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ABSTRACT

The chemical tempering method is a versatile process applicable to glass of various sizes,
complex shapes, and thin structures (up to 0.5 mm). Evaluating chemical strengthening
methods under different weather conditions is crucial for developing durable glassware.
This study examines the impact of mechanical washing resistance and weather conditions
on untreated and chemically tempered glass through experimental analysis. Tempered
samples exhibit an average Compressive Stress (CS) of 413 MPa (+8 MPa), a Layer Depth
(DOL) averaging 20 pm (*+2 pm), and Central Stress (CT) averaging 9 MPa (+0.6 MPa).
Despite this, Energy Dispersion Spectroscopy (EDS) images show no visible impact on
surface morphology post-tempering. Nevertheless, EDS spectra indicate an increased
potassium ratio, confirming successful chemical tempering. The hardness of chemically
tempered glass is 6.16 GPa (+0.18), significantly higher than untempered glass at 5.53 GPa
(£0.12). In the Free Fall Test, untempered glass drops an average of 16 cm, while tempered
glass surpasses 28 cm without breaking. During the Bending Test, untempered glass bends
6 degrees on average, whereas tempered glass exceeds 13 degrees without breaking.
Chemically tempered glass resists hydrolysis well and shows no significant difference in
dishwasher resistance, but it excels in breakage resistance under test conditions.

Mekanik Bulasik Yikama Direncinin ve Hava
Sartlarinin Kimyasal Olarak Gili¢lendirilmis Kristal

Camlar Uzerindeki Etkisinin Incelenmesi

0Z

Kimyasal temperleme yontemi, ¢esitli boyutlarda, karmasik sekillerde ve ince yapilardaki
(0,5 mm'ye kadar) camlara uygulanabilen ¢ok yonlii bir islemdir. Farkli hava kosullarinda
kimyasal giiclendirme yontemleri, dayanikli cam esya gelistirmek i¢in ¢ok 6nemlidir. Bu
calisma, mekanik yikama direnci ve hava kosullarinin islenmemis ve kimyasal olarak
temperlenmis cam lizerindeki etkisini deneysel analiz yoluyla incelemektedir.
Temperlenmis numuneler ortalama 413 MPa (+8 MPa) Basing Gerilimi (CS), ortalama 20
um (*2 um) Katman Derinligi (DOL) ve ortalama 9 MPa (+0,6 MPa) Merkezi Gerilim (CT)
sergiler. Buna ragmen Enerji Dagilimh X-1sin1 Spektroskopisi (EDS) gortntiileri ylizey
morfolojisi sonradan temperleme {izerinde gozle goriiliir bir etki gostermemektedir.
Bununla birlikte, EDS spektrumlari, basarili kimyasal tavlamay1 dogrulayan artan bir
potasyum oranina isaret etmektedir. Kimyasal olarak temperlenmis camin sertligi 6,16 GPa
(+0,18) olup, 5,53 GPa (+0,12) ile temperlenmemis camdan énemli dl¢iide daha yiiksektir.
Serbest Diisme Testinde temperlenmemis cam ortalama 16 cm diiserken, temperli cam 28
cm'yi kirllmadan asar. Egilme Testi sirasinda temperlenmemis cam ortalama 6 derece
biikiliirken, temperli cam kirilmadan 13 dereceyi asar. Kimyasal olarak temperlenmis cam,
hidrolize kars1 iyi direng gosterir ve bulasik makinesinde 6nemli bir fark gostermez, ancak
test kosullarinda kirillma direncinde tstiinliik saglar.

To cite this article: N. Ozkaya, M. Njjar, E. Bicer, N. Ozben and A. Akdogan, “Investigation of the Effects
of Mechanical Washing Resistance and Weather Conditions on Chemically Strengthened Crystal
Glasses,” Gazi Journal of Engineering Sciences, vol.10, no.2, pp. 193-205, 2024.
doi:10.30855/gmbd.0705A01
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1. Introduction

Commonly perceived as a solid substance, glass actually exhibits a distinct nature as an amorphous
material formed through rapid cooling with high viscosity, preventing crystallization. Essentially, it is
a semi-ordered substance, lacking the repeating and organized patterns found in crystalline materials
[1]. The American International Society for Testing and Materials (ASTM) provides a widely accepted
definition of glass: "an inorganic product of fusion that has cooled to a rigid condition without
crystallizing; a noncrystalline solid or an amorphous solid." This definition emphasizes the non-
crystalline nature of glass [2].

Glass, a material with a rich history dating back thousands of years, has evolved significantly in its
composition and applications. Glass has found many applications over the years and has gained a place
in the construction industry, architecture, defense industry, household goods, and many other fields.
Its wide usage area has led to the production and use of glass with new techniques [3-5]. Glass generally
exhibits high mechanical strength and chemical resilience. However, its tensile strength is relatively
low, a characteristic that can be attributed to the presence of surface defects known as cracks. These
cracks significantly impact the overall mechanical properties of glass, affecting its strength and
durability [6]. This vulnerability is especially noticeable when exposed to water vapor and temperature
variations, leading to atmospheric corrosion known as "weathering” or "warehouse effect."
Consequently, these surface changes exacerbate the impact of cracks, collectively shaping the
material's overall resilience and long-term performance. In conditions of high humidity, there is a
gradual expansion of cracks over time. This mechanicochemical process negatively impacts the
mechanical and optical characteristics of glass, influencing properties such as fracture strength [7],
surface roughness [8], and transmittance [9].

The primary corrosion processes can occur when silica-based glasses are exposed to an aqueous
environment, ion exchange reaction takes place between the modifier ions of the glass network and
hydrous species of water. This mechanism is commonly referred to as leaching [10]. The rate-
determining step in leaching reactions can be described as follows;

Si—0—- M*+ H,0 > Si—OH+OH™ + M* (D

where M represents the alkali ions present in the silicate glass network. This reaction illustrates the
primary corrosion mechanism involving the ion exchange process between metal ions within the glass
and H+ ions from the aqueous solution. The interaction of hydrogen with oxygen may result in
condensation, and the subsequent evaporation of water can trigger cracking on the surface of the glass
[8]. The rate at which these cracks expand is affected by several factors, such as humidity [10],
temperature, applied stress, time, and the composition of the glass [11].

Glass often undergoes repeated exposure to humidity and various weather conditions throughout its
lifespan. An illustrative example is the dishwashing process. Through the long-term dishwashing
process, the glass interacts with water and detergents at elevated temperatures and for extended
durations compared to manual handwashing. This exposure can lead to irreversible surface
degradation, such as white clouding, iridescence, and other optical alterations on the glass surface.
Numerous research papers have extensively investigated the damage to glass surfaces caused by
different dishwashing detergents, varying washing temperatures, and distinct water hardness levels
[12,13].

Therefore, enhancing the strength of glass is crucial, and various methods for glass strengthening have
been extensively developed in recent decades. These methods include thermal tempering [14],
chemical strengthening [15-17], and surface crystallization [18].

There is a growing interest in chemical tempering, also known as ion exchange or chemical
strengthening, due to its excellent mechanical properties [19].

Chemical strengthening is achieved essentially by replacing smaller ions in the glass surface with larger
ions. without measurable optical distortion, making it the leading candidate for enhancing glass
strength [20]. The chemical tempering method is versatile and can be easily applied to glass sections
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of different sizes, complex shapes, and very thin structures (up to 0.5 mm). It has advantages over other
forms of glass strengthening, such as thermal tempering, as it can produce thinner and lighter glass
with similar or better strength characteristics [21].

In the chemical tempering process, ion exchange occurs between alkaline ions present in the glass
structure and ions in a molten salt bath that is in contact with the glass surface. The smaller radius ions
in the glass structure are replaced by larger ions from the molten salt, causing local strain. This, in turn,
creates compressive stress on the glass surface. The compressive pressure resulting from the ion
exchange strengthens the glass, making it stronger and more resistant to mechanical and thermal
stress compared to untempered glass.

By evaluating the effectiveness of chemical strengthening methods for glass in real-world scenarios,
more durable glassware that can withstand harsh environments for extended periods can be
developed. Therefore, this study investigates the impact of mechanical dishwasher resistance and
weather conditions on untempered and chemically tempered glass through experimental analysis. It
measures the compressive stress level and stress layer depth, analyzes surface characteristics and
composition, measures hardness, determines main oxide and trace element content as well as heavy
metal content, and evaluates impact resistance, free fall resistance, and bending resistance of the glass
products.

2. Materials and Strengthening Process

The molten salt used was pure KNOs (purity > 99.9%). The glass surfaces were carefully cleaned with
pure deionized water. The FSM-6000LE from Lueco, Japan, was utilized to determine compressive
stress levels and analyze the depth of the stress layer. Surface characteristics and composition analysis
were conducted using a Zeiss Supra 40 VP model Field Emission Scanning Electron Microscope (SEM)
equipped with an Energy Dispersion Spectroscopy (EDS) unit. To assess sample hardness, the Vickers
hardness measurement methodology was applied using the Shimadzu Model-M Micro-rigidity, and the
obtained hardness values were analyzed using the optical profiler Bruker Counter GT-K1. The principal
oxide, trace element, and heavy metal content of the samples were analyzed through X-ray fluorescence
(XRF) analysis.

The samples were placed within a containment basket to facilitate their introduction into the
tempering process. Subsequently, subjecting the samples to a preliminary heating phase, exposing
them to elevated temperatures. Compressive stress was induced on their surfaces when they were
immersed in molten potassium nitrate salt during this preheating stage. After extraction from the salt
bath, a meticulously controlled and gradual cooling process was applied, playing an important role in
establishing the desired compressive stress within the crystalline structure. Thorough rinsing followed
for the tempered samples, and their compliance with predetermined standards was evaluated. This
systematic evaluation ensured the attainment of the targeted mechanical and chemical properties.
Figure 1 illustrates a schematic of the chemical tempering process.

Starting Point

Rinsing (15min) Product Loading
4

)

Pre-heating (65 min)

Desalting Tempering (282 min) Salt Immersion
Figure 1. Chemical tempering line (Sisecam) (Patent No. 2018/01566).
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3. Results and Discussion

3.1. FSM-6000LE analysis

The assessment of compressive stress (CS), layer depth (DOL), and central stress (CT) in two glass
samples was conducted after chemical annealing. The average values were calculated based on five

measurements for each glass sample, as shown in Table 1.

Table 1. Compressive stress, layer depth, and central stress values.

Glass sample 1 Glass Sample 2
Compressive Depth of Central Compressive Depth of Central
Measurement . .
No: stress layer Tension stress layer Tension
) (MPa) (um) (MPa) (MPa) (um) (MPa)
1 428 17 9 420 18 10
2 407 20 10 431 19 10
3 409 23 10 418 19 10
4 407 18 9 433 20 10
5 414 19 9 425 20 10
Average 413 20 9 425 19 10
Std. dev. 8 2 0,6 6 0,7 0,3

3.2. Surface morphology analysis

A thin conductive layer comprising 80% gold and 20% palladium was applied using the sputtering
technique. Images were taken under a vacuum of 10-6 torr and with a 20 kV accelerating voltage.

Figure 2 shows SEM images of tempered and untempered glasses (both bulk and powder) taken at
different magnifications. SEM images reveal that the tempering process does not visibly affect the
surface morphology of the glass samples. The superficial nature of the tempering process suggests that
changes in potassium and sodium did not impact the overall density of the glass.

©

(1)

Figure 2. SEM images of tempered (1) and untampered (2) glasses (both bulk and powder) that were taken at different
magnifications. a) bulk x2500 b) powder x750 c¢) powder x1500 and d) powder x2500.
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Both untempered and tempered bulk glasses share the same matrix, yet there is a significant increase
in the potassium ratio on the surface after tempering, as seen in Figure 3 and Figure 4. The tempering
process is successful based on the analysis of surface morphology and composition. The differences
observed in Figure 5 and Figure 6 in the potassium ratio between bulk and powder samples suggest
that the tempering process is applied superficially.
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Figure 3. EDS Spectrum of untempered bulk material.
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Figure 4. EDS Spectrum of tempered bulk material.
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Figure 5. EDS Spectrum of untempered powder material.
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Figure 6. EDS Spectrum of tempered bulk material.

3.3. Hardness analysis

The Vickers hardness measurement method was employed to evaluate the hardness of both
untampered and chemically tempered samples. The measurements were conducted using a constant
loading rate, a dwell time of 15 seconds, and an applied force of 50 grams during the indentations. The
image analysis software of the optical profiler (Bruker Counter GT-K1) was used to determine the
hardness values in the measurements of the indentation diagonals Figure 7. An average value based on
10 indentations was calculated to represent the hardness of each sample.

The tests were carried out under controlled environmental conditions, maintaining a temperature of
23 =1 °C and a relative humidity of 50-60%. The chemically tempered glass exhibited a hardness of
6.16 GPa * 0.18, while the untempered glass showed a hardness of 5.53 GPa * 0.12, as shown in Table
2. These results indicate a significant increase in hardness for the chemically tempered glass compared
to the original untempered glass.
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Figure 7. Measurements of recess diagonals using optical profiler.

Table 2. Vickers hardness of untempered original glass sample and chemically tempered glass sample.

Measurement No: Unprocessed original glass (mm) Chemical tempered glass (mm)
1 0,00891 0,00844
0,00897 0,00873
2 0,00909 0,00854
0,00917 0,00869
3 0,00885 0,00868
0,00901 0,00864
4 0,00904 0,00871
0,00922 0,00857
s 0,00915 0,00881
0,00905 0,00851
6 0,00905 0,0087
0,00917 0,00851
7 0,00906 0,00879
0,00908 0,00843
8 0,00918 0,00869
0,00922 0,0085
0,00908 0,00856
? 0,00898 0,00844
10 0,009 0,00845
0,009 0,00843
Average 0,00906 0,00859
HV 564 +12 628+ 18
GPa 553+0,12 6,16 £0,18

3.4. Mechanical tests

To evaluate sample durability, mechanical tests such as impact resistance, free fall resistance, and
bending resistance, were conducted. The impact strength of both chemically tempered and
untempered glass samples was measured using the instrument illustrated in Figure 6 and, with impact
testing performed on both rim and bowl sections. These tests adhere to DIN 52295 and EN 12980:2000
standards. Additionally, a different tool, as described in Figure 8 and Figure 9, is employed for impact
testing on the bottom part of the glass samples. The final results are shown in Table 3, Table 4, and
Table 5.
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The points where
the impact test
was performed.

Figure 9. The tool used to test the impact resistance of glass samples taken from the base.

Table 3. Impact test results of the rim

Unprocessed glass Chemically Tempered glass
Thickness Thickness
Sample No Results (IPS) of the rim Sample No Results (IPS) of the rim
(mm) (mm)

R-16-01 30 0,55-0,83 C-16-01 45 - 1st 0,62-0,71
R-16-02 25 0,83-0,88 C-16-02 45 -3rd 0,58 -0,59
R-16-03 20 0,50-0,56 C-16-03 45 - 1st 0,74-0,75
R-16-04 20 0,50-0,58 C-16-04 30 - 1st 0,57-0,72
R-16-05 25 0,56-0,61 C-16-05 45 - 1st 0,62-0,93

Average 24 0,64 Average 42 0,68
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Table 4. Impact test results of the bowl.

Unprocessed glass Chemically Tempered glass
Sample No Results (IPS) Sa;‘fle Results (IPS) Thickneas;lc:rfl)t he bowl

R-16-13 15 C-16-06 45 -2nd 0,52-0,60
R-16-14 20 C-16-07 45 - 1st 0,54-0,61
R-16-15 20 C-16-08 40 - 1st 0,57-0,61
R-16-16 20 C-16-09 40 - 2nd 0,60 - 0,66
R-16-17 20 C-19-10 50 - 1st 0,55-0,58
Average 19 Average 44 0,58

Table 5. Impact test results of the base.

Unprocessed glass
Break Thickness Thickness Diameter of
Sample No Results (IPS) of the stem of the base the base

from (mm) (mm) (mm)
R-16-06 45 Stem 4,3 2,6 97,7
R-16-07 30 Stem 4,3 2,0 95,5
R-16-08 30 Stem 4,3 2,4 96,8
R-16-09 60 Stem 5,0 2,8 96,6
R-16-10 40 Stem 3,7 2,7 97,5
Average 41 4,3 2,5 96,8

Chemically Tempered glass
Break Thickness Thickness Diameter of
Sample No Results (IPS) of the stem of the base the base

from (mm) (mm) (mm)
C-16-11 85 Stem 3,7 2,4 96,8
C-16-12 105 Stem-Base 4,1 2,4 98,0
C-16-13 100 Stem-Base 4,6 2,6 96,5
C-16-14 100 Stem-Base 4,2 2,3 95,7
C-16-15 80 Base 4,8 2,7 96,9
Average 94 4,3 2,5 96,8

Free fall tests were conducted on both chemically tempered and untempered glass samples. Typically,
the instrument has a maximum height limit of 50 cm. However, due to the size constraints of the wine
glass, it was released for free fall from a height of 28 cm, as shown in Figure 10. The results of the test
are provided in Table 6.

Figure 10. The instrument used for free fall testing.
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Table 6. Free Fall test results.

Unprocessed glass Kimyasal temperlenmis cam
Sample No Results (cm) Sample No Results (cm)

R-16-18 18 C-16-16 >28 (no break)
R-16-19 14 C-16-17 >28 (no break)
R-16-20 16 C-16-18 >28 (no break)
R-16-21 14 C-16-19 >28 (no break)
R-16-22 14 C-16-20 28

Ortalama 16 Ortalama Higher than 28

3.5. Bending test

The bending test was conducted on both chemically tempered and unprocessed glass samples using
the test instrument is shown in Figure 9. The results of this test are presented in Table 7. It's worth
noting that the maximum bending limit of the instrument is 11 degrees.

Figure 11. Bend Test apparatus.

Table 7. Bending test results.

Unprocessed glass Chemically tempered glass
Thickness Thickness
Sample Results Sample Results of the
of the stem
No (degrees) No (degrees) stem
(mm)
(mm)
R-16-23 55 4,2 C-16-21 >13 (not break) 3,6
R-16-24 5,5 4,2 C-16-22 >13 (not break) 4,4
R-16-25 6 4,2 C-16-23 13 4,3
R-16-26 6 4,2 C-16-24 >13 (not break) 4,7
R-16-27 6 4,2 C-16-25 >13 (not break)) -
Average 6 4,2 Average Higher than 13 4,3

3.6. Hydrolytic resistance and dishwasher resistance analysis

Glass samples with Mold number 32016, which are crystalline glass samples, were utilized to detect
the changes that may occur in hydrolytic resistance and dishwasher resistance before and after the
Chemical Tempering process. ISO 719 “Resistance and classification of glass particles against water at
98°C” and EN 12875 “Resistance of household goods in the dishwasher” tests were carried out. The
results obtained are given in Table 8.
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Table 8. Water resistance and classification of Glass Particles at 98°C.

Sample Description mL 0.01 mol/L HCI Ig Glass Grains Hydrolytic
Result (Mean Value) Limit Value Class
32016 Unprocessed Glass 0,72 from 0,20 up to and including 0,85 HGB3
32016 Chemically Tempered Glass 0.55
Hydrolytic Class mL 0,01 moVL HCI Glass Grains
HGB 1 up to and including 0,10
HGB 2 from 0,10 up to and including 0,20
HGB 3 from 0,20 up to and including 0,85
HGB 4 from 0,85 up to and including 2,0
HGB 5 from 2,0 up to and including 3,5

It was kept immersed in a 0.5% (w/w) type C detergent (Finish Classic Powder) solution at 750C. It
was examined by the criteria given below according to the standard EN 12875-2. The examination
results are given in Table 9.

Table 9. Dishwasher resistance of household items - fast method.

Ranking Degree Surface Change result
0 No Change
1 First
discerniblechange
Clearly visible
2
change
Sample Describtion 16 32 48 64
HOURS HOURS HOURS HOURS
Unprocessed Glass 0 0 0 0

Chemically Tempered 0 0 0 0

Glass

From the analysis results presented in Table 10, it is evident that the chemically tempered glass
exhibits higher resistance to hydrolysis compared to untreated glass. This is indicated by the reduced
volume of acid (equivalent amount of sodium oxide) required for the titration of the extracted unit
mass of chemically tempered glass. This reduction in required acid signifies lower reactivity with acid
and, consequently, higher resistance to the corrosive effects of water.

Regarding dishwasher resistance, no notable difference was observed between the chemically
untempered and tempered glass samples with mold number 32016, as per the EN 12875-4 standard.
After 64 hours of testing, neither glass sample showed signs of deterioration such as clouding or grain
defects. However, it is noteworthy that the untempered glass samples fractured from the foot part
during testing, whereas the tempered glass samples remained intact. This indicates that tempered glass
has better resistance to breakage under the specified testing conditions.

Table 10. DOL and CS values of the samples which were tested according to EN 12875-4.

s ) Before Test After 16 H After 32 H After 48 H After 64 H
ample
Description  POL €S DOL €S DOL  CS o o S DOL cs
(um)  (MPa)  (um)  (MPa)  (um)  (MPa) (MPa) (hm) (MPa)
sample1 ¢ 413w 190 4% 18T 954 gs6u26 3e0:s 10 3%
sample2 102 a2sxe 07 403x1 V) 38143 134523 37036 Lo 331
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4. Conclusion

In conclusion, this study investigated the effects of mechanical washing resistance and weather
conditions on both untempered and chemically tempered glass. The results revealed that chemically
tempered glass exhibited higher compressive stress, greater hardness, and superior resistance to
breakage compared to untempered glass. Additionally, chemically tempered glass exhibited enhanced
resistance to hydrolysis. Overall, tempered glass demonstrated superior breakage resistance under the
specified test conditions.
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ABSTRACT

The rapid depletion of energy resources makes it necessary to turn to renewable energy
sources. At this point, it is one of the most popular energy sources, especially with its solar
potential. Photovoltaic thermal (PV/T) systems, which allow benefiting from thermal
energy as well as modules that can produce electricity with direct photovoltaic (PV)
systems, have made rapid progress in recent years. In this study, basic dynamics are tried
to be determined by highlighting the basic parameters that affect the performance of PV
and PV/T systems. In addition, the shading effect, which is quite common in applications, is
discussed. Then, the studies, which increase the performance of the systems, are included
together and the opportunity to compare the studies is presented. With innovative
approaches, it is seen that good results can be obtained even at smaller scales with different
applications of PV systems. With combined systems, the applicability in buildings is
analysed by providing both electricity generation and thermal benefits in small-area
applications.

Golgeleme etkisi altinda fotovoltaik ve
fotovoltaik/termal sistemlerin performans

degerlendirmesi

0Z

Enerji kaynaklarinin hizla tiikkenmesi yenilenebilir enerji kaynaklarina yonelmeyi zorunlu
kilmaktadir. Bu noktada ozellikle giines enerjisi, potansiyeliyle en popiiler enerji
kaynaklarinin basinda gelmektedir. Dogrudan fotovoltaik (PV) sistemlerle elektrik
iretebilen modiillerin yani sira termal enerjiden yararlanmaya olanak saglayan fotovoltaik
termal (PV/T) sistemler de son yillarda hizli bir ilerleme kaydetmistir. Bu ¢calismada PV ve
PV/T sistemlerin performansin etkileyen temel parametreler 6ne ¢ikarilarak temel
dinamikler belirlenmeye c¢alisilmaktadir. Ayrica uygulamalarda olduk¢a yaygin olan
golgeleme etkisi de ele alinmaktadir. Daha sonra sistemlerin performansini arttiran
calismalara bir arada yer verilerek ¢alismalarin karsilastirilmasina firsat sunulmaktadir.
Yenilik¢i yaklasimlarla PV sistemlerin farkl uygulamalariyla daha kiigiik 6lceklerde bile iyi
sonuclar alinabilecegi goriilmektedir. Kombine sistemler ile kii¢lik alan uygulamalarinda

hem elektrik tiretimi hem de 1sil fayda saglanarak binalarda uygulanabilirligi analiz
edilmektedir.
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1. Introduction

Due to the increasing human population, electricity consumption in living spaces is increasing day by
day. When technological developments are added to this situation, more primary sources are needed
to meet the energy demand. Currently, the biggest reason why this situation poses a danger is the
continued use of fossil fuels in energy production. In the last century, meeting the energy need mainly
with fossil fuels is the only unresolved problem. This increase in the use of fossil fuels will cause
economic, global, and social problems in the future and will reach a level of threat due to COz emissions
[1]. Considering all these effects, the use of renewable energy sources gains vital importance as an
alternative to fossil fuels. Renewable energy sources are incredibly attractive since they are
environmentally friendly and their COz emissions are low or even 0 in some cases [2]. Renewable
energy sources are expected to meet half of the total energy production by 2060 [3]. Solar energy is
different from other renewable energy sources. The sun can be used for both thermal and electrical
energy [4]. In order to generate electricity, renewable energies use a medium or some mechanism. PV
modules can convert solar radiation directly into electrical energy [5]. PV systems not only produce
electricity directly but also let thermal energy production with some integrated applications [6]. These
systems are called photovoltaic thermal (PV/T) systems. PV/T systems enable the use of thermally
transferable energy by not converting it into electrical energy when the sun falls on the PV modules. At
the same time, by removing this thermal energy from the modules, they contribute to lowering the
temperature and thus increasing the efficiency [7]. The performance of PV systems depends on
temperature and solar radiation and cannot be expressed with analytical equations [8]. For this reason,
in this study, the performance of PV and PV/T systems is managed in every aspect, and the production
and climatic parameters that affect the performance of the system are examined first. Then, the shading
effect, which should be considered during the installation phase of the system, is presented and the
work done is reviewed. Studies to improve the performance of PV and PV/T systems are presented to
the readers comparatively by scanning the literature. Finally, hybrid studies on PV systems are
included.

2. Module Efficiency and Parameters Affecting PV and PV/T Performance

The increasing human population and the significant increase in energy demand have led to the
questioning of energy resources in recent years. Especially considering that energy sources are fossil-
fuelled, environmental pollution poses a potential danger to human health in the coming years. For
these reasons, the dissemination of renewable energy sources is extremely important. However,
another prominent issue is the efficient use of these resources. In recent years, researchers have been
doing plenty of research on the efficiency of energy systems and presenting new studies for the
improvement of existing systems. In addition to the diversity of renewable energy sources, it draws
attention, especially in terms of solar energy potential. Solar energy is used for space and water heating
as well as for generating electricity. PV systems, which are popularly used to generate electricity,
directly convert solar radiation into electricity [9]. The determining effect on the performance of these
systems, which are constantly dependent on the sun, is temperature and solar radiation. It is of
extremely vital importance to provide a suitable working environment for the PV system. Therefore, it
is necessary to extract the performance parameters. Researchers suggest various methods for this [10].
Radziemska [11] works to experimentally evaluate the effect of temperature on power output in a
single-crystal solar cell. It comparatively presents the output powers (PL) versus varying voltage
values (UL) under constant lighting load at 28, 40, 60, and 80 temperatures (Figure 1A). It also shows
the maximum power output depending on the temperature in Figure 1B. Claims that temperature rise
causes a drastic reduction in power output.
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Figure 1. Power curve for different voltage values of a single-crystal silicon solar cell for 4 different temperature values (a),
power output depending on temperature (b) [11].

Cuce and Cuce [12] evaluate the effect of air cooling on thermodynamic performance in silicon
photovoltaic cells. In their numerical study, they show the voltage values versus current and power
data for different cell temperatures at constant illumination intensity of G=1000W/m?2 in Figures 2a
and 2b. Similarly, they show in Figure 2¢ that the maximum power output of the photovoltaic module
decreases linearly with increasing cell temperature. They use different temperatures of air to lower the
cell temperature as the cell temperature directly reduces the performance. The table of average cell
temperatures and performance parameters for different air speeds and temperatures is given in Figure
3. Mahmoud et al. [13] interpret the performance of PV systems with different mathematical models.
They perform current-voltage analysis on PV modules for different temperatures and solar radiation
values. They show that while performance decreases with temperature, it increases with radiation

intensity.
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Figure 2. (a) -V, (b) P-V characteristics for different PV cell temperatures, and (c) Variation of the maximum power output of
the photovoltaic module with photovoltaic cell temperature [12].
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Figure 3. Average cell temperature (Taverage) graph for different air velocities (Uair) and temperatures (Tair) and its effect on
performance parameters [12].

The performance of PV systems in the literature is discussed extensively by researchers
experimentally. In general, it is observed that the parameters affecting module efficiency are solar
radiation, initial temperature, dust-shading, humidity, wind speed, and material. PV systems convert
solar radiation directly into electricity. When the PV cells are exposed to sunlight continuously during
the day, the temperature of the modules rises. In this case, the electrical efficiency of the cells with
increasing temperature mitigates. Maximum electricity efficiency is achieved in the early morning and
evening hours. Figure 4 shows the change in electrical efficiency during the day depending on the cell
temperature [14]. The performance of PV cells differs depending on the cell temperature at different
irradiation intensities. Najafi and Woodbury [15] develop a MATLAB-based mathematical model to
examine the performance of PV systems. They show that keeping the PV cell temperature low will
improve system performance. In Figure 5, they give a graph of power output depending on different
cell temperatures and irradiation intensities.
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Figure 4. Hourly electricity efficiency graph based on cell temperature on a typical day in the low season [14].
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Figure 5. Graph of power performances of PV cells depending on the temperature at different irradiation intensities [15].

Salim et al. [16] assess the effect of dust on the performance of PV systems in a solar village near Riyadh.
They claim that there is a 32% mitigation in the performance of the system with the dust effect when
compared to the clean PV systems. Hammad et al. [17] develop two different models to determine the
effect of dust and temperature on performance and the ideal cleaning frequency in PV systems. In the
study conducted for the Jordan region, they show that the yield decreased by 0.607% and 0.768% per
day for the two models, respectively, due to dust in measurements made over 192 days. Researchers
claim that the performance of PV systems can be protected by regular maintenance and cleaning
against the dust effect [18]. According to Katkar et al. [19] argue that the performance of PV systems
will first increase and then decrease rapidly with temperature. They give the variation in the efficiency
of the system for different temperatures in Table 1. In the literature, parameters affecting the
performance of PV modules have been studied extensively by researchers. In general, it is seen that the
studies are intense such as cell temperature, wind, solar radiation, ambient temperature, dust, and
sand. In Table 2, some of the studies in the literature are given. The relative humidity is also important
in PV performance, like other parameters. Relative humidity affects other climatic parameters as well
as other climatic parameters. Therefore, it must be considered when evaluating PV performance.
Kazem and Chaichan [20] interpret the PV performance between July and September 2015, considering
the climatic parameters and relative humidity. When the results are examined, they find that the
relative humidity is quite effective on the PV performance. They claim that PV efficiency remains low
at high relative humidity levels. In areas with high dust concentration, the humidity formed on the PV
surface and the dust in the air will adhere to the surface more, contributing to the mitigation of
performance and an increase in maintenance costs [21]. Meyer and Van DYK [22] develop an energy
model based on the performance of 3 Si-based PV modules, namely edge-defined-film-fed growth
(EFG), mono, and multi, based on total daily solar radiation and maximum initial temperature. The
model is applicable only when the maximum temperature and total daily irradiation are known.

Table 1. PV efficiency for different cell temperatures [19].

Temperature (°C) PV efficiency (%) Temperature (°C) PV efficiency (%)
32.5 10.0 45 6.5
35 11 47.5 5.5
36.1 12 50 5.4
37.5 11.5 52.5 4.5
40 8 55 3.9
42.5 7 57.5 2.3
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Table 2. Parameters affecting PV module performance.

Reference Parameters Working method Findings
An increase in cell
[23] Cell temperature Mathematical temperature lowers voltage and power
output.
[24] Cell temperature Experimental An increase in cell temp. reduces the
max. power.

Sand accumulation
systems

17% decrease in PV performance due
to sand accumulation.
Increased solar radiation
[26] Cell temperature Theoretical improves efficiency, but temperature
rise lowers power output.
Although wind speed does not have
much of an effect, they claim that

Solar radiation Wind . increasing speed will increase thermal

Mathematical . o s .
speed efficiency while increasing solar
radiation will increase thermal
efficiency.
Temperature and dust accumulations

Experimental are extremely effective for PV

performance.

An increase in the inlet temperature of
the module lowers the performance
parameters, while an increase in the

inlet air velocity, on the contrary,
increases it. It measures electrical
efficiency at approximately 10%.
Since water droplets
formed due to condensed air and rain
on the PV panels scatter radiation, it is
tried to reduce efficiency.
The effect of humidity on
PV performance is interpreted for
monocrystalline (m-Si) and
polycrystalline silicon solar cell (p-Si)
cell technologies. The effect of humidity
on performance is negligible.

[25] Experimental

[27]

Dust and ambient

(28] Temperature

Temperature and wind

[29] speed

Computer simulation

[30] Dew and rain Experimental

[31] Humidity Experimental

3. Shading Effect in Photovoltaic Systems

Gao et al. [32] offer a configuration to evaluate the performance of PV systems under rapidly changing
shading effects. With experimental work, they claim that a PV system with direct converter input
single-cell voltage is ideal. Hong et al. [33] calculate the usable roof area in cities using hillshade
analysis. They calculate hourly the areas where electricity can be generated via PV modules on the roofs
of Gangnam City in Seoul. They claim that whilst 35.9% of the total roof area can be used at 7 am, the
maximum roof utilization rate is 73.2% at 10 am. In this case, they emphasize that the shading effects
of the buildings are the cause. Mishra et al. [34] model in MATLAB/Simulink environment regarding
the optimum arrangement of PV modules to achieve maximum power under partial shading conditions.
They argue that the performance of their newly designed NS configuration will provide a 13.2%
maximum increased power for cross-shading movements compared to the total cross-linked (TCT)
configuration. Ko and Chung [35] propose a monitoring system that considers the shadow effect to
increase the efficiency of PV systems. They calculate the distance between the PV modules and the
height which will not create a shading effect. An example image is given in Figure 6. They claim that the
system will deliver 6.86 kW more power per day and 123 kW more per month than the traditional
model. Jang et al. [36] claim that by developing an algorithm, by optimally adjusting the distance
between the PV module strings, an extra 10 kW of electricity can be produced per day and up to 120
kW per month. They support their algorithms with experimental work.
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Figure 6.

Lodhi et al. [37] analyse the maximum power point (MPP) of PV modules under partial shading
conditions via MATLAB/Simulink. They compare particle swarm optimization (PSO) and incremental
conductivity (INC) algorithms in terms of power output. They claim that the global peak power point
(GMPP) of the PSO algorithm hovers around 298 W, while the INC algorithm hovers around 260 W.
They emphasize that the PSO algorithm gives healthier results in abruptly changing environmental
conditions than INC. Ahmed and Salam [38] compare the approaches used to reduce the shading effect
in PV systems. They claim that the Maximum power point tracer (MPPT) algorithm is the most
applicable and economical model for the shadowing effect. Karakose and Baygin [39] use an image-
processing algorithm on detecting shadow motions for reconstruction in PV arrays. With the new
approach they use, the efficiency of the system increases, and they claim a 15% increase in power
output. The power output and current graphics of the system against voltage are as in Figure 7 before
and after configuration.
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Figure 7. Voltage-power and voltage-current graphs before and after reconfiguration [39].

Taheri et al. [40] argue that the Conventional Maximum Power Point Tracking (MPPT) technique may
fail to monitor the global power of PV systems, and this is partly due to shading effects. Alternatively,
they propose an algorithm based on Differential Evolution (DE) that can track MPP under partial
shading. In their results solved with MATLAB/Simulink, they emphasize that DE can track MPP very
quickly and accurately. They also observe that Perturbation and Observation (PO) is very slow to reach
MPP. Ishaque and Salam [41] present a review of the most advanced MPPT techniques for PV system
applications. They claim that Evolutionary Algorithm (EA) methods are the most promising method for
partial shading. With the MPPT method, they give the graph of current and power against different
voltages in Figure 8.
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Figure 8. Current (I) and power (P) versus voltage (V) curves are used to evaluate the performance of different MPPT methods
[41].

In most Photovoltaic Thermal (PV/T) systems, the PV cells are closed with a cover to reduce heat loss
and increase efficiency. Unlike ordinary PV systems, these covers may cause partial shading, resulting
in a decrease in the performance of the system. Wang et al. [42] analyse this situation with
mathematical modelling. They claim that under partial shading, parallel-connected circuits will suffer
more performance loss than series-connected ones and that the efficiency will decrease by 39% in the
worst case with the shading effect. They also argue that the shadowing effect can be reduced by
reducing the number of cells close to the frame edges. In PV systems, the MPP is difficult to monitor in
case of shading effects and damage to some cells. In this case, disabling the part that is exposed to the
shadow effect may be effective for the performance of the system. Karatepe et al. [43] monitor the
operating voltage of the system by equipping each PV array with DC-DC converters. In this way, they
discover the shaded PV modules and determine the MPP of the unshaded PV modules. A 20-30%
increase in PV array power output can be expected using the MPPT converter, but with the
recommended configuration, the power output of a partially shaded PV array can support a 300%
increase.

For PV systems, the shading effect is a fundamental problem, especially for small-area applications. For
this reason, applications that will eliminate or minimize the shading effect gain importance.
Considering the effects of traditional PV applications such as erosion, microclimate changes, and
deforestation, innovative approaches are inevitable [44]. One of the innovative approaches that will
minimize the shading effect is PV trees. The features can minimize the shading effect of PV trees that
can be used in landscape applications [45]. An example of the system is given in Figure 9.

Figure 9. Modelling of PV tree installed at a certain height from the ground.
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Table 3. Suggestions for improvement of shadow effect on PV systems

Advantages Disadvantages Outcomes

In a comprehensive study
investigating  scenarios  involving
complete shading of one, two, and
The utilisation of a bypass is intended three modules, various assessments
to safeguard solar cells from A considerable quantity of bypass are documented on the application of
overheating, ensuring the smooth diodes is necessary for these bypass. The purpose is to demonstrate

Bypass transfer of incoming current to shaded ~ systems to pre-empt issues, the efficacy of bypass in enhancing
diode cells. This ensures the passage of the incurring an associated cost burden efficiency. The  results, when
entire current, allowing the system to  [47]. categorised individually for one
persist without interruption [46]. module, two and three modules, with

and without  bypass, reveal
improvements ranging from 17.96%
to 12.79%, 14.5% to 9.63%, and
6.87% to 3.59%, severally [48].

Deline [51] conducts a study to
investigate the impact of shadows on
the performance of PV systems. The
findings indicate that the
incorporation of a DC-DC converter
resultsina 5-10% increment in annual
power production. Moreover, the
performance loss attributed to
shadows is mitigated by 24-48% due
to the utilisation of the DC-DC
converter.

In extensive systems, every solar

submodule has the potential to be

linked to a DC-DC converter, which The requirement for DC-DC
DC-DC oversees its MPP and can operate in  converters may match the number
converter proximity to this optimal point. of solar modules, posing a potential

Consequently, this contributes to an  challenge for larger systems [50].

overall enhancement in the efficiency

of the entire system [49].

Table 3 provides a concise overview of the advantages, disadvantages, and findings related to partial
shading conditions. This information is valuable in mitigating issues such as multiple peaks, hot spot
formation, and electrical mismatch, ultimately enhancing system performance. In addition to the
techniques outlined in Table 3, current methods for improving performance include PV array
reconstruction. An example is the competence squared cloud method, as investigated by Dhanalakshmi
and Rajasekar [52]. They apply this method with various configurations to address shadows in PV
systems. Various shading configurations, namely short-wide, short-narrow, long-narrow, and long-
wide, were examined using the competence squared method. The results indicated a significant
maximum efficiency increase of 24.4% for the short-wide shadow pattern. In contrast, the short-
narrow pattern showed a minimum improvement of 6.6%. Additionally, the efficiency squared method
was calculated to prevent a reduction in power loss, ranging from 30% to 49%. In order to observe
MPP, there are also restructuring methods such as Skyscraper [53], Magic square [54], and Dominance
square [55].

In conclusion, while advanced shadow management techniques offer substantial benefits in terms of
efficiency and performance improvement in PV systems, it is essential to carefully consider associated
costs, complexities, and space requirements. Research findings consistently highlight the positive
impact on energy harvesting and power loss reduction, demonstrating the potential for significant
improvements in system reliability and overall effectiveness.

4. Studies for Performance improvement of PV and PV/T Systems

PV systems are among the favourites of clean energy for the future. However, it is a great advantage
that solar energy is safe, clean, relatively low cost, and efficient [56]. Nevertheless, even the most
efficient examples of PV systems currently on the market are below 20% [57]. So much so that PV
modules convert 82-85% of solar radiation to heat and 15-18% to electricity [58]. The reason for the
low efficiency of PV systems is the decrease in the electricity produced by the system with elevated
temperatures. Therefore, in order to increase the performance of the system, the cell temperature must
be lowered. Environmental factors affecting PV cell temperature can be listed as ambient air velocity,
solar radiation, relative humidity, and ambient dust [59]. This environmental, also known as climatic
factors, should be taken under control as they affect the cell temperature. However, for an established
system, these effects cannot be changed because they depend on geography. Therefore, additional
applications are needed to lower the cell temperature. There are different applications in the literature
to improve the performance of the system. In general, there are applications in the form of removing
the heat from the module to eliminate the high-temperature situation. In this way, the power output
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and performance of the system can be improved by artificial cooling [60]. An increase of 0.4-0.5% in
the temperature of Crystal Silicon (c-Si) modules causes a 0.65% decrease in PV efficiency [11]. In light
of these data, an effective cooling to be applied to the modules will allow significant increases in the
performance of the system. In order to increase the efficiency of PV systems, solar radiation must be
converted into electricity by means of modules and the thermal energy must be absorbed and removed
from the modules with additional systems. Thermal systems integrated with modules in this way are
called photovoltaic thermal (PV/T) systems [61]. In PV/T systems, air or fluid can be used to remove
the heat from the modules of the system. In systems using fluids, the cold water passed through the
pipes placed in the part where the modules are placed is used to remove the heat. The schematic view
of the system is given in Figure 10.

A hot water

from collector

PV/T

collector

< cold water

to collector
Figure 10. Liquid-based PV/T system schematic [27].

Zondag et al. [62] mathematically evaluate the performance of the combined PV/T system. They
compare performance in 4 different designs: sheet-and-tube PVT, channel PVT, free-flow PVT, and two-
absorber PVT (insulated type). They claimed that the channel-type design had the best thermal
efficiency. They emphasized that the single cover plate and tube type PV/T design can be used as an
alternative, where only 2% lower efficiency is achieved compared to the channel type. Kalogirou and
Tripanagnostopoulos [63] design a combined system that will reduce the module temperature in the
PV/T system and meet the thermal energy and hot water needs of the house. In their analysis with
TRNSYS simulation, they claim that although the non-hybrid PV system is 38% more efficient, it is a
useful application since most of the hot water needs of the spaces will be met with the system. Some
researchers compare using the natural convection effect of air instead of water to remove heatin PV/T
systems. Nizetic et al. [64] evaluated the effect of water spray cooling on the performance of the PV
module with an experimental study. The effects of water spray on the system performance are
compared by applying 3 different ways: only from the front, only from the back, and from both the front
and the back of the panel. The schematic view of the system is given in Figure 11. With the panel with
an area of 0.31 m?, it is measured that a power output of 35 W is obtained without cooling at 1000
W/m? solar radiation and 25 degrees ambient temperature. Then, 39.9 and 40.1 W output is measured
under the same conditions with spray cooling only from the front and only the rear region, respectively.
Finally, 40.7 W output is measured with bidirectional spray cooling. Moharram et al. [65] work to
determine the minimum amount of water required to cool the PV modules in high temperature and
arid regions and for minimum energy consumption. They use a mathematical model to calculate at
what temperature the cooling process of the panels with water spraying will start and how long the
cooling process will take. They claim that maximum power output is obtained when the cooling process
starts when the panel temperature reaches 45°C. They find the cooling rate as 2°C/min under the
relevant working conditions. Salih et al. [66] evaluated the effect of water spraying on the front surface
of PV systems on the performance of the system with a large-scale experimental study. They emphasize
that the average efficiency is 17.8% while taking a cooling rate of 4'/min during the day. They also claim
that with the increase in efficiency, more power can be drawn from smaller PV fields.
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Figure 11. Schematic view of the water spraying cooling system applied to the PV system [64].

Tripanagnostopoulos [67] interprets the performance of PV/T systems by creating 4 different designs
with an experimental study. First, it uses an air duct instead of a copper tube water exchanger to
remove heat. In addition, it uses an additional air duct in the first stage in both water exchanger and air
duct designs. Then, it compares the effect of closing the module with a glass cover on the system
performance for both cases. The schematic view of 4 different models is given in Figure 12. They claim
that the best result for the module efficiency of the PV/T system will be obtained from a dual system
with a water heat exchanger and air duct, but for building concepts, a copper tube-based water heat
exchanger design will be more useful in terms of hot water supply. They show that the thermal
efficiency of the system will be 30-70%, and the electrical data will be 10-16%. Water, which is used as
the most common liquid to provide heat dissipation in PV /T systems, is widely used because it provides
more stable thermal performance [68].

PVT- Water

PVT- Water+glazing N - PVT- Airtglazing

Figure 12. Glass-less PV designs with water or air support. [67].

Air can be used instead of water to remove heat to prevent temperature rise in PV/T systems. Due to
the high heat capacity of water, it is expected to remove more heat from the system than air.
Tripanagnostopoulos et al. [69] compare the performance of poly-crystalline (pc-Si) and amorphous
silicon (a-Si) PV cells by setting up a PV/T system. They claim that with the cooling system, PV efficiency
increases by about 10% and that water provides better cooling than air circulation. Alshibil et al. [70]
compare the performance of PV and PV/T systems with an experimental study. They evaluate electrical
and thermal performance in 3 different situations for the classic PV module, the classic PV/T system
with copper absorber plate (a-PV/T), and the new fin design PV/T system (BiF-PV/T). They claim that
the cell temperature of the other 2 designs is 19.2°C lower than the standard PV system and that 7.56%
electrical efficiency and 66.17% thermal efficiency are achieved with the new design. Bahrehmand et
al. [71] evaluate the performances of single- and double-glazing PV systems under forced transport
conditions. In addition, the performance of PV systems is compared depending on the rectangular and
triangular fin effect, the channel depth, and the Re number. In the results obtained with the
mathematical model, they claim that the fin-containing and thin metal sheet (TMS) systems are more
efficient than the others. For values of Reynold (Re) number greater than 22000, the exergy efficiency
is negative, for a two-glass cover with TMS. Saygin et al. [72] evaluate the effect of the change in the
distance between the PV module and the glass on the performance by using air cooling in the PV/T
system. They claim that with the analysis of variance (ANOVA) method, the best thermal efficiency is
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obtained at 3 cm, and the best electrical efficiency is obtained at 5 cm, with air inlet from the middle of
the glass cover. There are numerous studies in the literature on the cooling of PV and PV/T systems.
Looking at its main lines, it is seen that the studies concentrate on certain topics. Some researchers
classify fluid type as natural and forced convection in terms of flow characteristics. In Table 4, there is
a section of the studies of researchers using air and water to cool PV and PV/T systems.

Table 4. Studies for performance improvement of PV systems.

Reference COOlaflt Findings
material

[73] Water Decreased module temp with liquid circulation increases efficiency

It is seen that the PV system consisting of laminate performs better than the traditional PV
[74] Water system with its water-cooling effect. With the new concept, it is determined that the
electrical efficiency is 7.2% and the thermal efficiency is 33%

When the hot water production per unit collection area exceeds 80 kg/m2, the PV

[75] Water efficiency is approximately 10.15%

Partially closed PV/T system with PV will give better performance, thermal efficiency will

(76l Water be between 40-55% and electrical efficiency will be 11-12%

Glazing is a performance-enhancing method for PV systems. However, this is not the case
[77] Water in all cases. Factors such as radiation, water flow, glazing area, and ambient temperature
should be evaluated

The efficiency of PV systems decreases by 8-15% due to the increased temperature
[78] Water because of reflection. Efficiency can be increased by lowering the cell temperature with a
thin water film layer. In addition, the heated water can be used for different purposes

The PV/T system with a 2m? collector area is closed first with a 0.605m? PV module and
then complete with a PV module and the results obtained are compared numerically. When
the entire area is covered with the PV module, the thermal energy gain is reduced by 9.8%.
Closing the entire collector with a PV module increases electricity production

[79] Water

They perform energy and exergy analysis of the glazed PV/T system. They claim that the
overall efficiency of the system will be higher relative to the first law efficiency at low water
inlet temperature, but the actual efficiency will be higher according to the second law
analysis when essentially higher temperatures are reached

[80] Water

Increasing the water flow rate from 0.01 kg/s to 0.1 kg/s in the PV/T system reduces the
[27] Water average cell temperature from 84C to 34C. As a result, thermal and electrical efficiency
increases

Application of Roll-bond flat plate aluminium absorber in a water-cooled, glazed PV/T

[81] Water .
system improves performance

In the experimental study, they state that the thermal efficiency is 25-58% and the
[82] Water electrical efficiency is 12-16% with the energy and exergy analysis of the water-cooled
combined PV/T system. They emphasize the usability of the concept for household use

(83] Air They show that an air cooling-based PV/T system using a compound parabolic

concentrator will give better thermal and electrical performance than the standard system
The performance of 2 types of PV modules with glass-to-tedlar and glass-to-glass features
[84] Air is compared. Electricity efficiency is in the range of 9.5-11% during the day. Glass-to-glass
PV/T concept shows better thermal efficiency

They evaluate the performance effect of connecting additional modules in series or parallel
[85] Air in the PV/T system. They claim that the parallel module connection, which will allow dual
air inlets and outlets, will give the best thermal and electrical efficiency

[86] Air The efficiency of the air-cooled PV/T system is 20% higher than the traditional PV
electricity efficiency

The cooling effect of air in PV panels is compared under natural and forced convection

[87] Air conditions. For 970 W/m? radiation intensity, the efficiency is 2% higher with forced

convection under the same conditions.

Water or air cooling of the PV system is considered for different flow rates and channel
[88] Water / Air depths. It is seen that the thermal efficiency varies between 50-67% when heating water
and 17-51% when heating air

4 different PV/T systems, unglazed with tedlar (UGT), glazed with tedlar (GT), unglazed
[89] Water / Air without tedlar (UGWT), and glazed without tedlar (GWT), are compared. It is seen that the
water-integrated system performs better than the air

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yayincilik 217



Cuce & Cuce Gazi Muhendislik Bilimleri Dergisi: 10(2), 2024

Solar chimney power plants are large structures that work on the principle of rising heated air [90].
Due to the pressure difference at the inlet and outlet of the high chimney in its structure, the air inside
it moves upwards continuously. This mobility can be used to lower or stabilize the temperature of the
PV module. The schematic view of the solar chimney photovoltaic thermal (SC-PV/T) system is given
in Figure 13. With the chimney to be integrated into the PV/T system, the electrical efficiency is 18%
higher than standard PV modules, reducing the temperature of the PV module [91].

air outlet

1

— Chimney

Nozzle

Collector/PV

air inlet
Figure 13. Solar chimney integrated air-cooled PV/T system schematic [91].

The solar chimney concept does not work in such a way as to reduce the module temperature by only
supporting the airflow over the PV module. With the structures to be directly integrated into the
system, power output can be obtained from both PV modules and solar chimney power plants.
Haghighat et al. [92] design a combined system by placing PV modules in the collector of the solar
chimney. They evaluate the performance of the system and the solar chimney together with PV
modules of different widths. With the system, they achieve a 5°C drop in PV module temperature. They
claim that when 50 cm wide PV is placed, the power obtained from the solar chimney decreases, but
this situation is more than compensated by the increase in panel efficiency. Jamali et al. [93] design a
solar tower photovoltaic (STPV) based on the dimensions of the Manzanares pilot plant. The collector
of the turbine-free solar chimney system is laid with completely transparent PV modules. They claim
that the temperature of the panels will be reduced by approximately 45°C thanks to the airflow created
by the solar chimney with a radiation intensity of 900 W/m?2. They show that according to the radiation
intensity, the system will increase PV efficiency by up to 29%.

PV/T systems are used in the literature in combination with different systems. Mohamed et al. [94]
claim that the COP of the absorption cooling system with the integrated PV/T system will be about 5.
They also state that electricity savings will be achieved with the system. Cao et al. [95] design an
effective system that can be used in cold regions with a heat pump integrated into the PV/T system.
They emphasize that the average COP coefficient of the unit designed using the air source heat pump
PV/T collector output reaching 76.6°C by the TRNSYS simulation will reach 4.1 and it is an effective
method for heating mode. Solar photovoltaic water pumping system (SPVWPS) installed for
agricultural lands far from the settlement is one of the effective applications that can be an alternative
to fossil fuel generators [96]. Chen et al. [97] perform numerical and experimental analysis by
integrating a heat-pipe solar (HPS) heat pump and a PV/T system. They emphasize that ambient
temperature and solar radiation are the main factors affecting the performance of the system. They
claim that the efficiency of the system is in the range of 30-50% according to the heat pipe range, and
the COP value is in the range of 3.4-5.6. They especially draw attention to the usability of the system in
small houses and buildings.

Thin film PV cells and their integration into building elements are in the centre of interest especially in
recent years due to the increasing application of modern architecture [98]. Shadowing is also an issue
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in building elements like thin film PV glazing systems. Even partial shadowing plays a significant role
in the reduction of power output. In this regard, facade design is of vital importance for optimum
energy efficiency. Energy efficiency and optimum energy generation in such systems is usually
expressed with solar cell parameters and their dependency on main environmental factors such as
solar radiation and ambient temperature [99]. Maximising solar radiation falling on the aperture
glazing while minimising the cell temperature can be considered as the optimal solution in most cases
for enhanced current and voltage parameters thus higher power output and efficiency [100].

5. Conclusion

Renewable energy has the potential to break the dominance of fossil fuels, which have dominated
energy production for 200 years. It is obvious that renewable energy will continue to increase its power
in the coming years, especially thanks to the use of solar energy all over the world and its endless
potential. This study evaluates the performance parameters by shedding light on the performance of
PV and PV/T systems. It also aims to give an idea to manufacturers by providing comparisons for
development studies. The findings obtained from the study can be listed as follows.

Solar energy has enormous potential and is very useful for both electrical and thermal energy.
PV modules, which are widely used to generate electricity from the sun, can be used regardless

of geography.

e Environmental temperature and solar radiation have a primary effect on the performance of
PV modules.

e Low ambient temperature and high solar radiation mean maximum power output for PV
modules.

e Forstandard climatic conditions, the efficiency of PV modules is 13-15%. This efficiency range
is maintained as long as the PV module remains at a temperature lower than 60°C.

e The performance of PV modules is also affected by the material produced. Polycrystalline Si
modules outperform Monocrystalline Si's.

e Especially in arid climatic regions, sand accumulation is very effective in the performance of
PV modules. Sand build-up can cause performance degradation of up to 17%.

e Humidity is not an effective parameter in performance. However, humidity can have a
performance-reducing effect as airborne dust clings to the PV modules. Similarly, the Dew
effect is another point to be considered.

e Itis good for high power output to install large-scale systems. However, the increased shading
effect can be a disadvantage. Therefore, optimum module spacing, ideal positioning, and angle
adjustment are required.

e Comparing by trying different methods for performance monitoring under the effect of
shadowing gives healthier results.

e The PV tree method can be used effectively, especially in places with shading effects and
installation space problems.

e PV/T systems, which are used to increase the performance of PV modules and to benefit from
thermal energy, are extremely useful for buildings.

e Module efficiencies of PV/T systems are 20% higher than traditional PVs.

e It is highly effective for air and water cooling, most commonly used for PV/T systems. Since
the heat capacity of water is higher than that of air, it gives better performance for cooling.

e PV modules can eliminate the dependence on energy-needing vehicles such as pumps and
drills on fossil fuels in agricultural lands in remote areas.
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ABSTRACT

Bioinspiration is an approach that involves applying the information obtained by examining
the structures, systems and processes found in nature to technology and design. This
method aims to produce sustainable and innovative solutions to man-made problems by
using solutions from nature's millions of years of evolution. Numerous design tools have
been developed for use in the bio-inspired design process. However, there are not enough
design tools for integrating the biological solution into the design. This study introduces a
CAD module named Bone Structure, intended for designers who wish to reduce material
and mass in their designs by drawing inspiration from the porous structure of trabecular
bone. This module uses lattice structures when creating the bone structure and uses a
hybrid modeling method in which random and periodic lattice formation methods are used
together when creating the lattice structure. This software establishes a foundation for
future studies in this field, and the consistency of geometric properties of example pieces
with the characteristics of biological solutions is promising for this module.

Biyo-Esinlenme Tabanh Yeni Bir Kemik Modeli
Olusturma Metodolojisi

0z

Biyo-esinlenme yaklasimi, dogada bulunan yapilar, sistemler ve siire¢lerin incelenmesiyle
elde edilen bilgilerin teknoloji ve tasarima uygulanmasini iceren bir yaklasimdir. Bu
yontem, doganin milyonlarca yillik evrim siirecinden gelen ¢6ziimleri kullanarak insan
yapimi sorunlara siirdiiriilebilir ve yenilik¢i ¢oziimler liretmeyi amaglar. Biyo-esinlenme
tasarim siirecinde kullanilmak {izere gelistirilmis bir¢ok tasarim aracit bulunmaktadir.
Fakat biyolojik ¢dzlimiin tasarima entegre edilmesi asamas! i¢in yeterli tasarim araci
bulunmamaktadir. Bu ¢alismada, tasariminda malzeme ve kiitle azaltmak i¢in trabekiiler
kemigin bosluklu yapisindan esinlenmek isteyen tasarimcilarin kullanabilecegi Bone
Structure isimli CAD modiili tanitilmistir. Kemik yapisini olustururken kafes yapilari
kullanan bu modiil ve kafes yapisini olustururken rastgele ve periyodik kafes olusturma
yontemlerinin birlikte kullanildigi hibrit bir modelleme yontemi kullanmaktadir. Bu
yazilim, bu alanda yapilacak gelecek ¢alismalari i¢in bir temel olusturmakta ve drnek
pargalara ait geometrik 6zelliklerin biyolojik ¢6ziimiin 6zellikleri ile uyusmasi bu modiil
icin umut vadetmektedir.

To cite this article: A.Y. Akter and H. Basak, “Biyo-Esinlenme Tabanl Yeni Bir Kemik Modeli Olusturma
Metodolojisi,” Gazi Journal
doi:10.30855/gmbd.0705A03
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1. Glrl$ (Introduction)

Biyo-esinlenme yaklasimi, dogadaki organizmalarin gecirdikleri evrimsel siiregler sonucunda hayatta
kalmalarini saglayan sira dis1 6zelliklerinin insanligin karsilastigl problemlere ¢éziim olabilecegini
savunan bir tasarim yaklasimidir. Organizmanin dogada karsilastifi problemlere getirmis oldugu
¢oziimlerin ideale yakin oldugu iddiasiyla 6zgiin ve optimum ¢6zliimlerin bulunabilecegini
savunmaktadir. Bu savi ispatlar nitelikte giinimiize kadar bir¢ok biyo-esinlenme tasarimi
gerceklestirilmigtir [1]. Ik baglarda vakalar iizerinden sistematik olmayan bir sekilde uygulanan bu
tasarim yaklasimi, giin gectikce kesfedilen organizmalara ait biyolojik bilginin inovatif ¢éziimler
tiretebildigi kanitlandik¢a vaka 6zelinde [2] veya genel metodolojiler gelistirilerek [3] sistematik hale
gelmeye baslamistir. Her ne kadar bu yaklasima dair ISO 18458 gibi standartlar olusturulmus olsa da
dogadan esinlenmenin bir¢ok yolu vardir [4]. Bu sebeple biyo-esinlenme tasarim siirecinde
kullanilmak tizere gesitli tasarim araglari gelistirilmeye devam etmektedir [5].

Organizmalarin morfolojik o6zellikleri sayesinde elde ettikleri fonksiyonlarin miihendislik
problemlerine ¢6ziim olmasi morfolojik biyo-esinlenme tasarimi olarak tanimlanacak olursa bu
yaklasim da form-odakli, yiizey-odakli ve yap1 odakli olarak kategorilere ayrilabilmektedir. Form-
odakli yaklasim organizmanin bicimi, geometrisi ve estetik 6zelliklerini kapsayan dis morfolojisi,
yluzey-odakli yaklasim organizmaya ait yiizeyin yiizey morfolojisi ve yapi-odakli yaklasim ise
organizmanin bicimini destekleyen i¢c morfolojisi ile ilgilenmektedir [6].

Biyo-esinlenme tasarim ilkeleri géz 6niinde bulunduruldugunda biyolojik ¢6zlimiin tasarima entegre
edilmesine dair CAD yazilimlarinin unsurlar1 disinda tasarimciya tasarim stirecinde yardimci olacak
biyo-esinlenme odakli tasarim araglar1 bulunmamaktadir. Bu ¢alismada, insan trabekiiler kemik yapisi
bir yap: odakli morfolojik biyo-esinlenme ¢6ziimii olarak degerlendirilmis ve bu ¢6ziimiin tasarima
entegrasyonunda kullanilmak iizere gelistirilmis yeni bir metot ve Bone Structure CAD yazilimi
tanitilmistir.

2. Literatiir Ara§t1rma51 (Literature Research)

Biyo-esinlenme yaklasiminin bir tasarim yaklasimini sistematik hale getirmek i¢in ¢esitli metodolojiler
ortaya konmustur [7]. Bu metotlar temelinde problem odakl ve ¢6ziim odakli olmak tizere iki gruba
ayrilmaktadir. Problem odakli yaklasimda dncelikle bir miihendislik problemi tanimlanir ve daha sonra
dogada bu probleme ¢6ziim aranirken, ¢6ziim odakli yaklasimda kesfedilen dogadan elde edilmis
bilginin kullanilabilecegi bir miihendislik problemi aranmaktadir [8]. Her iki yaklasim icin de
gelistirilmis sistematik metotlar mevcuttur.

Endiistriyel iiriin tasarimi siirecinde organizmanin bi¢imi, islevi veya organizmaya ait bir siireci esas
alarak problemi biyoloji alanina cekerek ¢ézen [9], bir miihendislik problemini celiskiler seklinde
tanimlayip dogadaki ¢6ziim prensiplerini kullanarak ¢dézen [10], tasarim siirecine iirlin yasam
dongiisiinii de dahil ederek dogaya sorarak ¢ézen [11], biyoloji ile miihendislik tanimlamalarini ayr1
terminolojiler ile yapip sonrasinda bu terminolojileri eslestirerek ¢ézen [12], tasarim optimizasyon
problemini organizmaya ait matematiksel model olusturarak ¢6zen [13] veya tasarim problemini
Konsept-Bilgi teorisini kullanarak ¢ézen [14] problem odakli metotlar bulunmaktadir. Gelistirilen
problem odakli metotlarin bir¢ogu konsept tasarimin elde edilmesine kadar olan stlirece odaklansa da
tasarimin degerlendirilmesi siirecini de sistematik hale getirmeyi saglayan metotlar da bulunmaktadir
[15-16].

Fayemi'nin biyo-esinlenme tasarim siirecini 4 eylem (analiz, ¢ikarim, transfer, uygulama) tizerinden
anlattig1 metodu [17] literatiirde biiyiik 6neme sahiptir. Oyle ki bu metot, ISO 18458 nolu standardin
ortaya ¢ikmasini saglamistir.

Cozlim odakli metotlar ¢ok ¢esitlenmese de Helms ve arkadaslarinin 2009’da tanimladig1 “Problem
arayisina biyo-¢éziim metodu”, bir doga olayinin gézlemlenmesinden baslayarak elde edilen bilginin
hangi probleme ¢6ziim olabilecegini kesfetmeye ve sonrasinda probleme ¢6ziim olabilecek tasarimin
gerceklestirilmesine dayanan bir biyo-esinlenme tasarim metodudur [12].

Biyo-esinlenme tasarim metotlarinin temelinde bazi ilkeler bulunmaktadir. Problemin tespiti ya da
tanimlanmasi, teknik bir dil ile sadelestirilmesi, biyolojik ¢6ziimiin bulunmasi, biyolojik ¢6ziimiin
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sadelestirilmesi, bilgi aktarimi, biyolojik bilginin tasarima entegre edilmesi ve tasarimin
degerlendirilmesi  seklindeki islemler biyo-esinlenme tasarim ilkeleri (BETI) olarak
nitelendirilebilmektedir. Calismada BETI olarak bahsedilen ilkeler literatiirde vazifeler ve siirecler
[18], faaliyetler [19], adimlar [12, 17] seklinde yer almaktadir. Bu ilkeler asagidaki gibidir:

Problemin tespit edilmesi ya da tanimlanmasi

Problemin sadelestirilmesi (Teknik bilginin ¢ikarilmasi)
Biyolojik ¢6ztimiin bulunmasi

Organizmanin sadelestirilmesi (Biyolojik bilginin ¢ikarilmasi)
Bilginin aktarilmasi

Biyolojik ¢6zlimiin tasarima entegre edilmesi

Tasarimin degerlendirilmesi

Biyo-esinlenme tasarim siirecinde, bahsedilen tasarim ilkelerinin gerceklesme sirasi degisiklik
gosterebilmektedir. Problem odakli ve ¢6ziim odakli yaklasimlar buna drnek gosterilebilir.

2.1. Bilgisayar destekli biyo-esinlenme tasarim araglari (Computer aided bio-inspired design tools)

Biyo-esinlenme tasarim araglari, BETI'nin bir veya birkacinin gerceklestirilmesini saglayan ve
tasarimcinin problemine ¢6ziim bulmada yardimci olan tasarim araglaridir. Yukarida bahsi gecen
BETI’'nin tasarim siirecinde gerceklestirilmesi sirasinda ortaya ¢ikmis bir¢ok tasarim araci
bulunmaktadir [5]. Fakat Appio’ya gore tasarimcilar, bu tasarim arag¢larindan haberdar olmadiklari
icin, tasarim siirecinde biyo-esinlenme yaklasimina ihtiya¢ duyduklarinda bir uzmana danismayi tercih
etmektedir [20]. Biyo-esinlenme tasarim stirecini tasarimcilar icin uzmana ihtiya¢ duyulmayacak
sekilde kolaylastirmanin bir yolu bilgisayar yazilimlar1 kullanmaktir.

Problem odakli biyo-esinlenme tasariminin ilk adimi problemin tespit edilmesi veya halihazirda tespit
edilmis bir problemin teknik olarak tanimlanmasi stirecidir. Problemin tespiti ya da tanimi i¢cin dogal
dil analizi [21] veya Onceden egitilmis dil modelleri (PLM) [22] kullanilabilmektedir. Arka planda
kullanilan ontoloji modeline gore tasarimcidan girdiler alarak problem tanimi olusturan yazilimlar da
mevcuttur [23].

Problemin sadelestirilmesi, biyo-esinlenme tasarim stirecinde tasarimcinin karsilastigi probleme en
uygun ¢oziimleri bulabilmesi adina olduk¢a 6nem arz eden bir asamadir. Bu agsamada problem, bir
mithendislik problemi olarak problemin 6ziindeki teknik gereksinim ortaya ¢ikarilarak
tanimlanmaktadir. SAPPhIRE [24], DANE [25] veya UNO-BID [26] gibi ontoloji modelleri hem
organizmanin hem de problemin teknik taniminin yapilmasina imkan saglamaktadir. Bunun yaninda
bu asamada c¢esitli fonksiyon taksonomileri [27-28] ve bununla birlikte dogal dil analiz metotlarinin
[29] kullanim1 da s6z konusu olabilmektedir.

Biyolojik ¢6ziimiin bulunmasi, organizmalara dair simdiye kadar kesfedilmis tiim bilgiler icerisinden
bir problemi ¢6zmek icin ihtiya¢ duyulan bilgiyi elde etmeyi ifade etmektedir. DANE ya da SAPPhIRE
ontoloji modelleri veya Biomimicry taksonomi gibi fonksiyon siniflandirmalar ile olusturulmus
biyolojik bilgi veri tabanlar1 [23, 28, 30-32] biyolojik ¢6ziim bulmaya imkan taniyan tasarim araclari
arasindadir. Bunun yani sira anahtar kelimeler yardimiyla akademik ¢alismalar arasinda tarama yapan
biyo-esinlenme tasarimi i¢cin 6zellesmis arama motorlar1 da tasarimciya biyolojik ¢6ziim bulma
konusunda yardimci olmaktadir [33].

Organizmanin sadelestirilmesi, kesfedilmis organizmalara dair biyolojik bilginin esinlenme siirecinde
problemle daha kolay eslestirilebilmesi icin sistematik olarak ontoloji modelleri veya cesitli
siiflandirmalar yapilarak yeniden tanimlanmasini ifade etmektedir. Problem teknik tanimlamasi i¢in
kullanilan tasarim arag¢lar1 bu asamada da kullanilabilmektedir.

Bilginin aktarilmasi, biyolojik bilginin tasarimin yapildigi alana transfer edilmesini ve konsept fikirlerin
olusturulmasini ifade etmektedir. Biyo-esinlenme vaka ¢alismalar1 [30] ya da piyasaya siiriilmiis son
tiriinlerin yer aldig1 veri tabanlar1 [32], blinyesindeki biyolojik bilginin tasarim ile bulustugu biyo-
esinlenme tasarim ornekleri ile tasarimcilara yeni tasarim fikirleri olusturma imkani tanimaktadir.
Bunun yani sira TRIZ ¢eliski matrisinin biyo-esinlenme tasarimi i¢in yeniden diizenlenmesi ile elde
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edilen BioTRIZ araci tasarim celiski problemlerine biyolojik ¢éztimler getirerek 6zgiin tasarim fikirleri
olusturma konusunda tasarimcilara destek olmaktadir [10].

Biyolojik ¢6ziimiin tasarima entegre edilmesi, miihendislik tasarimi géz 6ntinde bulunduruldugunda
olusturulan konsept tasarimlarin iiretime hazir hale getirilmesini ifade etmektedir. Bu siirecte CAD
yazilimlar bir arag¢ olarak kullanilsa da literatiirde biyo-esinlenme yaklasimi odakli bir CAD yazilimi
veya modiili bulunmamaktadir. Kafes yapilarin olusturulmak {izerine gelistirilmis nTop [34] veya
Rhino Grasshopper [35] gibi yazilimlar her ne kadar biyo-esinlenme tasarimina katki saglasa da bu
amacla olusturulmamistir. Bu sebeple, biyo-esinlenme tasarimlari geleneksel CAD unsurlar
kullanilarak olusturulmaktadir.

Tasarimin degerlendirilmesi, ortaya ¢ikan tasarimin bilgisayar destekli miihendislik yontemleri ile
analiz edilerek son fiiriin haline getirilmesi ve cevresel veya sosyal etkilerinin arastirilmasi gibi
stirecleri ifade etmektedir. Literatiirde tasarimlarin analizini tasarim siirecine dahil eden metotlar
bulunmaktadir [15-16]. Fakat biyo-esinlenme tasarimi icin 6zellestirilmis tasarim araglari s6z konusu
oldugunda biyo-esinlenme tasarimlarinin ¢cevreye etkilerini degerlendiren BiomiMETRIC yazilimi [36]
disinda literatiirde ¢calisma bulunmamaktadir.

2.2. Morfolojik biyo-esinlenme tasarimi (Morphological bio-inspired design)

Nagel biyo-esinlenme boyutlarin1 7 kategoriye ayirmistir. Bunlar, organizmanin goérsel 6zelliklerine
odaklanilan form, organizmanin i¢ morfolojisine odaklanan yapi, organizmanin yiizey morfolojisine
odaklanan ylizey, organizmanin malzeme 6zelliklerine odaklanan malzeme, organizmadaki sistemlerin
fizyolojisine odaklanan fonksiyon, organizmalarin adim adim ilerleyen davranislarina odaklanan siire¢
ve organizmaya ait iist seviye prensiplere, stratejilere ya da fonksiyonlara odaklanan sistem
kategorileridir [6]. Organizmanin morfolojisine odaklanan form, yap1 ve yilizey, bu calismada
morfolojik biyo-esinlenme boyutlari olarak ifade edilmektedir.

Robot uzuvlari olusturma [37], su ortaminda itis giicti elde etme [38], darbe kaynakli enerji soniimii
[39], bir ortamdan digerine gecis sirasinda ivme kaybini azaltma [40], kazi pargalar1 tizerindeki gerilme
ve deformasyonu azaltma [41] gibi problemlerin ¢6ziimii i¢in form odakli biyo-esinlenme tasarimi
gerceklestirilmektedir.

Enerji sogurma [42-43], malzeme azaltirken dayanim arttirmak icin bosluklu yapi olusturma ve
topolojik optimizasyon [35,44] gibi amacglar icin yap1 odakli biyo-esinlenme tasarimi
gerceklestirilmektedir.

Kendi kendini temizleme [45], hidrofobi [46-48], yapisma ve asinma azaltma [49], bolgesel akis
tirbililansini azaltma [50], esyonsiiz strtiinme olusturma [51-52] gibi amaglar i¢in ytizey odakl biyo-
esinlenme tasarimi gergeklestirilmektedir.

2.3. Morfolojik biyo-esinlenme tasarim slirecine CAD yazilimlarinin etkisi (The effect of CAD softwares on
morphological bio-inspired design process)

Biyo-esinlenme tasarim araglari endiistri profesyonelleri tarafindan yiiksek derecede deger goriirken,
CAD yazilimlarinin bu siiregte sagladig1 esneklik ve arag ¢esitliligi, tasarim ve gelistirme siireglerinin
daha verimli hale gelmesini saglamaktadir. Ozellikle, biyolojik algoritmalarin uygulanmasiyla CAD
yazilimlari, tasiyicilarin optimum profil degerlerinin belirlenmesi gibi tasarim optimizasyonlarina
imkan saglayabilmektedir. Bu durum, dogadan ilham alan stratejiler araciliiyla tasarim ¢éztimlerinin
gelistirilmesinde CAD yazilimlarinin potansiyelini gostermektedir.

Katmanli imalat teknolojisinin gelismesiyle kafes yapilara dair unsurlar CAD yazilimlarina entegre
edilmeye baslamistir (nTop ve Rhino Grasshopper). Fakat literatiirde matematiksel modellemesi
yapilmamis biyolojik modellerin [53] baska bir tasarimci tarafindan tekrarlanabilmesi ve kendi
problemine gore uyarlayabilmesi i¢in biyo-esinlenme tasarimina 6zgii CAD unsurlarina dair ¢alisma
bulunmamaktadir.

Literatiirdeki morfolojik biyo-esinlenme tasarim siiregleri incelendiginde form, yiizey ve yap1 odakli
tasarimlarda yapilan islemler ve bu islemler i¢in kullanilan bilgisayar teknolojisi Cizelge 1’de
gosterilmistir.
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Cizelge 1. Morfolojik biyo-esinlenme siirecinde yapilan islemler ve bu islemleri gerceklestirmek i¢in kullanilan bilgisayar
teknolojileri (Procedures performed in the morphological bio-inspiration process and computer technologies used to perform these

operations)
Esinlenme Istenen islem Bilgisayar Teknolojisi Kaynak
Boyutu
Canli formunun dijital kopyasinin elde MRI ile DICOM uzantil dosyalar elde edilmistir. [37]
edilmesi 3D tarama ile STL uzantili nokta bulutu elde [41]
edilmistir.
Dijital kopya tizerinden egri yerlestirme MATLAB ile egrilerin matematiksel formiili elde  [37]
Form odakl1 islemi edilmistir.
Mesh modelin olusturulmasi ve Geomagic Design X ile STL uzantili dosyalar [41]
diizenlenmesi diizenlenmistir.
Kat1 modelin olusturulmasi Solidworks ile 3 boyutlu kat1 model [41]
olusturulmustur.
Yiizey odakii Ca_nll fmjmunun dijital kopyasinin elde X-Ray CT yuizey morfolojisi dijital ortama [50]
edilmesi aktarilmistir.
Canli formun geometrisinin incelenmesi SEM ile organizmanin i¢ morfolojisi incelenerek  [42]
ol¢iimler yapilmistir.
Canli formunun dijital kopyasinin elde CT ile elde edilen DICOM uzantili dosya [53]
edilmesi InVesalium ile STL uzantili nokta bulutuna
doniistirilmugtiir.
Mesh modelin olusturulmasi ve Rhinoceros - Grasshopper ile parametrik mesh [35]
Yapi odakli diizenl . lusturulmust
lizenlenmesi yapist olusturulmustur.
K3DSurf ile matematik modeli lizerinden mesh [35]
modeli olusturulmustur.
Vokselizasyon MATLAB ile kafes yapisinin birim hiicreleri [54]
olusturulmustur.
Kati modelin olusturulmasi nTop ile kafes yapisi olusturulmustur. [55-56]

3. Metodoloji (Methodology)

Sekil 1’de gosterilen biyo-esinlenme tasarim metodu goz 6ntinde bulunduruldugunda bu ¢alismada,
morfolojik biyo-esinlenme tasarim siirecinin ¢ézliimiin tasarima entegrasyonu adiminda kullanilmak
lizere bir tasarim araci gelistirilmistir. Bu sebeple bu ¢alismada bahsedilen biyo-esinlenme tasarimi
kavrami morfolojik biyo-esinlenme tasarimi i¢in kullanilmaktadir.

Problemin
Tanimlanmasi

Coziim Olma Potansiyeli
Bulunan Biyolojik Bilgilerin
Belirlenmesi

Biyolojik Cozimun Belirlenmesi

Coziimiin Tasarima Entegrasyonu
Tasarimin Degerlendirilmesi

ekil 1. Biyo-esinlenme tasarim metodu
y
(Bio-inspired design method)

Organizmanin
Tanimlanmasi

Organizmanin tanimlanmasi, halihazirda kesfedilmis olan organizmalara ait biyolojik bilginin ¢esitli
siniflandirmalar veya ontolojik tanimlama modelleri kullanilarak tanimlanmasini ifade etmektedir. Bu
sayede, bir probleme ¢6ziim arandiginda ya da 6zgiin bir tasarim fikri bulunmak istendiginde
organizmalarin tanimlandig1 veri tabanlari taranabilmektedir.

Problemin tamimlanmasi, genellikle organizmanin tanimlanmasi sirasinda kullanilan tanimlama
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yontemine gore yapilan tanimlamalar: ifade etmektedir. Problemin 6ziindeki teknik gereksinimin
dogru tespit edilmesi stirecin en 6nemli noktalarindan bir tanesidir.

Coziim olma potansiyeli olan biyolojik bilgilerin belirlenmesi, tanimlamasi yapilmis problem ve bu
probleme potansiyel ¢6ziim olabilecek biyolojik bilgilerin ortaya ¢ikarilmasini ifade etmektedir.

Biyolojik ¢6ziimiin belirlenmesi, bir tasarim problemine ¢6ziim olabilecek potansiyel biyolojik bilgiler
arasindan sec¢im yapilarak bu biyolojik bilgiyi bir esinlenme ¢6ziimiine diger bir deyisle biyolojik
¢oziime doniistiirmeyi ifade etmektedir. Biyolojik ¢6ziim belirlendikten sonra bu sayede konsept
tasarim fikirleri ortaya konmaktadir.

Cozlmin tasarima entegrasyonu, biyolojik ¢6ziim elde edilip konsept tasarim fikri olusturulduktan
sonra iretilebilir iiriin tasariminin olusturulmasini ifade etmektedir. Biyolojik ¢6ziimiin tasarima
entegrasyonu ile test edilmeye hazir bir {iriin ortaya konmaktadir.

Tasarimin degerlendirilmesi, ortaya ¢ikan iirtiniin CAE metotlar: gibi ¢esitli analizler veya prototip
olusturularak yapilan deneyler ile test edilmesini ve son haline getirilmek tlizere optimize edilmesini
ifade etmektedir.

3.1. Biyolojik ¢6zlim (Biological solution)

Memelilerin kemik yapisini olusturan bosluklu yapi sayesinde yapinin birim kiitledeki dayanimi
tamamen dolu yapilara gore daha ytiksek olabilmektedir [57]. Kemigin bu bosluklu yapis1 matematik
modeli olusturulabilecek diizenli bir yap1 olmadig1 i¢in bu yapilara benzer mekanik 6zellikler gosteren
periyodik [58] ve rastlantisal [59] kafes yapilari literatiirdeki bir¢ok ¢alismada kemik yapisini taklit
etmek icin kullanilmistir.

Memelilerde farkli morfolojik ve yapisal dzellige sahip bir¢ok kemik bulunmaktadir. Bundan sonra,
insan trabekiiler kemiginin yapisindan kemik yapisi olarak bahsedilecektir. Kemik yapisina ait
esinlenmede esas alinan geometrik 6zellikler Cizelge 2’de gosterilmektedir.

Cizelge 2. Kemik yapisinin esinlenmede kullanilan geometrik 6zellikleri

(Geometric features of bone structure used for inspiration)

Geometrik Ozellik Miktar Birim
Porozite orani [60] 0,75-0,86 -
Trabekiiler kalinlik [60] 0,3-2,2 mm
Trabekiiler ayrim mesafesi [60] 0,2-1,5 mm

Cizelge 2’deki; porozite orani kemik yapisindaki bos hacmin kemik hacmine oranini, trabekiiler kalinlik
trabektler bosluklarin duvar kalinligini, trabekiiler ayrim mesafesi ise trabekiiler bosluklarin duvar
uzunlugunu ifade etmektedir (Sekil 2).

F; =y 3 -
- A \\ o\ :
BY A o
'.J . &5 Trabekiler Kalinlik
=

V)

¥

F.

N

‘ ¢ Trabekuler Ayrim Mesafesi

5 3 ~

A ‘ e »2- .

| \ - [

| ‘o ®Ea
‘ ! B e W P '

TM4000 15kV 6.9mm x30 BSE M 1.00mm

Sekil 2. Trabekiiler kemik SEM gbriintiisii. Uyarlandi. [60]
(Trabecular bone SEM image. Adapted from [60])
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3.2. Birim hiicrenin olusturulmasi (Creating the unit cell)

Bu calismada kemik yapisi rastlantisal kafes yapisi teknigi olusturulmus birim hiicrelerin periodik
olarak bir araya getirilmesi ile elde edilmistir. Bu siirecteki ilk adim birim hiicrenin rastlantisal bir
yontem ile elde edilmesidir. Bu ¢alismada, kiip, piramit ve silindir olmak iizere 3 ¢esit birim hiicre kalib1
kullanilmaktadir. Kiip seklindeki birim hiicre kalibi 2 mm x 2 mm x 2 mm o6lglilerinde, piramit
seklindeki birim hiicre kalibi taban1 4 mm x 4 mm yliksekligi 2 mm ve koniklik a¢is1 30° olacak sekilde
ve silindir seklindeki birim hiicre kalibi taban c¢apt 4 mm ve yliksekligi 2 mm olacak sekilde

olusturulmustur.

v

Y \ £ \

«d f )
Birim hicre kalibini Kubik birimler iri
4 w4 " Noktalar komgu Edieytinien nokalar Olusan kafes

cevreleyen sinirlayici igerisine dugum arasina gubuk pest =
yapi birim hiicre

kutu kiibik birimlere noktalan noktalarla modelleri ile baglanir 4 PR
aynlir yerlestirilir \ kalibi ile kesilir
" S
"/ % y
o A
At
-

Sekil 3. Ornek birim hiicrenin olusma semasi
(Formation diagram of the sample unit cell)

Birim hiicre yapisi diigiimler ve cubuklardan olusan bir kafes yapisi seklindedir. Oncelikle, birim
hiicrenin icerisine girebilecegi sinirlayici kutu (bounding box) 1 mm X 1 mm X 1 mm kiibik birimlere
ayrilir. Kafes yapisinin diigiim noktalari bu kiibik birimler i¢cerisinde kiipiin kenarina 0,1 mm’den daha
yakin olmayacak ve her bir kiipte bir tane olacak sekilde rastgele olarak yerlestirilir. Bu sekilde kismi
olarak rastgele yerlestirilmis bir nokta bulutu elde edilir. Birbirine x, y ve z dogrultusunda komsu olan
kiibik birimler igerisindeki diiglim noktalar1 c¢iftler halinde eslestirilerek ¢ubuk baglantilar
olusturulur.

Diigiim noktalarini birbirine baglayan ¢ubuk elemanlar1 parametrik olarak modellenmektedir. Cubuk
modellemede esas alinan parametreler; birinci diiglimiin yarigapi (r1), ikinci diigiimiin yari¢ap: (r2),
minimum ¢ubuk genisligi (w) ve gubuk uzunlugudur (1) (Sekil 3). Nokta bulutundaki komsu noktalarin
arasindaki mesafeler (0.2 — 1.8 mm) ¢ubuk uzunlugunu (I), bir digiim noktasi ile komsu noktalar
arasindaki en kisa mesafenin 1/3’i o diigiim kiiresinin yaricapini (r) ve bir ¢gubuga ait iki diigiim kiiresi
yarigapi (r1 ve r2) arasinda kiiciik olan yarigap degeri cubuk genisligini (w) belirlemektedir.
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Sekil 4. Ornek cubuk ve kesiti

(Sample strut and its cross section)

Nokta bulutundaki her noktanin eslestirildigi diger noktalar ile arasina Sekil 4’te kesiti verilen i¢cblikey
¢ubuk modelleri yerlestirilip bu parcalar biitlinlestirildiginde birim kafes yapinin ham hali olusur.
Ortaya ¢ikan ham kafes yapisi merkezine birim hiicre kalib1 yerlestirilip kesisim geometrisi ¢ikarilarak
birim hiicre elde edilir (Sekil 3).

Bu yontem ile kiip seklinde birim hiicreler olusturulabildigi gibi kemik yapisinin uygulanacagi par¢anin
geometrisine kiip, silindir ya da piramit seklinde birim hiicre kullanilabilmektedir. Ayrica bu birim
hiicreler ¢esitli simetri diizlemleri kullanilarak periyodik ¢ogaltmaya uygun hale getirilebilmektedir
(Sekil 5).

KBH

Sekil 5. Kiip, silindir ve piramit hiicre kahplarl ve olusturulan kemik yapilari
(Cube, cylinder and pyramid cell molds and bone structures created)

4. Bone Structure Yazilimi (Bone Structure Software)

Bone Structure, kemik yapisinin morfolojik 6zellikleri ile yap1 odakli biyo-esinlenme tasarimlari
olusturmak icin kullanilan bir FreeCAD modiiliidiir. Python dilinde yazilmistir. Baslik 3.2’de anlatilan
yontem ile kemik yapisi olusturmayi saglamaktadir. Bu modiil ile olusturulan birim hiicreler periyodik
sekilde cogaltilip birlestirilerek daha biiyiik modellerin olusturulmasina imkan saglamaktadir. Kafes
yapisl bosluk orani, minimum ve maksimum ¢ubuk genisligi ile birlikte minimum ve maksimum ¢ubuk
uzunlugu, olusturulan modellerin kemik yapisinin geometrik 6zelliklerine benzerligi agisindan dikkat
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edilen kriterlerdir.

4.1. Bone Structure arayiizii (Bone Structure interface)

Yazilimin araytizii bir adet ilerleme ¢ubugu, kemik yapisi entegre edilmek istenen parganin se¢ildigi bir
béliim, kullanilacak birim hiicrenin 6n izlemesini gosteren bir diigme ve nihai yapiy1 olusturmayi

saglayan bir diigmede olusmaktadir (Sekil 6).

E} Bone Structure Command

»

0%

Select Solid
[Empty] Select
Unit Cell Shape Unit Cell Dimension
Cube v 222 mm3 ~
Preview
Use

Sekil 6. Bone Structure yazilim arayiizii (Bone Structure software interface)

Tasarimci STEP formatinda ytkledigi par¢ay: secip “Select” diigmesi ile secimi tamamladiktan sonra
kemik yapisinin olusturulmasinda kullanilacak birim hiicre bi¢gimi ve birim hiicre boyutunu se¢cimini
gerceklestirir. Yapilan tanimlamalara gore 3. Baslikta anlatilan metot ile o anda olusturulan birim
hiicreyi goriintiillemek i¢in “Preview” diigmesine basilir. Tasarimci olusan birim hiicrede olusmus
olabilecek komplikasyonlara karsi denetimini bu asamada yapmaktadir. Yeni bir birim hiicre
olusturulmasi gerekmesi durumunda “Preview” diigmesine tekrar basarak yeni bir birim hiicre modeli
olusturulabilir. Olusan birim hiicrenin kullanima uygun olduguna karar verildiginde “Use” diigmesine
basilarak kemik yapisi parcaya entegre edilir.

4.2. Ornek birim hiicreler (Sample unit cells)

Kiip, silindir ve piramit bicimindeki birim hiicrelerin kemik yapisina benzerligini incelemek i¢in her bir
birim hiicre biciminden ii¢ adet model olusturulmustur. Kiip seklindeki birim hiicre modellerine KBH,
piramit seklindeki birim hiicre modellerine PBH ve silindir seklindeki birim hiicre modellerine SBH
kod adi verilmistir (Sekil 5). Bone Structure yazilimi ile liretilmis numunelere ait geometrik bilgiler
Cizelge 3’te gosterilmistir. Cizelgede yer alan o6lgiimler, birim hiicre olusturulurken kullanilan
¢ubuklarin uzunluk (1) ve genislik (w) degerlerinin en kii¢iik ve en biiyiik degerleridir. Dolayisiyla bu
degerler model olusturulurken kayit altina alinmaktadir.

Cizelge 3. Bone Structure ile olusturulan hiicre modellerinin geometrik 6zellikleri

(Geometric properties of cell models created with Bone Structure)

Birim Hiicre Yaklasik Minimum ¢ubuk  Maksimum ¢ubuk  Minimum ¢ubuk Maksimum ¢ubuk
Numuneleri Bosluk Oram1 _ genisligi (nm) genisligi (um) uzunlugu (um) uzunlugu (um)
KBH1 0.72 205 450 493 1833

KBH2 0.77 173 515 415 1851

KBH3 0.78 141 510 339 1781

PBH1 0,73 138 485 333 1841

PBH2 0,75 150 481 361 1908

PBH3 0,72 163 527 392 1854

SBH1 0,78 147 490 353 1839

SBH2 0,77 151 586 362 1832

SBH3 0,72 152 615 365 1846

Olusturulan hiicre modellerinin geometrik 6zellikleri Cizelge 2’deki kemik yapisinin geometrik
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ozellikleri ile biytlik o6lciide eslesmektedir. Tiim modellerdeki degerlerin ortalamasi alindiginda
modellerin bosluk orani (0,75) ile insan trabekiiler kemiginin bosluk oranina ait sinir degerler
icerisinde yer almaktadir. Diger yandan ortalama minimum ¢ubuk kalinlig1 (158 um) kemik yapisinda
bulunan minimum trabekiiler kalinhigin yaklasik %50 oraninda altinda kalmaktadir. Ortalama
maksimum ¢ubuk kalinlig1 (518 wm) ve ortalama minimum ¢ubuk uzunlugu (379 pm) kemik yapisinin
degerleri ile ortiislirken ortalama maksimum ¢ubuk uzunlugu (1843 pm) maksimum trabekiiler ayrim
mesafesinin %23 lizerindedir.

5. Tartlsma ve SOllll(,' (Discussion and Conclusion)

Kemik yapisini taklit eden bosluklu yap1 olusturmay saglayan bu metot, rastgele olusturulan diigiim
noktalarinin ¢ubuklarla birbirine baglanmasi yoluyla elde edilen birim hiicrelerin periyodik olarak
¢ogaltilmasi ile kemik yapisinin biiyiik boyutlarda olusturulmasim saglamaktadir. Bu metot ile baska
morfolojik 6zelliklere sahip kafes yapilari ile temsil edilebilecek baska canlilara ait bosluklu yapilar da
modellenebilir. Clinkii birim hiicredeki diigiim noktalarinin konumlar: belirli kisitlar altinda rastgele
olusturulmaktadir. Bu durum yapinin morfolojik 6zelliklerini kontrol edebilmeyi miimkiin kilmaktadir.
Olusturulan birim hiicrelerde zaman zaman bagimsiz havada stiziilen kii¢iik parcalar olusabilmektedir.
Bu sebeple bu prototipte tasarimciya birim hiicreyi kullanmadan o6nce kontrol etme imkani
sunulmustur.

Bone Structure yazilimi bir prototiptir. Fakat 6zgilin kemik yapisi olusturulma metodu ile kayda deger
bir ¢alismadir. Yazilimin gelistirildigi CAD programi olarak a¢ik kaynak kodlu FreeCAD yaziliminin
tercih edilmesinin sebebi, bu ¢alisma sonrasinda bu alanda ¢alisma yapan arastirmacilarin yazilima ve
kaynak kodlarina erisiminin saglanarak programin bilinirligini arttirmaktir. Calismanin devam etmesi
sebebiyle, yazilima erisim bu makale yazildigi sirada miimkiin olmamakla birlikte calismanin
tamamlanmasi itibariyle FreeCAD eklentileri arasinda yerini almasi planlanmaktadir.

Modeli olustururken kullanilan ¢ubuk profili ve ¢cubuk geometrisine ait parametrelerde yapilacak
optimizasyon ile bu calismada tanitilan kemik yapis1i modelleme metodu iyilestirmeye acik ve umut
vadeden bir metottur. Bu modellerin kemik yapisinin yapisal 6zellikleri ile ne derece benzerlik
gosterdigi sonraki calismalarda arastirilacaktir. Ayrica, yapisal ozelliklere yapiy1r olusturmakta
kullanilan ¢ubuk uzunlugu (1), ¢ubuk genisligi (w), diiglim kiiresi yarigap1 (r1 ve r2) ve ¢ubuk profili
(icbiikey) gibi parametrelerin etkisini incelemek amaciyla optimizasyon c¢alismasi gelecekte
yapilabilecek ¢alismalar arasindadir.
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ABSTRACT

One of the most important problems is the stripping of the rope, which is a part of the drum-
rope mechanisms required in the weight lifting operations used in today's crane systems,
from the drum rope clamps under load. This article is a new study in the literature. In this
study, the focus is on investigating the design and process parameters of the drum rope
clamps used on the drum mechanisms in overhead cranes, simplifying and improving the
production. In order to fulfil this objective, firstly, a prototype table-top experimental system
that constructs a drum-rope connection has been established. In the experimental study, flat
and radius clamps were used as design parameters and the squeezing forces of the bolts
connecting the clamps to the drum were considered as process parameters. The tensile
force to be applied throughout the study was obtained by making various mathematical
calculations. Finally, it was concluded that design and process parameters have significant
effects on crane drum-rope systems and comparisons were made on drum rope clamp
designs. In addition, it is seen from the experimental results that it has an impact on costand
operational efficiency.

Ving Tambur-Halat Mekanizmalarinda Cekme
Kuvvetinin Siyrilma Islemi Uzerindeki Etkilerinin
incelenmesi

0Z

Giintimiizdeki ving sistemlerinde kullanilan agirlik kaldirma islemlerinde gerekli tambur-
halat mekanizmalarinin bir parcasi olan halatin, yiik altinda halat sikma pabugclarindan
siyrilmasi en énemli problemlerden birisidir. Bu makale literatiire konu olacak yeni bir
calismadir. Bu calismada, tavan vinglerindeki tambur mekanizmalarinda kullanilan halat
sikma pabuclarinin tasarim ve islem parametrelerinin arastirilmasi, {iretimin
basitlestirilmesi ve gelistirilmesi iizerine odaklanilmistir. Bu amaci yerine getirebilmek i¢in,
oncelikle bir tambur-halat baglantisin1 kurgulayan prototip masa iistii bir deneysel sistem
kurulmustur. Deneysel ¢alismada tasarim parametreleri olarak diiz ve radiuslu pabuglar
kullanilirken islem parametreleri olarak da pabuglarin tambur ile olan baglantisini saglayan
cwvatalarin sitkma kuvvetleri isleme alinmistir. Calisma boyunca uygulanmasi gereken
cekme kuvveti cesitli matematiksel hesaplamalar yapilarak elde edilmistir. Sonug¢ olarak
tasarim ve islem parametrelerinin ving tambur-halat sistemleri lizerinde 6nemli etkileri
oldugu sonucuna varilmis ve halat sikma pabucu tasarimlariyla ilgili karsilastirmalar
yapilmistir. Ayrica liretim  maliyeti ve verimliligi artirmak i¢in islem parametrelerinden
daha ¢ok tasarim parametrelerinin etkili oldugu elde edilen deneysel sonuglardan
gorilmustir.

To cite this article: A. Akca, E. Karsli, E. Tekin and H. Oktem “Investigation of the Effects of Tensile
Force on the Stripping Process in Crane Drum-Rope Mechanisms,” Gazi Journal of Engineering Sciences,
vol.10, no.2, pp. 238-250, 2024. doi:10.30855/gmbd.0705A11
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1. Introduction

Cranes are work machines consisting of ropes, chains and pulleys; used for loading, lifting, transporting
and unloading heavy loads, machines, materials and goods. Although it is used in many sectors in the
industry, it has a usage area beyond manpower in terms of the mechanical advantage it provides. For
this reason, cranes are widely used.

A comprehensive literature study has been carried out in order to examine the subject in detail. Cranes
have rope drums that increase safety and allow tonnes of weight to be lifted easily [1]. Friction that
may occur during the sliding of the rope on the drum is minimized in terms of the grooves opened on
the drum surface. Thus, the life of the steel rope is prolonged and operational efficiency is increased
[2]. In addition to friction, various methods are used to prevent the rope from peeling off the drum.
These are; squeezing with grooved plate, squeezing with ungrooved plate, squeezing with flat wedge
bolt, squeezing with inclined wedge, etc. The connection of the rope with the drum is realised by
methods [3]. In this study, the clamping method with grooved plate was investigated and tested.

Drum rope clamps (grooved plates) are placed on the drum at certain intervals and fixed by tightening
with a specified torque value after taking the holes drilled for drum rope clamps on the drum with bolts
as reference. While the bolts used for fixing the drum rope clamps on the drum are tightened with a
determined torque value, it is aimed to press the drum rope clamp and the drum together and to
prevent the possibility of the drum rope clamp slipping under load [4]. Ernst [5] stated that the reason
why there is no need to take precautions against loosening of the bolts is due to the spring function of
the rope. In their studies, apart from the two windings tightened to the drum rope clamp, at least two
windings on the drum were taken as safety windings. As a result, they stated that the friction force
arising from the winding of the rope on the drum carries the load. Chang et al. [6] the problems caused
by abrasion in steel wire rope were mentioned. As a result of their study, they observed that the reason
for the decrease in the performance of the steel rope is due to abrasion. Chang et al. [7] mentioned that
the risk of wear poses a serious threat to service reliability and investigated the tribological behaviour
of rope by constructing a test rig. They concluded that surface wear and corrosion affect the
performance of the wire rope and the friction coefficient is affected by the rope structure, contact angle
and sliding speed.

Ye et al. [8] investigated the properties of marine haulage rope subjected to various stresses by a series
of full-scale sheave experimental tests on a specially designed test crane. According to reports revealed
that the modified rope was able to induce larger loads than before. Hu et al. [9] the torsional effect and
damage accumulated in the rope in the manual rope replacement process were investigated. A special
fatigue test apparatus was used to perform the specified tests and tests were carried out with various
devices to observe the wear and fracture condition of the steel wire. Onur etal. [10] a theoretical model
of the torsional properties of parallel multi-piece rope systems is presented. Then, it is stated that the
ropes can be wrapped around each other depending on the combination of applied torque, rope
tension, length and spacing between rope pieces. Brandon et al. [11] carried out laboratory tests on
two- and four-rope systems and performed torque measurements for rotations between 0 and 360
degrees.

Zhang et al [12] argued thatin order to prevent stripping, drum rope clamps (grooved plates) mounted
on the drum should be used by connecting to the drum with the technique given in Figure 1. The safety
windings on the drum reduce the stripping for the rope force applied on each full winding.

Figure 1. Fastening with grooved plate [3]
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In terms of geometrical conformity, it is necessary to manufacture drum rope clamps with different
radius values for each variable drum diameter [13]. In this case, it is manufactured by cutting or
bending from sheet metal in accordance with the drum diameter from a manufactured pipe that is
readily available. In cases where the drum diameter is large or a pipe of suitable diameter is not
available, a pipe piece with a suitable radius must be manufactured with cylinder pipe bending
machines. This significantly reduces operational efficiency [14]. For this reason, the stripping
conditions of the flat rope clamps design, which can be manufactured from an easily available plate that
can eliminate such process-consuming and cost-increasing operations, were examined and compared
with the currently used rope clamps. Table 1 lists the advantages and disadvantages of the radius rope
clamp and the flat rope clamp.

Table 1. Advantages and disadvantages of rope clamps

Radius Rope Clamp

Flat Rope Clamp

It corresponds exactly to the round shape of the

drum and therefore provides a tight grip on the rope.

Due to its round structure, it contacts the rope from

every point and thus causes less damage to the rope.

This extends the life of the rope.

It is produced specially for each drum, therefore
labour cost is high.

Since it has a radius, the steel plate needs to be cut
and bent. For this reason, the production time is
longer.

Because it is flat, it contacts a round drum
tangentially and the rope squeezing performance
may be weaker because it contacts at one point.

Due to the tangential contact with the surface of the
rope, it exerts a higher pressure on the rope surface,
which prevents all parts of the rope from being
crushed evenly.

Since it is manufactured by cutting from steel plates,
the labour cost is much lower.

Since it is manufactured flat, the production time is
very short and therefore increases operational
efficiency (mass production possibility, time,

equipment used, etc.).

In order to increase operational efficiency, a study will be carried out by making design improvements
in grooved plates and deciding to test their suitability.

As a result of the researches, no study on drum rope clamps manufactured from flat plates was found
and there was not enough research on the problems encountered in the industry. Although, when
detailed market researches were carried out on competitor companies, it was observed that flat rope
clamps are generally used in companies operating in the machinery manufacturing sector [15,16]. A
review of the literature gives that the number of studies in this field is insufficient and there is still a
gap that needs to be filled. For this reason, the focus is on the development of the design and process
parameters required for the drum-rope mechanism used in crane systems to lift the desired load
without stripping. Throughout the study, an experimental system based on the drum-rope mechanism
was established. Subsequently process parameters that give the most effective pulling force and the
lowest cost were determined.

Present study emphasises the importance of drum rope clamp design in industrial applications and
focuses on innovative solutions to meet operational requirements.

In the studies carried out for this purpose, rope stripping forces were obtained as a result of
experiments using two different types of rope clamps using certain parameters and methods. The
results from two different rope clamps were evaluated, the rope clamp with high operational efficiency,
low cost and the most effective pulling force was determined and its usability was ensured.

2. Experimental work

2.1 Parameters and methods

The torque value applied to the bolts in drum-rope mechanisms is determined according to the
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standard values given in Table 2. These values are expressed in Kg.m and Nm in terms of how much
force the bolts, which are fasteners, will be tightened.

The connection of each rope clamp, which is the test parameter, with the drum was tightened with DIN
933 norm M16 bolts at 100, 140 and 205 Nm respectively using a torque wrench as given in Figure 2.

Table 2. Torque values for bolts and screws

Bolt quality 8.8

Nominal Diameter

(Nominal Dia x Kg.m. N.m.
Pitch)

M4 x 0.7 0.3 3
M5x 0.8 0.61 61
M6x1 1.42 13
M7 2.34 23
M8x1 3.87 38
M10x1 8.56 84
M12x1.25 9.23 90.6
M14x2 13.76 135
M16 x 2 20.89 205
M18x 2.5 20.84 283
M20x 2.5 40.77 400
M22x2.5 54.23 532

Figure 2. Torque wrench

2.2.Squeezing Moment and Force

In Table 3, the thread table for normal pitch bolts in TS 61 / DIN 13 norm is given and the dimensions
of the M16 bolt used in the applied experiment are highlighted.
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Table 3. Metric screw normal thread table

Screw Thread Screw Thread Drill Pitch Depth of Thread
Nominal Pitch Diameter Diameter Diameter
Diameter (d2=D2)
(D=d) Crest Root Crest Root
(d1) (D1) (h3) (H1)
M1 0,25 0,693 0,729 0,75 0,638 0,153 0,135
M2 0,4 1,509 1,567 1 1,74 0,245 0,217
M3 0,5 2,387 2,459 2,5 2,675 0,307 0,271
M4 0,7 3,141 3,242 3,3 3,545 0,429 0,379
M5 0,8 4,019 4,134 4,2 4,48 0,491 0,443
M6 1 4,773 4,917 5 5,35 0,613 0,541
M8 1,25 6,466 6,647 6,8 7,188 0,767 0,677
M10 1,5 8,16 8,376 8,5 9,026 0,92 0,812
M12 1,75 9,853 10,106 10,2 10,863 1,074 0,947
M14 2 11,546 11,835 12 12,701 1,227 1,083
M16 2 13,546 13,835 14 14,701 1,227 1,083
M18 2,5 14,933 15,294 15,5 16,376 1,534 1,353
M20 2,5 16,933 17,294 17,5 18,376 1,534 1,353
M22 2,5 18,933 19,294 19,5 20,376 1,534 1,353

Table 4. Symbols and values table

D2 (Section Diameter) 14.701 mm
P (Screw pitch) 2 mm

p (Coefficient of Friction) 0.1

o (Thread Angle) 60°

B (Helix Angle for a bolt with M16 2.48°

and 2mm pitch)

p (Angle of Friction 0.1 coefficient 6.586°
of friction and 60° for thread
angle)

The relationship between the tightening moment and the tightening force is calculated as the sum of
the moment between the screw threads and the moment created by the nut surface on the material
surface according to the formula below.

M; = Squeezing moment
Dyyt = Nut diameter

D2 Dy
Mg =F,. (7.tan(ﬁ +p) + 1. Z“t)

Examination of the torque table for bolts in Table 2 shows that the required tightening torque value for
an 8.8 grade boltin M16 size is 205 Nm.

According to DIN931 standard, the "Screw head" value of the M16 bolt is determined as 24mm is
substituted in the formula below according to the squeezing torques of 100, 140 and 205 Nm applied

during the test phase;
D2 D —d i
Mszos — szos- (7 tan(,B + ,0) + L. screw head > Hole DLameter)
3 14.701 24 —17
= 205.10° = F,, (T tan(2.48 + 6.586) + 0.1.7)
= F,, . = 134.625N
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From here by similar methods;
Fp = Squeezing force
Squeezing force of 100, 140 and 205 Nm torque value;

E, ~=65670N

P1oo
E, ., =91.939 N and
E,es = 134.625 N is found.

2.3 Determination of rope friction force depending on squeezing force

M, half of the Fp force generated as a result of the squeezing moment (if the bolt hole axis divides the
pressure surface of the rope clamp on the drum and the rope pressure surface into two equal distances)
is applied to the rope as given in Figure 3. Then, acting on the groove surface opened on the drum and
the groove surface on the rope clamp clip. In this case, F, ;. in Figure 4 is applied in the opposite

direction to and F; = 2. u.FZ—” friction force is generated. This formula is simplified F; = u.F, value is
found.

Figure 3. Forces Acting on the Rope | Figure 4. Forces Acting on the Rope Il

2.4 Effect of rope winding number on rope pulling force

In this section, three rope clamps were used in standard crane drum. In addition to this, the design is
conduct in such a way that as can be seen in Figure 5 at least 3 wrapped grooves remain wrapped
around the drum when the hook block is at the lowest point.

In addition, the remaining 3 wound grooves are calculated according to the formula below.

Fp rope = Rope squeezing force

Foqa = Drum mechanism load

FE — Fioad [17]

prope — Tua
It's here;
e = 2.718 is the natural logarithm number.

1 = Coefficient of friction between the rope and the drum (taken as 0.1 to stay on the safe side)
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a = Rope winding angle in radians (6.m is taken for 3 windings)

The load attached to the rope for a drum mechanism with three grooves wound at the extreme end
(with the least number of grooves wound on the drum);

et = 16T — ¢ 58 times as much and

It is obvious that a drum mechanism to which 3 rope clamps are connected can hold the load with
6.5x3=19.75 times less force.

Figure 5. Drum Mechanism

2.5 Test setup (mechanical test)

In drum - rope mechanisms, rope clamps are used to prevent the rope wrapped around the drum from
stripping. These rope clamps can be manufactured in two different types. Radius and Flat type clamps
have their own advantages and disadvantages. The experimental setup given in Figure 6 was set up in
order to determine whether the mentioned rope clamps can be manufactured with the most effective
pulling force and the lowest cost in drum - rope mechanisms. By using the experimental setup, the rope
stripping forces of the rope clamps manufactured with radius and flat shape will be compared. Thus,
after making a comparison according to the results obtained from the experiment, the design with high
operational efficiency, low cost and the most effective tensile force value will be determined from the
rope clamps to be used in drum - rope mechanisms.
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| Weighing
Indicator

Hydraulic
| Cylinder

Figure 6. Experimental setup
2.6 Stripping effect of drum rope clamps under tensile force

Rope clamps are used in drum-rope mechanisms to prevent rope stripping. Two different types of rope
clamps, flat type and Radius type, were used as test parameters. Figure 7 represents the flat type and
Figure 8 represents the Radius type rope clamp. A number of experiments were carried out to
determine the rope stripping forces of two different types of rope clamps on the experimental set-up
as given in Figure 6. The experiment was first started with the flat type rope clamp given in Figure 7.
The flat type rope clamp is connected to the drum with M16 bolt and tightened to 100 Nm using torque
wrench. In order to determine the stripping force of the wire rope between the drum and the rope
clamp, a hydraulic cylinder was used. Subsequently pulling force was applied to the wire rope with the
hydraulic cylinder until the moment of stripping. The stripping force value at the moment that the steel
wire rope starts to be stripped from the place where it is clamped to the drum was read from the
weighing indicator. The same procedure was applied for torque values of 140 and 205 Nm respectively
and the rope stripping forces were obtained.

Afterwards, the number of flat type rope clamp, which were connected to the drum, was increased from
1 to 2. The rope clamps were placed at 30° intervals and their connections with the drum were carried
out M16 bolts under the same conditions. Firstly, the rope stripping force was tested with a torque
value of 100 Nm applied to the bolts. The same process was applied for 140 and 205 Nm torque values
respectively and rope stripping force values were obtained.

For the last test of the flat type rope clamp, the number of clamps was increased from 2 to 3 and the
rope clamps were placed at 30° intervals. Under the same conditions, respectively, the bolts were
tightened with a torque wrench at 100, 140 and 205 Nm. Then the pulling force was applied by means
of a hydraulic cylinder until the steel rope between the drum and the rope clamp was stripped.

As a result of the applied tensile force, rope stripping forces were obtained. The experiments applied
for the flat type rope clamp were also applied for the radius type rope clamp indicates in Figure 10 with
the same conditions and methods. The results of the experiments are listed in Table 4 and Table 5.
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&

Figure 7. Technical drawing of a flat type drum rope clamp

Figure 8. Technical drawing of a radius type drum rope clamp
3. Result and Discussions
In this section, all the results of the rope stripping forces obtained from the tests on the rope clamps
are analysed and evaluated. Tables 4 and 5 give the rope stripping forces obtained as a result of the
tensile force applied to the steel rope between the rope clamp and the drum. The results obtained from

Tables 4 and 5 were interpreted and the graphs given in Figures 9 and 10 were created.

Table 5. Radius type rope clamp

Rope
Number of Squeezing Clamp Stripping
Clamps Torque (Nm) Geometry Force (kg)
Test1 1 100 Radius 250
Test2 1 140 Radius 500
Test3 1 205 Radius 800
Test4 2 100 Radius 700
Test5 2 140 Radius 1300
Test6 2 205 Radius 2400
Test7 3 100 Radius 1900
Test8 3 140 Radius 2550
Test9 3 205 Radius 3700
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From Table 4, it can be seen, each Radius type rope clamp was fixed to the drum with a clamping torque
value 0of 100, 140 and 205 Nm respectively. After the pulling force was applied to the steel rope between
the rope clamp and the drum using a hydraulic cylinder at 100, 140, 205 Nm clamping torque values,
the rope stripping forces give in Table 4 were obtained in "kg". Considering the results in Table 4, it is
observed that the rope stripping force varies depending on the number of clamps and the squeezing
torque value. Using the data in Table 4 and the data obtained from the experimental results, the result
graph of the Radius type rope clamp given in Figure 9 was created.

3700

4000

2550
3500 2400

3000 1900

2500 1300

2000

1500

1000
500

B Number of Clamps M Torque Value ™ Rope Stripping Force

Figure 9. The rope stripping force of radius type rope clamp

The result graph of the Radius type rope clamp is given in Figure 9. As the number of clamps and the
tightening torque value increases, the rope stripping forces increase as the steel rope between the
drum and the clamp is held more tightly. The rope stripping force obtained when one clamp is fixed to
the drum with a torque value of 205 Nm is higher than the rope stripping force obtained when two
clamps are fixed to the drum with a torque value of 100 Nm. It is observed that this situation is due to
the fact that the radius type rope clamp contacts the drum at every point and grips the steel rope more
tightly at high torque value.

Table 6. Flat type rope clamp

Number of  Squeezing Clamp Rope Stripping
Clamps Torque (Nm) Geometry Force (kg)

Test

1 1 100 Flat 200
Test

2 1 140 Flat 350
Test

3 1 205 Flat 450
Test

4 2 100 Flat 500
Test

5 2 140 Flat 700
Test

6 2 205 Flat 1600
Test

7 3 100 Flat 1450
Test

8 3 140 Flat 2000
Test

9 3 205 Flat 3100

In Table 5, the results obtained from the experiments performed on the flat type rope clamp under the
heading of rope stripping force are given in "kg". Each flat type rope clamp was connected to the drum
with M16 bolt with a squeezing torque value of 100, 140 and 205 Nm respectively. A hydraulic cylinder
was used to apply a pulling force until the steel rope between the drum and the flat type rope clamp

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yayincilik 247



Akca, Karsli, Tekin & Oktem Gazi MUhendislik Bilimleri Dergisi: 10(2), 2024

was stripped. The stripping forces obtained are given in Table 5 together with the experimental
parameters. The results in Table 5 are considered, it is observed that the rope stripping force varies
depending on the number of clamps and the squeezing torque value. Using the data in Table 5 and the

data obtained from the experimental results, the result graph of the flat type rope clamp given in Figure
10 was created.

3100
4000

3500
3000
2500
2000

a4 500
S 2
1000 . P IR 1 20

500 |

B Number of Clamps M Torque Value  m Rope Stripping Force

Figure 10. The rope stripping force of flat type rope clamp

Analysing the result graph of the flat type rope clamp in Figure 10, since the flat type rope clamp applies
pressure from a tangent point to the drum, the rope stripping force value also increases with increasing
the number of clamps. In addition to increasing the number of clamps, it was observed that the
stripping force of the steel rope between the drum and the clamp also increased with the increase in
torque values. Thus, according to the result graph of the flat type rope clamp given in Figure 10, it is

observed that the rope stripping force increases in direct proportion to the number of clamps and
torque value.

3700
4000
;zgz 2400 o 2550
2500 1900 1450
2000 1300
1500 350 80045° 700
1000 (’ ' '
500 10
0
1 1 1 2 2 2 3 3 3
M Torque Value M Radius W Flat

Figure 11. Comparison of radius and flat type rope clamps

Depending on the varying number of clamps and torque force, the rope stripping forces of two different
types of rope clamps were tested under each condition. Figure 11 represents the comparison graph of
the radius and flat type rope clamps. From Figure 11, it is seen that under the same conditions, the
radius type rope clamp holds the steel rope more tightly and the stripping force is higher than the flat
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type rope clamp. It is determined that this situation is due to the fact that the radius type rope clamp
contacts the drum at every point, while the flat type rope clamp contacts the drum at a single point.

4. Conclusion

This paper focused on the effect of the design of the rope stripping forces obtained as a result of the
tensile force applied to the rope clamps, which prevent the stripping of steel ropes, under variable
clamp number and torque values, were investigated by means of experiments. The results obtained
from these experiments and the conclusions reached in the light of the evaluations can be summarised
as follows:

e Radius type rope clamp has approximately 20% more rope stripping force than flat type rope
clamp.

e Radius rope clamp has high production cost and low operational efficiency (mass production
possibility, time, equipment used, etc.). Flat type rope clamp is more advantageous in terms of
cost and efficiency.

e Indrum rope connections, it has been determined that the most effective rope clamp in terms
of cost, standardisation and mass production is the flat type rope clamp, since 3 winding
grooves are generally left as safety grooves.

o The rope clamps counterbalance a 5 tonne rope load with a load 19.75 times less in the three
safety grooves. This provided a smooth load carrying for the flat type rope clamp. Thus, the
manufacturing difficulties, costs and time losses of the radius type rope clamp are eliminated.

e Asaresult of the research, it was seen that this study is a new topic in the literature. There is
no study on the clamps mounted on the drum.
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ABSTRACT

With the increasing usage rates of lithium ion batteries used in energy storage, the
management of the resulting waste has also increasingly important. The short lifespan of
lithium ion batteries and the precious metals they contain require careful management of
these wastes from a technical, environmental and economic perspective. Therefore, in the
context of the recovery of precious metals such as cobalt from waste lithium ion batteries,
in this article, literature studies on the recovery of cobalt from commonly sed types of
lithium ion batteries in the form of Nickel Manganese Cobalt and Lithium Cobalt Oxide have
been evaluated. The literature review shows that the most commonly used methods are
hydrometallurgical, pyrometallurgical and direct recovery methods. As the demand for
lithium ion batteries increases in the coming years, the need to develop and optimize
innovative methos for cobalt recovery will become even more important in achieving
sustainability goals within energy storage systems.

Atik Lityum Iyon Pillerden Kobalt Geri Kazanim
Uzerine Bir Degerlendirme

0z

Enerji depolama alanlinda kullanilan lityum iyon pillerin kullanim oranlarinin artmasiyla
birlikte, ortaya ¢ikan atiklarin yonetimi de giderek daha 6nemli hale gelmistir. Lityum iyon
pillerin kisa 6miirlii olmalari ve icerdikleri degerli metaller, bu atiklarin, teknik, cevresel ve
ekonomik a¢idan dikkatli bir sekilde yonetilmesini gerektirmektedir. Dolayisiyla, tik lityum
yon pillerden kobalt gibi degerli metallerin geri kazanimi baglaminda bu makalede, yaygin
olarak kullanilan Nikel Manganez Kobalt ve Lityum Kobalt Oksit formundaki lityum iyon
pillerden kobalt geri kazanimiyla ilgili literatiir ¢alismalar: incelenmistir. Yapilan literatiir
taramasinda en ¢ok basvurulan yontemlerin, hidrometalurjik, pirometalurjik ve dogrudan
geri kazanim ydntemleri oldugu gériilmiistiir. Ontimiizdeki yillarda lityum iyon pillere olan
talep arttikga, kobalt geri kazanimi i¢in inovatif yontemlerin gelistirilmesi ve optimize
edilmesi ihtiyacinin, enerji depolama sistemleri icerisinde siirdiiriilebilirlik hedeflerine
ulasabilmek a¢isindan daha da 6nemli hale gelecegi diistiniilmektedir.

To cite this article: D. N. Birlik, A. Ozkan, Z. Gunkaya and Banar, “A Review on Cobalt Recovery from
Waste Lithium lon Batteries,” Gazi Journal of Engineering Sciences, vol.10, no.2, pp. 251-263, 2024.
doi:10.30855/gmbd.0705A04

AKADEMIK
YAYINCILIK



Birlik, Ozkan, Gunkaya & Banar Gazi Mihendislik Bilimleri Dergisi: 10(2), 2024

1. Glrl$ (Introduction)

Son yillarda diinyanin giindeminde olan kiiresel enerji krizi ve iklim degisikligi sonucunda meydana
gelen sorunlar, insanlar siirdiiriilebilir enerji kullanimina ve déngiisel ekonomi modeline gecmeye
yonlendirmistir. Bu yonelim sonucunda, fosil yakitlara alternatif olmak iizere giines, biyokiitle, riizgar,
dalga ve jeotermal gibi farkli tiir yenilenebilir enerji kaynaklar: iizerine yogunlasilmistir. Bunun da
Otesinde enerjinin tasinabilir elektronikler ve elektrikli araclar gibi diger uygulama alanlarina verimli
bir sekilde aktarilabilmesi ve kullanilabilmesi i¢in de gii¢ tiretiminde enerji depolama sistemlerine olan
talep artmistir [1].

30 y1l 6nce diinyaya tanitilan ve giintimiize kadar ¢esitli alanlarda kullanilan “lityum iyon piller (lithium
ion batteries (LIB))”, enerji depolama sistemleri arasinda en yaygin kullanilan sistemlerdir [1]. LIB’ler,
yiiksek enerji kapasiteleri, yliksek acik devre voltajlari, diisiik desarj oranlari ve kullanilmadiklarinda
yavas sarj kaybi o6zellikleri sayesinde elektrikli araglarin (EVs) yanisira, taginabilir elektronik pazari
icin de 6nemli hale gelmislerdir [2]. Kiiresel pazarda iiretilen LIB’lerin depolama kapasitesi 2019 yili
verilerine gore 1,2 milyon tonun tizerine (~218 GWh) ¢ikmistir. Bu deger 2009 yilindaki 134.000 ton
(25,6 GWh) kapasiteden 9 kat daha fazladir ve bu sayinin yillar i¢erisinde 12,7 milyon tonun (2500
GWh) iizerine ¢ikmasi beklenmektedir [1].

LIB’lerin diinyada en ¢ok iiretildigi iilkeler incelendiginde, 2022 yili verilerine goére Cin Halk
Cumbhuriyeti'nin %77’lik (893 GWh) bir iiretim kapasitesine sahip oldugu goériilmektedir. Bunu %6
oranla Polonya ve ABD takip etmektedir (Sekil 1a). 2027 yilinda ise LIB iiretiminde Cin Halk
Cumbhuriyeti'nin %69 (6197 GWh), ABD’'nin %10 (908 GWh), Almanya’'nin ise % 6’lik (503 GWh) bir
paya sahip olacag ongoriilmektedir (Sekil 1b).

%6 Diger Ulkeler
Polonya 11%

Xé%\ 1. .

\—%77

/

Cin Halk
Cumhuriyeti
(a)
%2 %2 %1
%10 Macaristan isveg Polonya
Diger Ulkeler
%6
Almanya
%10
ABD
%69
Cin Halk
Cumhuriyeti

(b)
Sekil 1. Diinyadaki LIB iiretim miktarlari [3] (a) 2022 yihi (b) 2027 y1l1
(Amount of LIB production in the world (a) 2022 year (b) 2027 year)
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LIB’lerin kullanim 6miirleri diger pillerin kullanim dmiirlerine gore daha kisadir. Kiigiik bir elektrikli
ve elektronik cihaz icerisinde kullanilan LIB’nin 6mrii 3-5 yildir. Daha biiytik cihazlarda ise bu 6miir 5
- 10 y1l arasinda degismektedir. LIB’lerin diger pil tiirlerine gére daha kisa dmiirlii olmalar: atik LIB
olusumunu da arttirmaktadir. Nitekim, 2012 yilinda Diinya’da 10,7 ton olan atik LIB miktari, 2020
yilinda 250 tona yiikselmis olup, 2025 yilinda ise 464 ton olacagi ongorilmektedir [4]. Diinya
genelinde, hiikiimetler tarafindan geri doniisiim endistrisine biiyiik yatirimlar yapilmasina ragmen,
LIB’lerin geri donilisim orani ¢ok disiiktir. 2017 yilinda atik LIB’lerin sadece %32’si geri
doniistiirilebilmistir. Bu geri doniisiim oraninin diisiik olmasinda,

o  Etkili yasal bir diizenlemenin olmamasi

o Etkin toplama sistemlerinin olmamasi ve

e Atik lityum iyon pillerin geri doniistiiriilmesinde eski ve ¢evre dostu olmayan teknolojilerin
kullanilmasi gibi nedenler etkili olmaktadir [5,6].

Ulkeler arasinda degisiklik gdsterse de LIB’lerin giivenilir, verimli ve ekonomik yénden etkin bir
sekilde toplanip, tasinip tekrar kullanilmak iizere geri doniistiiriilmesi ve degerli metallerin geri
kazanim yontemlerinde, hammadde ve bu alanda yapilan yatirimlar tuzerinde degisiklikler
gerekmektedir. Bu degisikliklerden birisi de “dongiisel ekonomi modeli”dir [4,7]. Donglisel ekonomi
modeli, hi¢bir atik olusumunun olmadig1 dogal siiregleri taklit etmek tlizerine kurulu bir ekonomi
modelidir. Model igerisindeki asamalar ve siirec¢ icerisindeki c¢evresel, siyasi ve finansal kosullar
birbirleriyle baglanti icerisindedir [6]. Atik LIB'lerin geri déniistimiinde doéngiisel ekonomi modelinin
uygulanmasi halinde birincil hammadde ihtiyaci, dolayisiyla birincil hammadde iiretimiyle iligkili
kaynak tiiketimi de azalacaktir [6].

2. Lityum iyon Pillerin Yap151 ve Tiirleri (Structures and Types of Lithium Ion Batteries)

LIB’ler, iireticilerine ve kullanim alanlarina bagh olarak silindirik, prizmatik veya hiicresel sekilde
uretilirler. Genel olarak yapilarina bakildiginda;

e  %20-26 oraninda dis katmani olusturan demir nikel alasimli veya aliiminyum icerikli kasa,

e ~%17 oraninda grafitten olusan “anot”,

e ~9%27 oraninda lityum ve metal oksitlerden olusan “katot”,

e %10-15 oraninda dipolar ¢éziiciiler icerisinde ¢6ziinmiis olan ytiksek lityum tuzlar iceren
“siv1 elektrolit”,
~%713 oraninda bakir, alliminyum folyo akim toplayici,
®  %4-10 oraninda katot ve anot kismi birbirinden ayiran mikro boyutlu polimerik ayirici ve
e  ~%4 oraninda genellikle polivildendiflorit (PVDF) olarak tercih edilen “baglayic1”

bulunur [4,8]. Anot, katot, siv1 elektrolit ve baglayicinin bir lityum iyon pil icerisindeki goériiniimleri
Sekil 2’de gosterilmistir. Lityum tuzlari, verilen akim ile desarj yoluyla (+) degerlikli lityum iyonlarii
anottan katoda dogru hareket ettirir. Bu siirecte olusan tepkime ile elektron akisi devam eder. Kullanim
sonucunda i¢i bosalmis olan LIB’lerin tekrar kullanilabilmesi i¢in sarj edilmesi durumunda da katottan
anota ve anottan katoda dogru iyonlarin hareketi gerceklesmektedir.

ELEKTROLIT
AYIRICI

ELEKTROLIT
® e

ANOT ()

LITYUM KARBON
(GRAFIT)

LITYUM iYONU

KATOT (+) LiTYUM

METAL OKSIT

Sekil 2. Bir LIB’'nin yapisi [9] (Structure of a LIB)
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LIB’ler iizerine ¢alisan arastirmacilarin zorlandiklar1 konulardan birisi “pillerin gruplandirilmasi”
olmakla birlikte bu konudaki yaygin yaklasim, “katot malzemelerine gére” gruplandirilmalaridir. Buna
gore LIB’ler, Lityum Kobalt Oksit (LCO), Lityum Demir Fosfat (LFP), Nikel Manganez Kobalt (NMC),
Lityum Manganez Oksit (LMO) ve Nikel Manganez Aliiminyum (NCA) olarak gruplandirilmaktadirlar
[8]. Sekil 3’te en ¢ok tercih edilen pillerden ikisi olan LCO ve NMC'nin icerikleri verilmistir [7]. LCO tipi
LIB’ler, LiCoO2 formiiliine sahip olup ilk iiretilen LIB tiirlerindendir. Katmanl yapiya sahip olan LCO
piller, diisiik maliyetlidirler ve yliksek enerji yogunluguna sahiptirler. Daha ¢ok akilli telefonlar, diziistii
bilgisayarlar ve elde tasinmasi kolay olan aletlerde tercih edilirler [8].

NMC tipi lityum iyon piller ise LiNixMnyCo202 kimyasal formiiliine sahip lityum iyon pillerdir. Kimyasal
formiiliindeki x, y ve z degerleri, icerisinde bulundurdugu element konsantrasyonlarina gore degisiklik
gostermektedir. Diger pil tiirlerine gore daha fazla enerji depolamalari, uzun stire dayanikli olmalari ve
az bakim gerektirmeleri nedeniyle NMC tipi LIB'ler elektrikli araglar, glines panelleri ve akilli
telefonlarda tercih edilen baslica pil tiirlerindendir. Pazarda payi giderek artis gostermekte olan bu LIB
tirleri de LCO piller gibi katmanli yapiya sahiptir [8].

%3
%10 Baglayict

%40

Elektrolit
%5
A F°'y°/\ <
o A
Plastik 7

%10

%2,55 %3,35
Dis Katman %11 Ni
%10,46 Co
%36,29
N\ %9,64
Mn

%13,47
%4,46/ T Elektrolitve

Plastik Baglayici

Sekil 4. NMC Tipi LIB igerikleri [12] (NMC Type LIB Components)

3. Lityum iyon Piller ve Kobalt (Lithium Ion Batteries and Cobalt)

Kobaltin kiiresel bazda kullanimi, dncelikli olarak sarj edilebilir batarya elektrotlarinda goriillmektedir.
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Ayrica gaz tirbini motorlar icin siiper alasimlar, otomobiller i¢in hava yastigl, petrol ve kimya
endiistrisi katalizorler, elmas aletler, manyetik kayit ortamlari, miknatislar, gelik kusakli radyal
lastikler, dis protezleri ve 6zel gelikler gibi iiretim siire¢lerinde de kobalt kullanilmaktadir [15].

Kobalt (Co), atom numarasi 27 ve atom agirligl 58,93 g/mol olan bir elementtir. Kristal yapiya sahip
olup genel olarak kiibik, masif, kompakt ve tanesel olarak bulunmaktadir. Erime noktasi 1495°C,
kaynama noktas1 2927°C, oksitlenme sicakligi ise 300°C olmakla birlikte oksitlenme kabiliyeti
demirden diistiktiir [13]. Kobaltin iki tir allotropik 6zelligi bulunmaktadir. Bunlardan ilki 417°C’'nin
altinda baskin olup Hekzagonal Siki Paket (HSP) yapisina sahip olan fformudur. Bir diger formu ise
Yiizey Merkezli Kiibik (YMK) yapiya sahip a-formu olup, 417°C ile kobaltin erime noktasi olan 1495°C
sicaklikta baskin olmaktadir [14]. Yer kabugunda 25 ppm diizeyinde bulunan kobalt; demir (Fe), nikel
(Ni), bakir (Cu), ¢inko (Zn) ve manganez (Mn) minerallerinin bulundugu yerlerde mevcuttur. Saf kobalt,
maden olarak ¢ok az alanda goriiliirken, alasimlarin bilesimlerinde ytiiksek oranda bulunmaktadir.
Kobaltin en bilinen kaynaklar1 derin deniz nodiil tabanlari, tortul kaya Cu - Co yataklari, Ni - Co
lateritleri, magmatik Ni - Co silfit yataklari, deniz tabani masif siilfit yataklari, demir oksit Cu - Au
yataklari, meta sedimanter Co - Cu - Au yataklari olarak siralanmaktadir [15]. Kobaltin endiistriyel
iriin olarak kullanilabilmesini saglayan hidrometalurji, pirometalurji, elektro geri kazanim ve
vapometalurji olmak iizere baslica 4 ekstraktif metalurji yontemi bulunmaktadir. Hidrometalurji
yonteminde, diisiik miktarda asit kullanimi ile li¢ yaygin olarak tercih edilmektedir. Ligte ¢ikarilan
cevherler; belirli sicaklikta 1sitilarak inorganik asitler (stilfiirik asit, hidroklorik asit, nitrik asit) ile
karistirllmakta ve oksit icerikli kimyasallar ile ¢oktiiriilerek endistriyel alanlarda kullanilabilmek
lizere hazir hale getirilmektedir. Pirometalurji yonteminde, cevherlerin icerisinden metallerin 1s1
yoluyla ayrilarak elde edilmesi gerceklestirilir. Yaygin olarak eritme yoluyla geri kazanimin mimkiin
oldugu siilfiir cevherlerinde, karbonatli ve oksit bazli kobaltlar tizerinde uygulanabilen bir ydntemdir.
Elektro geri kazanim yonteminde, metal bakimindan zengin ¢6zeltinin siiziilmesi islemi gerceklestirilir.
Siizme isleminden sonra 1sitma ve elektroliz islemleri ile kobaltin ¢elik tabaka tizerine ¢okelmesi
saglanir. Vapometalurji yonteminde ise laterit cevherlerindeki kobaltin atmosfer basincinda
cikarilmasi saglanmaktadir. Icerisinde metal icerigi bulunan cevher CO ve diger gazlardan gegirilerek
buharlastirilir ve gazlar, kobalt birikimi icin baska bir haznede toplanir [16].

Kobaltin batarya sektoriindeki baslica 6nemi, diger metallerin kullanilmasiyla iiretilen bataryalarda
olusan sorunlarin ¢dziilmesidir. Ornek olarak nikel-metal hidrit bataryalarin sahip oldugu asinma ve
kisa 6miir dongiisii sorunlari, batarya igerisine kobaltin eklenmesiyle ¢oziilmiistiir. Benzer bir sekilde,
LIB’lerin sahip oldugu yiliksek reaktivite 6zelliginden kaynaklanabilecek yangin riski, LIB’lerin
icerigindeki %60 oraninda kobalt ile azaltilmistir [15].

Kiiresel olarak, 2019 yilinda elektrikli araglarin iiretiminde 19.000 ton kobalt tiiketildigi, 2030 yilina
kadar 245 milyon elektrikli arag iiretimi 6ngoriisiiyle gerekli olacak kobalt talebinin ise yaklasik
180.000 ton/y1l olacagi tahmin edilmektedir [17].

Diinya genelinde gerceklestirilen kobalt tiretiminin %98’i bakir ve nikel madenciliginin yan tiretimi
oldugu icin, kobalta olan talepte gézlemlenen artis, arzda sikintiya ve 2016 ile 2018 yillar1 arasinda
%311 oraninda fiyat artisina neden olmustur [17]. 2021 yilinda ABD Igisleri Bakanligi'nin yayimlamis
oldugu Jeoloji Arastirmasi Maden Emtia Raporu ile kobalt “en kritik 83 hammadde” arasinda ilk on
sirada yer almistir [8]. Kobaltin en yaygin tiiketicileri arasinda ilk siray1 %32 oraniyla Cin Halk
Cumbhuriyeti almaktadir. Cin Halk Cumhuriyeti'ni %23 oraninda Avrupa iilkeleri takip ederken, tiglincii
sirada ise %18 ile ABD gelmektedir [18].

Kobaltin {iretim verilerine bakildiginda, ABD’nin yayinladigi rapora gore Demokratik Kongo
Cumbhuriyeti %48,72 oraniyla diinyadaki en biiylik kobalt rezervine sahiptir ve diinyadaki kobalt
tiretiminin %68,42’sini saglamaktadir. Demokratik Kongo Cumhuriyeti'ni ikinci sirada Avustralya
takip etmektedir. Avustralya %18,07 rezerve ve %3,1 oraninda iiretime sahiptir. Rusya Federasyonu,
%3,01 kobalt rezervi ve %4,68 iiretim ytizdesi ile ligiinct sirada yer almaktadir [19]. Tiirkiye’'de ise
kobalt daha ¢ok laterit ve siilfit yataklari halinde yaygin olarak bulunmaktadir. Rezerv olarak cok diisiik
olarak bulunmakta olan kobalt, Bursa, Glimiishane, Kastamonu, Manisa, Sivas ve Usak’ta bulunmakta
ve diinya rezervinin %0,43’linii olustururken; Tiirkiye %1,42 oraninda bir liretime sahiptir. Ttrkiye’'de
kobaltin ithalat ve ihracat verileri diisiik seviyelerdedir. 2020 yil1 verileri incelendiginde 991 kg kobalt
ithalatina karsilik 7 kg ihracat gerceklestirilmistir. Bu degerler 2021 yilinda 1000 kg kobalt ithalati ve
2 kg kobalt ihracati seklinde olmustur [13].
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4.. Kobalt Geri Kazanim Yontemleri (Cobalt Recovery Methods)

Gliniimiizde kobalta olan talep, oldukca biiyiik bir artis gostermistir. Artan talebe karsilik maden
olarak neredeyse tek bir iilke tarafindan ¢cikarilmakta olan kobalt, kritik bir hammaddedir ve siirekli
tedarik edilebilmesi i¢in LIB’ler gibi kullanildigi tiim kaynaklardan geri kazanilmasi tizerine
calismalar yapilmalidir. Bu ¢alismada LIB’lerdeki kobaltin geri kazanim yontemlerine odaklanilmis
olup, 6zellikle LCO ve NMC tipi pillerde en fazla tercih edilen hidrometalurjik ve pirometalurjik geri
kazanim yontemleri ve son donemde iizerinde ¢alisilan dogrudan geri kazanim yontemleri ile ilgili
¢alismalar incelenmis olup, yontemlerin her birinin kendine 6zgii avantaj ve dezavantajlar1 Tablo 1'de
verilmistir [1].

Tablo 1. LIB geri kazanim yontemlerinin avantaj ve dezavantajlari [8,20-22]
(Advantages and disadvantages of LIB recovery methods)

Yéntem Avantaj Dezavantaj
Hidrometalurji Yiiksek geri kazanim orani Uzun islem siiresi
Yiiksek saflik Atik su olusumu
Diistik enerji gereksinimi Atik su olusumundan kaynakli maliyet artis1
Az atik gaz olusumu Yiiksek eneriji tiiketimi
Pirometalurji Her tiirlii LIB lizerinde Zehirli gaz olusumu
uygulanabilmesi
Basit islem Li ve Mn'1n geri kazanilamamasi
Yiiksek verim Yiiksek enerji gereksinimi
Dogrudan Geri Siire¢ sonunda elde edilen Calismalarin heniiz laboratuvar 6l¢ekli olmasi
Kazanim malzemenin direkt kullanilabilmesi
Diger yontemlere gore daha az Her LIB tiiriinde uygulanamamasi
cevresel etki
Diisiik enerji tiiketimi Yiiksek saflikta iiriin elde etme zorlugu

Atik LIB’lerin geri doniisiimiinde dncelikle fiziksel olarak ayrim gergeklestirilir. Mekanik aritim denilen
bu asamada piller katot, anot ve celik kasa gibi kisimlarina ayrilir ve ¢calismalar, degerli metallerin en
yaygin olarak bulundugu katot iizerinde yapilir. Katot malzeme icerisinde bulunan degerli metallerin
geri kazanimi icin hazirlanan literatiir ¢alismalari incelendiginde en ¢ok “hidrometalurjik” ve
“pirometalurjik” yontemlerin kullanildig1 gorilmiistiir.

4.1. Hidrometalurjik yontemler (Hydrometallurgical methods)

Atik LIB’lerden degerli gecis metallerini geri kazanabilmek icin li¢, ekstraksiyon, kristalizasyon ve
cokeltme gibi hidrometalurjik islemler tercih edilmektedir. Kobaltin geri kazaniminda en yaygin olarak
organik ve inorganik asitler yardimiyla li¢ yontemi tercih edilmektedir. Li¢ islemi metallerin geri
kazaniminin yani sira, ayni zamanda geri kazanilan degerli metalin kinetiginde artisi da saglamaktadir
[8]. Santosh vd. (2021)’'nin ¢alismasinda incelendigi tizere +3 degerlikteki Co’nun, li¢ islemi sonunda
+2 degerlige sahip oldugu ve kinetiginde artis gerceklestigi gézlemlenmistir [23]. Li¢ islemlerinin
verimliligini etkileyen faktorler; sicaklik, zaman, kullanilan asit ve indirgeyici maddenin tiirii, hacmi ve
miktari, katt - sivi orani olarak listelenebilir [4, 22]. Li¢ yonteminde, mekanik olarak ayrimi
gerceklestirilen atik pillerin katot malzemeleri alinarak organik veya inorganik asitler yardimiyla
sicaklik, kat1 - sivi orani (eger kullanilacaksa indirgeyici madde hacmi ve miktar1) ve zaman faktorleri
belirlenerek deneye tabi tutulan katot malzeme igerisinden Co’nun geri kazanimi
gerceklestirilmektedir (Sekil 5). inorganik asit olarak en ¢ok tercih edilen asitler siilfiirik asit (H2504)
(1), nitrik asit (HNOs), hidroklorik asit (HCI) olup, li¢ kinetiginin artmasi i¢in indirgeyici maddeler de
kullanilmaktadir (2). Tercih edilen organik asitler ise sitrik asit, malik asit ve askorbik asittir (3). En
yaygin kullanilan indirgeyici madde “hidrojen peroksit (H202)" tir. H202 +3 degerlige sahip Co’nun
+2'ye indirgenmesini saglayarak li¢ verimini artirmaktadir. Hidrojen peroksit disinda indirgeyici
olarak askorbik asit, laktoz ve glikoz da tercih edilmektedir.

| Mekanik Aritim | L AsitileLic | | Siizme, Coktiirme | L__Uriin Eldesi ]

Sekil 5. Li¢ yontemi genel akis semasi (General flowchart of leaching method)
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20LiNig gMng 5C00220,(s) + 30H,S0,(aq) = 12NiS0,(aq) + 4C0S0,(aq) + 4MnS0,(aq) + 10Li,S0,(aq) + 30H,0(1) + 50,(g)

1)
20LiNiggMng, ;C0o 2205 (s) + 30H,S0,(aq) + 2H,0, — 12NiS0,(aq) + 4CoS0,(aq) + 4MnS0,(aq) + 10Li,S0,(aq) + 32H,0(1) + 60,(g)
(2)
15LiNiggMngsC002205(s) + 90CsHg0; (aq) + 1/, Hy0,
= 3Ni3(CeHs07)2(aq) + Co3(CHs07)2(aq) + Mn3(CeHs04),(aq) + 5LisCeHs05(aq) + 323H,0 + 1140,y
(3)
Hidrometalurjik yontemlerle atik LIB’lerden kobalt geri kazanim ¢alismalarindaki kosullar Tablo 2’de 6zetlenmistir.
Tablo 2. Hidrometalurjik yontemlerle kobalt geri kazanimu ile ilgili ¢alismalar (Studies on cobalt recovery by hydrometallurgical
methods)
Asit indirgeyici Lig Siiresi, Kat1/S1v1 Sicaklik, Co Geri Kazanim Referans
saat Orani (S/L), °C Verimi, %
g/L
1,5 mol/L p-toluen %0,9 (v/v) H202 1 80 80 94 [24]
siilfonik asit
1 M asetik asit - 4 20 25 94 [25]
20 g/L tanik asit
0,02 M askorbik asit 0,5 M laktik asit 6 2 90 98 [23]
2,5 M H2S04 - 1 0,02 50 90 [26]
2 M H2S04 30 g/L hidrazin 1 50 80 96 [27]
stilfat (N2HeSO4)
1,5 M sitrik asit 0,5 20 95 95 (1,5 M sitrik [28]
asit)
1 M malik asit
98 (1 M malik asit)
1 M H2S04 %4 (v/v) Hz0: 1,5 30 70 98,5 [29]
1,5 M malik asit 0,6 g/g lizim 3 20 80 92 [30]
cekirdegi

Tablo 2’deki literatiir calismalari incelendiginde, hidrometalurjik yontemle kobalt geri kazanim
stirecinde inorganik asit kullaniminda daha ¢ok H2S04 kullanildigy, indirgeyici madde olarak ise yaygin
olarak H:0: tercih edildigi goriilmiistiir. Farkh sicaklik kosullar1 ve ¢ozelti hacimleri ve kati-sivi
oranlar ile yapilan ¢alismalarda %90'1n tizerinde geri kazanim veriminin elde edildigi goriilmiistir.
Organik asit kullanilarak gergeklestirilen hidrometalurjik yontemle geri kazanimda ise asit tiirleri
cesitlilik gostermekte olup, farkli ¢ozelti hacimleri ve sicakliklarda %90’1n iizerinde geri kazanim
verimi elde edildigi goriilmektedir.

4.2. Pirometalurjik Yontemler (Pyrometallrgical methods)

Pirometalurjik proseslerde, redoks reaksiyonlarini tetiklemek ve degerli metalleri saflastirarak
organik bilesenleri ve karbonu yakmak i¢in ytiksek sicakliklar (400°C - 900°C) kullanilir [31]. Yakma,
kalsinasyon ve piroliz, katot malzemelerini geri kazanmak icin gerceklestirilen 1s1l islemlerden
birkacidir [5]. Kimyasal reaksiyonlar1 engelleyen ve metal geri kazamim etkinligini azaltan PVDF ve
grafit gibi organik bilesenleri ortamdan uzaklastirmak i¢cin hidrometalurjik islemlerden 6nce de termal
On islem uygulanabilir. Ayrica 1s1l islem sirasinda organik baglayicinin uzaklastirilmasi, aktif maddenin
akim toplayicidan mekanik bir islemle ayrilmasini kolaylastirir. Literatiirde, PVDF baglayicinin ve
organik bilesenlerin uzaklastirilabilmesi i¢in alternatif yontemler arastirilmis ve n-metil-2-pirolidon
(NMP) ve benzeri iyonik sivilar gibi baz1 organik c¢oziiciilerle uzaklastirilabilecegi gézlemlenmistir.
Ancak kullanilan kimyasallarin yiiksek maliyeti ve meydana getirdigi olumsuz cevresel etkiler
kullanimda kisitlamalara neden olmaktadir [32].

Atik LIB’lerde pirometalurjik yontemler, kolay 6lgeklendirme ve islem siiresinin kisa olmasi nedeniyle
daha fazla tercih edilmektedir. Ayrica atik pillerden olusabilecek s1zint1 seklinde giivenlik problemi de
yoktur. Yakma ve piroliz siireglerinde meydana gelebilecek gaz olusumu emisyonlara neden
olmaktadir; ancak meydana gelen gaz toplanabilir [31, 32]. Pirometalurjik yontemler kullanilarak Co
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geri kazanimi i¢in yapilmis olan ¢alismalar ve ilave islemler Tablo 3’te listelenmistir.

Tablo 3. Pirometalurjik yontemlerle kobalt geri kazanimu ile ilgili ¢alismalar (Studies on cobalt recovery by pyrometallurgical

methods)
Yontem Sicaklik, °C  Siire,dk  Isitma hizi, ilave islem Co Geri Referans
°C/dk Kazanim
Verimi, %
Tavlama 500 120 10 4 M H2S04 99 [33]
0,1 g/mLS/L
80°C, 30 dk li¢
Karbotermal 700 60 10 Saf su 100 [34]
indirgeme 0°C
20 g/L, 90 dkli¢
Kalsinasyon 600 240 - 0,65 M Glisin 89 [35]
%5 H202
30g/LS/L
62,5°C, 2 saat lig
Piroliz 450 60 10 0,4 mol/L H2S04 99,5 [12]
20g/LS/L
80°C, 1 saat li¢
Piroliz 500 15 10 Ultrasonik temizleme %96,88 katot [36]
40g/LS/L geri kazanim
2 L/dk havalandirma verimi
hizinda yiizdiirme
Piroliz 550 15 10 1800 rpm hiz, 28°C sicaklik %98 katot geri [37]
40 g/L kati-s1v1 orani kazanim verimi
2 L/dk havalandirma hizi
n-Dodekan ve Metil izobiitl
Karbinol (MIBC) ile
ylzdlirme
Kalsinasyon 700 120 - 1,2 M Malik Asit 94,3 [38]
40g/LS/L
%1,5 (v/v) H20.
90°C, 30 dk li¢
Kalsinasyon 610 300 - 1,5 M laktik asit 98,9 [39]
%0,5 (v/v) H20.
20 g/L S/L

70°C, 20 dk lig

Tablo 3’teki calismalar incelendiginde, katot malzeme igerisinde bulunan PVDF baglayicinin katot
malzemeden uzaklastirlmasi igin piroliz, kalsinasyon, tavlama ve Kkarbotermal indirgeme
yontemlerinin tercih edildigi goriilmektedir. Piroliz uygulanan ¢alismalara bakildiginda ise yaygin
olarak 10°C/dk 1sitma hizinda N2 atmosferinde ¢ahsildifi gériilmiistiir. Incelenen diger literatiir
calismalar1 igerisinde PVDF baglayicinin, n-metil-2-pirolidon (NMP) ve iyonik swvilar ile
¢oziinebileceginden bahsedilmistir [31]. Ancak tercih edilebilecek ¢ozeltilerin yiiksek maliyetleri ve
safsizliklar1 giderme konusundaki eksiklikleri nedeniyle siire¢ icerisinde giderimi dl¢eklendirmek zor
olmaktadir. Ayrica NMP gibi organik ¢o6ziiciilerin kullanimi beraberinde olumsuz cevresel etkiler
meydana getirmektedir. Bu nedenle termal islemlerin varlig1 6nem kazanmaktadir.

4.3. Dogrudan geri kazanim (Direct recovery)

Dogrudan geri kazanim, orijinal bilesik yapilarini koruyarak LIB'lerin aktif malzemelerini dogrudan
toplamak ve geri kazanmak i¢in dnerilen bir geri kazanim ydntemi olup, pil malzemelerinin orijinal
kimyasal yapisini ve islem degerini dogrudan geri kazanarak ve yeniden kullanarak korumak i¢in bir
yontem olarak ortaya ¢ikmistir. Bu slirecte, ana geri kazanim "hedefi" olan aktif malzemelerin kimyasal
olarak parcalanmasini dnlemek icin pil bilesenleri oncelikle fiziksel ayirma yéntemleri, manyetik
ayirma ve 1limli bir termal islem kullanilarak ayristirilir. Dogrudan geri kazanim yaklasiminin baslica
avantajlar1 sunlardir:

e Nispeten basit bir stirec,

e  Aktif malzemelerin rejenerasyondan sonra dogrudan yeniden kullanilabilmesi,

e Pirometalurji ve hidrometalurjik yontemlere oranla daha diisiik emisyonlar ve daha az ikincil

kirlilige sahip olmasidir.

Dogrudan geri kazanim siirecinin baslica dezavantajlari ise su sekilde siralanabilir:
e Tam aktif malzeme kimyasina dayali titiz bir ayiklama/6n isleme gerektirmesi,
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e Tutarh yiiksek saflik ve bozulmamis kristal yapiy1 garanti etmenin zor olmasi ve bu durumun
akii endistrisinin gerektirdigi titiz standartlar1 karsilayamamasi,

e Simdiye kadar sadece laboratuvar 6lgeginde var olan kanitlanmamis bir teknoloji olmas;,

e Girdi akis1 degisikliklerine kars1 6nemli 6l¢iide hassas olmasi,

e Esnek olmayan bir stire¢ olmasidir [40].

Genel olarak, dogrudan geri kazanim stireci pirometalurjik ve hidrometalurjik siireglere oranla hem
ekonomik faydalara hem de daha az sera gazi emisyonuna sahiptir. Uretim atiklarin1 geri kazanmak
icin diisiik enerji tiikketimli dogrudan geri kazanim stireci kullanilabilir [41].

Dogrudan geri kazanim yontemi, 6n aritim, geri kazanim ve rejenerasyon olmak iizere ii¢ ana asamadan
olusmaktadir. Birinci asamada, iki adimli bir 6n aritim gergeklestirilmektedir. Birinci asamanin ilk
adiminda pillerin olusturabilecegi kisa devre gibi riskli durumlarin énlenmesi icin ¢ozelti icerisinde
bekletilerek pillerin bosaltilmasi saglanir. ikinci adimda ise bosaltilmis olan pilin icerisinden katot aktif
malzemenin alinabilmesi i¢in manuel olarak ayirma islemi gerceklestirilmektedir. Manuel olarak
ayirma isleminde ortaya cikabilecek gaz sorunlarinin olusmamasi igin siiperkritik sivi olarak CO:
kullanimiyla elektrolit ekstraksiyonu uygulanabilmektedir [42].

Bir diger 6n aritim yontemi olarak kabul edilen delaminasyon yénteminde ise katot malzeme diger pil
elemanlarindan manuel olarak ayrilir. Ancak bu siire¢ icerisinde de PVDF baglayic1 engel olarak cikar.
Bu yontem igerisinde de amag katot malzemenin icerisinden PVDF ve Al folyonun uzaklastirilmasidir.
PVDF termal olarak 350-600°C sicaklik araliginda katot malzemeden uzaklasir. Yapilan literatiir
taramalarinda 550°C’de azot gazi atmosferinde gerceklestirilen piroliz islemlerinde bu ayrilmanin
basarili oldugu goriilmiistiir [42].

Geri kazanim asamasinda ise piroliz sonunda elde edilen iiriiniin kopiik ile ylizdiiriilmesi saglanarak
islem sonunda katot malzemedeki hidrofilik ve grafit tozlar1 hidrofobik hale gelir. Képiik yilizdiirme
yontemiyle hidrofobik olan grafit tozlar1 hava kabarciklarina tutunarak képiik iiriinii olustururken,
katot malzeme hidrofil kisimda kalir. Bu stire¢ iki malzemenin birbirinden ayrilmasini kolaylastirir ve
ilerleyen asamalarda katot aktif malzemenin safliginda artis saglar [43].

Rejenerasyon asamasinda, siire¢ icerisinde geri kazanilan katot malzemenin elektriksel temas ve
kapasite kaybina ugramasi nedeniyle kapasitesinin eski haline getirilmesi i¢in islemler yapilmaktadir.
Bu islemler kati hal (solid-state), hidrotermal, redoks aracili, iyonotermal ve elektrokimyasal
relithitasyon (yeniden isleme) gibi rejenerasyon islemleridir. Kat1 hal relithitasyon isleminde, katot
malzemenin yeniden olusturulabilmesi icin lityum karbonat (Li2CO3) ve lityum nitrat (LiNO3)
reaktifleri kullanilmaktadir. Reaktiflerin yiiksek sicaklikta sinterlenmesi ile toz pargaciklari
yogunlasarak katot malzemenin yeniden olusumu saglanir [44]. Hidrotermal relithitasyonda ise kapali
bir hidrotermal reaktor igerisinde lityum igerikli ¢ozeltiler kullanilmaktadir. Kati hal yontemiyle
karsilastirildiginda bu yontemde daha diisiik sicaklikla islem yapilabilmektedir [45]. Redoks aracili
relithitasyonda, silirecte kullanilan lityum kaynaklar ile katot malzeme arasinda yiik degisimi
gerceklestirilir. Sicaklik, basing gereksinimini azaltmak ve malzemenin kinetigini iyilestirebilmek icin
hidrotermal relithitasyon ile birlestirilerek de uygulanabilmektedir [46]. lyonotermal relithitasyonda,
lityum kaynagi olarak iyonik sivilarin icerisindeki lityum tuzlar1 kullanilmaktadir. Ancak bu yontemde
katot malzemesinin iyilestirilebilmesi icin ek islemlere gerek duyulabilir [47]. Elektrokimyasal
relithitasyonda ise lityum igerikli ¢6zelti igerisinde katot malzeme, platin anot ve giimiis (Ag) ya da
giimiis kloriir (AgCl) referans elektrotlu ti¢lii bir sistem kurulmasiyla katot malzeme igerisine lityum
iyonlarinin yerlestirilmesi saglanir [48].

Dogrudan geri kazanim yontemlerinin uygulanmis oldugu calismalar Tablo 4’te verilmistir. Calismalara
bakildiginda sonuglarin metal geri kazanimi olarak degil var olan malzemenin kapasitesinin
iyilestirilmesi yoniinde uygulamalar yapildig1 goriilmistiir. Calismalarda dogrudan geri kazanim
yonteminin daha ¢ok, daha basit yapili piller tizerinde uygulandig1 gozlemlenmistir.
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Tablo 4. Dogrudan geri kazanim yontemleri ile ilgili calismalar (Studies on direct recovery methods)

Pil Tiirit Yéntem Sicakhik Zaman Verim Referans
NMC Termal Relithitasyon 950°C - 114 mAh/g kapasite [49]
LCO Hidrotermal Relithitasyon 180°C 2 saat 98 mAh/g kapasite [50]
LCO Hidrotermal 220°C 4 saat 141,9 mAh/g kapasite [45]
Tavlama 800°C 4 saat
NMC Hidrotermal 220°C 4 saat 122,6 mAh/g kapasite [51]
Tavlama 850°C 02 4 saat
atmosferi
LCO Li2COs ile Kat1 Faz Sinterleme 850°C - 140,1 mAh/g kapasite [52]
LCO Hidrotermal 80°C 6 saat 132,9 mAh/g kapasite [53]

3. SOIIU(,' (Conclusion)

Oniimiizdeki yillarda bataryalar ve LIB’lerin kullanim oranlarinin daha da fazlalasmasi, gerek Avrupa
Birligi Yesil Mutabakati gerekse Dongiisel Ekonomi Eylem Planlar1 kapsaminda degerli metal geri
kazaniminin 6neminin de artacagi anlamina gelmektedir. Bu artis beraberinde hammadde tedarigi, atik
olusumu ve maliyet gibi birtakim sorunlari da getirmekte dolayisiyla hem iilkeler hem de
arastirmacilar LIB’lerin icindeki degerli metallerin geri kazamimi ile ilgili ¢alismalarini
artirmaktadirlar.

LIB’lerin katot malzemelerindeki metaller hem ekonomik hem de miktar olarak olduk¢a énemlidir.
Katot malzeme icerisindeki degerli metallerden birisi olan kobalt, diinya ¢capinda kritik metal olarak ilk
10 element arasinda yer almaktadir. Kobaltin ¢ikarildig1 bélgelerin politik durumlari, miktar olarak da
sinirh  olmasi, hammadde tedarigi ve ekonomik acidan kobalti ithal eden iilkelere zorluk
olusturabilmektedir. LIB’lerden kobalt geri kazanimi, siirdiiriilebilir kaynak yonetimi agisindan
onemlidir.

Bu kapsamda, Avrupa Birligi'nde 28 Temmuz 2023 tarihinde yayimlanan Bataryalar ve Atik
Bataryalara iliskin Yénetmelik ile aktif malzemelerde bulunan ve batarya iiretim atiklarindan veya
tiiketim sonrasi atiklardan geri kazanilan kobalt, lityum, kursun veya nikelin ytizdelerini iceren
dokiimanin batarya ile birlikte sunulma yiikimliliigi gelmistir. Ayrica, ireticilerin endiistriyel,
elektrikli araglar ve belirli otomotiv bataryalarinda geri doniistiiriilmiis metal i¢in minimum ytizde
esiklerini de karsilamasi gerekecektir. Avrupa Yesil Mutabakati kapsaminda énemli bir basari olan bu
yonetmelik, bataryalari, malzemelerin tedarik edilmesinden toplanmasina, geri doéniistiiriilmesine ve
yeniden kullanilmasina kadar tiim yasam dongiileri boyunca siirdiiriilebilir hale getirerek AB'nin hem
dongiisel ekonomiyi hem de sifir kirlilik hedeflerini 6ne ¢ikarmaktadir. Yeni kurallar, Avrupa'nin temiz
enerjiye gecisini destekleyen ve yakit ithalatina bagimlilig1 azaltan, rekabetci ve stirdiiriilebilir batarya
endiistrisinin gelistirilmesini tesvik eden temel bir ¢erceve olusturmaktadir.

Sonug olarak, toplanan tiim bataryalarda 6zellikle bakir, kobalt, lityum, nikel ve kursun gibi degerli
metallerin geri kazanimi saglanmali ve daha verimli ve inovatif ¢6ziim 6nerileri gelistirilmelidir.
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ABSTRACT

In parallel with technological developments, the need for affordable, functional and sustainable
materials is increasing day by day. At this point, wood composite materials, which provide many
economic and environmental advantages compared to traditional polymer matrix composites,
attract great interest due to their functionality in a variety of engineering applications. In this
study, the structural properties of functional wood plastic composites were examined before the
sustainability analysis and the current market analysis was made by evaluating the usage areas of
these materials Furthermore, information about these materials' production methods is
presented, and approaches for improving material properties are evaluated. The literature review
compiled integrated information on the recent progress of these composites and the development
of material properties. Thus, by emphasizing the importance of wood-plastic composite materials
in terms of sustainability, it is aimed to provide researchers with a basis for the structural
properties, production technologies and sectoral trends of these materials.

Stirdiiriilebilir Ahsap Plastik Kompozit Malzemeler:
Hammaddeler, Yapisal Ozellikler, Uretim Siirecleri ve
Giincel Egilimler

0z

Teknolojik gelismelere paralel olarak, ucuz, fonksiyonel ve siirdiiriilebilir malzemelere olan
ihtiyag giin gectikge daha artmaktadir. Bu noktada, geleneksel polimer matris kompozitlere
oranla hem ekonomik hem de gevresel yonden pek ¢ok avantaj saglayan ahsap kompozit
malzemeler, farkli miihendislik uygulamalarinda islevselliklerinden otiiri yogun bir ilgi
¢ekmektedir. Bu ¢alismada, siirdirilebilirlik analizi oncesinde fonksiyonel ahsap plastik
kompozitlerin yapisal ozellikleri incelenmis ve bu malzemelerin kullanim alanlar
degerlendirilerek giincel pazar analizi yapilmistir. Ayrica bu malzemelerin iretim yontemleri
hakkinda bilgiler sunularak, malzeme o6zelliklerinin gelistirilmesine yonelik olarak
kullanilabilecek yaklagimlar degerlendirilmistir. Yapilan literatiir taramast ile bu kompozitlerin
giincel gelisimi ve malzeme 6zelliklerinin gelistirilmesi konularinda ulagilan biitiinlesik bilgiler
derlenmistir.

To cite this article: G. C. Bayram, G. Ozsin and B. A. Turkmen, “Sustainable Wood Plastic Composite
Materials: Raw Materials, Structural Properties, Production Processes and Current Trends,” Gazi Journal of
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1. Gll‘l§ (Introduction)

Cevresel ve ekonomik siirdiiriilebilirlik kavramlarinin glinimiizde gitgide 6nem kazanmasi nedeniyle
kompozit malzemeler alaninda da stirdiiriilebilirlik ¢calismalarina odaklanilarak bu konuda 6nemli gelismeler
kaydedilmistir. Basitce, 6nemli 6l¢iide farkl: fiziksel veya kimyasal 6zelliklere sahip iki veya daha fazla bilegsen
malzemenin bir araya getirilmesiyle olusan, ¢esitli kombinasyonlarla kendi yapisini olusturan bilesenlerden
farkli benzersiz 6zelliklere sahip bir malzeme olarak tanimlanabilen [1] kompozit malzemeler, yogun giinliik
ve endiistriyel kullanim talebine paralel olarak siirdiiriilebilir iiretim teknolojileri ve hammadde gereksinimi
gostermektedir. Bu nedenle, malzeme yapisi ile, strdirilebilirlik yaklagimlarinin analiz edilmesi bir
zorunluluk olarak géze ¢arpmaktadir.

Kompozit malzemelerin iiretiminde, bu malzemeleri olusturan her bir bilesenin tek basina sahip oldugu
ozelliklerden daha fazla tstiin 6zelliklere sahip olacak sekilde tasarlanip, iiretilmesi ya da maliyet avantaji
saglayacak sekilde tiretimi amaglanmaktadir [2-4]. Boylelikle geleneksel malzemelerin 6zelliklerinin yetersiz
kaldig1 durumlarda bilesenlerin sinerjik etkilerinden de faydalanarak pek ¢ok gelismis fiziksel ve kimyasal
ozellikler elde edilebilmektedir [5,6]. Ornegin, tokluk, hafiflik, korozyon direnci gibi malzeme 6zelliklerinin
iyilestirilmesini amaglayan pek ¢ok kompozit malzeme tasarimlar yapilarak, farkli uygulamalar i¢in bu
fonksiyonel malzemeler tercih edilmektedir [1-6].

Kompozit malzemeler 6zelinde, bu ¢alismada odaklanilan ahsap-plastik kompozit (APK) malzemeler, plastik
malzemeler veya masif ahsap gibi geleneksel malzemelerle kargilagtirildiginda bircok avantaj sunmaktadirlar.
Ornegin, bu malzemelerin iiretim siirecine ikincil atiklarin, aga liflerinin, yenilmeyen biyokiitle pargalarinin
katilmas: ile yerel kaynaklarin kullanimi saglanarak, karbon ayak izi azaltilabilmekte, enerji verimliligi
arttirilarak, uzun kullanim émriine sahip olan, dayanikli fonksiyonel malzemeler elde edilebilmektedir. Fakat
bu malzemelerin siirdiriilebilirlik performanslarmin malzemelerin tedariki, {iretim siiregleri, yapida
kullanilan ahsap ve polimer fazlari, katki maddeleri, kullanim 6mrii sonu bertaraf secenekleri, tiriin tasarimi
ve bu kompozitlerin nihai uygulama alanlar: gibi gesitli faktorlere bagh olarak degistigi de bilinmektedir. Bu
nedenle, herhangi bir malzeme grubunda oldugu gibi, APK’lerin gevresel etkilerini ve faydalarini tam olarak
anlamak i¢in bu malzemelerin yapisi, Ozellikleri ve iiretim yontemleri incelenerek kapsamli bir yasam
dongiisti degerlendirilmesi yapilmasi son derece 6nem arz etmektedir. Bu ¢alismada, hammaddeler, tiretim
slireci, uygulama alani ve alandaki gelismeler ve yenilikler de dahil olmak {izere APK malzemeler hakkinda
giincel bilgiler derlenerek sunulmustur. Béylece, hammadde tedariginden, iretim siirecine, uygulama
alanlarma ve pazar egilimlerine kadar stirdiiriilebilir ¢6ziimlerin gelistirilmesi, Ar-Ge yoluyla inovasyonun
tegvik edilmesine katkida bulunulmasi amaglanmigtir.

2. Kompozit Malzemeler ve APK Malzemeler (Composite Materials and WPC Materials)

Teknolojik ilerlemeler, malzemelerin 6zelliklerinin, dayamikhiliginin, islevselliginin ve gelistirilmesine ve
cesitlendirilmesini gerektirmektedir. Bu noktada, fonksiyonel kompozit malzemelerin, malzeme niteliklerini
iyilestirme kapasitesinden dolay1 bu ¢esit malzemelere olan talep giinden giine artmaktadir. Geleneksel
malzemelerle kiyaslandiginda daha genis uygulama alanlari i¢in uygulanabilir kompozit malzemeler, temel
olarak, kompozit malzemeler matris (regine) ve takviye edici malzeme olmak tiizere iki bilesenden
olugsmaktadir. Matris yap1 (faz) elemani (materyal) uygulanan bir kuvveti ara ylizey bag: yoluyla takviye edici
faza iletir ve dagitir. Boylece kompozit icinde bulunan takviye fazini planlanan sekilde tutarak uygulamalar
esnasinda  karsilagilabilinecek  olast  tahribati  Onleyebilmektedir. Matris  genellikle —siineklik,
sekillendirilebilirlik ve termal iletkenlik gibi belirli fiziksel ve mekanik 6zelliklere sahip nispeten yumusak bir
faz olarak goriilmektedir ve kompozit igerisinde hacimsel olarak ¢ogunlukta olan bilesen olup, konumlarin:
koruyarak takviye malzemelerini ¢evrelemektedir [7]. Takviyeler ise matris ozelliklerini gelistirmek i¢in
yapida yer almaktadir ve sahip oldugu ozelliklerini tasarlanan kompozit malzemeye tagimaktadir [8, 9].
Kompozit icerisinde bulunan takviye malzemeleri elyaf ve partikiil gibi farkli morfolojik 6zelliklere sahip
olabilirken, kompozit malzemelerin siiflandirilmasi matris fazi da goéz Oniinde bulundurularak
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yapilabilmektedir. Kompozit malzemelerde kullanilacak takviye ile uyumlu olarak kullanilmasi gereken
matris, temel olarak takviye malzemelerini hasardan koruyabilecek uygun diisiik yogunluga ve mukavemete
sahip malzeme gruplarindan se¢ilmektedir [10-12].

Yapilarinda farkli malzeme gruplar1 barindiran kompozit malzemelerin siniflandirilmas: farkh kistaslar goz
oniinde bulundurularak yapilabilmektedir [13,14]. Sekil 1’de verildigi tizere bu konudaki en temel
siniflandirma, kompozitte kullanilan matris malzemesinin ¢esidine gore yapilmaktadir. Buna gore
kompozitler metal matrisli kompozitler, seramik matrisli kompozitler ve polimer matrisli kompozitler gibi alt
gruplara ayrilmaktadir. Takviye ¢esidine gore yapilan siniflandirmada ise, fiber takviyeli kompozitler, partikiil
takviyeli kompozitler ve lamina takviyeli kompozitler gibi kompozit gruplari yer almaktadir. Ayrica,
nanoteknolojideki gelismelere paralel olarak, nano 6l¢ekli takviyelerden olusan kompozitler de ayr1 bir
siniflandirmaya tabi tutularak nanokompozitler olarak adlandirilmaktadir. Bu siniftaki nanokompozitler bile
geleneksel kompozitler gibi matris ve takviye tiplerine gore ayr1 bir siniflandirma igine katilabilmektedir [15].
Son olarak ise, dogada kolayca bulunabilen “dogal kompozitler” olarak adlandirilan baska bir siniflandirma
da literatiirde siklikla karsilagilan bir bagka terminolojidir [13]. Bu tanim aslinda, sentetik olarak endiistriyel
islemlerden gecerek insan eliyle iiretilmeyen, dogada kendiliginden bulunan dogal malzemelerin matris ve
takviye olarak kullanildigi kompozitleri igine alarak, ahsap, kemik, biyolojik lifler gibi fakli malzemeleri
yapisinda bulundurabilir [16].

Kompozit malzemeler i¢cinde 6nemli bir grubu olusturan polimer matris kompozitler karbon, cam, Kevlar,
metal fiberlerin gibi farkli takviyelerin termoset veya termoplastik matrise dagitilmas: ile elde edilmektedir
[17,18]. Bu kompozitler kolay kullanim teknikleri ve basit imalat yontemleri nedeniyle diisitk maliyetli olarak
tretilebilmekte ve pek ¢ok uygulamalarda kullanilabilmektedir [19, 20]. Polimer matrisler hafif, yumusak ve
viskoelastik malzemeler oldugu i¢in yapida ozellikle yiik azaltma amaciyla 6nemli avantajlar saglamaktadir
[21]. Bu kompozit malzemelerin i¢inde yer alan APK’ler ise lignoseliilozik yapidaki dogal malzemeler ile
plastiklerin kombinasyonlar: ile elde edilmektedir.

Kompozit malzemeler

.............................................................................................................................

1 4 4 1

i Metal matrisli

kompozitler i 1% Fibertakviyeli
# Seramik matrisli kompozitler I P
kompozitler i i Parcack takviyeli ¢ » Nanokompozitler i i% Dogal kempozitler
# Polimer matrisli i kompozitler » Makrokompozitler » Sentetik kompozitler
kompozitler © 1% Laminer takuiyeli HE
i » Karbon matrisli : ¢ kompozitler
kompozitler I

Sekil 1. Kompozit malzemelerin smiflandirilmasi (Classification of composite materials)
3. APK Malzemeler (wpC Materials)

APK terimi bitki lifleri ve termosetler veya termoplastikler iceren kompozit malzemeyi ifade etmektedir.
Yaygin olarak bu kompozitlerin iiretiminde, odun ya da ahsap unlarinin veya fiberleri ile termoplastik esash
polietilen (PE), polipropilen (PP), polilaktik asit (PLA), polivinilkloriir (PVC), polietilen tereftalat (PET) ve
polistiren (PS) polimerleri kullanilabilmektedir [22]. Ayrica APK’lerin iiretiminde geri donistiiriilmiis
polimerlerin de kullanilmas: ile hem c¢evresel hem de ekonomik bakimdan biiyiik bir avantaj elde
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edilebilmektedir [23]. APK, kendisini olugturan plastik ve ahsaba kiyasla daha iistiin 6zelliklere sahip olmasi
dolayisiyla tiim diinyada genis kullanim alanlarina sahiptir. Bu ustiin 6zellikler arasinda plastik malzemeye
kiyasla daha diigiik maliyetli olmalar1 ve dogada daha kolay bozularak ¢evre dostu olmalari, ahsap malzemeye
kayasla ise daha iyi boyutsal dayanikliliga sahip olmalari yer almaktadir. Ayrica bu malzemeler istenilen boyut
ve sekilde, farkli renk ve dokuda tiretilebilmeleri, ¢atlamalara, mantarlara ve boceklere kars1 daha dayanikli
olmalari ve geri doniistiiriilmiis ve/veya atik malzemelerden iiretilebilmeleri nedeniyle de pek ¢ok uygulama
i¢in 6nemli avantajlar saglamaktadir [24, 25]. Bu nedenle APK’ler iizerine giinimiizde yogun arastirmalar
yuritillerek bu yapilarin ozelliklerinin gelistirilmesi, yeni receteler hazirlanarak hedeflenen bilesimin
endistriyel tretim siirecine katilmasi ve mevcut APK malzemelerin {iretiminin optimizasyonunu
hedeflenmektedir. Sekil 2’de son yillarda APK malzemeler hakkinda yiiriitiilen bilimsel ¢aligmalar ve alinan
patent sayilar1 verilmistir. Sayisal sonuglar incelendiginde, polimer kompozitlere oranla, bu APK’ler hakkinda
yiiriitiilen ¢alismalarin giiniimiizde halen yeterli seviyeye ulasmadig belirtilebilir. Ozellikle bu APK’lerin
gelecegi hakkinda yapilan tahminlemelere goére talep ve iretiminin artacagi da gbz Oniine alinarak
arastirmacilarin bu konuda daha siirdiiriilebilir tiretim teknolojilerine, hammadde kullanimina ve ¢evre-
dostu iiretim proseslerine odaklanmalar1 gerekmektedir. Ornegin Fortune Business Insights tarafindan
yapilan pazar aragtirmalari, APK pazar buyikliginin 2019°da 4,77 milyar ABD Dolar1 oldugunu ve bu
pazarin tahmin doneminde yaklagik %8,6’lik bir bilesik yillik biiytime orani1 (CAGR) sergileyerek 2027 yilina
kadar 9,03 milyar ABD Dolara ulasacagini gostermistir [26]. Precedence Research tarafindan yapilan bir bagka
aragtirmaya gore ise kiiresel APK pazar buytkliigiiniin 2030 yilina kadar yaklagik 17,56 milyar ABD dolara
ulagacagi tahmin edilmekte ve 2022 ve 2030'dan itibaren %12,38lik birlesik yillik biiylime oran: sergileyecegi
ongoriulmektedir [27]. Pazar hacmindeki artis tahminlemelere paralel olarak, bu konuda yapilacak aragtirma-
gelistirme ¢aligmalarinin da artacagi beklenmektedir. Bu noktada kaginilmaz olarak hem aragtirmacilarin hem
de sanayicilerin endistriyel ve cevresel siirdiiriilebilirlik kistaslarina odaklanmasi bir zorunluluk haline
gelmigtir. Sekil 3’te ise APK malzemeler hakkinda yiiriitilen bilimsel ¢aligmalarin bibliyometrik analizini
gerceklestirebilmek i¢in 2020-2024 (Subat) arasinda Web of Science’da bulunan téim veri tabanlarindan elde
edilen bilgiler islenerek bir kelime ag haritasi olusturularak, son yillarda bu konularda ¢alisilan anahtar
kelimeler analiz edilmistir. Sekilde bu konulardaki yapilan c¢aligmalarin malzemenin performansini

gelistirmek {izere yogunlastig1 saptanmustir.
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Sekil 2. Yillara gore polimer kompozit (PK) ve APK icerikli yayinlanan makale sayilar1 (a) ve APK malzemeler hakkindaki patent
sayilari [28-30](Number of articles published on polymer composite (PK) and APK content by years (a) and number of patents on APK materials)
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Sekil 3. 2020-2024 yillar1 arasinda veri tabanlarinda bulunan APK malzemelere iliskin kelime madenciligi analizi
(Word mining analysis of APK materials found in databases between 2020-2024)

3.1. APK malzemelerin uygulama alanlar1 (Application fields of WPC materials)

APK malzemelerden imal edilen endiistriyel parcalar son derece genis uygulama alanina sahiptir. Bu
malzemeler, geleneksel kompozitler, polimer malzemeler ve ham ahsap esash malzemelerle
karsilagtirildiginda, siirdiiriilebilirlik, kalite ve maliyet bakimindan 6nemli avantajlar sagladig icin, bir¢ok
alanda geleneksel malzemelere ve geleneksel kompozitlere ikame olarak kullanilabilmektedir. Ayni zamanda
APK malzemelerin, koruyucu maddelerle islenmis masif ahsap veya ¢iirimeye dayanikl tiirlerden masif
ahsap malzemelere daha az bakim gerektirdigi bilinmektedir. Bu nedenle, ingaat, mobilya, otomotiv,
elektronik endiistrilerde ve kaplama ile paketleme uygulamalarinda APK malzemeler yaygin olarak tercih
edilmektedir. Bunlarin yani sira, spor ve miizik aletleri yapiminda da APK pargalar sikhikla
kullanilabilmektedir. Ornegin, lamine kayak malzemeleri, golf malzemeleri, hokey ve beyzbol sopalarinin
uretiminde APK malzemeler yer almaktadir. Miizik aletlerine 6rnek olarak ise, nefesli ve telli algilarin
imalatinda bu kompozitlerin kullanimi siralanabilir. Yap: malzemelerinde ahsap plastik kullanimina y6nelik
uygulamalar arasinda ise, elektrik direkleri, citler, giiverteler ve bina dis cephe kaplamalar1 gibi uygulamalar
yer almaktadir [31-36].

APK iretim teknolojilerinin siirdiiriilebilirligi ve iiretim maliyeti; teknolojik gelismelere paralel bir sekilde
diistik maliyetli iiretim yontemleri ve talas artiklarinin kullaniminin artmasi ile giderek artmaktadir. Ayrica,
endiistriyel malzeme iiretim tesisleri tizerinde siirekli artan petrol fiyatlar1 nedeniyle ve petrol-esasli polimer
malzemelerin kullaniminin azaltilmasi yoniinde baskilar olusturmaktadir. Ozellikle otomotiv ve ulagim
araglarinin imalatinda yenilenebilir biyokiitle malzemelerin hammadde olarak kullanimi ile daha gevre dostu
ve digitk maliyetli APK malzemelerin gelistirildigi dikkat ¢ekmektedir. Bu sektorlerde daha yiiksek
performans, daha iistiin giivenlik, daha yiiksek konfor, daha ¢ok yakit tasarrufu ve daha diisiik tretim
maliyetlerine ulagilmas: istenilirken, ¢evre dostu teknolojilerin daha ¢ok kullanilmasi yoniinde toplumsal
baskilar da giin gectik¢e artmaktadir. Otomotiv sektoriinde ahsap kompozit malzemeler kontrol panellerinde,
kap1 panellerinde, raflarda, koltuk minderlerinde, koltuk sirthiklarinda, kabin kaplamalarinda, bagaj
halilarinda, bagaj yan giydirme ve sapkaliktaki gibi trim pargalarinin imalatinda siklikla kullanilmaktadir.
Teknik agidan bakildiginda, bu kompozitler aracta mekanik mukavemeti ve akustik performans: artirmakta,
malzeme agirhigini ve yakat tiiketimini azaltmaktadir. Ayrica, gelistirilen malzeme yapilariyla cam elyaf ve
karbon esash kompozit ve hatta metal parcalarin yerini alma potansiyeline sahiptir.
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APK kompozit malzemelerin, katma degere sahip teknolojik iiriinlerde kullaniminin giin gegtikce
yayginlasmasi ile hem endiistriyel imalat sektoriinde hem de kirsal alanlarda ¢aligan insanlar i¢in de ekonomik
kalkinmaya onemli bir katk: saglanmaktadir. Bu nedenle, APK malzemelerin kullaniminin giinden giine
artmast ve yeni kullanim alanlarinin yaratmasi hem modern yasamda sagladig avantajlar hem de cevresel ve
sosyoekonomik faydalar1 nedeniyle son derece 6nem arz etmektedir [25, 37].

3.2. APK iiretiminde kullanilan hammaddeler (Raw materials used in WPC production)

APK malzemeler temelde iki ana bilesenden olusmaktadir. Bunlar termoplastik ya da termosetlerden
polimerler ve lignoseliilozik biyokiitledir. Bunlarin yaninda, malzeme ozelliklerini gelistirmek i¢in cesitli
katkilar ve dolgular da yapiya eklenmektedir. Lignoseliilozik biyokiitle, adindan da anlagilabilecegi gibi lignin,
seltiloz ve hemiseliilozdan olusan dogal bir kompozit malzeme yapisindadir. Ahsap terimi ise genel olarak
agag govdesinden elde edilen sert odunumsu biyokiitleleri tanimlayan bir terim olarak kullanilmaktadir. Fakat
APK ftretiminde hem sert odunumsu (hardwood) hem de yumusak odunumsu (softwood) biyokiitle
kaynaklar1 kullanilmaktadir. Bu nedenle literatiirde bu konuda bir ikilem meydana gelmesine ragmen giinlilk
pratik kullanima uygunlugundan dolayr APK terimi siklikla tercih edilmektedir. Sert ve yumusak odunsu
biyokiitle tanimi dogrudan biyokiitlenin mekanik saglamligini tanimlamasa da genel olarak biyokiitlenin
ozelliklerini yansitmaktadir. Yumusak odunsular, igne ve ignemsi yapraklara sahip biyokiitlelerdir ve
genellikle daha diisik yogunluklara sahiptir, agik renkli yapidadir. Yumusak odunsular, genellikle sert
odunsulardan daha hizl bityiirler ve daha kolay islenebilirler. Ornegin, gam, koknar, ladin, karagam ve sedir
agaglar1 yumugak odunsular arasinda yer alir. Sert odunsular ise genellikle genis yapraklari ve koyu renklidir.
Sert odunsular, yumusaklardan daha yiiksek yogunluklara ve daha kalin hiicre duvarlarina sahiptirler.
Ornegin, mese, disbudak, karaagag, kayin, hus agac1 gibi kaynaklar sert odunsular arasinda yer almaktadir
[38]. Sert veya yumusak siniflandirmasindan bagimsiz olarak tiim biyokiitle kaynaklar: heterojen ve anizotrop
yapidadir. Kimyasal olarak lignin, seliiloz ve hemiseliiloz temel bilesenlerinin yani sira biyokiitle kaynaklar:
yapisinda ¢ok az miktarda su, diisitk molekiil agirlikli organik ekstraktifler ve inorganikler de igermektedir.
Sekil 4de yumusak odunsu ve sert odunsu biyokiitlenin yapisal farkliliklar: ile biyokiitlenin biyokimyasal
bilesimi gosterilmistir.

Biyokiitlenin yapisinda lignin ve hemiseliiloz mikrofibrilleri, kristalin selilloz tarafindan cevrelenmis bir
sekilde bulunur. Seliiloz ags: bir yapida olan ve biyokiitlede mikrofibriller halinde olan bir biyopolimerdir.
Hemiseliiloz ise heterojen ve amorf bir yapida olan dallanmig bir molekiildiir. Hemiseliiloz, her bir seliiloz
mikrofibrilinin yilizeyine kovalent olmayan baglarla sikica baglanmus bir sekilde bulunur. Lignin ise biiyiik ve
capraz bagli, amorf polimerik yap1 olup, hemiseloz molekiillerine kovalent baglarla baghdir [39-42].

APK’lerin iiretiminde odun partikiil ve liflerinin yaninda gesitli tiirlerde tarimsal bitki atiklari, kenevir ve
kenaf gibi tabii lifler de kullanilabilmektedir. Cogunlukla lifsi yapidaki biyokiitle kaynaklari; cesitli
meyvelerden (pamuk, hindistan cevizi lifi), bitki saplarindan (jiit, kenevir, kenaf) ya da yapraklarindan (sisal,
kendir) elde edilmektedir [43,44]. Guniimiizde farkli atik biyokiitle kaynaklarinin APK yapisinda hem
endiistriyel olcekte hem de arastirma amaciyla kullanim 6rnekleri bulunmaktadir. Tablo 1’de de
goriilebilecegi gibi malzeme tiretiminde biyokiitle kullanimi, geleneksel fosil yakit bazli malzeme tiretimine
strdiriilebilir ve ¢evre dostu bir alternatif sunmaktadir. Fakat endiistriyel uygulanabilirlik agisindan,
biyokiitle kaynaginin kompozit igerisindeki performansinin yani sira bu kaynagin ucuz bir gekilde tedariginin
stirdiirtilebilmesi géz ontinde bulundurulmas: gereken en 6nemli kistas olarak goze carpmaktadir. Bu
nedenle, endiistriyel {iretim tesislerinde bolgesel olarak temininde sikinti yagsanmayacak biyokiitlelerin
islenmesi tercih edilmektedir.
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Bitki hiicresi

Sekil 4. Yumusak odunsu (a) ve sert odunsu (b) biyokiitle yapist ile biyokiitlenin biyokimyasal bilesimi (c) [39].

(Softwoody (a) and hardwoody (b) biomass structure and biochemical composition of biomass)

APK tretiminde kullanilan lignoseliilozik biyokiitle kimyasal yapisi nedeniyle tipik olarak polar,
hidrofiliktirler. Polimer matrisi ise genellikle polar olmayan ve hidrofobik bilesiklerdir. Sonu¢ olarak, bu
temel farklilik nedeniyle biyokiitlenin 1slanabilirligini gelistirmek i¢in ¢ok sayida modifikasyon yontemi de
APK’lerin gelistirilmesi siirecinde aragtirilmaktadir. Dolgu maddelerinin ve polimer matrislerin yiizeylerini
iyilestirmek igin uygulanabilecek modifikasyon yontemleri fiziksel ve kimyasal yontemler olarak
siniflandirilir [45-47]. Ahgap ile polimer matris arasindaki uyumlulugu arttirmak, mekanik ozellikleri
gelistirmek, dayaniklilig arttirmak ve istenilen performans 6zelliklerine ulasmak modifikasyon tekniklerinin
amacidir. Kurutma, 6gilitme, ylizey piiriizlendirme gibi uygulanacak fiziksel 6n islemler, biyokiitlenin nem
icerigini azaltma, biyokiitlenin matris icindeki dagilimini arttirma ve biyokiitlenin ylizey alani arttirilarak
polimer ile daha iyi yapigmay: saglamayr amaglamaktadir. Kimyasal modifikasyon, modifiye edici kimyasalin
ahsabin mikro yapisina niifuz etmesini gerektirir. Uygulanabilecek kimyasal islemler sonucu, kimyasallarin
hiicre duvarlarinda ve/veya ahsabin liimenlerinde birikmesi ve lignoseliilozik yapi ile etkilesmesi gerceklesir
[48]. Alkali iglemler, silanlama, asetilasyon, peroksit islemi gibi kimyasal modifikasyon islemleri gibi
biyokiitlenin yiizey kimyasina etki ederek matrisle daha iyi etkilesim saglamay1 amaglamaktadir [49-54].
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Tablo 1. Lignoseliilozik biyokiitlenin APK malzeme firetim siireglerine katilmasinin sunacag avantajlar

(Advantages of incorporating lignocellulosic biomass into WPC material production processes)

Sonlu olan ve sonunda tiikenecek olan fosil kaynaklarin aksine, biyokiitle stirekli olarak

Yenilenebilir olmas1
biiyiitiilebilir ve hasat edilebilir.

Biyobozunur olmasi Mikroorganizmalar tarafindan biyolojik olarak pargalanabilmesi nedeniyle biyokiitle ¢evre
dostu bir malzemedir.

Karbon nétr olmasi Biyokiitle, biiytidiikge atmosferdeki karbondioksiti emer ve bu da kullanimi sirasinda olugan
emisyonlar1 dengelemeye yardima olur. Dolayisiyla, biyokiitle tiretimi ve kullanimu,
geleneksel fosil yakit bazli malzeme iiretimine kiyasla sera gaz1 emisyonlarim 6nemli dlgiide
azaltabilir.

Cok yonlii ve ¢ok gesitli olmasi Farkli biyokiitle gesitleri malzeme tiretimi igin hammadde olarak veya dogrudan kullanimi ile
¢ok yonlii bir malzeme kaynagidir. Boylece geleneksel malzemelere stirdiiriilebilir
alternatiflerin tiretilmesine olanak tanir ve mevcut malzeme teknolojilerine uyum saglar.

Yerel kalkinmay1 desteklemesi Biyokiitle, yerel olarak yetistirilebilir ve hasat edilebilir, bu da uzun mesafeli nakliye ihtiyacin
ve buna bagli emisyonlari azaltir. Bu ayn1 zamanda yerel ekonomik kalkinma ve is yaratma
icin firsatlar yaratir.

Eldesinde diisiik enerji Biyokiitle esash malzemelerin fosil kaynakli iiriinlerin tiretiminden daha az enerji gerektirir,

gerektirmesi bu da sera gaz1 emisyonlarini ve yenilenemeyen kaynaklarin kullanimini azaltir

Atik minimizasyonuna katk: Diizenli depolama alanlarina génderilecek olan gida, tarimsal ve ormancilik atiklarinin

saglamasi malzeme iiretim kullanilabilecek degerli bir kaynak yaratilmas: bu atiklarin gevresel etkisini

azaltir.

APK malzemelerin iretiminde polimer hammaddeleri agisindan, termoplastikler, termosetler ve
elastomerleri igeren bir¢ok farkli polimer tiirii kullanilabilir. Ancak dikkate alinmas: gereken temel husus
kullanilacak polimerin ¢alisma sicakligidir. Ahsabin kompozit icinde islenmesiyle getirilen sinirlamalar
nedeniyle, APK’lerin tiretimi i¢in yalnizca 200 °@in altindaki sicakliklarda islenebilen polimerler iiretimde
kullanilabilir [55]. Yaygin olarak yiiksek yogunluklu polietilen (HDPE), diisiik yogunluklu polietilen (LDPE),
Poliamid (PA), polipropilen (PP), polivinil kloriir (PVC), polistiren (PS), APK malzemelerin iiretiminde
kullanilabilmektedir [56, 57]. Sicaklik karsisinda sergiledigi davranis bakimindan termoplastikler siklikla
tretimde kullanilmasina ragmen termosetlerin kullanildig1 APK iiretimlerine de rastlanmaktadir. Termoset
polimerler 1sitildiginda erimeyen veya yumusamayan yapiya sahiptirler ve bu yapilarin ¢ok yiiksek sicakliklara
wsitilmastyla polimer yapisi bozunur. Epoksi, polivinil ester, polyester, poliiiretanlar, fenolik, formaldehit gibi
151 ile sertlesen polimerler, ahsap kompozit uygulamalarinda kullanilarak elde edilen malzemeye dayaniklilik,
termal kararhilik, dolgu maddesinin 1slanabilirligi, elektrik ve 1s1 yalitimi, siirtinme direnci, kimyasal direng,
viskozite ve molekiiler ¢apraz baglanma agisindan avantajlar saglayabilmektedir. Epoksi polimer recineler ise
dolgu maddeleriyle iyi arayiizeyde baglanmasi, diisiik viskoziteye sahip olmasi, daha yiiksek islanabilirlik,
termal kararlilik ve mekanik performans gostermesinin yani sira kiirlemeden sonra diigiik ¢cekme ve daha iyi
kimyasal direng gostermesi gibi sergiledigi avantajlar nedeniyle mevcut termosetler arasinda tercih
edilebilmektedir [58]. Ozetle iiretilecek kompozit yapinin nihai kullanim amaci dogrultusunda polimer
tercihi ve malzeme tasarimi yapilmaktadir. Ayrica yine nihai tiriin 6zellikleri géz éniinde bulundurularak
farkli polimerlerin sentezi ve ahsap polimer kompozitlerdeki performansinin incelenmesi ¢aligmalar: da
yuritiilmektedir. Geri doniistiiriilmiis polimerlerin kompozitlerdeki performanslarinin incelenmesi ise son
yillarda ahsap kompozit malzeme iiretiminde odaklanilan konular arasinda yer almaktadir [59-61]. Bu
caligmaklar atik polimerlerin {riin dongiisiine geri katilarak dongiisel ekonomiye katki saglanmasini ve
endiistriyel simbiyozun desteklenmesini hedeflemektedir.

APK malzemelerinde kullanilabilecek dolgu maddeleri organik ve inorganik yapida olabilmesine ragmen,
tretimde genellikle inorganik dolgu materyalleri tercih edilmektedir. Dolgular, son #riin maliyetini
azaltmanin yani sira ilave edildikleri tirtinlerin 6zelliklerinin yapisini bozmayacak sekilde tercih edilmektedir.
Bu maddeler, genel olarak kompozit bilesimine katilarak 6zgiil agirlik, elastik modiil, basma direnci, egme
direnci, sertlik gibi degerlere mekanik 6zellikleri etkiler. Kalsiyum, talk, kalsiyum karbonat, aliiminyum
silikat, kil, cam dolgu, metal oksit benzeri maddeler, siklikla kullanilan dolgu maddelerine 6rnek verilebilir.
Katki maddeleri ise APK’lerin ¢esitli amaglar i¢in kullanilabilmesini saglayan olduk¢a 6nemli bilesenleridir.
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APK malzemelerde kullanilan katki maddeleri arasinda yaglayicilar, reoloji kontrol katkilari, baglayicilar,
stabilize ediciler, yogunluk azalticilar, biyositler, alev geciktiriciler, duman bastiricilar, renklendiriciler gibi
farkli amaglarla kullanilan malzemeler yer almaktadir. Yapiya ¢ok az miktarda etkilen bu katkilar, nihai tirtin
ozelliklerini bityiik 6l¢iide degistirebilecek niteliktedirler. Ozellikle uyumlastiricilar olarak da bilinen baglayici
ajanlar, farkli yapida olan polimerik ve lignoselillozik malzemelerin homojen bir sekilde karigimini saglayarak
nihai iriinde istenen yapiy: saglamak agisindan son derece 6nem tagimaktadir. Glintimiizde maleik anhidrit
grafted polipropilen (MAPP) ve maleik anhidrit grafted polietilen (MAPE) bu amagla yaygin olarak kullanilan
kimyasallardandir [62-64].

3.3 APK malzemelerin iiretiminde kullanilan yontemler (Methods used in the production of WPC materials)

Genel olarak APK malzemelerin iiretimi eriyik polimerin lignoseliilozik biyokiitle ve uygun katk: ve dolgu
malzemelerin karigtirlmasi ile dretilir. Fakat tiretim 6ncesinde biyokiitle ve polimer arasindaki ara yiizey
ozelliklerini iyilestirmek ve biyokiitlenin hidrofilik yapisin1 modifiye etmek icin biyokiitle bazi 6n isleme tabi
tutulmaktadir. Bu 6n islemler kimyasal, mekanik ve termal yontemler olabilmektedir. Bu 6n islemlerden,
kimyasal islemlerin ¢evresel etkileri nedeniyle gerekmedikge tercih edilmezken, mekanik ve 1s1l yontemlerin
uygulanmasi ana iglem basamaklarindan 6nce genellikle yapilmaktadr.

Kimyasal 6n islemler bitkisel lifler ve polimer arasindaki 1slanma 6zelliklerini iyilestirmeyi, esnek ve sert bir
ara ylizey tabakasi olusturmayi, gelismis capraz bagl ara ylizey gelistirmeyi, polimer/lif 1slanmasini artirmay1
ve liflerin yiizey enerjisini degistirmeyi amagclayabilir. Bu amaglar dogrultusunda kimyasallar ya polimerdeki
fonksiyonel gruplarla ya da biyokiitle {izerindeki hidroksil gibi fonksiyonel gruplarla tepkimeye girer.
Mekanik islem yontemleri ise liflerin polimer matris ile baglanma 6zelliklerini gelistirmek i¢in agag liflerinin
ylizey ve yapisal 6zelliklerinin degistirilmesini amaglamaktadir [65]. Hidrofilik g6zenekli bir yapiya sahip olan
biyokiitle yapisinda hidroksilin de oldugu farkli fonksiyonel gruplar1 bulundurur ve hidrojen bag: ile su
molekiilleri ile etkilesir. Bu nedenle, nemli ortamlarda ham biyokiitle su tutabilir ve olusturulacak nihai
kompozit yapisini olumsuz etkileyebilir. Bu nedenle ana islemler 6ncesi uygulanacak termal yontemler ile
biyokiitle 1sitilarak yapinin boyutsal kararliligy saglanir ve nihai kompozitin yillar i¢inde bozunma ve
¢lirlimesinin 6niine gegilir [66-68].

APK malzemeler i¢in birincil iiretim teknolojileri; ekstriizyon, basingh kaliplama ve enjeksiyonlu kaliplama
olarak siralanabilir. Bu geleneksel yontemlerin yan1 sira termoforming ve lazer sinterleme, {i¢ boyutlu yazici
ile tiretim gibi farkli inovatif yontemlerde kompozitlerin eldesi i¢in uygulanabilmektedir. APK’ler i¢in uygun
imalat yonteminin se¢imi, polimer ¢esidine, {iriin bilesimine ve geometrisine, ¢evre kosullarina, maliyete bagh
olarak yapilmaktadir. Fakat kullanilacak polimerin gesidi ve termoset veya termoplastik yapisi, imalat
yonteminin se¢imindeki en 6nemli parametredir [58].

Ekstriizyon yontemi, APK malzemelerin iiretiminde kullanilan en yaygin yontemlerden biridir. Bu yéntemde
polimer eritilerek, ahsap ve katki maddeleri ile secilen kompozisyona gore karistirilmaktadir. Uygulanan 1s1
ve basing ile akigkan hale getirilen polimerik ham madde, ahsap, dolgu ve katki maddeleri sisteme eklendikten
sonra gekil verilip katilagtirilir. Bagka bir degisle 1sitilan kompozit bilegenleri bir metal blogunun igerisinde
sikigtirilarak, daha kiiciik kesit alanina sahip kalip boslugundan akmaya zorlanir ve bu sirada deformasyona
ugrar. Ekstriizyon isleminde farkli geometrilerdeki vidali ekstriider, ¢ift vidali ekstriider ve ortak yogurucu
ekstriiderler kullanilabilmektedir [65,70,71]. Ekstriizyon yonteminde vidanin hizi (devir sayis1) ve eriyik
polimer sicakligi, islem basinc, ekstriider vidasinin uzunluk/gap orani, heliks sekli ve acisi, ekstriiderden
malzeme ¢ikas siiresi gibi islem parametreleri siirece etki etmektedir. Siirekli olarak yiiriitiillen ekstriizyon
proseslerindeki temel hedef, en uygun kalitedeki kompozitin fire vermeden tiretmektir. Ayrica, ekstriizyon
yontemleri; malzemenin akis yonii ve kuvvetin iletilis bicimine gore doért sinifta incelenebilir. Bunlar temel
olarak; direkt ekstriizyon, indirekt ekstriizyon, puskiirtmeli ekstriizyon ve hidrostatik ekstriizyondur.
Bununla birlikte giiniimiizde en ¢ok direkt ve indirekt ekstriizyon yontemlerinin kullanildig: bilinmektedir.
Ekstriizyon yonteminde bir¢ok parametrenin profil kalitesine etkisi bulunmaktadir. Bu parametrelerden biri
sicakliktir. Ekstriizyon sicakliginin iirtin kalitesine ve matris 6mriine iki farkli agidan etkisi s6z konusudur.
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Uriin kalitesi agisindan, ¢ikis sicakligi 1s1l islem proseslerini ve boyut kararliligini etkilemektedir, ayni
zamanda ekstriizyon hatalarina da yol agabilmektedir. Ekstriizyon sicakligi matris 6mrii agisindan da kritik
bir konudur. Uriiniin matristen ¢ikig sicakligi sonug itibariyle matris kanalindaki sicaklik artisiyla ilintilidir,
bu nedenle iiriin ¢ikig sicakligi matris aginmasi ve matris performansi i¢in de bir kistas olabilmektedir [71].
Bir diger parametre ise siirtiinmedir. Sirtiinme, gerekli ekstriizyon kuvvetini yiikseltmekte, daha giicli
preslerin kullanilmasini gerekli kilmakta ve takim boyutlarinin bityimesine neden olmaktadir [73,74].

APK iiretiminde yaygin olarak kullanilan bir diger teknoloji ise basingli kaliplamadir. Bu yéntemde, kaliplama
tozu, pul, graniil veya pelet formundaki malzemenin ayni anda 1sitilip, belirli bir sekle sikistirildig sicak
presleme olarak da bilinmektedir [69]. Islem sirasinda, 1sitilmis bir kalibin iki yaris1 arasinda deforme olabilen
kompozit karigimi preslenip, soguma veya kiirlesmeden sonra kaliplanmis bir kompozite elde edilmektedir
[74]. Basingh kaliplama prosesleri, otomotiv endiistrisi de dahil olmak iizere ¢esitli endiistriyel sektorlerde
¢esitli uygulamalarin nedeni olan hem termoplastikler hem de termosetler i¢in yiiksek derecede otomasyon,
kisa cevrim siireleri, iyi tekrar tiretilebilirlik ve miikemmel boyutsal kararlilik sunmas: bakimindan son derece
avantajli bir iretim yontemidir [75]. Ozellikle, termoset polimerlere kiyasla termoplastik polimerlerin
kullanildigr APK’lerin iiretimi i¢in bu yontemin uygun oldugu kamitlanmustir. Ciinkii bu yontemde
hammaddelerin, kontrollii basing ile farkli katman yonelimlerinin boylece kaliplamadan sonra korunmasi
saglanabilmektedir [76].

Enjeksiyonlu kaliplama teknigi daha karmagik kompozit malzeme sekillerinin ve geometrilerin iiretilmesi icin
tercih edilen, bir bagka APK tiretim teknigidir [77]. Bu yontemde hammadde genellikle enjeksiyon kaliplama
makinesine graniiller halinde eklenir ve siv1 bir kiitle halinde eritilir ve ardindan yiiksek basing altinda kaliba
yerlestirilir. Enjeksiyonlu kaliplama, basing¢li kaliplamaya kiyasla 6lgek ekonomisi, minimum biikiilme ve
cekme, yiiksek islev entegrasyonu olasiligi, geri donistiiriilmiis malzeme kullanim olasilig1 ve neredeyse hig
son islem gerektirmemesi gibi bir dizi avantaja sahiptir. Enjeksiyonla kaliplama prosesleri diisiik viskoziteyi
korumak icin diisiik molekiiler agirliga sahip bir polimerik yap: gerektirirken; ekstriizyonda daha iyi erime
mukavemeti i¢cin daha yiliksek molekiiler agirhga sahip polimerler kullanilabilmektedir [76].

APK malzemeler i¢in en uygun iiretim yonteminin se¢ilmesi, nihai {iriiniin istenen ozellikleri, iretim dl¢egi,
mevcut kaynaklar ve maliyet hususlar1 dahil olmak tizere gesitli faktorlere bagh olarak yapilmalidir. Bu amagla
oncelikle tiriiniin gereksinimlerinin dogru bir sekilde tanimlanmasi, buna uygun olacak sekilde biyokiitle ve
polimerik fazlarin secimi, en uygun katki maddesi ile yapi-ozellik iligkisini saglayacak optimum karigim
oranlarinin tespit edilmesi gerekmektedir. Ardindan, ekipman, is¢ilik, malzeme ve bakim maliyetleri dahil
olmak iizere her bir tiretim yonteminin maliyeti ve tiretim 6l¢egi degerlendirilmelidir. Bu noktada, farkli
tretim yontemlerinin, nihai tirlintin kalitesinde ve performansinda farkhiliklara neden olabilecegi goz ard:
edilmemelidir. Hedef malzeme tiretiminde segilen yontemin iiriin gereksinimlerini tamamen kargiladigindan
emin olmak icin proses sirasinda Slctimler testler yapilarak mekanik 6zellikler, dayaniklilik gibi hedeflenen
malzeme Ozellikleri hakkinda veri toplanilmasi da driin kalitesi bakimindan son derece biiyiik 6nem arz
etmektedir. Ayni zamanca, siirece iliskin enerji titketimi, atik iiretimi ve emisyonlar dahil olmak iizere her bir
Uretim y6nteminin cevresel etkisi de siirdiiriilebilirlik agisindan 6nem tagimaktadir. Belirtilen faktérler, bir
biitiin olarak dikkatlice degerlendirerek ve kapsamli bir arastirma yaparak, hedef APK malzemeler icin en
uygun Uretim prosesi se¢imi yapilmalidir.

4. APK Malzemelerin Uretimindeki Giincel Gelismeler, Firsatlar ve Hedefler (Current
Developments, Opportunities and Goals in the Production of WPC Materials)

APK malzemelerin tiim avantaj ve dezavantajlar1 ele alindiginda farkli malzeme gruplarmin sinerjistik
etkilerinin ayn1 yapi igerisinde basit bir sekilde son {iriine kazandirilabilmesi ve hedef uygulamaya y6nelik
tasarim esnekligine sahip olmasi sebebiyle bu malzeme grubunun iretiminde kullanilabilecek yeni
teknolojilere ve yogunlagilmasi gerekliligi géze carpmaktadir. Ornegin modern iiretim ydntemlerinin
gelismesiyle, birlikte ve siirekli ekstriizyon, in-situ polimerizasyon, eklemeli imalat gibi yenilik¢i iiretim
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tekniklerindeki gelismeler, fonksiyonel APK malzemelerin daha verimli ve uygun maliyetli iiretimi ile
sonuglanabilir. Ayrica bu liretim yontemlerinin mevcut endistriyel siireglere dahil edilmesi ile tiriinlerin
performans ve yap1 6zellikleri de arttirilabilecegi gibi siiregteki zaman ve maliyet kaybinin 6niine gegebilir.

APK malzeme sektoriiniin giincel durumu ve gelecekteki egilimleri daha dogru bir sekilde anlamak icin
polimer bilimindeki en son arastirmalardan ve endiistriyel gelismelerinden haberdar olmak biiyiik 6nem
tasgimaktadir. APK malzemelerin 6zelliklerinin gelistirilmesi i¢in yogun deneysel test ve analizlerin yani sira,
modelleme ve simiilasyon tekniklerinin de paralel bir sekilde gerceklestirilmesi gerekmektedir. Malzeme
karakterizasyonu ¢aligmalarinda ahgsap ve plastik bilesenlerin ayr1 ayr1 ve kompozit i¢indeki davraniglarini
belirleyebilmek i¢in mekanik, termal ve fiziksel 6zelliklerinin tespit edilmeli i¢in gesitli testler yiiriitiilmelidir.
Bu testlerde mekanik ozellikler (¢ekme dayanimi ve modiili, egilme dayanimi ve modild, sikistirma
dayanimi, darbe dayanimi vb.), termal ozelliklerin yani sira (termal bozunma, termal iletkenlik, termal
genlesme katsayist vb.) malzemenin kullanim amacina gore cesitli fiziksel 6zellikler (yogunluk, nem igerigi,
su emme davranigi, kalinlik sisme oranu, elektriksel iletkenlik, vb.) ve farkli kimyasal ortamlardaki davranigt
ve mikroyapist da incelenmektedir. Ayrica nihai iiriintin alev dayanimi, UV dayanimi, fungal ve insektisit
dayanimu ve hizlandirilmig yaslandirma testleri de farkli dig uyaranlara, ¢evresel faktorlere ve zamana gore
malzeme performansini tahmin etmek i¢in kullanilabilmektedir [79-83]. Bu noktada, hedef amaca yonelik en
iyi kompozit formiilasyonlarinin belirlenmesi de kritik 6neme sahiptir. Ornegin, en uygun ahsap/polimer
oraninin belirlenmesi, iiriin igerisinde kullanilabilecek yeni katki maddelerinin gelistirilmesi, sentezi ve
kompozit icindeki uygun dagilimi saglayabilecek teknolojilerin belirlenmesi de bu malzemelerin
stirdiiriilebilirlik avantajlarini korumanin yani sira malzeme performansini ve kullanim émriinii artiracaktir.
Ozellikle nanoteknoloji alanindaki son gelismelere paralel olarak nano boyutlu katkilarin iiretim siirecine
dahil edilmesi, ¢ok daha gelismis mekanik 6zelliklere, boyutsal kararliliga ve bozulmaya karsi direngli
kompozitlerin tiretilmesine neden olacaktir.

Yapay zeka temelli tahminlemeler ile inovatif teknolojilerin de iiretim siirecine entegrasyonu ile gelismis
iglevsellige, benzersiz estetik dzelliklere ve iyilestirilmis dayanikliliga sahip tiriinler elde edilecektir. Ozellikle
sonlu elemanlar analizi farkli yitkleme kosullar1 altinda APK malzemelerin yapisal davranigini tahmin etmek
i¢in kullanilabilinecek uygun bir ydntem olarak 6ne ¢ikmaktadir. Bu yontem, 6zellikle kompozit malzemenin
tasarimin g, sertlik ve dayanikhilik agisindan optimize edilmesine yardimci olur ve yorulma davranisi ile
malzemenin sicaklik degisimlerine kars: verilecek tepkilerin 6ngérillmesine olanak saglar [84-88]. Bu konuda
yuritilen ¢alismalar temelde matris ve takviyenin oOzelliklerini girdi olarak atayarak son kompozit
malzemenin belirli 6zelliklerini matematiksel olarak hesaplanabilmesi esasina dayanir. Temsili hacim
elemanlar1 yontemi, mikro yapilarin kompozit ozellikleri tizerindeki etkisini degerlendirmek i¢in sonlu
elemanlar analizinde kullanilan en popiiler ¢ok 6l¢ekli kurucu yéntem olarak goze ¢arpmaktadir. Analiz
sonucunda yiiksek dogrulukta ve optimize edilmis sonuglar elde edilerek iiriin gelistirme siiresi azaltilarak ve
nihai iitiiniin kullanim 6mri arttirilabilir. ANSYS, SDRC/IDEAS, NASTRAN/PATRAN, HYPERMESH, LS
DYNA, ABAQUS, SIEMENS PLM NX, NISA, COMSOL, KEBIR gibi yazilim paketleri bu analizde
kullanilabilecek islevsel araglar olarak 6ne ¢ikmaktadir. [88, 89]. Modelleme asamasinda ise ¢ok Olgekli
modelleme veya yapisal modelleme yaklagimlar1 uygulanabilir. Cok 6l¢ekli modelleme yaklagiminda ahsap
parcaciklarinin genel malzeme Ozellikleri tizerindeki mikroskobik diizeydeki etkisini yakalamak icin
kompozitlerin mikro ve makro ol¢eklerini dikkate alan modeller gelistirilirken, yapisal modellemede APK
malzemelerin c¢esitli kosullar altinda malzeme davranigini tanimlamak i¢in matematiksel modelleri
kullanilarak hem ahgap hem de plastik bilesenler i¢in gercek¢i modeller kurulur. Ardindan optimizasyon
araglar1 ve yontemleri ile belirli performans kriterleri i¢in en iyi parametre kombinasyonunu bulmak amaciyla
simiilasyon sonuglar1 optimizasyon algoritmalariyla birlestirilir ve iyilestirilmis performans 6zelliklerine
sahip APK malzemelerin gelistirilmesini kolaylagtirilir. Ayrica malzeme {retim siireglerine iliskin giris
parametrelerine dayali olarak APK 6zelliklerine yonelik tahmine dayali modeller gelistirmek icin makine
6grenimi algoritmalari ve veri analitigi ¢alismalar: da {iriin gelistirme siirecinde optimizasyon ve verimlilige
onemli katkilar saglayacaktir [90-93]. Boylece yeni iiriinlere ve hali hazirda pazarda mevcut olan diriinlere
tasarim ve uygulama esnekligi gibi avantajlar saglanacaktir. Sonug olarak, gelecekteki sektorel egilimler,
malzeme talebi de ahgsap plastik malzemelerin daha yenilikgi tasarimini destekleyecektir
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Kiiresel olarak siirdiiriilebilirlige yonelik egilim, muhtemelen daha da siirdiiriilebilir ham maddelerin
kullanimini stiphesiz ki destekleyecektir. Bu noktada birincil ve geri donistiriilmiis hammaddelere ait
ozelliklerin {iretim oncesinde dogru bir sekilde belirlenebilmesi ve hatta son tiiketiciden kaynaklarin tekrar
toplanarak tretim siirecine geri donistiirilmesi gibi ¢abalar, hammadde bagimhlig azaltmak ve {irtinlerin
cevresel etkisini azaltmak noktasinda odaklanilmasi gereken bir nokta olarak géze carpmaktadir. Bu noktada,
hedef malzemeye ait yapisal 6zellikler ile hammadde ve geri donistiiriilmiis olast hammadde akimlarinin
stirdurtilebilir sekilde tedariginin saglanmasi i¢in gelistirilebilecek aglar ve bu konuda yapilacak ekonomik ve
cevresel analiz uygulamalar1 6nemli bir yere sahip olacaktir. Ayrica kompozit treticileri, dongiisel bir
ekonomi yaklagimini tegvik ederek, bu tiriinlerinin kolay sokiliip geri donistiiriilecek sekilde tasarlandig
kapali devre sistemler gelistirmeye odaklanabilir. APK malzeme yelpazesi genisledikge, iireticilerin de daha
stirdurtilebilir sistemlere yonelmesi ve bu konuda son kullanicilar1 da siirece dahil etmesi beklenilmektedir.
Geri donustirilmiis ahsap ve geri dontistiriilmis plastik kullanarak stirdiiriilebilirlik hedeflerine katkida
bulunulmasinin yani sira, nihai trtintin kullanim 6mriiniin arttirilmas: da baslica odaklanilan noktalardan
biri olarak g6ze carpmaktadir. Bu noktada siirdiiriilen arastirma ve gelistirme ¢aligmalar1 APK’lerin mekanik,
termal ve kimyasal ozelliklerinin gelistirilmesine yonelik olup dayaniklihigin, ¢iiriimeye kars1 direncin ve
yangina dayanimin arttirilmasi ¢aligmalarin baglica odak noktalar1 olarak siralanabilmektedir. Bu nedenle
cevresel etki ve iiriin giivenligine iliskin diizenleyici standartlarin tam anlamiyla belirlenmesi ve karsilanmasi
6nemli bir hedeftir.

5. Degerlendirme (Conclusion)

APK malzemeler, ¢evresel ve ekonomik yonlerden avantajlar sunan fonksiyonel kompozit malzemeler olup,
ticari uygulamalarda hem polimer malzemelere hem de ahsaba oranla pek ¢ok avantaji biinyesinde
barindiracak sekilde tasarlanabilmektedirler. Ayrica uygun diretim yontemleriyle elde edilen APK
malzemeleri hedeflenen kullanim alanina gore sahip olacag: istiin 6zellikler, farkli son islemler veya katk:
maddeleri ile de gelistirilebilmektedir. Bu malzemelerin bilesim ve tiretim kosullarinin hedef uygulamaya gore
optimizasyonu ile, geleneksel polimer matris kompozitlerin tiretiminde gozlemlenen cevresel etkilerin
(kiiresel 1sinma, hammadde ve enerji kullanim, asidifikasyon, toksisite, kimyasal duman olusumu, ozon
tabakas1 incelmesi ve 6trofikasyon gibi) azaltilarak, daha ekolojik bir iiretim yaklagimi sunmasi miimkiindiir.
Bu konuda yiiriitiilen aragtirmalar APK malzemelere olan ilgiyi her gegen giin arttirmasina ragmen, daha
stirdiiriilebilir tiretim yontemleri ve hammadde kaynaklarimin farkli kombinasyonlarinin kullanilmasini
igeren siireglerin, malzeme performanslari ve ekonomik 6miir gibi kistaslar1 da g6z 6niinde bulundurularak,
biitiinlesik bir sekilde analiz edilmesi gerekmektedir.
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ABSTRACT

Foam concrete, a type of lightweight concrete, is highly preferred due to its lightness and ease of
application. In addition, substitute materials are used in the foam concrete mixture in order to
further improve the properties of foam concrete. In this study, the engineering properties of foam
concrete produced using liquid latex were analyzed. For this purpose, liquid latex was added to
the mixing water. The amount of latex is fixed at 25% of the cement weight. Additionally, the
amount of liquid latex added to the mixture was reduced from the amount of mixing water.
According to the results, it was determined that liquid latex made positive contributions to the
engineering properties of the produced foam concrete. It was found that the water absorption
value of latex-added samples decreased significantly compared to the reference sample. In
addition, the thermal conductivity coefficient of the samples with latex added was lower than the
reference sample. In the microstructural analysis, it was seen that the pores were more
homogeneous than the reference sample and no cracks occurred. Finally, the long chain bonds
formed by liquid latex in concrete were detected for the first time by SEM image analysis in this
study.

Sivi1 Lateks Kullanilarak Uretilen Kopiik Betonun
Ozelliklerinin Arastirilmast

0 Y4

Hafif beton tiirii olan kopiik beton, hafifligi ve uygulama kolaylig1 nedeniyle oldukga fazla tercih
edilmektedir. Ayrica kopiik betonun 6zelliklerinin daha da iyilestirilmesi amaciyla kopiik beton
karisiminda ikame malzemeler kullanilmaktadir. Bu ¢alismada sivi lateks kullanilarak iiretilen
kopiik betonun mithendislik 6zellikleri analiz edilmistir. Bu amagla karigim suyuna sivi lateks
eklenmistir. Lateks miktar1 ¢imento agirliginin %25'i olarak sabitlenmistir. Ayrica karisima
eklenen siv1 lateks miktari, karisim suyu miktarindan azaltilmistir. Sonuglara gore sivi lateksin
iiretilen kopiik betonun miihendislik 6zelliklerine olumlu katkilar sagladig: tespit edilmistir.
Lateks katkili numunelerin su emme degerinin referans numuneye gore yiiksek oraninda azaldig1
bulunmugtur. Ayrica lateks ilave edilen numunelerin 1s1l iletkenlik katsayisi referans numuneye
gore daha disiik gikmistir. Mikroyapisal analizde gozeneklerin referans numuneye gore daha
homojen oldugu ve herhangi bir ¢atlak olugmadig gorilmiistiir. Son olarak sivi lateksin betonda
olusturdugu uzun zincirli baglar ilk defa bu ¢alismada SEM goriintii analizi ile tespit edilmistir.
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1. Introduction

Foam concrete (FC) is either a Portland cement paste or mortar whose unit volume weight is reduced by
keeping air bubbles in it with suitable foaming agent [1-2]. FC is also called as a light cellular concrete [3].
Unlike structural concrete, FCs are widely used in applications such as thermal and sound insulation in
buildings due to their excellent insulation properties, dead load reduction due to their lightweight, [4].
Density, thermal conductivity and compressive strength of FC made for insulating is roughly between 350-
600 kg/m3, 0.15-0.2 W/mK and 1-6 MPa, respectively [5]. Today, while energy efficiency gains a lot of
importance, interest in lightweight and heat-insulated FCs is also increasing [6]. However, in order to obtain
high performances from buildings where FC is used, the density and thermal conductivity for FC should be
further decreased [6].

The key factors for the engineering features of FC are the w/c (water to cement proportion), porosity, and
nature of foaming agent [2,7]. The density and strength of FC are directly related to each other. [7]. Chung et
al. [8] examined the void properties of FC produced at different densities. According to the results obtained,
they stated that as the density increases, the size for the voids in the FC decreases and thus the compressive
strength increases. In addition, Kearsley and Wainwright [9] stated that the strength is related to porosity and
that high air content causes low density, low compressive strength and high porosity. Not only the density
but also the foam agents used have a great impact on the strength of FCs [10].

The pores and cement paste are roughly constituents of hardened FC [11,12]. Studies [13-17] in the literature
indicate that the volume fraction for solid components and geometric distribution of pores are the most
important factors affecting the thermal conductivity properties of a material having the void structures.
Chung et al. [18] stated that the thermal permeability property of FC is influenced by its pore properties due
to anisotropic effect.

Additives used in concrete are one of the components that significantly affect the properties of concrete [19].
It has been known for many years that latex polymer compounds has been used in the concretes [20-23]. In
a study [24], different types of latex were added to the foaming agent separately in order to strength the foam
bubble structure. According to result, in general, the expansion rate of the foaming agent modified by the
addition of latex to the foaming agent solution was increased at low concentration and the stability of the
foam was doubled. In addition, this study also emphasized that the latex type used to modify the foaming
agent has very strong effects on FC [24].

The properties of FC produced using liquid latex were investigated in this study. In addition, the analysis of
the long chain bond structure, which enables latex to enhance the qualities of FC, has been examined in detail.

2. Material and Method
2.1. Material
2.1.1. Cement

CEM 152.5 R type cement, shown in Table 1, was used in the study.

Table 1. The properties of the used cement

Densi

Oxide  $O: S0, ALO; Fe0: CaO MgO NaO KO LOI oo
(g/em?)

Content

(O/O)n Y331 215 406 025 656 130 03 035 35 305

0

* LOI: Loss on ignition
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2.1.2. Latex

The features of the liquid latex are given in Table 2.

Table 2. The features of the latex (Lateksin 6zellikleri)

A i A i
Total Dry Non- (':) ':t::lta (;1) I;:Eia Magnesium
Density Solid Rubber Rubber Content (In
Properties 5 Colour . (Total (Water pH .
(g/cm?®) Content Content Solid . Solid)
%) (%) %) Weight)  Phase) (ppm)
(%) (%)
Milk
Description  0.910 1, 62 60 1.7 0.71 1.90 10.7 243
white

2.1.3. Synthetic-based foam additive

Table 3 shows the features of the foam.

Table 3. Properties of foam

Density (g/cm®) Appearance pH

1.27 Light brown 6.2

2.2. Method

While producing FC, the slurry consisting of a mixture of cement, water and liquid latex was mixed in a helical
type mixer at 60 rpm for 90 seconds. Liquid latex was added to the mixing water and added to the mixture.
The amount of latex is fixed as 25% of the cement weight. In addition, the amount of latex added to mixture
was reduced equally from the amount of mixing water. Foam was produced in the generator shown in Figure
1 by applying 2.5 bar air pressure to the mixture produced using the foam additive/water ratio given in Table
4 (Figure 1).

"‘ z'

e B _
Figure 1. Foam production in a foam generator

After the prepared foam was added to the slurry, it was mixed again in a helical type mixer for 90 seconds
(Figure 2). It was observed that the foam added at the end of the mixing process was completely surrounded
by the slurry.
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Figure 2. Adding the }oduced foam to the mixture in a helical type mixer

The foam produced was taken into containers with a certain volume and by adding it to the foam mixture at
the calculated scale, FC was produced at the targeted density (240 kg/m?). Mixing ratios of FC are given in
Table 4.

Table 4. Mixing Ratios (Karisim Oranlar1)

Foam Mixture ratio
Density Cement Water Lateks Volume of foam

Specimens (Foam
k 3 k 3 k 3 k 3 0,
(kg/m’) (kg/m) (kg/m) (kg/m) additive/water) (%)
FC (Reference) 240 200 100 0 1/50 82
LFC 240 200 50 50 1/50 82

Abbreviations: FC: Foam concrete; L: Lateks

Fresh FC was taken into molds of 100x100x100 mm for compressive strength test and 300x300x50 mm molds
for determination of thermal conductivity coefficient . All specimens were subjected to air curing at room
conditions until the test days. The compressive strengths of the specimens on days of 1,3,7 and 28 were tested
to according to TS EN 12390-3 [25]. In addition, the thermal conductivity coefficients of the 300x300x50 mm
specimens aged 28 days were measured according to ASTM C-5218-21 [26].

In order to test the water absorption of all the pores forming in the FC, the specimens were left in the water
for 1 day. A weight was placed on the FC in order to allow it to sink in water. With this test method, the water
absorption ability of all closed-cell pores forming the LFC could be measured. Water absorption test results
were found according to the following formula in TS EN 1097-6 [27].

(M1-M2)x100

Water Absorption (%) = 2

(1)
where,

M, = Saturated dry surface weight of FC removed from water after 24 hours (g),
M, = Initial dry weight of FC (g).

Finally, microscope image analyzes (at 10x, 22x, and 100x magnification) and SEM image analyzes, which are
commonly used to view the microstructure of cement-based materials [28], were performed on 28 day age
specimens.
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3. Experimental Result and Discussion

The results for the compressive strength of the specimens produced in the study are given in Table 5. As can
be seen from the Table 5, the lowest compressive strength of the foam concretes produced was obtained on
the 1st day and the highest compressive strength was obtained on the 28th day. It was also observed that the
1-day and 28-day compressive strengths of LFC increased by approximately 86% and 41%, respectively,
compared to FC.

The thermal conductivity coefficient of the LFC was found to be 0.062 W/mK, as seen in Table 5. The thermal
conductivity coeffient of the LFC was approximately 15% better than the FC. In order for a material to be a
thermal insulation material, the thermal conductivity coefficient of that material must be less than 0.065
W/mK [29,30]. According to the thermal conductivity coefficients obtained from the specimens, LFC can be
used as a thermal insulation material with a thermal conductivity coefficient of 0.062 W/mK. Murat and
Seker [1] emphasized in their study that if foam concrete with a specific mass density below 250 kg/m?® is
produced, the thermal conductivity coefficient of this foam concrete will be below 0.065 W/mK. A similar
result was obtained in this study.

Table 5. The results of test for the hardened FC (Sertlesmis kopiik betonun deney sonuglar)

Compressive Strength (kPa)

Th 1
Fresh Hardened ernfa.
. . . conductivity
Specimens density density .
kgm’)  (kg/m’) coefficient | 1y 3days  7days  28da
(W/mK) y Y Y ys

FC 290 240 0.073 110 218 365 485
LEFC 295 242 0.062 205 384 530 685

Water absorption values of FCs are given in Table 6. After the reference and LFC were kept in water for 24
hours, the water absorption values were measured as 69% and 28%, respectively. The water absorption value
of the LFC decreased by about 59% compared to the FC. It is thought that the long chain bonds formed by
the latex form a thin membrane by wrapping the entire body of the FC like a net, and this reduces the water
absorption value.

Table 6. Water absorption test results of FC (Kopiik betonun su emme deney sonuglar1)

. W " e
Specimens (gr) (gr) Absorption
(%)
FC 405 240 69
LFC 310 242 28

Microscope images were taken at 10x, 22x and 100x magnifications for the analysis of the diameter, cell wall
and thickness of the pores formed in the FC.

When the image of the FC (Figure 3) at 10 times magnification is examined under the microscope,
inhomogeneous closed pores are observed. These pores, which have different diameters, are smaller than 1
micron in some regions and larger than 1 millimeter in some regions (Figure 3). It was determined in the
microscope analyzes that the reference FCs produced with the foam additive used in this study formed closed
cells in their pores.
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Figure 3. Microscope images belonging to FC (10x magnification)

When the microscope images of the FC were examined at 22 times magnification, most of the closed cell pores
formed cells with a diameter of less than 1 mm. In addition, it was observed that the pore diameters formed
did not show a homogeneous distribution (Figure 4).

Figure 4. Microscope images belonging to FC (22x magnification)

In Figure 5, it was observed that the closed cell outer walls formed in the FC at 100 x magnification were
surrounded by concrete with a thickness of approximately 100 microns. In some pores, the thickness of the
outer wall reaches 200 microns. It can be clearly seen at 100 times magnification with a microscope that the
pores formed in the FC are completely surrounded by concrete and form closed cells. As a result of its ability
to form closed cells, no slump occurred in the FC that was molded fresh.
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Figure 5. Microscope images belonging to FC (100x magnification)

When the microscope analysis of LFC at 10 times magnification was examined, the pore distribution was
more homogeneous compared to the FC (Figure 6). It was observed that all the pores were completely
surrounded by concrete.

Figure 6. Microscope images belonging to LFC (10x magnification)

When Figure 7 is examined, it is seen that the pore distribution in LFC is more homogeneous than the FC.
While cells with a diameter of less than 1 mm form the majority of the pores in the FC, the distribution of
cells with a diameter of less than 1 mm and larger in LFC is close to each other.
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Figure 7. Microscope images belonging to LFC (22x magnification)

It is seen that all the pores formed in the LFC at 100 times magnification are completely enclosed (Figure 8).
This indicates the ability of latex to form closed cells. The outer wall thicknesses of the pores that make up the
LFC vary between 50 and 100 microns. It was observed that there was a more homogeneous pore distribution
compared to the FC (Figure 8).

Figure 8. Microscope images belonging to LFC (100x magnification)

SEM analyzes of FC were performed on 28 days. When Figure 9 was examined, it was observed that capillary
cracks occurred in the FC. A heat flow bridge was formed from the opening caused by the capillary crack, and
as a result, the thermal conductivity coefficient of the FC was adversely affected. It is also thought that this
situation has a negative impact on the compressive strength and water absorption value. These capillary cracks
could not be detected in eye and microscope analyzes.
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Figure 9. SEM mage of FC

When the SEM image analyzes of the LFC were examined, it was seen that there was a chain structure that
continues uninterruptedly and envelops it like a net (Figure 10). The long bond structure formed by latex with
cement and the formation of a very thin shell enabled the FC to improve its properties. While capillary cracks
smaller than 1 micron were detected in the FC, no capillary cracks were found in the latex added FC. It is
thought that latex can be used to prevent the formation of capillary cracks in the production of FC. This chain
structure formed by latex was clearly seen in SEM analysis at 2500 and 5000 times magnification.
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188m

Figure 10. SEM image of LCF

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yayincilik 290



Gokce & Toklu Gazi Mihendislik Bilimleri Dergisi: 10(2), 2024

4. Conclusions

In this study, for the first time, long chain bonds formed by latex in concrete were determined by SEM image
analysis. Thanks to the long chain bonds made by latex, an impermeable structure has been formed within
the FC. As a result of this chain bond formed by latex, the water absorption value of latex added concretes
decreased by 59% compared to the FC.

Compared to the FC, the compressive strength of the LFC increased 86% in 1 day and 39% in 28 days.
In SEM analysis, while capillary cracks were detected in the FC, it was determined that a stable structure was
formed with long chain bonds and no capillary cracks were formed in the LFC.

The thermal conductivity coefficient of the LFC was found to be 0.062 W/mK. Since this value is less than the
thermal conductivity value of 0.065 W/mK [29,30], this FC can be used as a thermal insulation material.

As a result, the use of latex in the production of FC contributed positively to the compressive strength and
thermal conductivity. In particular, one of the negative aspects of foam concrete, excessive water absorption,
has been significantly reduced by adding liquid latex to the mixture.

In future studies, the effect of latex bonding structure on normal and high strength concretes can be
investigated. Especially, the effect of latex on early strength of high-strength concrete can be investigated.
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ABSTRACT

Keywords: Natural gas In a world with growing environmental and energy concerns, effective energy use is crucial. Since
consumption forecast, Box-Jenkins our country largely imports natural gas, efficient usage is vital for the national economy. Accurate
models, grey forecasting, artificial consumption estimates will enhance investment efficiency, optimize gas purchase agreements,

neural networks and minimize economic losses from excess supply, thereby balancing future supply and demand.

* Erci R In this study, natural gas consumption data of Kayseri province on a monthly basis between the
yes University,
Engineering Faculty, years 2015-2022, obtained from Republic of Tiirkiye Energy Market Regulatory Authority
Dept. of Industrial Engineering (EPDK), was used, and a consumption estimate was made for the year 2023. Auto Regressive
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(MAPE), Mean Absolute Error (MAE), Mean Squared Error (MSE), Root Mean Squared Error

o
Erciyes University, ) TR
reiyes Universty, (RMSE) and R? error performance measures, and it was seen that the multiplicative
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salkeercyscnr  BOX-Jenkins Yontemi, Gri Tahminleme ve Yapay
Sinir Aglari ile Kayseri ili Dogal Gaz Tiiketim
Tahmini

X
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Cevresel ve enerji sorunlarmin arttigr bir diinyada, enerjinin etkin kullanimi ¢ok 6nemlidir.

Ulkemiz biiyiik 6lgiide dogal gaz ithal ettiginden, dogal gazin verimli kullanimi ulusal ekonomi

i¢in hayati 6nem tagir. Dogru tiiketim tahminleri, yatinm verimliligini artiracak, gaz alim

anlagmalarini optimize edecek ve fazla arzdan kaynaklanan ekonomik kayiplar1 minimize ederek

gelecekteki arz ve talep dengesini saglayacaktir. Bu ¢alismada T.C. Enerji Piyasasit Diizenleme

Kurumu’'ndan (EPDK) alman 2015-2022 yillar1 arasi aylik bazda Kayseri iline ait dogalgaz

titketim verisi kullanilmig olup, 2023 yili igin titketim tahmini gergeklestirilmistir. Tahminleme

yontemleri olarak literatiirde de biiyiik olgiide kabul géren Otoregresif Entegre Hareketli

Ortalama (ARIMA -Box Jenkins) modelleri, Gri Tahminleme ve Yapay Sinir Aglar1 (YSA)

yontemleri kullamlmistir. Kullanilan yontemler Ortalama Mutlak Yiizde Hata (OMYH),

Ortalama Mutlak Hata (OMH), Ortalama Kareli Hata (OKH), Ortalama Kareli Hata Koki

Anahtar Kelimeler: Dogal gaz (OKHK) ve R? hata ol¢iitleri bakimindan kargilagtirilmig, 0.926 R? degeri ile en bagarili sonucu
tiiketim tahmini, Box-Jenkins veren ¢arpimsal ayrigtirma tabanli gri GM(1,1) modelinin tahminleme igin uygun oldugu
yontemi, gri tahmin, yapay sinir gortlmigtir. Uygun bulunan ¢arpimsal ayristirma tabanli GM(1,1) modeli ile 2023 yili i¢in

aglar, Kayseri ili aylik dogal gaz titketim tahminlemesi yapilmistir.
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1. Gll‘l§ (Introduction)

Guniimiizde artan enerji ihtiyacina karg1 alternatif yakitlar kullanilmaya baslanmistir. Bunlarin basinda fosil
bir yakit olan dogal gaz gelmektedir. Dogal gaz, sicaklik ve basing altinda uzun yillar boyunca kalan canl
artiklarinin, yapisal degisime ugramasiyla giiniimiize kadar gelen enerji kaynaklarindan biridir. Yanici bir gaz
karigimi olup, ayn1 zamanda bir petrol tiirevidir [1]. Dogal gaz baglica ulagim, 1sinma, pisirme, sicak su, tiretim
tesisleri, fabrikalar ve elektrik tiretimi gibi alanlarda kullanilmaktadir. Diisitk maliyetli ve cevre dostu olmast
sebebiyle diger yakat tiirlerine gore daha fazla tercih edilmektedir.

Cevre sorunlarinin ve enerjiye olan gereksinimin zamanla arttig1 bir diinyada enerjinin verimli kullanilmas:
biiyiik 6nem arz etmektedir. Ulkemizdeki dogal gaz ihtiyaci, bityiik l¢iide ithal edilerek kargilanmaktadir. Bu
nedenle dogal gazin verimli bir sekilde kullanilmasi, iilke ekonomisine katkida bulunacaktir. Dogal gaz
tiketimi miktarini etkileyen en 6nemli unsurlardan biri mevsimsel sartlar olup, yilik toplam dogal gaz
tilketimi her yil degismektedir. Yillik ve aylik toplam tiiketimler incelendiginde benzer tiiketim egrilerinin
oldugu goriilmektedir. Enerji kaynaklarinin yonetilmesi, dogal gaza olan talebin artmasiyla birlikte 6nemli
bir konu haline gelmektedir. Bu nedenle gelecek donemlere ait dogal gaz titketimlerinin tahmin edilmesi ve
modellenmesi, enerji kaynaklarinin verimli kullanilmasinda biiyiik 6nem tagimaktadir [2]. Dogal gaz
tiketiminin dogru tahmin edilmesi enerji sektoriine yapilacak yatirimlarin ve uluslararasi gaz alim
anlagmalarinin etkinligine katkida bulunmakla beraber, ihtiya¢ fazlasi dogal gaz temini sonucunda
olusabilecek ekonomik kayiplar1 en aza indirebilecektir. Bu sayede de gelecege yonelik dogal gaz arz ve talep
arasindaki dengesizlikler ortadan kaldirilabilecektir [3].

Bu ¢aligmada, dogal gaz tiiketiminin dogru ve etkin bir sekilde tahminlenmesi amag¢lanmigtir. Kayseri ilinin
2015-2022 yillar: arasinda aylik bazda ger¢eklesmis olan dogal gaz tiiketim serisi kullanilarak, Box Jenkins
Yontemi, Gri Tahminleme ve YSA yontemleri ile tahminleme yapilmigtir. Tahminler sonucu hata etkinlik
olgiitlerinden hareketle en uygun yontem olarak ¢arpimsal ayristirma tabanh GM(1,1) yontemi belirlenmis
ve 2023 y1li i¢in aylik bazda dogal gaz tiiketim tahminlemesi bu yontem ile gerceklestirilmistir.

2. Literatiir Incelemesi (Literature Review)

Literatiirde tahminleme alaninda Box-Jenkins, Gri Tahminleme, Yapay Sinir Aglar1 yontemleri ile
gerceklestirilen oldukea fazla calisma mevcuttur. Kaya [4] Tiirkiye’nin yenilenebilir enerji kaynaklarini, 1990-
2014 yillar1 tiikketim verilerini kullanarak tahmin etmigtir. Yéntem olarak YSA, ARIMA ve Gri Tahmin
yontemlerini uygulamistir. Yapmis oldugu analizler sonucunda YSA'nin en basarili sonuglari verdigini
gormiistiir. Cuhadar vd. [5] 1992-2005 yillarinda Antalya iline gelen aylik yabanci turist sayis1 verilerine tistel
diizeltme, Box-Jenkins ve YSA modellerini uygulamislardir. Yaptiklar: analizler ve kiyaslamalarla YSA
yonteminin en iyi sonucu verdigini gérmiisler ve 2009 yili i¢in aylik dis turizm talebini tahminlemislerdir.
Kaynar vd. [6] ¢alismalarinda YSA ve ARIMA modelleri ile kisa donemli dogal gaz titketim tahmini yapmay1
hedeflemislerdir. Ankara iline iliskin 1.5 yillik, giinlitk ve haftalik dogal gaz tiiketim verilerinden
yararlanmislardir. OKH degerlerini kiyaslamislar ve YSA modelinin basarisinin ARIMA modelinden daha
yiiksek oldugunu gormiislerdir. Ayrica yapilan tahminler icerisinde giinliik veri tahmininin haftalik veri
tahminine gore performansi daha yiiksek ¢ikmustir. Kirgil [7], Izmir ilinin 2007-2012 yillar1 konut sektdrii
aylik dogal gaz tiiketim verileriyle talep tahminlemesi gerceklestirmistir. Yontem olarak mevsimsel otoregresif
entegre harketli ortalama (SARIMA) modeli en uygun sonucu vermis ve SARIMA modellerinden en uygun
olanin: hata 6lgiitleriyle degerlendirip, secerek gelecege yonelik tiiketim tahminlemesi yapmugtr.

Celik [8], Isparta ili 2010-2016 yillar1 konut sektoriine ait 76 aylik dogal gaz tiiketim verilerini kullanarak
dogal gaz ihtiyacini tahminlemeye calismistir. Tahminleme ydntemi olarak Ustel Diizeltme, Box-Jenkins ve
Gri Tahminleme yontemlerini kullanmistir. Bagar1 kriterleri agisindan yontemleri degerlendirerek, en iyi
sonucu gri tahminleme yonteminin verdigini gozlemlemistir. Gelecek 20 ay icin tiikketim tahminlemesi
gerceklestirmistir. Ekmek¢i [9] caligmasinda, 1970-2013 yillar1 arasi Tiirkiye'deki dogal gaz tiiketimini
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sektorel bazda incelemistir. Birincil enerji arzi, ¢cimento tiiketimi, diger sektorler titketimi, ithalat tiiketimi,
konut tiiketimi, sanayi tiikketimi, sektorel toplam tiiketimi olmak tizere toplamda 7 sektor i¢in dogal gaz
tilketim tahminlemesi gergeklestirmistir. Tahminleme yontemi olarak ise ARIMA yontemini uygulamus,
uygulama igin de Eviews ve SPSS paket programlarinda yararlanmistir. Eren[10], Tiirkiye Istatistik
Kurumu'ndan (TUIK) elde ettigi 2004-2016 yillar1 Tiirkiye yillik dogal gaz tiiketim ve niifus serilerini
kullanarak gri tahmin yontemini kullanarak 2017 - 2030 yillar1 aras1 dogal gaz tiikketim ve niifus 6ngoriisii
yapmuigtir. Singh ve Yassine [11] ¢alismalarinda cihaz kullanimini, giiniin saati, giiniin periyodu, hafta igi,
hafta, ay ve yilin mevsimi gibi zamanla iligkilendirmelerin yani sira evdeki cihaz-cihaz iligkilendirmeleri
agisindan anahtar faktorler olan cihaz kullanimini tanimlayarak tiiketicilerin enerji titketim davraniginin ve
enerji tahmin egiliminin etkisini analiz etmiglerdir. Denetimsiz veri kiimelemesi, enerji zaman serilerinde sik
model madenciligi analizi ve enerji kullanimi tahmini i¢in Bayes ag tahmini 6nermislerdir. Zengin akilli sayag
veri kiimelerini kullanarak kapsamli deneyler gerceklestirmislerdir. Destek Vektor Makinesinin (DVM), Cok
Katmanl Algilayicidan (CKA) daha iyi performans gosterdigini gormiislerdir. Tagkiner [12] Ankara ilinde
tiketilen dogal gaz miktarini 6ngormeyi amaglamigtir. YSA ile uygulama yapmistir. Agda girdi niteligi olarak
nem, maksimum sicaklik, minimum sicaklik, ortalama sicaklik, hissedilen maksimum sicaklik, hissedilen en
diisiik sicaklik, tiiketim, bagimsiz eleman sayisi ve 1s1l deger olmak {izere 9 tane nitelik kullanmigtir. En bagarili
ag yapisinda 0.9772 R? degeri elde etmistir. Akman vd. [13] elektrik yiikii tahmin uygulamalarinda siklikla
kullanilan cesitli tahmin yéntemlerini anlatmis, yeni yaklagimlara deginmisglerdir. Destek vektor regresyonu
ve melez yaklagimlarin, elektrik yiik tahmininde nispeten yeni ve rekabet¢i bir yontemler oldugunu
vurgulamiglardir. Calp [14], isyerlerinde yapilan yemek ve ihtiya¢ olunan personel miktarini iceren bir yapay
sinir ag1 tasarlamistir. Model, gercek verilerle test edilmis ve YSA’min olduk¢a basarili tahminler
gerceklestirdigi izlenmistir. Model olusturulurken gizli tabakadaki néron sayisi seciminin agin performansini
etkiledigi gozlemlenmistir.

Erdem, [15] makine 6grenmesi teknikleri ile Tiirkiye’nin dogal gaz enerji tiikketiminin tahminlenmesi tizerine
caligmistir. YSA, Rastgele Orman (RO), zaman serileri gibi yontemler ile tahminleme yapmis ve 2010 ile 2018
aras1 dogalgaz titketim verilerini kullanmigtir. En bagarili tahminleri YSA tiretmistir. Tuna [16] Erzurum ili
konut sektorit Ocak 2009- Kasim 2018 dogal gaz titketim miktarlariyla tahminleme yapmay: amaglamistur.
Yontem olarak ARIMA modellerini kullanmistir. Ayni zamanda anket verileri olusturarak hane halklarinin
dogal gazi tercih etme ve etmeme durumlarini detayl bir sekilde incelemistir. Akpinar [17] tez caligmasinda
dogal gaz tiiketim tahminlemesi yapmak amaciyla y1l 6ncesi ve giin 6ncesi aylik talep tahmini olmak {izere iki
ayr1 tahminleme yapmustir. Ayrigtirma yontemi, Winters istel diizeltme ve Box-Jenkins ydntemlerini
kullanmigtir. Uygulama sonucunda giin 6ncesi i¢in 6ngorii gergeklestirmistir. Oru¢ ve Basagaoglu [18]
¢aligmalarinda bir saglik merkezinde yatan hasta sayisinin tahminini yapmigslardir. Model olarak gri
tahminlemeyi tercih etmiglerdir. Ocak 2015-Agustos 2019 tarihleri arasinda yatakli hasta servisinde yatan
hasta sayis1 verilerini kullanmislardir ve gelecek 28 ay icin 6ngorii degerleri elde etmislerdir. Demir ve Keskin
[19] Samsun Mert Irmag: havzasinda yiikseklik modellemesi yapmiglardir. Tahmin yontemleri olarak CKA
ve regresyon analizi kullanmiglardir. Sonu¢ olarak CKA modellerinin tahminlemede daha iyi oldugunu
gozlemlemislerdir. Aydin [2] Denizli ilindeki konut tiiketicilerinin Ocak 2015- Haziran 2019 dénemi dogal
gaz tiiketim verilerini kullanarak tahminleme yapmistir. ARIMA yo6ntemiyle Eviews programinda
uygulamalar gerceklestirmistir. Gelecek 2 yil icin aylik bazda 6ngoériiler elde etmistir. Konut dogal gaz
kullanimini en fazla etkileyen parametrelerin tespitini yapmustir [2].

Sayim [20] bir biiyiiksehir belediyesinin 2014-2018 yillar1 aras: gelir biitgesi bilgilerini kullanarak, GM(1,1)
yontemi ile 2019-2023 yillar1 arasi biiyiiksehir belediyesinin gelir ve giderlerinin 6ngoriisiinii yapmugtir.
Yapilan degerlendirmelerle gider kalemlerinin GM(1,1) yontemine uygun olmadigini gézlemlemistir. Kose
[21], Doviz kuru alis degerlerini 6ngérmek amaciyla 10 Temmuz 2019-7 Aralik 2020 dénemi d6viz kurlarim:
kullanmistir. Model olarak YSA ve GM(1,1) gri tahmin modelini uygulamistir. Sonug olarak YSA’da uzun
kisa donem hafiza (LSTM) katmanlarinin daha basarili sonuglar verdigini gérmiistiir. Panek ve Wlodek [22]
Polonyanin orta 6lgekli sehirlerinden birinde belediye tiiketicilerinin gecici ve gelecekteki dogal gaz
tilketiminin modellemesini gergeklestirmisler. Bu amagla makine 6grenme algoritmalarindan YSA ve iki
regresyon algoritmasi olan ¢oklu dogrusal regresyon (MLR) ve rasgele orman (RF) kullanmiglar. Dogal gaz
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talebini tahmin etmede en iyi algoritmanin RO oldugunu gdstermislerdir. Safiyari vd [23] Mart 2019'un
bagindan S$ubat 2021'in sonuna kadar 24 ay boyunca Tahran eyaletinin konut sektoriindeki aylik dogal gaz
talebini tahmin etmek icin CKA ve DVM yontemlerini kullanmiglardir. En iyi sonucu en diisiik hata dl¢uti
degeri ile CKA vermistir.

3. Tahmin yiintemleri (Forecasting Methods)
3.1. Box-Jenkins yontemi (Box-Jenkins method)

Box-Jenkins diger adiyla ARIMA modelleri 1970-1976 yillarinda George Box ve Gwilym Jenkins tarafindan
zaman serileri stokastik stire¢ ozelligi sergiler varsayimindan hareketle onerilmigtir [24]. Bu yontemde
tahminleme yapmak i¢in serinin duragan olmasi veya duragan hale getirilmis olmas: gerekmektedir. Box-
Jenkins modelleri dogrusal duragan stokastik modeller, duragan olmayan dogrusal stokastik modeller ve
mevsimsel modeller olarak siniflandirilmaktadir [7]. Gergek hayat uygulamalarinda serilerin gogunlugu,
ozellikle ekonomik zaman serileri duragan ozellik sergilemez. Serilerin duraganhigini trend, mevsimsellik,
dongiisellik ve rassallik gibi davranislar bozar. Duragan olmayan zaman serilerinin modellenmesi igin
oncelikle serinin duragan hale getirilmesi gerekir. Serinin duragan hale getirilmesi i¢in 6ncelikle ilgili
davraniglarin ortaya konmasi, sonrasinda da ortadan kaldirilmas: gerekir. Eger zaman serisi, ortalama
etrafinda duraganlik gostermiyorsa, serinin duraganligi uygun sayida fark alinarak saglanir. Serinin kag kez
farki alinarak duraganlastigy, d ile gosterilen fark alma derecesi parametresini ifade eder ve gergek hayat
uygulamalarinda fark alma derecesi ¢ogunlukla 1 ya da en fazla 2 alinmaktadir. Orijinalinde duragan olmayan
ama fark alma sonucu duragan hale getirilmis serilere yonelik modellere entegre modeller ya da “duragan
olmayan stokastik modeller” denir. Otoregresyon parametresi derecesi p, hareketli ortalama parametresi
derecesi g ise ve d kez fark alma islemi yapilmigsa, bu modele (p,d,q) dereceden otoregresif entegre hareketli
ortalama modeli denir ve ARIMA (p,d,q) olarak gosterilir [25]. Genel ARIMA(p,d,q) modelinin gosterimi Es.
1 ve 2’de verilmigtir. Burada V fark alma operatori, d ise fark alma derecesidir.

Yo=Y Vi + Z?:l Ojei_j+ & (1)
P(LIVYY, = O(L)e, 2

3.2. Gri tahminleme yontemi (grey forecasting method)

Gri tahminleme yontemi, yapist diizensiz, karmasik ve belirsiz olan sistemler i¢in 1982°de Deng Ju-long
tarafindan ortaya atilmig bir tahminleme teknigidir [26]. Gri tahmin yonteminin, az sayida veriyle
calisabilmesi ve yiiksek tahmin givenilirligi saglamasi agisindan diger tahmin yontemleri ile
kararlastirildiginda avantajli olabilmektedir [10]. Uygulamada en fazla kullamilan gri model, Birinci
Mertebeden Bir Degiskenli Gri Model olarak adlandirilan GM (1,1) modelidir. GM (1,1) modeli asagidaki
adimlar izlenerek kurulmaktadir [8].

1.Adim: n 6rneklem biytikligiine sahip x® dizisinin gosterimi agagidaki gibidir:

XO = X©O1),x©(2),..,XO@m); n >4 3)
2.Adim: X© serisine Birikim Olugturma Islemi (BUI) uygulanarak X dizisi olugturulur.

XDk = XDV), XD (2),., XD (); n >4 (4)

3. Adim: Olugturulan X% dizisinden, Z(” serisi olusturulur.

71 — (Z(l) (1)’2(1)(2)’_”2(1) n)) (5)
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ZWk) =05xD(k) +05xDk —1D)k=23,..,n (6)
4.Adim: Modelin gri diferansiyel denklemi asagidaki gibidir:

xOU) +azW k) =b k =23...,n (7)
Es. 7’dek zaman noktalar1 k, gelisim katsayisi a, gri etki miktar1 katsayisi ise b ile ifade edilmistir.

5.Adim: Beyazlagtirma denklemi ise Es. 8’deki gibi ifade edilir.

dx(k)

8+ axl(k) = b (8)

6.Adim: Es. 7’deki gri diferansiyel denklemde yer alan a ve b parametrelerinin elde edilmesinde siklikla en
kiigiik kareler yontemi (EKK) ya da parametrik yontem kullanilmaktadir. Onerilen ve en ¢ok kullanilan en
kiigiik kareler yontemidir. Oncelikle denklemin parametreleri sag tarafa alinarak agagidaki denklem elde
edilir. Sonrasinda seri matris formunda déniistiiriilebilir.

XOk = —azWk+b k =23,..,n 9)

[x@@)] [z 1]

y = [x(o)s (2)} B [—Zu; ) 1J a=(%) (10)
x©(n) —-zMWm) 1
Y = Ba (11)

7.Adim: Es. 11’in her iki tarafi B matrisinin devrigi ile ¢arpildiginda Es. 12 elde edilir. Bu islemle B matrisi
kare matrise dontstiirilmektedir.

B"Y = B" Ba (12)

Es. 12’in her iki tarafi B’B matrisinin tersi (B'B) ile carpilirsa,

(BTB)"1BTY = a (13)

a= (Y ise, (5)=@B"B)'B"Y (14)
8.Adim: Eg. 8’deki beyazlagtirma denklemine gore xV (k) hesaplanabilir. Elde edilen a ve b degerleriyle Es. 15
ve Es. 16’daki gri modeller olusturulabilir.

Xp

[5G+ 1) = x@(1) = 2] ek + 2 =

Burada ;;1) (k + 1), k+1 zamaninda tahminlenen x degerinin kiimiilatif degerini ifade etmektedir.

9.Admm: Es. 15 ile hesaplanan tahminlerin kiimiilatif yerine normal degeri hesaplanirsa denkleme Ters
Birikim Olusturma Iglemi (TBUI) uygulanabilir [8].

A(0)
p

(k+1) = [x<°>(1) - g] e~ — (1 —e%) (16)
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3.3. Yapay sinir aglan yontemi (artificial neural network method)

Yapay sinir aglari, insan beyninin §grenme yapisina benzer nitelikte olup, biyolojik néron yapisindan ve
6grenme bigimlerinden esinlenerek gelistirilmistir [27]. YSA'nin en 6nemli 6zelliklerinden biri, dogrusal
olmayan yapilarda iyi sonuglar vermesidir. Dogrusal olmayan yapilar ile ¢caligmak zordur ancak YSA dogrusal
olmayan yapilarda verdigi sonuglarla bu zorlugu asmaktadir. YSA’da yavas bir birim, o sistemin hizim
yavaglatmaz. Geleneksel yontemlerde ise sistemin yavaglamasini saglar. YSA’lar kendi kendine 6grenme
yetenegine sahiptirler. Veriyi, ornekler ile 6grenerek olay ile ilgili genelleme yapabilecek duruma gelirler.
Genelleme ile goriilmemis 6rneklere bilgiler iiretir. Agda bazi yerlerdeki bozulmalar, agin ¢aligmasina engel
olmaz. Hatalara kars1 toleransa sahip olduklar: icin ag calismaya devam eder, sadece performansinda
duistikliik olabilir. Eksik verilerle ¢alisabilirler. Eksik bilginin olmasi durumunda ¢aligmay: engellemeyerek
hatayi tolere etmeye ¢aligirlar. Sinirsiz sayida parametre degisken kullanilarak ¢alisabilmektedirler. Bu sinirsiz
sayidaki parametre ve degiskenleri gerektigi anda kullanilabilecek sekilde egitilirler. YSA’lar degisken ve
parametrelerinde degisiklik oldugunda uygun ¢oziimler igin tekrar egitilebilirler [28].

4, Kayseri Ili Dogal gaz Tiiketim Verileri (Natural Gas Consumption Data of Kayseri)

Caligmada, Kayseri iline ait aylik dogal gaz tiiketiminin tahminlemesi gerceklestirilmistir. Kullanilan veriler
Kayseri ilinin 2015 Ocak - 2022 Aralik tarihleri aras1 8 yillik il genelinde tiiketilen aylik dogal gaz miktarlarini
icermekte olup, verilere EPDK [29] araciligiyla erisim saglanmstir. {lk olarak veri iizerinde veri analizi
gerceklestirilmis, daha sonra verilere Box-Jenkins yontemi, gri tahminleme ve YSA olmak iizere ii¢ yontem
tahminleme amaciyla uygulanmistir. Yontemler bagari kriterleri agisindan degerlendirilip, en uygun ¢6ziimii
veren yontemle Kayseri ilinin gelecek aylara yonelik dogal gaz tiiketim tahminlemesi yapilmistir. Calismada
kullanilan veriler Tablo 1’de, verilerin zaman yolu grafigi ise $ekil 1’de sunulmustur.

Tablo 1. 2015-2022 Yillar1 Arast Aylik Bazda Kayseri Ili Dogal Gaz Tiiketim Miktarlar1 (milyon Sm®) [29] (Natural Gas Consumption
Amounts in Kayseri Province on a Monthly Basis Between 2015-2022 (million Sm?))

Aylar/Ydlar 2015 2016 2017 2018 2019 2020 2021 2022
Ocak 86.72 127.93 102.242  90.5 95.773 105.508 104.142 118.274
Subat 71.5 8238 101.976  95.259 104.586 117.066 104.767 130.319
Mart 63.96 59.94 78.188 72.984 83.433 91.472 98.086 107.343
Nisan 53.7 51.33 61.67 54.872 74.722 67.068 90.501 97.346
Mayss 40.19 27.889  36.408 33.687 53.45 33.899 43.698 44.255
Haziran 23.68 25566  20.255 21.434 17.956 27.406 30.754 31.884
Temmuz 21.23  15.528  28.146 36.279 35.77 25.643 26.274 25.292
Agustos 3576 31.347 22904 20.552 23.899 27.057 29.903 25.809
Eyliil 28.6 2285 26.005 28.126 28.98 27.401 29.899 27.211
Ekim 3043  36.881 32.731 33.829 35721 34.203 40.043 33.351
Kasim 40.01 48.069  54.763 55.763 47.003 47.637 62.652 51.823
Aralik 4371 78517  85.226 89.9 83.31 91.953 93.3 82.455
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Sekil 1. 2015-2022 Yillar1 Arasi Kayseri ili Dogal Gaz Tiiketim Miktarlari (milyon Sm®) Grafigi
(The Graph of Natural Gas Consumption Amounts in Kayseri Province Between 2015-2022 (million Sm®))

5. Kayseri ili Dogal Gaz Tiiketim Tahmini (Forecasting Natural Gas Consumption of Kayseri)

5.1. Box-Jenkins yontemi ile dogal gaz tiiketim tahminlemesi (Natural gas consumption estimation with Box-Jenkins
method)

Box-Jenkins yéntemi ile tahminleme SPSS (26.0) istatistik paket programi {izerinde gerceklestirilmistir. flk
olarak Kayseri_tuketim veri kiimesinin analizini yapmak ve davranigini incelemek amaciyla serinin grafigi
incelenmistir. Sekil 1’de sunulan grafik degerlendirildiginde, dogalgaz tiiketiminin her yilin belirli
mevsimlerinde artig ve azalig gostermesi verinin mevsimsel bilesen icerdigine dair bir kanit olusturmaktadir.
Serinin mevsimsellik icermesi sebebiyle seri duragan bir davranis sergilememektedir. Daha detayli bir
inceleme igin serinin otokorelasyon fonksiyonu (ACF) ve kismi otokorelasyon fonksiyonlar1 (PACF)
incelenmistir. Kayseri_tuketim zaman serisinin ACF ve PACF grafikleri sirasiyla Sekil 2 ve Sekil 3’te, ilk 21
gecikme i¢in Box-Ljung istatistikleri ile birlikte otokorelasyon tablosu ise Tablo 2’de verilmistir.
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Sekil 2. Kayseri_tuketim Serisi ACF Grafigi
(ACF Graph of Kayseri_tuketim Series)
P 'y

Sekilde verilen ACF grafigi incelendiginde seride 12 aylik zaman periyotlarinda 6nemli otokorelasyonlarin
oldugu, dolayisiyla serinin mevsimsellik icerdigi ve duragan bir davranis sergilemedigi net bir sekilde
goriilmektedir. ACF grafiginden hareketle seride mevsimsellik oldugu ve mevsimselligin periyodunun 12
oldugu sonucuna ulagilmaktadir.

Tablo 2. Kayseri_tuketim Serisi Otokorelasyon Tablosu (Autocorrrelation Table of Kayseri_tuketim Series)

Otokorelasyonlar
Seri: Kayseri_tuketim
. Std.  Box-Ljung Istatistigi
Gecikme Otokorelasyon Hata® Deger Sd P
1 0.77 0.1 58.773 1 .000
2 0.423 0.1 76.649 2 .000
3 -0.006  0.099 76.654 3 .000
4 -0.394  0.099 92.49 4 .000
5 -0.637  0.098 134.472 5 .000
6 -0.748  0.098 192.903 6 .000
7 -0.652  0.097 237.901 7 .000
8 -0.414  0.097 256.205 8 .000
9 -0.053  0.096 256.509 9 .000
10 0.347  0.096 269.702 10 .000
11 0.657  0.095 317.533 11 .000
12 0.81  0.094 391.025 12 .000
13 0.66  0.094 440.389 13 .000
14 0362 0.093 455434 14 .000
15 -0.001  0.093 455434 15 .000
16 -0.338  0.092 468907 16 .000
17 -0.561  0.092 506.434 17 .000
18 -0.642  0.091 556.083 18 .000
19 -0.575 0.09 596.497 19 .000
20 -0.372 0.09 613.672 20 .000

21 -0.079  0.089 614.452 21 .000

* sd: serbestlik derecesi

*. Varsayilan siireg bagimsiz (beyaz giiriiltii)
b, Asimtotik ki-kare yaklagimina dayalt
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Tablo 2’de verilen Box-Ljung istatistikleri % 95 giiven araliginda incelendiginde, istatistigin p degerlerinin
tim gecikmelerde 0.05’in altinda deger aldig1 gortilmektedir. Bu ise serinin duragan olmadigini, gecikmelerde
6nemli otokorelasyonlarin mevcut oldugunu ifade etmektedir.

Kayseri_tuketim

0,5
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PACF

-0,5

TT T T T T T T 1T T T T T T T T 1 1T I T T T T T 1T 1T 1T 11T
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w ]
e
]
-

Gecikme Sayisi
Sekil 3. Kayseri_tuketim Serisi PACF Grafigi
(PACF Graph of Kayseri_tuketim Series)
Sekilde verilen kismi otokorelasyonlar incelendiginde bazi gecikmelerde 6nemli kismi otokorelasyonlarin
varhig1 dikkat gekmektedir.

Seriyi mevsimsellikten arindirip, duraganlastirabilmek i¢in 6ncelikle serinin 1. dereceden mevsimsel farkini
almak gerekir. Serinin mevsimsel farki alindiktan sonraki otokorelasyon fonksiyonu (ACF) grafigi Sekil 4’te
gosterilmistir. ACF grafigi incelendiginde serinin mevsimsellikten arindig: ve biyiik 6lgiide duraganlastig
goriilmektedir. Sadece 12. gecikmede 6nemli bir otokorelasyon goriilmektedir, bunun duraganligi bozup
bozmadigini net olarak ortaya koymak i¢in Box-Ljung istatistii p degerlerine bakmakta fayda vardir.
Mevsimsel farki alinmug serinin 21 gecikme i¢in ACF tablosu Tablo 3’te verilmistir.

Mevsimsel Fark Kayseri_tuketim(1,12)

ACF
o
=3

i

T e daan 15 2 =

T T 1T rrrrrrrrrrrrTTrTrr T rrrrrTr T T T T rTrTrT
§ 7 9111315171921 2325 2729 31 33 3537 3041 43 4547 4951 5355 57 5961 63656769
Gecikme Sayisi

w=]

T
1

Sekil 4. Mevsimsel fark (Kayseri_tuketim,1,12) Serisinin ACF Grafigi
(ACEF Graph of seasonal difference (Kayseri_tuketim,1,12) Series)

Tablo 3. Mevsimsel fark (Kayseri_tuketim,1,12) Serisinin ACF Tablosu (ACF Table of seasonal difference (Kayseri_tuketim, 1,12) Series)
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Otokorelasyonlar

Seri: Kayseri_tuketim

Std.  Box-Ljung Istatistigi
Gecikme Otokorelasyon ox-lyung stalisigl

Hata® Deger Sd’ p*
1 0.136 0,107 1,603 1 0,205
2 0.076 0,107 2,111 2 0,348
3 -0.003 0,106 2,112 3 0,549
4 0.016 0,105 2,136 4 0,711
5 0.079 0,105 2,702 5 0,746
6 -0.149 0,104 4,746 6 0,577
7 -0.102 0,103 5,724 7 0,572
8 -0.143 0,103 7,671 8 0,466
9 -0.024 0,102 7,726 9 0,562
10 0.031 0,101 7,819 10 0,646
11 -0.061 0,101 8,183 11 0,697
12 -0.289 0,1 16,552 12 0,167
13 -0.07 0,099 17,049 13 0,197
14 -0.001 0,098 17,05 14 0,254
15 -0.004 0,098 17,051 15 0,316
16 -0.095 0,097 18,01 16 0,323
17 -0.077 0,096 18,645 17 0,349
18 -0.088 0,096 19,483 18 0,363
19 -0.057 0,095 19,839 19 0,404
20 0.014 0,094 19,86 20 0,467
21 -0.047 0,093 20,117 21 0,514

* sd: serbestlik derecesi
*. Varsayilan siire¢ bagimsiz (beyaz giiriiltii)
b, Asimtotik ki-kare yaklagimina dayalt

Tablo 3 incelendiginde % 95 giiven araliginda Box-Ljung istatistigi p degerlerinin hepsinin 0.05’in iizerinde
oldugu, dolayistyla serinin duraganlastig1 gorillmektedir. ACF grafiginde 12. gecikmede sinir disinda goriilen
6nemli otokorelasyon duraganhgi bozmamaktadir, Box-Ljung istatistigi p degeri bu gecikme igin 0.167
degeriyle 0.05’in tzerindedir ve otokorelasyon 6nemli degildir. Mevsimsel fark alma islemi sonucu seri
mevsimsellikten arindirilmis, duragan hale gelmistir. Boylece seri model belirleme agamasi icin uygun
duruma gelmistir. Mevsimsel farki alinmis serinin kismi otokorelasyon fonksiyonu (PACF) grafigi Sekil 5’te
verilmistir.

Mevsimsel Fark (Kayseri_tuketim, 1,12)

0,07

PACF
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Gecikme Sayisi

Sekil 5. Mevsimsel fark (Kayseri_tuketim,1,12) Serisinin PACF Grafigi
(PACF Graph of seasonal difference (Kayseri_tuketim,1,12) Series)
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PACEF grafigi incelendiginde 12. gecikmede sinirlar1 agan 6nemli bir kismi otokorelasyon goériilmektedir.
Ancak Tablo 3’te sunulan Box-Ljung istatistigi p degerlerine goére seride duraganligi bozan o6nemli
otokorelasyonlar bulunmamaktadir ve seri duragandur.

Seriye uygun modeli belirleyebilmek adina kullanilacak modelin mevsimsel olmayan otoregresif (AR)
parametresi p, hareketli ortalama (MA) parametresi g ve mevsimsel otoregresif (AR) P paremetresi, hareketli
ortalama (MA) parametresi Q parametrelerinin tahminlerini yapmak gerekmektedir. Sekil 23 ve 24’teki ACF
ve PACF grafiklerine bakildiginda periyot (s) 12 olmak iizere, ilk gecikmelerde 6nemli otokorelasyonlar
olmadigindan mevsimsel olmayan AR parametresi p=0, mevsimsel olmayan MA parametresi g=0°dir. Fark
alinmadigindan mevsimsel olmayan fark derecesi d=0 ‘dir. ACF grafiginden hareketle 12. gecikme etrafindaki
otokorelasyonlarin énemli olup olmadig1 kabuliine gére mevsimsel MA parametresi Q=0 veya Q=1 alinabilir.
PACEF grafiginden hareketle 12. gecikme etrafindaki kismi otokorelasyonlarin 6nemli olup olmadigi kabuliine
gore mevsimsel AR parametresi P=0 veya P=1 alinabilir. 1 kez mevsimsel fark alindigindan mevsimsel fark
derecesi  D=1dir. Buna  gbre  belirlenen  alternatif  modeller =~ SARIMA(0,0,0)x(0,1,0)1,
SARIMA(0,0,0)x(1,1,1)12, SARIMA(0,0,0)x(0,1,1),> ve SARIMA(0,0,0)x(1,1,0)1, seklindedir. Yapilan analizler
sonucu SARIMA(0,0,0)x(1,1,0)1> modelinin seriyi modellemek i¢in en uygun model oldugu goriilmiistiir.
SARIMA(0,0,0)x(1,1,0):, modeli uyum istatistikleri 6zet tablosu Tablo 4’te gosterilmistir.

Tablo 4. SARIMA(0,0,0)x(1,1,0)12 modeli uyum istatistikleri 6zet tablosu (SARIMA(0,0,0)x(1,1,0) model fit statistics summary table)

yyu m ... Ortalama Minimum Maksimum Yiizdelik

Istatistigi 5 10 25 50 75 90 95
Duragan R2 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09
R2 0.897 0.897 0.897 0.897 0.897 0.897 0.897 0.897 0.897 0.897
OKHK 10.347 10.347 10.347 10.347 10.347  10.347 10.347 10.347 10.347 10.347
OMYH 15.941 15.941 15.941 15.941 15941  15.941 15.941 15.941 15.941 15.941
MakMYH 61.704 61.704 61.704 61.704 61.704  61.704 61.704 61.704 61.704 61.704
OMH 7.642 7.642 7.642 7.642 7.642 7.642 7.642 7.642 7.642 7.642
MakMH 38.488 38.488 38.488 38.488 38.488  38.488 38.488 38.488 38.488 38.488
Norm BIC  4.779 4.779 4.779 4.779 4.779 4.779 4.779 4.779 4.779 4.779

R? belirleme katsayis1 degeri 0.897 ile I’e yakin bir degerdir ancak seride mevsimsellik oldugu icin R? degeri
yerine duragan R’ 6l¢ttiinii dikkate almak daha dogru olacaktir. Duragan R? degeri, ¢cok diisiik 0.09 degeriyle
de olsa pozitif ¢tkmistir. Dolayisiyla model, basit ortalama modelden az da olsa daha iyi sonu¢ vermistir.
Tablodan OMYH degerinin 15.941 oldugu gérilmektedir. Maksimum mutlak yiizde hata ise (MakMYH)
61.704 olarak elde edilmistir. Bu 6lgiitlerin biraz yiiksek ¢iktig1 soylenebilir. Diger olgiitler ise tekil model
degerlendirme icin uygun degildir, ancak ¢oklu model karsilagtirmada kullanilacaktir. Tablo 5’te
SARIMA(0,0,0)x(1,1,0):> modeli istatistikleri gosterilmistir. Tabloda verilen Ljung-Box Q istatistigi p degeri
incelendiginde, 0.353 degeriyle 0.05 degerinden yiiksek deger almistir ve model dogru sekilde belirlenmistir.

Tablo 5. SARIMA(0,0,0)x(1,1,0)1> Modeli Istatistikleri (SARIMA(0,0,0)x(1,1,0)1» Model Statistics)
Model Uyum Ljung-Box Q(18)

Tahminleyici . . A Deg
Model mineyict Istatistikleri Istatistik SD* P yhan Deger
Sayisi . ) Sayis1
Duragan R
Kayseri_tuketim-
0 0.09 18.585 17 0.353 0

Model 1
* SD: Serbestlik Derecesi

Tablo 6’da SARIMA(0,0,0)x(1,1,0)1, modeli parametrelerine yonelik ¢ istatistik sonuglar1 gosterilmektedir.

Tablo 6. SARIMA(0,0,0)x(1,1,0)12 modeli parametreleri (SARIMA(0,0,0)x(1,1,0).- Model Parameters)

Tahmin SH t P
Kayseri_tuketim- o Sabit 2.722 0.807 3.372 0.001
Dontisim . .
Model_1 AR, Mevsimsel Gecikme 1 -0.416 0.106 -3.935 0.000
yok
Mevsimsel fark 1
SH:Standart Hata
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Tablodan modelin sabit terim parametresinin ve AR mevsimsel parametresinin ¢ istatistigi p degerlerinin
sirastyla 0.001 ve 0.000 degerleriyle 0.05’ten kiiciik oldugu dolayisiyla her iki parametrenin de anlaml oldugu
anlagilmaktadir.

Modelin uygunlugunu tespit etmekte bir baska kriter olan hatalarin beyaz giiriiltii olup olmadiginin kontrolii
oncelikle modelden elde edilen hatalara yonelik olusturulan ACF grafigi araciligiyla analiz edilmistir. lgili
grafik Sekil 6’da sunulmustur.

Hata3
1,0
05+
S oo
-
i
0,5
1,01

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1T
S 7 911131517 19212325 272931 3335373941 43 4547 4051 535557 5961 63656769

[

i
Gecikme Sayisi

Sekil 6. SARIMA(0,0,0)x(1,1,0)12Modeli Hata Serisinin ACF Grafigi
(ACEF graph of the SARIMA(0,0,0)x(1,1,0)2model residual series)

Hatalarin ACF grafiginden goriildiigii gibi birkag gecikmede 6nemli otokorelasyon olabilecegi izlenmektedir.
Bu durumu kesinlestirmek ve modelin hata terimlerinin standart normal dagiliml rasgele degiskenlerin
dizininden olugan bir beyaz giirtilti siireci olup olmadigini test etmek icin Box-Ljung testine bakmakta fayda
vardir. Hata serisinin 21 gecikme i¢cin ACF tablosu, Box-Ljung test degerleriyle birlikte Tablo 7’de verilmistir.
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Tablo 7. HATA3 Serisinin ACF Tablosu (ACF Table of HATA3 Series)

Otokorelasyonlar
Seri: HATA3
Gecikme Otokorelasyon  Std. Hata® Box-Ljung Istatistigi
Deger sd p*
1 0.106 0.107 0.98 1 0.322
2 0.123 0.107 2.303 2 0.316
3 -0.002 0.106 2.303 3 0.512
4 -0.072 0.105 2.77 4 0.597
5 0.033 0.105 2.871 5 0.72
6 -0.284 0.104 10.362 6 0.11
7 -0.111 0.103 11.528 7 0.117
8 -0.167 0.103 14.164 8 0.078
9 -0.06 0.102 14.509 9 0.105
10 0.068 0.101 14.965 10 0.133
11 -0.023 0.101 15.019 11 0.182
12 0.058 0.1 15.355 12 0.223
13 -0.012 0.099 15.37 13 0.285
14 0.033 0.098 15.483 14 0.346
15 -0.012 0.098 15.498 15 0.416
16 -0.114 0.097 16.89 16 0.393
17 -0.02 0.096 16.932 17 0.459
18 -0.123 0.096 18.585 18 0.418
19 -0.106 0.095 19.827 19 0.405
20 -0.042 0.094 20.022 20 0.457
21 -0.045 0.093 20.25 21 0.505

* sd: serbestlik derecesi
a. Varsayilan siireg bagimsiz (beyaz giiriiltii).
b. Asimtotik ki-kare yaklagimina dayali.

Tabloda verilen Box-Ljung istatistigi p degerleri % 95 giiven araliginda incelendiginde tiim degerlerin 0.05
degerinden yiiksek ¢ikmasindan dolay: hatalarin rasgele bir davranis sergiledigi ve beyaz giiriiltii oldugu
sonucuna varilmaktadir.

Sekil 7’de gozlemlenen, SARIMA(0,0,0)x(1,1,0)1> modeli ile tahminlenen, tahminlenen degerlerin alt ve st
sinir degerleri grafik olarak gosterilmigtir. Sekilden de gorildigi gibi modelce tahminlenen degerler
gerceklesen degerleri bazi hata degerleriyle birlikte tahmin etmektedir ve gerceklesen degerler, tahminlenen
degerlerin alt-iist sinir araliklarinda yer almaktadir. Buradan hareketle gelecekteki degerlerin de bu sinurlar
icerisinde yer alacag: sGylenebilir.
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Sekil 7. Gergeklesen ve SARIMA(0,0,0)x(1,1,0)12 modeli ile tahminlenen degerler grafigi
(Actual and predicted values graph by the SARIMA(0,0,0)x(1,1,0),» model)
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Bu analizler sonucunda modelin uygun oldugu, parametrelerinin anlamli oldugu, hatalarin beyaz girtlti
oldugu ve gelecekte gerceklesecek degerlerin tahmin sinirlari igerisinde yer alacagi soylenebilir. Analizlerde
degerlendirilen 4 SARIMA modelinden SARIMA(0,0,0)x(1,1,0)1 ve SARIMA(0,0,0)x(0,1,0);> modelleri
uygun bulunmus, bu modellerden de yukarida detayl analizleri verilen SARIMA(0,0,0)x(1,1,0);> modeli
Tablo 8de verilen etkinlik dl¢iitlerine gore secilmistir. Model degerlendirmede en ¢ok kullanilan 6lgiitlerden
biri normalize Bayes bilgi kriteridir (Norm BIC). Bu 6lgiit, model karmagikhigini agiklamaya calisan bir
modelin genel uyumunun bir 6lgisiidiir ve diisiik olmas: beklenir. Tabloda verilen Norm BIC degerleri
incelendiginde SARIMA(0,0,0)x(1,1,0); modelinin daha iyi sonu¢ verdigi gézlemlenmektedir. Ayrica bu
model MakMH haricindeki diger tiim hata etkinlik olgitlerinde de daha iyi deger vermistir ve
SARIMA(0,0,0)x(0,1,0)1> modelinin aksine duragan R? degeri negatif degil, pozitiftir.

Tablo 8. SARIMA(0,0,0)x(1,1,0),2 ve SARIMA(0,0,0)x(0,1,0)12 modelleri karsilastirma tablosu (Comparison table of SARIMA(0,0,0)x(1,1,0)12
and SARIMA(0,0,0)x(0,1,0)12 models)

Model R? DuraganR> OKHK OMH MakMH Norm BIC
SARIMA(0,0,0)x(1,1,0)12 0.897 0.09 10.347 7.642 38.488 4.779
SARIMA(0,0,0)x(0,1,0)12 0.887 -2.60E-16 10.781 7.99 38.402 4.808

5.2. Gri tahmin yontemi ile dogal gaz titketim tahminlemesi (Natural gas consumption estimation with grey forecasting
method)

Caligmada birinci mertebeden tek degiskenli gri model olan GM(1,1) modeli ile tahminleme
gerceklestirilmistir. Gri tahmin yonteminin uygulamasi SPSS (26.0) paket programi ve Excel programindan
yararlanilarak yapilmigtir. Calisgmada Tablo 1’de sunulan 2015-2022 yillar1 arast aylik bazda gerceklesen
Kayseri ili dogal gaz tiiketim miktarlar1 kullanilmistir. Daha 6nce de bahsedildigi ve $ekil 1’de de gosterildigi
tizere veri kiimesi mevsimsel bilesen icermektedir. Yapilan analizler ve literatiir taramasi sonucu benzer
caligmalara bakildiginda, gri modellerin serideki trend bilesenini yakalayip dogru sonuglar iiretebilirken,
mevsimsel bileseni yakalayamadigi, dogru sonuglar iiretemedigi goriilmiistiir. Bu nedenle, 6ncelikle serideki
mevsimsel bileseni seriden arindirmak igin SPSS paket programi {izerinde ayrigtirma yontemleri
kullanilmigtir. Ayristirma yontemlerinin hangisinin hangi tip seride daha etkin oldugunu tespit etmek adina
herhangi bir olgiit veya test olmamasi nedeniyle hem toplamsal ayristirma hem de ¢arpimsal ayristirma
yontemlerinden faydalanilmistir. Sonrasinda toplamsal ayristirma ve carpimsal ayrigtirma yontemleriyle
mevsimsel bilesenlerinden ayrilan serilere GM(1,1) modeli ayr1 ayr1 uygulanmistir. Mevsimsel bilesenleri
toplamsal ve ¢arpimsal ayrigtirma yontemleriyle arindirilmig serilere GM(1,1) modeli uygulanarak edilen
sonuglar hata 6lgiitleri agisindan karsilastirilip, uygun gri model belirlenmigtir. Toplamsal ve ¢arpimsal
ayristirma kullanilarak elde edilen gri modellerin hata 6l¢iitleri bakimindan kargilastirilmas: Tablo 9°da

verilmistir.

Tablo 9. Toplamsal ve ¢arpimsal GM(1,1) modellerinin hata 6lgiitleri (Error measures of additive and multiplicative GM(1,1) models)
Yontemler OMYH OMH OKH OKHK R?
Toplamsal GM(1,1) 14.5517984 6.869924 81.56573 9.031375 0.9141
Carpimsal GM(1,1) 12.0785325 5.779011 70.29108 8.383978 0.926

Tablo incelendiginde OMYH, OMH, OKH, OKHK etkinlik 6l¢iit degerlerinin en diisiik oldugu ve R’ degerinin
en yiiksek oldugu modelin ¢arpimsal ayristirma tabanli GM(1,1) modeli oldugu goriilmektedir. Gelecek aylar
tahminlemek icin kullanilacak en iyi gri model ¢arpimsal ayristirma tabanli GM(1,1) modelidir. Model,
SARIMA(0,0,0)(1,1,0);>» modelinden daha iyi etkinlik dl¢iit degerleri vermistir. Caprimsal ayristirma tabanl
GM(1,1) modeli uygulama adimlar1 agagida anlatilmistir.

l.adim: X© serisi, SPSS paket programi kullanilarak ¢carpimsal ayristirma ydntemi ile mevsimsel bilesenden
ayristirilan seridir.
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X O (k)= (x9 (1), x 2),...... ¥ (n)) ; n=96
Matris formu;

[47,91507]
|38,58574
_ 142,32089 . .
Y = |43,22456| seklindedir.
l60,42961J

Gazi Mihendislik Bilimleri Dergisi: 10(2), 2024

2.adim: X serisine Birikim Olusturma Islemi (BUI) uygulanarak X dizisi olusturulmustur.

XU(K) = (xV (1), xV (2)...., xV (1)) ; n =96

47,91507
86,50081
128,8217
172,04626
l232,47587J

X(1) =

3. Adim: X dizisinden Z" serisi olusturulmugtur.
ZW = (7Y (1), 2V (2),....., 2V (n))
ZW(k) =0.5 xV(k) +0.5 xV(k -1) k=2,3,........ ,96

—67,20794
—107,661255
—150,43398
—202,261065
—258,67341

Z(1) =

7 matrisi B matrisine doniistiiriilmiistiir.

—107,661255

_ | —150,43398

~|-202,261065 1
—258,67341

—-67,20794 4
[ 1
1|

B

4.Adim: B matrisine devrik doniisiim uygulanarak B” matrisi elde edilmistir.

BT_[—67,20794 —107,661255 ]
B 1 1

5.Adim: B” matrisi ile B matrisi carpilarak B™B matrisi elde edilmistir.

_ [ 853595934,8 —244429,0616

T
BY*B=| 1444290616 95

6.Adim: Dizey ters islemi yapilarak BB matrisi elde edilmistir.
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BT+ B-1 = [4,45047E —09 1,14508E — 05
~ [1,14508E — 05 0,039988477
7.Adim: B™B™! matrisi ile B" matrisi ¢arpilarak B™*B"* BT matrisi elde edilmistir.
BT+ B-1+ BT = [1,11517E —05 1,09716E — 05 ]
~ 10039218893  0,038755671

8.Adim: B™B* B” matrisi ile Y matrisi carpilarak B™*B'* B™Y matrisi elde edilmistir.

—0,003053982
T -1 T _ ]
BIxB™x BU+Y = | 4802203866

a=-0,003053982

b= 48,02203866

b
P 15724,40022

9.Adim: g ve b degerleri kullanilarak gri model olusturulmustur.

b b
A(1) _
Xp (k+1) =X(0)(1)—E]e ak+a

Bu esitlik ile elde edilen E matrisi;

47,91507
96,15706804
_ |144,5466215
~[193,0841816
241,7702012

10.Adim: F matrisi elde edilmistir.

47,91507
48,24199804
48,38955344
48,53756017

l48,68601959J

F=

11.Adim: F matrisi (GM(1,1) modeli tahminleri) ile SPSS programinda ¢carpimsal ayristirma yontemi ile elde
edilen mevsimsel endeks degerleri ¢arpilarak mevsimselligi dikkate alan tahmin degerleri bulunmustur.

Carpimsal ayrigtirma tabanli GM(1,1) modelinin ger¢eklesen ve tahmin degerleri grafigi Sekil 8'de verilmistir.
Sekilden de gorildiigi gibi tahminler gerceklesen degerleri izlemektedir ve mevsimsel davranisi ¢ok iyi
diizeyde yakalamigtir. Carpimsal ayrigtirma tabanlt GM(1,1) modeli ile 0.926 R degerleri elde edilmistir. Elde
edilen R? degeri oldukga 1’e yakindir ve SARIMA(0,0,0)(1,1,0):> modelinden elde edilen 0.897 degerinden
daha yiiksektir. Tablo 9°da sunulan OKHK ve OMH hata etkinlik ol¢iitlerinde de SARIMA(0,0,0)(1,1,0)1.
modelinden daha iyi yani daha diisiik degerler elde edilmistir.
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Carpimsal Ayristirma Tabanli GM(1,1) Modeli
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Sekil 8. Carpimsal ayristirma tabanli GM(1,1) modelinin gergeklesen ve tahmin degerleri grafigi
(Actual and forecast values graph of multiplicative decomposition based GM(1,1) model)

5.3. Yapay sinir aglarl yontemi ile dogal gaz tiketim tahminlemesi (Natural gas consumption estimation with artificial

neural networks)

YSA y6ntemi uygulamasi, WEKA paket programi 3.9.0 versiyonu iizerinde gerceklestirilmistir. Yapay sinir
aglarinda tahminleme amaciyla Kayseri ili dogalgaz tiiketim degerleri ¢ikt: degiskeni olarak, yil ve ay bilgileri
ise girdi degiskenleri olarak ele almmustir. YSA modeli olarak siniflandirma ve tahminlemede oldukga basarili
sonuglar veren ¢ok katmanh algilayict (CKA) (Multilayer Perceptron -MLP) yontemi kullanilmigtir. Yapay
sinir ag parametrelerini ve ag mimarisini belirlemek i¢in etkin bir yontem olmadig: icin pek ¢ok farkli gok
katmanl algilayict modeli denenmis, denemeler neticesinde sigmoid aktivasyon fonksiyonu kullanilarak, 3
gizli katman ve her katmanda 5 néron olan ag yapisi en iyi sonucu vermistir. Veri egitim ve test kiimelerine
ayrilirken %66-34 orani kullanilmistir. Bu dogrultuda verinin %66’s1 modelin 6grenmesi igin kullanilirken,
kalan %34’lik kismi agin test edilmesi i¢in kullanilmigtir. Model 500 iterasyon (epoch) ¢aligtirilmistir.

Onerilen ag mimarisinde giris katmaninda girdi niteliklerini ifade eden 2 néron, her birinde 5’er adet néron
bulunan 3 gizli katman ve tiiketim miktar: siirekli ¢ikt1 degiskenini ifade eden tek noronlu ¢ikis katmani
bulunmaktadir. Onerilen CKA mimarisi Sekil 9’da gosterilmistir.

w7\
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N N fo
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Sekil 9. Onerilen CKA Yapist
(Proposed MLP Structure)

Onerilen CKA model, test kiimesinde 0.9773 korelasyon katsayisi (R) degerine sahiptir, bu da degiskenler
arasinda pozitif yonli yiiksek diizeyde iliski oldugunu ifade etmektedir. Model test kiimesi {izerinde 5.5895
OMH, 6.9347 OKHK, % 20.1228 goreli mutlak hata ve % 21.1757 goreli kareli hata kokii degeri {iretmistir.
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CKA modelinin etkinligini artirmak adina modele yil ve ay girdi degiskenlerinin yani sira veride aylik bazda
mevsimsellik gozlemlendiginden, sirayla ge¢mis yilin ayn1 ayina ait veri (modell), ge¢mis iki yilin ayn1 aymna
ait veri (model2) ve ge¢mis ti¢ yilin ayn1 ayina ait veriler (model3) de girdi degiskeni olarak eklenmistir. CKA
modelinde sigmoid aktivasyon fonksiyonu, 3 gizli katman ve her katmanda 5 néron olan bir yap:
kullanilmustir. Test kiimesi tizerinde Modell ile 0.9272 R,18.6229 OMH, 20.3607 OKHK, % 59.4784 goreli
mutlak hata ve % 56,6518 goreli kareli hata kokii degeri elde edilmigtir. Model2 ile 0.9548 R degeri, 7.8446
OMH, 9.9887 OKHK, % 28.7769 goreli mutlak hata ve % 31.5288 goreli kareli hata kokii degerleri; model3 ile
ise 0.9546 R, 9.2057 OMH, 11.6586 OKHK, % 29.799 goreli mutlak hata ve % 35.662 goreli mutlak hata kokii
degerleri {iretilmistir. Ancak elde edilen bu sonuglardan da goriildiigii gibi, gegmis mevsimsel verilerin
kullaniminin yapay sinir aginin etkinligi tizerinde olumlu bir etkisi olmamistir. Dolayisiyla girdi degiskeni
olarak sadece yil ve ayin kullanildigi veri iizerinde elde edilen sonuglar YSA’nin diger yontemlerle
degerlendirilmesi asamasinda ele alinmigtir.

CKA modeli ile elde edilen sonuglarin diger yontemlerle esit sartlar altinda karsilagtirilabilmesi i¢in CKA
modeli ile biitiin veriler {izerinde elde edilen etkinlik olgiitleri de hesaplanmustir. Biitiin veriler iizerinde CKA
ile 7.0642 OMH degeri, 85.1353 OKH degeri, 9.2269 OKHK degeri,15.167 OMH degeri ve 0.91 R? degeri elde
edilmistir. CKA ile elde edilen tahminler ve ger¢eklesen dogal gaz tiiketim degerleri grafigi Sekil 10°da
verilmistir.

YSA Tahmin Grafigi
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Sekil 10. Gergeklesen ve Tahminlenen Dogal Gaz Tliketim Degerleri Grafigi
(Observed and Forecasted Natural Gas Consumption Values Chart)

5.4. Sonuqlar ve tartigma (Results and discussion)

Tablo 10, ARIMA modelleri, gri tahmin yontemi ve yapay sinir aglar1 yontemleri uygulanarak elde edilen
Kayseri ili dogal gaz tiiketimi tahmin sonuglarinin ¢esitli performans olgiitleri agisindan karsilagtirmasini
gostermektedir. Tablo incelendiginde en diisik OMYH, OMH, OKH, OKHK degerlerine ve en yiiksek R’
degerlerine sahip olan ¢arpimsal ayrigtirma tabanli GM(1,1) yonteminin tahminlemede kullanilabilecek en
uygun yontem oldugu goérilmektedir. Carpimsal ayristirma tabanli GM(1,1) modelini sirasiyla toplamsal
ayrigtirma tabanli GM(1,1) yontemi, YSA ve SARIMA modeli izlemektedir.

Tablo 10. Uygulanan yontemlerin performans olglitleri agisindan karsilagtirmasi (Comparison of applied methods in terms of performance
measures)

Hata ()lqiitleri/Y6ntemlerToplamsal GM(1,1) Carpimsal GM(1,1) SARIMA (0,0,0)(1,1,0)1= YSA

OMYH 14.5518 12.0785 15.941 15.167
OMH 6.8699 5.779 7.642 7.0642
OKH 81.5657 70.2911 107.0604 85.1353
OKHK 9.0314 8.384 10.347 9.2269
R2 0.9141 0.926 0.897 0.9104
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Kayseri ili dogal gaz tiiketimi aylik tahmini i¢in en uygun yontem olarak ¢arpimsal ayrigtirma tabanli GM(1,1)
yontemi belirlendikten sonra, yontem ile 2023 yilinin 12 ay1 i¢in Kayseri ilinin dogal gaz tiikketim tahmini
yapilmustir. Carpimsal ayrigtirma tabanli GM(1,1) modeli ile gelecege yonelik tahmin degerleri Tablo 11’deki

gibidir.
Tablo 11. 2023 Yih Kayseri IIi i¢in Dogal Gaz Tiiketimi Tahmin Degerleri (Forecast Values of Natural Gas Consumption for Kayseri Province
in 2023)
Aylar Ocak Subat Mart Nisan  Mays Haziran
Tiiketim 116.701 119.849 98.047 80.844 43.411 29.59
(milyon Sm3)
Aylar Temmuz  Agustos  Eyliil Ekim Kasim Aralik
Tiiketim 31.661 32.181 32.551 40.921 59.667 99.239
(milyon Sm3)

6. Sonuqlar (Conclusions)

Caligmada 2015-2022 yillar1 arasinda aylik olarak gergeklesen toplamda 96 aylik Kayseri iline ait dogal gaz
titketim verisi kullanilmig olup, 2023 yili i¢in tiiketim tahmini ger¢eklestirilmigtir. Tahminleme yontemleri
olarak literatiirde de biyiik ol¢ide kabul goren Box-Jenkins, Gri Tahminleme ve Yapay Sinir Aglari
yontemleri kullanilmigtir. Tahminleme uygulamalarini yapmak ve analizleri gergeklestirmek iizere SPSS
istatistiksel yazilim, EXCEL ve WEKA makine 6grenimi paket programlarindan faydalanilmigtur.

Tahminlemede ilk olarak Box-Jenkins yontemi uygulanmistir. Yontem uygulanmadan 6nce dogal gaz
titketim serisinin davranigi incelenmistir. Serinin mevsimsellik icermesi sebebiyle veriye mevsimsel fark alma
islemi uygulanarak duraganhik saglanmistir. Kullanilacak modeller icin parametre tahmini yapilmustir.
Ardindan dort alternatif modelin anlamliliklar1 ve uygunluklar: test edilmistir ve model ¢iktilar1 basar:
kriterleri acisindan  degerlendirilmistir. Sonug¢ olarak ele alman Box-Jenkins modellerinden
SARIMA(0,0,0)x(1,1,0):> modelinin 6ngorii islemi i¢in en uygun model oldugu belirlenmistir.

Kayseri dogal gaz tiiketimi tahmininde ikinci olarak gri tahmin uygulanmustir. Yapilan analizler ve literatiir
arastirmasi sonucunda gri tahmin yonteminin mevsimsellik iceren verilerde iyi sonuglar vermedigi
anlagilmistir. Bu nedenle seri 6nce ayristirma yontemleriyle mevsimsel bilesenden arindirilip, daha sonra gri
tahmin agamasina gecilmistir. Toplamsal ayristirma tabanli GM(1,1) modeli ve ¢arpimsal ayristirma tabanh
GM(1,1) modeli olmak iizere iki gri model tizerinden tahminleme gergeklestirilmistir. Modeller hata ol¢iitleri
acisindan degerlendirilmis ve ele alman iki model arasindan en iyi modelin ¢arpimsal ayrigtirma tabanl
GM(1,1) modeli oldugu belirlenmistir.

Tahminlemede son yontem olarak yapay sinir aglar1 (CKA) kullanilmistir. Weka paket programinda
gerceklestirilen analizler neticesinde yapay sinir aglarinin iyi bir ¢6ziim sundugu goriilmiistiir. Uygulamanin
son asamasinda kullamilan ti¢ yontem OMH, OKH, OKHK, OMYH ve R’ hata ol¢itleri bakimmdan
kargilagtirilmug, 0,926 R? degeri ile en bagarili sonucu veren ¢arpimsal ayrigtirma tabanli GM(1,1) yonteminin
tahminleme i¢in en uygun yontem oldugu belirlenmistir. Uygulamanin son asamasinda ¢arpimsal ayrigtirma
tabanli GM(1,1) yontemi ile 2023 yili i¢in Kayseri ili aylik dogal gaz titketim tahminlemesi yapilmustir.

Bu ¢aligma ayrigtirma tabanl gri tahmin yonteminin tahminleme yapmak tizere y6neticilerin ve uzmanlarin
tercih edebilecegi bir yontem oldugunu verdigi basarili sonugla ortaya koymaktadir. Ele alinan diger
yontemler de tahmin i¢in uygun yontemlerdir, ancak en uygun degillerdir. Gelecek caligmalarda veri boyutu
artirilarak daha da etkin tahminleme ¢aligmalar1 yapilabilir. Bu ¢aligmadan yola ¢ikilarak ayni zamanda
Kayseri veya diger illere yonelik sanayi, konut tiiketimi gibi detayli sektorel bazda enerji titketimi
tahminlemeleri de gergeklestirilebilir.
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ABSTRACT

Irrigation is the artificial application of water to soil through tubes, pumps, and sprays, used when
natural sources and rain are insufficient, irregular, dry, or drought-prone areas. This study proposes
a drip irrigation-based solar-powered system for home grown plants and greenhouse gardens,
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system employs drip irrigation to pump water through pipes using a DC motor. The automated
irrigation system utilizes a boost DC-DC switching converter, to step up input voltage and increase
the output voltage, enabling remote monitoring of humidity, water, and energy consumption in
flowerpots. The converter achieves significant step-up voltage gain with a suitable duty ratio and
minimal voltage stress on the power switches. It is an off-grid automatic control system that
operates independently of human intervention. The system utilizes a boost converter to indirectly
optimize the power of two series-connected PV cells, increasing overall efficiency.

Tarimsal Faaliyetlere Yonelik Arduino Yazilimi ile
Otomatik PV ve Akii ile Beslenen Su Sulama
Sisteminin Gelistirilmesi

0 Y4

Sulama, dogal kaynaklarin ve yagmurun yetersiz oldugu, diizensiz, kuru veya kurakliga yatkin
bolgelerde kullanilan suyun tiipler, pompalar ve spreyler araciliiyla topraga yapay olarak
uygulanmasidir. Bu ¢aligma, evde yetistirilen bitkiler ve sera bahgeleri i¢in elektrik titketimi igin
glines enerjisinden yararlanan, damla sulama bazli giines enerjisiyle calisan bir sistem
onermektedir. Sistem, mahsullere su ve besin saglamak, optimum biiyiimeyi saglamak ve su, giibre,
enerji ve bitki koruma iriinleri gibi kaynaklari korumak i¢in oldukga verimlidir. Bir su deposu, bitki
nem seviyelerini tespit etmek ve bir su motoru ve sensor araciliiyla bitkilere su saglamak i¢in bir
Arduino ATmega328 mikroislemcisini kullanmaktadir. Sistem, bir DC motor kullanarak
borulardan su pompalamak i¢in damlama sulama yontemini kullanmaktadir. Otomatik sulama
sistemi, giris voltaji yiikseltmek ve ¢ikis voltajimi artirmak igin bir DC-DC anahtarlama
donistirtictsini kullanir ve saksilardaki nem, su ve enerji titkketiminin uzaktan izlenmesine olanak
tanir. Doniigtiiriicii, uygun bir gorev orani ve gili¢ anahtarlari izerindeki minimum voltaj stresi ile
6nemli miktarda artan voltaj kazanci elde etmektedir. $ebekeden bagimsiz, insan miidahalesinden
bagimsiz ¢alisan otomatik kontrol sistemidir. Sistem, seri bagli iki PV hiicresinin giiciinii dolayli
olarak optimize etmek ve genel verimliligi artirmak i¢in bir destek doniistiiriicii kullanmaktadir.
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1. Introduction

Irrigation is the artificial application of water to the soil using various technologies such as pumps, tubes, and
sprays. Irrigation is usually necessary in locations with irregular rainfall, during dry spells, or where
dehydration is widespread [1]. Water for irrigation comes from various sources, including underground water
from wells or springs, surface water from lakes and rivers, and water from other sources, such as treated
wastewater or desalinated seawater [2]. There are two sorts of current irrigation techniques: traditional
irrigation methodologies and intelligent irrigation methodologies. Traditional irrigation systems include
surface, drip, and sprinkler irrigation [3]. Irrigation planning takes into account when and how much water
should be applied to plants [4]. The management practices with the greatest impact are determined by the
kind and design of the irrigation system. Several well-known challenges impact how far the irrigation system
succeeds, such as determining when to irrigate the land, the appropriate amount of water, and the ability to
improve efficiency [5].

Energy supply is a critical component in the growth of any society [6-8]. Today, the fast-expanding energy
demand needs a restricted usage of fossil fuels [9]. The sun, our everlasting power source, continues to heat
and illuminate our world on the other side [10]. Solar energy is a popular and cost-effective renewable energy
source. The amount of energy produced by solar cells is significantly influenced by weather and solar radiation
[11]. Renewable energy sources and their application have become increasingly vital to humanity over the last
few decades[12]. Photovoltaic generating, among renewable energies, is a particularly promising technology
for electrical energy production because of its environmentally favorable and flexible operation[13]. Many
architects, designers, and manufacturers throughout the world are looking into photovoltaics (PV) as a long-
term energy source [14]. The smart irrigation system is made up of several technologies, including battery
and sensor, automatic control, and computer technology. Researchers are paying a lot of attention to the rapid
development of Li-ion battery technology [15]. Sustainable energy sources fluctuate throughout the day,
necessitating the use of suitable energy storage technology like batteries for electricity production[16].
Conventional energy storage systems like batteries face challenges like drowsy charging and limited
lifespan[17]. PV systems use batteries to store excess energy, a growing concern due to increasing energy
consumption[18]. Automation and control systems are crucial for facilitating lives. Water needs for plants
are influenced by factors like rain, temperature, and wind, making efficient use of agricultural water
increasingly important [19].

Proper irrigation systems in agriculture are essential for yield and water scarcity, with traditional drip
irrigation reducing soil humidity stress but applying undetermined amounts of water. Occasionally, an
excessive amount of water is continuously delivered to the crop, and sometimes too little water is given to the
crop, defeating the system's purpose [20]. One main reason for this is the wasteful waste of water in
agricultural areas due to farmers' lack of knowledge about a sufficient supply of water [21]. Many plants are
extremely sensitive to water levels and require a precise level of water supply for healthy growth; if this is not
met, they may die or grow improperly. Stock farming is an integral part of Turkish agriculture and many
farmers are interested in earning money with meat, milk, and wool [22]. A large proportion of freshwater
resources are used for agricultural irrigation, both in Tlirkiye and around the world [23]. In total, 280 million
hectares of agricultural land are irrigated, which represents 19% of all agricultural land in the world [24].
Developing countries' agriculture economy faces underutilization due to erratic water use, necessitating the
implementation of automatic irrigation systems despite modern techniques like drip and sprinkler irrigation.
Many strategies used in autonomous irrigation systems are detailed in the literature[25-27]. A
microcontroller-based system automates irrigation for small potted plants, improving efficiency and reducing
manual intervention in agriculture during scarce water. A system was developed that detects temperature and
humidity changes in the environment using sensors and controls the pump via a signal sent by the
microcontroller [28]. The planned system was reported to be cost-effective and enabled farmers to irrigate
overnight without the need for physical presence. Taneja and Bhatia created a new autonomous watering
system to save water by combining sensor technology with Arduino [29]. The irrigation network employs a
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dual-tone multi-frequency signaling (DTMF) management system, enabling precise irrigation, spraying, and
parameters via phone commands, minimizing user-requested cessation. A DTMF decoder and controlling
circuit decodes and controls the on-off mode of the associated electrical motor pump [30]. The study
examines the use of photovoltaic-assisted pumping elements in agricultural regions, analyzing water
movement based on dynamic heights and variable water values. As a result of the design, a lifetime cost
analysis for the required height and water amount is performed [31].

Research suggests an embedded technology for remote greenhouse inspection, offering a low-cost online
greenhouse automation design. The temperature and soil moisture levels in a greenhouse region are measured
using a real-time greenhouse automation system, the design variables are checked against the recorded values,
and the collected data is transferred to an embedded web interface for users to view [32].

The automation systems used in greenhouses can be analyzed in two sections; namely, climate control and
the automation of irrigation-fertilization. These systems cover expert systems that generally involve
backwards-feeding or forward-feeding methods [33]. In backward-feeding systems, after the variable is
perceived, the control system is activated while in forward-feeding systems the tendency of change of the
variable is predicted initially and after that, the control system reacts to the relevant tendency [34-36]. All
these processes are conducted by a computer unit which is the brain of the automation where the relevant
programs are loaded.

Barkunan et al. transformed a drip irrigation system into a smart system using a microcontroller, GSM,
sensors, motor, and telephone module, resulting in 41.43% savings compared to the drip irrigation system
[37]. The study by Kiigitksayan analyzes the variation in irrigation applications across different landscape
regions in Ankara district. It reveals that design, construction, scheme, and maintenance methods vary based
on the installation, system, and planning. The chosen irrigation design can enhance water usage and prolong
the life of green parts [38].

The smart irrigation system, as depicted in Figure 1, integrates data acquisition, control, wireless
communication, processing, and problem detection, all of which can be integrated into IoT devices.

Smart Irrigation System

Data Acquisition | [l Fault Detection Data Processing mﬁﬁﬁm ':?”m

Figure 1. Smart irrigation system components [39].

This technology can be adopted on a wide scale for farming reasons, making it much more beneficial. Due to
current conditions and water scarcity, optimal irrigation schedules should be devised, particularly in farms,
to conserve water.

The main idea is to design a cost-effective irrigation system that uses less electrical energy and water which
can be used for the growth of various crops compared to other systems, such as the sprinkler irrigation studied
by Yavuz et al. [40], which requires significant energy consumption. A previous study also found that the
irrigation system consumed 76% of the total energy input in alfalfa production [41]. Water application
methods that use ancient groundwater resources and groundwater extraction were mentioned as reasons for
the high consumption of electrical energy in the study region [41]. Furthermore, Khan et al. [42] examined
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energy inputs under different irrigation systems in Australia for the production of wheat, rice, and barley. To
reduce the environmental footprint of water and energy inputs, the authors recommend improving energy
efficiency and water productivity of crop production.

This work presents an automatic irrigation system that will save more electricity, and water, and increase the
yield of the plant automatically compared to aforementioned systems. The system is tested using solar panel
electricity that improves its outputs, controls the water supply, reduces employee workload, and addresses
soil conditions. The Arduino platform controls a water motor and humidity sensor, ensuring optimal
operation for plant maintenance. The ATmega328 microprocessor detects moisture levels, allowing water to
be pumped. The Arduino triggers when soil moisture decreases, implementing a drip irrigation method. This
smart automated drip irrigation system offers a more practical and economical method to uniformly
distribute water to plants at small and/or large-scale surface areas while saving water and energy. The
automated irrigation system compared to other systems is designed for various plants including vegetables
and many fruits and was tested on agricultural land. The system uses energy from PV solar cells and a battery
to reduce water consumption and improve plant productivity. It features durable Epoxy solar panels, thermal
management products, a DC/DC power converter, a Micro DC 3-6V Submersible Pump, and a humidity
sensor for measuring soil moisture. The drip irrigation method uses a DC motor to pump water through
pipes, detects soil moisture, and processes data using a microcontroller. The motor is automatically started
based on sensor data. The automated system is designed for various plants including vegetables and fruits,
and was tested on agricultural land. The controllers can be programmed to open the valves and begin
irrigation when the volumetric water content reaches a predetermined threshold. The suitable threshold value
varies by soil and vegetation type and ranges from 10 to 40%. The hybrid irrigation system was found to be
environmentally friendly and suitable for use in areas without electricity, as the energy was met by the 3 V PV
cells combined with a relay with a 6 V, 2 Ah Lithium-ion battery. This innovative approach to irrigation has
the potential to revolutionize agricultural practices. It was found that the developed automation-based
irrigation system could prevent human errors while saving labor and time. The studies also have proven this
hybrid system of irrigation improved product yield and quality. The smart irrigation systems integrates PV-
Battery to improve water-use efficiency for sustainable agriculture. It describes how Arduino UNO and
sensory systems efficiently monitor soil conditions, optimize irrigation, and save water using various sensors.
The article highlights the importance of modernizing agricultural techniques, presenting a user-friendly
automated irrigation system that enhances efficiency, data collection, and resource conservation by
automating tasks like watering and temperature control. First, it is a multidisciplinary study involving
Agriculture, Software Engineering, and Electronic Engineering. Furthermore, this is an automatic control
system that operates independently of the grid and functions without human intervention. By using a boost
converter, it regulates the power of two series of PV cells indirectly at the maximum power point to enhance
the efficiency of this system.

2. Materials and Method

2.1. Process description

The setup of the automatic irrigation system was designed as shown in Figure 4 and the elements are explained
in the following sections. Solar panels supply the necessary electrical energy for the self-contained irrigation
system. The drip irrigation method is designed to implement the irrigation process by pumping the water in
the tank through the pipes using a DC motor. The system detects soil moisture and processes the data acquired
by the sensor using a microcontroller, and the process is carried out by turning the DC motor on and off for
a certain amount of time. The irrigation operation is started automatically by starting the motor based on data
from the soil moisture sensor. When the volume of water reaches a set level, the engine is turned off, and the
watering cycle is repeated at certain humidity intervals. The water level sensor controls the amount of water
in the tank. When the tank's water level reaches a predetermined level, a network-connected solenoid valve
opens, allowing the filling process to commence. When the tank's water level reaches a preset level, the valve
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is closed by sensing the water level sensor. The automatic irrigation system consists of a soil moisture sensor,
an Arduino Uno, a solar panel, a charge management circuit, a DC motor, a solenoid valve, and a water level
sensor. This study aims to meet the electricity needs of the system with the help of solar panels. The
specifications of the PV panel, Submersible Mini DC Water Pump, and Soil Moisture Sensor are given in
Table 1.

The soil moisture sensor for Arduino is a compact, user-friendly sensor that measures soil moisture using two
probes. It is designed for Arduino microcontroller boards, allowing easy connection to an analog or digital
input pin for programming purposes. Probes that measure humidity values are immersed in the soil to be
measured during the measurement process. The sensor's reading indicates soil type, with values above 1000
indicating detached or uninhabitable soil, below 600 indicating dry or humid soil, and below 370 indicating
water presence. This irrigation system based on soil moisture was developed to be used for different plants
such as tomatoes, peanuts, soybeans, Strawberries, Chilli, Capsicum, Cabbage, Cauliflower, Onion, Okra,
Brinjal, Bitter Gourd, Ridge Gourd, Cucumber, Peas, Spinach, and pumpkin.

Table 1. The specifications of the PV panel, mini DC water pump, soil moisture sensor, and DC-DC boost converter

Type Parameters Values
Power 3w
Solar Panel Size 145x145mm
Output voltage 12V
Open circuit voltage 13.2V
Operating Voltage 3~6V
Operating Current 130 ~ 220mA
Flow Rate 80 ~ 120 L/H
Maximum Lift 40 ~ 110 mm
Continuous Working Life 500 hours
Driving Mode DC, Magnetic Driving
Material Engineering Plastic
Submersible Mini DC Water Pump Outlet Outside Diameter 7 5mm
Outlet Inside Diameter 5mm
Operating Voltage 3~6V
Operating Current 130 ~ 220mA
Operating voltage 3.3Vto5V
Operating current 20 mA
Soil Moisture Sensor Output Analog & Digital
Dimensions 20mmx15mmx10mm
Weight 10g
Input voltage 12V (9V-22V)
Output voltage 24V
Output current (max) 4A
Output power 96W
Conversion efficiency up to 90%
DC-DC boost converter Soft start time 500mS
Output ripple 80mV (MAX)
Dynamic response rate 5% 200u$
Protection class 1P67
Size 58x40x22mm

2.2 Experimental set-up of the irrigation system

The DC-DC boost converter helps to increase or decrease a direct current (DC) source from any voltage level
to another DC voltage level. The major advantages is that this irrigation system minimizes energy losses and
high efficiency. Figure 2 shows the entire automated hybrid energy source irrigation system. Figure 2 (a)
depicts a functional block diagram of the system and the complete setup with test procedures and
measurements as shown in Figure 2 (b).
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Figure 2. Automated hybrid energy source irrigation system, (a) The water irrigation system's block diagram, (b) Experimental design
and test setup.
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3. Results and Discussions

3.1. Simulations results

The boost converter simulation circuit of the DC-DC respo nse is shown in Figure 3. A boost converter is a
DC/DC power converter that increases the voltage from the source to the load. The duty cycle formula needed
to increase the voltage value at the system's output to the target voltage is shown below. The theoretical
transfer function of the boost converter is given by Equation (1) where D is the duty cycle:

o M

m (1-D)

In this case, the converter is supplying an RC load from a 20 V supply, and the PWM frequency is set to 20
kHz. Run the simulation and look at the waveforms with Scope. Ascertain that the mean value of the load

voltage (V) is extremely near to the theoretical value of:

Vin 10
(1-D) ~ (1-0.5) 20V @

Vour =

In Figure 3, when the MOSFET is at cut-off, the energy stored on the inductor flows through the load(R),
capacitor(C), and diode. In this case:

diy, V;

a L ®)

dVC _ Vout

dt ~ RC )
Considering the equality between equations (3), (4), (5), and (6), the result is as follows:

diy V; Ve

£ =7 D+, 1-D) (5)

dve i V.

ke (1-D) T " RC (6)
The inductance of the coil (L) in the design is given in the equation (7):

R(1—D)?
L RA=D)" o

2f

The circuit can convert a DC voltage to a higher DC voltage. DC-DC converters operate on a coil and
capacitor basis.
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Figure 3. DC-DC boost converter simulation circuit.
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When a voltage of 10 V is applied to the input, the voltage at the output becomes 20 V. A voltage of 20 V is
utilized as a reference as shown in Figure 4. In this design, a MOSFET is used for switching. As it turns off
and on, DC power is stored on the coil, and as the cycle repeats, it is transferred to the capacitor via the coil
each time. It continues until the voltage across the capacitor reaches its maximum value.

15

Voltage[V]
[
S

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time(seconds)

Figure 4. The 20 V reference voltage output signal variation with time.

The step signal is referenced as a minimum of 12 V and a maximum of 24 V of the system. A constant voltage
of 5 V is supplied to its input. After a certain period of fluctuations when the system is started caught the
tension. It is seen as 12 V and 24 V as output as shown in Figure 5. The output voltage is determined by the

coil rating, capacitor rating, and duty cycle of the MOSFET. The system requires increasing the voltage value

at the output to the desired voltage.

25 . .

20

5 — Step
‘ — Output
0 I | I
0 0.2 04 0.6 0.8 1.0 1.2 14 1.6 18 2.0

Time (seconds)

Figure 5. Output signal with step response.

When the inductance value is 47 pH, the current passes over the coil on the system and it has been observed
that the coil works intermittently as shown in Figure 6. A minimum voltage of 12 V and a maximum voltage
of 24 V were used as references. The Inductance voltage demonstrates a discontinuity mode over time. When
the power supply is shut off, the magnetic field collapses and all current in the coil flows to the capacitor.
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Figure 6. Inductance voltage and current pulsed operation signals.

The applied voltage enables the coil to store the current drawn. A magnetic field is formed on the coil while

the power source is turned on. When the coil value in the system is 4700 uH, the fluctuation on the coil is
shown in Figure 7. The parameter values of the designed system are given in Table 2.

6

4

Voltage[V]
e

!
b

0.213 0.2135 0.214 0.2145 0.215 0.2155 0.216 0.2165
Time(seconds)

Figure 7. Inductance current and voltage signals for continuous mode.

Table 2. Simulation parameters of the designed system.

Parameters Values
Input Voltage (Vy) Ve=5V,10V
Output Voltage (Vour) Vour=12V,20V,24V
Load R=240,47Q
Output Reference Voltage Vi=12V,24V
Coil Value (L) L =470 uH
Capacitor Rating (C) C = 100uF
Switching Element MOSFET
Rectifier Element Power Diode
Controller Parameters (PI) K, =0.01,Ki=5

3.2. Experimental results

The DC-DC boost converter circuit was designed and tested. The DC-DC converter circuit was manufactured
to be transparent and not be affected by any external factors. On the front side of the box, the voltage
adjustment pot, the input and output terminals of the solar panel, and the input and output locations of the
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loads to be supplied were made. Several simulations and circuit analysis programs were used to construct and
test the boost converter circuit on the board. The power supply's input voltage was 6 V. This voltage was
changed using a potentiometer and was raised to a voltage of 10 Volts. A USB connection was built to the
computer to measure the pulse with modulation (PWM) signal, coil current, and output voltage signals. The
signals were measured using a computer oscilloscope.

A digital voltmeter was mounted on the front side to measure the current flowing through the circuit and the
load voltage. To increase the robustness of the box, the perimeter of the box was supported with silicone. The
calibrated DC-DC converter solar panel was then tested in a suitable environment and the completed circuit
was designed. A load was connected to a circuit, and the current was calibrated using a digital voltmeter. The
circuit current was set to 0 A when no load was present and adjusted when a load was connected. The system
was powered by solar panel electricity instead of a voltage source. The boost converter increased the electricity
above 24 V without a load.

The data of the I-V and P-V characteristics of the solar cells connected serially shown in Figure 8 are obtained
using the complete circuit design in Figure 8(b). The error analysis was conducted and showed the error limits
in both figures as error bars with the default of 5% value. The I-V curve of the solar cell shows that the open
circuit voltage of the PV cells is 27 V and the short circuit of the PV cells is 190 mA as shown in Figure 8(a).
The P-V curve of the solar cell shows a 3-watt maximum power for 20 V as shown in Figure 8(b). This
nonlinear voltage is converted to a suitable voltage to charge the 6 V nominal voltage battery. Also, these
curves show that the PV cells with the converter charge the battery during the 4 hours and can charge the 6
V, 2 Ah current battery safely. If the battery is fully charged it can supply the system for a long time without
solar energy.

—— |-V Curve| 3.0 [=——P-V Curve|
0,20 4

2.5+

0.15 4
2.0+

0.10

Current[A]
Power[w]
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Figure 8. Solar Cell characteristics. (a) I-V curve of PV cells, (b) P-V curves of PV cells.

3.2.1. Arduino IDE software

The Arduino Uno driver must be manually loaded on your PC via the device manager first. The virtual serial
port number to which the Arduino is connected will be displayed after installing the driver. The program was
designed in C language using the Arduino IDE software. The Arduino Uno is a microcontroller based on the
datasheet for the ATmega328. It has 14 digital inputs and output pins, including 6 pins PWM output and 6
pins clock speed of 16 MHz, a ceramic resonator USB connector, a power jack, an analog input such as a
spreader, and a reset button [43]. It is an open-source microcontroller that is used to control the relay; to
begin, simply connect it to a computer via USB or power it with an AC-to-DC rectifier or battery. It includes
many libraries for interacting with a wide range of devices. The FTDI USB-to-serial driver chip is absent from
the Uno, as is the case with all previous boards. Because the operational numbers on the motor nameplate
range from 5-12 V and 150-300 mA, the input voltage is adjusted to 6 V. The SVR-5 relay is connected
between the power source and the motor to regulate the current flowing through it. The Arduino program
was opened and the codes were written for the coordinated operation of the sensor and motor on Arduino
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software as follows;

Code:
int sensorPin = 9; // Sensor pin
int buzzerPin = 8; //Motor pin
int data; // Humidity sensor reading value
void setup() {
Pinmode (sensorPin, INPUT); // Sensor pin input
Pinmode (rolePIN, OUTPUT); // Motor pin input.
}
void loop() {
Data = digitalRead(sensorPin); // Humidity sensor value
If (data ==True) { // If the humidity value is above the limit
Digitalwrite (buzzerPIN, OPEN);
delay(3000);
Digitalwrite (rolePIN, CLOSE);
delay(3000);
}
Else { // If the humidity value is below the limit
Digitalwrite (rolePIN, OPEN);

}
}

The water engine is responsible for pumping water through pipes at a specific rate. The water motor in the
design works for a set length of time as the soil moisture sensor value and signal it delivers diminish. Figure 9
depicts the details of the Arduino pin for hardware connection.

(" ]

B N
¥

Figure 9. Details of Arduino pin for hardware connection [44].

Figure 9 displays the Arduino pins and their hardware connections. The automated function is comprised of
two primary pieces of controlling hardware: the relay module and the DC watering pump. The relay is an
autonomous electric switch that uses an electromagnet to change the switch from OFF to ON or vice versa.
The switch regulates the electric signal sent to the water pump. When the moisture level falls below the
threshold, Arduino sends a signal to the relay module, which immediately opens the way for electricity to run
through the water pump and water the plant. When the system detects a suitable level of water in the soil, the
relay closes the path for power, and the water pump immediately stops pumping water. All of the hardware
will be assembled into Arduino, a microcontroller that will control all of the hardware attached to it and allow
it to function. This project is regarded as a finished prototype that can be utilized and function in everyday
life. The Arduino serves as the system's nerve center, connecting all necessary components. The soil moisture
sensor, which is attached to the Arduino pins (A0, Vin, GND), measures the moisture level in the soil and
delivers it to the Arduino board for processing and decision-making. The Arduino LCD panel (A4, A5, AREF,
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GND) displays the value obtained from the moisture sensor. Simultaneously, the acquired data is delivered to
the relay module, which determines whether to turn on or off the water pump. Simultaneously, the acquired
data is transferred to the relay module coupled with Arduino (5V, GND, 2) to determine whether to turn on
or off the water pump.

3.2.2. Motor, and sensor connection stages

The water motor is powered by a3 V DC voltage. The system employs one relay. With the soil moisture sensor
signal, 3V DC is sent to the motor, current flows via the relay connections, and water begins to be pumped.
After the given time, the contacts' positions become open, and the motor's energy is cut off. 5V input voltage
was applied to the Arduino input. The humidity sensor was connected to the Arduino for testing. Pin 9 on
the Arduino was connected to the sensor. The trigger pin of the Arduino was set to the 8th pin of the Arduino
and the output was received. When the soil moisture value decreases, the Arduino is triggered and signaled
by the sensor. When the humidity sensor is logic 0, the Arduino starts the motor. The running time of the
motor is set to 2 seconds. The connection of the soil moisture sensor with Arduino is given in Figure 10.

Figure 10. Connections of soil moisture sensor with Arduino

Table 3. The comparison of the threshold high temperature measured for major crops at different stages of development.

Crop Threshold temperature (°C) Growth Stage
Cool season pluses 25 Flowering
Wheat 26 Post anthesis
Brassica 29 Flowering
Tomato 30 Emergence
Groundnut 34 Pollen production
Rice 34 Grain yield
Pear Millet 35 Seedling
Corn 38 Grain filling
Cowpea 41 Flowering
Cotton 45 Reproductive

Since the operating values on the motor label are 5-12 V and 150-300 mA, the input voltage was set
to 6 V. To keep the current coming to the motor under control, the SVR-5 relay was connected between the
power supply and the motor. After finishing all the settings, a soil moisture sensor was inserted into the pot.
Water pump motors were placed in the water supply. Soil with a low moisture value was preferred for
observational purposes. Due to the low humidity value, it was seen that the motor pumped water for a given
period with the signal supplied by the humidity sensor to Arduino Uno, and the plant was irrigated in the pot
using the drip irrigation method so that the plant would not be damaged. The suitable threshold value varies
by soil and vegetable. Table 3 shows the comparison of the threshold high temperature for the used crops at
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different stages of development.

4. Conclusion

This study conserved electricity, and water from plants, and investigated healthy watering methods. The plant
is irrigated by drip irrigation based on literature research. Data obtained during the design phase was
compared with findings obtained during the application phase. The design of the solar panel was tested in
various ways to obtain energy. The system utilized solar energy, a humidity sensor, Arduino, and a water
pump motor to control the plant's water needs. The system aimed to save electricity, and water, and
automatically control the irrigation process, ultimately increasing plant productivity. The system uses an
inverter to convert solar energy into DC voltage, controlling water requirements with a humidity sensor, and
a motor to meet water requirements, aiming to save electricity and water. The Arduino-based autonomous
irrigation system combining PV solar panels and batteries, offers a sustainable, accurate, and efficient method
for irrigation, reducing manual labor and improving resource efficiency, while also reusing excess energy for
reuse. The I-V and P-V curves of solar cells connected serially show an open circuit voltage of 27 V and a
short circuit current of 190 mA. The P-V curve reveals a maximum power of 3 watts at 20 V, which is enough
to charge a 6V, 2 Ah current battery for four hours. The design enables remote monitoring of humidity, water,
and energy usage in flowerpots, making it suited for agricultural applications such as greenhouses and farms.
The agriculture-specific sustainable irrigation system has been tested on a variety of crops, including
tomatoes, peanuts, soybeans, strawberries, and more. Additional sensors can be added to monitor
temperature and pressure, which will be subject to further investigations.
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ABSTRACT

Wind energy is a very popular renewable energy resource and is used as an energy source
global because of its benefits of being environmentally friendly, renewable and having great
reserves. The probability density distribution of wind speed can be used to estimate wind
power density. In this study, Weibull and Rayleigh density distributions were employed to
analytically eliminate the presumption that the total wind power is described by a single
random variant and to calculate the wind power probability density distribution. In the
modeling of complex high-dimensional stochastic wind power, although it can be solved
with various mathematical approaches, since there are generally large-scale power systems
containing many generators, buses, planning periods and non-linear stochastic variables, it
is quite leisurely in searching for the optimum point and most of the time the solutions are
far from reality. Consequently, heuristic methods have now substituted classical
mathematical methods in obtaining wind parameters. Therefore, the advantage of heuristic
methods compared to classical methods is that they can produce efficient solutions in a
shorter time and with greater precision. Therefore, in this study, the main metaheuristic
algorithms Symbiosis Organisms Search (SOS) and Artificial Bee Colony (ABC) algorithms
and the classical statistical methods Energy Pattern Factor and Maximum Likelihood
Method were employed to investigate the accuracy of wind power parameter calculations.

Ruzgar Enerjisi Olasilik Yogunluk Dagilimi
Fonksiyonlar1 Parametrelerinin Meta-Sezgisel

Algoritmalar Kullanilarak Tahmini

0Z

Riizgar enerjisi oldukg¢a popiiler bir yenilenebilir enerji kaynagidir ve ¢evre dostu olmasi,
yenilenebilir olmasi1 ve biiyiik rezervlere sahip olmasi gibi faydalar1 nedeniyle diinya
capinda bir enerji kaynagi olarak kullanilmaktadir. Riizgar hizinin olasilik yogunluk
dagilimy, riizgar giicii yogunlugunu tahmin etmek i¢in kullanilabilmektedir. Bu ¢alismada,
toplam riizgar giiciiniin tek bir rastgele degiskenle tanimlandig1 varsayimini analitik olarak
ortadan kaldirmak ve riizgar giicii olasilik yogunluk dagilimini hesaplamak i¢cin Weibull ve
Rayleigh yogunluk dagilimlar1 kullanilmistir. Karmasgik yiiksek boyutlu stokastik riizgar
enerjisinin modellenmesinde, ¢esitli matematiksel yaklasimlarla ¢dziilebilmesine ragmen
genellikle ¢ok sayida jenerator, bara, planlama periyodu ve dogrusal olmayan stokastik
degiskenler iceren biiytik dl¢ekli gii¢ sistemleri bulundugundan oldukea yavastir. Optimum
noktay1 ararken ¢ogu zaman ¢oéziimler gerceklikten uzak olmaktadir. Sonug olarak, riizgar
parametrelerinin elde edilmesinde giiniimiizde klasik matematiksel yontemlerin yerini
sezgisel yontemler almistir. Dolayisiyla sezgisel yontemlerin klasik ydntemlere gore
avantajl, daha kisa siirede ve daha yiiksek hassasiyetle etkin ¢6ziimler iiretebilmesidir. Bu
nedenle, bu ¢alismada riizgar giicii parametre hesaplamalarinin dogrulugunu arastirmak
icin bilinen basarili metasezgisel algoritmalardan Symbiosis Organisms Search (SOS) ve
Yapay Ar1 Kolonisi (ABC) algoritmalari ile klasik istatistiksel yontemlerden Enerji Egilim
Faktori ve Maksimum Olabilirlik yontemleri kullanilmistir.

To cite this article: T. Akman, H. H. Akman and Y. Soyletmez “Estimation of Wind Power Probability
Density Distribution Functions Parameters By Using Meta-Heuristic Algorithms,” Gazi Journal of
Engineering Sciences, vol.10, no.2, pp. 329-346, 2024. doi:10.30855/gmbd.0705A12


mailto:hsayan@gazi.edu.tr
mailto:ysonmez@gazi.edu.tr

1. Introduction

With the increasing consumption of non-renewable conventional energy such as coal, natural gas and
oil, the use of renewable energy has become a very important strategy issue all over the world to solve
the current and future energy crisis. Wind energy has received great attention as a promising
renewable energy source. It has potential benefits in reducing emissions and consumption of thermal
fuel reserves. Wind energy is a very popular renewable energy resource and is used as an energy source
global because of its benefits of being environmentally friendly, renewable and having great reserves.
With growing concerns about global climate change, renewable energy resources, particularly wind
power generation, are being promoted as a way to meet emissions reduction targets.

In traditional power system problems, deterministic models are used in the integration of wind energy,
which cannot reflect the uncertain situations of wind energy. Since wind power plants integrated to
power systems have dynamic and stochastic performance characteristics, stochastic power system
models are more appropriate. There are various studies aiming to research the impact of wind energy
on generation resource management because of its stochastic and non-dispersible properties for the
integration of wind energy into conventional power systems. Wind energy is produced thanks to wind
turbines. Therefore, wind direction and wind speed characteristics are very important for accurate
calculation of wind power and effective plan and modeling of wind turbines. Wind speed probability
density distribution can be used to forecast wind power density and determine the most probable wind
direction [1-5].

The collective probability distribution of wind direction and wind speed is of great interest as it can be
utilized to optimize the layout of the wind farm, that is, to acquire wind speed properties under
different wind directions. Wind speed properties under different wind directions play an important
part in the design of wind turbines. It should be given that the wind speed with the highest frequency
and the wind speed that can catch the maximum wind energy are different. To acquire maximum wind
energy, the two wind speeds must be as close as likely. Additionally, probability distribution is
important in determining the prediction method and calculating the wind load [6 and 7]. This stochastic
approach avoids local solution traps in solving power systems optimization problems by adding
probabilistic features to traditional power system models. This strategy eliminates the probabilistic
feasibility inherent in traditional models. Additionally, the solutions prevent the occurrence of reserve
costs due to overestimation of available wind power and penalty costs due to underestimation of
available wind power.

In aregion, researchers utilize probability density functions (PDFs) to define the frequency distribution
of wind speed. In addition to wind speed, parameters such as air density, altitude, and surface
roughness also affect the calculation of wind power of wind power plants (WPPs) [8]. Data-based
statistical distribution methods such as gamma distribution, two-parameter gamma distribution,
lognormal distribution, gaussian distribution, rayleigh distribution, weibull distribution and hybrid
distribution are commonly used to obtain probability density functions [9-13]. These distribution
methods are based on probability density functions associated with wind speed data in modeling wind
conditions. The two-parameter Weibull distribution appears to be the most frequently used and
accepted statistical model [14,15].

In the literature, studies are carried out on topics such as technical and economic evaluation of regional
wind energy potential, energy characteristics, wind turbine location and sizing, levelized unit energy
costs, environmental impacts, using wind speed data from previous years using different distribution
methods. In [16], M. K. Mridul et al. examined wind energy potential and characteristics for Faridpur,
Bangladesh. To make this happen, monthly resolution wind speed data for the region at a vertical
height of 50 m for 2019 was used. Weibull probability density function (PDF) and Weibull cumulative
distribution function (CDF) were calculated for the region using the Weibull distribution method. Using
Weibull PDF and Weibull CDF, the most probable wind speed, maximum energy carrying wind speed,
energy and power densities were calculated. In [17], ]. C. Lam et al. used long-term average wind speed
data from three different regions in Hong Kong to calculate Weibull PDF for three regions. Numerical
wind speed estimates were obtained for each region using the calculated functions. In [18], A. S. S.
Dorvlo used Weibull distribution in wind speed modeling of four regions in Oman. In [19], A. Keyhani
etal. tried to analyze the wind speed data of the Firouzkooh region of Iran. For this purpose, wind speed
and wind power production potentials of the region were analyzed using 3-hour wind speed data from

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yayincilik 330



the past 10 years. In [20], A.H. Shahirinia et al. proposed Monte Carlo simulation algorithm to find PDFs
of solutions in the optimum power flow problem. In [21], G.J. Osorio and others have used the Monte
Carlo simulation approach to find PDFs of solutions to the economic dispatch problem. In [22], M.
Eladany et al. used a Weibull PDF to represent their stochastic nature, since wind speed and solar
irradiance are random variables. For this purpose, the stochastic wind power probability based on
Weibull PDF was included as a constraint in their proposed model. They examined the effects of
Weibull pdf factors on total cost values. In [23], S. Nasser Keshmiri and others applied the Weibull
distribution function and Normal distribution function to calculate the short-term and long-term
characterization functions of wind speed in solving the multi-objective economic dispatch optimization
problem. In [24], ]. Hetzer et al. used Weibull PDF to calculate the parameters of stochastic wind power
in solving the wind power integrated economic dispatch problem. In [25], A. Albani et al. examined the
wind energy potential and characteristics of different locations in Malaysia according to Weibull and
Rayleigh types. In [26], C. Peng et al. analyzed the stochastic structure of wind power output, obtained
the Weibull distribution parameters of zonal wind speed for different time intervals respectively, and
then obtained the probability density functions of wind power output for different time intervals. In
[27], H.T. Jadhav and R. Roy modeled the random nature of wind power using Weibull PDF in solving
the environmental economic power dispatch problem. Also, the uncertainty in wind power is taken
into account in the cost model by including power imbalance terms such as overestimation and
underestimation costs of available wind power. In [28], S. Velamuri et al. used the Weibull distribution
function to solve the stochastic structure of wind in the static economic dispatch problem, since the
integration of wind power into the existing system is complicated due to its stochastic structure. They
discussed the scenarios with and without wind power penetration in detail. In [29], E. Arriagada et al.
considered the demand and generation randomness to model and solve the stochastic economic
dispatch problem involving renewable energies. They modeled the demand, wind speed, solar
distribution through Normal, Weibull, Beta and Uniform distributions, respectively. In [30], Z. Zhang et
al. formulated the versatile distribution probability distribution model and developed it with its
applications since wind power forecast errors are one of the most challenging issues for power system
operation in economic dispatch applications.

In this study, Weibull and Rayleigh density distributions were employed to analytically eliminate the
presumption that the total wind power is described by a single random variant and to calculate the
wind power probability density distribution. This allows complex and uncertain wind characteristics
to be explained more accurately and effectively. To obtain Weibull functions, scale and shape
parameters need to be estimated. In order to obtain Weibull parameters, statistical methods such as
the Maximum Likelihood Method (MLM), Graphical Method, Empirical Method, Modified-Maximum
Likelihood Method, Moment Method, Energy Pattern Factor Method (EPFM) and Equivalent Energy
Method Energy are used. In this study, the Root Mean Square Error (RMSE) method was used in error
analysis with the objective of identifying which one of the Weibull and Rayleigh parameters computed
by the EPFM and the MLM would be appropriate for the real wind speed. What is clear throughout all
these studies is that achieving stochastic wind power becomes a composite optimization problem that
is hard to resolve by direct mathematical methods.

In the modeling of complex high-dimensional stochastic wind power, although it can be solved with
various mathematical approaches, since there are generally large-scale power systems containing
many generators, buses, planning periods and non-linear stochastic variables, it is quite leisurely in
searching for the optimum point and most of the time the solutions are far from reality. Additionally,
because of their nonlinear properties, these methods cannot ensure successful results. Consequently,
heuristic methods have now substituted classical mathematical methods in obtaining wind parameters.
The advantage of heuristic methods compared to classical methods is that they can produce efficient
solutions in a shorter time and with greater precision. Heuristics are often stimulated by certain laws
of nature, biological characteristics, or mutual behaviors revealed by living things. Therefore, in this
study, the main metaheuristic algorithms Symbiosis Organisms Search (SOS) and Artificial Bee Colony
(ABC) algorithms were used to investigate the accuracy of wind power parameter calculations.
According to the results obtained, error analyzes were calculated and the accuracies of the methods
were compared. Thus, the accuracies of the methods were compared according to the results obtained
using different parameter estimation methods.

The remaining part of the study is organized as follows. Mathematical formulation of stochastic wind
energy, formulation of parameters for calculating wind power, Weibull and Rayleigh probability
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density functions, stochastic modeling of wind energy are included in Section 2. In Section 3, the
analysis studies and methods used to compute the Weibull and Rayleigh parameters are explained in
detail. In Section 4, the results obtained using different methods and solutions for stochastic wind
power are presented. The study ends with concluding remarks in Section 5.

2. Wind Energy And Its Characteristics

Wind is a climate element that has properties such as speed, direction and frequency and is used in
energy generation due to these properties. Factors affecting wind speed can be listed as the
geographical location of the region, local surface texture and altitude. Therefore, wind speed is affected
by the meteorological and topographic structure of the region. The wind power plant to be established
in a region depends on the wind characteristics of the region. To determine the characteristics of wind
power, data such as hourly average speed, daily average speed, monthly average speed and seasonal
average speed of the wind are needed. However, information on the dominant wind direction of the
region is needed in terms of the location of the wind turbine to be installed. Thanks to all these data,
parameters such as standard deviation, turbulence, wind speed, most likely speed, cumulative
distribution of speeds can be obtained.

More than one statistical approach can be used to evaluate wind data. PDF is employed to define the
frequency distribution of wind speed in the area. A variety of techniques are employed in the analysis
of wind speeds, with the objective of obtaining a probability density function. It is significant to use
suitable statistical models to model the wind modes of a certain region and express their frequency
distributions. It is stated in the literature that the two-parameter Weibull and Rayleigh distribution is
an appropriate distribution method since it provides best conclusions in forecasting the wind speed
and wind power potency of a certain area. The Weibull distribution is widely used because it is easy to
calculate only two parameters, its accuracy can be proven, it is suitable for monitoring wind speed
distributions, and its pliability features. In this study, Weibull and Rayleigh distributions were utilized
to obtain the power output of WPPs. The shape and scale parameters that determine distributions can
be computed by many methods. Employing the hourly average wind speed data collected for each
station, the standard deviation, average speed, most likely speed, the speed that contributes the most
to the energy generation and average power density were calculated depending on the Weibull and
Rayleigh shape and scale parameters.

2.1. Weibull distribution

The mostly used statistical approach in determining the distribution of wind speed data is the Weibull
probability density function. The Weibull distribution is a distribution with higher sensitivity and more
flexibility than other distributions. The Weibull distribution is a two-parameter distribution. The two-
parameter Weibull probability density function can be expressed as in Eq.1.

K\ v\l )k
fv(v)=(z)(;) e @ 0<v<ow (D
Where (v) denotes the wind speed probability, (k) and (c) denote the shape and scale coefficients,
respectively. It is the probability of measured wind speed, expressed as f,, (v).

The dimensionless shape parameter (k) in Eq. 1 is the parameter that expresses the frequency of wind
blowing. If the wind speed in a region does not fluctuate much over time, that is, if it blows at an
approximately constant speed, the shape parameter (k) takes a large value. If the changes in wind
speed are large, that is, if it does not blow at a constant speed, the shape parameter takes a small value.
The other parameter in Eq.1 is named the scale parameter (c), which has the identical unit as the wind
speed. The scale parameter varies contingenting on the average speed. This change occurs in direct
proportion. In other words, a high average speed means that the scale parameter is also high. The
Weibull cumulative distribution function (cdf) is expressed as in Eq.2.

V.
F)=1-e@ 0<v<o )

The Weibull cdf indicates the probability of wind speeds smaller than (v) speed.
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2.2. Rayleigh distribution

Another statistical approach used to determine the distribution of wind speed data is the Rayleigh
distribution. Rayleigh distribution refers to the situation where the shape parameter of the Weibull
distribution is taken as constant "2". The biggest advantage of the Rayleigh distribution is that the
distribution is determined only by the average wind speed. In this case, the Rayleigh PDF is expressed
by Eq. 3.

frv) = (2—';) e_(%)z, 0<v<o (3)

c2

The Rayleigh cdf is expressed by Eq.4.
Fa)=1-e @ 0<v<oo (4)

2.3. Wind power and wind power density (WPD)

Wind power can be expressed mathematically as in Eq. 5.
Pw(w) = %pAV3 (5)

In the context provided, Pw represents the generated wind power in watts (W), where p denotes the
air density at a specific altitude measured in kilograms per cubic meter kg/m?3, A signifies the swept
area of the rotor blade measured in square meters (m?) and v stands for the wind speed measured in
meters per second m/s. The standard density of air at sea level under conditions of 15.55 C and 1
atmosphere of atmospheric pressure is denoted as p0 =1.225 kg/m3. It is notable that both pressure
and temperature vary with altitude, consequently leading to alterations in air density (ph). It should
be emphasized that the air density (ph) observed at a certain height does not equate to the air density
at sea level. Depending on the air density at sea level, the corrected air density at height h (ph) is
calculated as in Eq. 6.

ph = p0 — (1,194 10~*h) (6)

WPD denoted as the power per square meter of area m?. It can be computed utilizing the formula
provided in Eq. 7.

N1 ;3
Pupa = pv? = 220 (7)
In this context, P4 denotes the wpd within each square meter of area m?, vi ith represents the wind
speed measured per hour, and N refers to the total number of wind speed measured in the sequences.
Extrapolation is a statistical technique used to estimate values beyond the range of observed data
points. Extrapolation involves establishing a direct proportionality between wind speed and altitude,
considering that wind speeds are typically measured at a level under than the height of the wind
turbine. This process accounts for the fact that wind speeds generally increase with height due to
reduced surface friction and other atmospheric factors. Therefore, it becomes necessary to adjust the
measured wind speeds to correspond with the height of the turbine casing. Eq.8 is used for

extrapolation.
7 [«
v =7 () (8)

In this equation, v, refers to the wind speed at the height Z), to be determined, v, is the wind speed
measured at the height Z,, and « stands for the Helman coefficient, which signifies the surface
roughness coefficient. It is conventionally accepted as 0.143 under specific circumstances.

3. Method

In the modeling of complex high-dimensional stochastic wind power, although it can be solved with
various mathematical approaches, it is quite leisurely in searching for the optimum point, since there
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are generally large-scale power systems containing many generators, buses, planning periods and non-
linear stochastic variables. Most of the time the solutions are far from the truth. On the other hand,
obtaining stochastic wind power is a composite optimization problem that is hard to resolve by direct
mathematical methods. Additionally, because of their nonlinear properties, these methods cannot
ensure successful results. Consequently, heuristic methods have now substituted classical
mathematical methods in obtaining wind parameters. The advantage of heuristic methods compared
to classical methods is that they can produce efficient solutions in a shorter time and with greater
precision. Heuristics are often stimulated by certain laws of nature, biological characteristics, or mutual
behaviors revealed by living things. Therefore, in this study, Symbiosis Organisms Search (SOS) and
Artificial Bee Colony (ABC) algorithms, which are the main metaheuristic algorithms, were used to
investigate the accuracy of wind power parameter calculations. According to the results obtained, error
analyzes were calculated and the accuracies of the methods were compared. In this study, the RMSE
method was used in error analysis to determine which one of the Weibull and Rayleigh parameters
computed by the EPFM and the MLM would be appropriate for the actual wind speed. Thus, according
to the results obtained using different Weibull parameter estimation methods, the accuracies of the
methods were compared.

3.1. Meta heuristic (MHS) optimization algorithms

There are two basic requirements that meta-heuristic search algorithms must meet in order to be
successful. These are neighborhood (exploitation) and exploration tasks. The exploitation mission
entails a delicate search conducted in the vicinity of reference locations, often referred to as fine-tuning
or intensification in the literature. Various simple yet efficient statistical methods exist for exploring
the neighborhood of a related location, making intensification a process that Metaheuristic Search
(MHS) algorithms execute adeptly. The primary determine of the performance of MHS algorithms lies
in their exploration capabilities. Exploration, crucial for averting local solution traps during the search
process, is paramount. Local solution traps pose a significant challenge in solving optimization
problems, particularly in non-convex and multidimensional search spaces, where numerous local
solutions abound. While MHS algorithms excel in their exploitation task, they often become ensnared
in these local solution traps. In such instances, it is the exploration operators that rescue the algorithms
from these predicaments. Unlike intensification, the diversification process lacks well-known and
potent mathematical methods. Furthermore, as the complication of optimization problems escalates,
MHS algorithms encounter difficulties in effectively executing the exploration process. For these
myriad reasons, successful completion of the MHS process requires having a powerful exploration
ability. Consequently, in this study, experimental studies were carried out using SOS and ABC
algorithms, which are among the successful MHS algorithms in the literature for parameter estimation
methods.

3.1.1 Symbiosis organisms search algorithm

Similar to other population-based algorithms, the SOS algorithm is a population-based iterative
method to find the overall best solution in the search space. The name given to the population in the
SOS algorithm is ecosystem. In the initial population creation phase, a group of organisms is randomly
initialized in the search space. Each organism represents a candidate solution to the problem. Each
organism within the ecosystem has a best fitness value that indicates its degree of compatibility with
the desired goal.

In general, all meta-heuristic algorithms subject the solutions they obtain at the end of each iteration
to a replacement process to determine the new generations to be produced in the next step.

In the SOS algorithm, the new generation is produced by imitating the biological interaction between
two organisms in the ecosystem. The process, which resembles real-life biological interaction and
consists of three phases: is modeled as a mutual benefit phase, a unilateral benefit phase, and a phase
where one benefits and the other is harmed.

The character of the interaction defines the main principle of each universe. In the mutualism phase,
interactions provide benefits to both parties. In the commensalism phase, while one side gains, it has
no effect on the other. In the parasitism phase, one side gains and the other side suffers. In all stages,
each organism interacts with the others in a random manner. The process continues until the
termination criterion is met.
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3.1.2. Artificial bee colony algorithm (ABC)

ABC algorithm is one of the algorithms based on swarm intelligence. Bee Colony, like other swarm
intelligence-based algorithms, has the ability to divide labor and organize itself. This algorithm
explores both the global and regional spaces based on the neighborhood rule. Within the colony, bees
are partitioned into three groups:

1-Worker Bees: Worker bees employ the neighborhood principle to search for food sources abundant
in nectar. There is one worker in each food source. Therefore, the number of worker bees is equal to
the number of food sources.

2-Onlooker Bees: Onlooker bees wait in the hive and after sharing the food sources and information of
other bees with them through dance, they turn to the food source where nectar is abundant.

3-Scout Bees: At the beginning of the foraging process, scout bees disperse randomly and start
searching for food.

Steps for Artificial Bee Colony:

1-Initialization of the Algorithm: This stage is the stage of generating random food resources in the
environment. It corresponds to the algorithm producing a random starting value between the lower
and upper limits of the parameter.

2-ldentification of New Sources: Identification of new sources is carried out according to the
neighborhood principle. The worker bee identifies a new food source in the neighborhood of the food
source.

3- Determining the Quality of the Source: A best value is appointed to the parameter vectors
corresponding a new source, followed by the application of a greedy selection process. If the new
source is of better quality than the other, the old source is deleted from memory and the new source is
stored in memory.

4-Selecting the Source: When worker bees return to the hive, they convey information to the onlooker
bees about the quality of the source through dance. Accordingly, onlooker bees choose the source for
themselves. Sources with high nectar quality (fitness value) are more likely to be selected.

3.2. Statistical methods

In this study, the EPFM and MLM, which are statistical methods, were employed to determine the
parameters of Weibull and Rayleigh distributions.

Energy pattern factor method

Energy Pattern Factor Method is defined mathematically as in Eq. 9, depending on the average wind

speed data.
V3
Evr =72 ©)

Where E,; is computed using the average of the cube of the speed and the cube of the average of the
speed. After E,, is calculated, the shape (k) and scale (c) parameters can be easily calculated with Eq.

10 and Eq. 11.
3,69
k=1+ Eop? (10)
v
€= P+ (11)

Maximum likelihood method
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The shape (k) and scale (c¢) parameters can be computed using the Maximum Likelihood Method, as
described by Eq. 12 and Eq. 13.

z?glvjkln(vj) B i Inwv))

— -1
k= o ey (12)
N yk 1
c= 0y (13)

Where, N represents the total wind speed data, while V; jth mentions to the wind speed measured for
the hour.

Error analysis

Error analysis is necessary to determine which one of the Weibull and Rayleigh parameters, computed
using the EPFM and MLM, are appropriate for the actual wind speed data. Various established analysis
methods, like root mean square error (RMSE), mean square error (MSE), mean absolute error, chi-
square, and coefficient of determination are employed in this error analysis process. In this study, the
RMSE method given in Eq.14 was used.

1
RMSE = [= 3%y Vim — %iw)? 1 /2 (14

4. Analysis Studies And Results

In this study, the wind speed distribution was appraised for sample wind speed data by utilizing the
Weibull and Rayleigh distribution method to acquire the power output of WPPs.

To accomplish this, wind speed data collected on an hourly basis at a height of 10 meters from previous
years (2017-2023) were utilized for sampling. To augment the sample size, monthly wind data for each
year were used for the analysis of the month in which the study would be carried out. Thus, a total of
210 samples (30x7) were obtained for each month. In addition, in the study, a total of 2520 samples
(12x30x7) were obtained for each year to perform annual wind speed density analysis The hub height
of the Wind Power Plants (WPPs) considered in this study is 60 meters. Firstly, wind speeds measured
at 10 meters were extrapolated to a height of 60 meters using Eq.8.

EPFM and MLM, which are statistical methods, were used to compute the Weibull and Rayleigh
distribution parameters. In addition, SOS and ABC algorithms, which are the main metaheuristic
algorithms, were used to investigate the accuracy of parameter calculations. Thus, error analyzes were
calculated according to the results obtained using different Weibull parameter estimation methods and
the accuracies of the methods were compared.

Table 1 includes 12-month Weibull parameters and error values for sample speed data. Table 2
includes Rayleigh parameters and error values for 12 months for sample speed data. Additionally,
Tables 3 and 4 include Weibull and Rayleigh distribution parameters and error values for all years for
sample speed data.
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Table 1.Monthly Weibull parameters and error rates

Month Method k c(m/s) Total Absolute Error
PDF)
1 EPFM 1.717411459 8.67863556 1.057163145

MLM 1.893688801 8.780044354 1.072190066
SOS 1.93790154 8.426067466 1.029933202
ABC 1.93790154 8.426067466 1.029933202
2 EPFM 1.664487508 8.485753366 1.217339419
MLM 1.839293457 8.601385704 1.221227883
SOS 1.772402485 7.731485147 1.187690659
ABC 1.772402485 7.731485147 1.187690229
3 EPFM 1.660331232 8.526912911 1.200393361
MLM 1.848815707 8.633043177 1.209073163
SOS 2.535576968 7.24714609 1.020983218
ABC 2.535576968 7.24714609 1.020980205
4 EPFM 2.28637684  7.504895939 1.161691776
MLM 2.400027209 7.501433401 1.186059408
SOS 2.991909833 6.798685873 0.904142669
ABC 2.991909833 6.798685873 0.904141737
5 EPFM 2.154721077 8.065113452 1.079968581
MLM 2.26397308  8.073843755 1.074433314
SOS 3.057083425 7.161685369 0.877583603
ABC 3.057083425 7.161685369 0.877581742
6 EPFM 2.636954789 8.941351355 1.02255627
MLM 2.72188761  8.939281583 1.036578088
SOS 2.938431072 8.249564957 1.022011556
ABC 2.93843212  8.249566059 0.982279277
7 EPFM 2.824861796 10.47225927 0.869551938
MLM 2.969093713 10.47311463 0.889549484
SOS 2.803249784 10.16567707 0.860841843
ABC 2.803249659 10.16567742 0.860841848
8 EPFM 2.757587495 11.72821533 0.982064225
MLM 2.885180007 11.73811724 1.007545094
SOS 2.500539326 11.37318236 0.942404509
ABC 2.494763278 11.40699189 0.942525427
9 EPFM 2.061162654 9.019482043 1.11356985
MLM 2.171788742 9.049960909 1.113006916
SOS 2.523388861 8.571365917 1.021959869
ABC 2.523525868 8.571404076 1.021959871
10 EPFM 1.716321095 7.848924512 0.959466217
MLM 1.763831225 7.887966999 0.960614025
SOS 1.686378108 8.131140252 0.946971951
ABC 1.615935565 8.413819769 0.947260968
11 EPFM 1.390579972 6.858483495 1.404128669
MLM 1.523624512 6.976649336 1.371037576
SOS 1.644921194 6.192311987 1.342020413
ABC 1.645575281 6.194206006 1.342043041

12 EPFM 1.547648146 7.588513891 1.023703576
MLM 1.601892705 7.640100392 1.023121314
SOS 1.527209518 8.037642206 1.023142593

ABC 1.527749909 8.038734949 1.023142626

When Tables 1, 2, 3 and 4 are surveyed, It can be observed that metaheuristic algorithms give supeiror
results than statistical methods. In this content, hourly average speed (Vavg), most likely speed (Vmls),
maximum speed and wind power density (WPD) were delibareted utilizing the parameters idenitified
by the probability method. Average speed, most likely speed, Vmax and WPD values are specified in
Tables 5, 6.
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Table 2.Monthly Rayleigh parameters and error rates

Month Method k c (m/s) Total Absolute Error
PDF)
1 EPFM 2 8.731662084 1.047152591
MLM 2 6.300343352 1.366081151
SOS 2 5.84163526 1.212501768
ABC 2 8.275893334 1.032868932
2 EPFM 2 8.556390518 1.238829739
MLM 2 6.226544481 1.497560071
S0S 2 7.610389021 1.206364316
ABC 2 7.610389021 1.206326739
3 EPFM 2 8.599539774 1.128228634
MLM 2 6.240416653 1.399599897
SOS 2 7.708630802 1.102799364
ABC 2 7.708630802 1.102799364
4 EPFM 2 7.50176564 1.24470644
MLM 2 5.118123337 1.43945807
SOS 2 6.48436174 1.150452937
ABC 2 6.48436174 1.150452937
5 EPFM 2 8.059460861 1.147406513
MLM 2 5.564677206 1.456989053
SOS 2 7.784568174 1.14330202
ABC 2 7.784568079 1.14330202
6 EPFM 2 8.965232692 1.125957118
MLM 2 6.027069385 1.472964291
S0S 2 9.271317852 1.119462978
ABC 2 9.271317852 1.119462978
7 EPFM 2 10.52574397 0.984574222
MLM 2 7.020762202 1.124358562
SOS 2 10.15707544 0.971734021
ABC 2 10.15707544 0.971734021
8 EPFM 2 11.777429 1.035611668
MLM 2 7.883916162 1.198967896
SOS 2 11.92195684 1.034259069
ABC 2 11.92195684 1.034259069
9 EPFM 2 9.015531887 1.133806407
MLM 2 6.286225309 1.439087393
SOS 2 8.227730338 1.103912681
ABC 2 8.227730338 1.103912681
10 EPFM 2 7.897205394 1.066779905
MLM 2 5.763936027 1.535197342
SOS 2 8.034220489 1.06405699
ABC 2 8.034220489 1.06405699
11 EPFM 2 7.061048885 1.40451224
MLM 2 5.410238036 1.585324399
SOS 2 6.322905066 1.352756353
ABC 2 6.322905066 1.352756353
12 EPFM 2 7.702498833 1.099015125
MLM 2 5.768359904 1.473046301
SOS 2 7.724976848 1.098921919
ABC 2 7.724976848 1.098921919
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Table 3. Annual Weibull parameters and error rates

Year Method k c(m/s) Total Absolute Error
PDF)
2018 EPFM 2.250149 8.534181 0.897163043

MLM 2.358513 8.543171 0.9145299
SOS 2.821013 7.843502 0.808812755
ABC 2.821013 7.843502 0.808812755
2019 EPFM 1.857433 9.614972 0.980346637
MLM 1.994699 9.694583 1.04043706
SOS 1.809924 8.065538 0.810631753
ABC 1.809924 8.065538 0.810631753
2020 EPFM 2.142101 9.59528 1.054014657
MLM 2.237293 9.639677 1.071148791
SOS 1.938589 9.258395 1.028914645
2021 ABC 1.938628 9.258457 1.02891552
EPFM 2.140984 9.285866 1.072734491
MLM 2.250454 9.326096 1.124340203
SOS 1.887262 8.528088 1.002346029
2022 ABC 1.888214 8.529815 1.002355878
EPFM 1.991107 8.7342 0.808026101
MLM 2.089238 8.767511 0.833448118
SOS 2413021 7.580767 0.680924857
ABC 2413021 7.580767 0.680924857
2023 EPFM 1.324577 6.438738 0.794619966
MLM 1.413673 6.544893 0.818395018
SOS 1.391989 5.695548 0.769080567
ABC 1.388009 5.732565 0.769250984

Table 4.Annual Rayleigh parameters and error rates

Year Method k c(m/s) Total Absolute Error
PDF)
2018 EPFM 2 8.529405 0.953625763
MLM 2 5.848135 1.085541793
NN 2 8.008161 0.93396745
ABC 2 8.008161 0.93396745
2019 EPFM 2 9.635003 1.003059886
MLM 2 6.859567 1.220425539
NN 2 7.911173 0.8375703
ABC 2 7.911173 0.8375703
2020 EPFM 2 9.588652 1.042193133
MLM 2 6.660969 1.333532937
SOS 2 9.307622 1.031107434
2021 ABC 2 9.307622 1.031107434
EPFM 2 9.279463 1.049004291
MLM 2 6.434743 1.300527507
NN 2 8.47798 1.009771258
2022 ABC 2 8.47798 1.009771258
EPFM 2 8.734933 0.80703664
MLM 2 6.139414 1.138353325
NN 2 7.968295 0.750608413
ABC 2 7.968295 0.750608413
2023 EPFM 2 6.68556 1.153322329
MLM 2 5.247191 1.401980124
SOS 2 5.841635 1.056066522
ABC 2 5.841635 1.056066522
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Table 5. Monthly wind speed and power values

Month Vavg Vmls Vmax Standard Deviation Power Density Turbine
(m/s) (m/s) (m/s) (o) (P/A) Power
Output
w)
1 7.738234 4.585011516 30.9488277 4.428751217 58.66914426 294.871.12
2 7.582904 496709581 24.0713105 4.489829158 74.59265622 374.902.69
3 7.621144 5.731264396 29.0384063 4.462153762 114.5881724 575.920.15
4 6.648267 496709581 20.6325518 2.869962061 74.59265622 374.902.69
5 7.142511 6.495432982 21.7788047 3.31282396 166.8064269 838.369.10
6 7.945231 5.731264396 16.8117089 3.094777948 114.5881724 575.920.15
7 9.328198 5.731264396 18.7221304 3.410198699 114.5881724 575.920.15
8 10.43747 6.495432982 20.2504675 3.931218476 166.8064269 838.369.10
9 7.989807 5.731264396 22.9250576 3.909109217 114.5881724 575.920.15
10 6.998716 4.585011516 20.2504675 4.190261331 58.66914426 294.871.12
11 6.257692 3.82084293 259817319 4.414853274 33.95205108 170.643.01
12 6.826162 3.438758637 26.7459005 4.478762328 24.75104523 124.398.75

Table 6. Annual wind speed and power values

Month Vavg Vmls Vmax Standard Deviation Power Turbine Power Output
(m/s) (m/s) (m/s) (o) Density W)
(P/A)

2018 7,55898816 5,731264396 26,74590051 3,360655982 114,5881724 575.920,15

2019 8,53879884 5,731264396 30,94882774 4,610257326 114,5881724 575.920,15

2020 8,49772171 6,113348689 25,98173193 4,070751859 139,0676012 698.953,76

2021 8,22371015 7,259601568 22,54297329 3,901810491 232,8771183 1.170.440,40

2022 7,74113246 6,495432982 24,07131046 3,937277433 166,8064269 838.369,10

2023 5,92492356 3,82084293  29,03840627 4,473940855 33,95205108 170.643,01

In this study, the Nordex N60 model turbine, one of the most commonly utilized turbine types in
Turkey, was employed to estimate wind power based on the 12-month average speed derived from the
sampled wind data. The rated power of the Nordex N60 turbine is 1300 kW, the casing length is 60 m,
the blade diameter is 60 m, and taking these technical specifications into consideration, the power
output of a WPP with an installed power of 1.3 MW was calculated using Eq. 5. The results obtained are
given in Tables 5 and 6.

The probability density function f(V) indicates the probability of observing speed V at any moment, and
the cumulative distribution function F(V) indicates the probability that the speed observed at any
moment is equal to or less than speed V. From Figure 1 to Figure 8, the probability density distributions
of the Weibull and Rayleigh distribution corresponding to the wind speed of the 1st, 2nd and 3rd
months and probability distributions for a sample year are shown. Although in this study, analyzes
were made for 12 months and all years, functions were calculated and distribution graphs were
prepared, only the graphs for the 1st, 2nd and 3rd months are given in the study. Other analyzes are
also given in the appendix of the study. Calculation of Weibull and Rayleigh distribution parameters,
average wind speed, maximum wind speed, pdf and cdf was performed with MATLAB R2019a.

When the graphs and tables given in the study are examined, it is seen that the absolute error values
of the Weibull and Rayleigh parameters calculated with metaheuristic algorithms are quite small. When
the obtained test results are compared with the real wind speed data, it is clearly seen that they are
effective and accurate. In addition, as can be seen from the graphs, it is understood that the probability
density distributions calculated with metaheuristic algorithms have a more successful and uniform
distribution.
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Figure 1. Weibull distribution probability density functions for the 1st month
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Figure 2. Weibull distribution probability density functions for the 2nd month
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Figure 3. Weibull distribution probability density functions for the 3rd month
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Figure 5. Rayleigh distribution probability density functions for the 1st month
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Figure 6. Rayleigh distribution probability density functions for the 2nd month
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Figure 7. Rayleigh distribution probability density functions for the 3rd month
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Figure 8. Rayleigh distribution probability density functions for the 4th month
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Figure 9. Annual Weibull distribution probability density functions
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Figure 10. Annual Rayleigh distribution probability density functions

5. Discussion

In this section, firstly, a study was conducted to verify the effectiveness of the proposed methods. Then,
comparison test results were given on the graphs to make the solutions of the experimental results of
the proposed algorithms understandable. The parameters of stochastic wind energy were solved using
both statistical methods and SOS and ABC metaheuristic algorithms. Thus, error analyzes were
calculated according to the results obtained using different Weibull parameter estimation methods and
the accuracies of the methods were compared.

The stochastic situation of modern power systems has been in existence for many years and continues
to be one of the most fundamental problems today. In this study, since the wind speed is uncertain for
any time interval, Weibull probability density function (PDF) is used to estimate the wind speed. In the
solution of the problem, the effectiveness of the methods is investigated by using metaheuristic-based
methods and statistical methods. Since the discovery and neighborhood search ability of the algorithm
is improved in metaheuristic methods, local optimum traps are avoided and optimum values are
increased. When the proposed MHS algorithms are applied to the test functions, it is clearly seen that
the algorithms are successful in calculating the stochastic wind power parameters and provide
effective and accurate results. In summary, as a result of the comprehensive experimental study, the
proposed MHS algorithms are presented to the literature as one of the effective MHS methods that can
be used in obtaining the stochastic wind power parameters.

6. Results

In the designing and modeling of modern power systems, both the power ranges of the load and the
power ranges of generation are utilized as input variables. While the capacity factor is traditionally
taken into account in the generation of power ranges of dispatchable power plants for generation
series, the implementation of probabilistic approaches in generating power series for wind and solar
sources is crucial for ensuring accurate modeling of power systems.

In this study, probabilistic approaches such as the Weibull and Rayleigh distribution methods were
utilized to derive the power series of WPPs. The accuracy of the methods was investigated by using
statistical methods and metaheuristic algorithms to calculate the parameters of these distribution
methods. In order to achieve this objective, wind speed data measured in daily periods for previous
years (2017-2023) for Turkey were used as an example. With these data, 12-month average wind
speed, maximum wind speed, power density and wind power were determined using both Weibull and
Rayleigh distribution. Probability density functions and cumulative distribution functions obtained
from different statistical and metaheuristic methods were created for the data used. Accordingly, it has
been clearly seen that metaheuristic algorithm methods provide more effective results in estimating
the parameters of stochastic wind energy. Based on these significant experimental findings,
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metaheuristic algorithms can indeed be employed to address various power system challenges within
larger power systems that integrate diverse renewable energy sources. In summary, as can be
understood from the comprehensive experimental study, it has been presented to the literature that
effective MHP methods can be used in solving power systems problems.
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ABSTRACT

The aim of this study is to develop metal-metal composites reinforced with nickel powder
using an AA5083 aluminium alloy matrix by powder metallurgy methods and to investigate
their properties. In order to analyse the influence of different amounts of nickel particles on
the AA5083-Ni composite, specimens were prepared by incorporating nickel at 5%, 10%
and 15% by weight. To achieve a uniform distribution of nickel particles, the matrix and
composite powders were mixed in ball mills for five hours. These powders were then hot
pressed at 500°C under a pressure of 500 MPa for two hours in an argon gas atmosphere to
produce the samples. These samples were then tested for microstructure, hardness,
density, tensile properties and corrosion behaviour to assess the effect of varying nickel
content on the AA5083-Ni metal-metal composites.

Nikel Parcacik Takviyeli AA5083 Matrisli Metal-
Metal Kompozitlerinin Uretimi ve Ozelliklerinin

Arastirilmasi

0Z

Bu ¢alismanin amaci, AA5083 aliiminyum alasim matrisi kullanilarak toz metalurjisi
yontemleriyle nikel tozu takviyeli metal-metal kompozitler gelistirmek ve 6zelliklerini
incelemektir. Farkll miktarlardaki nikel partikiillerinin AA5083-Ni kompoziti tizerindeki
etkisini analiz etmek i¢in, %5, %10 ve %15 agirlik yiizdelerinde nikel eklenerek numuneler
uretilmistir. Nikel partikiillerinin homojen bir dagilimini elde etmek i¢in matris ve
kompozit tozlar bilyali degirmenlerde bes saat boyunca karistirilmistir. Daha sonra, bu
tozlar argon gazi atmosferinde iki saat boyunca 500 MPa basing altinda 500°C'de sicak
preslenmis ve numuneler olusturulmustur. Bu numuneler daha sonra degisen nikel
iceriginin AA5083-Ni metal-metal kompozitler iizerindeki etkisini degerlendirmek igin

mikroyapi, sertlik, yogunluk, cekme o6zellikleri ve korozyon davraniglari agisindan test
edilmistir.
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1. Introduction

Aluminium Metal Matrix Composites (AMMCs) have attracted considerable attention in engineering
and technology due to their remarkable properties such as light weight, high strength, exceptional wear
resistance and excellent thermal conductivity. [1-4]. The production of AMMCs is aimed at obtaining a
material with enhanced properties by combining the properties of the base alloy with those of the
reinforcing particles. The AA5083 alloy, known as the lowest density series of aluminium alloys, has
been identified as a suitable material for use in the aerospace and automotive industries due to its
outstanding properties such as high strength, rigidity and wear resistance [1,2,5]. With an approximate
magnesium content of 4%, AA5083 also exhibits high corrosion resistance, making it a preferred
material in areas such as shipbuilding and pressure vessels. To date, research studies have reinforced
AA5083 alloy with ceramic particles by casting, powder metallurgy and other conventional methods to
further enhance its desired properties [2]. Leading these ceramic reinforcements are SiC, Al203, B4C,
Graphene, and TiB2[6-10]. However, due to some weaknesses caused by ceramic reinforcing particles,
this strategy has been limited in improving the mechanical properties of aluminium alloys. The main
drawback of such ceramic reinforcements is the low wettability between the reinforcement and matrix
phases. In particular, due to the low wettability between the matrix and reinforcement phases, many
studies aimed at developing ceramic particle reinforced metal matrix materials have reported
interfacial bonding problems [6,11,12]. This low interfacial bonding prevents the material from
achieving the desired strength values [3]. In addition, delamination and agglomeration of ceramic
reinforcing particles are common problems. To overcome these problems, the idea of metal-metal
composites has emerged in recent years and research has begun in this area. In metal-metal
composites, since both the matrix and reinforcement phases are metals, strong bonding is expected
due to intermetallic formation at the interfaces and the expected reactions between the matrix and
reinforcement phases. In this context, previous studies have used Cu, Ni, Cr and 316L SS powders as
reinforcing materials in metal-metal composites [3]. Among the materials under consideration, nickel
stands out as one that has a positive impact on mechanical properties, corrosion resistance, and wear
behaviour. The effect of nickel addition on the hardness and strength properties of metal matrix
composites manifests through two different mechanisms. Firstly, nickel hinders dislocation movement,
and secondly, it influences the grain size of the matrix phase. Furthermore, previous studies have
shown that nickel passivates the material surface, protecting it against corrosion. These effects are just
a few examples of the beneficial impacts of nickel addition in metal matrix composites. Nevertheless, it
has been observed in certain studies that nickel reinforcement can result in the formation of nickel
carbide, a brittle phase, which has a detrimental impact on the strength and ductility properties of the
material. Consequently, nickel has both beneficial and detrimental effects on composite materials. The
extent to which these effects prevail depends on the quantity of nickel present and the interactions
between nickel and the matrix material. A review of the literature reveals numerous studies on the
mechanical, corrosive, and tribological properties of AA5083 matrix ceramic particle-reinforced
materials [13-15]. However, no studies have been found on metal particle-reinforced metal-metal
composites with an AA5083 matrix. In this study, AA5083/Ni metal-metal composites were produced
using the mechanical alloying method, and the effect of varying nickel content on the mechanical
properties and corrosion behavior of AA5083/Ni composites was investigated.

2. Experimental Study

In this study, AA5083-Ni metal-metal composites were produced using the mechanical alloying
method, an advanced stage of the powder metallurgy technique, and the effect of nickel reinforcement
amount on the mechanical and corrosive properties of the composite was examined. AA5083 powders
were used as the matrix phase, with their chemical composition shown in Table 1.

Table 1. Chemical Composition of AA5083
Element Si Fe Cu Mn Mg Zn Ti Cr Al

Composition wt.

(%)

0.4 0.4 0.1 0.4-1.0 4.0-4.9 0.25 0.15 0.05-0.25 Balance

Firstly, composite powders containing 5%, 10%, and 15% by weight of Ni were prepared, and these
powders were mechanically alloyed in high-energy mills for 5 hours. Subsequently, these samples were
coded as A0 (unreinforced), A5, A10, and A15 respectively. After the mechanical alloying process, these
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powders were hot-pressed under a pressure of 500 MPa at 500°C for 2 hours in a protective argon gas
atmosphere. After metallographic processing, the samples were examined for density/porosity,
microstructure, hardness, and tensile strength from a mechanical perspective. The Brinell hardness
values of the metallographically prepared samples were measured using an Innovatest-Nemesis 9000
model testing device according to ASTM E10-18 standards, applying a load of 31.25 kg with a 2.5 mm
diameter indenter. Tensile strength tests of the samples were conducted using an MTS Criterion
Universal testing machine at a tensile speed of 1 mm/min in accordance with ASTM E8 standards.
Additionally, to examine the effect of Ni reinforcement on corrosive properties, potentiodynamic
polarization tests were performed using a Gamry Reference 3000 corrosion test device following the
guidelines specified in ASTM G59-97 standards. The corrosion tests were conducted in an aqueous
solution of 3.5% by weight NaCl at room temperature. The corrosion potential (Ecorr) and corrosion
current density (Icorr) values of each sample were determined to evaluate their corrosion
performance. The flow chart of the experiments performed in this study is shown in Figure 1.

Raw Powders Mechanical Hot Pressing Mechanical Corrosion
Alloying Tests Test

Figure 1. Flow chart of experimental study

3. Results And Discussions
3.1. Microstructural investigation

Microstructure images of samples containing nickel particles in different proportions are seen in Figure
2. In the microstructure images, white, light gray, and gray regions represent nickel, AA5083, and
intermetallic phases, respectively. As seen from the images, nickel particles are homogeneously
distributed within the structure, and an intermetallic phase surrounding the nickel particles is
observed (Figure 2-d). An elemental mapping photograph is also available in Figure 2-e. In the
photograph, the green coloured regions represent the Nickel phase and the red coloured regions
represent the AA5083 phase. As seen in the photo, green areas are also seen around the pure nickel
particles. These green areas are due to the intermetallic phase formed between Ni and AA5083. In other
words, it is understood from the elemental map pictures that an intermetallic phase is formed around
the nickel particles by dissolving the nickel phase in the AA5083 matrix. The formation of this phase is
the most significant result expected in this study, as it is anticipated to improve the strength values
through the formation of this interphase. Indeed, in the literature review related to composite
materials, it is observed that the formation of an intermetallic phase, where two phases dissolve into
each other as a result of the bond formation between reinforcement and matrix phases, is the most
desired bonding structure. In previous studies on metal matrix composites, it has been stated that in
composites consisting of metal matrix and ceramic reinforcement compositions, there is no good
wetting and bonding at the metal/ceramic interface. Moreover, ceramic particles cannot improve the
strength values to the desired extent by separating from the structure. In microstructure examinations,
the formation of intermetallic at the interface is considered a positive result for the development and
use of a new type of reinforcement in metal matrix composites, opening the way for further studies in
this regard.
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Figure 2. Microstructures of a) A5 b) A10 c) A15 samples (250x) d) high magnitified microstructure of A15 (1000x)
e)Elemental mapping of A15

3.2. Investigation of porosity and hardness

In Figure 3, graphs showing the changes in hardness and relative density of the samples depending on
the increasing Ni content are presented. Firstly, examining the relative density curve, itis observed that
the highest relative density value of 98% is obtained in the A0 sample, and this value decreases with
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the increasing Ni content, reaching the lowest value of 83% in the A15 sample. The relative density
value is the inverse of porosity. In other words, a decrease in the relative density value indicates an
increase in the porosity of the sample. In this study, the decrease in relative density with the increasing
Ni content can be explained by the fact that nickel particles are harder than the AA5083 phase [3,10].
To explain comparatively, in the A0 sample, only AA5083 powders were pressed, achieving the highest
relative density values. However, when Ni particles, which are harder than AA5083, were added to the
structure, they resisted pressing and packing. As a result, the formation of micro-scale pores between
the powders negatively affected the packing of the powders. Therefore, with the increasing Ni content,
approximately 17% porosity was observed in the A15 sample. When examining the macro hardness of
the samples, it was found that the lowest hardness value was obtained in the unreinforced A0 sample,
while the highest hardness value was obtained in the A15 sample containing 15% nickel by weight. The
primary reason for this change in hardness can be directly explained by the rule of mixtures, where the
added nickel particles are harder than the AA5083 phase. To elaborate, the hardness of the AA5083
phase is approximately 85 Brinell in the literature, while nickel alloy hardness ranges from 125 to 250
Brinell. Thus, the high hardness of the nickel phase added as a reinforcement phase directly increased
the hardness of the composite structure. However, it might seem contradictory that the nickel phase
increases both hardness and porosity simultaneously since the general expectation is that increased
porosity would decrease hardness. To explain this apparent contradiction in terms of hardness and
porosity, it can be stated that the contribution of the nickel particles to hardness outweighs the negative
impact caused by the increase in porosity.
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"

100 495 _
~ . &
0 =
~ 1]
@ 5
S 95 190 A
c o
° =
m -
T T

x

90 - \ I

A
85 T T T T 80
A0 A5 A10 A15

Samples

Figure 3. Graphs of the hardness and relative density of the samples
3.3. Tensile strength

Figure 4 shows the tensile stress-strain curves of the composite samples. Upon examination of Figure
4,itis observed that the highest tensile strength value is obtained in sample A15, while the lowest value
is obtained in sample A0. However, it is noted that the elongation values decrease with increasing
reinforcement content, indicating a decrease in ductility values. The increase in tensile strength with
increasing Ni content can be attributed to the high elastic modulus of nickel, which is significantly
higher than that of the AA5083 alloy, and its transfer of this property to the matrix material. In other
words, the nickel particles added to the structure directly contribute to an increase in strength.
However, porosity examinations have indicated that the increase in Ni content also increases porosity.
It has been observed in literature studies that an increase in porosity leads to a decrease in strength
values; hence, there appears to be a contradiction between porosity and strength values in this study.
This phenomenon can be explained by the strength property of nickel, which is transferred to the
composite structure and compensates for the loss due to porosity. Similar examples can be found in
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the literature. Another result obtained from tensile tests is the decrease in elongation with increasing
nickel content. While the AA5083 alloy exhibits good ductility, the nickel particles added to the
structure hinder dislocation movement, creating resistance to plastic deformation. Additionally, nickel
particles can cause stress concentrations at matrix-matrix and matrix-reinforcement interfaces, further
impeding plastic deformation and adversely affecting the ductility properties of the composite

material.
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Figure 4. Stress-strain plots of samples

3.3. Investigation of corrosion

The Tafel plots and the numerical results obtained from these plots are given in Figure 5 and Table 2
respectively. Firstly, when we evaluate the samples in terms of corrosion potential, we see that the A10
sample has the highest Ecorr value (-695 mV). This indicates that it is in a more passive state compared
to the other samples and has a lower tendency to corrode. When we examine the values for the A15
sample, we observe that it has the lowest Ecorr value, meaning that the A15 sample has the highest
tendency to corrode. In terms of corrosion current density, the A5 sample has the highest Icorr value
(9.00 pA/cm?), and therefore, the highest corrosion rate. The A15 sample, on the other hand, has the
lowest Icorr value, indicating that it has the lowest corrosion rate. There is a contradiction between the
Ecorr and Icorr values; while the A15 sample has the highest corrosion potential when evaluated in
terms of Ecorr, it also has the lowest corrosion rate when evaluated in terms of Icorr. This situation is
due to the high potential of the A15 sample to transition from a passive to an active state due to the
influence of intermetallics in the structure, despite its low corrosion rate. The A0 sample has a
moderate corrosion potential, and its corrosion resistance is better than that of the A5 and A10 samples
but lower than that of the A15 sample. The A10 sample, with an Ecorr of -695 mV, has the most positive
corrosion potential, meaning it has the lowest tendency to corrode. However, with a corrosion current
density of 7.59 uA/cm? the A10 sample has a moderate corrosion rate, indicating that its corrosion
resistance is lower than that of the A15 sample but better than that of the A5 and A0 samples. In
conclusion, the A15 sample, despite having the lowest corrosion rate, should be examined carefully in
the long term due to its highly negative corrosion potential. The A10 sample has the most positive
corrosion potential, indicating the lowest tendency to corrode, but it has a moderate corrosion rate.
The A5 sample has the highest corrosion rate and the lowest corrosion resistance. The A0 sample, in
general, has moderate corrosion resistance and rate. These analyses provide important insights into
the corrosion resistance and behavior of each sample in a given environment.
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Table 2. Corrosion potential (Ecorr) and corrosion current of the samples obtained from Tafel plots

Sample Code Ecorr (mV) Icorr (pA)
A0 -746 5.33
A5 =723 9.00
A10 -695 7.59
A15 -749 3.35
AOD A5 A10 A15
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Figure 5. Tafel plot of the A0, A5, A10 and A15 samples in 3.5 wt.% NaCl solution

4. Conclusions

AA5083-Ni matrix metal-metal composites were successfully produced using the powder metallurgy
method, which involves compacting and sintering metal powders to create a solid material. This
method proved effective in achieving a uniform distribution of nickel particles within the AA5083
matrix. The homogeneous dispersion of nickel particles was evident in the microstructure, where an
intermetallic phase formed between the nickel particles and the AA5083 matrix, indicating a strong
bond and interaction between the two components. The study revealed that increasing the nickel
content in the composites had a significant impact on their mechanical properties. Specifically, higher
nickel concentrations resulted in increased hardness values. This enhancement in hardness can be
attributed to the presence of the hard intermetallic phases and the reinforcement effect of the nickel
particles. However, a trade-off was observed, as the relative density values of the composites decreased
with higher nickel content. This decrease in density might be due to the introduction of porosity or
voids during the powder metallurgy process, which could not be entirely eliminated. Furthermore, the
tensile strength of the composites improved with the addition of more nickel. This increase in tensile
strength suggests that the nickel particles effectively reinforced the AA5083 matrix, enhancing its
ability to withstand tensile loads. On the other hand, the elongation values of the composites decreased
as the nickel content increased. This reduction in ductility is likely a consequence of the brittleness
introduced by the intermetallic phases and the reduced capacity of the composite to undergo plastic
deformation. Corrosion resistance was another critical aspect evaluated in the study. The A15 sample,

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yayincilik 353



Gazi Muhendislik Bilimleri Dergisi: 10(2), 2024

with the highest nickel content, exhibited the highest corrosion potential when assessed in terms of the
corrosion potential (Ecorr). This indicates that the A15 sample was more resistant to corrosion
compared to the other samples. Conversely, the A10 sample showed the lowest tendency to corrode,
suggesting that its corrosion resistance was the least effective among the samples tested. These
findings highlight the complex interplay between nickel content and the various properties of AA5083-
Ni composites, providing valuable insights for optimizing their composition for specific applications.
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ABSTRACT

This paper presents a fuzzy backstepping controller design to improve the control
performance of GUNT RT 512 industrial liquid level system. This system performs the
process of reaching the liquid in the level tank to the level reference entered by the
controller on it. The original control algorithm run on the ontroller is PID. In this study, the
system is tested with a classical backstepping controller and fuzzy backstepping controller.
The fuzzy logic controller determines one of the most important parameters of the
backstepping controller. Constant and variable liquid levels are applied to the liquid level
controller system. The system's dynamic responses are evaluated on response time, settling
time, overshoot, and especially steady-state error. The parameter most in need of
improvement is the steady-state error for the classical backstepping controller as this
controller typically offers asymptotic tracking. Furthermore, the fuzzy backstepping
proposes the exact tracking. The simulation results show that improvement has been
achieved in almost all performance parameters with the proposed controller.

Endistriyel Sivi Seviye Sisteminin Bulanik Geri

Adimli Kontrolu

0Z

Bu makale, GUNT RT 512 endiistriyel sivi seviye sisteminin denetim performansini
iyilestirmek i¢in, bir bulanik geri adimlamali kontrol6r tasarimi sunmaktadir. Bu sistem,
seviye tankindaki sivinin, girilen s eviye referansina ulasmasi islemini denetleyici ile
gerceklestirmektedir. Denetleyici lizerinde ¢alistirilan orijinal denetim algoritmasi PID'dir.
Bu calismada sistem Kklasik geri adimlamali denetleyici ve bulanik geri adimlamali
denetleyici ile test edilmistir. Bulanik mantik denetleyici, geri adimlamali denetleyicinin en
onemli parametrelerinden birini belirlemektedir. Sivi seviye denetim sistemine sabit ve
degisken siv1 seviyeleri uygulanmistir. Sistemin dinamik tepkileri tepki siiresi, yerlesme
siiresi, asim ve 6zellikle kararh durum hatasi agisindan degerlendirilmistir. Iyilestirmeye en
¢ok ihtiya¢ duyulan parametre, klasik geri adimlamali denetleyici i¢in kararli durum
hatasidir. Ciinkii bu denetleyici tipik olarak asimptotik izleme sunmaktadir. Tersine,
bulanik geri adimlama tam izleme 6nermektedir. Simiilasyon sonuglari, énerilen denetleyici
ile neredeyse tiim performans parametrelerinde iyilesme saglandigini géstermektedir.
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1. Introduction

Liquid level control is crucial for production continuity and quality in industrial processes. This control
plays an important role in many different systems such as tanks, reactors, storage tanks, pipelines, and
chemical processes. For instance, controlling the liquid level in oil storage tanks is critical to the
efficiency and safety of refinery operations in the petroleum industry [1]. In the chemical industry,
accurately controlling the liquid level in reactors has a direct impact on product quality and process
efficiency. Controlling the liquid level in storage tanks is critical for maintaining product quality and
the proper execution of processes in the food industry.

Industrial liquid level systems measure liquid level through sensors and generate the necessary control
signals based on these measurements with a control algorithm. The control input is used to maintain
the liquid level at the reference value or to monitor a specific reference level. This process ensures that
the liquid level is continuously monitored and intervenes when necessary to maintain the desired level.

PID controllers are frequently used to control liquid level systems due to their reliability, simple
structure, and easy parameter tuning [2-4]. However, these controllers with fixed parameters are often
inadequate in eliminating system errors and are generally unsuitable for the control of nonlinear
systems since they cannot adapt to changing conditions. Therefore, various control methods such as
fuzzy control, backstepping control, adaptive control, and sliding mode control are used to deal with
nonlinearity and parameter uncertainties in temperature, pressure, level, humidity, velocity, and flow.

The backstepping approach is used to control nonlinear systems through feedback. The determination
of the control rule is based on the Lyapunov theorem [5]. The main advantage of using this method is
the fast response to disturbances by taking into account the nonlinearity of the system. Especially in
nonlinear systems such as liquid level control, the ability of the backstepping approach to react quickly
to disturbances is an important advantage. Literature reviews support that this method can be quickly
adapted to liquid level control systems and provide the desired performance. Recent studies show that
the backstepping approach in liquid level control is increasing. Yang et al. [6] suggest a robust
backstepping control method based on a finite-time disturbance observer for output tracking of a
three-tank system in the presence of uncertainties. A finite-time virtual control is designed for the
output tracking of the system along with a dynamic surface control technique. Theoretical analysis is
performed on the whole system. Gomaa et al. [7] proposed a command-filtered backstepping control
method for liquid level monitoring in a nonlinear coupled three-tank system. The standard
backstepping controller was tested experimentally and found that the control signal fluctuates rapidly
between two thresholds, which would damage the pump. The obtained results confirm the
effectiveness and practical use of the proposed approach. Meng et al. [8] present an integral
backstepping control approach based on a disturbance observer for a two-tank liquid level system
under external disturbances. The simulation and experimental findings validate that the integral
backstepping control methodology based on disturbance observer exhibits favorable dynamic and
static performance compared to the disturbance observer-based sliding mode control approach. Meng
et al. [9] extended a compound control method and implemented a novel disturbance observer-based
feedback linearization control strategy for a four-tank liquid level system. The simulation and
experimental studies, as well as comparisons between the PID control of the system and the proposed
control strategy, show that it offers significant advantages including minor control errors and robust
disturbance suppression capabilities. Table 1 shows the summary of key findings for the literature.

The main objective of the liquid level controller is to reach the reference level quickly, accurately, and
stable. This can be ensured with robust control algorithms. Among them, the backstepping controller,
which is based on the Lyapunov Theorem, guarantees stability. However, it does not guarantee the
exact desired level. So, there is mostly steady state error with the classical backstepping controller. To
overcome this, fuzzy logic control is used and the system response is improved.

In this study, modeling of the liquid level control using the fuzzy backstepping method is carried out.
The backstepping control method offers an effective control strategy with repeated backward steps to
reach the reference value. Nevertheless, the classical backstepping method enables asymptotic
tracking. Upon reaching the target state, the system typically stabilizes at a position that is close to the
target but not precisely at the target. This results in a continuous steady-state error. To solve this
problem, fuzzy logic controller is used in this study.
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Table 1. Key findings of existing research

Name System Approach Results
Robust nonlinear Inteco three-tank  Finite-time The system exhibits input-to-state practical
control of a three-tank system disturbance stability (ISpS), ensuring that the total error

system using finite-time
disturbance observers

(6]

Command-Filtered
Backstepping Control of
Multitank System [7]
Disturbance Observer-
Based Integral
Backstepping  Control
for a Two-Tank Liquid
Level System Subject to
External Disturbances

(8]

Disturbance Observer-
Based Feedback
Linearization = Control
for a Quadruple-Tank
Liquid Level System [9]

This study

Inteco three-tank
system

Liquid level
system with two
tanks of four-
tank NTC-I type.

Quadruple-tank
liquid level
(QTLL) system

GUNTRT 512
single tank liquid
level system

observer-based
robust control
method by using

backstepping design

Command-Filtered

Backstepping Control

Disturbance observer-

based integral

backstepping control

Input/output
feedback

linearization control

method by utilizing
nonlinear

disturbance observer

Fuzzy backstepping
control

remains bounded despite the presence of
uncertainties. These uncertainties no longer
significantly influence the system's long-term
behavior."

Demonstrates robust tracking performance for
liquid level and control signal

The disturbance observer-based integral
backstepping control methodology exhibits
superior dynamic and static performance
compared to the disturbance observer-based
sliding mode control approach. The proposed
controller demonstrates significantly improved
steady-state and transient response characteristics
relative to various complex algorithms.

The proposed control scheme demonstrates
superior performance relative to PID control and
disturbance observer-based sliding mode control
(DO-SMC). This advantage manifests in reduced
control error and enhanced disturbance
rejection capabilities.

The proposed controller overcomes the steady
state error exactly. The control performance gets
better with the fuzzy approach.

Fuzzy logic controllers are used to address the uncertainties inherent in the system, to improve the
decision algorithm, and to control nonlinearities more adaptively. In this study, a fuzzy backstepping
control algorithm is established by adjusting the backstepping stability constant. The fuzzy
backstepping algorithm provides robust control by managing the uncertainties and variations of the
system. Classical backstepping control and fuzzy backstepping control algorithms are implemented for
the liquid level system to compare the control performance. The performance criteria for the
controllers are the desired characteristics for the transient and steady-state terms of the dynamic
response, which are steady-state error (eg), rise time (t,), peak time (t,), settling time (%), and
percentage overshoot (M,%). The results show that the fuzzy backstepping approach has improved
the control performance. The designed controllers are tested for increasing-decreasing trajectories
with fixed reference values. As a result, it is shown that fuzzy backstepping control provides more
effective control than classical backstepping control.

The organization of this paper is as follows: Section 2 covers the technical specifications of the
controlled system, its mathematical model, the backstepping control algorithm, and fuzzy logic control.
Section 3 details the design of the fuzzy backstepping controller. Section 4 presents the simulation
results for specific level data. Finally, section 5 presents the conclusions drawn.

2. System Description and Problem Statement

2.1. System description

The GUNT RT 512 liquid level controller has a similar operation to the process controllers commonly
used in industry. The block diagram including the components of the system is shown in Figure 1. The
main purpose of the system is to arrange the liquid in the level tube to the specified value. For this
purpose, the pressure information of the liquid is sensed and converted into current information with
the pressure/current sensor and compared with the reference level information by the controller.
Accordingly, the current information to be transmitted to the pneumatic control valve is determined
by the controller. The liquid in the system circulates in a continuous loop, as the liquid pump
continuously delivers liquid to the level tube and the outlet valve continuously discharges liquid. The
controller adjusts the current information controlling the pneumatic control valve to achieve the
desired liquid level.
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Figure 1. System components of the liquid level controller, GUNT RT 512.

Since there is a pipe valve at the outlet of the GUNT RT 512 liquid level system, resistance occurs in the
system. This resistance R is expressed by change in liquid height in the system H with liquid flow out
of the liquid level tank @, . The resistance of the system is found in Equation 1.

_ Change in liquid height (mm) _ H
Fluid flow to the outside (mm3/sn) Qout

(1)

The ratio of the change in liquid volume to the change in liquid height is the capacity of the level tank,
C, and is expressed by Equation 2.

__ Change in liquid volume (mm?) _av

(2)

Change in liquid height (mm) T dH

In this case, the level tank is thought to be linear, the difference between the flow of water entering the
level tank and the flow leaving the level tank is expressed in Equation 3, taking into account the
capacity.

dH
CE = Qin — Qour (3)
Using Equation 1 and Equation 3, Equation 4 is obtained.

RCZZ+H = RQp 4)

Equation after taking the Laplace transform of Equation 4, Equation 5 is obtained.

H(s) _ R
Qin(s) ~ RAs+1

Ge(s) =

(5)

Fluid resistance to obtain a mathematical model of the system R and capacitance C values should be
calculated. Ergiizel calculated these values as R=0.012 and A=10032 in his study [5]. In this case, the
Transfer Function is obtained as Equation 6.
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0.012 _ 0012
(0.012¥10032)s+1  120.38xs+1

Gi(s) = (6)

The amount of liquid sent to the liquid level tube depends on the opening of the pneumatic valve. The
pneumatic valve used in the system is controlled by current. With the 4-20 mA current supplied to the
pneumatic valve, the valve operates and the liquid is transferred to the liquid level tube via Q_in, which
is the liquid flow at the valve outlet. The gain of the pneumatic valve is calculated as Kv =14000 in the
case indicated by [10]. In this case, the Transfer Function of the process is obtained in Equation 7.

Gp(s) = Ky (s) * Ge(s)
= 14000

0.012 _ 168
(0.012%10032)s+1  120.38xs+1

(7)
2.2. Backstepping control

Backstepping is a control strategy used in the control of dynamic systems. This strategy is often
effective in controlling systems with nonlinearities and uncertainties. Stabilizing the system's states in
the direction of the origin, which is thought to be the equilibrium point is the control objective.
Backstepping control's fundamental concept is to decompose a complex nonlinear system into smaller
subsystems that don't go beyond the system's order, and then create a virtual control element based
on Lyapunov functions for each smaller subsystem [11].

Backstepping control defines control surfaces and designs control laws for these surfaces to guide the
system to the desired target. In backstepping control, there is a control signal, called virtual control,
which is not applied on the real system but is calculated as a part of the backstepping algorithm. The
virtual control is used to determine the control surfaces in the backstepping steps performed and to
steer the system towards the desired behavior. Self-iteration is important in determining the success
of the backstepping control algorithm and how fast the system reaches the desired goal. A Lyapunov
function is formulated to encompass the entirety of the system, incorporating parameter estimations.
The Lyapunov function is used to analyze the stability of the backstepping control algorithm. As an
example, the mathematical model of the backstepping control algorithm of a third-order system is
considered.

X, = X, + x2
).(2 :X3+X%
X3 =1u (8)

The state variables are x4, X,, and x3. The control input is u. Designing a state feedback control for
asymptotically stabilizing the origin is the control's goal.

1. The first state variable is x; = z; and the derivative of this state variable is expressed in
Equation 9.
Xy =2, = x, + x2 9

X, is considered to be a real control variable. Additionally, a virtual control law is described for
Equation 9 and a variable,a,is defined. z, is the error that is the difference between the real and
virtual control variables. It is given in Equation 10.

Z =X Ty (10)
Equation 9 is rewritten in Equation 11.

7 =0 + X2+ 17, (11)

The goal is to design a virtual control law o, while z; — 0. At this stage, the first Lyapunov candidate
function is defined as in Equation 12.
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Vv, =222 (12)

2

The derivative of the Lyapunov function is calculated in Equation 13.
Vi = z;(a, +x?) + 2,2, (13)

A suitable virtual control ; is selected to stabilize the first-order system.

a, = —Cyz; — x12 (14)

@y = —(Cy + 2x) (xp + x7) (15)

The derivative of V; is rewritten with positive C; in Equation 16.

V, = —C,z% + 242, (16)

If z, is 0, in other words, the real control variable equals the virtual control, then V;, = —C,z? and a
symptotic convergence of z; to zero is assured.

2. The derivative of the error, z,, and a virtual control law is expressed in Equation 17.

Zy =Xy — (g
=Xz + x5 + (C; + 2x1) (%, +x3) (17)

a, is selected as a virtual control law. A virtual control input, x5, is identified. z; is calculated as an
error to define the difference between real and virtual controls.

Z3 = X3 — (18)
Equation 17 is updated.

Zy =73+ ay + x2 + (C1 + 2x1)(x, + x2) (19)
The aim is to z, — 0. Here, new Lyapunov function is defined.

V=V +73 (20)
The derivative of this function is expressed in Equation 21.

V, =V, + 2,7,

=—Cy2y + 212, + 25(23 + ay + x5 + (C1 + 2x;) (%, + x7))

= —Cz3 + 25,0, + 21 + X5 + (Cy + 2%¢) (X + X2) + 2,24 (21)
A suitable virtual control a,. is selected.

oy = =21 — Cp2, — x5 — (Cy + 2x1) (%, + %) (22)
V, is recalculated.

V, = =Cyz? — C,73 + 7,23 = — 212:1 Cizf + 7,73 (23)
There is an asymptotic assurance that z, and z, converge to zero if z; = 0 and so V, = — Zil Ciz?2.

3. The steps are repeated for the error, z; = x; — a,.

7= u— 22 (x, +x2) = 22 (x; + x3) (24)

0xq 0x,

As mentioned above, x; = u and so the real control input is u. The aim is designing the real control
input u so that z;,z,,and z; converge to zero. The selected Lyapunov candidate function V; is in
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Equation 25.

Vs =V, + 73 (25)
The derivative is given in Equation 26.

Vg == N, Cirf 25 (ut 7, = 52 (xp +xD) = 52 (x5 +33)) (26)
The control input u is designed for V; < 0.

u=—-z,—C3z3 + ?%:(x2 +x2) + %(}@ +x32) (27)
Derivative of the Lyapunov candidate function V; is taken.

Vo ==Y iz (28)
2.3. Fuzzy Logic Control

A fuzzy logic controller, an effective tool for modeling and regulating complex systems, offers more
adaptable and flexible solutions in real-world applications. This presents a problem-solving
methodology within control systems, offering an algorithmic framework for converting expert-
derived linguistic control strategies into automatic control strategies [12].

Fuzzy logic controllers are primarily based on fuzzy sets and fuzzy rules and effectively employ
uncertainty and non-discrete concepts to comprehend and forecast the system's behavior, which
enhances control performance and guarantees system stability.

An iterative control method, backstepping control, offers obvious advantages for control systems with
mismatched uncertainty and is useful for nonlinear systems to handle disturbances and uncertainties
[13]. However, in general, backstepping control algorithms are thought to be ineffective control
strategies for fixing steady-state errors. This is because backstepping typically offers asymptotic
tracking, meaning the system keeps going until it reaches the desired state. Nevertheless, upon
reaching the target state, the system generally attains stabilization in proximity to the target rather
than precisely at the target location. To overcome this and enhance the robustness and effectiveness
while simultaneously improving the dynamic response of the systems, some methods have been
developed. Backstepping control with an integral function is the most common method to lower the
steady-state error [14]. The other method is to use a fuzzy logic controller [13].

In this study, the function of fuzzy logic in fuzzy backstepping control is to adjust the parameter of the
corresponding backstepping controller, ¢, control gain, according to the state of the system. Thus, a
stepback controller with variable control gain is obtained. The fuzzy logic controller has two inputs
and one output. The relevant error z; and its derivative, Z;, in other words, z,, are taken as inputs and
are given with Equation 29 and Equation 30. The control gain c, is the control input value for the
liquid level control system. The block diagram of the fuzzy logic backstepping controller is given in

Figure 2.
Z1 = href = hout (29)
Z; =7y (30)

hyef is the reference liquid level value and h,,,, is the system liquid level output.
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du?/dt?
Reference GUNT RT512 | Qutput
Liquid Level 7y 7 Backstepping Liquid Level Level
1 Fuzzy Control —c,—) Control — Trainer ?
du/dt System
C

Figure 2: Block diagram of liquid level control system with fuzzy backstepping control
3.Fuzzy Backstepping Control Design

In regulating problems, the error variable is tried to be made zero. The controller and the dynamics of
the system determine whether it drops or reaches zero. In this algorithm, the control gain c,, which is
effective in reducing the error term, is adjusted with fuzzy logic to make the error variable z; zero as
fast as possible and thus improve the system performance. When the error, z, is large, the control gain
value c, is chosen sufficiently large, and when the error z; is small, the control gain value c, is chosen
small. Also, by evaluating the variable z, in addition to z;, the control gain is changed according to the
change trend of z;.

Figures 3 (a) and (b) show the inputs for the error z; and derivative of error z, using five triangular
normalized membership functions (MFs), which are the most commonly employed in fuzzy logic
control design. Negative Big (NB), Negative Small (NS), Zero (ZE), Positive Small (PS), and Positive Big
(PB) are the linguistic variables. Positive Medium (PM) and Negative Medium (NM) are the additive
linguistic labels for the output MFs.

NB NS ZE PS PB
&
by
o
a
&
b
Qa
£
L2
=
-1 -0.4 0 0.4 1
a)  Fuzzy logic control input MFs for error, z;
NB NS ZE PS PB
@
P
o
a
@
T
el
£
U
=
-1 -020 02 1
b)  Fuzzy logic control input MFs for the derivative of error, z,
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Figure 3. The MFs for the fuzzy backstepping controller

The rule base for the fuzzy logic control is given in Table 2. It is obtained from the Mac-Vicar Whelan
rule base.

Table 2. Rule base for control gain c,

Z1 NB NS ZE PS PB
)

NB NB NB NM NS ZE
NS NB NM NS ZE PS
ZE NS NS ZE PS PM
PS ZE ZE ZE PM PB
PB ZE PS PM PM PB

4. Results and Discussion

There are various criteria used to evaluate the performance of the dynamic systems. These criteria are
important for determining the ability of the system to perform the desired behaviors. Response time
and settling time determine how quickly the system reaches the desired state and settles to the desired
values, while overshoot evaluates unwanted overreactions. These performance criteria play an
important role in system design and control processes.

MATLAB/Simulink was used to simulate the liquid level controller in this study. A comparative analysis
of the results obtained from a classical backstepping controller has been used to evaluate the
performance of the suggested fuzzy backstepping controller. Various performance criteria have been
observed as overshoot, rising time, and especially steady-state error.

Since the backstepping control is based directly on the principles of mathematical modeling and control
theory, the system models should generally be linear and deterministic. However, in fuzzy
backstepping control, according to the principles of fuzzy logic and control theory, system models can
often contain uncertainty and do not require linearity assumptions. To verify the effectiveness of the
controllers, the system model was created and the test was performed at different liquid levels and for
changing levels.

Figure 4 shows both system responses for the constant reference liquid level, 25 cm. The level is
described with a Constant Simulink block. The figure shows the continuous steady-state error with
classical backstepping. This error problem is solved with the fuzzy backstepping controller.
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Figure 4. System responses for constant 25 cm liquid level

To test the system behavior for the rising reference levels, the reference liquid level was set to 30 cm
for the first 15 seconds and the reference was changed to 45 cm on the 15th second. This situation is
shown in Figure 5. The rising time for the classical and fuzzy backstepping controller is nearly the same
and additionally, there is no overshoot and no steady state error with the fuzzy backstepping controller.
The steady-state error is still a problem with the classical backstepping controller.
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Figure 5. System responses for interval constant liquid level (increasing constant liquid level)

The test was repeated to decrease reference liquid levels. For the first 20 seconds, the reference was
set to 45 cm, and for the rest simulation time, the reference was set to 30 cm. As seen in Figure 6, there

is still a steady state error with the classical backstepping controller.

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yayincilik 364



Gazi Muhendislik Bilimleri Dergisi: 10(2)2024

Sahin & Ozarslan Yatak

Variable Reference Performance

70 T T I
= Reference Level
== =Fuzzy Logic Control
==+ == Backstepping Control
60 - I,\ —
R
N
50 - | A 32 B
LAY
w N\ 30
. :.+----------------------------------.---- ..‘ \
: s B
‘_5,40 | '..‘ \ 2B Frmrannnrannnnannnn s
T :
s i 46 ‘._. \
E| i “ AY 26
S| 44 LN 38 40 42 44 48
530 :l 0
=4 : e E e ea st n e nannn R AR R KRR KRR R R R R R
:
H ]
_jl
20 ] 6 8 10 12 14 =
|
10;—' —
i
0 L 1 | 1 I
0 10 20 30 40 50 60

Time (s)
Figure 6. System responses for interval constant liquid level (decreasing constant liquid level)

To test the tracking performance of the controllers, the reference input is set to the time-variant level
as seen in Figure 7. The response of the fuzzy backstepping controller is the same as the reference
signal. However, the classical backstepping controller tracks the reference signal with a steady-state

error.
50 Liquid Level Tracking Performance
| T I
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Figure 7. System responses for tracking.

The performance characteristics of the controllers are shown in Table 3. This table provides the steady-
state error (e), the rise time (¢,), the peak time (t,), the settling time (t,), and the overshoot (M, %)
for the classical backstepping controller and the fuzzy backstepping controller. These values' improved
or deterioration percentages are shown with the up or down arrows.

The ez plays an important role for establishing the controller performance. It shows the tracking
performance to the reference value of the output of the system. The accuracy, stability, efficiency, and
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the security of the system highly depend on this value. It is obtained with the error between the
reference input signal applied to a control system and the output of the system after it settles into a
steady state. The classical backstepping controller guarentees the asymptotic stability not the exact
value, so it generally has steady state error. As can be seen from Table 3, fuzzy backstepping controller
is 100% effective on the steady state error. The t, is achieved by taking the time between the signal
value crossing 10% value to 90% value. Whereas the classical controller seems as advantageous, it does
not reach the reference value, which is the most fundamental objective of the controller. Besides, the
rise and settling time can be reduced for the fuzzy controller by waiving the overshoot. The t,, and M, %
are not calculated for the classical controller as the signal has not overshoot. These values are shown
as Non-Applicable (NA) in the table. Settling time is NA too, as this dynamic response does not reach

the reference value. Additionally, tp and {; are acceptable and the overshoot is only 1.7% for the fuzzy

backstepping controller. Consequently, as can be seen from the table, the fuzzy backstepping controller
overcomes the staeady state error with a little overshoot and a little delay.

Table 3. Performance parameters for the controllers

Gazi Muhendislik Bilimleri Dergisi: 10(2)2024

Classical Fuzzy Backstepping Improvement
Backstepping Controller
Controller
€. (cm
s (cm) 1.94 5*10° 1100%
t (s
(9 0.377 0.69 145%
t (s
p NA 0.9 NA
t. (s
(9 NA 12 NA
M (%)
P NA 1.75% NA

5. Conclusion

This paper presents a fuzzy backstepping controller for the liquid level system to improve the system
performance. The transfer function and state-space model of the system have been obtained. The
proposed controller has been compared with the classical backstepping controller. The motivation of
this study is to overcome the steady-state error of the system response that emerged with the classical
backstepping controller. For this reason, the important coefficient of the backstepping controller has
been arranged with the fuzzy logic controller. Adapting to changes and uncertainties in the system,
Fuzzy backstepping control can deal with uncertainties and tolerate model uncertainties. The results
have revealed that the proposed controller has solved the steady state error and the system response
has been optimized.
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ABSTRACT

In this study, mortar and plaster samples taken from a traditional house (1799 parcel)
located in the neighborhood Konuralp, Diizce Province, were subjected to acid loss, ignition
loss, loss of aggregates sieve analysis after acid, protein, and fat tests, tests of salt, as well as
Petrographic and SEM-EDX analyses. Brick samples underwent physical examinations
microscopic analyses and mechanical in addition to SEM-EDX analyses. For wood samples,
macroscopic and microscopic analyses were conducted to determine their types. Based on
these analyses, recommendations have been made to contribute to the repair and reuse of
the material properties of the selection processes of traditional structures.

Malzeme Analizinde Geleneksel Evler; Diizce,

Konuralp Ornegi

0Z

Bu ¢alismada, Diizce li, Konuralp Mahallesi'nde bulunan geleneksel konuttan (1799 parsel)
alinan harg ve siva 6rneklerine; asit kaybi, kizdirma kaybi, asit kaybi sonrasi agregalara elek
analizi, protein yag testleri, tuz testleri ile petrografik ve SEM-EDX analizleri yapilmistir.
Tugla orneklerine; fiziksel ve mekanik analizlerin yan sira mikroskobik incelemeler ile
SEM-EDX analizleri, ahsap 6rneklerine ise cinslerinin tayin edilebilmesi i¢in makroskobik
ve mikroskobik analizler yapilmistir. Bu analizler dogrultusunda geleneksel yapilarin

onarim ve yeniden kullanim siire¢lerinde secgilen malzeme 6zelliklerine katki saglamaya
yonelik oneriler getirilmistir.
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1. Introduction

Culture for centuries, by affecting the individual’s worldview, values, lifestyle, the area, and the person
who performs all the actions on this occasion has been one of the most basic elements of organizing.
Through transfer from generation to generation, all the values we have today are the richness of the
cultural heritage. Protecting this wealth and transferring it to the next generations in a healthy way are
of importance for each individual [1]. The protection of traditional buildings is an area of practice that
has been secured by many legal studies on the subject.

The research on this subject has enabled the conservation discipline to include both monuments and
more modest structures and the textures formed from them. In this context, all kinds of buildings and
building groups with features worth protecting are considered as architectural heritage, and
multifaceted studies are conducted to transfer them to the future. Traditional houses which are among
the leading structures are mostly considered as modest works and are taken under protection [2].

The establishment of the settlement known as Konuralp today dates back to B.C. This settlement of
Diizce province in the western Black Sea region has a multilayered historical structure covering the
Bithynia, Roman, Byzantine, and Ottoman periods. These historical buildings include cultural heritage
elements such as ancient theatre, archaeological sites, aqueducts, and necropolises as well as
traditional houses that are examples of civil architecture [3]. The historical texture of Konuralp, which
has hosted many civilizations since the centuries before Christ until today (Uskiibii) with the increasing
acceleration of urbanization since the second half of the century, has faced a difficult situation in terms
of rural life and its most important element, the traditional houses remaining in the city ensuring its
cultural continuity. Such structures that have not lost their original qualities are frequently
encountered in the Konuralp settlement.

In terms of building materials and systems, the construction observed in the Konuralp neighborhood
is based on the wooden frame system. The rainy climate and presence of forests in the region have
allowed wood to be frequently preferred as a building material. In this system called humish, the
columns and beams that make up the skeleton are made of wood. In wood frame systems, a foundation
of approximately one meter is dug and a stone foundation wall is built on top of it. The exterior walls
in the upper parts of the building are plastered or the wall-filling can be left visible without plastering,
as is the dominant character in Konuralp buildings [4]. The main building materials that make up the
buildings consist of brick, wood, and stone.

In the study, physical, chemical, mechanical, and petrographic analyses of the materials taken from
Konuralp traditional building, which have survived to the present day while preserving their original
structural features, were carried out, and the data obtained in line with these analyses was aimed to
contribute to the material properties selected in the repair and reuse processes of the building.

2. Materials and Method
2.1. Materials
2.1.1. Building with plot number 1799

The building with parcel number 1799, located in the Konuralp District of Diizce province, is located
approximately 60 meters south of the ancient theater known as 40 Steps, dating from the Roman
Period. It is located within the borders that have been declared as a 2nd-degree archaeological site by
the decision of the Kocaeli Cultural Heritage Preservation Regional Board dated 13.03.2013 and
numbered 889. The building was registered as a 2nd Group cultural asset by the same board's decision
dated 30.09.2015 and numbered 2221. A general perspective and bird's eye view of the location of the
parcel in question is shown in Figure 1.
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Figure 1. Structure of electric vehicle types

2.1.1. Sampling and identification of samples

Before taking samples from the buildings, the building materials that determine the character of the
building were identified and the bricks, mortar, plaster, and wood of the buildings were analyzed
observationally. In order to proceed systematically during the sample collection and to record the
locations of the samples taken, survey drawings of the building obtained from Diizce Municipality [5]
were used. Figure 2 shows the ground, first-floor, and second-floor sampling sheets.

Figure 2. 1799 parcels numbered floor, first floor, and II. sampling sheet of a plan
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Samples of definitions and coding system is shown in Table 1.

Table 1. Sample codes

Sample Code Type Building it belongs to
T1 Brick

T2 Brick

T3 Brick

H1 Masonry mortar

H2 Internal plaster 1799 Parcel

H3 Internal plaster

H4 Masonry mortar

Al Wooden window joinery

For parcel number 1799; Brick samples were taken from different points of the building, which form
the unique character of the building, are used as filling material between the wooden frames, and are
thought to contribute to the structure of the building (Figure 3).

a b c
Figure 3. Brick samples from building number 1799 (a) T1-numbered sample (b) T2-numbered sample (c) T3 numbered
sample

Mortar and plaster samples (Figure 4) were taken from different points in the interior of the building.

d
Figure 4. 1799. the mesh structure of the mortar and plaster interior of the samples
(a) H1 masonry mortar (b) H4 masonry mortar (c) H2 interior plaster (d) H3 interior plaster

For type determination, a guillotine window joinery sample (Figure 5) was taken from the second floor
of the building.

Figure 5. The structure of wood joinery number 1799 A1l

2.2. Method

Within the scope of the analysis studies, a specific gravity test was carried out according to TS EN 1936
[6], a unit volume weight test according to TS EN 1936, total water absorption tests according to TS EN
13755 [7] and complexity and porosity tests were carried out according to TS EN 1936 standards in
order to determine the physical properties of the brick material. To determine the mechanical
properties, the compressive strength test was carried out on brick samples with a load increase of 2
kN/s, using a 500kN capacity Matest test device according to TS EN 772-1+A1 [8] standard. Mortar and
plaster samples; Sieve analysis (sieve analysis with 5000y, 2500y, 1000y, 500y, 250y, 125y, and 63
sized sieves), protein-oil tests, and salt tests were performed on the aggregates remaining after acid
loss, superheating loss, and acid loss; The definitions and textural properties of the aggregates and
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minerals were determined by petrographic analysis of the samples, thin and thick sections of which
were prepared, using a stereo microscope and a polarizing microscope. Macroscopic and microscopic
examinations of the materials for petrography analysis were carried out in accordance with TS EN
12407 [9] and TS EN 12440 [10] standards. Section preparation for petrographic examination of the
samples was carried out with a METKON brand GEOFORM model section preparation device.
Stereomicroscope imaging is performed with Nikon brand, SMZ 800 model and the camera integrated
into the microscope, TOUPCAM brand, E3ISPM20000KPA model device; Polarizing microscope
imaging was performed with a Nikon brand, Eclipse Ci-POL model, and a camera integrated into the
microscope, Imaging Source brand, DFK NME33UX265 model device. In microscopic examinations and
SEM-EDX analyses of brick samples and elemental oxide distributions, the Carl Zeiss brand EVO LS 10
model SEM device was used for imaging, and the Bruker brand and Quantax 200 model device was used
for energy Dispersive X-ray spectrophotometry (EDX). Sample preparation for wood species
determination was carried out with a LEICA brand SM 2400 model microtome, and cross-sectional
examination was performed with the Zen/Zencore program using a Carl Zeiss brand, AxioscopeAl
model microscope and a Carl Zeiss Microimaging Axiocam HRC model camera integrated into the
microscope.

In the study, chemical and petrographic analyses of mortar and plaster, SEM-EDS (EDX) analyses, and
type determination analyses of wooden materials were carried out by the Restoration and
Conservation Laboratory of the Istanbul Metropolitan Municipality Cultural Heritage Department,
Directorate of Conservation Application and Inspection [11]. Physical experiments on brick samples
were carried out at Diizce University Civil Engineering Materials Laboratory.

3. Results and Discussion
3.1. Physical analysis
Physical analyses of brick samples taken from the building belonging to parcel number 1799 were

carried out. The results of the total water absorption rates, unit volume weight, specific gravity,
compactness, and porosity values of the samples are given in Table 2.

Table 2. Physical properties of brick samples
Unit Weight Specific Gravity Total Water Open Porosity

Sample Code (kg/m?) (kg/m?) Absorption (%) Porosity (%) Composite
T11 1,763 2,655 12,45 22,12 77,88

T12 1,725 2,581 15,06 25,30 74,70

T13 1,708 2,552 15,51 27,19 72,81
T1average 1,732 2,596 14,34 24,87 75,13

T21 1,825 2,497 8,93 16,89 83,11

T22 1,813 2,461 9,96 18,15 81,85

T23 1,810 2,449 10,84 19,08 80,92
T2average 1,816 2,469 9,91 18,04 81,96

T3 Physical analysis could not be made due to the dissolution of samples.

Brick samples from the physical analysis of the structure according to the results, the specific gravity
of the brick T1 value 2,596 kg/m3, while the value of the bricks T2 2,469 kg/m3 was determined. 1,732
kg/m3 bricks with specific weights in inverse proportion to T1 unit weights in kg/m3 of bricks with a
value of T2 1,816 kg/m3 lower than the value that has been identified. The water absorption rate of the
samples' porosity values correlated with the 24,87% porosity water absorption of bricks T1, which has
the value 14,34%; 18,04% porosity water absorption of bricks with T2 value 9,91% that have been
identified based on Caglar (2018) [12]; threshing bricks the average of the value of the unit weight of
1.85 g/cm3, specific gravity value 2,69 g/cm3 and a porosity rate is 26.75%); 8% boron waste, the value
of the average unit weight of bricks additive blending of 2 g/cm3, the specific gravity of the value of
3.01 g/cm3 porosity have been identified as 20,80%. Ko¢ (2019) [13] scholarship in the study of Gélyaz1
traditional brick structures that is used in the average unit weights of the samples of 1,64-2,48 g/cm3,
specific gravity 1,72-2,64 g/cm3, porosity of %has stated that a value is in the range 25%-37%. The
values in the structure examined in the literature agree with that found it is seen.

3.2. Mechanical analysis

The values are given in Table 3 the results of the compressive strength of the bricks.
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Table 3. Samples applied to brick compressive strength test results

Sample Code Dimension (mm) Breaking Load (N) Compressive Strength (MPa)
Tla 40x40x40 12249 7,65
Diseases 40x40x40 5243 3,27
T1d 40x40x40 3903 2,56
T1Average 7131 4,49
T2W 40x40x40 8876 6,75
T2b 40x40x40 10238 7,79
T2d 40x40x40 8746 6,75
T2 Average 9286 7,09
T3 Average Due to the dissolution of samples in the mechanical analysis could be made.

From the structure according to the test results on samples retrieved brick compressive strength, the
compressive strength of the brick T2 (7,09 MPa) and compressive strength of bricks by T1 (4,49 MPa)
were high, it was determined that. The bricks of T1 4,49 MPA compressive strength value, and porosity
seem to support each other with the fact that the value is high. Harman bricks in the relevant standards,
the compressive strength of at least 4.00 N/ mm? and the average is 5.00 N/mm?2 was estimated to be.
The average compressive strength of bricks is over the specified value of T2 when T1 is the value of the
compressive strength of the bricks at the conclusion that the limit value is reached. Caglar (2018); in
the study, the average compressive strength of the bricks 2,98 MPa, 8% boron waste, the average
compressive strength of bricks 5,94 MPa have been identified as [12]. Brick raw material sources
resistance may vary according to differences in samples and production techniques. At the same time
exposed to different heat treatments at different points in the kiln during the firing of the bricks, bricks
can be shown among the reasons that affect the properties of threshing [14].

3.3. Chemical analysis

Loss on ignition, acid loss, post-acid loss sieve analysis, salt tests, and protein-oil tests were performed
on the mortar and plaster samples taken from the building. Ignition loss and acid loss are given in Table
4 and Table 5, respectively, and sieve analysis results are given in Figure 6.

Table 4. The results of the analysis of mortars and plasters belonging to mass loss
Mass Loss (%)

Sample Code Moisture At 105°C Water/l:;e:;lnvii ﬂgg‘llt?‘lg; 550°C CaC031050°C
H1 (masonry mortar) 1,00 3,39 22,92
H2 (Interior plaster) 0,94 2,21 21,18
H3 (Interior plaster) 2,51 4,32 7,00
H4 (masonry mortar) 0,75 2,18 16,78

When the ignition loss analysis results were examined, it was seen that the weightlosses at 105 °C were
between 0.94% and 2.51%. The results show that all samples contain small amounts of moisture. When
the weightlosses at 550 °C were examined, it was determined that the samples contained relative water
and organic additives between 2.18% and 4.32%. According to the loss of ignition at 1050 °C, it was
determined that the amount of CaCOs in the H1 and H2 samples was at the highest level because they
were lime mortar.

Table 5. The results of the analysis belonging to acid loss mortars and plasters

Acid Loss (%)

Sample Code Missing Remaining
H1 (masonry mortar) 21,14 78,86

H2 (Interior plaster) 21,79 78,21

H3 (Interior plaster) 10,62 89,38

H4 (masonry mortar) 21,83 78,17

When the acid loss and sieve analysis results were examined, the binder-aggregate ratios of the mortar
and plasters belonging to H1, H2, and H4 samples were determined as 1:4, while the binder-aggregate
ratio of the interior plaster sample numbered H3 of the same building was determined as 1:8-10. It is
thought that the plaster number H3 was applied later for repair purposes.
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Figure 6. Particle size distributions of aggregates

Analysis results of water-soluble salts analysis and conductivity measurement values of mortars and
plasters, as well as protein and oil test results, are given in Table 6. As a result of the salt tests carried
out on mortars and plasters, no serious salinization problem was found, while a small amount of
chlorine and nitrate was detected in the H2 sample, and a small amount of chlorine was detected in the
H3 sample. The conductivity values of the samples were parallel to the salt tests. It was observed that
the conductivity values of mortar and plaster varied between 150-241 uS and the detected salt amounts
varied between 1.32-1.52%. When the protein and oil test results were examined, the presence of oil
was not found in any of the mortar and plaster samples, while the presence of protein was detected in
all samples. The presence of protein in the samples indicates the use of organic additives such as egg
whites etc. to improve the properties of the mortar and strengthen its binding properties. Such
additives reduce the brittle structure of the mortar and increase its plasticity [15].

Table 6. Table of mortar and plaster with water-soluble salts of analysis and conductivity measurement

Salt Tests Protein-Fat Test
Chlorine Sulfate Carbonate Nitrate Conductivity . .
No (cl) (504%) (COs%) (NOs3) (1) % Salt Protein 0il
H1 - - - - 154 - +
H2 + - - + 209 1,32 +
H3 + - - - 241 1,52 +
H4 - - - - 150 - +

-: No; +: less: Var; +++: more; ++++: have too many

3.4. Petrographic analysis
3.4.1. Thick and thin-section analysis

The H1 sample was taken from the southwest wall of the ground floor of the building; It is a white-
coloured, weak-structured knitting mortar sample containing sand aggregates and white masses, and
its binder was determined to be slaked cream lime. A very small amount of the aggregates of the mortar,
which has a binder ratio of 15-20% by area, contains brick fragments as contamination, while 2-3%
contains limestone and marble fragments, etc. It was determined that the remaining aggregates of the
sample, which contained a small amount of lime lumps and fossil shell fragments, were all black sand
and consisted of mineral and rock fragments. Its minerals generally contain quartz, plagioclase, and
small amounts of amphibole. Stereomicroscope and polarizing microscope images of the sample are
given in Figure 7.

Figure 7. Sample of H1 (a) stereo microscope and (b) with a polarizing microscope image
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The H2 sample was taken from the southwest wall of the ground floor of the building; It is a white-
colored, weakly structured plaster mortar sample containing sand aggregates and white masses, and
its binder was determined to be slaked cream lime. 3-5% of the aggregates of the mortar, whose area
binder ratio is in the range of 15-20%, are carbonate rock particles and all of the aggregates are black
sand. It is generally composed of volcanic rock types and contains quartz and feldspar minerals.
Stereomicroscope and polarizing microscope images of the sample are given in Figure 8.

Figure 8. A sample of H2 (a) stereo microscope and (b)with a polarizing microscope image

The H3 sample was taken from the south wall of the ground floor of the building; It is a brown-coloured,
weak-structured plaster mortar sample with plenty of tows in it, and its binder was determined to be
5-10% slaked cream lime reinforced soil. Approximately 3-5% of the sample aggregates are ash, and
all the remaining aggregates are soil of terrestrial origin. The soil aggregate content contains 2-3%
limestone fragments up to 1 mm in size, small amounts of quartzite and meta sandstones, and contains

quartz, feldspar, and small amounts of mica minerals. Stereomicroscope and polarizing microscope
images of the sample are given in Figure 9.

Figure 9. Sample of H2 (a) stereo microscope and (b) with a polarizing microscope image

The H4 sample was taken from the 2nd-floor northeast wall of the building; It is a white-colored, weak-
structured knitting mortar sample containing sand aggregates and white masses, and its binder was
determined to be 15-20% slaked cream lime by area. It was determined that all sample aggregates
were black sand. The mortar paste contains 1-2% carbonated lime lump particles, 1-2% fossil shells,
and pollution tow particles. In addition, although the majority of its aggregates are volcanic rocks, there
are small amounts of rocks such as meta sandstones and mica schist. It forms quartz, feldspar, and

rarely pyroxene minerals. Stereomicroscope and polarizing microscope images of the sample are given
in Figure 10.

Figure 10. A sample of H4 (a) stereo microscope and (b) with a polarizing microscope image

According to the cross-sectional analysis of the T1 sample, the sample is a well-prepared and
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compressed blend brick sample with dimensions of approximately 4x4 mm, with voids of less than 5%
and small diameter pores of less than 1 mm in the range of 5-10%. It was understood that
approximately 10% of the sample area contained calcium carbonate (limestone particles) up to 0.5 mm
in size, quartz (sand) particles in the same proportion, and the remaining part was soil with baked clay
and a high content of iron oxide (Fe203). According to the cross-section analysis of the T2 sample, the
sample is a better prepared, compressed, and fired blend brick sample than the T1 sample, with 1-2%
of the pores smaller than 0.2 mm, except for the gap of approximately 5x8 mm. In the sample area,
there is approximately 10% calcium carbonate (limestone particles) up to 0.25 mm in size, the
proportion of quartz (sand) particles up to 1 mm in size is in the range of 15-20%, and the remaining
part is baked clay and a high percentage of iron oxide (Fez03). It was understood that it was soil-
containing according to the cross-sectional analysis of the T3 sample, it is a non-highly compressed
blend brick sample with a medium amount of voids in the range of 1-5 mm and less than 5% porosity
of approximately 0.5 mm. In the sample area, the proportion of calcium carbonate (limestone particles)
and quartz (sand) particles up to 0.5 mm in size is approximately 10-15%, and the remaining part is
soil containing baked clay and high amounts of iron oxide (Fe:03). It turned out that it was. The
production material of T3 brick is considered to be good but its preparation and firing are poor. The
stereo microscope image of the samples is given in Figure 11.

Figure 11. (a) T1, (b) T2, and (c) T3 samples from stereo microscope images
3.5. SEM-EDS (EDX) analysis
3.5.1. Mortar analysis
With SEM-EDX analyses, SEM images were taken from the binding parts of the mortar samples and EDX

analyzes were performed on the marked areas on these images. SEM images and EDX analysis element
and oxide ratios of H1, H2, H3, H4 samples are given in Figure 12.

a b c d
Figure 12. (a) H1, (b) H2, (c) H3 and (d) H4 SEM image and EDX Elemental analysis and oxide ratios of samples

As shown in Figure 12, the binder of the H1 mesh mortar sample is lime-derived calcium carbonate,
which contains clay formed by the decomposition of feldspars in the range of approximately 10-12%.
While the sample contained 87.11% calcium originating from lime, it was determined that this element
contained much smaller amounts of silicon, aluminum, potassium, iron, magnesium, and sodium. The
binder of the H2 plaster mortar sample is lime-derived calcium carbonate, which contains clay formed
by the decomposition of feldspars in the range of approximately 5-6%. It was determined that the
sample contained 92.12% calcium, originating from lime, and much less of this element, silicon,
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aluminum, potassium, iron, magnesium, sodium, and chlorine. H3 plaster mortar sample; The binder is
approximately 8-10% lime-derived calcium carbonate, and the remainder is clay formed by the
decomposition of potassium and sodium-based feldspars. It was determined that the sample contained
52.80% silicon, originating from clay, and smaller amounts of this element, aluminum, iron, calcium,
potassium, magnesium, titanium, sodium, and chlorine. The binder of the H4 mesh mortar sample is
lime-derived calcium carbonate, which contains clay formed by the decomposition of feldspars in the
range of approximately 10-12%. It was determined that the sample contained 90.87% calcium,
originating from lime, and much less of this element, silicon, aluminum, iron, potassium, magnesium,
sodium, and chlorine.

3.5.2. Brick analysis

SEM images and EDX analysis of element and oxide ratios of T1, T2 and T3 samples are given in Figure
13.

a b c
Figure 13. (a) T1, (b) T2 and (c) T3, SEM image and EDX Elemental analysis and oxide ratios of samples

Calcium carbonate was detected in the range of 2-3% in the content of the T1 brick sample, and it was
observed that there were silt and clay-sized particles in the area determined as clay in the sample
examination area. It was determined that the sample contained 57.54% silicon, and smaller amounts
of this element, aluminum, iron, potassium, magnesium, calcium, titanium and sodium. Calcium
carbonate was detected in the range of 5-6% in the T2 brick sample, and it was observed that there
were silt and clay-sized particles in the area determined as clay in the sample examination area. It was
determined that the sample contained 53.54% silicon, and smaller amounts of this element, aluminum,
iron, calcium, potassium, chlorine, magnesium, sodium, titanium and sulfur. T3 brick sample; It was
determined that the sample contained 54.05% silicon, and smaller amounts of this element, aluminum,
iron, calcium, potassium, magnesium, titanium, sodium and manganese. The most suitable soils for
brick making are clay soils. Generally, clays include illite, montmorillonite, kaolinite, quartz, limestone
and iron minerals. When these minerals are fired between 800-1200 °C, they have the strength
required for bricks. Illite and kaolinite clays are the most suitable for brick and tile making [16].
Si02/Al20s3 ratio of kaolin type minerals is 2/1; In montmorillonite, illite and chlorite type minerals, it
is 3/1 [17]. Since these ratios are more than 3/1 in the brick samples taken from the building, it can be
concluded that the bricks are not kaolinite in structure.

3.6. Analysis of The Type of Wood

The cross-sectional features of sample number A1, which was taken from the window joinery of the
building and was a wood sample with a layer of white paint on it and was damaged by fungus and
insects, were examined (Figure 14). In the examination, it was observed that it has a ringed tracheal
structure, the summerwood trachea diameters are gradually decreasing, and it forms narrow radial or
oblique, sometimes bifurcated rows. In radial section features, the core rays have a homogeneous
structure, the perforation trays are of simple type, and sometimes ladder-like perforation trays are
observed in the summerwood trachees. In the tangential section features, it was determined that the
core rays were single cell wide and mostly 5-30 cells high. As a result of macroscopic and microscopic
examinations, the type of sample Al taken from the window joinery was determined as chestnut
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(Castanea sativa Mill.).

Cross-section Radial cross section Tangent to the cross section
Figure 14. Thin section images of sample A1l

4. Conclusions

The results obtained by physical, chemical, mechanical, and petrographic analysis of the materials
taken from the Konuralp traditional house (1799 parcel), which has survived to the present day while
preserving its original structural features, are shared below.

According to the physical property results of the brick samples; unit volume weights are within the
range of the specified standard values (1600-1800 kg/m?); Although the specific gravity of T1 brick is
high; It was found that T2 brick has lower water absorption rate and porosity. When its mechanical
properties are examined, the compressive strength of blend brick is predicted to be at least 4.00
N/mm? and an average of 5.00 N/mm? in the relevant standards. It was concluded that while the
average compressive strength of T2 brick was above the specified values, the compressive strength of
T1 brick was at the limit value. In addition, it was determined that T1, T2, and T3 samples contained
silicon at the rates of 57.54%, 53.54%, and 54.05%, respectively, and generally fewer amounts of this
element: aluminum, iron, potassium, magnesium, calcium, titanium and sodium.

When we examined the mortar samples, according to the acid loss results of the mesh mortar samples
numbered H1 and H4, the binder-aggregate ratio was 1:4, and according to the petrographic analysis
results, it was determined that the binders were slaked cream lime. The aggregates of the masonry
mortar samples showed similar properties, and the remaining aggregates consisted of black sand,
except for brick fragments and carbonated lime lumps in terms of contamination. Only a very small
amount of tow pieces (flax) were detected in the H4 mortar. When we examine the plaster samples
from the same building, the binder ratio of plaster mortar numbered H2 is approximately 20% and the
binder is slaked cream lime. The aggregates of the sample consist of small amounts of carbonate rock
fragments, while the rest is entirely black sand. The H3 sample is a soil mortar reinforced with lime in
the range of 5-10% and the binder-aggregate ratio is in the range of 1:8-10. The sample aggregates are
a small amount of ash, and all the aggregates are soil of terrestrial origin. Although there are less than
1% black slag particles in the sample paste, 4-5 kg of straw tow was added per cubic meter. While
sample H2 is a sample of the original plaster used in the building, sample H3 is thought to be an adobe
mortar applied later for repair purposes.

According to the results of ignition loss applied to mortar and plaster; The relative water and organic
contribution rates in the samples vary between 2.18% and 4.32%. According to the results of salt tests,
while samples H2 and H3 contain a small amount of chlorine, sample H2 also contains a small amount
of nitrate. Apart from this, no significant salinization problem was detected in either structure.

When the protein and oil test results were examined, the presence of oil was not found in any of the
mortar and plaster samples, while the presence of a small amount of protein was detected in all
samples. This indicates that organic additives are used in the creation of mortars and plasters.

According to the SEM-EDX results of the mortar samples, it is understood that the binder parts of the
mortars numbered H1, H2, and H4 contain a very high amount of calcium originating from lime, while
the amount of silica in the H3 mortar is quite high due to the high clay it contains. It was determined
that the wood of the window frame taken from the second floor of building number 1799 was chestnut
(Castanea sativa Mill.). It was envisaged that the same type of wood as the tree species specific to the
region could be used during the repair phase.

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yayincilik 378



Sabuncu & Bideci Gazi Muhendislik Bilimleri Dergisi: 10(2)2024

Acknowledgment

This study was produced from the thesis titled "The importance of material analysis in the reuse and
repair of traditional houses: The case of Diizce-Konuralp", written at Diizce University, Institute of
Science, Department of Architecture.

Conflict of Interest Statement

The authors declare that there is no conflict of interest.

References

[1] M. Can. “Work report-Kiiltiirel Miras ve Miizecilik Calisma Raporu,” teftis.ktb.gov.tr, Kiiltlr ve Turizm Bakanligi, September,
20009. [Online]. Available: https://teftis.ktb.gov.tr/Eklenti/1279,muserrefcanpdf.pdf. [Accessed: July, 15, 2022].

[2] T. N. Olgun. “An Investigation on the conservation of traditional buildings in Elazig/Hiiseynik neighborhood: The case of
house No 23,” International Journal of Social, Humanities and Administrative Sciences, vol. 9, no. 68, pp. 3467-3485, September

2023. doi:10.29228/JOSH AS.72142

[3] E. Besli, “Examination of traditional Turkish house architecture: Case of Diizce-Konuralp,” Master's Thesis, Diizce University
Institute of Science and Technology, Diizce, Tiirkiye, 2019.

[4] H. Arslan, D. Gokgen, A. Tanriverdi Kaya, Konuralp antik tiyatro 1. derece arkeolojik sit alaninin mekdnsal analizi. Diizce’de
Tarih, Kiiltiir ve Sanat, Gaye Kitabevi, Bursa, Tiirkiye, 2015, pp.246-253.

[5] Diizce municipality reports, 2022.

[6] TS EN 1936 “Natural stones - Test methods - Determination of true density, apparent density, total and open porosity,”
Turkish Standardization Institute, Ankara, 2010.

[7] TS EN 13755 “Natural stones - Test methods - Water absorption pattern at atmospheric pressure,” Turkish Standardization
Institute, Ankara, 2009.

[8] TS EN 772-1+A1 “Masonry units - test methods - Part 1: Determination of compressive strength,” Turkish Standardization
Institute, Ankara, 2018.

[9] TS EN 12407 “Natural Stones- Test methods-petrographic examination”. Turkish Standardization Institute, Ankara, 2019.
[10] TS EN 12440 “Natural stones naming criteria” Turkish Standardization Institute, Ankara, 2010.
[11] .B.B. KUDEB, Restoration and conservation laboratories book, $an Matbaasi, Istanbul, Tiirkiye, 2009.

[12] A. Caglar. “Experimental research on improvement with boron waste additive of properties of blend brick used in traditional
Kastamonu houses,” Ph.D. thesis, Selcuk University Institute of Science and Technology, Konya, Tiirkiye, 2018.

[13] K. Kog, “Documentation and investigation of constructional characteristics belong to Bursa Golyazi region,” Master's Thesis,
Istanbul Technical University Institute of Science and Technology, Istanbul, Tiirkiye, 2019.

[14] S. Kurugdl, C. Tekin. “Evaluation of physical, chemical and mechanical characteristic of bricks used in castle structures of
byzantine period”, J. Fac. Eng. Arch. Gazi Univ, vol. 25, no. 4, pp.767-777, March 2010.

[15] O. Ozgen. “Horasan harcl iizerine deneysel calismalar,” Specialization Thesis, T.R. Ministry of Culture and Tourism Istanbul
Surveying and Monuments Directorate, Istanbul, Tiirkiye, 2012.

[16] G. Ozisik. Yapi Miihendisliginde Tugla Elemanlar ve Yapi Sistemleri. Birsen Yayinevi, Ankara, Tiirkiye, 2000.

[17] O. Akincl. “Seramik killeri ve jeolojisi,” Journal of Mineral Research and Exploration, dergi.mta.gov.tr, Bulletin of the Mineral
Research and Exploration, 1968. [Online]. 1968.

Available: https://dergi.mta.gov.tr/dosyalar/images/mtadergi/makaleler/tr/20151013144716_804_22796a01.pdf. [Accessed:
July, 15, 2022]

This is an open access article under the CC-BY license !

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yayincilik 379


https://teftis.ktb.gov.tr/Eklenti/1279,muserrefcanpdf.pdf
https://www.google.com/url?sa=i&url=https%3A%2F%2Fdergi.mta.gov.tr%2Fdosyalar%2Fimages%2Fmtadergi%2Fmakaleler%2Ftr%2F20151013144716_804_22796a01.pdf&psig=AOvVaw3FrohxXlqrIzQKATYJug3h&ust=1720012708919000&source=images&cd=vfe&opi=89978449&ved=0CAQQn5wMahcKEwiY8e6LuYiHAxUAAAAAHQAAAAAQBA
https://www.google.com/url?sa=i&url=https%3A%2F%2Fdergi.mta.gov.tr%2Fdosyalar%2Fimages%2Fmtadergi%2Fmakaleler%2Ftr%2F20151013144716_804_22796a01.pdf&psig=AOvVaw3FrohxXlqrIzQKATYJug3h&ust=1720012708919000&source=images&cd=vfe&opi=89978449&ved=0CAQQn5wMahcKEwiY8e6LuYiHAxUAAAAAHQAAAAAQBA
https://dergi.mta.gov.tr/dosyalar/images/mtadergi/makaleler/tr/20151013144716_804_22796a01.pdf
https://creativecommons.org/licenses/by/4.0/

Research Article/Arastirma Makalesi

® | AKADEMIK
GaZI |YAY\NC\LIK

gazi

OURMAL OF ENGINEERING SCIENCES

GAZI

JOURNAL OF ENGINEERING SCIENCES

Keywords: Artificial intelligence,
dynamic system, modelling, direct
current electrical motor, stability

* TUSAS-Turkish Aerospace Industries,
Inc, 06980-Ankara, Tiirkiye

" Gazi University, Engineering Faculty,
Department of Mechanical Engineering,
06570-Ankara, Tiirkiye

" Gazi University, Engineering Faculty,
Department of Mechanical Engineering,
06570-Ankara, Tiirkiye

ORCID: 0000-0003-3112-9723

*Corresponding author:
bozkan@gazi.edu.tr

Anahtar Kelimeler:

Yapay zek3, dinamik sistem,
modelleme, dogrusal akimli
elektrik motoru, kararlilik

Evaluation of a Direct Current Electric Motor
Modelled Based on the Artificial Intelligence in
the Sense of Stability

Ege Comert?, Salih Karaaslanb, Biilent Ozkan*c
Submitted: 15.02.2023 Revised: 31.05.2024 Accepted: 28.007.2024 doi:10.30855/gmbd.0705A13

ABSTRACT

Artificial intelligence (AI), which has an important place in today's technology and is called
“artificial intelligence” as an English term in the literature, is among the basic building
blocks of innovation. Basically, artificial intelligence is a software that can create its own
algorithm without the need for any algorithm, whose algorithms are unpredictable and can
make its own decisions, that is, it is like the ones and zeros versions of the human brain and
behaviors. The sequence of ones and zeros to create codes can be seen as artificial cells of
artificial neural system and computational programs designed in the 1950s and inspired by
the human neural system. With the application of artificial intelligence, information is
modeled and learning is provided quickly, and the quality and value of the work increases
by decreasing the workforce to be done. It is necessary for the system performance to be
accurate and sustainable in line with the targets and the stability criterion in the system is
extremely important in this regard. In this study, first, the essential techniques considered
within the extent of the artificial intelligence are explained in addition to their advantages
and disadvantages. Secondly, the stability of dynamic systems is mentioned and a stability
investigation is carried out over the artificial intelligent-based model of a direct current
electrical motor under consideration. Finally, a general evaluation is presented upon the
stability of the artificial-intelligence-based model of the considered system.

Yapay Zeka Esasli Modellenen Dogrusal Akimli Bir
Elektrik Motorunun Kararhlik Bakimindan
Degerlendirilmesi

0Z

Giiniimiiz teknolojisi icerisinde énemli yer tutan ve literatiirde Ingilizce karsilig1 “artificial
intelligence” olarak adlandirilan yapay zeka, yeniligin temel yapitaslari arasinda yer
almaktadir. Temel olarak yapay zeka, herhangi bir algoritmaya ihtiya¢c duymadan kendi
algoritmasini olusturabilen, algoritmalar1 6nceden dngoriilemeyen ve kendi kararlarini
verebilen, yani insan beyni ve davranislarinin birler ve sifirlar siirtimii gibi olan bir
yazilimdir. Kodlar olugsturmak igin birler ve sifirlarin siralanmasi, 1950’lerde tasarlanan ve
insanin sinir sisteminden esinlenen yapay sinir aglari ile hesaplama programlarinin yapay
hiicreleri olarak goriilebilir. Yapay zekd uygulamasi ile bilgiler modellenerek hizli bir
sekilde 6grenme saglanip yapilacak isgiicli azalarak isin kalitesi ve degeri artmaktadir.
Hedefler dogrultusunda sistem performansinin dogru ve stirdiiriilebilir olmasi gerekli olup,
bu hususta sistemdeki kararlilik kriteri son derece 6nemlidir. Bu ¢alismada, yapay zeka
kapsaminda goz o6niinde bulundurulan temel teknikler anlatilarak iistiinliik ve zayifliklar:
vurgulanmis, ardindan dinamik sistemlerin kararlilifindan bahsedilerek ele alinan
dogrusal akiml bir elektrik motorunun yapay zeka esash modeli lizerinden kararlilik
incelemesi yapilmistir. Son olarak, ele alinan sistemin yapay zeka esasli modelinin
kararlilig1 izerine genel bir degerlendirme yapilmistir.

To cite this article: E. Comert, S. Karaaslan and B. Ozkan, “Evaluation of a Direct Current Electric Motor
Modelled Based on the Artificial Intelligence in the Sense of Stability”, Gazi Journal of Engineering
Sciences, vol.10, no.2, pp. 380-390, 2024. doi:10.30855/gmbd.2017.0705A13



1. Glrl$ (Introduction)

Yapay zek3, son donemde bilimsel ve entelektiiel gelismelerin 6nemli unsurlarindan biri haline
gelmektedir. Gelisimini her daim siirdiiren yapay zekd, insan zekasina benzer sekilde goérevleri
benimseyen, aldig1 verilere gore tekrarh bir sekilde kendisini gelistirebilen sistem veya algoritma
olarak ifade edilebilir. Diisiiniilenin aksine, yapay zekdnin hedefi insanlarin yerini almak degil insanin
yeteneklerini daha da gelistirerek katki saglamaktir. Yapay zeka yaklasim, farkli alanlarda ve bir¢ok
akill1 uygulamada kullanilip fayda saglayan bir metodolojidir. insan beyninin ayn1 anda ¢ahistirabilecegi
islem sayisi, hesaplama sistemine kiyasla ¢ok daha azdir. Oysa makine ve sistemler asla yorulmaz,
dikkati dagilmaz, dinlenmeye ihtiyaglar1 yoktur ve kararliligin s6z konusu oldugu durumda temel
hesaplamalar1 nanosaniyeler i¢inde giivenilir ve dogru bir sekilde yapabilir. Bu hususta kararliligin
degerlendirilmesi yani izleme ve istikrarsizlifin erken tespiti, sistemlerin giivenli ve istikrarli bir
sekilde calismasinda 6nemli rol oynamaktadir.

Yapay zek3, sistem veya makinenin dgrenme, sonuca varma, planlama ve harekete gecme gibi insan
zekasi ile iliskili gorevleri yerine getirebilme yetenegidir. Ayrica yapay zeka robotik alaninda da
nesnelerin konumlarimi degistirebilme gibi otonom 6zelliklere sahiptir. Yapay zekanin teknoloji ve
dijitallesme alanindaki basarisi artarak ilerlemekte ve beklentileri yiikseltmektedir [1,2].

Yapay zekad teknolojisinin bir¢ok istiinligiiniin yani sira bazi zayifliklari da mevcuttur. Bu
zayifliklardan dolay: olusan riskler de iyi analiz edilmeli ve gerekirse énlemler alinmalidir. Risklerin
basinda giivenilirlik problemi gelmektedir. Teknolojinin insanlar tarafindan kullanilabilmesi i¢in
giivenilir olmasi sarttir. Yapay zeka uygulamalarinda karsilasilan 6nemli sorunlardan biri de kararlilik
(ing. stability) kosulunun her zaman saglanamamasidir. Ele alinan kullanim sahalarina bagh olarak
farkl yaklasimlar goz oniinde bulunuyor olsa da yapay zeka temelli denetim (kontrol) sistemlerinin
kararliligini garanti edecek dogrulanmis analitik bir yontem hali hazirda mevcut degildir [3].

Giiniimiizde yapay zeka, tarimdan saglik hizmetlerine, sanayiden finansa ve ulasimdan kamu
politikalarina kadar hayatin neredeyse tiim alan ve sektorlerinde kullanilmaktadir. Ornegin otonom
araglar yollarda goriilmekte olup ciftciler iriinlerini yapay zeka ile ilgili uygulamalar araciligiyla
uydulardan takip etmektedir. Bu alandaki gelismeler akademinin de ilgisini cekmekte olup 2011
yilinda yapay zeka ile ilgili 1355 adet makale yayinlanmistir. Ayrica, Web of Science veri tabanina gore
sadece 2019 yilina ait yapay zeka igerikli 9110 adet makaleye rastlanmaktadir. Bu alanda diinya
Olcegindeki gelisme ve beklentiler dogrultusunda lilkemizde de yapay zeka ve dijitallesme kalkinmada
oncelikli alanlar olarak gorilmektedir. Bir yandan devlet mekanizmasi i¢cinde yapay zeka ile ilgili yeni
kurumlar kurulurken, diger yandan mevcut kurulus ve politikalar yapilarini yeni yapay zeka
gelismelerine uyarlamaya c¢alismaktadir. Cumhurbaskanligi biinyesinde 2018 yilinda devlet
mekanizmasi i¢inde dijitallesme ve yapay zekddan sorumlu Dijital Doniistim Ofisi (DDO) adinda bir
organ olusturulmustur. Universiteler yapay zekd programlarin1 kapsayan lisans ve yiiksek lisans
diizeyinde 6gretim vermeye baslamis, yapay zeka ile ilgilenen uzmanlari, profesyonelleri ve diger
paydaslari bir araya getirmek amaciyla farkl sivil toplum kuruluslar: da kurulmustur [4].

Bu ¢alismada, hidrolik sistemlerin énemli bilesenlerinden olan oransal valflerin eyletimini (tahrigini)
saglayan dogrusal akimli bir elektrik motorunun yapay sinir aglari esasli yapay zeka temelli agik ¢evrim
modellemesi ve tanimlanan girdi sinyalleri vasitasiyla bu modelden elde edilen cevaplarin
karsilagtirilmasi yapilmaktadir. Literatiirde, elektrik motorlarinin dinamik modellemesi, denetimi ve
kararhiliklarinin incelenmesi tizerine cesitli calismalara rastlanmaktadir. Bunlar arasinda geleneksel
yontemlerle birlikte bulanik mantik esasl klasik ve giirbiiz denetim yaklasimlarinin ele alindigi
uygulamalar yer almaktadir [5-8]. Mevcut ¢alisma, bahsedilen model tabanli modelleme, denetim ve
kararhilik yaklasimlarindan farkli olarak, dinamik davranisi dogrusal olarak tanimlanabilen ikinci
mertebeden bir sistem icin olusturulan basit bir yapay sinir ag1 modelinin sistemi ne kadar temsil
edebildigini gosterip ele alinan sayisal veri setinin biiyiikligline gore farkl genlikteki ¢ikt1 sinyalleri
tizerinden valfin kararliigi hakkinda genel bir degerlendirme yapilmasina olanak saglamasi
bakimindan yapay zeka esasli kararlilik ¢oziimlemelerine bir katki sunmaktadir.

2. Yapay Zekay1 Olusturan Temel Teknikler (Basic Techniques of Artificial Intelligence)

Yapay zekanin ¢alisma alanlari Sekil 1 ile sematik olarak verilmistir. Bu kapsamda makine 6grenmesi
(ing. machine learning, ML), cihazin gecmiste Kkarsilastigi benzer durumlar1 égrenmesi olarak

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yayincilik 381



Comert, Karaaslan & Ozkan Gazi Muhendislik Bilimleri Dergisi: 10(2), 2024

tanimlanabilir. ML karsilastig1 problemi, bu tiir benzer 6zelliklere sahip bir olay ile kiyaslayarak ve
timevarim yoéntemini kullanarak ¢ézmektedir. Bu durumda temel prensip, gézlenen durumlarda
verilerin makine tarafindan tutulmasi ve 6grenilmesidir. ML; pekistirmeli 6grenme, denetimli ve
denetimsiz 6grenme olmak iizere ii¢ alt baglikta incelenebilir. Yapay sinir aglar1 (ing. artificial neural
networks, ANN), insan beyninin sahip oldugu bilgi isleme yeteneginden esinlenerek olusturulmustur.
Bu ag sayesinde gozlemlenen olaylar birbirleriyle ag bakimindan yakinsama yapmakta olup girdi ve
cikt1 verileri ¢ozlimlenebilmektedir. ANN’deki ilk katman girdi ve son katman ¢ikt1 katmani olarak
adlandirilmaktadir. Derin 6grenme ise, makine dgrenmesinin bir alt dali olup 2015 yilinda LeCun
tarafindan sdyle tamimlanmistir: “Derin 6grenme yontemleri, birden ¢ok temsil diizeyine sahip ve ham
girdiden baslayarak her diizeydeki temsili gittikce ytlikselen, ayrica ele alinan unsurlar1 biraz daha
soyut bir temsile doniistiiren basit ama dogrusal olmayan modiiller kullanilarak elde edilen ve birden
¢ok temsil diizeyine sahip bir 6grenmedir.” Derin 6grenme c¢ok katmanli ANN kullanilarak
olusturulmaktadir [9].

Sekil 1. Yapay zekanin ¢alisma alanlari
(Working areas of artificial intelligence)

Bu dogrultuda yapay zekay olusturan temel teknikler, maddeler halinde asagidaki gibi siralanabilir:

¢ Benzetimli Tavlama,

e Uzman Sistemler,

e Bilgisayarh Gor,

¢ Konusma Tanima,

e Yapay Sinir Aglar,

e Bulanik Mantik,

¢ Genetik Algoritmalar,

¢ Robotik,

¢ Hibrid (Karma) Sistemler.

Benzetimli Tavlama teknigi en ¢ok tercih edilen tekniklerden biri olup gériintii veya video isleme ve
yazilim gibi alanlarda karsilasilan problemlere en faydali ¢oziimii ¢ok hizli siirede vermektedir.
Alanindaki 6nemli basarilari sayesinde literatiir ¢calismalarinda da siklikla bu teknige yer verilmektedir
[10].

Uzman Sistemler modeli, herhangi bir karmasik sistemde uzman Kkisinin yaptig1 isleri yapan bir
bilgisayar programi gibi diisiiniilebilir. Bu teknik, uzmanin diisiince bi¢imini bir anlamda taklit ederek,
o konudaki 6nemli problemleri ¢6zmeye yonelik yazilimlar sunmaktadir. Bu yazilimlar genellikle
arayliz, veri tabani ve kural tabani gibi birden ¢ok programdan olustugu i¢in sistem adini almaktadir.
Uzman sistemler tavsiye verebilen, problem analiz edebilen, siniflandirabilen, iletisim kurabilen,
tasarim yapip tahmin yiiriitebilen, belirleyen, denetleyebilen (kontrol edebilen) ve programlayabilen
yazilimlardir [11].
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Bilgisayarl Gértii, sayisal veya sembolik bilgi tiretmek i¢cin dijital gortintiileri elde etme, isleme ve analiz
etmede kullanilan bir tekniktir. Ayrica bilgisayarh gorii ile gercek diinyadan yiiksek boyutlu verilerin
¢ikarilmasina yonelik uygulamalar: da icermektedir.

Konusma Tanima, teknolojik siirecte kullanilan yapay zeka tekniklerden biri olup insan sesinin
mikrofon vasitasiyla bilgisayar tarafindan algilanarak taninmasi islemidir. Bu teknik insan ile
bilgisayar arasindaki iletisimde son derece 6nemlidir [12].

Yapay Sinir Aglari, 6nceki bolimde de bahsedildigi gibi, klasik programlama gibi belirli bir algoritma
cercevesinde programlanmazlar. Sinir aglar1 konusu algilama, akil yiirtitme ve planlama gibi ¢esitli
robotik problemleri de kapsamaktadir. Ozellikle arastirmacilar, farkli robot platformlarinda sinir aglar
ile denetim politikalar1 egitimi konusunda biiyiik basarilar elde etmistir. Tipik olarak bu denetim
politikalari, pekistirmeli 6grenme (ing. reinforced learning, RL) algoritmalari yoluyla elde
edilmektedir. Bu alandaki calismalarda son derece basarili olunmasina ragmen, sinir ag1 denetleyicileri
performanslar1 tGzerinde giivenlik acisindan kritik birgok uygulama giivenilir teorik temelden hala
yoksundur. Sinir ag1 denetleyicileri icin eksik olan 6nemli bir nokta, kapali dongii sisteminin kararliligy;
ozellikle Lyapunov kararliligidir. Lyapunov teriminde sistem, aslinda bolgesel olarak kararhdir ve bir
bolgedeki herhangi bir durumdan baslayarak sistem sonunda bir dengeye yakinsamaktadir. Bu bdlge
cekim bolgesi (ing. region of attraction, ROA) olarak tabir edilmektedir. Lyapunov kararlihgi, ¢ekim
bolgesindeki herhangi bir durum igin sistemin asimptotik davranisi lizerinde gii¢lii bir garanti
saglamaktadir. Bir sistemin Lyapunov kararli oldugu, ancak ve ancak kesinlikle pozitif tanimli ve hedef
denge durumu disinda her yerde kesinlikle azalan bir Lyapunov fonksiyonu olarak bilinmektedir [13].

Bulanik Mantik teknigi, ilk kez 1965 yilinda California Berkeley Universitesi'ndeki arastirma ve
¢alismalar sonucu bilim diinyasina girmistir. Bu teknik “sacakli mantik” olarak da bilinmektedir.
Giiniimiizde 6nemi daha da artan bulanik mantik, belirsizliklerin tanimi, anlatimi ve ¢alisilabilmesi i¢in
olusturulmus kat1 bir matematik diizenine sahiptir. Bir bagka deyisle insanin diisiince sistemini klasik
mantiga kiyasla daha iyi modelleyip, deneyimlerini matematiksel ifadeye dogru bir sekilde
doniistiirebilmektedir. Bulanik mantikta hedef bir sonuca ulasmaktir [14].

Genetik Algoritma teknigi, problem analizinde ¢6zlim uzayr sonsuz nokta ile taranarak
olusturulmaktadir. Bu yaklasimda, elde edilen ¢6ziimler en uygun adayin bulunmasi amaciyla bir tiir
yapay secilime dontistiirilmektedir [15].

Robotik kavrami, yapay zekanin énemli uygulama alani olan endiistri alaninda siklikla karsilasilan bir
tekniktir. Diisliniilenin aksine, robotik elemanlar bilim kurgu filmlerinde goriilen robotlardan goriiniim
ve islevsel acidan ¢ok farklidir. Endiistriyel robotlar tekrarli ve giinliik isler i¢in daha uygun olup
otomotiv sektdrii robotlardan en ¢ok faydalanan sektordiir. Bu sektdrde robotlardan boyama ve
biitiinleme (montaj) islemlerinde istifade edilmektedir. Elektronik sektdriinde de devrelerin test ve
yongalarin yerlestirilmesi islemlerinde robotlar kullanilmaktadir [16].

Hibrid (Karma) Sistemler ise yukarida bahsedilen tekniklerin bir veya birka¢inin birlikte
kullanilmasiyla olusturulmaktadir. Bahsedilen birimler son yillarda miithendislik problemlerinin test,
tasarim ve analizinde etkin olarak kullanilmaya baslanmistir [14-17].

3. Dinamik Sistemlerde Kararlilik (stability in Dynamic Systems)

Dinamik bir sistemin en 6nemli gereklilik ve karakteristiklerinden biri kararliliktir. Kararsiz bir sistem,
sinirt olmayan, ise yaramayan ve istenilmeyen yanitlar (¢iktilar) tiretmektedir. Bu nedenle, ele alinan
sistemde kararsizlik durumunun hangi sartlar altinda oldugunu ve kararli hale nasil gegilebilecegine
miimkiin oldugu kadar dikkat edilmelidir. Dinamik sistemlerde gelen yanit artan genlikli titresimler
halinde ise kararsizlik s6z konusudur. Bu durumda sistemin cevabi sonsuza kadar artamayacagindan
dolay sistemde hasar meydana gelebilir. Kararlilik s6z konusu oldugunda ise sistemde yanit azalan
genlikli titresimler seklinde olusmaktadir. Sistemin kararliligini belirlemek i¢in ideal olan yontem,
transfer fonksiyonundan yararlanarak kutuplarini belirlemek ve kutuplarin karmasik diizlemdeki
konumunu incelemektir. Kutuplarin belirlenmesi ikinci mertebeden yiiksek seviyeli sistemlerde zaman
alabilmektedir. Ulasilmak istenen hedef, kararlilig1 saglamak i¢in bilinmeyen sistem parametrelerini
bulmaksa, transfer fonksiyonundan kutuplari tespit etme durumu uygulanamaz hale gelmektedir. Bu
hususta en ¢ok kullanilan cebirsel kararlilik testi Routh-Hurwitz kararlilik kistasidir (kriteridir). Bu
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yontem sistemin kutuplarini bulmadan basit bir teknik ile kararli olup olmadigini géstermekte ve
sistemde kararsizlik tespit edilirse bu durumdan sorumlu kéklerin yer ve sayisini belirlemektedir.
Routh-Hurwitz kararlilik kistasi, ilk tarama olarak bilinen Hurwitz testinden ve uygulanmasi 6nemli
olan Routh tablosu incelemesinden olusmaktadir. Sistemler i¢cin Routh-Hurwitz kararlilik kistasinin
yani sira Nyquist, Bode ve Nichols diyagramlari da siklikla kullanilan kararlilik test yontemlerindendir
[18,19].

Yapay zeka alaninin 6nde gelen tekniklerinden biri olan ANN, kararsiz tahmin ediciler olmasina
ragmen tibbi karar destek sistemlerinde siiflandirma veya regresyon analizleri olarak siklikla tercih
edilmektedir. Bu kararsizlik, modeli olusturmak i¢in kullanilan verilerdeki kii¢iik degisikliklerin farkli
modellerle sonuglanabilecegi anlamina gelmektedir. Sonug olarak, farkli veri setleri farkli genelleme
dogruluklarina sahip modeller iiretebilmektedir. Yapay zek3, elektrik sebekelerinde de kararlhlik
degerlendirmesi i¢cin uygun bir yol olarak ortaya c¢ikabilmektedir. Benzetim tabanl yaklasimlarla
karsilastirildiginda yapay zeka, kararlilik degerlendirmesinde model gelistirme ve sayisal hesaplamada
potansiyel olarak zaman kazandirabilmektedir. Gii¢ sistemi kararlilik degerlendirmesi i¢in, gercek
zamanl gii¢ sistemi dinamik modeli temeline dayanan ve dnemli hesaplamalar gerektiren zaman
kiimesindeki benzetim ¢alismalarinin yapilmasi gerekmektedir [20].

Model benzetiminin yani sira, kararlilik degerlendirmesi icin baska bir yontem de veriye dayali
yaklasimlardir. Bu yontemler, 6l¢iime ve yapay zekdya dayali yaklasimlar olmak iizere iki alt grupta
incelenebilir. Ol¢iime dayali yontemler, kararlihk degerlendirmesi icin basitlestirilmis modeller
gelistirmek icin Ol¢lim verilerini kullanmaktadir. Belirtilen tekniklerde ayrintili modellere dayal
zaman alan benzetime kiyasla daha az hesaplama stiresi gerekmektedir. Ancak oOl¢lime dayali
basitlestirilmis modellerin gelistirilmesi ciddiye alinmasi gereken bir islemdir. Buna karsilik, yapay
zekdya dayali kararlilik degerlendirmesi veriye dayalidir ve dogrudan fiziksel ilkelere
dayanmamaktadir. Benzetim veya 6l¢iim verileri kullanilarak olusturulan yapay zeka modelleri, sistem
ozellik girdilerine dayali olarak kararlilik degerlendirmesi yapabilmektedir. Makine 6grenimi tabanl
yaklasimlarin bircogu da yalnizca bir tiir kararlilig1 degerlendirebilir. Giris 6zellikleri, genellikle belirli
bir makine 6grenimi modelinde deneme-yanilma yoluyla se¢ilmektedir. Kisa siireli kararlilik, bir iletim
hattinda kisa devre gibi ciddi bir bozulmaya maruz kaldiginda gii¢ sisteminin eszamanliligini
(senkronizasyonunu) siirdiirme yetenegidir. Gegici kararliligi degerlendirmek amaciyla, yapay zekayi
esas alan sinir ag1, destek vektdr makinesi ve karar agaci temelli yaklasimlar énerilmektedir. Bunun
yaninda kararliik durumu, sistemin her zaman beklenen basarim gereksinimlerini saglayacagi
anlamina gelmemektedir. Ornegin, osilatérlerde sinirh kararlilik tercih edilmekte olup salimimlari
azaltmak amaciyla karakteristik denklem kokleri gercek eksene getirilmeye c¢alisilmaktadir.
Bahsedilen uygulama benzeri alanlarda, kararsizliin istendigi durumlar da s6z konusu olabilmektedir.
Ornegin savas ucaklarinda kararlilik, komutlarin yavaslamasina ve manevra kabiliyetinin azalmasina
neden oldugundan istenmeyen bir durumdur. Sonug olarak kararlilik isteri, ele alinan duruma gore
farklilik gosterebilmektedir [21].

Problem ¢ézme yontemleri ile ilgili alanda bir¢ok yaklasim gelistirilmistir. Arastirmacilarin ¢ogu
problem ¢6zme ve karar verme asamalarini; problemi saptama ve tanimlama, ¢6ziim icin kistas
belirleme, alternatif arama, ¢6ziim bulma ve sonuclandirma, tercih yapma ve uygulamaya koyma olarak
siralamistir. Bazi aragtirmacilar ise bu yaklasimda degisik siniflandirmalar kullanmislardir. Ornegin
klasik yaklasimda ii¢ evre vardir ve bunlar zek3, tasarim ve se¢cimi kapsamaktadir.

Yapay zeka teknolojisi, Sekil 2 ile gosterilen biitiin adimlar1 desteklemek i¢in kullanilsa da
hareketlerinin ¢ogu doért ve besinci adimda gergeklesmektedir. Uzman sistemler, alternatiflerden
¢6ziim bulmak i¢in kullanilmakta olup burada yapay zekanin gorevi arama ve degerlendirmeyi sonug
bulma yeteneklerini kullanarak yonetmektir [22].
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Problemi
Tanima

‘—
Kriter
Belirleme

Uygulama

Sekil 2. Problem ¢6zme siireci
(Problem solving process)

4. Bilgisayar Benzetimleri (Computer Simulations)

Calisma kapsaminda ele alinan ve oransal valf eyletimde kullanilan dogrusal akimli elektrik motorunun
matematiksel modeli 6ncelikle MATLAB® Simulink® tizerinde Sekil 3 ile verildigi iizere modellenmistir.
Ardindan sisteme ait girdi verileri, 6rnek bir valf motorunun teknik veri dosyasindan alinarak,
hazirlanan MATLAB® kodu ile tanimlanarak bilgisayar benzetimi cahistirllmistir. Bahsedilen veriler ele
alinan motor i¢in gergekte uygulanan parametrelerle akim genligi degerlerini icermekte olup ¢alisma
kapsaminda kurgulanan benzetim modelinin ¢alistirilmasi i¢in yeterli oldugu degerlendirilmektedir.

Kt

-, J-s*+B-s+K >

Transfer Fen

Sekil 3. Oransal valf eyletim motoruna ait sistem modeli
(System model of the actuation motor of the proportional valve)
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1 1 <1
W g Sistem Ciktisi

Uniform Random
Sistem Modeli .
Number out.veriler

Sekil 4. Rastlantisal say1 girisli orijinal sisteme ait benzetim modeli
(Simulation model belonging to the original system with an input of random numbers)

Orijinal sistemin Sekil 4 ile verildigi gibi modellenmesinde rastlantisal say1 girisi amaciyla kullanilan
“Uniform Random Number” blogu i¢in, benzer bir valf motorunun veri katalogunda belirtildigi iizere
uygulanacak girdi akiminin “Amper” cinsinden alt ve st sinirlarina karsilik gelecek sekilde asgari 6 ve
azami 6 degeri belirlenmistir. Ardindan ele alinan motora ait sistem modelinde bulunan katsayilar,
MATLAB® iizerinde asagidaki gibi kararlastirilmistir:

¢ K=0,15N-m/A
e J=3x10?%kg-m?
e B=0,01 N-m-s/rad
e K=0,1 N-m/rad

Girdi verileri tanimlandiktan sonra benzetim modeli 30 saniye siireyle c¢alistirilarak ¢ikt1 verileri
kaydedilmistir. Kaydedilen orijinal sistem verilerinin haricinde veri sayilarini artirip azaltmak
yontemiyle ii¢ farkli girdi ve ¢ikt1 verisi elde edilmistir. Bu veri setleri, benzer calismalardaki
yaklasimlar g6z 6ntinde bulundurularak 100, 1000 ve 2000 veri sayisina sahip olarak belirlenmis ve
veri setlerinin elde edilmesi sirasinda rastlantisal say1 blogundaki zaman parametresi orantili olarak
degistirilmistir. Ayrica, her bir benzetimden elde edilen girdi ve ¢ikti verileri kaydedilmistir. Burada,
306 adet veriye ait degerler orijinal sistem modelinin ¢iktilar1 kabul edilmistir.

Akabinde, Sekil 5 ile gosterilen yapida tek giris-tek cikish (giris ve ¢ikis katmanlarinda birer hiicre
bulunan), iki hiicreden olusan tek ara (gizli) katmanli ve aktivasyon fonksiyonu (1) numaral: esitlikte
verildigi gibi tanimlanan bir yapay sinir ag1 olusturulmustur.

2
y= 1+4e—net(x) -

1 1)

O

Giris Cikis

4 Katmam
Katmam Ara Katman >

Sekil 5. Olusturulan yapay sinir ag1 yapisi
(Constructed artificial neural network structure)

Burada x, net(x) ve y tabirleri sirasiyla hesaplamanin yapildig: sinir ag1 hiicresinin girdi sinyali, girdi
sinyalinin ilgili agirlik fonksiyonu ile ¢arpilmis hali ve ¢ikt1 sinyaline karsilik gelmektedir.

Yapay sinir ag1 modelinde hiicreler arasinda yer alan agirlik fonksiyonlari, geri yayihm (ing. back
propogation) algoritmasi kullanilarak, olusturulan {i¢ farkli veri seti beslenerek, %1 olarak atanan hata
(gercek degerden sapma) miktari icin hesaplanmistir. Ag yapisinin momentum katsayisi ve 6grenme
hizi da sirasiyla 0,1 ve 0,9 olarak atanmistir.
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Tiim hesaplama ve 6grenme islemleri bitirildikten sonra MATLAB® Simulink® {izerinden 100,1000 ve
2000 adet veri seti i¢in siniis girdileri uygulanarak yapay sinir ag1 esash elektrik motoru modelinin
ciktilar1 kaydedilmistir. Bu islem yapilirken Sekil 6 ile verilen benzetim modeli kullanilmistir.

]

Sistem Ciktisi

Sistem Modeli

—p out.veriler

Sekil 6. Siniis dalgasi girisli sisteme ait benzetim modeli
(Simulation model belonging to the system with an input of sine wave)

Yapay sinir aglar1 ile modellenen sisteme saglanan siniis dalgasi 6ncelikle 6 A genlik ve 1 Hz
frekansinda, sonrasinda 10 A genlik ve 1 Hz frekansinda ve son olarak da 20 A genlik ve 1 Hz
frekansinda uygulanmis ve sistem ciktilar1 kaydedilmistir. Bu islemin yapilmasindaki amag orijinal
sistemin 6 A genlikteki girdi ¢ikti verileriyle siniis dalgasi seklindeki girdinin verilerinin
karsilastirilmasi ve kararlilik analizinin yapilmasidir. Ayni zamanda veri sayisindaki artisin kararlihik
acisindan sagladigi katkiy1 incelemektir.

100, 1000 ve 2000 adetlik veri setlerinin t¢ farkli genlik degerinde ¢alistirilmasinin ardindan ¢iktilar
MATLAB® Workspace® béliimiine 100x1, 1000x1 ve 2000x1’lik matrisler olarak kaydedilmistir.
Sonugta, bulunan ¢ikt1 verileri kullanilarak, veri setleri Sekil 7, Sekil 8 ve Sekil 9 ile gosterilen tek bir
grafik Gizerinde kiyaslanmistir.

6 Genlik=6 A ve Frekans=1 Hz

100 Ve
1000 Veri

Orgnai Veei

Cikt1 Degeri

4

-6
0 5 10 15 20 25 30
Zaman
Sekil 7. Kiyaslama grafigi (6 A genlikli siniis girdisi i¢in)
(Comparison plot for a sine wave input with a width of 6 A)
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6 Genlik 10 A ve Frekans=1 Hz

100 Ve
1000 Vert

Orfrad Vot

Cikt1 Degeri

4

6o 5 10 15 20 25 30
Zaman

Sekil 8. Kiyaslama grafigi (10 A genlikli siniis girdisi igin)
(Comparison plot for a sine wave input with a width of 10 A)

6. Genlik=20 A ve Frekans=1 Hz

100 Ves
1000 Ve

Ot Vor

W)

Cikt1 Degeri

Y9 5 10 15 20 25 30
Zaman
Sekil 9. Kiyaslama grafigi (20 A genlikli siniis girdisi i¢in)

(Comparison plot for a sine wave input with a width of 20 A)

Olusturulan yapay sinir aglar1 esasli modellerin egitiminde kullanilan veri sayisi arttik¢a yani 100
veriden 2000 veriye gittikce, bu verilere karsilik gelen sistem cevaplarinin genlik degerlerinin orijinal
sistem cevabinin genligine yaklastig1 goriilmektedir.

Orijinal sistem cevabinin elde edildigi azami girdi genligi olan 6 A’dan daha biiyiik genlikli (10 ve 20 A)
bir siniis girdisi uygulandig1 zaman, baslangictaki kisa siire disinda sistem cevabinin genligi orijinal
sistem cevabi genliginden genellikle daha fazla gozlenmistir. Teorik olarak sonsuz veriyle egitilen
yapay sinir agli bir modelin ¢iktisinin genligi en fazla orijinal sistem c¢iktisinin genligi kadar
olabilmektedir. Dolayisiyla, sonsuzdan daha az veriyle egitilen yapay sinir agh bir sistemin cevabi
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orijinal sisteminkinden biiyiik oluyorsa, bu durum, ilgili yapay sinir agli modelin kararsizligina isaret
etmektedir.

5. Sonu(,‘lar ve Tartlsma (Results and Discussion)

Oransal valf eyletiminde kullanilan dogrusal akimli bir elektrik motoru modeli {izerinden
gerceklestirilen bilgisayar benzetimleri sonucunda, ele alinan ti¢ farkli giris sinyali genligi i¢cin de yapay
sinir ag1 egitiminde kullanilan veri setindeki eleman sayisinin artisina bagli olarak sistem kararliliginda
iyilesmenin goézlenmesi, nispeten basit yapida olan bir valf modeli tizerinden yapilan ¢alismanin
miitevazi bir Kkatkis1 olarak degerlendirilebilir. G6z oOniine alinan elektrik motorunun
dogrusallastirilmis dinamik modeline saglanan girdi akimina karsilik elde edilen cevap sinyallerinin
olusturulan yapay sinir ag1 temelli sistem modelinin ¢iktilariyla karsilastirilmasi sonucunda, girdi
akimi genligine bagli olmaksizin ag egitiminde kullanilan veri sayisinin artisiyla dogru olarak sistem
kararliliginin da iyilestigi gozlenmistir. Elektrik motoru gibi nispeten basit bir dinamige sahip bir
bilesen iizerinden yapilan bu incelemenin sonuglari, daha karmasik ve kapsamli sistemlerin kararllik
incelemesinde de dikkate alinabilecektir.

Genel anlamda, yapay zeka temelli algoritmalar, 6zellikle son yillarda gerceklesen kayda deger
ilerlemelere ragmen, kararliik bakimindan istenilen seviyeye heniiz ulasamamistir. Bahsedilen
olumsuzluk, yalnizca sivil uygulamalarda degil, dogruluk ve hassasiyetin son derece biiylik 6nem arz
ettigi askeri alanda da yapay zeka esasl platform ve mithimmatin kullanimina sinirlama getirmektedir.
Bu durum, gelistirilen yapay zeka esash sistemlerin yalnizca belirlenen kosullar dahilinde sinirlh
kullanimina neden olmaktadir. Kararlilikla ilgili genel ve kapsayici bir yaklasimin gelistirilmesi, yapay
zekanin sivil ve askeri maksath kullanim sahasini énemli 6l¢iide genisletecek ve ¢ok daha giivenli ve
giivenilir hale getirecektir [23].
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ABSTRACT

The field of robotics has long been inspired by notable adaptations and functionalities found
in nature, leading to the development of biomimetic designs that mimic the abilities of living
organisms. The design of underground excavation robots and various applications has been
approached with a biomimetic perspective, offering numerous alternatives for innovation
and new product development. These robots draw inspiration from a wide range of animals,
including mammals, insects, and crustaceans, to develop effective excavation techniques
and adaptability to complex underground environments. In this study, solutions for
excavation tasks are presented, drawing inspiration from the armadillo. The robot mimics
the unique anatomical structure of the armadillo and its digging function to perform
effective and efficient excavation. The armadillo’s ability to move rapidly and effectively
underground serves as a primary inspiration for the robot's design. This study provides a
detailed look into the design principles and methodologies used in the development of
biomimetic underground excavation robots, demonstrating their potential utility in
underground exploration, mining, and various other subterranean activities.

Biyomimetik Tabanh Toprak Alt1 Kazma Robotu

Tasarimi

0Z

Robotik alani, uzun siiredir doganin dikkate deger adaptasyonlarindan ve
islevselliklerinden ilham almis ve canli organizmalarin yeteneklerini taklit eden
biyomimetik tasarimlarin gelistirilmesine yol agmistir. Yeralt1 kazi ve farkli uygulamalari
icin ihtiyac duyulan bu robotlarin biyomimetik yaklasim ile tasarlanmasi ve benzeri
calismalar alternatif inovasyon ve yeni lriin gelistirmeye yonelik calismalarda bircok
alternatifi kullanima sunmustur. Bu robotlar, etkili kazma tekniklerini ve karmasik yer alt1
ortamlarina uyum saglama yeteneklerini gelistirmek icin memeliler, bocekler ve kabuklular
da dahil olmak iizere yer alt1 ve yer istii cok cesitli hayvanlardan ilham alinmaktadir.
Yapilan bu ¢alismada armadillo canlisindan ilham alarak kazma islemleri icin ¢oziimler
sunmaktadir. Robot, armadillonun benzersiz anatomik yapisi ve toprak altinda kazima
islevini taklit ederek etkili ve verimli bir kazma islemini gerceklestirmektedir.
Armadillonun toprak altindaki hizli ve etkili ilerleyebilme yetenegi, robotun tasariminda
temel bir ilham kaynagidir. Yapilan ¢alismada biyomimetik yer alti kazma robotlarinin
gelistirilmesinde kullanilan tasarim ilkeleri ve metodolojilerine detayl bir bakis sunarak,
yer alt1 kesfi, madencilik ve bunlarin disinda bir¢ok yeralti calismalarinda kullanilabilir
olduklari ortaya konmustur.
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1. Glrl$ (Introduction)

Teknolojik gelismeler her gecen giin mobil robotlar karada, denizde ve uzayda olmak tizere bir¢ok
alanda kullanilmakta ve gelisimleri stireklilik arz etmektedir. Yapilan arastirmalarda mobil robotlarin
yeralti diinyasi icin ¢ok fazla uygulamasinin olmadig: tespit edilmistir [1]. Oysaki basit bir su veya
benzeri bir akiskanin transferi i¢in yer iistiinden asag1 dogru kanallar kazilmakta ve bu durum cevreye
zarar vermekte, insanlarin rutinini gerceklestirmelerinde problemlere sebep olmasinin yanisira
goriintu kirliligine de sebep olabilmektedir.

Yeralt1 robotlari, insanlar i¢in tehlikeli ve zor olan 6nemli gorevleri yerine getirerek biiylik kolaylik
saglayabilmektedirler. Bu robotlar, kentsel alanlarda, yesil alanlarda veya tarim arazilerinde kablo
doseme, tohum ekme gibi islemleri gerceklestirebilirken, savunma sanayiinde istihbarat toplama,
jeolojik arastirmalar veya madencilik faaliyetleri gibi alanlarda da kullanilabilirler. Bu tiir uygulamalar,
yeralt1 robotlarinin ¢ok yonlii ve verimli bir sekilde kullanilmasini saglayacaktir. Yeralti robotlarinin
tipik olarak toprakta, kayada veya kumda kazma, gezinme, delme veya cevreyi algilama gibi gorevleri
gerceklestirmeleri beklenmektedir. Yeralti robotlarinin tasarimindaki en énemli zorluklardan biri
yeralti ortamlarinin farkli 6zelliklere sahip olmasi ve bu yapinin olusturdugu zorlu kosullarda
hedeflenen gorevlerini yapabilmelerini saglamaktir. Yeraltinda ilerleyebilmeleri i¢in itme giiciinii
saglayacak motora, manevra yapabilen bir gévde yapisina, toprak, kum, toza hatta yumusak kayag
yapiyda ilerlemesini saglayacak hareket sisteminin yani sira ¢alisma ortaminda olusacak tozun hassas
olan sistemlere sizmasini énlemek temel tasarimda en 6nemli kriterler olacaktir. Istenilen 6zelliklerde
bir robot tasarlamak icin dogada bulunan ¢6ziimlere bakmak en etkili yontem olacaktir. Bu karisik
problemlerin ¢6ziimii i¢cin dogadaki model, sistem ya da davranislar1 taklit ederek tasarimin
gerceklesmesinin degerlendirilmesine yonelik bir tasarim yaklasimi olarak biyomimetik kullanilmasi
6nemli olacaktir [2].

Biyomimetik veya miihendislik tasariminda biyolojik sistemlerin ve yapilarin taklidi, son yillarda
giderek daha giindemde olan bir ¢alisma alani haline gelmistir. Biyomimetik yeralti kazma robotlarinin
tasarim siireci, oyuk acan, tlinel kazan hayvanlarin anatomik ve davranissal 6zelliklerinin analiz
edilmesini ve bunlarin islevsel mithendislik ¢6zlimlerine doniistiiriilmesini icerir. Arastirmacilar, uzuv
morfolojisi, yuva geometrisi ve kazma mekanizmalari gibi temel 6zellikleri belirlemek i¢in solucanlar,
kostebekler, kabuklu canlilar ve yengecler dahil olmak tizere cesitli organizmalar: incelemislerdir.
Cesitli canlilarin yuva yapma yeteneklerinden ilham alarak tasarlanan bu olaganiistii makineler,
doganin yeralti canlilarinda bulunan verimliligi ve uyum saglama yetenegini taklit etmeyi
amagclamislardir. Béylece tasarimcilar, bu dzellikleri taklit ederek robotun zorlu yer alti ortamlarinda
verimli bir sekilde gezinme ve kazi yapma yetenegini gelistirebilirler. Biyolojik benzerlerinin
stratejilerini ve biyomekaniklerini taklit eden biyomimetik yeralt1 kazma robotlari, robot biliminde
farkli bir bakis agis1 sunarak, madencilik, altyap: gelistirme, tarim gibi alanlarda etkili biiyiik degisimler
saglayabilmeyi hedeflemektedir.

Yapilan ¢alismada armadillolarin anatomik 6zelliklerinden ilham alarak biyomimetik yeralt1 kazma
robotu tasarimi gergeklestirilmistir. Armadillolar1 bu kadar yetenekli kazicilar yapan o6zellikleri
degerlendirilerek tasarim siirecleri kapsaminda robot sistem ve mekanizmalari ile 6zelliklerinin daha
verimli ve etkili bir kazima makinesine doniistiiriillmesi gerceklestirilmistir. Tasarim sonrasi imalat
streclerinin gerceklestirilmesi sonucu sahada 6nemli bir boslugu dolduracagi 6ngoériilmektedir.
Gergeklestirilen tasarim makine, imalat, sanayi basta olmak tizere etkilesimli alanlarda biyomimikrinin
potansiyel faydalar1 konusunda farkindalik olusturmayi ve tasarimda yayginlastirilmasina katki
vererek daha genis alanlarda kullanilmasini saglamak hedeflenmistir.

2. Literatiir ArastlrmaSI (Literature Research)

Evrende yasayan veya nesli tlikenmis canlilar milyonlarca yil boyunca bir evrim siireci ile birlikte
yasadiklar1 ¢cevreye uyum saglamak icin birgok farkl yeteneklerini gelistirmislerdir [3]. Biyomimetik
yeralt1 kazma robotlari, biyolojik sistemlerden ilham alan ¢esitli hareket ve kazma mekanizmalarini
kullanir. Bunlar arasinda peristaltik stiriinme, yi1lan benzeri hareket, vidal tahrik ve pence tabanli kazi
yer alir. Her mekanizma, manevra kabiliyeti, farkli toprak tiirlerine uyum saglama ve enerji verimliligi
acisindan belirgin avantajlar sunar. Toprak altinda ve toprak iistiinde yasayan hayvanlar, yasadiklari
ortamdaki ¢evre kosullarina, toprak tiirline gore ¢esitli kazma mekanizmalari gelistirmislerdir.

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yayincilik 392



Dogu & Akkurt Gazi Muhendislik Bilimleri Dergisi: 10(2), 2024

2.1. Omurgali kazic1 hayvanlar (Vertebrate digging animals)

Kazici hayvanlar arasinda yasaminin biiytik ¢ogunlugunu toprak altinda geciren en popiiler memeli
hayvan kostebekler olarak bilinir (Sekil 1). Kostebek canlilari genis 6n ayaklari ile viicut boyutlari ile
iliskisi, topragin verimli bir sekilde kazilmasina izin verir. Viicut boyutlarina gore biiyiik ve kazi icin
gelismis on pengeleri ile ¢ok iyi bir sekilde toprak altinda hareket edebilirler [4]. Ayrica arastirmacilar
tarafindan gozlemlenen bir¢ok kazici omurgalidan farkl olarak késtebek, kazi sirasinda pencesini
viicudu dogrultusunda ¢ekerek topragi viicudunun altina veya iizerine atmak yerine bilegini yaklasik
90 derece gevirerek topragl viicudunun yan tarafina dogru itmektedir [5].

Dirsck kemigi

Dirsck
eklemi

Kanca kemigi
Omuz
eklemi

Sekil 1. Bir kdstebek 6rnegi ve kdstebegin sol 6n ayaginin anatomisinin ¢izimi. Kol kemigi (Humerus) yesil renklidir ve Dirsek
kemigi (Ulna) kirmizi renklidir. (Pauline Costes, 2022) (Illustration of a mole specimen and the anatomy of the mole's left forelimb.
Humerus is green colored and Ulna is red colored.)

Pangolin, viicudu pullarla kapli bir diger kazici omurgali canhdir (Sekil 2). On penceleri ile 3 metreyi
asan derinliklerde tiineller kazabilirler [6]. Pangolinler kazma mekanizmasindan ziyade viicudundaki
pullarin yetenegindedir, pullar sayesinde toprak altinda hareketinde siirtinmeye karsi direng
gostermesi ile zarar gérmeden kolay hareket etmesini saglar [7]. Ayrica bu pullar ¢evresindeki
tehlikelere karsi savunma araci olarak kullanir [8].

Sekil 2. Bir pangolin drnegi ve pangolin pencge yapisi: (a) Pangolinin 6n pengesinin yandan ve alttan temsili ¢izimi (Pocock,
1924), (b) Pangolin pulu (Tong ve digerleri, 2007) (An example of a pangolin and pangolin claw structure: (a) Representative drawing of
the front paw of a pangolin from the side and from below (Pocock, 1924), (b) Pangolin scale)

Yer altinda yuva yapan canlilar arasinda memeli grubundan bir digeri ise armadillolardir (Sekil 3).
Armadillolar, yumusak toprakta yuva yaparlar ancak nesli tiikenmekte olan bir memeli olmasindan
dolay1 ¢ok bilinmeyen yonii olan fakat ¢ok iyi kazic1 olarak bilinen hayvanlardir. Hatta memeliler
arasinda en yaygin kategori olan "cizik kazicilar" olarak kabul edilirler. Cizik kazma, yeraltinda
ilerlerken ayaklarin yerden asagi dogru hareket etmesi ve daha sonra geriye dogru cekmesidir [5]. Bu
kaziyicilar, ayaklarini topraga saplayarak giic uygularlar ve ardindan ayaklarini geriye dogru ¢ekerek
topragi kazarak ilerlerler. Bu hareket ile ayni bir kazicinin topragi kazmasi gibi islevini gerceklestirir.
Dokuz seritli armadillolarin, toprag: arka ayaklariyla geri itmeden 6nce burunlar1 ve 6n ayaklariyla
gevsettigi de bilinmektedir [9].
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Sekil 3. Dokuz bantli armadillo (Nine-banded armadillo)
2.2. Omurgasiz kazic1 hayvanlar (Invertebrate burrowing animals)

Dogada, toprak altinda yasayan veya beslenme, saklanma gibi sebeplerle topragi kazmay tercih eden
omurgasiz hayvanlar da mevcuttur. Genellikle, omurgasiz ve yumusak govdeli canlilar, penetrasyon
direnci etkisinden dolay1 viicutlarinin siirekli kalinlasmasini saglayan peristaltizm benzeri bir
hareketle yuva yaparlar. Penetrasyon direnci (PR), kdk biiyiimesi icin mekanik empedansa ve mahsul
veriminin azalmasina neden olan sikisma nedeniyle kisitlamalara sahip alanlarin belirlenmesine izin
veren bir toprak 6zelligidir [10].

Solucanlar, yumusak gévdeli ve omurgasiz canlilara 6rnektir ve peristaltik bir hareketle topraga girer.
Peristaltik hareket eksenel olarak uzayan ve radyal olarak genisleyen dalgalarin 6n segmentten arkaya
yayildigi bir hareket yontemidir (Sekil 4 (a)).

e Kasilma dalgasi

— Surtiinme alani
e—
a SRR » 4
—
S e Hareket yénii

e o

R i 4
(1)

(a) (b)

Sekil 4. (a) Bir solucanin peristaltik siiriinme modeli (T. Nakatake, 2016) (b) Emerita kabuklunun kazma asamalar1: (1)
kurtarma darbesi ve (2) gii¢ vurusunda limba ile oyuk agma sirasindaki konumu goésteren Emerita'nin yanal
acidan diyagrami. Oklar hareketi gosterir. (1-4). (Trueman, 1970) ((a) Peristaltic crawling model of an earthworm (T. Nakatake,
2016) (b) Digging stages of the Emerita crustacean: (1) rescue stroke and (2) diagram of Emerita from lateral angle showing the position during
burrowing with the limba in the power stroke. Arrows indicate movement. (1-4).)

/

w

Emerita, kumsal bolgelerde yasayan bir omurgasiz canlidir. Kumsal kumda gémiili kalabilmek bu
canlilar icin ¢ok 6nemlidir. Emerita’nin telzon (arka) boélgesi kazacagi kuma ilk temas eden kismi
olmakla birlikte telzon boélgesindeki kuyrugumsu uzvu ve dérdiincii yani en arka ayak ¢ifti kazma
gorevini istlenmektedir. Kalan go6giis bolgesindeki {i¢ cift ayak ise toprak icerisinde hareketini
saglamaktadir (Sekil 4 (b)) [11].

2.3. Biyomimetik toprak alt1 kazma robotlarina 6rnekler (Examples of biomimetic underground digging
robots)

Biyomimetik yeralti robot tasarimi iizerine gergeklestirilen calismalar, ¢esitli alanlarda 6nemli
uygulamalara odaklanmaktadir. Bu ¢alismalar arasinda, yeni maden arayisi, ay topragi (regolit)
numune alimi, kimyasal kaynaklarinin konum tespiti, yeralt1 kablolar1 ve boru hatlarinda hata arayisi
gibi bir dizi farkli alan bulunmaktadir. Yapilan arastirmalar sonucunda, 6zellikle uzay uygulamalarinda
toprak altinin analizi i¢in derin kazi islemlerinin 6nemli oldugunu goéstermektedir. Bu baglamda
yapilan calismalar, Ay'da ve diger gezegenlerde yeralti kaynaklarinin incelenmesi i¢in derin kazilar
gerceklestirmeyi amaglamaktadir. Ayrica, yeni maden arayislarinda da benzer ¢alismalar mevcuttur.
Bu ¢alismalarin birgogu, tahrik mekanizmasini biyomimetik olarak solucanlar tarafindan kullanilan
peristaltik siirtinme hareketine dayanmaktadir.
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Uzay teknolojilerinde kullanilan ilk 6rnek: Badger Yeralti Robotu, zorlu ortamlarda ¢alismak igin
robotik tiinel solucanidir (Sekil 5). 2010 yilinda NASA tarafindan tasarlanan ve gelistirilen bir
biyomimetik peristaltik siiriinen tahrik mekanizmasi kullanir. Yeralt1 bosluklarinda a¢ik kaziya ihtiyag
duymadan kii¢lik capl kavisli tiineller insa etmek icin yeraltinda delme ve manevra yapmak igin
kullanilir [12].

Sekil 5. Badger Yeralt: Robotunun CAD konsepti (P. Vartholomeos, 2021) (CAD concept of the Badger Underground Robot)

Solucanin hareket etmesini saglayan peristaltik siiriinmesinden ilham alarak yapilan bir bagka tasarim,
Ay'in yeralti arastirmalar igindir. Bu robot li¢ kisimdan olugmaktadir: itme, kazma ve bosaltma
kisimlaridir (Sekil 6 (a)). Bu peristaltik hareket sayesinde, robot kararli bir sekilde ilerler ve kaz
reaksiyon kuvvetine karsi konumunu korur. Tahrik iinitesi, robotu peristaltik siiriinme hareketiyle
ilerletirken, hafriyat iinitesi topragi bir burgu yardimiyla kazar ve boylece topragi tasinir (Sekil 6 (b))
[13].

DC Motor icin
kazi birimi

Bosaltma

muslugu
>’“ initesi Tahrik
Unitesi
Kazi
birimi Tahrik
Unitesi - [,
= L

mesafesi

L

610 [mm]
I

\

Hareket

aralik{lag)

Muhafaza
borusu

(a) (b)

Sekil 6. (a) Hafriyat robotunun semasi (b) Robotun kazi yontemi (T. Nakatake, 2016) (Diagram of the earthmoving robot (b)
Excavation method of the robot)

Yeni enerji kaynaklarin kesfi icin 6nerilen biyo-esinli mekanizma ise, ¢iplak kostebek faresinin dislerini
ve genis c¢ene hareket araligini taklit ederek genisleyebilen ve biiziilebilen bir matkap ucu
tasarlanmistir (Sekil 7). Onerilen genisletilebilir matkap ucu, yalnzca bir déniis motoru kullanarak
delme i¢in genisleme/biiziilme islevini ve doniisii gerceklestirir. Gelistirilen matkap ucu, hareket i¢cin
bir gévde boliimii ve kazi i¢in bir bigak béliimiinden olusmaktadir. Delme ilerlediginde, matkap ucu,
ciplak bir kdstebek faresinin genis agz1 gibi genislemis bir durumda doéner [14].

Genigleyen
bigak

Sekil 7. Matkap ucunun genisletilmesi ve kiiciiltiilmesi (Junseok Lee, 2019) (Expanding and reducing the drill bit)

EMBUR (EMerita Burrowing Robot), Pasifik kdstebek yengeci olan Emerita analoga'dan esinlenerek
tasarlanmistir. Bu robot, kdstebek yengecinin kazma becerisini taklit etmek amaciyla gelistirilmistir.
EMBUR, kostebek yengecinin bacaklarimi kullanarak graniiler bir alt tabakaya dikey olarak
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kazabilmesini saglamak i¢in benzer bir yontem kullanilmistir. Bu amag ile kostebek yengecinin bacak
¢ifti gruplarina benzer bir yapida iki bacak ¢ifti kullanilmis ve bu bacaklar araciligiyla kazma islemi
gerceklestirilmistir (Sekil 8). Kostebek yengecleri, yaklasik 1 cm/s hizinda oyuk agma yetenegine
sahiptir ve diger kabuklulara kiyasla dort kat daha hizli hareket ederler (Dorgan, 2015). Bu 6zellikleri,
zorlu intertidal substrata hizli ve saglam bir sekilde girmelerini saglar. Bu nedenle, Emerita analoga
biyomimetik tasarim i¢in ideal bir model sistemidir ve ek tasarim ve kontrol ilkelerini belirlemek i¢in
kullanilabilir [15].

Sekil 8. Pasifik kdstebek yengecinden Esinlenen Robot (Laura K.Treers, 2022) (Robot Inspired by Pacific Mole Crab)

Yapilan arastirmalar, biyomimetik yaklasimin yeralti kazma robotlarinin performansini 6nemli 6l¢iide
artirdigini géstermektedir. Bu yaklasim, robotlarin etkili kazma yeteneklerini, manevra kabiliyetini ve
enerji verimliligini gelistirmede kritik bir rol oynamaktadir. Dogal organizmalarin bi¢im, form ve
davraniglan yeralti kazima islevi i¢in ¢ok yonlii bir ilham kaynagi olmaktadir. incelenen bu kazic
organizmalarin kazma davranislar1 detayli olarak Kkarsilastirilmistir. Tablo 1'de belirtilen
karsilagtirmalar, biyoilhamli yeralti kazma robotlarinin tasarimini sekillendirirken performanslarini
etkileyen birtakim faktdorleri belirlemeye yardimci olmaktadir.

Tablo 1. Kaziyici canlilarin kazma davranislar: karsilagtirilmasi (Comparison of digging behaviors of digger creatures)

Kazici Canli Kazi Stratejisi  Avantajlar Dezavantajlar

Kostebek Kapma itme Keskin disler sert toprag delebilir. Kiigiik hareket alani vardir.
On pengeler tiineller kazmaya izin Karmasik tiineller kazmak zor
verir. olabilir.
Armadillo Kapma itme Giiclu penceler ve 6n ayaklar kazma  Yavas hareket eder.
icin gelismistir. S1g tiineller kazma egilimindedir.
Kabuk koruma ve toprak altinda
rahat hareket etmesini saglar.
Pangolin Pullarla kapli  Pullar kazarken koruma saglar. Giicli  Yavas hareket eder.
gliclii penceler pengceler sert topragi kazabilir. Derin tiineller kazmak zor olabilir.
Solucan Peristaltik Kiigiik alanlarda kazmaya uygundur.  Zayif ve savunmasizdir.
siirtiinme Dogrusal olmayan tiineller kazabilir. ~ Derin tiineller kazmak zor olabilir.
Pasifik Dalgalanma Kumda hizli ve kolay kazima saglar.  Karmagik tiineller kazmak zor olabilir.
Kostebek Sert topraklarda kazima zorlugu.
Yengeci

3. Materyal ve Metod (Materials and Methods)
3.1. Biyomimetik tasarim (Biomimetic design)

Biyomimetik kelimesi Otto H. Schmitt tarafindan 1969 yilinda yunanca “bios” (hayat) ve “mimisis”
(taklit etme) kelimelerinden tiiretilmistir (Schmitt, 1969). Aslinda biyomimetik kavrami, daha sonra
Janine Benyus'un “Biyomimetik: Dogadan ilham Alan inovasyon (1997)” kitabi ile popiiler olmustur.
Bu kitapta biyomimikri "doganin modellerini inceleyen ve ardindan insan sorunlarini ¢é6zmek i¢in bu
tasarimlar1 ve siirecgleri taklit eden veya bunlardan ilham alan yeni bir bilim" seklinde
tanimlanmaktadir. Biyomimetik, 'biyomimesis’, 'biyomimikri’, 'biyonik’, 'biyolojik olarak esinlenmis
tasarim’ ve biyolojiden kopyalamayi, uyarlamayi veya tiiretmeyi ima eden benzer kelime ve deyimlerle
es anlaml olarak kastedilmektedir [16]. Tiirkceye de bir¢ok bigcimde; biyo-esinlenilmis, biyotaklit,
biyomimikri seklinde ¢evrilmistir.
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Janine Benyus tarafindan kurulan Biyomimikri Ensititiisi’'ntin Biyomimikri 3.8 Kaynak El Kitabi’'nda
biyomimikri kavramini ti¢c temel kavram ile tanimlar;

e Taklit etmek: Doganin formlarindan, sistemlerinden ve siireglerini 6grenme ve bunlari
kopyalamanin bilimsel olarak uygulanmasidir.

e Ethos (6z): Dogada yasamin ne sekilde calistigini anlama ve bunu elverisli sartlar1 destekleyen
ve yaratan tasarimlarin olusturma felsefesidir.

e Yeniden baglan (reconnect): Goriiniiste ‘ayr1’ olmasi ile ayn1 zamanda insanlarin ve doganin
aslinda i¢ ice oldugunu anlayisini benimser. Yeniden baglanti, insanlar ve doganin arasindaki
bu iligkiyi arastiran ve derinlestiren bir pratik ve diistincedir.

Dogayi taklit etmenin de siirecinde ii¢ temel unsur bulunur. Bunlar:

e Sekil: Binlerce yillik evrimlesmenin sonucu doganin formlarindan, yapisal sistemlerinden,
morfolojilerinden 6rnek alir. Ornegin, daha giiclii binalara yol acan bir deniz kabugunun
yapisini taklit etmek.

e  Siirec: Doganin yapisinin disinda yarica doganin davranis bicimlerinden de ilham alir. Ornegin
fotosentez gibi kimyasal siiregleri taklit etmek. Doganin kimyasal tarifleri, siirdiiriilebilir
koptkler ve plastikler tasarlanmasina yardimci olur.

e Ekosistem: Temel olarak, dogada ¢ok karmasik olan degisimleri, birbirleriyle olan iliskileri ve
dengeyi yeniden iiretmek ile ilgilidir. Doga her seyi yeniden kullanir. Ornegin, Avustralya'nin
yerel ekosistemleri bize orman gibi isleyen bir fabrikanin nasil insa edilecegini gosterebilir:
Biyomimikri 3.8 ekibi, sirketlerin yiiksek performansh ekosistemlerle ayni faydalari saglamak
icin tesisleri "sifir ayak izi" nden donistiirebilecekleri bir metodoloji gelistirdi. Bu
metodolojiye "Orman Olarak Fabrika" deniliyor [17].

3.2. Biyomimetik tasarim metodolojisi (Biomimetic design methodology)

Biyomimetik tasarim, dogadan ilham alarak tasarim yapmay1 amaglayan bir ydntemdir ve bu yontem
dogal sistemlerin benzersiz 6zelliklerini taklit ederek tasarim yapma temeline dayanir. Bu yaklasimin
basarili olabilmesi i¢in tasarimcilarin detayli bir biyoloji bilgisine ihtiya¢ duymasi ve farkl
disiplinlerden uzmanlarla is birligi yapmas1 gerektigi goriilmiistiir. Bu nedenle arastirmacilar,
biyomimetik tasarim i¢in gesitli metodolojiler gelistirmislerdir.

Biyomimetik tasarim metodolojilerinden, tasarim spirali olarak isimlendirilen sema iki farkli yontemle
aciklanmistir [18]. Bu yontemler, biyolojiden tasarima ve biyolojiye sorma seklindedir ve iki baslangig
noktasindan dolay1 farklihik gosterir. Biyolojiden tasarima ydntemi, tasarim problemini,
teknolojiden veya miihendislik ¢oziimlerinden baslarken; biyolojiye sorma ydntemi, biyolojiden bir
¢6zlim arayisina odaklanir. Bu tasarim siireglerini problem odakli (biyolojiden tasarima) ve ¢6ziim
odakli (biyolojiye sorma) olarak biyolojiden ilham almasiyla tanimlanmistir [19]. Bu nedenle biyolojiye
sorma yontemi bir problem karsisinda ¢6ziim odakli olmamizi saglar ve bu ¢alismada da biyolojiye
sorma yontemi secilmistir.

€) (b)

Sekil 9. (a) Biyolojiden tasarima (b) Biyolojiye Sorma ((a) From biology to design (b) Asking Biology)
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Biyolojiden tasarima spiral asamalar1 soyledir; dogadaki modelleri kesfetme siireci, biyologlarla is
birligi yaparak veya biyolojik veri tabanlarini detayli bir sekilde arastirarak baslar. Bu asama, dogadaki
canlilar ve sistemlerin incelenmesi ve kesfedilmesi gereken ilk adimdir. Biyolojik prensipleri
soyutlastirma asamasinda, bu incelemeler sonucunda belirlenen bir sistem, islev ya da forma
odaklanilir ve tasarimcilar tarafindan soyut bir diizeye getirilir. Bu soyutlama siireci, biyolojiden
tasarima gecisi saglar. Beyin firtinasi, bulunan ¢éziimlerin ne tiir alanlarda fayda saglayabilecegi veya
mevcut problemlere nasil bir ¢dziim olabilecegi lizerine dlisiinmeyi igerir. Bu asamada, soyutlanmis
biyolojik prensipler tasarim stratejileri olarak diistiniiliir. Taklit etme asamasinda, belirlenen ¢6ziimler
detaylandirilir ve siirdiiriilebilirlik tasarim prensipleri tasarima dahil edilerek uygulanir. Buy,
biyolojiden esinlenerek tasarimin gerceklestirilmesini ifade eder. Son olarak, degerlendirme
asamasinda ¢ozlim belirli prensipler agisindan degerlendirilir ve gdzden gegirilir. C6zlimiin ¢evresel
uyumlulugu, malzeme kullanimi, enerji tasarrufu gibi faktorler incelenir ve siire¢ tamamlanir. Bu
asama, tasarimin sonuglarini degerlendirmeyi ve gelistirmeyi icerir [20].

Biyolojiye Sorma spiral asamalari ise sdyledir; Tasarim siirecinin ilk adimy, islevin belirlenmesidir. Bu
asamada, tasarimin ne yapmasl gerektigi sorusuna cevap aranir ve bu islev, ¢ozlilmesi gereken
probleme biyolojiden ilham alarak tanimlanir. Ardindan, tasarimin kapsami belirlenir ve detayli
faktorler, malzeme secimi, enerji verimliligi, cevresel duyarlilik gibi unsurlar dahil edilir. Problemi
biyoloji ile iligskilendirme adimi, islevin tamimlanmasini igerir. Burada, doganin ayni islevi nasil
gerceklestirdigi ve bu konudaki biyolojik drnekler incelenir. Dogadaki 6rnekleri inceleme asamasi,
belirlenen islevlere gore dogadaki drneklerin gézden gegirilmesini igerir. Soyutlama adimi, belirlenen
orneklerin siniflandirilmasini ve ortak stratejilerin belirlenmesini kapsar. Bu stratejiler daha sonra
tasarima uyarlanmak tizere biyolojik terimlerden soyutlanir. Taklit etme adiminda, bulunan ¢6ziimler
detayli bir sekilde incelenir ve tasarim ¢éziimleri gelistirilir. Son olarak, tasarim degerlendirilir. C6ziim,
belirli prensipler agisindan degerlendirilir ve ¢evresel uyumluluk, malzeme kullanimy, enerji tasarrufu
gibi faktorler g6z online alinarak siire¢ tamamlanir [20]. Bu adimlarin izlenmesi, biyomimetik
tasarimin etkili bir sekilde gerceklestirilmesine katki saglar.

Tablo 2. Biyolojiye sorma yontemi ile kaziyici robot (Scraper robot by asking biology method)

Problemi belirleme Kazi alanina erisim uzak veya sikisik alanlarda kazi yapilmasinin zorlugu

Problemi tanimlama Zemini bozmadan yer altinda kazi yapabilme ve ilerleme

Biyoloji ile iliskilendirme Dogada kazi yapan, oyuk acan, yeraltinda yasayan canlilar nedir

Kesfetme Kaz1 yapan canlilarin (kostebek, armadillo, kostebek faresi, pasifik kostebek
yengeci vb.) karsilastirilmasi

Soyutlama Kazic1 hayvanlarin kazmayi kolaylastirdigi kol, kafa, penge formlari, davranislarin
incelenmesi

Taklit etme Karsilastirilan canlilar arasindan armadillo canlisinin 6n kol, giiglii pengelerin
yapisl, kazma davranisi taklit edilmistir

Degerlendirme Son olarak yuva yaptig1 toprak yapisi, kazma davranisi degerlendirilerek tasarim

nihai sonuca ulagmistir.

3.3. Kazma mekanizmasi (Digging mechanism)

rage

Sekil 10. (a) Tipik bir hidrolik kazi makinesinin temel unsurlarini gésteren sema (b) Bir kazma dongiisiindeki tipik asamalar.
Bunlar: (1) delme, (2) siiriikleme ve (3) kepgedir. ((a) Diagram showing the basic elements of a typical hydraulic excavator (b) Typical
stages in a digging cycle. These are: (1) drilling, (2) dragging and (3) scooping.)

Kazma islemi, ekskavatoriin belirli pargalarinin is birligi ile gergeklestirilen 6énemli bir stiregtir. Bu
slirecin asamalarina bakildiginda, ekskavatoriin farkl baglantilarinin nasil birlikte ¢alistig1 ve toprakla
etkilesimde nasil bulundugu daha net bir sekilde gortilebilir.
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e Delme asamasinda kol asagi inerek topragi itmeyi saglar ve bom gerektiginde hareket ederek
kepcenin topraga yerlesmesini saglar. Kova hareketi gerekli degildir.

e Siiriikleme asamasinda, kol kabine dogru hareket eder. Bom, kepgenin yoriingesini ve kesme
derinligini ayarlar. Bomun hareketi kepcedeki direnci etkiler. Kova baglantisi sabit kalir ve
kii¢ciik ayarlamalar yapilir. Kol, ileri dogru hareket ederek isin biiyiik kismini yapar.

e Son kepceleme asamasi ise farklidir. Bu asamada, kova yukari dogru kivrilarak toplanan
topragi tasimak icin kullanilir. Bom ve kol, topragin dokiilmesini 6nlemek i¢in ¢alisir [21].

Ekskavatoriin kazma islemindeki her asamada nasil rol aldigim1 ve etkin bir sekilde toprakla
etkilesimini gostermektedir. Dolayisiyla, ekskavator, kazma robot tasariminda ve operasyonlarinda
onemlidir. Kazma isleminde ki bu siire¢ robot tasarimina uygulanmasi saglanmistir.

3.4. Biyomimetik toprak alt1 kazma robot tasarimi (Biomimetic underground digging robot design)

Yapilan arastirmalar ve gozlemler sonucunda armadillo canlis1 bu kaziyici robot tasarimi i¢in uygun
gorilmiistiir. Armadillolar, toprakta kazma ve tiinel agma konusunda uzmanlasmis memelilerdir.
Bunun yani sira, memeli grubunun tiinel boyutlar1 son derece degiskenlik gostermesine ragmen en
biiytik bildirilen tiineller arasinda armadillolarin a¢tig1 tiinellere ait oldugu da tespit edilmistir, bu tiinel
uzunluklari ise 4 metreye ve tiinel caplar1 30 cm'ye kadar ulasir [22].

Genellikle 6n ayaklarimi kullanarak kazma islemini gerceklestiren armadillolar, burunlar1 ve 6n
ayaklariyla da topragi gevsetir. Ardindan gii¢lii kaslar1 ve kol kemiklerini (humerus) kullanarak topragi
kazarak geri itmeleriyle kazi islemi tamamlanir. Armadillolarin kol kemigi yapisi, bu kazma stratejisine
uygun sekilde evrimlesmistir. Kol kemigin sekli ve yapisal 6zellikleri, topragi kazma ve kazilan toprakta
ilerleme saglamak i¢in optimize edilmistir. Bu adaptasyonlar, armadillolarin toprakta etkili bir sekilde
kazma yapmasini ve yiyeceklerini, barinaklarini ve yuvalarini olusturmasini saglar [23].

B 2% AW AR AW

Sekil 11. Kazma ile ilgili davranislarin cizimleri. (a) iki kolla déniisiimlii olarak kazma. (b) iki kolla ayni anda kazma. (c) Toprag
tek kolla itmek. (d) Yeri degisen iki kolla itmek. (e) Ayni anda iki kolla topragi itmek. (f) Tek kolla kazma. (g) Topragi kafayla
itmek. (h) Govdeyi gererek toprag itmek. (i) Govde yanlamasina yere dayayarak kazma [24]. (Illustrations of digging-related
behaviors. (a) Digging alternately with both arms. (b) Digging with both arms simultaneously. (c) Pushing the soil with one arm. (d) Pushing with
two arms that alternate in position. (e) Pushing the soil with both arms at the same time. (f) One-arm digging. (g) Pushing the soil with the head.
(h) Pushing the soil by stretching the trunk. (i) Digging by resting the body sideways on the ground.)

Kol hareketleri, armadillonun Sekil 11’ de gosterildigi gibi kazma davraniglary; iki kolla aymi anda
kazma, tek kolla kazma, tek kolla toprag itme, degisimli iki kolla toprag itme, iki kolla ayni anda itme
seklindedir. Robotun kollar1 da bu doniisiimleri taklit ederek kazma islemi ve itme islemi
gerceklestirecek sekilde tasarlanmistir.

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yayincilik 399



Dogu & Akkurt Gazi Muhendislik Bilimleri Dergisi: 10(2), 2024

ey Begel BiYOLOJIK ROL
-~ BiYOLOJiK ROL
g \ Barmak
—— 3 Barinak
o inga etmek 3
inga etmek
) —»
& {/ Yiyecek Yi X
\lr‘?Q aramak iyece
'\t’( & aramak
Onkol uzantiss }-', )]
@ (®)

Sekil 12. (a) Armadillo 6n kol kazma islemi (b) Kol mekanizma eskizi ((a) Armadillo forearm digging process (b) Arm mechanism
sketch)

Sekil 13. Robot ve Kol mekanizmasinin CAD Modeli (CAD Model of Robot and Arm mechanism)

Yapilan ¢alismada, biyomimetik tasarim ilkeleriyle gelistirilen bir robotun yapisini ve islevselligini
detayl bir sekilde ele alinmaktadir. Robot; kafa, 6n gévde, bel ve arka govde olmak {lizere dort ana
boliimden olusmaktadir. Kafa kismi, geleneksel delme ydntemleriyle benzer sekilde matkap ucu
kullanarak kazma islemini gerceklestirirken, 6n ve arka govdeye entegre edilen kol mekanizmalari,
armadillonun 6n ayaklari kazma islemini ve arka ayaklari ise biriken topragi geriye atma islemini taklit
eder. Bu kollar, step motorlarla hareket ettirilir. Bel kisminda, pnématik pistonlarin kullanilmasi ve
esnek bir malzeme ile ¢evrelenmesi robotun ileri-geri hareketini saglamistir. Armadillonun
kuyrugundan aldig1 destek, robotun arka kismina eklenen bir kuyruk mekanizmasiyla modellenmistir;
bu kuyruk, robotun kazma sirasinda zeminde denge saglamasi amaglanmistir. Son olarak, robotun
hareketini saglayan paletler, her tiirlii engelle kars1 daha esnek bir hareket kabiliyeti saglamak i¢in
tercih edilmistir.

On Govde
Kafa
i : DAL ' -
) \ &
Arka Govde On kol ve arka kol
mekanizmalar

Sekil 14. Yeralt1 kazma robot tasarimin cad modeli (CAD model of underground digging robot design)
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Sekil 15. Kazma robotun kazma siireci; (1) toprag ilk kazma, arka gévde sabit, matkap ile delme ve kollar ile kazma; (2) 6n
kollar kazdig1 toprag geriye atma islemi; (3) kuyruk destegi kaldirir ve ilerlerken arka kollar biriken toprag geriye atar; (4)
robot ilerler ve kazma islemi tekrar eder. (The digging process of the digging robot; (1) initial digging the soil, rear body fixed, drilling with
drill and digging with arms; (2) the process of throwing back the soil dug by the forearms; (3) the tail lifts the support and, as it advances, the
hind arms throw back the accumulated soil; (4) the robot advances and the digging process repeats.)

Bir armadillonun biyolojik yapisi taklit edilerek bir kazma robotunun 6n kollar ile kazma, toprag:
geriye atma yéntemi ve gévde yapisi tasarlanmistir. {1k olarak robotun kafa kisminda bulunan toprak
matkap, topragi ilk delme islemine uygun ve mevcut olan tiinel delme matkap uclarina benzer olarak
tasarlanmustir. ikinci olarak, én ayakta bulunan humerus kemigin islevselligi, 6n kollarin tasarimina
islenmistir (Sekil 12). Burada giicli step motordan alan ve giicii iletmek i¢in dogrusal bir aktiiator
kullanilmistir. Ayrica armadillonun biiyiik penceleri i¢cin kolun ucuna ekskavator benzeri bir kepge
tasarlanmistir. Kepge topragi almak icin 6ne dogru dogrusal aktiiatdr sayesinde uzanir ve kepge
topraga niifuz ederek ilk kazma islemini gergeklestirir (Sekil 15 (1)). Sonrasinda alinan topragi geriye
atmak icin motorun kismi déntisii ile kepge arkaya dogru hareket eder. Daha sonra topragi robotun bel
kismina birakir ve toprak bir miiddet burada birikir (Sekil 15 (2)). Bu sirada, 6n gévde kollar sayesinde
kazarken arka gévdenin en arkasinda bulunan kuyruk, toprak zeminine sabitlenmis konumdadur. iki
govde arasinda bulunan pistonun maksimum uzunluguna kadar 6n gévde ilerler (Sekil 15 (3)). En son
konuma gelindiginde, 6n gévde kazma islemine ara verir ve kuyruk kalkar ardindan arka kollar 6n
kollardaki ayni sekilde biriken toprag: alir ve arkaya atar. Boylece arka gévde de yavas yavas ilerler.
Yine piston son noktaya geldiginde, 6n gévde tekrar kazmaya baslar (Sekil 15 (4)). Kazma islemi bu
sekilde ilerler. Robotun kol mekanizmasinda kolun hareketlerini sekil 16’da gosterilmistir. Toprag:
kazma asamasinda 1 numarali hareket ile baslayip 4 numarali konumdan 5’e gegerken toprag: birakir
ve kol ilk konumuna geri doner.

(@) (b)

Sekil 16. Kol hareket adimlar1: (a) Toprak kazma adimlari, (b) Kazdiktan sonra geri doniis (Arm movement steps: (a) Steps of
digging soil, (b) Return after digging)
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Yapilan tasarim ¢alismasinda, her kol i¢in bir step motoru kullanilmistir. Step motor sayesinde hassas
pozisyon ve hiz kontrolii saglayarak kolun verimli ¢alismasi saglanmistir. Motorun uygulama sekli 140
derece acida ileri ve geri hareket etmektedir. Kolun iki uzuvlarinda birer tane lineer aktiiatorler
kullanilmistir. Topragin verimli bir sekilde kazilmasi amaciyla kolun hareketi bir eksavator gibi
pozisyonlanmstir.

Tasarlanan robot, diger yeralt1 yasayan hayvanlarin topragi kazmak ve tasimak icin dislerini ve 6n
ayaklarini kullanma yoéntemlerinden esinlenmistir. Dislerin yerine getirdigi rolii taklit ederek topragi
kirmak ve tasimak i¢cin doner matkap ucu kullanmaktadir ve topragin kirilma kapasitesini artirmayi
am Tasarlanan matkap ucunun gévdeye baglandigi yerde yay kullanilmistir. Bu sayede matkap ucu
karsilastigi engellerin darbelerini sontimlemesini saglamistir.

Armadillonun kazi sirasinda kendisini topraga desteklemek ve dengede tutmak amaciyla kuyrugunu
kullandig1 gozlemlenmistir. Bu dogrultuda canlinin kuyrugunu taklit ederek topraga desteklemek i¢in
bir kuyruk tasarimi yapilmistir ve bu kuyrugun hareketini step motor ile saglayacak sekilde
ayarlanmistir.

4. Tartlsma (Discussion)

Yapilan calisma, biyomimetik prensipleri temel alarak gelistirilen bir yeralti kazma robotunun
tasarimini ve islevselligini detayli bir sekilde ele almaktadir. Literatiir kapsaminda bazi kaziyici canlilar
incelenmis ve bu kaziyici1 canlilar biyolojik form, sistem ve davranissal olarak detaylandirilmistir.
Arastirllan bu canlilarin kazma davranislari, ¢alismanin hedefi dogrultusunda bir karsilastirma
yapimistir ve sonucunda yeralti kazma islevi i¢in verimli, giicli ve miihendislik uygulamalarina en
uygun biyolojik sistem se¢imi yapilmistir.

Kazic1 biyolojik sistemlerin incelenmesi yani sira kazima islevini yapan tipik bir ekskavatoriin ¢calisma
mantigindan bahsedilmistir. Biyolojik sistemler ve ekskavatdriin ¢alisma prensibi karsilastirildiginda,
armadillonun kazma davranisinin daha uygulanabilir oldugu gézlemlenmistir. Béylece, armadillonun
kazma stratejisinin diger canlilara kiyasla daha uygulanabilir oldugu sonucuna varilmistir.

Ekskavator ve armadillonun kazma islevi benzerliklerine bakildiginda, ekskavatdriin kepcgesi ve
armadillo'nun penceleri arasinda paralellikler bulunmaktadir. Ayrica ekskavatér kazma, hidrolik
sistemler tarafindan kontrol edilen eklemlere sahipken, armadillo ise pengelerini kaslar tarafindan
kontrol etmektedir.

Biyo-ilham prensibi g6z 6niline alindiginda, robot kazicilar, armadillo pengelerindeki eklemlere benzer
yapilarla donatilmasi dnerilmektedir. Bu sekilde daha fazla hareket kabiliyeti ve dar alanlarda kazma
yetenegi saglayabilir. Ayrica, robot kazicilarin hidrolik sistemleri, armadillo'nun kas sisteminin
hassasiyetini ve kontroliini taklit edecek sekilde tasarlanabilecegi 6n goriilmiistiir. Boylelikle,
armadillonun kaslari, lineer aktiiatér kullanarak miihendislige doniisiimii gergeklestirilmistir. Aym
sekilde, armadillonun pengeleri ve ekskavatdriin kepceleri benzerliklerinden yararlanilarak bir
biyoilhamli bir kepge tasarimi yapilmistir.

Armodillonun en biiylik savunma mekanizmasi olan saglam zirhli gévdesinden esinlenerek, robotun
govdesinin 6n, bel ve arka boéliimlerden olustugu belirtilmis ve bu yapilanmanin robotun hareket

kabiliyetini artirirken, dayanikliligini artirdig ifade edilmistir.

Biyoilhaml robotlarin bir¢ok avantaji olabilecegi gibi bazi1 dezavantajlar1 da olabilmektedir. Biyolojik
sistemlerin mithendislik uygulamalarina déniisiimiinde karsilasilan zorluklar, biyomimetik robotlarin
dezavantajlar1 arasinda en belirgin sebebi olarak 6ne ¢ikmaktadir. Yapilan bu ¢alismada ise dnerilen
tasarim; mevcut robotlara gore, daha az esneklige sahip olmasi ile manevra kabiliyetini diistirmektedir.
Bir bagka faktdr olarak, mevcut tasarimlara gore daha az otonomdur yani robot, kazma islemini
gerceklestirmek i¢cin insan operator tarafindan kontrol edilmesi gerekebilir.

Bu ¢alisma, armadillonun kazma davranisinin biyomimetik yeralti kazma robotu tasarimi i¢in ilham
kaynag1 olabilecegini gostermektedir. Armadillonun pengelerindeki eklemler ve kas sistemi, robot
kazicilara daha fazla hareket kabiliyeti, dar alanlarda kazma yetenegi ve hassas kontrol saglayabilir
oldugu goriilmiistiir. Bu bulgularin, yeralti kazma robotlarinin gelistirilmesine katkida bulunmasini
ongormektedir.
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5. SOI]U(,' ve (")neriler (Conclusion and Recommendations)

Yapilan ¢alisma sonucunda, biyomimetik yaklasimin yeralti kazma robotu tasarimi tizerindeki etkinligi
arastirmay1 amaglamistir. Biyomimetik, dogadaki ¢6ziimlerden ilham alarak yenilik¢i irtnler ve
sistemler gelistirmeyi hedefleyen bir disiplindir. Bahsi gecen bu ¢alismada, biyolojiye sorma yontemi
kullanilarak ¢o6ziim odakl bir bakis a¢is1 benimsenmis ve belirlenen probleme karsi etkili bir sekilde
¢6ziim yollar arastirilmistir. Boylece biyomimetigin olusturdugu yontemlerle dogaya sorulmustur;
dogada canlilar yeraltinda nasil yuva yapar, topragi nasil deler, oyuk acar veya kazar gibi sorular
yonelterek bu amaca uygun canlilar listelenmistir. Arastirilan canlilar morfolojik, davranigsal olarak
incelenmis ve kazma stratejileri bakimindan karsilagtirilmistir. Sonug olarak da tasarim isteklerine
gore bir canli secilmistir.

Arastirmalar sonucunda, dogadaki en verimli kazicilardan biri olan armadillo uygun gorilmiis ve
detayl olarak incelenmistir. Armadillolarin gii¢lii pengeleri, saglam zirhlar1 ve kazmaya uygun kas
yapilari, onlar yeraltinda kazi ve tiinel agma konusunda oldukga basarili bir kaziyici canli yapmuistir.
Bu canlilarin kazma stratejileri incelenerek, miihendislik prensiplerine uygun bir robot tasarimi
gelistirilmistir.

Biyo-esinli bu robot, yeralti ortaminda c¢esitli gorevleri yerine getirmek icin ideal bir ¢6zim
sunmaktadir. Armadillolarin kazma becerilerinden ilham alarak, sunulan tasarim, armadillonun
biyolojisini taklit eden ilk yeralt kazma robotu tasarim olma 6zelligini tasimaktadir. Onerilen tasarimin
basitligi, dayaniklilig, verimliligi ile robotun toprakta etkin bir sekilde hareket etmesini ve kazmasini
saglayacak sekilde optimize edilmistir. Bu sayede, robotun kazma sirasinda daha az enerji harcamasi
ve daha yliksek bir kazma verimliligi elde etmesi miimkiin hale gelmistir.

Bu ¢alismada ki biyomimetik robot, toprak altinda hareketi, cesitli gérevleri yerine getirilmesinde
biiyiik fayda saglayabilir ayni zamanda yeralti kazma robotlarinin gelistirilmesi i¢in yeni bir yol acabilir
ve gelecekteki robot tasarimlarina ilham kaynagi olabilmesi ¢alismanin 6nemini vurgulamaktadir.
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ABSTRACT

Keywords: Firefly optimization Early diagnosis and prediction of psoriasis is crucial to control disease progression,
algorithm, stacked auto-encoder, alleviate symptoms and reduce the risk of complications. Diagnosis in the early stages helps
~ softmax classifier, to determine the appropriate treatment plan and improve the patient's quality of life. The

decision support system aim of this study is to enable early diagnosis of psoriasis. For this purpose, a hybrid

a® N architecture was created using a stacked auto-encoder, softmax classifier and Firefly
Kayseri University,

Faculty of Engineering, Architecture Optimization Algorithm. With the crclae?ted arcl_litecture, the grchitectural parameters of the
and Design, stacked autocoder and softmax classifier hybrid structure aimed to be created for psoriasis

Dept. of Software Engineering diagnosis and all hyperparameters within the architecture were optimized. The model was

ori ;80208000:&33’;3‘1'55%];{; implemented on the "Dermatology” dataset in the UCI data warehouse. In addition, machine

¢ mail: makifbulbul@kayseri.edu.tr learning methods such as K-Nearest Neighbor algorithm, Support Vector Machine and
Decision Trees, which are frequently used in the literature, were also applied on the same

“Corresponding author: dataset. The findings obtained from the experimental studies are presented in a

makifbulbul@kayseri.edu.tr controversial manner. The findings show that the proposed hybrid architecture achieves

better results than other machine learning methods. At the same time, the model optimized
and presented with the hybrid architecture can be used as an alternative method in patient
decision support systems.

Sedef Hastaliginin Tani ve Tahmininde Yapay Zeka

Destekli Yeni Bir Yaklasim

0Z

Sedef hastaliginin erken tani ve tahmini, hastaligin ilerlemesini kontrol altina almak,
semptomlari hafifletmek ve komplikasyon riskini azaltmak a¢isindan son derece 6nemlidir.
Erken asamalarda tani konulmasi, uygun tedavi planinin belirlenmesine ve hastanin yasam
kalitesini artirmaya yardimci olur. Bu ¢alismanin amaci, sedef hastaliginin erkenden teshis
edilebilmesini saglamaktir. Bu ama¢ dogrultusunda yigilmis oto-kodlayici, softmax
siniflanrict ve Ates Bocegi Optimizasyon Algoritmasi kullanilarak hibrit bir mimari
olusturulmustur. Olusturulan mimari ile sedef hastaligl teshisi icin olusturulmasi
hedeflenen yigilmis oto-kodlayici ve softmax smiflandirict hibrit yapisinin mimari
parametreleri ile mimari igerisinde bulunan biitiin hiperparametreler optimize edilmistir.
Model UCI veri deposunda bulunan “Dermatoloji” veri seti lizerinde uygulanmistir. Bunun
yaninda ayni veri seti lizerinde literatiirde sik¢a kullanilan makine 6grenme yontemleri
olan K-En yakin komsu algoritmasi, Destek Vektor Makinasi ve Karar Agag¢lar: metotlari da

uygulanmistir. Deneysel c¢alismalardan elde edilen bulgular tartismali bir sekilde

Anahtar Kelimeler: Ates bocegi . . . s . .. i . s
©5 Doces! sunulmustur. Elde edilen bulgular o6nerilen hibrit mimarinin diger makine 6grenme

optimizasyon algoritmasi,

yiglmis oto-kodlayici, softmax yontemlerine gore daha basarili sonuglar elde ettigini gdstermistir. Ayn1 zamanda hibrit
siiflandiricy, karar destek mimari ile optimize edilen ve sunulan model hasta karar destek sistemlerinde alternatif bir
sistemi yontem olarak da kullanilabilir.

To cite this article: M. A. Biilbiil, “A New Artificial Intelligence Supported Approach to Diagnosis and
Prediction of Psoriasis,” Gazi Journal of Engineering Sciences, vol.10, no.2, pp. 405-418, 2024.
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1. Glrl$ (Introduction)

Sedef hastaligl, kronik inflamatuar bir deri hastalig1 olup milyonlarca kisiyi etkilemektedir [1]. Sedef
hastalig1 kardiyometabolik hastaliklar ve depresyon gibi bir dizi eslik eden hastaliklarla da iliskilidir
[2]. Sedef hastaliginin ¢esitli komplikasyonlar yiiksektir. Ayn1 zamanda 6lim i¢in bagimsiz bir risk
faktoriinii temsil ettigi ve patolojisini karmasiklastirdig1 ortaya konulmustur [3]. Bu sebeple hastaligin
erken tani ve teshisi biiyiik 6nem arz etmektedir.

Gelisen yeni nesil teknolojiler ile birlikte giin gectik¢e yayginlasan yapay zeka yontemlerinin kullanimi
tip alaninda da artmaktadir [4,5]. Literatiirde deri hastaliklariyla ilgili yapilan ¢alismalara bakildiginda
Raj ve arkadaslari [6], 2D RGB goriintiilerden sedef hastaligi alaninin ve siddetinin objektif tahmini icin
bir¢ok geleneksel ve makine 6grenimi tabanli ¢alisma énermislerdir. Yapilan ¢alismada yerel 6zellik
ayiklama icin hafif bir ag benimsenmis ve bu ag1 genel 6zellikleri 6grenmek icin bir vizyon
transformatori ile entegre ederek hibrit bir model olusturulmustur. 212 sedef hastasinin farkh viicut
bolgelerinden 1018 fotograf goriintiisii lizerinde yapilan deneysel ¢alismalarda basarili sonuglar elde
edilmistir.

Rashid ve arkadaslari [7], sedef hastaliginin tiplerinin otomatik tespiti ve siniflandirilmasi iizerine bir
calisma gercgeklestirmistir. Gergeklestirilen ¢alismada derin sinir aglar1 kullanilmistir. Googlenet,
InceptionV3 ve VGG-19 gibi 6nceden egitilmis makine 6grenme modellerinin de kullanildig1 calismada
elde edilen bulgular 6nerilen yontem ile elde edilen bulgularla karsilastirmali bir sekilde sunulmustur.
Onerilen derin sinir ag1 ile elde edilen sonuclar calismada kullanilan diger makine 6grenme
yontemlerine gore daha basarili sonuglar ortaya koymustur.

Shrivastava ve arkadaslari [8], yapmis olduklar1 bir ¢calismada sedef hastaliginin siniflandirilmasinda
makine 6grenimi yontemleri kullanmigslardir. Calismada 848 adet goriintiiden olusan veri seti tizerinde
saglikli, hafif, orta, siddetli ve cok siddetli olmak iizere bes siddet derecesine sahip ¢ok sinifli bir
siniflandirma gergeklestirilmistir. Destek Vektor Makineleri (DVM), Karar Agaci (KA), Temel Bilesen
Analizi ve Fisher Diskriminant Orani kullanilan ¢alismada Fisher Diskriminant Orani1 ve DVM ile basarili
sonuglar elde edilmistir.

Vishwakarma ve arkadaslari [9], yapmis olduklar1 bir calismada sedef hastaliginin tespiti i¢in evrisimli
sinir ag1 ile goriinti transformatoérii kodlayiciy: birlestirmislerdir. Calismada sunulan model icerisinde
bulunan hiperparametreler Tavsan Optimizasyon Algoritmasi ile optimize edilmistir. Onerilen model
ile sedef hastaliginin tespitinde basarili sonuclar elde edilmistir.

Dash ve arkadaslar1 [10], otomatik sedef hastalig1 cilt lezyonu segmentasyonu gerceklestirmek icin
modifiye edilmis U-Net tabanli tam evrisimli ag kullanmislardir. 29 katmanl derin tamamen evrigsimli
bir agdan olusan model 1026 sedef hastasindan toplanan 5241 sedef lezyonu goriintiisii lizerinde test
edilmistir. Yapilan deneysel ¢alismalar sonucunda yiiksek basar1 metrikleri elde edilmistir.

Juang ve Wu [11], yapmis olduklari ¢alismada sedef hastaligini tanimlamak i¢in k-ortalama kiimeleme
yontemi kullanmislardir. Calismada gorintiiler {izerine sirasiyla k-ortalama kiimeleme, gri seviye,
medyan filtreleme, ikili gériintiileme, sobel kenar stireci ve morfolojik rekonstriiksiyon uygulanmistir.
Elde edilen bulgular sedef hastaliginin boyutunu ve bélgesini tam olarak ayirt etmek i¢in sunulan
yontemin basarili sonuglar tirettigini gostermektedir.

Yapay zeka yontemlerinin yliksek basari oranlari elde etmesi, erken tani ve teshis ile hastalarin tedavi
stireclerini hizlandirmasi bu alandaki trendi olduk¢a artirmaktadir. Erken tani ve tedavi hastaliklarin
yol agmis oldugu olumsuz etkileri azaltmada olduk¢a 6nemlidir. Literatiirde yapilan ¢alismalarda farkl
makine 6grenimi yontemleri kullanilmaktadir. Kullanilan yontemlerde sunulan modeller igerisinde
bircok hiperparametre bulunmaktadir. Modeller igerisindeki bu hiperparametrelerdeki degisiklik
modelin performansini dogrudan etkilemektedir [12,13]. Probleme 6zgii hiperparametre belirlemek
modelin performans agisindan biiyiik 6nem arz etmektedir [14].

Bu ¢alismada, sedef hastaliginin tani ve teshisi icin hibrit bir mimari 6nerilmektedir. Mimari icerisinde
y1gilmis oto-kodlayici, softmax smiflandirict ve Ates Bocegi Optimizasyon Algoritmasi kullanilmistir.
Olusturulan hibrit mimari UCI veri deposunda halka a¢ik bulunan “Dermatoloji” veri seti iizerinde
uygulanmistir. Calismada ayni zamanda literatiirde sik¢a kullanilan makine 6grenmesi yontemlerinden
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DVM, KA ve K-en Yakin Komsu metotlar1 da ayni veri seti lizerinde ¢alistirllmistir. Yapilan deneysel
¢alismalar sonucu elde edilen bulgular tartismali bir sekilde sunulmustur.

2. Materyal ve Metot (Material and Method)
2.1. Destek Vektor Makineleri (Support Vector Machines)

DVM, ozellikle siniflandirma ve regresyon problemlerinde kullanilan gii¢li bir makine 6grenimi
algoritmasidir [15]. Temel amaci, veri noktalarini siniflar arasinda bir karar siniriyla ayirmaktir. DVM,
veri noktalarini ¢ok boyutlu uzayda temsil eder ve bu uzayda en uygun ayrimi yapacak hiper diizlemleri
bulur. Bu hiper diizlem, siniflar arasindaki marjinal boslugu maksimize eder, yani her iki sinifa ait veri
noktalarini en iyi sekilde ayirmaya calisir [16]. Ornek bir SVM yapisi Sekil 1'de gésterilmektedir.
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Optimum Diizlem

Sekil 1. DVM yapisi (SVM structure)
2.2. K-En yakin Komsu Algoritmasi (K-Nearest Neighbor Algorithm)

K-En Yakin Komsu (K Nearest Neighbour, KNN), basit ancak gii¢lii bir makine 6grenimi algoritmasidir
[17]. Temel prensibi, bir veri noktasini siniflandirmak veya tahmin etmek i¢in en yakin komsularinin
etiketlerini kullanmaktir. KNN, belirli bir veri noktasinin etiketini belirlemek i¢in, o noktaya en yakin
olan k komsusunun etiketlerini dikkate alir ve bu komsularin ¢ogunluguna goére karar verir [18].
Algoritma, veri noktalarinin uzaklk élgiisiine dayanir ve genellikle Oklid mesafesi kullanilir, ancak
farkh uzaklik dl¢iileri de tercih edilebilir. Ornek bir KNN yapisi Sekil 2’'de gosterilmektedir.

P

Sekil 2. KNN yapis1 (KNN structure)

2.3. Karar Agaclari (Decision trees)

KA, karmasik veri kiimelerini basit karar yapisiyla temsil eden etkili bir makine 6grenimi yontemidir
[19]. Bu yontem, veri ozelliklerini dikkate alarak sirali kararlarla siniflandirma veya tahmin islemi
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gerceklestirir. Her bir diigiim, veri 6zelliklerine gore boliinmiis veri kiimesini temsil eder. Agag yapisi,
veri kiimesini en iyi sekilde bélerek homojen alt gruplar olusturmayi amaglar [20]. Karar agaclari, kolay
anlasilabilir bir yapiya sahiptir ve genellikle diger makine 6grenimi yontemleriyle birlestirilerek daha
karmasik modeller olusturmak icin de kullanilir. Ornek bir KA yapisi Sekil 3’de gésterilmektedir.

Yaprak

Sekil 3. KA yapisi (KA structure)
2.4. Ates Bocegi Optimizasyon Algoritmasi (Firefly Optimization Algorithm)

Ates Bocegi Algoritmasi (ABA), ates boceklerinin iletisim ve ¢iftlesme davranislarindan esinlenerek
tasarlanmistir [21]. Temel prensibi, daha parlak olan boéceklerin digerlerini ¢ekme egilimi
gostermesine dayanir. Algoritma, bir optimizasyon problemi icin ¢éziimleri ates bocekleri olarak kabul
eder ve bu ¢oziimlerin parlaklik derecelerine gore hareket etmelerini saglar. Daha parlak ¢oziimler,
daha iyi ¢oziimler oldugu kabul edilir ve bu nedenle diger ¢oziimleri kendine dogru ¢ekerler [22]. Ates
bocegi algoritmasi, dogal paralelizm ve hizli yakinsama o6zellikleri sayesinde bir¢ok optimizasyon
problemi i¢in etkili bir ¢dziim sunar. ABA adimlari su sekildedir:

1. Baslangi¢c Popiilasyonu Olusturma: Baslangicta rastgele bir ates bocegi popiilasyonu
olusturulur. Her bir ates bocegi, problemin boyutuna uygun rastgele bir konumda yer alir.

2. Aydinlatma Degerlerinin Hesaplanmasi: Her bir ates boceginin parlaklik degeri, uygunluk
fonksiyonu kullanilarak hesaplanir. Bu, problem baglamina ve ¢6ziimiin kalitesine baghdir. Daha
parlak ates bocekleri, daha iyi ¢6zlimlere isaret eder.

3. Yenileme ve Hareket Etme: Her bir ates bocegi, cevresindeki diger ates boceklerini ¢ekecek
sekilde hareket eder. Bu hareket, iki faktor arasindaki ¢ekim kuvveti ve rastgele bir yon
belirlenmesiyle gerceklesir. Daha parlak olan ates bocekleri, daha az parlak olanlar1 kendilerine
dogru ceker.

4. Ates Bocegi Popiilasyonunun Giincellenmesi: Her bir ates bdcegi, yeni pozisyonuna gore
glincellenir. Eger yeni konum, 6nceki konumdan daha iyi bir ¢6ziim sunuyorsa, ates bdcegi bu yeni
konumu kabul eder.

5. Sonlandirma Kosulunun Kontrol Edilmesi: Belirlenen sonlandirma kogsullarinin saglanip
saglanmadigl kontrol edilir. Eger kosullar saglanirsa, algoritma sonlanir; aksi halde 2. Adima
dontliir.

6. En lyi Céziimiin Bulunmasi: Algoritma sonlandiginda, en iyi ¢6ziim bulunur ve geri déndiiriiliir.

ABA ¢oziim uzayi icerisinde olusturulan rastgele ates bocekleri en parlak ates bocegine yonelim

halindedirler. Bu parlaklik atesbdceklerinin arasindaki mesafeye gore degismektedir. Ters kare
yasasina gore hesaplanan 151k siddeti Esitlik 1’ e gore belirlenir [23].

1(r) = 1s/r? (1)

Esitlikte [(r) 151k siddetini, L, 151k kaynak siddetini ve r ise uzaklig1 temsil etmektedir. Bir ortamda 151k
yayilirken emilime ugrar. Emilim katsayisi(y) hesaba katildiginda Esitlik 2 elde edilir.

I(r) = ly/e” (2)
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Burada [, degeri baslangi¢ 151k siddetini temsil etmektedir. Bir ates boceginin cekiciligi diger
atesboceklerinin gordigi 1sik yogunluguyla orantilidir. Bir ates béceginin gekiciligi Esitlik 3’ de
sunuldugu gibi hesaplanmaktadir.

B(r) =By /e™ """ 3)

Burada B(r) ates boceginin cekiciligini temsil etmektedir. By, r = 0 degerindeki gekicilik degerini
temsil etmektedir.

Ates boceklerinin arasindaki mesafe ise Esitlik 4’ de sunuldugu gibi hesaplanmaktadir.

ry = [1X = X|| = VG = )2 = O — 92 (4)

Burada i ve j farkh ates boceklerini X; ve X; ates boceklerinin konumlarini 7;; ise bu konumdaki ates
béceklerinin arasindaki mesafeyi temsil etmektedir. Burada j. ates boceginin diger ates bocegine goére
daha parlak oldugunu varsayilirsa i ates boceginin konumu Esitlik 5’de sunuldugu gibi
glincellenmektedir.

X=X+ Boe_wizf(Xj - X;) + a(rand — %) (5)
Buarada « [0 1] arasinda bir katsayiyi, rand [0 1] arasinda rastgele bir degeri temsil etmektedir.

2.5. Y1g1lmis Oto-Kodlayici (Stacked Auto-Encoder)

Yi1g1lmis oto-kodlayicilar (YOK), derin 6grenme literatiirinde énemli bir yer tutan yapay sinir ag1
modellerinden biridir [24]. Bu model, genellikle girdi verisinin temsili i¢in hiyerarsik bir 6zellik
¢ikarimi saglamak amaciyla kullanilir. Her biri ayr1 ayr egitilen ve ardindan birlestirilen bir dizi oto-
kodlayicidan olusur. Oto-kodlayicilar, veriyi daha diisiik boyutlu bir uzayda temsil etmek icin 6grenilen
bir kodlama islemi gergeklestirir ve ardindan bu temsilin orijinal veriyi yeniden olusturmasini hedefler
[25]. Basit bir oto-kodlayici mimarisi Sekil 4’de gosterilmektedir.

Sikistinlmis
Giris veri Cikis

Kodlayic Cozicii

Sekil 4. Oto-kodlayici yapisi (Auto-Encoder structure)

Oto-kodlayici sinir agy, temelde iki boliimden olusur: Bir kodlayici ve bir kod ¢6ziicii. Giris verilerini
kodlayici kullanarak 6zelliklere doniistiiriir, ardindan bu 6zellikleri kod ¢dziicli araciligiyla baslangi¢
verilerine geri dontstiirerek giris verilerini yeniden olusturur [26].
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Birden fazla oto-kodlayicisinin birbirlerine baglanmasi1 ile yigilmis oto-kodlayici mimarisi
olusmaktadir. Basit bir y1g1lmis oto kodlayict mimarisi Sekil 5’de gosterilmektedir.

Oto Kodlayicr 1 Oto Kodlayic1 2 Oto Kodlayic1 n

| |
| |

\ J

Yigilmis Oto Kodlayict

Sekil 5. Yigilmis oto-kodlayici yapisi (Stacked auto-encoder structure)

YOK, her biri bir 6ncekinden tiiretilmis daha yiiksek seviye 6zelliklerin 6grenilmesini saglar. Bu model,
genellikle biiylik boyutlu ve karmasik veri kiimeleri tizerinde etkili sonuglar verirken, 6zellik ¢ikarimi,
boyut azaltma ve siniflandirma islemlerinde yaygin bir sekilde kullanilmaktadir [27,28].

Bir y1g1lmis oto-kodlayici yapisinda bir¢ok hiperparametre barindirmaktadir. Bu hiperparametreler
kurulan agin performansini dogrudan etkilemektedir. Olusturulan bir mimaride yiiksek basari bu
parametrelerin probleme 6zgii optimize edilmesi ile elde edilebilir.

2.6. Veri seti (Dataset)

Sedef hastaliginin tani ve teshisi icin ilk olarak Ubeyli ve Giiler tarafindan kullanilan ve UCI’ de halka
acik bir sekilde bulunan “Dermatoloji” veri seti kullanilmistir [29]. Kullanilan bu veri seti icerisinde 33
adet 6znitelik bulunmaktadir. Bu 6zniteliklerden 12 tanesi klinik 6znitelik icerirken 21 adet 6znitelik
ise histopatolojik 6zelliklerdir. Veri setinde bulunan 6znitelikler Tablo 1’de gosterilmektedir.

Tablo 2. Dermatoloji veri setinde bulunan 6znitelikler (Attributes found in the dermatology dataset)

Oznitelik Tiirii Oznitelik Oznitelik Oznitelik
Tiiri

Klinik Eritem Histopatolojik Akantoz

Klinik Pullanma Histopatolojik Hiperkeratoz

Klinik Kesin Siirlar Histopatolojik Parakeratoz

Klinik Kasinti Histopatolojik Rete Sirtlarinin Comaklagmasi

Klinik Koebner Fenomeni Histopatolojik Rete Sirtlarinin Uzamasi

Klinik Poligonal Papiiller Histopatolojik Suprapapiller Epidermisin incelmesi

Klinik Folikiiler Papiiller Histopatolojik Spongiform Piistiil

Klinik Oral Mukozal Tutulum Histopatolojik Munro Mikroabse

Klinik Diz Ve Dirsek Tutulumu Histopatolojik Fokal Hipergraniiloz

Klinik Kafa Derisi Tutulumu Histopatolojik Graniiler Tabakanin Kaybolmasi

Klinik Aile Oykiisii Histopatolojik ~ Vakuolizasyon Ve Bazal Tabakanin Hasar1

Klinik Yas Histopatolojik Spongioz, Retelerin Testere Disi

GOrinimu

Histopatolojik Melanin inkontinansi Histopatolojik Folikiiler Boynuz Tikaci
Histopatolojik infiltratta Eozinofiller Histopatolojik Perifolikiiler Parakeratoz
Histopatolojik Pnl infiltrati Histopatolojik inflamatuar Monoliikleer inflitrat
Histopatolojik Papiller Dermiste Fibrozis Histopatolojik Bant Benzeri infiltrat
Histopatolojik Ekzositoz

Veri seti icerisinde Tablo 1’ de sunulan 6zniteliklere sahip 366 adet veri bulunmaktadir. Veri seti
icerisinde farkl1 dermatolojik hastaliklara ait siniflandirmalar yapilmistir. Bu ¢alismada sadece sedef
hastaligina sahip olan kisi sayis1 111’dir. Veri seti %70 egitim ve %30 test olmak lizere 2 béliime
ayrilmistir. Calismada kullanilan farkli makine 6grenme yontemleri egitim veri seti ile egitilecek
sonrasinda basarilari test veri seti ile degerlendirilecektir.

2.7. Degerlendirme Kkriterleri (Evaluation criteria)

Sedef hastalig1 tan1 ve teshisinde kullanilan makine 6grenme yontemlerinin basarilarini 6lgmek icin
literatlirde sikca kullanilan dogruluk, duyarlilik ve kesinlik olciitleri kullanilacaktir [30, 31]. Bu
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degerlendirme olgitlerinin hesaplanabilmesi i¢in o6ncelikle tahmin modelinin karisiklik matrisi
olusturulmaldir. iki sinifa ait bir karisiklik matrisi Sekil 6’de gosterilmektedir.

Tahmin

Gergek

Sekil 6. Karisiklik matrisi (Confusion matrix)

Sekil 6’ de DN gercek negatifi, YN yanlis negatifi, YP yanlis pozitifi ve DP dogru pozitifi temsil
etmektedir. Sekil 6’ de sunulan karisiklik matrisi ile dogruluk, duyarlilik ve kesinlik 6l¢iitleri Esitlik 6-
8’ de sunuldugu gibi hesaplanmaktadir [32].

Dogruluk = ——2*0F (6)
DN+DP+YN+YP
DP
Duyarhlik = FYSeTY (7)
Kesinlik = —2£ (8)
DP+YP

3. f)nerilen Yontem (Proposed Model)

Calismanin bu boélimiinde, sedef hastaliginin dogru bir sekilde tani ve teshisinin belirlenebilmesi icin
y1gilmis oto-kodlayici, softmax siniflandirici ve Ates Bocegi Algoritmasi ile optimizasyon temelli bir
derin 6grenme ag1 olusturulmustur. Olusturulan yapinin akis diyagrami Sekil 7’ de gosterilmektedir.

Sekil 7. Onerilen model diyagrami (Proposed model diagram)
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Sekil 7’de sunulan mimari kodlama kolaylig1 ve cok boyutlu problemlerin ¢6ziimiinde sunmus oldugu
avantajlardan dolay1 MATLAB platformunda gerceklestirilmistir [12]. Mimaride oncelikle biitiin
hiperparametreleri optimize edecek olan Ates Bocegi Algoritmas’ nin baslangi¢c parametreleri
belirlenmistir. Bu parametreler deneysel c¢alismalar sonucu elde edilmis olup Tablo 2’de
gosterilmektedir.

Tablo 2. ABA parametreleri ve degerleri (ABA parameters and values)

Parametreler Degerleri
Popiilsyon sayis1 40

B, 1

14 1

a 0,2
Yineleme sayis1 500

Sekil 7’de sunuldugu tlizere ilk adim olarak bir baslangi¢ popiilasyonu olusturulacaktir. Popiilasyondaki
her bir atesbocegi kendi icerisinde birbirlerinde farkli oto-kodlayici+softmax ya da yigilmis oto-
kodlayici+softmax yapist olusturmaktadir. Her bir atesbdcegi konumu olusturulan yapilardaki
hiperparametreleri biinyesinde barindirmaktadir. Bu hiperparametreler Tablo 3’de gosterilmektedir.

Tablo 3. Hibrit mimaride bulunan hiperparametreler (Hyperparameters in hybrid architecture)

Hiperparametreler Temsili
Kodlayic ve ¢oziicii sayisi AEnDeSa
Kodlayicl ve ¢oziicii boliimlerinde bulunan katman sayilari AGKS
Kodlayic1 katmanlarinda kullanilan aktivasyon fonksiyonu EAF
(Coziicii katmanlarinda kullanilan aktivasyon fonksiyonu DAF
Asin sigmay1 6nlemek ve modellerin genelleme yetenegini gelistirmek i¢in kullanilan Agirlik Diizenleme WRK
Katsayisi

Geri yayilima yardimci olan ve seyrelmede kullanilan seyreklik orani katsayisi SRK
Geri yayilima yardimci olan ve seyrelmede kullanilan Seyreklik Diizenleme Katsayisi SPK
Oto-kodlayici veya y1g1lmis oto-kodlayicida bulunan Lscaledata degerleri LD

Sekil 7°de sunuldugu gibi olusturulan ates bocekleri ¢dziim uzayi igerisine rastgele dagitilmaktadir. Her

bir ates bocegi olusturulurken Tablo 3’de verilen AEnDeSa degeri Esitlik 9’de sunulan sinirlama

fonksiyonuna gore rastgele belirlenmektedir.
1, x<1

AiEnDeSa;(x) = {x, 1<x<4 } (9
4,x>4

Burada A;EnDeSa;(x), i. ates béceginin j. yinelemedeki AEnDeSa degerini temsil etmektedir.
Her bir ates bocegi icin AGKS degeri Esitlik 10’ de sunulan sinirlama fonksiyonun goére rastgele

belirlenmektedir.
10, x<10

AiGKSj(x) = {x, 10<x<100 } (10)
100,x>100

Burada A;GKS;(x), i. ates boceginin j. yinelemedeki AGKS degerini temsil etmektedir.

Her bir ates bocegi icin EAF degeri Esitlik 11’ de sunulan sinirlama fonksiyonuna gore rastgele
belirlenmektedir.
1, x<1
AEAF;(x) = {x, 1SXS2} (11)
2,x>2

Burada A;EAF(x), i. atesboceginin j. yinelemedeki EAF degerini temsil etmektedir. Rastgele olarak
belirlenen A;EAF;(x) degerine karsilik gelen aktivasyon fonksiyonlar1 Tablo 4’ de gosterilmektedir.
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Tablo 4. EAF degerlerine karsilik gelen aktivasyon fonksiyonlari (Activation functions corresponding to EAF values)
EAF Degerleri Aktivasyon

Fonksiyonu
1 logsig
2 satlin

Her bir ates bocegi icin DAF degeri Esitlik 12’de sunulan smirlama fonksiyonuna gore rastgele

belirlenmektedir.
1, x<1

A;DAF;(x) = {x, 1<x<3 } (12)
3,x>3

Burada A;DAF;(x), i. ateshdceginin j. yinelemedeki ADAF degerini temsil etmektedir. Rastgele olarak
belirlenen A;DAF;(x) degerine karsilik gelen aktivasyon fonksiyonlari Tablo 5’ de goésterilmektedir.

Tablo 5: ADAF degerlerine karsilik gelen aktivasyon fonksiyonlari (Activation functions corresponding to ADAF values)

DeAf Aktivasyon Fonksiyonu
Degerleri
1 logsig
2 satlin
3 purelin

Her bir atesbocegi icin WRK degeri Esitlik 13’ de sunulan sinirlama fonksiyonuna gore rastgele
belirlenmektedir.

0,001, x<0,001
} (13)

AWRK (x) = {x, 0,001 <x<0,01
0,01, x >3

Burada A;WRK (x), i. ategbdceginin j. yinelemedeki WRK degerini temsil etmektedir.

Her bir atesbocegi icin SRK degeri Esitlik 14’ de sunulan sinirlama fonksiyonuna gore rastgele
belirlenmektedir.

1, x<1
AiSRK]-(x) = ix, 1<x< 5} (14)
5 x>5

Burada A;SRK{(x), i. atesbceginin j. yinelemedeki SRK degerini temsil etmektedir.
Her bir atesbocegi icin SPK degeri Esitlik 15’ de sunulan sinirlama fonksiyonuna goére rastgele

belirlenmektedir.
0, x<0

AiSPK (%) = {X, Osxsl} (15)
1,x>1

Burada A;SPK ;(x), i. atesbdceginin j. yinelemedeki SPK degerini temsil etmektedir.
Her bir atesbdcegi icin LD degeri Esitlik 16’ de sunulan sinirlama fonksiyonuna gore rastgele

belirlenmektedir.
1, x<1

ALD;(x) = {x, 15x52} (16)
2,x>2

Burada A;LD;(x), i. atesb6ceginin j. yinelemedeki LD degerini temsil etmektedir. Belirlenen LD degerine
karsilik gelen deger Tablo 6’ de gosterilmektedir.
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Tablo 6. LD degerinin mimarideki karsilig1 (The equivalent of LD value in architecture)

LD Degerleri Degeri
1 True
2 False

Rastgele olusturulan popiilasyonun ardindan bir sonraki adimda her bir ates boceginin yaymis oldugu
15181n parlakligl hesaplanmaktadir. Her bir ates béceginin yaymis oldugu 15181n parlaklig Esitlik 17’ de
sunulan formdiil ile belirlenmektedir.

f(Al-j)=A(Dog'rquk, Kesinlik, Duyarlilik ) (17)
Formiilde f(Ai j), i. ates boceginin j. yinelemedeki parlaklik miktarini temsil etmektedir.

Bir sonraki adimda Esitlik 17 ile belirlenen en parlak isiga sahip ola ates b6cegine yonelim Esitlik 5’ de
sunuldugu gibi belirlenerek ates boceklerinin konumlari giincellenmektedir.

Tablo 2’de sunulan yineleme sayisi kadar tekrarlanan hibrit mimaride en parlak 1s1ga sahip atesbocegi
Esitlik 17'de sunulan formiil ile belirlenmis ve biinyesinde bulunan parametreler Tablo 7’de

gosterilmektedir.

Tablo 7: En parlak 1sik yayan atesb6cegi parametreleri (arameters of the brightest light-emitting firefly)

Parametreler Degerleri
AEnDeSa 1
AGKS 64
EAF 2 (satlin)
DAF 2 (satlin)
WRK 0,006
SRK 4,2770
SPK 0.03
LD 1 (true)

Tablo 7’de sunulan hiperparametrelere sahip en parlak isik yayan ates bocegi parametreleri ile kurulan
oto-kodlayici ve softmax siniflandirici ile elde edilen hibrit mimari Sekil 8'de gosterilmektedir.

Encoder Softmax Layer

Sekil 8. Elde edilen mimari yapisi (The resulting architectural structure)

3. Deneysel Sonut;lar ve Tartlsma (Experimental Results and Discussion)

Sedef hastaliginin tani ve teshisinde kullanilan hibrit mimari ile birlikte literatiirde siniflandirma
problemlerinde siklikla kullanilan KA, KNN ve DVM yéntemleri de calismada kullanilmistir. Ogrenme
veri seti lizerinde ¢alistirilan modellerin test veri seti lizerindeki tahminleri ile olusturulan karigiklik
matrisleri Sekil 9'da gosterilmektedir.
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True Class
Tie Class

1
Predicted Class Predicted Class

a) KNN b) KA

True Class
True Class

2

] 1
Predicted Class. Predicted Class

c) DVM d) Onerilen model
Sekil 9. Calismada kullanilan modellerin karisiklik matrisleri (Confusion matrices of the models used in the study)
Sekil 9’da sunulan karisiklik matrislerine gére sunulan hibrit mimari ile elde edilen modelin tahmin
dogrulugu diger makine 6grenme yontemlerine gore daha yiiksektir. Calismada kullanilan makine
6grenimi yontemlerinin ROC egrileri Sekil 10’da gosterilmektedir.

5 ROC 3 ROC
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Sekil 10. Makine 6grenme yontemleri ROC egrileri (Machine learning methods ROC curves)

ROC egrisi makine 6grenme yontemlerinin basarilarinin 6lgiimiinde siklikla kullanilmaktadir [33]. ROC
egrisi altinda kalan alana AUC denilmektedir. Bir ROC egrisinde AUC alani ne kadar biiyiikse modelin
performansi da o kadar yiiksektir [4]. Sekil 10’da verilen ROC egrilerine bakildiginda 6nerilen modelin
performansi diger makine 6grenme yontemlerine gore daha basarilidir.
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Calismada sedef hastaliginin tani ve teshisinde kullanilan makine 6grenme yontemlerinin Esitlik 6-8’de
verilen degerlendirme 6l¢iitlerine gore basarilar1 hesaplanmis ve bu sonuglar Tablo 8’de sunulmustur.

Tablo 8. Calismada kullanilan makine 6grenme yontemlerinin performanslari (The performance of the machine learning methods used

in the study)
Modeller Kesinlik Duyarhlik  Dogruluk(%)
KNN 0,96 0,88 0,95
KA 0,91 0,94 0,95
DVM 0,96 0,88 0,95
Onerilen Model 1 0,97 0,99

Tablo 8’de sunulan degerlendirme 6lgiitlerine gére sunulan hibrit modelin diger makine 6grenme
yontemlerine gore daha basarili sonuglar elde ettigi goriilmektedir.

3. SOIIU(,' (Conclusion)

Sedef hastaliginin erken tani ve teghisi, hastaligin etkilerini hafifletmek ve yasam kalitesini artirmak
icin kritik bir 6neme sahiptir. Sedef, kronik bir inflamatuar cilt hastalifidir ve erken teghis
edilmediginde, semptomlar zamanla kotiilesebilir ve ciddi komplikasyonlara yol agabilir. Erken tani,
uygun tedaviye baslama ve hastaligin ilerlemesini kontrol altina alma sansini artirir. Ayrica, sedef
hastaliginin erken taninmasi, hastaligin diger sistemik saglik sorunlariyla iliskilendirilen risklerini
azaltabilir. Bu calismada sedef hastaliginin tani ve teghisi icin hibrit bir mimari ile elde edilen bir model
onerilmistir. Olusturulan mimaride yigilmis oto-kodlayici, softmax siniflandirici ve Ates Bocegi
Algoritmas1 kullanilmistir.  Yigilmis oto-kodlayici ve softmax siniflandirict ile hibritlestirilmis
mimarinin model ve hiperparametre optimizasyonu Ates Bocegi Algoritmasi ile saglanmistir. Model
UCI veri deposunda bulunan “Dermatoloji” veri seti iizerinde uygulanmistir. Calismada ayni veri seti
tizerinde farkli makine 6grenme yontemleri de ¢alistirilmistir. Deneysel calismalardan elde edilen
bulgular onerilen yontemin diger makine 6grenme yontemlerine gére daha basarili sonuglar elde
ettigini gostermistir.

Sunulan model mimari yapida kullanilan ve mimari icerisindeki hiperparametreleri optimize ederken
ayn1 zamanda bunlara ulasim imkani da saglamaktadir. Sunulan yontem hasta karar destek
sistemlerinde alternatif bir yontem olarak kullanilabilir.

fleriki calismalarda sunulan mimari ve bu mimariye ait parametreler ile mobil uygulamalar
gelistirilebilir.
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ABSTRACT

As renewable energy resources dwindle and the world's population grows, the balance
between energy supply and demand is being adversely affected. The rapid increase in the
number of EVs causes power quality problems in existing conventional grids. Topologies
such as V2G, G2V, and V2H are being studied in order to overcome these problems. In this
study, a microgrid is designed for power flow in single-phase V2G topology. In this
microgrid, there is one EV, one home, and one PV panel. The EV is charged by the PV panel
during the daytime when it is in the parking lot. When there is a power quality problem in
the microgrid, the V2G topology is activated and power flows from the EV battery to the
grid. A single-phase grid-connected inverter and a bidirectional DC-DC converter were
designed to operate this system. The simulations of the designed microgrid were
performed in the MATLAB/Simulink program. According to the simulation results,
installing this system in homes or workplaces with EVs, charging the EV battery with PV
panel, and using the EV battery to eliminate power quality problems that may occur in the
existing microgrid provides a solution for single-phase V2G topology.

V2G Topolojisinde Enerji Yonetimi i¢in Cift Yonli
DC-DC Dontstirtcu ve Tek Fazli Sebeke Baglantili

Evirici Tasarimi

0Z

Yenilenebilir enerji kaynaklarinin azalmasi ve diinya niifusunun artmasiyla birlikte enerji
arz talep dengesi olumsuz etkilenmekte. EV sayisinin hizla armasi mevcut konvansiyonel
sebekelerde gii¢ kalitesi problemlerine neden olmaktadir. Bu problemlerin iistesinden
gelebilmek icin V2G, G2V ev V2H gibi topolojilerde ¢alismalar yapilmaktadir. Bu ¢alismada
tek fazli V2G topolojisinde gii¢ akisi icin bir mikro sebeke tasarlandi. Bu mikro sebeke
icerisinde bir adet EV, bir adet ev ve bir adet PV panel bulunmaktadir. EV giindiizleri
otoparkta iken PV panel ile sarj olmaktadir. Mikro sebekede gii¢ kalitesinde bir problem
oldugunda ise V2G topolojisi isletilerek EV bataryasindan sebekeye giic akisi
gerceklestirilmektedir. Bu sistemin isletilebilmesi i¢in bir adet tek faz sebeke baglantili
evirici ve bir adet ¢ift yonlii DC-DC déniistiiriicii tasarimi gergeklestirilmistir. Tasarlanan
mikro sebekenin simiilasyonlart MATLAB/Simulink programinda yapilmistir. Simiilasyon
sonuglarina gore EV bulunan evlerde ya da is yerlerinde bu sistem kurularak PV panel ile
EV bataryasinin sarj edilmesi ve EV bataryasinin mevcut mikro sebekede olusabilecek gii¢
kalitesi problemlerinin giderilmesinde kullanilmasi tek fazli V2G topolojisi i¢in bir ¢oziim
Onerisi sunmaktadir.

To cite this article: S. Yildiz and H. H. Sayan, “Bidirectional DC-DC Converter and Single-Phase Grid-
Connected Inverter Design for Energy Management in V2G Topology,” Gazi Journal of Engineering
Sciences, vol.10, no.2, pp. 419-431, 2024. doi:10.30855/gmbd.0705A16



1. Introduction

There has been a remarkably rapid increase in the use of electric vehicles (EVs) in parallel with the
growth in demand for energy resources worldwide. This rapid increase is disrupting the supply-
demand balance and makes grid integration of EVs an important issue. This rapid increase in the
number of EVs adds unpredictable large loads to the grid during grid integration. These unpredictable
loads cause power quality issues such as frequency instability, voltage fluctuations, charging
harmonics, and unbalanced loads on the grid. Energy flow topologies such as Vehicle-to-Grid (V2G),
Grid-to-Vehicle (G2V), Vehicle-to-Vehicle (V2V), and Vehicle-to-Home (V2H) have been developed in
recent studies to overcome this grid capacity problem [1,2]. The main elements in these topologies are
the existing conventional grid, the microgrid within the vehicle batteries, and renewable energy
sources such as photovoltaic (PV) panels, battery energy storage systems (BESS), wind turbines, etc.
(Figure 1). The goal is to maintain power quality by maintaining the supply-demand balance in the
existing conventional grid with energy flow topologies that control the existing energy flow using these
three basic structures. In the future, as electric vehicles replace today's fossil fuel vehicles, the use of
these power flow topologies will become a necessity. In this study, a single-phase V2G topology is
realized where energy flows between a conventional grid and a microgrid consisting of a home, an EV,
and a PV panel connected to this grid. In the designed system, a single-phase grid-connected inverter
is designed for the EV battery to transfer energy to the grid in V2G topology. A bidirectional DC-DC
converter (BDC) is designed to charge the EV battery in the microgrid (MG) with the PV panel and
provide DC voltage to the grid-connected inverter. The designed topology is simulated and its
applicability is demonstrated.

In reviewing the literature, many studies have been conducted on this topic. A study presents the
architecture for implementing the V2G-G2V system in a MG using EV level 3 fast charging [3]. In another
study, a brief discussion of the evolution of bidirectional conversion in V2G and G2V topology is
presented [4]. Another article provides a comprehensive review of bidirectional power factor
correction and DC-DC converter topologies for V2G and G2V topologies [5]. The paper in [6] proposes
a cascaded interleaved configuration that integrates the PV and utility sources for EV battery charging
using inductive power transfer technology in both G2V and V2G topologies. In another paper, the
designed MG integrates EV for V2G and G2V operation using solar PV, wind, batteries and grid. The
electricity from the DC microgrid with grid, PV, wind and BESS technologies is used to charge EV
batteries in G2V topology [7]. In [8], the performance analysis of a grid-connected PV/EV/grid system
was performed and the operation was simulated. Another article discusses various BDC topologies
used in the V2G system, which can also reduce the cost of charging for electric utilities, thus increasing
the profits for EV owners [9]. The paper develops an electric vehicle switched reluctance motor drive
powered by a battery/supercapacitor with G2V and V2H/V2G functions [10]. The article [11]
investigated the financial benefits of using EVs as temporary energy storage in MG integrated with a
PV plant. Another paper proposes an integrated converter with drive, G2V, V2G, and DC/V2V charging
capabilities for an EV drive-train using a switched reluctance motor [12]. The paper [13] presents an
electric scooter with G2V/V2H/V2G and energy harvesting functions. The paper discusses the design
and control of a bidirectional battery charger for EVs, and its operation as an active power filter when
connected to the local home electrical grid, and the charger is also designed and controlled in order to
operate while charging of the battery from the grid and the injecting the power back to the grid when
needed [14]. In study [15] presented the architecture of bidirectional Battery Charger for EVs
applications. Another study presents the main operation modes for an EV battery charger in the context
of in smart grids and smart homes, i.e., present-day and new modes of operation that can be an asset
for EV adoption are discussed and proposed [16]. Another study proposes an on-board bidirectional
battery charger prototype to allow the G2V, V2G and V2H operation modes for on-board (EV) battery
charger with enhanced V2H operation mode [17]. The article presents an off-board bidirectional
battery charger for EVs that is designed to perform various tasks beyond simply charging EVs, such as
G2V, V2G, and V2H technologies, and also improving the grid power quality [18]. Another paper
reviews various operational modes such as V2G, G2V and V2H, issues, and challenges related to
integrating the vehicle with the grid [19]. The paper examines the effects of grid disturbances on EV
batteries in G2V/V2G and V2H modes [20].

Valuable studies in the literature are cited above. In this study, an MG was designed for energy
management. In this MG, there is a home, an EV and a PV panel. A V2G topology is operated in the MG.
Energy flow management between the conventional grid and the designed MG was implemented and a
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single-phase V2G topology was operated. A single-phase grid-connected inverter is designed for the EV
battery to transfer energy to the grid in V2G topology in the designed MG. The BDC design was realized
to control the DC energy flow between the EV battery and the PV panel, and the DC energy flow between
the EV battery and the grid-connected inverter. The applicability of the designed system is
demonstrated by simulation in the MATLAB Simulink program. Our paper consists of four sections. In
the first section, the designed system is explained and the literature review is made. In the second
section, the units of the designed system are explained and the working steps are given. The third
section describes the simulation and results of the designed system. In the fourth section, the
conclusion is given.
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Figure 1. Energy flow topologies between EV and conventional grid

2. Designed V2G Topology

The designed system has four main components: conventional grid, home, EV, and PV panel (Figure 2).
Conventional grid is the main energy source. Home, EV and PV panel make up the MG. In the designed
MG, the EV battery is charged by the PV panel and the EV battery supplies DC voltage to the grid-
connected inverter when the V2G topology is operated. The BDC design is realized to control the energy
flow of the EV battery. When the V2G topology is operated, the DC voltage provided by the EV battery
is transferred to the grid by the designed single-phase grid-connected inverter.
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2.1. Bidirectional DC-DC converter

The main purpose of the BDC (Figure 3) is to enable energy flow between two different DC voltage
levels. It has 2 modes, the boost mode and the buck mode. In boost mode, energy flows from the low
voltage level to the high voltage level of the boost mode. In buck mode, energy flows from the high
voltage level to the low voltage level.

4 _
Y
:

> e
:
L2
7

D1

Vbc e

wr@EHm o R

¢ <«

Figure 3. The bidirectional DC-DC converter

In buck mode, energy flows from the high voltage level (Vbc) to the low voltage level (Vs) to charge the
EV battery with PV. In buck mode, MOSFET Q1 and diode D2 are conducting. The PV is connected to
the circuit as the DC power supply, and the EV battery is connected to the circuit as the load and it is
charging. EV battery voltage Vs, capacitor (€) and inductor (L) values are calculated as follows [21-23];

Vs =Vpe X Dpyck (1)
— (1_DBuck)VB
CBuCk N 8LBuckAVBfsw (2)
(Ypc—VB)DBuc
Lpuck = DCAIL);SWB . (3)
Here;
e U : Battery voltage
o Vnc : PV voltage in buck mode
o Dpuk :Transmission rate in buck mode
o Lpuk  :Inductor value in buck mode
e  Cpuck :Capacitor value in buck mode
o AVp : Battery voltage ripple.
o Al : Inductor current ripple
o fow : Switching frequency

In boost mode, the grid-connected inverter is supplied with energy from the low voltage level (V5) to
the high voltage level (Vbc). In boost mode, Q2 MOSFET and D1 diode are conducting. The EV battery is
connected to the circuit as the DC power supply, and the inverter is connected to the circuit as the load.
The EV battery feeds the inverter as a discharge. In boost mode, the inverter input voltage (Vbc),
capacitor (C) and inductor (L) values are calculated as follows [21-23];
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Ve
Vpe = —— 4
De (1-DpBoost) ( )
_ _DBoostVpc
CBOOSt - RoutAVpcfsw (5)
)
Lpoost = ﬁ (6)
Here;
o s : Battery Voltage
o Vnc : Inverter input voltage in boost mode
®  Dpoost : Transmission rate in boost mode
® Lpoost :Inductor value in boost mode
e (Cpoost :Capacitor value in boost mode
®  Rou : Output impedance in boost mode
e AVpc :Inverter input voltage ripple.
o Al : Inductor current ripple
LI : switching frequency

The BDC operates in two modes, Buck and Boost. L and C values are calculated separately for these two
modes. L and C values for BDC are determined as follows [22,23];

L = max (LBuck;LBoast) (7)
C = max (Cgyci» Croost) ©

The pulse width modulation (PWM) signals generated for BDC control are determined according to the
reference current (Iref) generated for charging and discharging the EV battery. When the EV battery is
charging, Irer is generated by performing PID control with the given reference voltage (Vr) and the
instantaneous operating voltage (Vop) of the battery (Figure 4-a). When the EV battery is discharging,
Irer is generated by performing PID control with the reference voltage (Vre) and the load voltage (Vioaq)
at the inverter (Figure 4-b). The PWM 1 and PWM 2 control signals for the BDC are generated by PID
control with the value of Irerand the instantaneous operating current of the battery (lop) (Figure 4-c).
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Figure 4. (a) Generation of reference current (I for battery charging (b) Generation of reference current (Ir) for battery
discharging (c) Generation of control signal for BDC
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2.2. Single-Phase Grid-Connected inverter

When the V2G topology is operated in the designed system, energy is transferred from the EV battery
to the grid via a single-phase grid-connected inverter (Figure 5). In the V2G topology, when there is a
power demand that exceeds the available power capacity in the MG to which the EV is connected, the
EV battery is connected to the grid with a single-phase grid-connected inverter to help meet the power
demand.

. v
EV | |
Battery llVDC H

Essential
load

Full Bridge Inverter Output Filter- LCL

Figure 5. Single-phase grid-connected inverter

The full-bridge inverter is designed for single-phase grid-connected inverters. PWM signals were used
for grid connection of the EV battery and energy flow control. The blog diagram of the single-phase
grid-connected inverter design is shown in Figure 6. In this blog diagram, PWM control signals are
obtained in 5 steps.

e Step 1: Connecting power circuit

e Step 2: Generating a-f voltages and currents

e Step 3: Generating PLL and DQ transformation

e  Step 4: Executing current control with PI

e Step 5: Generating PWM signals for power circuit

Inverter
£V i N La d
!‘ - - = - ~ )Gri
Battery Voc Filter 1
Bidirectional veTTTT I Vo
DC-DC K
Converter PWM Single Phase Single Phase
ap Generator af Generator
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Current Controller
(Pl
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Vg uhé #—w +Lulq
I

Figure 6. Single-phase grid-connected inverter blog diagram

During the transfer of energy from the EV battery to the grid, harmonics are generated due to the
switching elements used in the inverter [24]. The total harmonic distortion (THD) of the fundamental
frequency current transferred to the grid must comply with international standards for grid-connected
inverters [2]. In order to transfer the current from the EV battery to the grid in accordance with the
standards, a filter must be used at the inverter output. The most widely used filter type is the LCL filter,
because it is smaller in size and more cost-effective than other filters. However, determining the
parameters of the LCL filter is more complex. Therefore, the parameters must be accurately calculated
and determined in order to maintain the steady-state state of the system [2].
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After determining the values of the variables of the single-phase grid-connected inverter circuit, the
values of the LCL filter variables must be calculated. The variables that need to be known in a single-
phase grid-connected inverter are as follows:

o : Grid voltage

o /7 : Inverter output power

e Vnc : DC input voltage (EV battery voltage)
e f; : Grid frequency

o fw : Switching frequency

o Tsw : Inverter switching time

e m : Inverter modulation factor

The first step in LCL filter design is to select the resonant frequency (fr) away from the grid frequency

(Equation 9).
N
fr = 21 A| L1 L, C; (9)

The performance of the LCL filter is affected by the selected f, the value of the capacitor C;, and the
inductance values of the coils L; and Lz. Therefore, equation 10 should be used to determine f:.

10f; < fr < (fsw/2) (10)
Reactive power in the grid can cause the capacitor (Ci) to resonate. Therefore, passive or active
damping should be added to the capacitor. In this study, passive damping is performed by connecting
a damping resistor Rq in series with the capacitor. The value of Rs connected in series with the filter
capacitor is calculated as follows.

1
3wyCj

Ry = (11)

Filter values are calculated using Base Impedance (Z») and Base Capacitance (C») values [2,25].

VZ
Zb -9
Pn
1
T 2nfyzy

(12)
(13)

Cp

In the calculation of the filter capacitance C;, the power correction factor is chosen as maximum of 5%.
Therefore, the calculated Ci value is equal to 5% of the C» value.

C; = 0.05C, (14)

The maximum amount of ripple in the current at the inverter output Al max is calculated as follows:

2v
Alpmax = TD: (1 —m)mT, (15)
The highest peak-to-peak current harmonic occurs at m = 0.5. Therefore, AlLmax can also be expressed
as follows.

_ Vpc
AILmax - 6fswl1 (16)

For the maximum rated current of the inductor L1, AlLmax is also expressed as:

Alpmax = 010505 (17)
PnV2
Lnax = o (18)
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With these equations, the L; value is calculated as shown in equation 19.

Ly=—t (19)

6fswAlLmax

The LCL filter equivalent circuit is analyzed as a current source to calculate the ripple reduction for
harmonic frequencies. The LCL filter limits 20% of its own value to reduce the expected 10% current
ripple, resulting in a 2% ripple in the output current [26,27]. The relation between the harmonic
current of the inverter and the grid and its simplified form is given in Equation 20.

L — kg (20)

i - |1+r|1—L1waszwx|| -

The Lz value is calculated using the constant value of the reduction ratio k. obtained from equation 20

as follows.
kiz+1
— a
L2 - Cistzw (21)

The ratio of the inductances L: and Lz is defined as the constant r. The equation in this case is given in
equation 22.

LZ = TL]_ (22)
3. Simulation and Results of The Designed System

The energy flow management designed for the V2G topology consists of four main components:
conventional grid, home, EV and PV. The BDC is designed to control the energy flow between PV and
EV battery and between EV battery and single-phase grid-connected inverter. In addition, the single-
phase grid-connected inverter is designed to transfer energy from the EV battery to the grid. The
designed energy flow model was created in MATLAB 2020b/Simulink program. The grid values for the
simulation of the model and the component values of the designed system are given in Table 1. The
simulations of the designed energy flow model were performed by using these values.

Table 1. The designed system parameters

Symbol The designed system parameters Values
Vy Grid voltage 230V
Vien EV battery charge voltage 330V
Vbdch EV battery discharge voltage 322V
2% PV output voltage 530V
fa Grid frequency 50 Hz
fow Switching frequency 10 kHz
L BDC inductor 4 mH
Ci BDC capacitor 1000 pf
L1 Inverter side inductor of LCL filter 4.06 mH
L2 Grid side inductor of LCL silter 4.35 mH
Ci Capacitor of LCL filter 6.01 pf
Rd Damping resistor 10

The simulation of the designed system is performed between time t=0 and t=0.5. The grid feeds a 1kW
load from t=0 to t=0.1. Another 2kW load is connected to the grid at t=0.15 and the grid feeds a total of
3kW load. The EV battery is connected to the grid at t=0.2, and 1,8 kW of the 3 kW load is supplied by
the grid and 1,2 kW by the EV battery (Figure 7).
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Figure 7. Grid and EV battery power flow chart

Figure 8 shows the current and voltage graphs of the grid. The grid voltage remains constant
throughout the simulation. Until t=0.1, the grid current for a 1 kW load is measured as Irus= 4,3 A. Since
the total load is 3kW, the current drawn begins to be measured as Irus=12,7A at t=0.1. When the EV
battery is connected to the grid at time t=0.2, the grid current decreases to Irus = 10,6 A as the grid
starts to consume 1,8 kW of the 3 kW load.

HFAWAWAWAW,
JAVAVEAVAY

Figure 8. V-I graph of the grid

The graph of the EV battery's current, voltage, state of charge (SOC) and power values is shown in
Figure 9. Until the moment t=0.2, the PV panel charges the EV battery in the buck mode of the BDC. The
EV battery feeds the grid with a single-phase grid-connected inverter from the moment t=0.2 to t=0.5
in the boost mode of the BDC. Until t=0.2 the SOC of the EV battery increases, after t=0.2 the SOC starts
to decrease. The EV battery charges at 330V 40A and discharges at 322V 32A. The current graph shows
that the current changes direction between charge and discharge.
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Figure 9. SOC, current, voltage and power graph of EV battery

In order for the PV panel to charge the EV battery from t=0 to t=0.2, I was set to 1000A and T=25 °C.
While the EV battery is charging, the PV panel provides a voltage of 510 V and a current of 25 A. At
t=0.2, the current drawn is 0. Figure 10 shows the current, voltage, power, and ldiode graphs of the PV

panel.
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Figure 10. SOC, current, voltage and power graph of EV battery

According to the IEEE-519 harmonic standards, the THD value of the current drawn from the grid
should be less than 5%. The THD value of the network was determined to be 1.28% using the FFT
analysis (Figure 11).
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Figure 11. (a) FTT analyze of grid signal (b) THD value of grid
4. Conclusion

The number of EVs is increasing day by day. This increase disrupts the supply and demand balance in
existing electricity grids. Therefore, the demand for renewable energy sources is also increasing. The
increasing number of EVs is expected to have a negative impact on the power quality of existing
conventional grids in the near future. With this rapid increase in EVs, grid integration adds
unpredictable large loads to the grid, causing power quality issues such as frequency instability, voltage
fluctuations, charging harmonics, and unbalanced loads on the grid. Topologies such as G2V, V2G, V2V,
and V2H are being studied to address these negative impacts. As EVs become more widespread, some
revisions or changes will be necessary, even if the infrastructure of the countries is sufficient. At this
point, minimizing these infrastructure changes, which require very high costs, depends on such
management algorithms and the integration of renewable energy sources into charging stations.
Therefore, in this study, a feasible model for single-phase energy management in V2G topology is
designed. In the designed system, an MG was created for single-phase power flow in V2G topology. This
MG includes an EV, a house, and a PV panel. The PV panel charges the EV battery and the EV battery
supports the conventional grid. BDC and single-phase grid-connected inverter were designed for this
energy flow management. This designed system was simulated and tested for applicability. In the first
stage, the EV battery was charged by the PV panel. The buck mode of the BDC was used in this charging
process. The EV battery was charged by drawing 13kW of power from the PV panel. The EV battery
discharged in the boost mode of the BDC and transferred 10 kW of power to the conventional grid. The
EV battery transferred the required power to the conventional grid with a single-phase grid-connected
inverter. The filter at the output of the inverter, which is used for harmonics caused by switching
elements in the inverters used to connect EVs to the grid, is becoming increasingly important. The LCL
filter design was implemented to prevent inverter harmonics from affecting the grid. The THD of the
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grid was determined to be 1.28% by FFT analysis. The proposed model is found to be efficient with
simulation results. In the designed system, the EV battery is charged by the PV panel and the
conventional grid is supported by the EV battery. This system proposes a solution to the power quality
problems that may arise in the grid as the number of EVs increases in the future.
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ABSTRACT

As the amount of biological data has increased, it has become difficult to process it
effectively. This has brought the discipline of bioinformatics to the forefront and increased
the need for the development of relevant tools. A sensitive data analysis process is required
to make sense of this large amount of data produced by next generation sequencing
technique. The most costly step in this process is the alignment step. One of the most
effective techniques to reduce this cost is the use of a graphics processing unit. In this study,
the performances of the CPU-based Burrows-Wheeler aligner and the GPU programming
version BarraCUDA tools in the alignment step were compared in terms of alignment rates
and computation times for different datasets. In the study, total runtime of these tools was
also examined, as well as the runtime of the alignment sub-steps when using one or more
GPUs. While there is a similarity in the alignment rates of the tools used in each data set, it
has been observed that there is a significant time benefit in data of different sizes through
GPU supported BarraCUDA. As a result, with the use of GPU in the alignment step,
approximately 5 times acceleration was achieved in single-end data and approximately 9
times in paired-end data.

Yeni Nesil Dizileme Analizinde Hizalama Adiminin
GPU Basarimi

0Z

Biyolojik verilerin miktarinin artmasiyla birlikte, bu verilerin etkin bir bicimde
islenebilmesi giliclesmistir. Bu durum, biyoinformatik disiplinini 6n plana ¢ikarmis ve ilgili
araclarin gelistirilmesine olan ihtiyac1 artirmistir. Yeni nesil dizileme teknigi ile iiretilen
biiyiik miktardaki verinin anlamlandirilabilmesi i¢in hassas bir veri analizi siireci
yuratilmelidir. Bu siireg igerisinde en ytliksek maliyetli adim, hizalama adimidir. Bu maliyeti
azaltan en etkili tekniklerden birisi de, grafik islem biriminin kullanilmasidir. Bu ¢alismada;
hizalama adiminda CPU ile ¢alisan Burrows-Wheeler hizalayici ve GPU programlama
versiyonu olan BarraCUDA araglarinin performanslari, farkli veri setleri i¢in hizalama
oranlar1 ve hesaplama zamanlar1 agisindan Kkarsilastirilmistir. Calismada ayrica, bu
araglarin toplam ¢alisma zamanlarinin yani sira, hizalama alt adimlarinin bir veya birden
fazla GPU kullanildigindaki g¢alisma zamanlari da incelenmistir. Her bir veri setinde
kullanilan araglarin hizalama oranlarinda benzerlik goriilmekle birlikte, GPU destekli
BarraCUDA araciligiyla farkl biiyiikliikteki verilerde zaman agisindan 6nemli bir yarar
saglandig1 gorilmistiir. Sonug olarak, hizalama adiminda GPU kullanimi ile tek uglu
verilerde yaklasik 5 kat, ¢ift uclu verilerde ise yaklasik 9 kat hizlanma elde edilmistir.

To cite this article: H. Akarkam¢i and G. Ozdemir Ozdogan, “GPU Performance of Alignment Step in
Next Generation Sequencing Analysis,” Gazi Journal of Engineering Sciences, vol. 10 no. 2, pp. 432-442,
2024. doi:10.30855/gmbd.0705A17
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1. Glrl$ (Introduction)

Genom c¢alismalarinda, insanda bulunan genlerin tiimiiniin haritalandirilmasin1 ve anlasilmasim
amagclayan insan Genom Projesi (IGP) énemli bir yere sahiptir. Bu projeyle insan genomu iizerindeki
baz ciftlerinin diziliminin anlasilmas1 ve genlerin tanimlanmasi hedeflenmistir. IGP Projesinin
tamamlanmasi; kanserin sebepleri, genetik rahatsizliklarin tani ve tedavisi, yeni ilaglarin tiretilmesi,
genlerin fonksiyonelliginin arastirilmasi ve biyoinformatik disiplinin gelismesi gibi konularda biiytik
gelismelere yol acmistir [1]. Diger taraftan, 1990 yilinda baslayip 2003 yilinda tamamlanan iGP, hem
zaman hem de biitcesi itibariyle tarihin en yiliksek maliyetli projelerinden birisi olmustur. Bu
projedekine benzer ancak daha diisiik maliyetli yeni bir yaklasimin gelistirilmesi amaciyla, 2004
yilinda Ulusal Insan Genomu Arastirma Enstitiisii tarafindan yeni bir proje baslatilmistir. Bu yeni proje
ile gelistirilen teknoloji, DNA/RNA’'nin paralel olarak dizilenmesi esasina dayandigindan, Yeni Nesil
Dizileme (YND), Masif Paralel Dizileme (MPD) ya da ikinci Nesil Dizileme (IND) olarak
isimlendirilmistir.

YND teknolojisine gore okumalar, DNA'nin birden fazla parcaya ayrilmasi ile iiretilen verinin tizerinde
cesitli analizler yapilarak anlamlandirilir [2]. YND veri analizi olarak bilinen bu siireg, Sekil 1'de
detaylica gosterilmekte olup temel olarak kalite degerlendirmesi, hizalama, varyant ¢agirma, varyanti
anlamlandirma ve gorsellestirme adimlarindan olusur.

Bu adimlarin arasinda en ytiksek maliyetli olan, iist iiste gelen ¢ok sayida kiigiik dizi pargaciginin
birlestirilerek orijinal dizinin elde edildigi hizalama adimidir. Bu adimin maliyetini azaltabilmek i¢in
farkli teknolojileri kullanan araclar gelistirilmistir. Bu araclara verilecek 6rneklerin basinda, Grafik
islem Birimi (GPU) gelir. GPU, ayn1 anda ¢ok sayida is parcacigini calistirabilmesi sayesinde hizalama
adiminda tercih edilen bir ara¢ olmustur [3,-5]. OpenCL [6], UPC++ [7], MIC [8] hizalamada kullanilan
diger araclara verilebilecek 6rneklerdendir.

Analiz edilecek biyolojik verinin temini

¥

DNA’nin izolasyonu

¥

DNA’daki hedef bélgelerin se¢imi

¥

DNA kiitiiphanesini olusturmak tizere DNA'nin
enzimlerle par¢alanmasi

L

Kiitiphanedeki DNA parg¢alarinin ¢ogaltilmasi

¥

DNA pargcalarinin hizalanmasi ve ham verinin
olusturulmasi

¥

Incelenecek verinin kaynak dizi iizerine

¥

Olas1 varyantlarin anlamlandirilmasi

L 2

YND ile verinin dogrulanmasi ve ayrigsma analizi

¥

Patojenik varyantlarin belirlenmesi

R 2

Raporlama

Sekil 1. YND (Yeni Nesil Dizileme)'nin is akisi1 semasi
(Workflow diagram of NGS (Next Generation Sequencing))

Onceki yillarda GPU Kartlarina kolayca ulasilamadigindan dolay1 bu yénde gelistirilen ara¢ ve
metotlarin biyoinformatik alaninda ¢alisanlar tarafindan pek kullanilamadigi belirtilse de [9], GPU’'nun
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daha kolay ulasilabilir hale gelmesi, GPU ile gelistirilen hizalama araclarinin daha fazla arastirmaci
tarafindan kullanilmasini saglamistir. GPU i¢in gelistirilen hizalama araglarindan bazilari; BarraCUDA
[10], SOAP3-dp [11], CUSHAW2-GPU [12] ve nvBowtie [13] 'dir. Cesitli arastirmalarda [14,15,4], GPU
destekli hizalama araglarinin performanslari incelenerek arastirmacilara farkl bir bakis agis1 sunmaya
¢alisilirken, YND veri analizinde hangi aracin en etkili oldugunu belirtmek miimkiin olmamaktadir.

Birgok yiiksek verimli dizileme ¢alismasinda, ¢ift uglu (CU) DNA verisi iiretilir. Cift uglu okumalar, tek
uclu (TU) verilere gore cesitli avantajlar saglamakla birlikte, tek uclu DNA okuma islem akisinda kiigiik
degisikliklerle elde edilebilirler. Cift uclu DNA okuma islemi, kisa okumalarin referans genomuna
giivenilir sekilde eslenmesinde ve yapisal varyasyonlarin asagl akis (downstream) analizlerinde
kolaylik saglayan ekstra konumsal bilgiyi icerme avantajina sahiptir [16,17].

Sunulan bu ¢alisma kapsaminda, hizalama araglarindan birisi olan BWA [18,19] ve GPU versiyonu olan
BarraCUDA[10] iizerinde durulacaktir. BarraCUDA’da, GPU’'nun sagladig1 siire avantaji;, CPU
versiyonuna benzer hizalama orani ve birden fazla GPU ile ¢alisabilme 6zelligi bulunmaktadir. Buna
gore; calisma kapsaminda, BWA ve BarraCUDA, Sekil 2’de analizi goriilen tek uglu ve cift uglu farkh
okuma uzunluklarina sahip gercek veriler lizerinde calistirllmistir. Ayrica, bu araglarin hizalama
oranlarinin ve calisma zamanlarinin karsilastirilmasiyla birlikte GPU'nun sagladigi avantajlar

incelenmistir.
Tek uclu (Single-end) Cift uclu (Paired-end)
dizileme pargast 1fileri) dizileme parcast 1 (ileri)
| DNA l L ]
dizileme pargast 2 (geri] .|
—— /—/——/——E
Hizalama Hizalama

- | e |

Sekil 2. Tek uglu ve ¢ift uglu verilerin analizi
(Analysis of single-end and paired-end data)

Bu ¢alismanin amaci, GPU aracinin performansinin farkl 6zelliklere sahip veriler tizerinde izlenmesi
ve toplam ¢alisma zamanina ek olarak, hizalama alt adimlarinin ¢alisma zamanlarinin da ayri ayri
incelenerek performanslarinin karsilastirilmasidir. BarraCUDA {izerine yayinlanan temel makalede
[10], hizalama alt araglari tek bir GPU iizerinde incelenirken, bu ¢alismada hizalama araglarinin birden
fazla GPU iizerindeki basarim durumlari da incelenerek sonuglari paylagilmistir.

2. Materyal ve Metot (Materials and Methods)

YND’de, ¢calisilan genomun ¢ok sayida kii¢iik par¢aya ayrilarak bir siralayici cihazi ile gesitli adimlardan
gecirilmesiyle bu pargalara ait niikleotid (Adenin-A, Sitozin-C, Guanin-G, Timin-T) dizileri belirlenir.
Her bir pargaya ait A, C, G, T bazlarindan olusan niikleotid dizisine okuma denir. Her bir okuma, baz
¢ifti anlamina gelen bp ile ifade edilir. Okuma uzunlugu, kullanilan dizileme platformuna baghdir.
Siklikla kullanilan YND platformlari [llumina ve lonTorrent’tir.

Hizalama, ¢alisilan genoma ait YND ile tiretilmis ¢ok sayida okumanin birlestirilerek bu genomun DNA
diziliminin belirlenmesi siirecidir. insanda oldugu gibi karmagsik genomlarin hizalanmasinda, ¢aligilan
genom i¢in kabul gdrmiis bir referans genoma ihtiya¢ duyulur. Hizalama islemi, YND veri analizi icinde
en temel adimdir ve bu siirecin dogru, verimli ve ayn1 zamanda hizl1 olabilmesi, veri analizinin diger
adimlar i¢in son derece dnemlidir. Ancak, YND ile {iretilen ¢ok sayida okumanin referans genoma
eslestirilmesi zor bir siirectir. Bunda, okumalarin uzunlugunun kisa olmasi bir etmendir. Diger bir
etmen ise, calisilan genom iizerinde varyant denilen farkliliklarin bulunmasidir [20]. Ayrica,
okumalarin olasi baslangi¢ konumlarinin belirlenmesi yogun hesaplama gerektiren bir siirectir [6].

Kisa okumalarin dizilenmesi i¢in kullanilan hizalama algoritmalari, kullandiklari indeksin olusturulma
sekline gore hash tablosu ve sonek agaci kullananlar olmak iizere ikiye ayrilir [1,2]. Bunlarin ilki, daha
yavas ve hassas c¢alisirken, ikincisi hafizay1 daha etkin kullanarak daha hizli ¢alisir. Hizalama
algoritmalari i¢ginde en bilinen ve siklikla kullanilan BWA algoritmasi, sonek dizisini Burrows-Wheeler
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Transform (BWT) ile birlestiren bir indeks yapisi olan FM-index kullanir. BWA’nin hizalama siireci,
okuma uzunluguna gore ii¢ farkli algoritmadan olusur. Bunlar, 100 bp uzunluguna kadar olan okumalar
icin ‘backtrack’, daha uzun okumalar icin gelistirilen ‘SW’ ve ‘mem’ algoritmalaridir. ‘backtrack’
algoritmasi, ‘aln’ ve ‘samse/sampe’ olmak iizere iki alt adimdan olusur. ‘aln’ ile okumalarin sonek
dizisindeki koordinatlari belirlenirken, ‘samse/sampe’ ile de bu koordinatlarin referans genom
lizerinde doniisiimleri yapilarak standartlasmis bir metin dosyasi olan SAM formatinda yazdirilir.
Burada, ¢alisilan genoma ait dizinin tek uctan ya da her iki ugtan okunmasina baglh olarak kullanilan
algoritma ‘samse’ ya da ‘sampe’ olarak degisir.

GPU, sahip oldugu ¢ok sayida c¢ekirdek ile ayni anda bir¢ok isi bir arada ytiriitebilen ve bu yoniiyle
paralel islemler i¢in uygun olan bir islemci birimidir. CPU ile karsilastirildiginda, daha yiiksek bir
verimlilik, yiiksek hizlanma oranlar1 ve diisiik bellek gecikmesi gibi avantajlar saglamaktadir [20].
GPU’nun sagladig yiiksek hizlanma oraninin temel sebebi, tekli islem ¢oklu veri hesaplama modeli ile
ayni komutun islemci lizerinde bulunan ¢ok sayida is parcacigi ile paralel olarak ¢alistirilmasidir. CUDA
ise, NVIDIA tarafindan sunulan GPU programlamada kullanilan bir hesaplama platformudur. GPU
oncelikle grafik isleme icin kullanilsa da, zamanla yogun hesaplama iceren diger problemlerde de
kullanilmaya baslanmistir. Genel amag¢li GPU (GPGPU) programlama olarak bilinen bu yaklasimin
yayginlasmasinda, GPU maliyetlerinin diismesi ve NVIDIA'nin CUDA platformu gibi cesitli paralel
hesaplama platformlarinin gelistirilmesi etkili olmustur. Bir CUDA programi iki bilesenden olusur [21].
Sunucu adi verilen kisim, CPU tizerinde ¢alisan kisimdir. Digeri ise, kernel denilen daha kii¢iik, ama
hesaplama isini listlenen ve GPU iizerinde ¢alisan kisimdir. ‘kernel’ calistirilirken ihtiya¢ duyulan veri,
once GPU’'nun bellegine kopyalanmalidir. Cikt1 verileri de, GPU’nun belleginden CPU’ya ytiklenir.

BarraCUDA, BWA algoritmasina dayali bir GPGPU dizi hizalama aracidir. Her bir okumanin referans
genoma hizalanmasi diger okumalardan bagimsiz bir siire¢ oldugundan [6], BarraCUDA burada verinin
paralellestirilmesi yaklasimini kullanir. Temelde su sekilde ¢alisir: i1k olarak, hizalama adiminin girdi
verileri olan indekslenen referans genom ve okumalar, diskten GPU’'nun bellegine yiiklenir. Daha sonra,
bir GPU kerneli olusturularak, okumalarin GPU iizerindeki islemcilere dagitilmasiyla hizalama
slirecinin paralel olarak gerceklestirilmesi saglanir. ‘kernel’ tamamlandiginda ise, hizalama sonuglari
GPU’dan diske aktarilir [10].

BarraCUDA aracinin dogruluk ve hiz acisindan performansi, CPU lizerinde is parcacigi ile calisan BWA
versiyonu ile karsilastirilmistir [10]. ilgili calismada, BWA ile benzer bir hizalama oranina sahip oldugu
belirtilmis ve hiz agisindan da incelendiginde, tek GPU ile elde edilen verimin 6 is pargacigi kullanilarak
‘aln’” adiminda elde edilen verime esdeger oldugu paylasilmistir. Birden fazla GPU kullaniminin da
CPU’dan daha iyi 6lgeklenebilirlik sagladigi belirtilmistir.

2.1. Veri setleri (Datasets)

Tek ucglu dizileme, genellikle cift uclu dizilemeye kiyasla daha kisa okuma uzunluklari tiretir. Yapilacak
analiz i¢in uzun okumalara ihtiya¢ oldugunda veya hedef boélgenin tekrarlayan diziler icermesi
durumunda, belirsizlikleri ¢ozme ve okumalar1 dogru sekilde hizalama yetenegi nedeniyle cift uclu
dizileme verisi, tek ucglu dizilemeye gore daha avantajhi olabilir [22].

Sunulan ¢alismada, farkli 6zelliklerde 12 gercgek veri seti kullanilmistir. Veriler ve verilere ait 6zellikler
Tablo 1’de sunulmustur. Veri setleri, 35, 36, 37, 51, 65, 76, 100 ve 101 olmak iizere farkli okuma
uzunluklarina sahiptir. Bunun yani sira, Tablo 1’de goriildiigii gibi, her verinin okuma sayisi da farklidir
ve CU veriler icin toplam okuma sayis1 kullanilmistir. Calismada kullanilan veriler, NCBI'nin SRA veri
deposundan veri indirmek i¢in kullanilan “fastq-dump 2.9.0” araci ile indirilmistir.

Verilerin se¢iminde, lllumina platformu tarafindan dizilenen DNA verisi olmalari, farkli okuma sayisi
ve okuma uzunluklarina sahip olmalar1 dikkate alinmistir. Bunlar disinda, BarraCUDA araci
gelistirilirken 1 GPU i¢in kullanilan ERR003014 ve SRR032215 etiketli iki verinin 2 GPU’daki
yaklasimini inceleyebilmek adina bu iki veri de ¢alismaya eklenmistir. Ayrica, CUDA tabanl gelistirilen
hizalama araglarindan olan Cushaw, CUSHAW?2-GPU ve nvBowtie arag¢larinin test edildigi ERR000589,
SRR211279 ve ERR161544 verileri de calismaya eklenerek BarraCUDA iizerindeki performanslarinin
incelenmesi amaglanmistir. Farkli sayida GPU kullaniminin performansinmi inceleyebilmek igin,
literatiir arastirmasinda ulasilabilen tek uclu veriler kullanilmistir. SRR622457 gibi diger verilere
kiyasla daha biiyiik bir veri de ¢alismaya eklenerek hesaplama ortaminin disk alani, hafiza, her bir
ylriitme icin atanan siire gibi kaynaklarinin imkan verdigi 6lciide bu verinin de performansi
incelenmistir.
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Tablo 1. Kullanilan veri setlerinin zellikleri (Properties of the used datasets)

Okuma Toplam okuma
Veri adi Kisaltma TU/CU uzunlugu (bp) sayisi
SRR070994 VS1 TU 35 6810249
SRR071052 VS2 TU 36 7853651
SRR10696340 VS3 TU 51 8448534
SRR5559128 VS4 TU 65 16821658
ERR003014 VS5 (88) 37 22673582
ERR000589 VSé6 (88) 51 4279572
SRR032215 VS7 cuU 76 28291390
SRR211279 VS8 (88) 100 50937050
ERR251661 VS9 (88) 100 96723198
ERR161544 VS10 (88) 100 148223280
SRR622461 VS11 (88) 101 184918908
SRR622457 VS12 (88) 101 2873647546

2.2. Analiz (Analysis)

Her bir veri seti, hem CPU hem GPU iizerinde test edilmistir. CPU iizerindeki yiiriitmeler BWA 0.7.17
araci ile 20 adet ¢ift cekirdege sahip makineler tizerinde; GPU iizerindeki yiiriitmeler ise, BarraCUDA
0.7.0r107 araci ile Nvidia P100 GPU Kkartlar tlizerinde gerceklestirilmistir. BWA, CPU iizerinde
calistirilirken farkli sayida is parcacig (1, 8, 16, 24, 32, 40), BarraCUDA’da ise farkli sayida GPU (1, 2, 3,
4) kullanilmistir.

Analizler sirasinda kullanilan referans insan genomu hg38, diger bir ifadeyle GRCh38 genomudur.
Hizalama i¢in 6éncelikle referans genomun indekslenmesi gerekir. indeks olusturma siireci, BWA ve
BarraCUDA igin ayr1 ayr1 olmak iizere, bir kez ¢alistirllmis olup, bu siire¢ sonuglara katilmamistir.
Hizalama siirecinin iki alt adimda gergeklestiginden ve verinin TU ya da CU olmasina bagh olarak
‘samse’ ya da ‘sampe’ alt adim1 kullanildigindan Boliim 2’de bahsedilmisti. BWA aracinin g¢alisma
prensibine gore, ‘aln’ adimi farkl sayida is parcaciklari ile calistirilabilirken, ‘samse/sampe’ adiminda,
birden fazla is parcacigi desteklenmemektedir. BarraCUDA aracinda ise, ‘aln’ adiminda GPU
kullanilabilirken, sadece ‘sampe’ adiminda, BWA aracindan farkli olarak, birden fazla is pargacig
kullanilabilmektedir. BarraCUDA, TU verilerinde istenilen sayida GPU’yu, CU verilerinde ise 1 GPU ya
da her bir veri bir GPU tizerinde olmak tizere 2 GPU’yu desteklemektedir.

Analizler sirasinda calisma zamani olarak ‘aln’ ve ‘samse/sampe’ adimlarinin ¢alisma zamanlarinin
toplami alinmistir. Her yiiriitme ti¢ kez tekrarlanarak sonuclarin ortalamasi alinmistir. BWA aracinda
kullanilan is parcacigi sayisi, BarraCUDA’da ise kullanilan GPU sayisi disinda diger parametreler icin
varsayilan degerler kullanilmistir.

3. Bulgular ve Tartlsma (Findings and Discussion)

Yapilan analizler sonrasinda TU ve CU verilere dair elde edilen sonuglar, Tablo 2 ve Tablo 3’te
sunulmustur. Buna goére, hem TU hem de CU verilerde CPU ve GPU tizerinde beklenildigi gibi [10]
birbirine ¢ok yakin hizalama oranlarinin elde edildigi goriilmistiir. Calisma zamanlari incelendiginde
ise, TU verilerde BWA araci ile farkl is parcaciklarinda ¢alisma zamaninin azaldigi goriiliirken,
BarraCUDA ile de farkli sayida GPU kullanildiginda ¢alisma zamaninin azaldig: goriilmektedir.

Sistemdeki GPU sayisi arttikea, ¢alisma zamani da azalmaya devam etmektedir. Calisma kapsaminda
ulasilabilen TU veriler nispeten daha kiiciik veriler olup, ilerleyen ¢calismamizda BarraCUDA'nin daha
biiytik TU verileri iizerindeki performansi da incelendiginde, GPU sayisinin artirilmasinin benzer
sekilde calisma zamaninda azalma saglamasi beklenmektedir.
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Tablo 2. Tek uglu verilerin analiz sonuglar1 (Analysis results of single-end data)

BWA BarraCUDA
BWA BarraCUDA
1ip 8ip 16iP  24iP  32iP 40ip 1GPU 2GPU 3GPU 4GPU
Hizalama Hizalama

Orani Orani Zaman Zaman Zaman Zaman Zaman Zaman Zaman Zaman Zaman Zaman

Veri Seti (%) (%) (dk.) (dk.) (dk.) (dk.) (dk.) (dk.) (dk.) (dk.) (dk.) (dk.)
SRR070994 97,68 97,46 26,24 396 261 2,37 2,31 2,28 1,88 1,00 0,71 0,58
SRR071052 93,62 93,38 16,71 4,12 2,84 2,85 2,70 2,65 2,19 1,14 0,81 0,63
SRR10696340 97,96 97,63 24,76 7,31 3,74 3,51 3,30 3,22 2,36 1,24 0,87 0,68
SRR5559128 98,13 97,71 69,44 1191 897 7,72 7,26 6,93 545 2,63 1,81 1,41

Tablo 3’te goriilen CU veriler incelendiginde de benzer bir durum gorilmekte olup, bu verilerin daha
fazla okuma sayisina ve okuma uzunluguna sahip olmasi nedeni ile burada ¢alisma zamanlarinda ciddi
bir azalis gozlemlenmektedir. CPU kullaniminda maksimum IP sayisi ile elde edilen ¢alisma zamani,
SRR622457 etiketli biiyiik veride tek bir GPU kullaniminda %54 oraninda azalmaktadir. Bu oranin,
verinin boyutu kii¢iildiikge arttif1 goriilmektedir. Dolayisiyla, veri biyiikligii arttikga azalmanin
devam etmesi beklenir.

Tablo 3. Cift uglu verilerin analiz sonugclari (Analysis results of paired-end data)

BWA BarraCUDA
BWA BarraCUDA
1ip 8ip 16iP 24ip 32ip 40ip 1GPU  2GPU
Hizalama Hizalama

Orani Orani Zaman Zaman Zaman Zaman Zaman Zaman Zaman Zaman

Veri Seti (%) (%) (dk.) (dk.) (dk.) (dk.) (dk.) (dk.) (dk.) (dk.)

ERR003014 94,93 96,17 82,21 51,11 45,38 44,70 44,57 44,12 6,86 4,77

ERR000589 97,83 97,94 116,25 50,81 43,12 41,80 40,93 40,56 5,92 5,08

SRR032215 88,94 89,05 146,99 40,32 29,53 26,86 25,22 24,57 6,64 6,16
SRR211279 97,67 97,61 301,66 87,45 53,47 46,87 43,58 41,45 14,03 12,50
ERR251661 96,01 96,04 820,89 206,71 118,63 101,73 93,39 88,65 34,46 27,72
ERR161544 98 97,89 829,59 206,78 151,77 133,54 124,52 120,08 49,48 40,53
SRR622461 89,66 89,7 1037,53 232,93 170,70 146,73 135,45 128,02 56,07 48,33

SRR622457 89,75 89,81 16600,01 4193,25 253565 2139,22 1951,12 1911,53 880,45 779,76

Calisma kapsaminda, hizalama alt araglari olan ‘aln’ ve ‘samse/sampe’ adiminin detayli zaman
analizleri yapilmistir. Buna gore, TU verilerinden elde edilen sonuglar $ekil 3’te sunulmaktadir. Daha
once belirtildigi gibi, BWA aracinda ‘aln’ adimi birden fazla is pargacigi ile ¢alistirildigindan ¢alisma
zamanlarinin azaldigr Sekil 3'te mavi renkli olarak, ‘samse’ adiminin ise birden fazla is pargacigini
desteklememesi sebebi ile ¢alisma zamanlarinin sabit kaldigi Sekil 3’te kirmizi renkli olarak
gorilmektedir. BarraCUDA’'nin sonuglari incelendiginde, ‘aln’ adiminda tek bir GPU'nun katkisinin bile
maksimum is parcacigindan elde edilen sonugtan daha iyi oldugu gorilmektedir. GPU sayis1 arttiginda
ise, calisma zamanindaki azalma devam etmektedir.

BarraCUDA'nin ‘samse’ adiminda, GPU sayis1 kadar boéliimlenen verinin ayni sayida CPU iizerinde
calismasiyla, Sekil 3’te kirmizi renkli olarak gosterildigi gibi zamanda kismi bir azalis oldugu
anlasilmaktadir.

Hizalama alt araglarinin CU verilerdeki sonuglari ise verilerin biiytikligii ve 6l¢eklendirme gz 6niine
alinarak sirasiyla Sekil 4a, Sekil 4b ve Sekil 4c’de sunulmaktadir. Buna gore Sekil 4a, Sekil 4b ve Sekil
4c’de, BWA sonuglarinda yine ‘aln’ adiminda farkl is parcaciklarinin ¢alisma zamanini azalttigi mavi
renkli olarak, CPU {izerinde yiiriitiilen ‘sampe’ adiminin siiresinin ise her is pargacigi i¢cin ayni oldugu
kirmizi renkli olarak goriilmektedir. BarraCUDA’da ‘aln’ adiminda maksimum iki GPU kullanilmistir.
‘aln’ adim1 incelendiginde, her iki grafikte de GPU kullaniminin maksimum is pargacigi ile elde edilen
calisma zamanini azalttigl ve bu azalisin iki GPU kullaniminda da devam ettigi gézlemlenmektedir.
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BarraCUDA’ya ‘sampe’ adiminda BWA’dan farkl olarak is parcacigi destegi eklendiginden, Sekil 4a,
Sekil 4b ve Sekil 4c’de kirmizi renkli olarak ifade edildigi haliyle, ‘sampe’ adiminin siiresinin CPU
versiyonuna gore hayli azaldig goriillmektedir.
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Haln Hsampe

Sekil 4 (a). Cift uglu verilerin calisma zaman grafigi - 1 (ERR003014, ERR000589, SRR032215, SRR211279)
(Runtime graph of paired-end data- 1 (ERR003014, ERR000589, SRR032215, SRR211279))

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2024 Gazi Akademik Yayincilik 438



Akarkamci & Ozdemir Ozdogan Gazi Mihendislik Bilimleri Dergisi: 10(2) 2024

250

= 200
150
100
50

Zaman (dk

o
I
I
I
I
|
|
.
|
]
I
|
I
L
|

S S L S o~ o~ o~ o o~ —

o0 DO D D D D D o0 DO D DO D D D o D D D D D D
[ T o T T = Y« T o N o [= T T = T« T o N [ T T N T« T o N o
O O U O U OO O O U U VU OO O O U O U OO
00 VW < N O + N 00 VW < N O +H N 00 VW < N O +H N
T 2823 FT T 2823 FF T 2823 FT
m 222 2>5> m 22225 > m 22225 >
0o oo nm O 0O 0o oo nm O 0O 0o oo o O 0O

[l aa] [l aa] [sa Y aa]

ERR251661 ERR161544 SRR622461

Haln ®Wsampe

Sekil 4 (b). Cift uclu verilerin ¢calisma zamani grafigi - 2 (ERR251661, ERR161544, SRR622461)
(Runtime graph of paired-end data - 2 (ERR251661, ERR161544, SRR622461))
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Haln Hsampe

Sekil 4 (c). Cift uclu verilerin ¢calisma zamani grafigi - 3 (SRR622457)
(Runtime graph of paired-end data - 3 (SRR622457))

Hizalama siirecinin maliyetli ve verilerin biiyiik olmasindan dolay1 burada elde edilen sayilarin nicel
degerinin 6nemi olmasi ile birlikte, GPU kullaninminin gergekte ne kadar bir katki sagladigini
gosterebilmek adina Sekil 5(a) ve Sekil 5(b)’de hizlanma grafikleri de incelenmistir. Bunun igin,
sistemdeki maksimum is pargacigi sayisi olan 40 is pargaciginin calisma zamani referans alinmistir.
Buna gore, maksimum 4 GPU kullanilan TU verilere iligkin hizlanma grafigi Sekil 5a’da sunulmaktadir.
Beklenildigi gibi, GPU kullanimi ile hizlanmadaki artisin, dogrusal bir davranis gosterdigi
goriilmektedir. Tek GPU kullanimindaki veriler icin 1,2-1,4 kat bir artis goriiliirken, sistemdeki
maksimum 4 GPU kullaniminda 4-5 kat civarinda bir hizlanma oldugu belirlenmistir. Maksimum 2 GPU
kullanilan CU verilere iliskin hizlanma grafigi ise Sekil 5b’de sunulmaktadir. Sekil 5b incelendiginde,
CU verilere iliskin hizlanma grafigindeki kii¢iik veriler tizerinde 1 GPU kullanildiginda yaklasik 6-7 kat
oraninda hizlanma goriliirken, bu hizlanma 2 GPU’da 8-9 kat civarinda olmaktadir. Sistemde ¢alisilan
en biiyiik verinin hizlanmasi incelendiginde, 1 GPU’da 2 kat olan hizlanmanin, 2 GPU ile 2,5 kata kadar
ciktig1 goriilmektedir.
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Sekil 5 (a). Tek uglu verilerin hizlanma grafigi
(Speedup graph of single-end data)
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Sekil 5 (b). Cift uglu verilerin hizlanma grafigi
(Speedup graph of paired-end data)

4, Sonut;lar ve Tartlsma (Results and Discussion)

Yeni nesil dizileme ile elde edilen biiyiik miktarda verinin analizinde en maliyetli adim olan hizalama
strecindeki bu hesaplama maliyetini azaltabilmek i¢in bir¢ok ¢alisma yapilmaktadir. Bu ¢alismada,
literatlirde kabul géren BWA ve onun CUDA ile gelistirilmis versiyonu olan BarraCUDA araglarina
yonelik hizalama oranlar1 ve hesaplama zamanlari karsilastirmasi sunulmaktadir. CPU {lizerinde ¢alisan
BWA araciile GPU tizerinde ¢alisan BarraCUDA aracinin farkli 6zellikteki veri setleri tizerindeki calisma
performanslar1 incelenerek GPU kullaniminin hizalama silirecine maliyet ag¢isindan Kkatkisi
incelenmistir. Literatiirdeki diger CUDA araglarinin test edildigi veri setleri de dahil edilerek, farklh
verilerde BarraCUDA aracinin performansi incelenerek sonuglari analiz edilmistir. Buna gore,
BarraCUDA'nin BWA ile beklenildigi gibi benzer bir hizalama oranina sahip olmasi yaninda, ¢alisma
zamaninda ciddi bir azalmaya sebep oldugu goriilmiistiir. Literatiirde GPU kullanan hizalama araglari
incelendiginde ¢ogu calismada, zaman analizinde sadece toplam g¢alisma zamani ele alinmistir. Bu
¢alisma ile toplam ¢alisma zamanina ek olarak, bir ve birden fazla GPU iizerinde hizalama alt
adimlarinin ayr1 ayri zaman analizleri de sunulmustur.

Tek uclu ve ¢ift uclu veriler tizerinde gergeklestirilmis ¢alismada [23], gen diizeyinde okuma analizi
icin maliyet etkin bir yaklasim arayan arastirmacilara, daha uzun tek ug¢lu bir okuma verisi yerine kisa
¢ift uclu verileri tercih etmeleri tavsiye edilmistir.

Goriintii isleme benzeri veri isleme kapasitesi yiiksek gorevleri paralel hale getirmeye yardimci olmak
icin genel amagh CPU'larla karsilastirildiginda, GPU'lar uzmanlasmis tekli islem ¢oklu veri mimarisi
yoniinde gelisme saglamis olup, CPU'lardan daha basit islem cekirdekleri bulunmaktadir. Ornegin,
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daha basit kontrol mantigina, genellikle dallanma tahmini veya 6n getirme ve kii¢iik ¢cekirdekli bellege
sahiptirler. Daha basit bilgi islem ¢ekirdekleri, GPU'larin bir ¢ipe genel amagh bir CPU'dan ¢ok daha
fazla cekirdek sigdirmasina olanak tanir. GPU mimarileri, dallanma kosulu az olan veya veri bagimlilig:
olmayan is yiiklerinde son derece iyi performans gosterir. Ek olarak, GPU mimarilerinde, bellek yapilari
ylksek hizli veri akisini desteklemek iizere 6zellestirilmistir [24].

Gen dizilimi c¢alismalart da uzun okumalar iceren, yiiksek veri isleme kapasitesine sahip
uygulamalardir. Geleneksel CPU tabanli yontemler, genom dizilerinin artan hacmi ve karmasikligiyla
miicadele eder ve bu da veri isleme ve analizinde 6nemli gecikmelere yol acar [25]. COVID-19
pandemisinin yakin zamanda gosterdigi gibi, insanlar arasinda bulasici olan hastaliklarin bulasma
modellerini anlamlandirmak igin, buyilik 6lcekli patojen genomik verilerin analizi hayati 6neme
sahiptir. Ham dizi verilerini analize hazir varyantlara islemek icin kullanilan mevcut yéntemler 6lgek
acisindan yeterince performansli sonuglar vermemektedir ve hastalik kontrolii i¢in hizli gézetim
¢abalarini ve epidemiyolojik arastirmalar1 yavaslatmaktadir [26]. Gergek hayatta hizli ¢dziimler
tiretilmesi gereken genis pandemik stireclerde, hizli ¢6ziim tretmek acisindan GPU hizlandirmali
genomik calismalarin basarili sonuglar vermesi hayati 6nem arz etmektedir.

GPU katkisinin daha agik anlasilabilmesi icin gelistirdigimiz c¢alismadaki hizlanma degerleri
incelendiginde, tek uglu verilerde hizlanma degerlerinin 5 kata kadar, ¢ift uglu verilerde ise 9 kata
kadar ¢iktign gorilmistir. GPU sayisina gore dogrusal bir davranis gosteren hizlanma artisi
goriilmektedir. Calismanin genel olarak literatiirle uyumlu sonuglar vermesi, ayrica o6nceki
calismalardan farkli olarak birden fazla GPU lizerinde denenmesinin calisma zamaninda azalma
saglamasi, farkli tiir veriler lizerindeki dizi hizalamasinda GPU kullanimini tesvik edici niteliktedir.

Elde edilen dogrusal hizlanma davranisi ile sonraki ¢calismalarda, daha fazla okuma sayisina sahip tek
uclu ve ¢ift uglu veriler de GPU katkisi ile arastirilabilecektir. Calismada olusturulan ardisik diizen, agik
bir kiitiiphane olarak diger arastirmacilarla paylasilabilecektir. Ayrica bu ¢alismadan elde edilen
deneyimlerle ilerleyen ¢alismalarda, bulasici hastaliklarin genetik nedenlerinin anlasilmasina yardimei
olmak iizere farkli veri setleri ve vaka calismalari iizerinde genomik varyantlarin anlamlandirilmasi
konusunda GPU hizlandirmali hesaplama calismalari gergeklestirilebilecektir.
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