approximately 30% of PitNETs [3]. These tumors are accepted as clinically
challenging tumors since the manifestation of the symptoms can be detected only in the late phases of tumor
growth. It is generally not possible to detect these neoplasms until the mass effect and local compression on
intracranial nerves and brain tissue end up with headache and visual abnormalities [4].

The transsphenoidal resection is the first-line treatment strategy for NF-PitNETS to decrease the mass effect [5].
Considering the increasing prevalence of NF-PitNETS, no medical treatment is currently recommended for them
[6]. Despite drug treatment modalities for the functioning PitNETSs subtypes being well set, pharmacological
interventions for NF-PitNETSs are still in the experimental and exploratory stages (NIH, clinicaltrials.gov).

Striving efforts have been performed to decode underlying molecular mechanisms of NF-PitNETs, several
diagnostic and prognostic biomarkers (genes, proteins, microRNAs (miRNAs), long noncoding RNAs (IncRNAs))
and therapeutic targets have been reported [8-13]. Even though advances in genetic and molecular profiling
techniques have improved our understanding of these tumors, leading to the development of targeted therapies and
potential precision medicine approaches, effective pharmacological therapy for NF-PitNETSs is an urgent need for
the clinic.
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Drug repositioning (DR, or repurposing) is a promising
approach that allows scientists to reutilize known
drugs, small molecules, and chemical compounds with
the purpose of the treatment of new indications in a
time- and cost-effective manner [14]. This time- and
cost-efficiency originated from the utilization of
already established formulations and manufacturing
techniques, available information on clinical trials,
pharmacokinetic features, marketing data, and known
side effects. In this work, a systems biomedicine-
oriented study was performed to construct protein-,
miRNA- and TF- mediated biological networks from
transcriptome-level NF-PitNET RNA  sequencing
(RNA-seq) data. The utilization of these networks and
topological analysis resulted in essential elements of
networks eventuated with disease-specific signatures
which were further employed for elucidation of
repositioned drug candidates for the management and
treatment of NF-PitNETs. The repositioned drug
candidates were extensively confirmed via in silico
molecular docking simulations. Maprotiline was
reported as the potential repositioned drug candidate
for the treatment of NF-PitNETSs.

Il. MATERIALS and METHOD

2.1. Data Retrieval and Sample Features

The framework that was followed during this study is
presented in Figure 1. To determine transcriptomic
changes in NF-PitNETS, the transcriptome level dataset
GSE136781 which contained tumor and normal
pituitary tissue samples was retrieved from the Gene
Expression Omnibus (GEO) database [15]. The dataset
was generated using RNA-sequencing technology and
includes 42 freshly frozen samples from patients with
NF-PitNETs and 4 formalin-fixed paraffin-embedded
normal pituitary tissues used as the control group [16].
After the resection of tumors, tissues were examined
histopathologically. For diagnosis and classification
WHO 2004 criteria [17] were followed which were
applicable at the years of tissue collection. For the
detection of cavernous sinus invasion, the Knosp
classification was used [18].

2.2. Data Processing and Differential Gene
Expression Analysis

The count data of the GSE136781 dataset was retrieved
from the GEO database. Each gene was normalized
across all samples using an internal normalization
method, with the geometric mean calculated using the
“DESeq2” package [19] (version 1.40.01) in
Bioconductor (release 3.17). Differentially expressed
genes (DEGs) were identified using the “DESeq2”
package combined with volcano plot filtering. The
Benjamini—Hochberg procedure was performed to
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check the false discovery rate, with statistical
significance defined as an adjusted p-value < 0.05. The
regulatory direction of each DEG (up- or
downregulation) was determined using a fold change
threshold of |log.FC| > 1.0.

2.3. Functional Enrichment Analysis

To find out the biological processes and pathways that
DEGs are functioning were elucidated via pathway and
functional enrichment analyses through GeneCodis4
[20] and Metascape [21]. The functional annotations
that were significantly associated with the DEGs were
identified.
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Figure 1. The study design that was followed
throughout this work.

DEGs were separated as down- and up-regulated genes,
as functional enrichment analysis is sensitive to the sign
of the fold change. When up- and downregulated genes
are mixed, enrichment scores can be diluted, leading to
missed associations. To prevent this limitation and
facilitate more precise biological interpretation, DEGs
were analyzed according to their direction of
regulation.

The significance of enriched pathways and biological
processes was adjusted to p<0.01. The annotation
sources were selected as KEGG Pathway [22], GO
Biological Processes [23], and Reactome [24].

2.4. The Construction of Biological Networks

Biological networks that were constructed around
DEGs include three layers in which protein-protein
interactions(PPIs), transcription factor (TF)-target gene
regulatory interactions, and microRNA (MiRNA)-
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target gene interactions can be identified. The
biological interaction data that covers all of these three
layers were retrieved from BioGrid [25], MirTarbase
[26], and TRRUST [27] databases for PPI, TF-gene
interaction and mMiRNA-gene interaction networks.
Each network was rendered using Cytoscape (version
3.7.2) [28] and quantitatively assessed through its
integrated “Network Analyzer” module. Topological
characteristics were further interrogated by applying
both local and global network metrics via the
“CytoHubba” plug-in [29]. Nodes exhibiting the
highest degree and/or betweenness centrality values
were designated as hub molecules, thereby representing
putative key regulators and prospective therapeutic
targets for subsequent drug repositioning analyses.

2.5. Drug Repositioning Analysis Around Hub
Elements

A signature-based drug repositioning analysis was
carried out using the Library of Integrated Network-
based Cellular Signatures (LINCS) — L1000 data [30].
This online search tool provides a publicly available
data utilization and allows users to prioritize candidate
drugs and/or small molecules associated with input
queries (genes or proteins). The top-scored hub
elements of each network were determined according
to degree and betweenness centrality metrics, and they
were considered as differential expression vectors for
the search of repositioned drugs through the
L1000CDS2 search engine [31]. The reverse scenario
search mode was employed to identify repositioned
drug candidates with the potential to counteract the
gene expression signatures characteristic of tumor
tissues. The top 50 repositioned compounds, ranked
according to their computed scores, were subsequently
subjected to in-depth evaluation through a
comprehensive literature survey and interrogation of
publicly accessible repositories, including PubChem
[32] and the Comparative Toxicogenomics Database
(CTD) [33], to elucidate their mechanisms of action and
associated pathological conditions.

2.6. Molecular Docking Analysis of Hub Elements
and Repositioned Drug Candidates

To carry out molecular docking analysis the 3D
structures of the hub molecules were searched in
Protein Data Bank (PDB) [34]. The hub elements with
no structural information were excluded from this
analysis. The remaining hub elements were collected
from the PDB databases using the accession codes of
5VM9, 6TN7, 100L, 3UED, 6R8F, 70NI, 1N4M,
2JJ3, 4P42, 3LXX, 7X12, 2DKP. As a ligand of these
hub genes, the 3D structure of top-scored, FDA-
approved repositioned drug candidates —valdecoxib
and maprotiline- were retrieved from the PubChem
database [32]. As a reference set of ligands, known
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inhibitors for each hub element were identified through
a comprehensive survey of the literature and
interrogation of the Comparative Toxicogenomics
Database (CTD) [33], and subsequently compared with
the repositioned drug candidates. The molecular
structures of these inhibitors were retrieved from the
PubChem database [32]. Binding residue information
for each hub element was obtained from the Protein
Data Bank in Europe (PDBe), whereas, for hub
elements lacking experimentally defined binding sites,
putative binding residues were predicted using the
3DLigandSite server [35].

Molecular docking analyses for hub molecules and
proposed repositioned drug candidates were performed
using the Autodock Vina software (1.5.7) [36][37]. For
macromolecular  preparation prior to docking
simulations, all crystallographic water molecules were
removed, and polar hydrogen atoms were added to the
macromolecular structures. Molecular docking was
performed in triplicate for each ligand to ensure
reproducibility. The binding affinities of drug
candidate-target complexes were expressed in
kcal/mol, with interaction strength assessed according
to these calculated values. Previously identified
inhibitors for each hub element, as described above,
were employed as positive controls; the statistical
significance of the docking results was thus evaluated
relative to the binding affinities obtained for these
reference inhibitors.

1. RESULTS

3.1. Identification of DEGs and Their Functional
Enrichment Analyses

The genes that have altered expression profiles between
two phenotypes namely NF-PitNETS vs. control groups
were searched via the methods explained in the relevant
section. A total of 5156 genes were identified as
differentially expressed among these two groups. A
statistical confidence threshold of adjusted p < 0.05 was
applied. In addition to the adjusted p-value criterion,
genes exhibiting a minimum two-fold change—either
upregulation or downregulation—in their mean
expression levels were retained for designation as
DEGs and for determination of their regulatory
direction. This screening yielded 5156 DEGs, of which
2252 were down-regulated and 2904 were up-
regulated.

The next step after the elucidation of DEGs was the
identification of their function via functional
enrichment analysis. The elucidation of the
significantly altered pathways and biological processes
associated with the DEGs was carried out to construct
the molecular mechanisms lying behind NF-PitNET
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pathogenesis. The functional annotations of
downregulated genes were significantly enriched in
biological processes that could be generally associated
with RNA function and immune system processes,
including RNA processing, natural Kkiller cell

A

activation, T cell activation, B cell proliferation
(p<0.05) (Figure 2A). The pathway enrichment
analysis of downregulated genes resulted surprisingly
in coronavirus disease, alcoholism, and ribosome
(p<0.05) (Figure 2A).
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Figure 2. The functional enrichment analysis of DEGs. GO biological processes and KEGG pathways that were
enriched for A) downregulated DEGs and B) upregulated DEGs.

The GO biological terms that were associated with
upregulated genes mostly enriched in cell cycle and
protein metabolism related processes such as cell
division, mitotic spindle assembly checkpoint
signaling, DNA repair, protein transport, and protein
ubiquitination (p<0.05). Considering downregulated
genes and their related pathways cellular senescence,
endocytosis, biosynthesis of unsaturated fatty acids,
autophagy, ErRb signaling pathway, lysosome, and
osteoclast differentiation were found as significant
KEGG pathways (p<0.05) (Figure 2B).

3.2. Biological Network Constructions Unveil Hub
Elements

To decode the driving molecules of NF-PitNET
pathogenesis, resultant DEGs were searched for their
physical and regulatory neighbors including PPI, TF,
and miRNA level interactions. The insights gathered
from these three biological levels leads to the
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uncovering of biological molecules that have
considerable potential as interacting elements between
DEGs which allows us to understand the the molecular
and cellular pathomechanisms driving the disease,
thereby informing the development of targeted
management strategies.

The construction PPI network of NF-PitNET resulted
in a huge network composed of 17484 nodes and
274019 edges (Figure 3). Since it was hard to catch
meaningful insights from that network we analyzed
topologically important hub molecules. The degree and
betweenness centrality metrics were applied and ended
up with BIRC5, BRCC3, CDC42, CUL3, ESR1, ESR2,
KRAS, MDM2, PLEKHA4, and RNF40 as hub
elements.
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The TF- target DEGs regulatory network was also
constructed to determine the elements that could be
responsible to regulate DEGs expression. This network
consisted of 992 nodes and 2248 edges. The topological
analysis resulted in CDKN1A, SP1, NFKB1, AR,
E2F2, JUN, RELA, BCL2L2, ESR2, and BRCC3 hub
elemets and showed in Figure 4.

PROTEIN- PROTEIN INTERACTION NETWORK

Figure 3. PPI network of NF-PitNET. The colors for
hub elements are sliding through darker to lighter
considering higher degree values to lower ones.

The miRNA- target DEGs regulatory network was
evaluated for the same purpose. This network was
composed of 6199 nodes and 137016 edges (Figure 5).
The hubs were determined as AGO3, GIGYF1, hsa-
miR-106b-5p, hsa-miR-16-5p, hsa-miR-17-5p, hsa-
miR-20a-5p, hsa-miR-26b-5p, hsa-miR-335-5p, hsa-
miR-93-5p, ZNF461.

TF- GENE INTERACTION NETWORK

Figure 4. TF- target DEGs regulatory network of NF-
PitNET revealed hub genes. The darker colors are
representing hub elements with higher topological

feature values whereas lighter colors represent lower

ones.
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These hub elements surrounding the DEGs showed us
biological interactions that might have crucial roles in
disease pathogenesis. Therefore, they were selected as
target molecules to uncover possible drugs that inhibit
their function. Considering this aim, two criteria were
applied to continue with drug repositioning i) the
selected element should be a hub element and ii) it
should also be a DEGs. Since hub molecules also
include some elements that were coming from the
biological interaction database might not be in our DEG
list. Applying these filters ended up with 18 molecules
that possess features of a hub molecule and DEGs
including AGO3, BCL2L2, BIRC5, BRCC3, CDC42,
CUL3, E2F2, ESR1, ESR2, GIGYF1, JUN, KRAS,
MDM2, NFKB1, PLEKHA4, RELA, RNF40,

ZNF461. These molecules were further employed in
drug repositioning analysis with their logFC values as
their signatures.

miRNA-TARGET GENE NETWORK

Figure 5. miRNA- target DEGs regulatory network of
NF-PitNETSs have 10 essential hub elements with
significant topological features.

3.3. Unraveling of Signature-based Candidate
Repositioned Drugs for NF-PitNET

The hub elements of above mentioned three networks
were analyzed through L1000CDS2
(http://amp.pharm.mssm.edu/L1000CDS2/),  which
was used to search for overlap of gene expression
signatures against the LINCS data to determine and
prioritize drugs which have potential to antagonize or
replicate the target gene expression signature [31]. A
drug repositioning strategy based on gene expression
signatures was implemented with the option of
reversing the scenario to search for these hub elements
for NF-PitNETs in order to identify possible drugs.
This approach enabled the prioritization and
identification of drug candidates with the potential to
modulate gene expression profiles from a diseased to
ahealthy state. The observed small molecules/ drugs are
predicted
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to have good therapeutic potential because the
examined hub proteins have been extracted from three
layers of biological interaction data around disease-
specific DEGs. As a result of drug repositioning
analysis, 50 repositioned drug candidates were
elucidated. The resultant small molecules were
composed of drugs with different categories, functions,
and approval statuses including FDA-approved and
investigational ones. There were also some duplicate
and unknown drugs that were excluded since there is no

information that could be gathered either in the
literature or in drug databases. Considering the major
aimof this work, we continued with just FDA-approved
drugs. Following the exclusion of unknown, duplicate,
and investigational compounds from the initial drug
list, the query of hub elements yielded only 10
repositioned drug candidates, which were subsequently
interrogated in PubChem, CTD, and DrugBank (Table
1).

Table 1. FDA- approved, non- cancer repositioned drug candidates for NF-PitNETSs.

Drug PubChe = Chemical Mechanism/Mode of Action Novelty FDA
m CID. taxonomy Approval
. 119607 a member of the a selective COX2-inhibitor with Novel Approved
Valdecoxib - - - L
class of isoxazoles antirheumatic activity
33630 a diarylmethane antipsychotic agent, a mitochondrial Novel Approved
Penfluridol oxidative phosphorylation inhibitor
via SIRT1
- 71478 a member of a tetracyclic antidepressant, blocking Novel Approved
Maprotiline . .
anthracenes the reuptake of norepinephrine
4212 an anthracene dione  inhibits topoisomerase Il activity, Novel Approved
Mitoxantrone ant!blotlc Wl.th thereby suppressing DNA repair
antineoplastic mechanisms
activity
2724385  acardenolide a cardiotonic drug with Na/K Novel Approved
Digoxin glycoside, a steroid ~ transporter ATPase inhibitor activity
saponin
5311 a dicarboxylic acid a histone deacetylase inhibitor with Associated ~ Approved
Vorinostat diamide antineoplastic activity with
PitNETSs
. 285033 a cephalotaxine- a protein synthesis inhibitor, an Novel Approved
Homoharringto - . L .
nine derived alkaloid apoptosis inducer with
ester antineoplastic activity
6231 a synthetic a contraceptive, inhibiting the Novel Approved
Norethynodrel progestational preovulatory rise of the luteinizing
hormone hormone
Strophantine 6364534  acardioactive inhibitor of the NA/K exchange Novel Approved
Octahydrate glycoside ATPase
Bufalin 9547215 | a 14beta-hydroxy an antineoplastic/ a cardiotonic/ an Novel Approved

steroid

anti-inflammatory agent

The obtained repositioned drugs were identified as anti-
neoplastic agents, cardiotonic drugs, anti-psychotic
agents, antibiotics, and anti-inflammation drugs. Table
1 summarizes each drug’s mechanism of action,
chemical class, approval status, and relevance to NF-
PitNETs. Among these 10 drugs, only vorinostat was
associated with the PitNETS previously in the literature
[38].
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The main objective of the selection of drug
repositioning approach for this study was to uncover
new drug candidates that already have finished their
clinical trials since this might take less time when
compared with a de novo drug design strategy. The
secondary aim of this work was to identify non-
antineoplastic agents for NF-PitNETs to reduce the
adverse effects linked to conventional treatments.
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Figure 6. Molecular docking analysis elucidated the
binding affinities for hub molecules and ligands (the
positive controls- inhibitors of the hubs, and a
repositioned drug maprotiline) that were predicted
through the molecular docking simulations. The
inhibitor and repositioned drug were represented with
different colors.

Therefore, among 10 repositioned candidates,
valdecoxib- an antirheumatic agent selected as a top-
scored, non-cancer, and FDA-approved potential drug
candidate. Since it has been withdrawn from the market
considering serious side effects, the second top-scored
drug, maprotiline- tetracyclic antidepressant- was
selected for further molecular docking analysis with
hub elements.

3.4. Molecular Docking Analysis Elucidated
Maprotiline Hcl as a Potential Candidate for NF-
PitNETs

The maprotiline was subsequently examined by
utilizing molecular docking to elucidate how they
interacted with hub elements in the context of NF-
PItNET. To search the interactions of maprotiline with
NF-PitNET-specific hub elements, the molecular
docking simulations were carried out for all 10 hub
elements namely E2F2, BCL2L2, PLEKHAS5, ESR2,
BIRC5, ESYT2, AGO3, BRCC3, ARC, CUL5, ME1
(since four of them -CDC42EP5, KRBAL, NFKBIL1,
RNF40- lack 3D structure information), against their
inhibitors and repositioned drug candidate maprotiline.
The decabromobiphenyl ether (AGO3), bis(4-
hydroxyphenyl)  sulfone (ARC), bisphenol A
(BCL2L2), resveratrol (BIRCS5), bisphenol A (BRCC3,
PLEKHAS5), dronabinol (ESYT2), benzo(a)pyrene
(CUL5), atrazine (E2F2), afimoxifene (ESR2),
perfluorooctanoic acid (ME1) found as inhibitors of the
hub elements. The binding affinities were estimated via
docking analysis (Figure 6). While conducting docking
analysis the structure of PLEKHAS ended up with too
many errors therefore it was excluded. Among the hub
elements, maprotiline showed significant binding
affinities with 80 % (n=8 out of 10 hubs) of the hub
elements when compared to their binding affinities
with inhibitors. The lower binding affinity values of
maprotiline against hub inhibitors indicated that this
repositioned drug candidate might have the potential to
bind the hub elements more than their inhibitors. This
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result will carry the promise of target hub elements via
maprotiline. Thus, maprotiline was proposed as a novel
repositioned therapeutic option for the clinical
management of the NF-PitNETSs.

IV. DISCUSSION

NF-PitNETs present a significant challenge for early
diagnosis, often resulting in delayed detection [4,39].
There is an unfulfilled need for the development of new
strategies for the treatment of NF-PitNETSs. In this
search, NF-PitNETs were examined via the integration
of transcriptome-level data and their biological
interactions to unwveil a new drug candidate maprotiline
which has been proposed as a potential therapeutic for
NF-PitNETSs by depending on in silico validations.

It is becoming increasingly clear that the state-of-the-
art developments in omics science and systems
biomedicine-oriented approaches lead to uncovering
disease biomarkers to improve the management of
diagnosis and therapy in varied human diseases
including PitNETs [11,12,38,40]. Effortful studies
have highlighted the complexity of NF-PitNETs in
relation to the varied manifestations of disease, such as
gender differences and ectopic tumor growth [39,41].
Despite the availability of these studies, there are no
approved treatment modalities for NF-PitNETSs. There
is an urgent need for the development of new
therapeutics for NF-PitNETs. As a main objective of
this study, it was aimed to elucidate an FDA-approved
potential drug or drug candidates that targeted hub
elements to minimize the time that is required for the
determination  of  formulations,  manufacturing
techniques, pharmacokinetic features, information on
clinical trials, and side effects.

On the other hand, it is very well-established that many
chemotherapeutics have decreased the quality of
patients' lives since they cause notorious side effects
[42]. Therefore, DR might be an outstanding approach
to finding new drugs that might have shown fewer side
effects. As the second scope of this study, it is aimed to
find out repositioned drug candidates from non-cancer
drugs that can treat patients without impairing their life
quality. With these aims, the construction of the NF-
PitNET-specific biological networks around DEGs
allowed us to determine hub elements of this disease
which were indispensable elements of the NF-PitNET
that cover all three levels (protein, miRNA and TF).
Given that hub elements constitute the most central and
influential nodes within the network, as defined by both
local and global topological parameters, their selective
targeting represents a highly effective strategy for
modulating the broader constellation of disease-
associated molecules in their immediate interactome.
Drug repositioning guided by hub elements identified
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compounds capable of reversing disease-associated
gene expression profiles. The selection of FDA-
approved and non-cancer drugs might have carried a
great promise to treat the disease without showing
notorious side effects.

According to molecular docking confirmations,
maprotiline- a tetracyclic antidepressant- displayed
statistically significant binding scores with hub
elements (Figure 6). Maprotiline is primarily utilized in
the treatment of major depressive disorders. Beyond its
antidepressant properties, studies have explored its
anti-inflammatory and anti-cancer effects. It was
reported that maprotiline inhibited the expression of
inflammatory mediators such as COX-2 and iNOS in
both human macrophages and a rat model of
inflammation [43]. Recent studies have demonstrated
that maprotiline can inhibit the expression of
programmed death-ligand 1 (PD-L1) in melanoma
cells, thereby enhancing the antitumor immune
response. Specifically, maprotiline treatment led to
decreased PD-L1 expression and increased infiltration
of CD4+ and CD8+ T cells in tumor tissues of
melanoma-bearing mice [44].  Additionally,
maprotiline has been identified as a potential PD-L1
modifier for colorectal and lung cancers. A network
medicine-based strategy revealed that maprotiline
could inhibit PD-L1 expression by targeting speckle-
type POZ protein, suggesting its repurposing as an
anticancer agent [45]. Furthermore, maprotiline has
been reported to induce autophagy in cancer cells,
contributing to its anticancer properties [46]. Studies
have shown that maprotiline can modulate autophagy
pathways, leading to the suppression of tumor growth.
However, current literature does not provide evidence
linking maprotiline to pituitary disorders. In this study,
maprotiline is reported as a candidate repositioned drug
based on omics-level data integration and gene
expression-based network constructions; therefore this
drug may represent a novel therapeutic candidate for
NF-PitNETSs.

Since NF-PitNETs are brain-localized tumors, drug
permeability across the blood-brain barrier (BBB) is
another crucial issue. Pharmacokinetic studies have
demonstrated the presence of maprotiline and its
metabolites in brain tissue following systemic
administration, confirming its central nervous system
[47, 48]. Maprotiline is a lipophilic, low-molecular-
weight compound (molecular weight ~277 Da) with
high plasma protein binding ability. These
physicochemical features generally favor passive BBB
diffusion, a property shared by many tricyclic
antidepressants [49]. Together, these studies suggest
that maprotiline can effectively cross the BBB,
supporting its potential suitability for NF-PitNET
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therapy. It should be also noted the necessity of
validating BBB permeability in disease-specific in vivo
models, as BBB integrity can be altered in pituitary
tumor pathophysiology.

The major limitation of this study originated from the
features of the samples evaluated, which are not age-
and sex-matched. Furthermore, the mode of action of
maprotiline should be investigated in detail to
determine the pathways affected. Also, further
molecular-level studies should be carried out for
recapitulation of the observed results in repositioned
drugs with in vitro cell culture assays will highlight to
see the power of predictions. To deal with this
limitation, we conducted in silico molecular docking
simulations to obtain the possible effects of
repositioned drugs on hub proteins. Another drawback
of this study was the low sample size since there is a
data scarcity for the PitNETs. Despite the necessary
sample size to achieve statistical significance was
provided, it might have been better to have larger, and
age-/ sex-matched samples.

In this study, we made a comprehensive integration of
transcriptome data analysis and biological interaction
network analysis to unravel systems-level molecular
disease signatures and to elucidate repositioned drug
candidates for the treatment of NF-PitNET. To the best
of our knowledge, maprotiline is proposed as a
repositioned drug candidate for the treatment of NF-
PitNET for the first time. For a clear understanding of
the effect of maprotiline on NF-PitNET considering
molecular, genetic, and epigenetic alterations, it would
be a crucial extension of this work to learn whether the
results of the in silico studies can be recapitulated by in
vitro and in vivo studies. The large unmet need for the
treatment of NF-PitNETSs should be addressed by future
studies using efficient methodologies, with a particular
emphasis on drug repositioning.

V. CONCLUSION

In this work, a systems biomedicine—driven,
transcriptome-level omics analysis of NF-PitNETs was
conducted, yielding comprehensive insights into the
underlying TFs, genes, proteins, and miRNAs as
DEGs-associated biomolecules. The NF-PitNET-
specific DEGs represented the set of genes that might
have crucial roles in disease mechanisms. The
construction of biological networks around DEGs
allows us to understand interactions that carry possible
relations, considering disease pathogenesis. In light of
the unmet therapeutic needs in the management of NF-
PitNETs, using these important hub elements for
identifying repositioned drugs has carried great
potential. With this aim, a signature-driven drug
repositioning analysis was conducted based on
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presented hub elements and we confirmed our findings
with computational analysis via molecular docking.
Molecular  docking  analysis  revealed that
maprotiline—a tetracyclic antidepressant—exhibited
higher binding affinities for the hub elements than their
respective  reference inhibitors. To conclude,
maprotiline is proposed as a candidate repositioned
therapeutic for the treatment of NF-PitNETSs. Based on
the available literature, this work provides the first
evidence supporting the repositioning of maprotiline as
a potential therapeutic candidate for the management of
NF-PitNETSs.
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