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Koaksiyel Bir Dronun Inis Takiminin Diisme Darbesi Analizi

Melis YAZGAN'*2) Uygar ELMALI>*® Burhan SAHIN!'® Mustafa KAYA!

!Ankara Yildirim Beyazit University, Faculty of Aeronautics and Astronautics, Department of Aerospace
Engineering, Ankara, Tiirkiye

2 Thsan Dogramaci Bilkent University, Faculty of Engineering, Department of Mechanical Engineering, Ankara,
Tirkiye

Makale Bilgisi OZET

Bu ¢aligma, koaksiyel (es eksenli) bir dron sistemine ait inig takimimin disiik irtifa serbest diigme senaryosu

Gelis Tarihi: 16.06.2025 altindaki darbe davranisini incelemekte ve inig sirasinda olusabilecek yapisal etkilerin degerlendirilmesini
Kabul Tarihi: 29.10.2025 amaglamaktadir. Caligmanin temel hedefi, inis takiminin darbe dayanimimi degerlendirerek tasarimin
. iyilestirilmesine yonelik yapisal geri bildirim saglamaktir. Bu dogrultuda, dron ve inis takimi bilesenleri

Yaymn Tarihi: 30.06.2026 SolidWorks ortaminda detayli olarak modellenmis, ardindan dort yiizlii ve sekiz diigiimlii sonlu elemanlar agt
olusturulmustur. Simiilasyonlar, explicit ¢dziicii ile yiiriitiilmiis ve 50 cm serbest diisme senaryosu, yaklasik

Anahtar Kelimeler: 3,13 m/s ilk ¢arpma hiz1 ile modellenmistir. Malzeme olarak yiiksek dayamm/agirlik oran1 nedeniyle Aliiminyum
Es eksenli (koaksiyel) dron, 7075-T6 segilmis; plastik davranisi ise Johnson-Cook bagmtist ile tanimlanmustir. Ayrica, sayisal ¢dziimiin
Inis takimi dogrulugunu saglamak amaciyla enerji bilesenleri siirekli olarak izlenmis ve modelin kararlihg1 denetlenmistir.

Dii . Analiz sonuglarma gore, inis takimmin gévdeye baglandigi kok plakada yaklasik 551 MPa esdeger (von Mises)
usme testi . - X . o . .
.. gerilme olustugu belirlenmis, bu deger malzemenin akma siirini yaklasik %15 oraninda asarak lokal plastik
Sonlu elemanlar analizi. deformasyona yol agmustir. Buna karsin, govde panelleri ve diger bolgelerdeki gerilmeler elastik sinirlar igerisinde
Aliiminyum T6 7075. kalmustir (200-350 MPa). Maksimum plastik gerinim %2,1 ile sinirli kalmis ve 6zellikle inis takimi bacak-govde
birlesiminde yogunlagmustir. Bu durum, sistemin darbe enerjisinin bilyiik boliimiinii lokal bélgede soniimleyerek
genel yapisal bitiinliigii korudugunu gostermektedir. Sonug olarak, inis takimi genel olarak yapisal biitiinltigtinii
korusa da, baglant1 bolgesindeki gerilme yigilmalart bu alamn kritik oldugunu gostermektedir. Bu baglamda,
gerilme yogunlugunu azaltmaya ve yiik dagilimimni daha homojen hale getirmeye yonelik olarak baglant1 bolgesinin
yapisal dayammmini artiracak tasarim iyilestirmeleri Onerilmektedir. Elde edilen bulgular, koaksiyel dron
sistemlerinde inis giivenligini artirmak, darbe sonrasi hasarlari minimize etmek ve daha giivenilir bir operasyonel
performans saglamak amaciyla siirdiiriilecek olan tasarim galigmalarina 6nemli katkilar sunmaktadir.

Drop Impact Analysis of a Coaxial Drone Landing Gear

Article Info ABSTRACT

This study presents a numerical investigation of the drop impact response of the landing gear system of a coaxial
Received: 16.06.2025 drone subjected to a low-altitude free-fall scenario. The primary objective is to evaluate the structural integrity and
Accepted: 29.10.2025 impact resistance of the landing gear during landing events, providing critical feedback for design enhancement.
Published: 30.06.2026 A detailed geometric model of the drone and its landing gear components was developed using SolidWorks, and

meshed with tetrahedral and eight-node solid elements. The dynamic impact event was simulated using explicit
finite element solver, modeling a vertical free fall from 50 cm with an initial velocity of approximately 3.13 m/s.
Keywords: Aluminum 7075-T6 was selected as the structural material due to its favorable strength-to-weight characteristics,
Coaxial drone, with plastic behavior modeled using the Johnson—Cook constitutive model. Energy components were monitored
to ensure numerical stability throughout the simulation process. The results showed that the maximum equivalent

Landing gear, (von Mises) stress, approximately 551 MPa, occurred at the root plate where the landing gear is connected to the

Dro_p test, ) main body, exceeding the material’s yield strength by nearly 15% and leading to localized plastic deformation. In
Finite element analysis, contrast, stress levels in other regions, such as the body panels, remained within the elastic range (200-350 MPa).
Aluminum T6 7075. The peak effective plastic strain was limited to 2.1%, predominantly concentrated around the landing gear leg-to-

body interface. These findings indicate that the majority of the impact energy was dissipated locally, allowing the
overall structure to maintain its integrity. In conclusion, the structural assessment confirmed the integrity of the
landing gear under impact loading; however, significant stress concentrations were observed near the connection
region. Reinforcing this area and improving local stiffness to achieve more uniform stress distribution are
recommended. The outcomes of this study provide useful design insights to enhance the drop impact performance
and reliability of coaxial UAV landing gear systems.
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GIRIS

Inis takimi, bir ucagin ozellikle kalkis, inis hareketleri sirasinda giivenligini saglayan temel
sistemlerden biridir (Rudresh, 2020, Kumar, 2014, Suhas, et al. 2021, Imran, et al. 2015). Mekanik
olarak birden fazla serbestlik derecesine sahip olan bu sistem, u¢agin zemine temasini kontrol eder ve
manevra kabiliyetine katkida bulunur (Di Leo, et al. 2014). Ayrica inis takimi, pistle temas aninda olusan
darbe ve yiikleri soniimleyerek ugagin yapisina dengeli bir sekilde aktarir (Imran, et al. 2015, Gok. &
Cihan., 2022). Govde ile zemin arasinda tampon gorevi gorerek, kalkis ve inis sirasinda olusabilecek
yapisal zararlar1 6nlemeye yardimci olur. Bu yoniiyle, ugcagin giivenli ve verimli ¢calismasinda kritik bir
rol iistlenir.

Verimli bir inis takimi sistemi, dayanim, stabilite, rijitlik, soniimleme kapasitesi ve yerden agiklik
gibi cesitli kritik parametreler dikkate alinarak tasarlanmalidir (Khan et al. 2021, Liang et al. 2021).
Ayrica, pervaneler ile zemin arasindaki yeterli mesafenin korunmasi, hava akisi izerindeki etkilesimleri
azaltarak giivenli ve dengeli bir ugus performansinin siirdiiriilmesi agisindan biiyiik 6nem tasimaktadir
(Lancea et al. 2022, Liang et al. 2021). Ozellikle agirlik optimizasyonunun temel bir tasarim kriteri
oldugu koaksiyel dron sistemlerinde, inis takimi tasarimi; yapisal verimlilik ve darbe dayanimim
dogrudan etkileyen belirleyici bir unsur olarak 6ne ¢ikmaktadir (Lancea, et al. 2022).

Inis takimi diisiirme testi simiilasyonu, inis Oncesinde inis takimmin darbe séniimleme
performansint degerlendirmek i¢in kullanilan etkili bir yontemdir (Liu & Wang 2024). Bu simiilasyonlar
sayesinde test hazirliklar1 daha giivenli sekilde tamamlanabilir, olasi riskler azaltilirken tasarim siireci
hem hizlandirilir hem de maliyet agisindan daha verimli héle getirilebilir. Bu teknoloji, inig sirasinda
hem inis takim1 hem de govde lizerinde olusabilecek yiiklerin daha dogru tahmin edilmesini saglar (Di
Leo et al. 2014). Diistirme yiiksekligi ve baslangi¢ yonii gibi parametreler kolaylikla kontrol edilebilir,
boylece farkli senaryolar icin tekrar edilebilir simiilasyonlar gergeklestirilebilir ((Liu & Wang 2024,
Elie-dit-Cosaque et al. 2009).

Inis takimlarinin darbe altindaki davraniglarii anlamak, dzellikle hafif hava araglari ve dron
sistemlerinde yapisal giivenlik acgisindan biiylik 6nem tagimaktadir. Bu baglamda, sonlu elemanlar
yontemiyle gergeklestirilen darbe analizleri, giivenilir ve maliyet etkin ¢oziimler sunmaktadir. Kong et
al. (2009), 663 kg agirliga sahip bir SUAV 1n inis takim1 i¢in LS-DYNA kullanarak diisme darbe analizi
gergeklestirmistir. 330 mm yiikseklikten 2.54 m/s diisme hizinda yapilan simiilasyonda, sok absorberi
i¢ basing degisimi ve yer tepki kuvveti (~6500 N) deneysel verilerle %5 sapma iginde uyum gostermistir.
Lastik deformasyonu ve enerji emilimi basariyla modellenmistir. Xue et al. (2012), amfibik bir hafif
ucagm burun inis takimi i¢in bir diigme test diizenegi gelistirerek, 500 mm yiikseklikten yapilan testlerde
21.2 kN'luk maksimum darbe kuvveti 6l¢miistiir. Teker doniis hizinin 320 rpm oldugu durumda, yatay
hiz etkisi basarili sekilde simiile edilmistir. Simiilasyonlar ve deneysel sonuglar %7 nin altinda farkla
Ortiismiistiir. Pagani et al. (2019), kompozit yaprak yayli inis takimlari i¢in FEM ve MBS analizleriyle
diiz ve kivrik yapilarin davraniglarini incelemistir. 1000 N yiik altinda diiz yayda 2.22 mm, kivrik yayda
2.85 mm yer degistirme elde edilmistir. Kompozit yapinin, geleneksel metal tasarimlara gore %18 daha
hafif oldugu ve govdeye iletilen kuvveti %12 azalttigi belirlenmistir. Di Leo et al. (2014), sabit inig
takim1 kullanan bir ugakta, MSC.ADAMS ile yapilan ¢ok cisimli simiilasyonlarda diisme testlerini
analiz etmistir. Yik faktor 2.8-3.1 araliginda dlgiiliirken, 52 mm’lik tekerlek deformasyonu deneysel
Elie-dit-Cosaque et al. (2009), helikopter kizak inis takimi igin Abaqus/Explicit kullanarak iiretim
stirecinin etkilerini de igeren bir diisme analizi yapmistir. SC8R elemanlariyla yapilan analizde, plastik
sekil degisimi %8 civarinda tespit edilmistir. Maksimum yer degistirme 228 mm olurken, liretimden
kaynakli deformasyonlarin analize %10’a kadar etkisi oldugu goézlemlenmistir Genel olarak bu
calismalar, darbe analizinde kullanilan sayisal yontemlerin yliksek dogruluk sundugunu, 6zellikle temas
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modelleri ve malzeme tanimlariin sonuglar tizerinde belirleyici rol oynadigini ortaya koymaktadir.
Ayrica, enerji soniimleme elemanlar1 ve hafif malzeme kullanimi, yapisal verimliligi artirmak adina 6ne
¢ikmaktadir.

Mevcut literatiirde, diisme darbe analizleri genellikle sabit kanatli veya tek rotorlu hava
araglarinin inis takimlari {izerinde yogunlasmistir (Kong et al., 2009; Xue et al., 2012; Pagani et al.,
2019). Ancak, koaksiyel dron sistemleri icin inis takimi davranisini inceleyen ¢alismalar oldukca
stnirlidir. Bu sistemlerde hem pervane konfiglirasyonu hem de gévde geometrisi, inis sirasinda olugan
darbe yiiklerinin dagilimin1 dogrudan etkileyerek klasik tasarimlardan farkli bir yapisal tepki olusturur.
Literatiirde, koaksiyel dronlarin inig takimi—govde etkilesimi ve lokal gerilme yigilmalarinin detayh
sonlu elemanlar analizi ile degerlendirildigi kapsamli bir calisma bulunmamaktadir.

Bu calisma, s6z konusu boslugu doldurmak amacriyla, koaksiyel bir dronun inis takimi iizerinde
explicit dinamik ¢6ziim yaklagimi kullanarak darbe davranigini degerlendirmekte ve mesh bagimsizlik
analizi ile sonuglarin giivenilirligini dogrulamaktadir. Ayrica, Johnson—Cook malzeme modeli
kullanilarak aliiminyum 7075-T6 malzemesinin hiz-bagimli plastik davranisi da dikkate alinmistir.
Boylece calisma, hem koaksiyel dronlara 6zgii yapisal yiik aktarim mekanizmasim1 hem de diisme
senaryosu altindaki plastik deformasyon bolgelerini sayisal olarak ortaya koyarak literatiirdeki eksikligi
onemli ol¢lide gidermektedir.

Koaksiyel dron sistemlerinde inig takimi tasarimi, hava aracinin darbe sonrasi yapisal
biitiinliigiinii koruyabilmesi agisindan biiyiik 6nem tasimaktadir. Bu ¢aligmada, koaksiyel bir drona ait
inig takiminin diigme darbe senaryolari altinda gosterdigi yapisal davraniglar sonlu elemanlar yontemiyle
analiz edilmistir. Gelistirilen model, belirlenen yiikleme ve sinir kosullar1 altinda degerlendirilerek,
darbe sirasinda olusabilecek potansiyel hasarlar 6nceden 6ngdriilmeye ¢aligilmigtir. Caligmanin temel
amact, inig takimi tasariminin dayanikliligini artirmak ve diisme sonrasi giivenligin saglanmasina
yonelik yapisal geri bildirim sunmaktir. Bu kapsamda elde edilen bulgular, benzer hava araglarinin inig
giivenligini artirmaya yonelik literatiirdeki caligsmalara katki saglamakta ve tasarim siirecinde karar
destek arac1 olarak kullanilabilecek 6nemli veriler sunmaktadir.

YONTEM

Kat1 Modelleme

Inis takimi sisteminin referans tasarimi, nceden iiretilmis metal bir bilesenin boyutlarmna
dayanilarak yapilmistir. Sekil 1’de tasarimin gdrsel bir temsili, modelin detayl teknik ¢izimleri ve
boyutsal 6zellikleri verilmistir.
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Sekil 1
Inis Takimi Bacaginin Teknik Modellemesi ve Ol¢iimleri
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Inis takiminda kullanilan malzeme Aluminum T6 7075’tir. Bu malzemenin mekanik 6zellikleri
Tablo 1’de sunulmustur (Khan et al. 2021).

Tablo 1

Aliiminyum T6 7075 ’in Malzeme Ozellikleri
Ozellik Deger Birim
Yogunluk 2.810 g/em’
Elastik Modiil 72 GPa
Akma Dayanimi 505 MPa
Cekme Kopma Dayanimi 570 MPa
Poisson Orani 0.33 -
Kopma Uzamasi 5-11 %
Kesme Dayanimi 331 MPa
Kesme Modiilii 25 GPa
Kirilma Toklugu 22.5 MPa

Sonlu Elemanlar Analizi

Dron govdesinin 50 cm yiikseklikten rijit ve yatay bir zemine serbest diisiisii sirasinda maruz
kaldig1 darbe yiiklerine karsi yapisal tepkisi, explicit dinamik ¢oziicii ile sayisal olarak
degerlendirilmistir. Hava direncinin ihmal edildigi modelde, potansiyel enerjinin tamaminin kinetik
enerjiye doniistiigii kabul edilmis ve baslangic hizi vo = \(2gh) =~ 3,13 m s~ olarak atanmustir. Dronun
ayrintili 3B geometrisi SolidWorks'te olusturulmus, ardindan gévde, inis takimlar1 ve baglant1 bolgeleri
dahil edilerek detayli mesh yapisi olusturulmustur. Tiim bilesenler, darbe sirasinda ortaya ¢ikabilecek
karmasik gerilme gradyanlarini yakalamak amaciyla dort yiizli ve yerel olarak sekiz diigiimli SOLID
elemanlarla ag yapisina doniistiiriilmiistiir. Kritik temas boélgelerinde ortalama eleman boyu 1 mm,
govde panellerinde 2 mm olacak sekilde yerel ag yogunlastirmasi yapilmistir. Sekil 2°de ¢6ziim igin
kullanilan tam gévde mesh yapisi, Sekil 3’te ise yapilan inis takimi baglant1 bolgesindeki yerel eleman
inceltmesi goriilmektedir.

Malzeme olarak Aliiminyum T6 7075 kullanilmis; elastik modiil 72 GPa, Poisson orani 0,33,
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yogunluk 2.810 kg m=, akma dayanimi 505 MPa ve ¢ekme dayanimi 570 MPa olarak atanmistir. Plastik
davranig Johnson—Cook bagintisi ile gerinim-hiz bagimli bi¢imde tanimlanmistir (Hosseinian, H., et al.
2022). Bu modelde kullanilan parametreler ve Aliiminyum T6 7075 i¢in karsiliklar1 su sekildedir:

Y = [A+ Be}][1 + Cln(g)][1 — TH1
— A (initial yield stress) = 546 MPa (5.46x10® Pa)
— B (hardening constant) ~ 678 MPa (6.78x10% Pa)
—n (hardening exponent) = 0.71
— C (strain rate coefficient) = 0.024
—m (thermal softening exponent) ~ 1.56.

Zemin, sonlu sertlik katsayisi verilmis rijit bir plaka olarak modellenmisg; dron-zemin etkilegimi
LS-DYNA’da “surface-to-surface, penalty” temasiyla tanimlanmis ve Coulomb siirtiinme katsayis1 0,30
secilmistir.

Sayisal ¢oziim explicit dinamik bir ¢oziicii ile yuriitiilmistiir. En kiigiik eleman boyuna baglh
olarak kritik zaman adim1 =2x1077 s olarak hesaplanmis, hourglass kontrolii ile yapay rijitlik minimize
edilmistir. Simiilasyon siiresince kinetik, i¢ ve temas enerjileri izlenerek sayisal kararlilik
dogrulanmistir. Sekil 4, model bilesenlerinin malzeme ve yiikk agac yapisini gostermekte olup, ag
yapisinin organizasyonunu tanimlamaktadir.

Sekil 2
Coziim igin kullanilan tam gévde mesh yapisi.
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Sekil 3
Inig takimi baglanti bélgesindeki yerel eleman inceltmesi.
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Sekil 4
Model bilesenlerinin malzeme ve yiik agag yapisi.
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Darbe analizi sonuglari, inis takimi bacaklarinin gévdeye civata ile baglandig1 kok plakasinda
maksimum esdeger (von Mises) gerilmenin yaklagik 551 MPa’a ulastigini ortaya koymustur. Bu deger,
7075-T6 aliiminyum alagiminin 480 MPa’lik akma dayanimini %15 oraninda agarak bu bdlgede plastik
sekil degisiminin baglamasina yol acabilecek kritik bir gerilme y1gilmasi olusturmustur. Bu durum, Sekil
5’te gosterilen genel esdeger gerilme dagilimi ile agik¢a dogrulanmaktadir. Ozellikle kok plaka
etrafindaki gerilme y1gilmalar1 Sekil 6’da daha net bigimde gorsellestirilmistir. Govde panelleri ve bacak
uclarinda Olgiilen gerilmeler 200-350 MPa araliginda kalmais; rijit zeminle ilk temas aninda bacak
uglarinda kisa siireli yerel darbe gerilmeleri gézlenmis ve elastik sinir agilmamastir.

Plastik gerinim degerleri analiz siiresince maksimum 0.021 ile smurh kalmis yani %2.1°1
gecmemis ve bu deformasyon 6zellikle bacak-govde birlesiminde yogunlasmistir. Bu durum, Sekil 7°de
gosterilen etkin plastik gerinim dagilimi {izerinden dogrulanmaktadir. Ayrica inis takimi bacak
uclarinda, rijit zeminle temas aninda yerel kisa siireli darbe gerilmeleri gézlenmistir.

Bunlara ek olarak bu ¢alismada, sonlu elemanlar analizinde kullanilan ag yogunlugunun (mesh
density) sonug tizerindeki etkisini belirlemek amaciyla bir mesh bagimsizlik analizi ger¢eklestirilmistir.
Farkli eleman sayilari i¢in elde edilen maksimum von Mises gerilme degerleri incelenmis ve sonuglarin
ag yogunluguna bagli degisimi degerlendirilmistir. Bu sonuglar Tablo 2 ve Sekil 8’de verilmistir.

Elde edilen sonuglara gore, diisiik eleman sayilarinda (6rnegin 32480 ve 49720) gerilme degerleri
sirasiyla 498.2 MPa ve 525.6 MPa olarak bulunmustur. Eleman sayisi artirildik¢a sonuglarda belirgin
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bir artis gézlemlenmis ve 79 154 elemanda gerilme degeri 551 MPa’a ulagmistir. Bu noktadan sonra
sonuclardaki artis oran1 giderek azalmis, 198950 eleman sayisindan itibaren degisim orani %1’in altina
diismiistiir. Yaklasik 200000 eleman civarinda maksimum von Mises gerilmesi 589 MPa civarinda
sabitlenmis olup, bu noktadan sonra ag yogunlugundaki artisin sonuglara anlamli bir etkisi kalmamugtr.
Dolayisiyla analizde mesh bagimsizliginin 200 000 eleman civarinda saglandig goriilmektedir.

Sonug olarak, 198950251220 eleman aralig1 optimum ag yogunlugu olarak degerlendirilebilir.
Bu yogunluk, hem hesaplama maliyeti agisindan verimlidir hem de sonuglarin dogrulugu agisindan
yeterli hassasiyet saglamaktadir.

Sekil 5
Genel esdeger gerilme (von Mises stress) dagilimi.

Contour Plot
Stress(von-Mises. Max)
Elemental System
Simple Average

551.065
I 489.836
428.606
367.377
244918

m 183.689

122.459
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0.000
Local Max = 557

Node 11316

Local Min=0.0
Node 21183

Sekil 6 o
Bacak-gévde baglantisindaki gerilme yogunlasmasinin yakin goriiniimii.

Contour Plot
Stress(von-Mises. Max)
Elemental System
Simple Average

551.065
489.836
428.606
367.377
244918
183.689
122.459
0.000

Local Max =551
Node 11316

Local Min=0.0
Node 21183
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Sekil 7
Genel etkin plastik gerinim dagilim.
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Tablo 2
Mesh Bagimsizltk Calismasi.
Mesh No Eleman Sayis1 Maks. von Mises Gerilmesi (MPa)

1 32480 498.2
2 49720 525.6
3 79154 551.0
4 112340 567.8
5 153860 580.9
6 198950 587.6
7 251220 589.0
8 310500 589.2

Sekil 8

Mesh Bagimsizltk Calismasi.

Mesh Bagimsizlik Calismasi (Al 7075-T6)
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TARTISMA

Elde edilen bulgular, diisiik irtifa carpmasi senaryosunda inis takimi-gévde birlesim bolgesinin
tasarim agisindan kritik oldugunu ortaya koymustur. Sekil 6’da gézlenen gerilme y1gilmasi, bu bolgenin
diisme aninda maksimum yiikii tagidigini ve lokal deformasyon riskini artirdigini ortaya koymaktadir.
Bu yigilmalarin temel nedenleri arasinda; civata deliklerinin kenarlarinda olusan yiiksek gerilme
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gradyani, baglanti plakasinin yetersiz kalinlig1 ve govde panel rijitliginin diisiikligii sayilabilir.

Ek olarak, Sekil 7°de gosterildigi {lizere plastik deformasyonun biiyiik oranda lokalize oldugu
bolgelerde, baglanti plakalarinin kalinli§inin artirilmasi, gerilme yogunlugunu yaymak acisindan 6nemli
bir iyilestirme olacaktir. Analiz sirasinda kaydedilen maksimum gerilme ve plastik gerinim dagilima,
yapmnin biiylik oranda elastik sinirlar i¢cinde kaldigini; ancak darbe enerjisinin &zellikle baglanti
bolgesinde yogunlastigini ve bu noktada deformasyona neden oldugunu gostermektedir.

Ayrica, inig takimi uglarinin rijit zeminle ilk temasi sirasinda kisa siireli darbe yiikleri meydana
gelmis ve bu anlik yiikler, Sekil 5’teki genel gerilme dagilimi ile gézlemlenmistir. Ancak bu lokal
darbeler yapinin genel stabilitesini etkilememistir. Bu baglamda, explicit ¢oziimleyici yontemlerin,
gecici (transient) yiikler altindaki yapisal tepkileri detayli bicimde modelleme agisindan basarili
sonuclar sundugu anlagilmaktadir.

Sonug olarak, elde edilen bulgular; inig takimi tasariminda 6zellikle baglanti bolgelerine yonelik
yapisal iyilestirme stratejilerinin dikkate alinmasi gerektigini ortaya koymustur. Tasarim siirecinde
sadece genel yiik tasima kapasitesi degil, lokal detaylarin da analiz edilmesi hem giivenlik seviyesini
artirmak hem de agirlik/verimlilik dengesini saglamak acisindan kritik neme sahiptir.

SONUC

Bu c¢aligma kapsaminda, 50 cm serbest diisme senaryosu altinda dron goévdesi ile inig takimi
sisteminin darbe davranisi sayisal olarak incelenmistir. Explicit ¢6zlim araciligiyla elde edilen sonuglar,
inig takim1 kdk plakasinin govdeye baglandigi bolgede 551 MPa diizeyinde maksimum esdeger gerilme
olustugunu ve bu degerin 7075-T6 aliiminyum alagiminin akma sinirin1 yaklagik %15 oraninda astigini
gostermistir. Buna karsin govde panellerinde meydana gelen gerilmeler 200350 MPa araliginda kalmis
ve elastik sinir1 asmamistir. En yiiksek plastik gerinim %2.1 ile sinirh olup, yapisal biitiinliik genel
olarak korunmustur.

ONERILER

Sonug olarak, inis takimi genel olarak diisiik irtifa darbesine kars1 yapisal biitiinliigiinii korumus
olsa da, 6zellikle bacak-govde birlesim bdlgesinde olusan gerilme yigilmalari, bu alanin yapisal agidan
kritik oldugunu ortaya koymustur. Bu nedenle, bu bolgedeki gerilme yogunlugunu azaltmak igin bazi
tasarim iyilestirmeleri dnerilmektedir. Ornegin, baglanti plakasinin kalinliginin artirilmast, civata deligi
kenarlarina kii¢iik radyiisler eklenmesi ve yiiksek dayanimli rondela kullanimi bu noktadaki gerilmeyi
minimize edebilir. Ayrica, inigin gerceklestigi zemin kosullarinin darbe siddeti tizerindeki etkisi dikkate
alimdiginda, rijit yiizeyler yerine enerji absorbe edici veya yar1 esnek zeminlerin tercih edilmesiyle
yapiya binen yiik azaltilabilir. Gelecekteki ¢aligmalarda, farkli yiiksekliklerden diisme testleri, gesitli
zemin kosullar1 ve alternatif malzeme kombinasyonlari ile daha kapsamli analizler yapilabilir. Bu
Oneriler, hem giivenligi artirmak hem de daha dayanikli ve verimli bir inis takimi tasarimi igin yol
gosterici olabilir.

Etik Beyan
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Arastirma, kamuya agik veri setleri, literatiir taramalar1 veya teorik analizler iizerinden
yiirtitilmistiir.

Etik kurallar geregi, arastirma siirecinin her agsamasinda akademik diiriistliik ve bilimsel etik
kurallara tam uyum saglanmistir. Bu nedenle, etik kurul onay1 gerekmemistir.

Finansman

Calisma TUSAS ve TUBITAK tarafindan desteklenmistir.

Cikar Catismasi

Bu calismada bir ¢ikar ¢atismasi yoktur.

Siirdiiriilebilir Kalkinma Amaclar (SDG)
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EXTENDED ABSTRACT

Introduction: Landing gears play a vital role in ensuring the structural integrity and operational safety of
aerial vehicles, especially during take-off and landing maneuvers. In coaxial drone systems, where weight
efficiency and compact design are critical, the design of the landing gear directly influences impact resistance and
structural performance. In this study, the structural response of a coaxial drone landing gear was analyzed using
the finite element method under a 50 cm free-fall impact onto a rigid surface. The numerical model was used to
evaluate maximum stress levels, plastic deformation, and their effects on overall structural integrity. The aim of
the study is to provide structural feedback to improve the durability of the landing gear and support post-impact
safety. The results offer valuable engineering insights that can contribute to the design process of UAV landing
systems.

Method: The geometry of the drone was modeled in SolidWorks, and the mesh was generated using
tetrahedral and eight-node SOLID elements with local refinement up to 1 mm at critical contact areas. The free
fall scenario was modeled with the explicit solver and the initial impact velocity of the drone in the case of a 50
cm drop from a height of 50 cm was assigned as vo = V(2gh) = 3,13 ms™'. Aluminum T6 7075 alloy was chosen
due to its high strength-to-weight ratio and the material model was defined by the Johnson-Cook plasticity relation.
The ground is modeled as a rigid surface and drone-ground interaction is created by surface-to-surface penalty
contact, and a friction coefficient of 0.3 was applied. Mesh size, time step stability, and energy tracking were
carefully monitored to ensure solution accuracy.

Findings: The analysis results indicated that the highest equivalent (von Mises) stress was observed at the
root plate, where the landing gear connects to the drone's main body, with a peak value reaching approximately
551 MPa. Considering the yield strength of the 7075-T6 aluminum alloy is around 480 MPa, this result suggests
that the stress exceeded the material limit by nearly 15%, initiating localized plastic deformation in this region.
The maximum effective plastic strain was calculated as 0.021 (2.1%), with strain concentration mainly occurring
at the leg-to-body interface. In contrast, the stress levels in other structural components, such as the fuselage panels
and gear legs, ranged between 200 MPa and 350 MPa, remaining within the elastic limit and showing no signs of
permanent damage. Moreover, the contact between the landing gear and the rigid ground surface produced short-
duration, high-frequency stress peaks. These peaks were limited to the contact zone and did not compromise the
overall structural integrity of the drone.

Discussion: The findings confirm that the gear-body interface is a structurally critical area during impact.
The observed stress concentrations, especially around bolt holes, are primarily caused by high local stress
gradients, insufficient plate thickness, and low panel stiffness. Simulation results showed that plastic deformation
was largely localized around the connection region, while the overall structure remained within elastic limits. This
indicates that the impact energy was absorbed in a confined area and that the structural integrity of the system was
preserved. However, the initiation of plastic deformation at the connection points suggests a need for design
optimization in these areas. In particular, increasing the thickness of the connection plates may help reduce stress
concentration. and enhance structural performance. Additionally, short-duration impact loads were observed
during the initial contact between the landing gear and the rigid surface, but these transient effects had no
significant influence on the overall stability of the system. Additionally, simulation results validate the capability
of explicit solvers in modeling transient loads and complex structural behaviors effectively.

Conclusion: The impact behavior of the drone body and landing gear system was numerically analyzed
under a 50 cm free-fall scenario. The results obtained using explicit solver revealed that the maximum equivalent
(von Mises) stress occurred at the root plate where the landing gear is connected to the fuselage, reaching
approximately 551 MPa. This value exceeds the yield strength of the 7075-T6 aluminum alloy by around 15%,
indicating localized plastic deformation in that region. In contrast, stress levels observed in the fuselage panels
remained within the range of 200-350 MPa, staying below the elastic limit. The maximum plastic strain was
limited to 2.1%, and due to its localized nature, the overall structural integrity of the system was preserved.

Recommendation: In conclusion, the stress concentrations observed at the landing gear leg—body
connection indicate that this region is structurally critical. To reduce stress in this area, design improvements such

12
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as increasing the thickness of the connection plate, adding fillets around bolt holes, and using high-strength
washers are recommended. Additionally, replacing rigid surfaces with energy-absorbing or semi-flexible materials
could help minimize the loads transmitted to the structure. Future studies should consider more comprehensive
analyses involving various drop heights, ground conditions, and alternative material combinations. It is also
recommended to perform mesh independence studies and validate simulation results through physical drop tests.
These improvements can serve as a guide for developing safer and more efficient landing gear designs.
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In this study, a low-velocity impact test was numerically simulated on Kevlar-29/Epoxy
laminates with dimensions of 100 x 100 mm and a thickness of 6 mm, arranged in [0/45/90]a,
[0/30/60/90]s, and [0/90]s orientation sequences using the LS-DYNA software. The impact
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INTRODUCTION

With the acceleration of technological advancements, traditional engineering materials are being
replaced by advanced materials that exhibit superior mechanical, physical, and chemical properties. In
particular, research focused on improving ballistic performance and impact resistance in military
applications is of great importance for detecting material damage, optimizing new designs, and
validating strength analyses. In this context, composite materials developed for such purposes are widely
used in the defense industry, the aerospace sector, armored vehicle systems, and the automotive
industry(OZTEMUR et al., 2024).

Composite materials are heterogeneous structures obtained by combining two or more
constituents in specific proportions without dissolving into one another. Owing to their low specific
weight and high mechanical strength, they exhibit superior performance compared to conventional
materials. Due to these advantageous properties, composite materials are widely used in various fields
such as military armored vehicles, ballistic protection systems, aerospace structures, and the automotive
industry. In such applications, it is critical for the components to withstand objects impacting at high
velocities. Therefore, before proceeding to the manufacturing stage, various impact and ballistic tests
are conducted to evaluate the performance of the material (Mecitoglu et al.2020). In fiber metal
laminates (FMLs), the most commonly used metal is aluminum, and the reinforcing fibers are typically
Kevlar or glass fibers. FMLs reinforced with glass fibers and those reinforced with Kevlar fibers have
been extensively studied in terms of their potential applications in aircraft structural components(Wu &
Yang, 2005). However, the damage and strength predictions of composite materials have not yet been
fully and universally defined. Therefore, various damage criteria have been developed, taking into
account different loading conditions and material types, and have become widely used in the literature.

Kevlar fiber is a lightweight and tough aramid fiber with high tensile strength and resistance to
abrasion. Composites reinforced with Kevlar fibers are commonly used in materials subjected to high
friction conditions. Kevlar fibers possess the capability to withstand high-velocity impacts and have a
high specific strength, making them more efficient than metals and ideal for use in various structural
and aerospace applications (Benli, 2025).

In the defense industry, Kevlar fiber-epoxy composites are utilized in the production of protective
helmets and body armor. With technological advancements, these composites can be manufactured
using different approaches and methods, and they are now employed across a wide range of sectors
(Altintag, Hayri, 2021). In particular, properties such as vibration resistance, fatigue durability, and
thermal stability are among the primary advantages of Kevlar fiber-epoxy materials in the aerospace
industry (I¢ et al., 2019).

Tolunay Dag (Dag, 2024) conducted studies on the optimization of impact behavior and
mechanical properties of reinforced panels used in aircraft structures. In this study, the effects of
mechanical properties such as stacking direction, thickness, number of layers, and layer thickness on the
impact behavior of panels were investigated using Artificial Neural Networks (ANN) and the Taguchi
L9 method to optimize impact-induced deformation and vibration responses.

T. Jambhulkar and colleagues (Jambhulkar & Sahu, 2024) aimed to improve the energy
absorption performance of polymer composite laminates by varying the stacking sequence of to enhance
impact damage resistance. Considering various projectile shapes suitable for low-velocity impact
applications, the total deformation of the optimized stacked [K/K/G/G/K] composite was evaluated. The
assessment provides insights into the properties of hybrid composite laminates and can guide the
development of more effective materials for impact protection.

Mingling Wang and colleagues (Wang et al., 2024) investigated Is this statement true? Kevlar has
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a continuous structure and high toughness. Wang the stiffening mechanisms that enhance the response
and impact resistance of Kevlar and Carbon Fiber Reinforced Polymer (CFRP) structures subjected to
quasi-static indentation (QSI) and low-velocity impact (L VI) loading. They compared energy absorption
under static and dynamic loading conditions. The study concluded that, as the toughness ratio increases
in Kevlar hybrids, the static energy absorption of hybrid laminates gradually decreases, whereas
dynamic energy absorption increases. Consequently, under dynamic loading, damage initiates on the
non-impacted surface and propagates toward the impacted surface (Samsur et al., 2018).

G. Gruben and colleagues (Gruben et al., 2017) examined the behavior and failure of steel plates
subjected to transverse loading on marine platforms. By performing low-velocity dynamic and quasi-
static tests on the plates, they demonstrated that although the tests exhibited greater displacements at the
point of fracture, they provide a valuable reference for impact loading scenarios.

Gin Boay Chai and his team conducted results of maximum damage modes using fiber-metal
laminated panels, two different reinforced plastics, using a weight drop testing device (Zhu & Chai,
2012).

In this study, composite Kevlar plates were characterized using MATS5 material modeling,
meeting the Chang-Chang and Tsai-Wu criteria. The laydown method was found to have a significant
effect on impact behavior. The force curves examined the maximum stiffness of the structure under
impact, with the alignments achieving the highest peak force. Displacement-time and velocity-time
curves indicate that the maximum displacement varies depending on the laydown pattern. Energy-time
plots revealed that all samples received similar impact energy, but the configuration that most effectively
absorbed the energy was the one used. These findings confirm that multidirectional fiber alignments
improve stress distribution and increase impact resistance.
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METHOD

In this study, three different methods of laying Kevlar-29/Epoxy laminated composite plates were
used to evaluate the damage mechanisms and structural reactions caused by low-speed impact loads,
critical damage types and finite element analysis in impact-affected FML (Azhdari et al., 2021).

The impact load was applied to a 100x100 mm square Kevlar-29/Epoxy laminate consisting of
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twelve layers using a rigid spherical impactor with a radius of 6 mm at a velocity of 5 m/s. The impact
event was completed within 0.007 seconds. As boundary conditions, two opposite edges of the laminate
were fully constrained in all degrees of freedom, while the remaining edges were left free. The LS-
DYNA model of the composite material and impact mechanism is presented in Figure 1.

Figure 1
Perspective View of 3D Modeled Impactor and Laminated Composites

Material Selection

A composite material is defined as a new material formed by the combination of at least two
different materials with specific chemical or physical properties at the macro scale. Generally, they work
together to provide higher strength, stiffness, impact resistance, or reduced weight. Composite materials
can be classified into five categories based on the form of the reinforcement used: particulate-reinforced,
fiber-reinforced, laminar, laminated, and filled composites. Within the scope of this study, Kevlar fiber
emerges as a prominent aramid reinforcement material widely preferred in ballistic and high-
performance composite applications, offering superior specific strength due to its high tensile strength
and low density. Its ability to effectively dissipate impact energy through micro-fracture mechanisms,
combined with resistance to heat and flame, further enhances its applicability. The material modeling
was performed using MAT-55 ENHANCED COMPOSITE DAMAGE. The mechanical properties of
Kevlar-29/epoxy are presented in Table 1.

Table 1

Kevilar-29/ Epoxy Mechanical Properties
MATERIAL PROPERTY Values Units Symbol
Density 1259 kg/m3 p

Modulus of Elasticity

(Longitudinal Direction) 2:05e10 Pa Ey
Modulus of Elasticit,

(Transverse Dil‘CCtiOZ,l) 2.05¢10 Pa E,
Poisson Ratio 0.21 - V12
Poisson Ratio 0.33 - Vi,
Poisson Ratio 0.33 - Vi,
Shear Modulus 7.70e8 Pa Gy,
Longitudinal Compressive Strength 5.95e8 Pa X
Longitudinal Tensile Strength 5.95e8 Pa X7
Transverse Compressive Strength 6.00e9 Pa Y,
Transverse Tensile Strength 6.00e9 Pa Yr
Shear Strength 7.70e7 Pa Se
Maximum strain for the matrix 2.902e+18 DFAILM
Maximum shear strain 1.000e+15 DFAILS
Maximum strain for fiber compression -2.902e+18 DFAILC
Maximum strain for fiber tension 2.902e+18 DFAILT
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The plate material parameters used in this study were determined based on the values reported by
(Guo et al., 2022)

The material properties of the striker defined by the MAT-20 RIGID material function are given
in Table 2.

Table 2

Mechanical Properties of the Impact Mass
MATERIAL PROPERTY Values Units
Density 1658 kg/ m?
Young’s Modulus 2.07el1 GPa
Ratio Poisson 0.3 -

In order to use the MAT-055 material card, it must satisfy the equation in Equation 1.0. If this
equation is not met, the numerical simulation cannot be completed.
Vip = Va1 *E1 [ E3 , V12 % V21 <1 (1.0)

In this study, strain-based damage criteria covering fiber and matrix damage modes for the
Kevlar-29/epoxy composite were calculated using literature-based equations and are presented in
Equations (1.1)—(1.4). (Master's Thesis, 2024).

DFAILM=% (1.1)
E;

DFAILS=—% (1.2)
Gi2

DFAILC=— ¢ (1.3)

Ey

DFAILT=L (1.4)

E.

1

The interaction between the impactor mass and the composite structure was modeled using the
AUTOMATIC NODES TO SURFACE contact algorithm using an impact velocity of 5 m/s. Analyses
were performed with the LS-DYNA solver, and the resulting outputs were recorded. For post-solution
data evaluation, the results in binary database format were visualized in three dimensions using
D3PLOT, and these images were analyzed in detail using LS-PrePost software (Dag et al., 2022). During
the investigation, the dynamic response of the structure during the impact, interlaminar separation
behavior, local stress concentrations, and the resulting deformation modes were evaluated. Additionally,
for a more comprehensive analysis of the solution, GLSTAT, MATSUM, and RCFORC ASCII data
files were examined to obtain additional information on energy balances, material response, and contact
forces.

RESULTS

Using LS-DYNA software, a low-velocity impact test was simulated on 6 mm-thick, 100 x 100
mm Kevlar-29/Epoxy laminates arranged with stacking sequences of [0/45/90]4, [0/30/60/90]s, and
[0/90]s. The simulations provided results for force, displacement, velocity, and energy variations.

Force - Displacement Response

At the initial moment when the impacting mass contacts the plate, fluctuations in the force-time
curve occur due to the stresses generated at the interfaces. These fluctuations, seen in Figure 2, are a
result of the Hertzian behavior that occurs during contact. According to the obtained data, the specimen
with the [0/30/60/90] laydown sequence achieved the highest maximum impact resistance.
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This demonstrates that the [0/30/60/90] laydown sequence, which is closer to direction-
independent behavior, has a superior capacity to absorb impact energy and control propagated stresses
compared to the [0/90] or [0/45/90] laydown sequences. Laydown sequences with a greater number of
different angles propagate local fiber fractures and matrix cracks, increasing overall damage tolerance.

Figure 2
Force Time Curve for Different Layer Placement Configurations
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Furthermore, the fact that all three samples exhibit very similar impact durations and overall curve
shapes indicates that the effect of the stacking sequence on stiffness is less significant than its effect on
the maximum load-bearing capacity at this impact energy level. The mechanical response of laminated
composite specimens made from Kevlar-29/Epoxy fibers under low-velocity impact loading is presented
in the Force-Displacement curves in Figure 3.

The curves return almost exactly to the starting point after loading, forming a closed loop, clearly
demonstrating that no complete puncture failure or permanent macroscopic structural failure occurred
in the specimens at the applied impact energy level. This closed-loop form indicates that the material
absorbed the energy largely through elastic deformation and damage mechanisms, with some of the
energy being returned by the rebound of the impacting mass.

Figure 3
Displacement- Force Curve for Different Layer Layout Configurations
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Keeping the impactor's speed constant increases the amount of displacement occurring in the
composite structure. It is observed that the maximum displacement value of the sample is achieved when
the impactor's speed is zero during the impact performed with three different layer layout configurations.
Figure 4 shows the velocity-time curves and the velocity-displacement curves obtained as a result of the
impact applied for different layer layout configurations.

Figure 4
Velocity—Time Curves for Different Layer Placement Configurations

6

0,002 0,004 0,006 0,008

Velocity [m/s]
(=

Time [s]

—[0/90] [0/30/60/90] [0/45/90]

Energy Absorption

Figure 5 presents Energy-Time curves showing the energy absorption during an impact event for
composite specimens with different layer laydown sequences. The peak in the graph represents the
moment when the applied impact energy is transferred to the specimen and maximum force is reached.
The amount of energy dissipated at this peak is a key parameter characterizing a material's resistance to
impact damage.

During the three deployments, a maximum energy value of around 187.5 J was reached during an
interval where the impact terminated around 0.0039 s and energy transfer ceased. This indicates that all
samples experienced a similar initial impact energy. The slope and shape of the curves to the peak are
nearly identical for all three configurations, demonstrating that the energy transfer rate is similar
regardless of deployment order.

Figure 5
Energy Time Curve for Different Layer Layout Configurations
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Effective Stress Distribution on Laminate

When examining the stress values for low-velocity impact, an increase in stress values was
observed due to changes in layer layout configurations. Effective Stress Distribution analyses reveal the
critical impact of the laydown sequence on stress concentration and distribution. The use of diagonal
laydowns distributes the stress over a larger volume, reducing local stress peaks in potentially damaged
areas, thus optimizing the composite's overall impact resistance and energy absorption capacity.

Figure 6
Effective Stress Distribution in [0/45/90]+ Laminates After Impact
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Figure 7
Effective Stress Distribution in [0/30/60/90]s Laminates After Impact
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Figure 8
Effective Stress Distribution in [0/90]s Laminates After Impact
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CONCLUSION

It was confirmed that complete perforation did not occur in any of the tested samples, and that the
applied impact energy was mainly dissipated through matrix cracking and delamination mechanisms.
Although the energy—time curves exhibit similar trends for all stacking sequences, clear differences were
observed in the force response and damage evolution behavior. The [0/30/60/90]s stacking sequence
exhibited the highest maximum contact force (F = 45 kN) and greater structural stiffness compared to
the other configurations, indicating a more effective force transfer capability. Effective stress
distribution analyses further demonstrate that multi-angle stacking sequences promote a wider stress
distribution and reduce localized stress concentrations, thereby delaying damage initiation and limiting
delamination growth. These results indicate that quasi-isotropic stacking sequences such as
[0/30/60/90]s do not necessarily absorb significantly more energy, but instead optimize load
redistribution and damage tolerance, leading to improved impact resistance under low-velocity impact
conditions.
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EXTENDED ABSTRACT

Introduction: The introduction section serves as the entry point to the research, providing a comprehensive
overview of the study's context, rationale, and objectives. It begins by contextualizing the research topic within
existing literature and identifying gaps, controversies, or areas that require further exploration. By reviewing prior
studies and establishing the significance of the research problem, the introduction sets the stage for the current
investigation. Furthermore, it outlines the specific aims, objectives, or research questions addressed in the study,
thereby guiding the reader's understanding of its scope and purpose. Through a well-crafted introduction,
researchers can effectively engage readers, justify the need for their study, and lay the groundwork for subsequent
sections.

Method: The method section provides a detailed account of the research design, methodology, and
procedures employed to address the study's objectives. It elucidates key aspects such as the study's design (e.g.,
experimental, correlational, qualitative), sampling procedures, participant characteristics, data collection methods
(including instrumentation and materials), and data analysis techniques. By transparently documenting these
methodological details, researchers enable readers to evaluate the validity, reliability, and generalizability of their
findings. Moreover, the method section ensures research replicability by furnishing sufficient information for other
scholars to replicate or build upon the study. Clear and systematic reporting of the methodological framework
enhances the credibility and rigor of the research endeavor.

Findings: In the findings section, researchers present the empirical data collected during the study and
report the outcomes of their analyses. This section typically begins with a descriptive summary of the data,
including relevant statistics, frequencies, or distributions. Subsequently, researchers present the results of
inferential statistical analyses, hypothesis testing, or thematic analysis, depending on the study's design and
objectives. Data may be organized into tables, figures, or textual descriptions to facilitate comprehension and
interpretation. Through the systematic presentation of findings, researchers enable readers to discern patterns,
trends, or associations within the data, thereby supporting the study's conclusions and implications. It is essential
to maintain clarity, accuracy, and objectivity in reporting findings, avoiding unwarranted interpretations or
exaggerations.

Discussion: The discussion section offers a critical analysis and interpretation of the study's findings within
the broader context of existing knowledge and theoretical frameworks. Researchers engage in a reflective dialogue,
examining the implications, significance, and limitations of their findings. They contextualize their results by
comparing them with prior research, identifying consistencies, discrepancies, or novel insights. Additionally,
researchers explore potential explanations for observed patterns or phenomena, considering alternative
interpretations or confounding factors. It is crucial to acknowledge and address any limitations or constraints
inherent in the study, such as methodological shortcomings, sample biases, or data constraints. Furthermore,
researchers speculate on the practical implications of their findings, offering recommendations for future research
directions or practical interventions. The discussion section serves as the intellectual culmination of the research
endeavor, synthesizing empirical evidence with theoretical insights and advancing scholarly discourse within the
field.

Conclusion: The conclusion section encapsulates the key findings, contributions, and implications of the
study, providing a concise summary and synthesis of the research journey. Researchers reiterate the main findings
and underscore their significance in addressing the research problem or fulfilling the study's objectives. They
reflect on the broader implications of their work, highlighting its theoretical, practical, or societal relevance.
Moreover, researchers articulate the study's contributions to knowledge, identifying novel insights, methodological
advancements, or theoretical refinements. Concluding remarks may also address unresolved questions, lingering
uncertainties, or avenues for future inquiry. By offering closure and perspective, the conclusion section affirms the
study's significance, invites scholarly dialogue, and inspires further exploration of the research topic.

Recommendation: The recommendations section offers actionable suggestions or proposals based on the
study's findings and insights. Drawing upon the implications identified in the discussion section, researchers
provide guidance for practitioners, policymakers, or other stakeholders. These recommendations may pertain to
practical interventions, policy changes, or future research initiatives aimed at addressing the identified issues or
capitalizing on opportunities identified by the study.
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INTRODUCTION

One of the greatest scientific goals in human history is interstellar travel. Since the launch of
Sputnik-1, the first satellite, in 1957, every advancement in space exploration has continuously expanded
humanity's imagination and simultaneously facilitated new ways to make new discoveries. Through
probes and satellites, humanity has obtained high-resolution images of galaxies, stars, and exoplanets in
the deep unknowns of space beyond our solar system. These developments have contributed to increased
interest in interstellar projects (Lubin, 2016). With these new technologies, images, and experiences, it
is thought that there are more than 150 stars within 20 light-years of the Sun and that some of these stars
may have planetary systems. It is thought that a significant portion of these stars could host planets with
stable orbits in the habitable zone (Lubin, 2016). These findings encourage in-depth research into
interstellar travel and lead to its positioning as a goal.

Many propulsion methods have been proposed for interstellar travel. Historically, chemical
rockets have formed the basis of all major space missions (Crawford, 1990). However, the exponential
increase in the mass of fuel required in chemical propulsion systems to achieve the target final velocity
demonstrates that these methods cannot be used for interstellar missions (Lingam & Loeb, 2018).
Modern electric propulsion systems show promise with their high specific impulse values and have been
considered as an option for spacecraft transportation (Choueiri, 2004; Moloney et al., 2019). However,
the low acceleration produced by this propulsion system makes it impractical for interstellar missions.
The foundations of electric propulsion date back to Goddard's 1917 application and 1920 publication of
his electrostatic ion thruster patent. Although ion thrusters are widely used in satellites today, their very
low thrust levels are a disadvantage of these propulsion systems (Mazouffre, 2016).

These limitations have led researchers to explore higher-density energy sources. Continued
interest in space exploration has driven humanity to investigate new and different propulsion systems.
National Aeronautics and Space Administration (NASA) and the United States of America (U.S.)
Department of Energy have collaborated on developing fission power technology to enable future space
energy systems for scientific exploration (Mason et al., 2013). A more traditional energy fission-focused
photonic propulsion system, using liquid metal-cooled reactors and dynamic energy conversion, is
suitable for lunar and Martian surface power generation or nuclear electric propulsion (NEP) vehicles
(Mason et al., 2013). However, while nuclear fission makes missions into the depths of space possible,
it is still insufficient for missions over interstellar distances of approximately 4 light-years (Long, 2022).
Fusion energy has become an energy source that attracts humanity because of its high-power density
(Meschini et al., 2023). Today, research is being conducted on small-scale nuclear fusion reactor designs
based on the Princeton Field Reverse Configuration (PFRC), one of the objectives of which is to enable
the use of fusion energy in space (Galea et al., 2023). Therefore, alternative methods such as fusion and
photonics-focused photonic propulsion with higher energy density have been explored for interstellar
missions.

Although photonic propulsion systems powered by solar energy are promising, they are not
practical for interstellar travel. Such systems have low energy density and are dependent on an energy
source such as the Sun or a source that generates photon pressure. As distance from the Sun increases,
the pressure decreases according to the inverse square law; for example, at 1 AU (Astronomical Unit),

km?2
Sun's effect will be lost at long distances during interstellar travel, such systems do not appear suitable

a very small pressure of approximately 9.12 ( N ) is obtained for an ideal reflective surface. Since the

for interstellar travel (Savelev & Shumeiko, 2025). The concept of combining photon propulsion with a
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high-energy-density fusion source independent of the Sun is considered a potential approach that, while
not technologically feasible today, warrants future research. This system could enable us to take a
significant step forward in interstellar travel.

Within the scope of this study, the propulsion systems have been examined. The structures,
speeds, accelerations, and arrival times of these propulsion systems to Alpha Centauri have been
investigated. As a result of the numerical models created, the performance of these systems in the travel
plan to Alpha Centauri has been examined and their suitability has been compared.

In this study, propulsion technologies that are currently available and those anticipated to be used in the
future have been examined within the same framework under optimistic assumptions, unlike the
approaches that are generally addressed separately in the literature; the feasibility of these technologies
for interstellar travel has been comparatively evaluated. In light of the obtained data, it is discussed why
quantum-based approaches previously addressed theoretically in the literature, as well as similar novel
1deas, should be reconsidered for future interstellar missions.

First Level Subheading

First level subheadings should be capitalized, bold, in Times New Roman font and 11-point font
size. A 12k space should be defined before headings. Headings and paragraphs should start with a 1cm
indent. Line spacing should be 1.15k. There should be a 6k space above each paragraph. You can do
these operations using the line spacing menu.

PROPULSION SYSTEMS

Today, many different propulsion systems have been developed for use in space missions.
Advances in this field have led to the development of more efficient motor designs that produce higher
thrust and perform better under operating conditions. Therefore, different propulsion systems and
different design approaches have been considered, and efforts have been made to develop propulsion
systems. This study will present general information on four different propulsion systems and evaluate
these systems based on performance parameters such as efficiency, speed, acceleration, and distance
traveled.

Chemical Propulsion Systems

Chemical propulsion systems are systems that convert the energy released by the combustion
reaction of fuel and oxidizer into a high-temperature gas flow, ejecting it at high speed through a nozzle
to generate thrust. The working principle is based on Newton's third law; the expulsion of exhaust gases
causes the engine to produce a reaction force in the opposite direction. The performance of this
propulsion system is mostly characterized by specific impulse (I). Specific impulse is a fundamental
performance metric that indicates how long propulsion can be generated per unit mass of fuel and is
directly dependent on exhaust velocity. In chemical propulsion systems, I, typically ranges from 200
to 468 s (Sutton & Biblarz, 2011); these values are quite low compared to the high exhaust velocities
required for interstellar missions.

The total thrust produced in a chemical rocket engine is given as:
F = 1mv, + (p. + pa)Ae (D

where m is the fuel mass flow rate, v, is the exit velocity of the gases, p, is the exit pressure, p,
is the ambient pressure, and A, is the nozzle area at the exit (Sutton & Biblarz, 2011). The exhaust
velocity is related to the specific impulse is:
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Ve = IspYo (2)
where [, is the specific impulse, and g, is the gravitational constant.

Therefore, the physical limits of the exhaust velocity in a chemical propulsion system are
km

approximately 2-3.45 (T) (Sutton & Biblarz, 2011). These velocities are insufficient for interstellar
missions, making chemical propulsion systems impractical for missions targeting destinations such as
Alpha Centauri. In equation 2 used for v, the value I, represents the specific impulse and g, represents

the gravitational acceleration.

Ion Propulsion Systems

Ion propulsion systems are the most efficient systems compared to other propulsion systems
(chemical, etc.) (ranging from 60% to 80%) and have very high specific impulse (I,) values (Goebel
& Katz, 2008). Ion propulsion systems operate by ionizing the fuel. High-speed electrons emitted by the
cathode collide with neutral fuel atoms, initiating ionization, and ionized fuel and free electrons are
formed in the plasma chamber. The resulting ions are accelerated to high speeds by grids that apply an
electrostatic field and are ejected.

Electrons are supplied by a neutralizer cathode placed at the engine outlet to prevent positively
charged ions separated from the exhaust from disrupting the vehicle's electrical charge balance. These
electrons neutralize the ions, ensuring that the engine and spacecraft remain electrically balanced. This
process enables thrust to be provided directly through high-speed ions; since energy losses are low, the
specific thrust is very high. Therefore, the ion propulsion system is ideal for long-duration, low-mass
consumption deep space missions.

The efficiency of the propulsion system, 7, is defined by equation 3 as the ratio of the kinetic
energy generated by the exhaust gas to the total electrical power applied to the propulsion system (Sutton
& Biblarz, 2011):

1.
z1hve

= 3
n =Sy 3)
.. kg . . . m .. . .
where m is flow rate (?), v, is exit velocity (?), I is ion current (A), V is acceleration voltage
V).

The equation 4 gives the exit velocity of ions after they are separated from the plasma. The exhaust
velocity directly determines the thrust and specific impulse produced by the engine.

2eV

— 4)
U

Ve =

where e is the electron charge(C), V accelerating voltage(V), u is the ion mass (kg).

The equation (5) allows the separation rate of ionized fuel from the plasma and the ion current
produced by the engine to be calculated. lon current is a fundamental quantity for both thrust and power

calculations.
e
= (—) (5)
U

The equation (6) shows how efficiently the ion engine converts fuel into thrust. If the exhaust
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velocity is high, I, is also high; this indicates that the engine is suitable for long-duration deep space
missions:
ve

= (6)
9o

Igp

where g, is the gravitational constant.

When the ion current and exit velocity is known, the thrust produced by the motor can be
calculated directly. This allows for the evaluation of motor performance during the simulation and
design stages.

. 2uv
F=mv, =1 _e (7)

The force was calculated using the following simplified formula:
_ 2nP

Ve

F 8

In this paper, NASA's NEXT ion engine data is used in that the Iy, n and P (W) values are
4190 s, 0.71, 6.9 kW respectively (Herman et al., 2007).

Fission-Driven Photonic Propulsion

A comprehensive overview of photonic laser propulsion reveals that the search for non-rocket
propulsion solutions continues, driven by the decades-long challenge of overcoming the limitations of
traditional propulsion systems. Among these conceptual pioneers, photonic laser propulsion stands out
as a promising light in the search for innovative propulsion methods (Bae, 2025). Photonic laser
propulsion has brought about a profound change by providing propulsive force to spacecraft via a
circulating laser beam generated from a power station (Bae, 2025).

In such propulsion systems, thrust is derived from the momentum of photons. Light is emitted
through a laser, providing thrust to the spacecraft. These propulsion systems operate without expelling
gas from the spacecraft. Non-propellant systems generate thrust through the propagation or reflection of
light (Levchenko et al., 2018). This also means that in propellant-free systems, the primary mechanism
for generating thrust is the momentum exchange between photons and the spacecraft's components.
Internal (i.e., nuclear reaction-based) or external (i.e., lasers mounted on another spacecraft or on the
surface of the Moon or Earth) power sources can be used to generate light energy and create thrust
(Levchenko et al., 2018). The magnitude of thrust depends on the power of the laser used and is
fundamentally defined by the following equation:

h
_ g o

c

where F is the photon momentum (photon beam) (N), N is the photon number beam G), his
Planck's constant (Js), f is the photon frequency (Hz), P is the laser power (W), and c is the speed of
. m
light (;)

If the surface is perfectly reflective, the magnitude of the thrust doubles because the momentum
transfer doubles.

F="— (10)
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In equality (10) express the doubling of power is due to both the absorption and reflection of light.
However, for this system to work, an external laser source that provides total reflection and suitable
optical surfaces are required.

In a photon engine, the value of I, is expressed as follows:

F
Isp :g—m (11)

. k . o
where m flow rate (Tg) and g (sz) is the gravitational constant.

In fission reactions, the incoming neutron enters the heavy target nucleus and excites the nucleus
to such a high energy level (E,,. > E.;;) that the nucleus splits into two large fragments and several
neutrons (fission occurs). The recoverable energy per fission is assumed to be approximately 200 MeV.

In the absence of more precise data, this value is normally used at least in preliminary calculations
(Lamarsh & Melkonian, 1977).

In+ 235U - (2350U)" > 80Cs + BRb + 3(in) (12)

Finally, a large amount of energy, radiation, and particles are released. To find the energy released
per kilogram, the following steps are followed (1eV = 1.602 X 1071%j, 200 MeV = 3.204 x 1011)).

To find the energy per kilogram, follow these steps:

1k 1k
N = Mg N, = g 6,022 10%mol ™" = 2.5626 - 10%* (13)
u 235-10-3
mol
Eg = N % 200 MeV = 2.5626 - 10* « 3.204- 10711/ = 8.21 - 1013k]—g (14)
) — -6 k'g 13 ] — 7
P =mE, =1-107%(~2)+8.21-10'3-— = 8.21- 10" W (15)
s kg

where N is the total number of atoms in 1 kg, Ny Avagadro number, M;; is the molar mass of
uranium and P is the power.

In the subsequent sections of the article, it is assumed that the satellite has a fission-based power
. . , _6 (kg\ .
source, and that this power source has a fuel consumption rate of h = 1 - 107 (Tg), it was found that

it produced a laser power of magnitude P = 8.21- 107 (W) using the above formulas, and it was
assumed that the energy produced for this laser power was converted to laser energy with 100%
efficiency.

Fusion-Driven Photonic Propulsion

In the previous section, the photonic laser propulsion system was explained, and its basic
principles were presented. In this section, the same photonic propulsion mechanisms are retained, but
only the power source, a fusion-based energy production system, will be discussed. The photonic
propulsion equations (9-11) will remain valid since the system is the same; however, the system's
performance will differ accordingly because the power levels produced by the fission reactor will be
much higher.

A deuterium-tritium fusion is as follows: (Kikuchi, 2002). (E,y, = 17.6 MeV = 2.8198 -
10712 ))

D + T — He(3.5MeV)+ n(14.1 MeV) (16)
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The total mass per fuel unit (D + T) is approximately 5u (atomic mass units), where 1 u =
1.66054 x 10727 .

Myxn = 5u =5 * 1.66054 - 10727 kg 17)

Erin 2.8198-10712 ] ]
E = = =3.396- 10— 18
perkg "y . 5% 1.66054-10~27 kg kg (18)

J

. _¢ kg
P =1E,er kg = 1.0 % 10 6(?) * 3.396- 1014 (kg

) =3.396-108 W (19)

In the later sections of the article, it is assumed that the satellite contains a fusion-based power

source, and that this power source, with a fuel consumption rate of i = 1 X 107 kTg , generates a laser
power of P = 3.396 X 108 W, calculated using the formulas above. It is also assumed that the energy
produced for this laser power is converted into laser energy with 100% efficiency.

The fundamental propulsion equations provided in the literature for chemical, ion, and photonic
propulsion systems were used in the modeling. The propulsion force, specific impulse, and fuel
consumption of each system were calculated using a time-stepped numerical solution method.

Figure 1
Acceleration Graphic of a Spacecraft Propelled by a Chemical Thruster
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RESULTS

This section presents velocity, acceleration, and distance profiles obtained from modeling studies
conducted using numerical solutions for different propulsion systems. These data are evaluated
comparatively in terms of the Alpha Centauri mission. For a fair comparison, the total mass of the
spacecraft excluding fuel is assumed to be 1000 kg for all four propulsion tests, and the total fuel is
assumed to be 1000 kg. Therefore, the mass of the spacecraft is 2000 kg when it first takes off, and its
mass decreases over time until it reaches 1000 kg.

As shown in Figure 1, chemical propulsion systems have very short acceleration times despite
their high acceleration values. Besides, they have very low I, values. Chemically propelled spacecraft
consume their total fuel load of 1000 kg in 0.044 days. Therefore, despite the high acceleration in Figure
1 and the high initial velocity in Figure 2, they cannot be used for interstellar space travel due to their
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low specific thrust and the fuel and mass limitations in space travel.

Figure 1
Acceleration Graphic of a Spacecraft Propelled by a Chemical Thruster
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Figure 2
Velocity Graphic of a Spacecraft Propelled by a Chemical Thruster
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As shown in Figure 1, The acceleration curve exhibits a sharp initial peak corresponding to the
high thrust produced during ignition. As the propellant mass rapidly decreases, the total mass of the
spacecraft also decreases, causing a slight increase in instantaneous acceleration during the combustion
phase. However, since the entire 1000 kg of fuel is consumed in only a very short period of time, the
thrust phase ends abruptly, and acceleration drops to zero immediately after the fuel is exhausted.

As shown in Figure 2, Due to the high initial acceleration, the velocity profile increases rapidly
during the short combustion period. When the fuel is exhausted, the velocity reaches its maximum value
and remains constant. Although the slope of the velocity curve is steep at the beginning, the limited
combustion period significantly reduces the total velocity gain.
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Figure 3
Acceleration Graphic of a Spacecraft Propelled by an Ion, Fission and Fusion Thrusters
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As shown in Figure 3, Acceleration curves show significant differences between propulsion types.
The ion and fission propulsion systems maintain low acceleration levels. The ion propulsion system
depletes quickly due to mass loss, while the fission propulsion system has a longer acceleration duration.
In contrast, the fusion-based photonic system produces significantly higher acceleration values.

Figure 4
Velocity Graphic of a Spacecraft Propelled by an Ion, Fission and Fusion Thrusters
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As shown in Figure 4, Speed-time curves further highlight long-term performance differences.
The ion propulsion system shows a continuous increase in speed over thousands of days. Meanwhile,
the fission-based photonic system has a steeper velocity curve than the ion propulsion system due to its
higher acceleration level and fuel consumption time. The fusion-based photonic propulsion system
exhibits the steepest velocity increase due to its higher power output per unit mass. Over time, the
difference between the curves becomes increasingly apparent.

A comparative analysis of the velocity-time and acceleration-time graphs obtained Figure 1 and
Figure 2 have been omitted and shown separately in order to maintain meaningfulness in the graphs,
due to the very low level of chemical fuel compared to other fuels. Ion, fission-based photonic, and
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fusion-based photonic propulsion systems graph is presented. All propulsion systems were modeled
using a common time scale generated by numerical analysis under the same mission profile. This allows
for fair comparison of their performance for the Alpha Centauri mission.

As shown in Figure 3, the ion thruster consumes all its fuel in 1994 days. During this period, it

produces a thrust force of 0.2385 (N). For this reason, the acceleration, which was 1.19 - 10™* (sz) at
the start of the journey, increased over time to 2.38 - 10™* (sz) due to the decrease in mass. So, as shown

in Figure 4, its velocity increased to 28.58 (%) until the fuel was depleted, and it continued its journey

at this constant velocity.

The fission-based photonic propulsion system produced much higher thrust than the ion
propulsion systems and shifted the velocity curve upward at a steeper angle as seen in Figure 4. The
main reason for this is the direct reflection of the high-power output provided by the reactor on the laser
propulsion performance. However, the total laser power that the system can produce is still limited
compared to the fusion-based model. The main reason for this is that fusion energy releases much higher
energy than fission energy.

The fusion-based photonic propulsion system has demonstrated the highest performance metrics
compared to the three models as seen in Figure 3 and Figure 4. In the graph, this curve clearly stands
out from other propulsion systems, showing the highest acceleration value and acceleration
characteristic. This makes this propulsion system the most viable propulsion system among other
propulsion systems for interstellar missions.

Table 1

Performances of Thrusters
Typesof Propulsion . (kg v km Fuel Depletion Reaching Time
Systems m (T) max (T) Time(day) (year)
Chemical Thruster 0.277 2.265 0.042 575266
Ion Thruster 1.33-107* 28.584 1994 45486
Fission Thruster 1.0-107° 189.754 11574 6869
Fusion Thruster 1.0-107°° 784.903 11574 1674

As shown in Table 1, chemical propulsion systems have the lowest maximum speed despite their
high fuel consumption. This is because the fuel is depleted in a very short time. For this reason, the
acceleration time is very short, and the spacecraft cannot reach very high speeds. Compared to other
propulsion systems, the chemical thruster is the system that takes the longest time to reach Alpha
Centauri.

Ion propulsion systems consume fuel much more slowly than chemical fuels and, thanks to their
high I, values, can reach much higher speeds than chemical systems. This is because the fuel depletion

time is longer, resulting in a longer acceleration time.

Fission-based photonic propulsion has demonstrated much more successful performance
compared to chemical and ion thrusters. The high speeds it achieves have resulted in significant time
savings for reaching Alpha Centauri. This is due to the magnitude of energy obtained from fission. The
fission-powered photonic propulsion system achieved 9580 days more acceleration time than ion
propulsion in the Alpha Centauri mission. This is because it consumes significantly less fuel than ion

propulsion systems. Fission-based propulsion systems, reaching high speeds of 189.75 kTm, achieved a
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much better arrival time of 6869 days compared to ion propulsion in the Alpha Centauri mission.

As shown in Table 1, the fusion-based photonic propulsion system is the system that delivers the
highest performance for reaching Alpha Centauri. Despite consuming the same amount of fuel per unit
time, it has achieved much higher speeds compared to the fission-based photonic propulsion system and
has significantly reduced the arrival time. The main reason for this is that fusion reactions release much
more energy from the same fuel mass than fission. This high energy density has enabled the fusion-

based photonic propulsion system to reach a speed of approximately 784.9 kTm Therefore, the fusion-

based photonic propulsion system stands out as the most effective option for interstellar travel compared
to fission-based photonic propulsion, ion propulsion, and chemical propulsion systems.

CONCLUSION

In this study, propulsion technologies that are currently available and those anticipated to be used
in the future have been examined within the same framework under optimistic assumptions, unlike the
approaches that are generally addressed separately in the literature; the feasibility of these technologies
for interstellar travel has been comparatively evaluated.

Under ideal mission conditions, the estimated travel time to reach Alpha Centauri would be
approximately 575000 years using chemical propulsion, approximately 45000 years using ion
propulsion, approximately 7000 years using nuclear fission propulsion, and approximately 1700 years
using nuclear fusion propulsion.

The time required for the propulsion systems examined to reach Alpha Centauri for an interstellar
mission is far too long to fall within a human lifetime. Even fusion-based photonic propulsion, which is
currently under development and has the highest theoretical potential among the propulsion systems
discussed in this paper, cannot provide sufficient efficiency for practical interstellar travel. These results
demonstrate that current technology is not yet adequate for interstellar missions and therefore highlight
the necessity of developing next-generation propulsion concepts that go beyond traditional propulsion
systems.

In this context, quantum mechanics—based propulsion systems are included in the literature as
conceptual approaches that aim to generate thrust through phenomena such as quantum vacuum
fluctuations, the Casimir effect, and dynamic vacuum—field interactions. These concepts are noteworthy
in that they address vacuum energy density and field effects within a framework different from classical
systems.

Although such quantum-based propulsion systems currently involve significant uncertainties in
terms of experimental validation, energy efficiency, and engineering feasibility, considering the
limitations of existing propulsion technologies, they may be regarded as a potential field of future
research for long-term deep space missions.

Consequently, researching innovative propulsion technologies for future interstellar missions is
critical. So, revolutionary ideas such as quantum propulsion systems and antimatter systems are needed.
As future work, it is planned to investigate generating thrust using quantum mechanics.
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INTRODUCTION

Diinya genelinde artan enerji talebi ve fosil yakitlarin neden oldugu karbon emisyonu sorunlari,
yenilenebilir enerji kaynaklarina olan yonelimi zorunlu kilmistir. Bu kaynaklar arasinda gilines enerjisi,
potansiyeli ve erisilebilirligi agisindan en 6ne ¢ikan segeneklerden biridir. Tiirkiye, cografi konumu
sayesinde Avrupa iilkelerinin birgogundan daha yiiksek giines enerjisi potansiyeline sahiptir. Ozellikle
I¢ Anadolu Bélgesi, yiiksek 1s1nim degerleri ile Giines Enerjisi Santrali (GES) yatirimlar1 igin stratejik
bir 6neme sahiptir. Ancak bu potansiyelin verimli bir yatirima doéniismesi, kurulum 6ncesinde yapilan
fizibilite calismalarinin dogruluguna baghdir. Ince (2021), Tiirkiye'nin giines enerjisi potansiyelinin
Avrupa iilkelerine kiyasla yiiksek olmasina ragmen, bu potansiyelden faydalanma oraninin heniiz
istenen seviyede olmadigini belirtmektedir. Ayrica Kandilci (2017), bélgesel giineslenme siirelerinin ve
radyasyon verilerinin dogru analiz edilmesinin, yatirnrm verimliligini dogrudan etkiledigini
vurgulamaktadir. Yatirimeilar ve mithendisler i¢in en kritik nokta, santralin 6ngoriilen iiretim degerleri
ile gercek saha tiretimi arasindaki sapmanin minimize edilmesidir.

Fotovoltaik sistemlerin tasarimi ve performans analizi siirecinde, PVsyst, PVGIS, PVSOL ve
Helioscope gibi ¢esitli simiilasyon yazilimlari kullanilmaktadir. Bu yazilimlar, meteorolojik verileri ve
sistem bilesenlerini modelleyerek yillik enerji {iretimini tahmin etmeyi amaglar. Literatiirde bu
yazilimlarin dogrulugunu inceleyen cesitli ¢alismalar mevcuttur. Ornegin, Mathew ve Hossain (2017)
Hindistan’da sebekeye bagli 5 MW’lik bir santrali incelemis ve simiilasyon sonuglarina dayanarak CIGS
modiillerinin yiiksek verim sagladigini raporlamistir. Benzer bir ¢alismada Haydaroglu ve Glimiis
(2016), Dicle Universitesi’'ndeki GES verilerini PVsyst ile analiz etmis, simiilasyon verilerinin gercek
iiretimden kis aylarinda saptigini, ancak yillik bazda kabul edilebilir sinirlar i¢inde kaldigini belirtmistir.
Benzer sekilde Ozcan (2020), Bursa ilinde yaptig1 ¢alismada sebekeye bagli bir sistemin performans
analizini gergeklestirmis ve golgelenme analizlerinin iiretim tizerindeki kritik etkisini ortaya koymustur.

Sari ve Ozyigit (2020) ise Sivas ilinde yaptiklar1 ¢alismada PVsyst kullanarak farkli panel
teknolojilerinin santral verimi iizerindeki etkisini incelemistir.

Simiilasyon programlarinin dogrulugu, sadece 1smmim verisine degil, aym1 zamanda sistem
kayiplarinin (golgeleme, sicaklik, tozlanma vb.) dogru modellenmesine de baghdir. Gokce (2020),
fotovoltaik panellerdeki sicaklik artis1 ve kirlenmenin verim tizerindeki negatif etkisine dikkat cekmis;
Demiryiirek (2018) ise Siirt ilinde yaptig1 ¢calismada PVsyst programimin, sistem kayiplarini detayl
analiz etme yetenegi sayesinde gergek verilerle %0,56 gibi ¢ok diisiik bir farkla ortiistiigiinii ortaya
koymustur. Ancak literatiirdeki calismalarin ¢cogu genellikle tek bir yazilima odaklanmakta veya sadece
simiilasyon verileri iizerinden teorik analizler yapmaktadir. Ger¢ek saha verileri ile birden fazla
simiilasyon aracinin ayni anda karsilastirildigi ¢alismalarin sayist nispeten sinirhidir.

Bu ¢alismada, Tiirkiye’nin giines enerjisi potansiyeli en yiiksek bolgelerinden biri olan Ankara ili
Sereflikoghisar ilgesinde faaliyette olan 992,25 kWp giiciindeki, sebekeye bagli bir gilines enerjisi
santrali incelenmistir. Calismanin temel amaci, santralin bir yillik gercek {iretim verilerini referans
alarak, endiistriyel tasarimda standart kabul edilen PVsyst yazilimi ve agik kaynakli erisim saglayan
PVGIS platformunun tahmin performanslarini karsilagtirmaktir. Caligma kapsaminda santralin sahadaki
yerlesimi, panel egim ve yonelim agilari, inverter 6zellikleri ve kablo kayiplar1 simiilasyon ortamlarina
birebir aktarilmistir. Bu sayede, I¢ Anadolu iklim kosullarinda kurulu bir santral i¢in hangi yazilimin
toplam tiretim tahmininde daha bagarili oldugu ve simiilasyon ile gergek iiretim arasindaki farklarin
temel nedenleri teknik verilerle analiz edilmistir. Elde edilen bulgular hem mevcut santrallerin
performans degerlendirmesi hem de yeni kurulacak santrallerin planlama siire¢leri igin literatiire katki
saglamay1 hedeflemektedir.
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METHOD

Bu ¢alismada, Tiirkiye’nin giines enerjisi potansiyeli bakimindan en verimli bolgelerinden biri
olan I¢ Anadolu Bolgesi’nde, Ankara ili Sereflikochisar ilgesi smirlari icerisinde isletmede olan
sebekeye bagl (On-Grid) bir fotovoltaik santral incelenmistir. Calismada izlenen yontem; santralin
fiziksel 6zelliklerinin, kullanilan donanimlarin ve saha kosullarinin simiilasyon ortamina (PVsyst ve
PVGIS) hassas bir sekilde aktarilmasi ve elde edilen teorik {iretim verilerinin, santralin sisteminden
alinan gercek verilerle dogrulanmasi esasina dayanmaktadir.

Santral Yeri ve Cevresel Ozellikler

Incelenen santral, Sereflikoghisar ilgesi Kadicik kdyii mevkiinde, 39,01° kuzey enlemi ve 33,59°
dogu boylami koordinatlarinda yer almaktadir. Bu bolgenin se¢ilmesinde, Enerji ve Tabii Kaynaklar
Bakanlig1 (2017) verilerine gore yiiksek radyasyon seviyesine sahip olmasi etkili olmustur. Santral
sahast 1.084 metre rakimda bulunmakta olup, cevresinde panel dizileri iizerinde golgeleme
olusturabilecek agag, bina veya yliksek gerilim hatt1 gibi yapisal engeller bulunmamaktadir. Zemin
yapisi diizlestirilmis toprak olup, paneller aras1 mesafe golgeleme kayiplarini minimize edecek sekilde
diizenlenmigtir. Santralin genel goriiniimii Sekil 1°de sunulmustur. Santralin kurulum 6ncesi yapilan
zemin etlitleri, detayli fizibilite raporlar1 ve proje asamalarina dair kapsamli teknik veriler Yigit (2023),
caligmasinda sunulmustur.

Sekil 1
Incelenen Giines Enerjisi Santralinin Havadan Goriiniimii

Fotovoltaik Sistem Bilesenleri

Sistemin toplam kurulu giicii 992,25 kWp (DC) olup, sebekeye aktarilan gii¢ 945 kWe (AC)
olarak smirlandirilmigtir. Sistemde her biri 250 Wp giiciinde olan Hyundai HIS-M250MG model
monokristal silikon paneller kullanilmistir. Toplam panel sayis1 3.969 adettir. Monokristal panellerin
tercih edilmesinde, polikristal yapilara gore daha yiiksek verimlilik ve sicaklik degisimlerine kars1 daha
iyi tolerans gdstermeleri etkili olmustur Bagher, Vahid ve Mohsen (2015).

DC giiciin AC giice doniistiirilmesinde 63 adet Voltwerk VS 15 (15 kW) dizi tipi inverter
kullanilmistir. Inverter segiminde, modiil seviyesinde izleme kolayligi saglamasi ve MPPT
verimliliginin yiiksek olmasi gibi kriterler dikkate alinmistir Rashid (2019). Paneller, giliney yoniine
bakacak sekilde ve Yilmaz (2018) tarafindan belirtilen optimum agiya uygun olarak 25° sabit egimle
monte edilmistir. Inverter verimi ve dogru kapasite segimi, sistemin toplam verimliligini dogrudan
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etkileyen unsurlarin baginda gelmektedir Teodorescu ve ark. (2011); Belmahdi ve Bouardi (2020).
Kullanilan temel bilesenlerin teknik 6zellikleri Tablo 1 ve Tablo 2’de 6zetlenmistir.

Tablo 1

Santralde Kullanilan PV Modiil Teknik Ozellikleri
Marka/Model Hyundai HIS-M250MG
Maksimum Modiil Giicii 250Wp
Boyutlart 983 mm (W) x 1,645 mm (L) x 35 mm

(H)

Toplam Modiil Sayis1 3969
Verim %15.46

Tablo 2

Santralde Kullanilan Inverter Teknik Ozellikleri
Marka/Model Voltwerk VS 15
Inverter Tipi Dizi (String)
Toplam inverter Sayisi 63
Maks. Verim %98

Simiilasyon Tasarimi ve Parametreler

Santralin performans analizi i¢in PVsyst V7.3 ve Avrupa Komisyonu Ortak Arastirma Merkezi
(Joint Research Centre, JRC) tarafindan gelistirilen PVGIS yazilimlar1 kullanilmagtir.

PVsyst Modellemesi

PVsyst, fotovoltaik sistemlerin boyutlandirilmasi, golgeleme analizi ve detayli kayip
hesaplamalar i¢in kullanilan geligmis bir yazilimdir Karki (2012). Ayrica Mermoud ve Wittmer (2014)
tarafindan hazirlanan kullanim kilavuzunda belirtilen standart parametreler ve kayip tanimlari,
simiilasyon altyapisinda baz alinmistir.

Bu calismada, Vidur ve Jagwani (2022) tarafindan Onerilen tasarim akis semasi izlenmistir.
Santral konumuna ait uzun dénemli 1s1nim ve sicaklik verileri Meteonorm 8.1 veri tabanindan
saglanmistir Akcan ve ark. (2020).

Santralin "Near Shading" (Yakin Golgeleme) analizi i¢in 3 boyutlu modelleme yapilmis ve
panellerin birbirine disiirebilecegi golgeler hesaplanmistir. Gokge (2020), golgelemenin sadece iiretim
kaybina degil, ayn1 zamanda panel émriinii kisaltan sicaklik artislarina neden oldugunu belirtmektedir.
Bu nedenle modellemede dizi araliklari hassas bir sekilde tanimlanmistir. Olusturulan gélgeleme modeli
Sekil 2°de gosterilmistir. Olusturulan bu 3 boyutlu model {izerinden yapilan analizler, panel dizileri
arasinda birakilan mesafenin, 6zellikle giinesin yiikselim agisinin diisiik oldugu kis aylarinda "karsilikli
golgelenme" riskini minimize edecek sekilde tasarlandigini1 dogrulamaktadir. Modelde goriilen yerlesim
plani, sabah ve aksam saatlerinde olusabilecek kismi gélgelenmelerin, tiim diziyi devre dig1 birakmasim
engelleyecek bir elektriksel konfigiirasyona sahip oldugunu gorsel olarak desteklemektedir.
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Sekil 2
PVsyst Programinda Olusturulan Santralin 3D Gélgeleme Modeli

Sistemin gergekei bir sekilde simiile edilebilmesi icin termal kayiplar, Karafil, Kesler ve Ozbay
(2016) tarafindan belirtilen sicaklik katsayilarina uygun olarak girilmistir. Ayrica, bdlgenin kurak yapisi
ve tozlanma riski goz Oniine alinarak kirlenme kayiplar1 ve kablo (omik) kayiplar1 Amin (2022) ve
Giirbiiz (2018) ¢alismalarindaki veriler referans alinarak modele eklenmistir.

PVGIS Analizi

Karsilastirma araci olarak kullanilan PVGIS simiilasyonunda, "Grid-Connected" modiilii se¢ilmis
ve veri tabani olarak "SARAH2" kullanilmigtir. Sistem kayiplart literatiirdeki standart kabul edilen %14
degeri tizerinden hesaplanmistir. PVGIS, kullanic1 dostu arayiizii ve hizli sonug vermesiyle bilinse de
PVsyst kadar detayli kayip analizi imkani sunmamaktadir Donuk (2014). Her iki yazilimdan elde edilen
aylik ve yillik enerji iiretim tahminleri, santralin iiretim verileriyle karsilastirmali olarak analiz
edilmistir.

FINDINGS

Bu boliimde, Ankara ili Sereflikochisar ilgesinde kurulu 992,25 kWp giiciindeki fotovoltaik
santralin simiilasyon sonuglar1 ve gercek saha liretim verileri detayli olarak sunulmustur. Analizler;
sistemin genel tasarim parametreleri, olusan kayiplar ve enerji {iretim degerleri olmak {izere {i¢ ana
baslik altinda incelenmistir.

Simiilasyon Verileri ve Kayip Analizi

PVsyst V7.3 yazilimi ile gerceklestirilen analizlerde, santralin cografi konumu ve teknik
bilesenleri (panel, inverter, kablolama) baz alinarak detayli bir modelleme yapilmistir. Simiilasyon
sonucunda sistemin yillik enerji {iretim potansiyelini kisitlayan faktorler nicel olarak belirlenmistir.
Santralde meydana gelen kayiplarin dagilimi incelendiginde, en biiylik kaybin sicaklik etkisinden
kaynaklandig1 goriilmiistiir.

PV modiillerin standart test kosullarindaki (STC) 25°C hiicre sicakliginin {izerine g¢ikmasi
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nedeniyle olusan "Sicaklik Kayb1" yillik bazda %5,09 olarak hesaplanmigtir. Bolgenin kurak iklim
yapisi ve tarimsal faaliyetlere yakinligi sebebiyle modellemeye dahil edilen "Kirlenme (Soiling) Kayb1"
ise %3,0 seviyesindedir. Ayrica, panellerin yaslanmasina bagli LID (Light Induced Degradation) kaybi
%2,0, modiil kalite kayb1 %1,5 ve omik kablo kayiplar1 (AC ve DC toplami) yaklasik %1,5 seviyesinde
gergeklesmistir.

Sistemin simiile edilen kay1ip akis diyagrami ve detayli oranlar Sekil 3’te gosterilmistir. Diyagram
detayli incelendiginde, sisteme giren global yatay 1stmmin (Global Horizontal Irradiance) efektif
enerjiye doniisim siirecinde en ciddi kirilmanin, modiil sicakligmmin artmasiyla gergeklestigi
goriilmektedir. PVsyst simiilasyonu, standart test kosullarma (STC) gore tanimlanan nominal enerji
miktarindan, sadece sicaklik etkisiyle %5,09’luk bir kayip Ongérmiistiir. Ayrica diyagramin alt
kisimlarinda goriilen inverter kaybr (%1,5 civari), secilen inverterin verimlilik egrisinin (efficiency
curve) sistem yiikiine uygun davrandigini, ancak yine de doniisiim sirasinda kaginilmaz bir enerji kaybi
olustugunu somutlastirmaktadir.

Sekil 3
PVsyst Simiilasyonu Kayip Akig Diyagrami

Kayiplar diyag

1756 KWhinv*

Global yatsy iginlama
+%614.3 Kolektdre yansiyan global

%.0.30 Uzak goigelemelsr / utuk
% -1.61 Yaiin gtigelemeler. igmim kaybi
% -2.56 Giobale gére IAM fakidel

% -3.00 Kilenme kaybi fakited

1860 KWh/m* * 6418 m* kol Kolektore isabet eden etkin iginlama

STC'de verim = % 1547 PV donigtlnme

1846674 kWh Nominal dize enerjisi (STC veriminde)
Modill degradasyon kayb: ( yil #10)
Iginim seviyesi nedenlyle PV kayb)
Sicaldik nedeniyle PV kayb:

Spekiral dazeitme

Modil kallte kaybe

LID - “Light induced degradation”

Uyumsu2iuk kaywplan, modil ve dazier
(degradasyon dajiimas: icin % 1 dahd

Omik kablolama kayts
MPP’de varsayilan dizi enerjisi
Caligan invertde kaybi (verim)

1539590 kWh

Invertdr kaybi, ssin gig

Invertdr kaybi, skum sanun

Invertdr kaybi, agin gerilim

Irwertodr kayb, gl sinin

Invertor kaybi, gerilim sinin

1502432 k'Wn Invertde cilkiginda kullandabilir enerji

N % -0.53 Yarduncilar (tanlar, dder ..)
N % 0.07 AC omik kaywplan

gebeke

toketim N %232 Sistem kesintisl

531 448 1458184 KWh - ve

kulanicrya kullaniciya pebekeye
gebekeden glnesten

Sistemin sadece kayiplarini degil, genel performans karakteristigini gosteren "Performans Orani
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(PR)" verileri de analiz edilmistir. PVsyst simiilasyonuna gore santralin yillik ortalama Performans
Oranm1 (PR) %73,27 olarak ongoriilmiistiir. Yaz aylarinda ortam sicakliginin artmasiyla birlikte PR
degerinde diisiisler gozlemlenirken, kig aylarinda bu oran gorece daha yiiksek olmaktadir. Simiilasyon
sonucunda elde edilen normalize edilmis tiretim degerleri ve performans grafigi Sekil 4’te sunulmustur.

Sekil 4
Genel Sonuglar ve Performans Analizi Grafigi

Genel sonuclar

Sistem iiretimi

Uretilen enerji 1458651 kWhil Uretilebilir 1470 KWhikWpdyl
Tiketilen snej 989 KWhhnl Perl. orami PR TA2T %
Glines enarjisi orani (5F) 46.84 %
Normalize dretim (kWp basi) Performans orami PR
» T T T T T T T T 12 T T T T T T T T
L Holekaar keybe (PY-cGin kapplan) 123 KWh/kipigLe i - PR Parfamais anes (Y17 W) 0733
Ls Stem Kayts (venisr, | J .27 WWRNWEGEn 16
Ll ¥T. Uestilen tarpali enai irestn ohig 403 KWENDgin T Bb

wial it enseril [KWhAS pgin]

P

_— Saly Mar MW May Har Tem Adu  Eyl

Cca Sen Mar MNs May Har Tem Aju Byl Ed Kis

Bilango ve genel sonuglar

GlobHor | DiffHor T_Amb Globlne GlobEN EArray E_Usor E_Saolar E_Grid EFrGrid

KWhim?* KWhim® C KvWhim® KWhim?* KWh EWh K¥Wh kW KWh
Ocak 67.0 2T BT 0.07 1022 833 B5322 B4.82 32.26 az182 52.55
Subat 853 232 226 1"y 108.5 97073 TH .61 2838 B4450 4822
Mart 130.2 5613 6.87 154.0 143.1 123607 B4 .82 36.80 107290 47.893
Hizan 163.4 6599 11.64 176.3 163.7 137310 82.08 30.44 120550 42.64
Mayis 21210 B6.57 16.58 211.8 1870 160318 B4 B2 4T 6B 155711 ar.13
Haziran 2209 B62.44 20.98 220.6 2053 163164 B2.08 4777 158816 34,31
Tommiuze 22TA 6198 25.46 2226 20786 161082 B4 B2 49,13 156501 3568
Afustos 2134 49.90 25.50 228.5 2117 163993 B4.82 46.97 158308 iTes
Eylil 1706 43.45 19.54 203.2 180.0 152428 B2.08 WET 148133 42.41
Ekim 1201 41.02 13.83 158.9 1487 124843 B4.82 38.08 120808 46.74
Kasim 755 28.39 T.04 1134 1038 21080 B2.08 3088 88004 51.18
Arahk 61.0 2527 2.02 28.0 B7 4 558 B4 .82 30.56 78620 54.26
il 17857 562.13 12.74 2006.3 1860.2 1539590 99864 467.73 1458184 530.01
Aciklama
GlobHor  Global yatay isinlama EAuray Dizinin gikisinda atkin enerjl
DiffHor Yatay difdz minlama E_User Kullaniciya saglanan snerji
T_Amb GCavre sicakbi E_Solar Goneglen geban anerji
Glablne Kolekitre yansiyan global E_Grid Sebekeye enjokle edilen enadji
GlabEN 1AM ve gilgeleme icin dizeltiimis etkin Glabal EFrGrid Sebekeden gelen enerj

Ayrica, sistemde olusan "Dizi (Array) Kayiplar1" ve "Sistem Kayiplar1" ayr ayn irdelenmistir.
Dizi uyumsuzluklar ve golgeleme faktorlerinin toplam iiretim iizerindeki etkisi Sekil 5’te verilen
diyagramda detaylandirilmistir.
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Sekil 5
Simiilasyonda Elde Edilen Dizi ve Sistem Kayp Parametreleri
Dizi kayiplan
Modill uyumsuziuk kaybi Dizi uyumsuziuk kaybi Modil ortalama degradasyon
Kayip arani 2.0 MPPdet Kayip oram 0.2 % Yil no 10
Kayip fakisri 0.4 %yl
Degradasyon nedeniyle uyumsuziuk
Imp RMS dadilim 0.4 %iyl
Vmp RMS dagilim 0.4 %alyd
1AM kayip faktori
ASHRAE Parametre: IAM = 1 - ba (1/fcosi 1)
ba param. 0.05
Spektral diizeltme
FirstSolar modeli
Bagil nemden hesaplanan yogusabilir su
Katsayisi seti co c1 c2 Cc3 C4 L]
Manccrystalline Si 0,85914 -0,02088 -0,0058853 012028 0026814 -0,001781

Sistem kayiplan

Sistemin kullamilamazhg Yardimei kayiplar
Zaman oram 20 % Gece ardimet tokelimi 2.00 kW
7.3 gim,
3 donemier

AC kablolama kayb

inv. gikigindan enjeksiyon noktasina

Invertsr gerilimi 400 Vac ti
Kay\p arani 0.14 5TC'de%
Invertdr: V515

Kablo kesiti (63 Inv.) Al 63 x 3 % 95 mm?
Ortalama kablo uzunludu 44 m

PVGIS Analiz Sonuclar:

Karsilagtirma amaciyla kullanilan PVGIS yaziliminda, SARAH2 veri tabani kullanilarak yapilan
analizde, santralin bulundugu konum i¢in aylik bazda giines radyasyon degerleri ve buna bagl elektrik
iiretimi hesaplanmigtir. PVGIS analizinde sistem kayiplar sabit %14 olarak kabul edilmis ve yillik
iretim dagilimi cikarilmistir. PVGIS arayiiziinden elde edilen aylik iiretim tahminleri ve sistem
performans dzeti Sekil 6’da verilmistir. Grafikteki mevsimsel egri incelendiginde, santralin enerji liretim
profilinin bdlgenin giineslenme siireleriyle tam bir uyum iginde oldugu goriilmektedir. Mayis-Agustos
bandinda iiretimin zirve noktasina ulasmasi, i¢ Anadolu Bolgesi'nin a1k gokyiizii indeksinin bu aylarda
yiliksek olmasindan kaynaklanmaktadir. Grafigin kis aylarindaki (Kasim-Ocak) belirgin diisiisii ise,
simiilasyonun sadece giines acisin1 degil, ayn1 zamanda bolgedeki potansiyel bulutluluk faktoriinii de
hesaba katarak gercekei bir liretim projeksiyonu ¢izdigini gdstermektedir.
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Sekil 6
PVGIS Programi Aylik Enerji Uretim Tahmin Grafigi

ANCE OF GRID-CONNECTED PV: RESULT!
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Gergek Uretim ve Karsilastirma Verileri

Santralin igletmeye alindig1 tarihten itibaren sistem iizerinden kaydedilen bir yillik toplam aktif
enerji tiretimi 1.528.217 kWh olarak dl¢tilmiisttir.

Aym periyot i¢in PVsyst yazilimi toplam 1.458.184 kWh {iretim tahmini yaparken, PVGIS
yazilimi 1.542.669 kWh iiretim tahmini gerceklestirmistir. Ug farkl1 veri kaynagmin (Gergek, PVsyst,
PVGIS) karsilastirmali sonuglar1 Tablo 3°de 6zetlenmistir.

Tablo 3
Simiilasyon Sonuglart ile Gergek Saha Verilerinin Karsilastirmall Analizi
Veri Kaynagi Yillik Toplam Uretim (kWh) Sapma Oram (%)
Gergek Saha Verisi 1.528.217 -
PVsyst Tahmini 1.458.184 -4,6
PVGIS Tahmini 1.542.669 +0,94

Tablo incelendiginde, PVsyst programinin gergek verilere gore daha diisiik, PVGIS programinin
ise daha yakin ve hafif yiiksek bir tahmin yiiriittigii gortiilmektedir.

DISCUSSION

Bu galigmada elde edilen bulgular, giines enerjisi santrallerinin tasariminda kullanilan simiilasyon
araclarinin dogrulugunun; kullanilan meteorolojik veri tabanlarina, bolgesel iklim kosullarina ve
simiilasyon parametrelerinin hassasiyetine bagli olarak degistigini gostermektedir.

Sapma Oranlarinin Degerlendirilmesi

Analiz sonuglarina goére, PVGIS yaziliminin %0,94’liik sapma oraniyla gergek {iretim
degerlerine, PVsyst yazilimina (%4,6) kiyasla daha fazla yaklastigi tespit edilmistir. Bu durum,
literatiirdeki caligmalarla karsilastirildiginda farkliliklar géstermektedir. Ornegin, Demiryiirek (2018),
Siirt ilinde yaptig1 caligmada PVsyst verileri ile gergek veriler arasinda %0,56 gibi olduke¢a diisiik bir
fark raporlamigtir. Bu ¢alismada PVsyst sapma oraninin %4,6 seviyesinde ¢ikmasinin temel nedeni,
simiilasyonda kullanilan Meteonorm veri tabaninin, Ankara Sereflikochisar bolgesindeki kis aylarinda
goriilen difiiz radyasyonu ve bulutluluk oranlarimi oldugundan daha yogun varsaymasidir. Benzer bir
sekilde Altinkok (2021), Giresun'da yaptig1 ¢aligmada simiilasyon programlarin yerel meteorolojik
verileri islemesinde farkliliklar oldugunu ve bunun %S5 civarinda sapmalara yol acabildigini belirtmistir.
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PVGIS'in kullandig1 uydu tabanli SARAH?2 veri tabaninin ise bolgenin anlik 1g1mim degigimlerini daha
giincel verilerle modelledigi degerlendirilmektedir. Uriindii ve Endiz (2025), Konya’daki 1 MW’lik bir
santralin performansini incelemis; PVsyst simiilasyonunun gergek verilere gore %5,43 oraninda sapma
gosterdigini, PVSOL yaziliminin ise daha diisiik bir hata payina sahip oldugunu tespit etmistir. Bu
durum, simiilasyon programlarinin bolgeye ve kullanilan algoritmaya gore farkli hassasiyetler
gosterebilecegi bulgumuzu desteklemektedir.

Mevsimsel Etkiler ve Kayip Faktorleri

Haydaroglu ve Giimiis (2016), Dicle Universitesi’ndeki ¢calismalarinda simiilasyon verilerinin kig
aylarinda gercek verilerden saptigini raporlamistir. Bu ¢aligmada da benzer sekilde, 6zellikle Aralik ve
Ocak aylarinda PVsyst tahminlerinin gergek tiretimin altinda kaldig1 gézlemlenmistir. Bu durum, Donuk
(2014) tarafindan da belirtildigi iizere, simiilasyon yazilimlarinin kar yagist sonrasi panel yiizeyindeki
yansima (albedo) etkisini ve karn erimesiyle olusan ani iretim artiglarimi tam olarak
modelleyememesinden kaynaklanmaktadir.

Sicaklik kayiplar agisindan incelendiginde, PVsyst tarafindan hesaplanan %5,09'luk kayip orant,
sahadaki gercek kosullarla ortiismektedir. Gokce (2020), calismasinda yiiksek sicakliklarin panel
verimini diigtirdiiglinii belirtmistir. Ancak ¢aligmada kullanilan Hyundai monokristal panellerin sicaklik
katsayisinin diisiik olmasi, yaz aylarindaki {iretim kaybini1 sinirlandirmis ve santralin yaz performansinin
simiilasyon degerlerinin iizerine ¢ikmasini saglamistir. Bu durum, Bagher, Vahid ve Mohsen, (2015)'in
caligmasinda monokristal panellerin sicak iklimlerdeki avantajina dair bulgularini desteklemektedir.
Ayrica Oztiirk (2008), calismasinda panel iizerine diisen 151k yogunlugunun yan1 sira spektral dagilimin
da verimi etkiledigini, Doganay (2021) ise panel veriminin yillar igerisindeki yipranma sebebiyle
diistiigiinii ifade etmistir. Bu ¢alismada simiilasyona dahil edilen %3,8'lik yaslanma kaybi bu durumu
teyit etmektedir.

Yazilim Secimi ve Performans Degerlendirmesi

PVsyst yazilimi, toplam iiretim tahmininde %4,6'lik bir sapma gosterse de, sundugu detayli kayip
diyagramlar (golgeleme, kablo, uyumsuzluk vb.) sayesinde santralin miithendislik analizinde kritik bir
role sahiptir. Amin (2022), calismasinda PVsyst'in kayip analizindeki basarisina dikkat ¢cekmektedir.
Buna kargin PVGIS, Mathew ve Hossain (2017)'in de isaret ettigi gibi, hizli ve yaklasik bir fizibilite i¢in
daha pratik sonuglar sunabilmektedir.

Performans orani (PR) acisindan bakildiginda, Yadav ve ark. (2015) tarafindan yapilan
analizlerde %70-75 bandinda ¢ikan degerler, bu calismada elde edilen %73,27'lik PR degeri ile
uyumludur. Yatirimer perspektifinden bakildiginda; PVsyst'in daha yakin sonuglar vermesi, finansal
planlamada risk almamak adina giivenli bir yaklasim olustururken; PVGIS verileri santralin gercek
potansiyelini gérme noktasinda daha gergekei bir tablo ¢cizmektedir. Ozgiir (2020), ¢alismasinda yiiksek
gilineslenme potansiyeline sahip bolgelerde yapilan yatirimlarin geri doniis siirelerinin analizi i¢in bu
verilerin dogrulugunun Onemini vurgulamistir. Sonu¢ olarak, Yolcan ve Kose (2020) tarafindan
onerildigi gibi, blylk Olgekli projelerde tek bir yazilima bagli kalmak yerine, bu iki yazilimimn
karsilagtirilarak kullanilmasi en saglikli yaklasim olacaktir.

CONCLUSION

Bu ¢alismada, Ankara ili Sereflikoghisar ilgesinde kurulu 992,25 kWp giiciindeki sebekeye bagl
bir giines enerjisi santralinin performans analizi ger¢eklestirilmis ve sahadan alinan gergek veriler,
PVsyst ve PVGIS simiilasyon sonuglar ile karsilastirilmigtir. Calisma sonucunda elde edilen temel
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sonuclar agagida 6zetlenmistir:

e Santralin bir yillik gergek elektrik tiretimi 1.528.217 kWh olarak gerceklesmistir.

e Aym kosullar altinda PVsyst yazilimi 1.458.184 kWh (-%4,6 sapma), PVGIS yazilimi
ise 1.542.669 kWh (+%0,94 sapma) iiretim tahmininde bulunmustur.

e PVGIS yaziliminin, toplam yillik iiretim miktarini tahmin etmede saha verilerine ¢ok daha yakin
sonuclar verdigi tespit edilmistir. Buna karsin PVsyst, 6zellikle gdlgeleme, sicaklik ve kirlenme
gibi kay1p parametrelerinin detayli analizinde daha kapsamli veriler sunmaktadir.

e Bolgenin iklim kosullar1 ve panel teknolojisi dikkate alindiginda, sicaklik kaynakli kayiplarin
(%5,09) sistem verimliligini etkileyen en 6nemli faktor oldugu belirlenmistir.

Elde edilen sonugclar 1s18inda; GES projelerinin 6n fizibilite ve yer se¢imi asamasinda
PVGIS yaziliminin hizli ve yiiksek dogruluklu bir tahmin araci olarak kullanilabilecegi, ancak kesin
tasarim, banka bagvurulari ve detayli teknik kayip analizi asamalarinda PVsyst yaziliminin tercih
edilmesi gerektigi sonucuna varilmistir. Gelecek calismalarda, farkli iklim bdlgelerindeki santrallerin
verileriyle bu simiilasyon araglarinin karsilastirilmasi, literatiire ek katki saglayacaktir.

SUGGESTIONS

Giines enerjisi santrallerinin verimliliginin artirilmasi ve proje Omiirleri boyunca maksimum
performansla ¢aligsmalari adina, bu ¢alismadan elde edilen bulgulara ve saha deneyimlerine dayanilarak
asagidaki oneriler sunulmustur.

Santral tasarim ve fizibilite asamalarinda, iiretim tahminlerinin dogrulugunu artirmak igin tek bir
simiilasyon yazilimima bagli kalinmamalidir. Bu g¢alismada goriildiigii iizere, PVsyst gibi detayli
mithendislik araglari ile PVGIS gibi giincel uydu verisi tabanli araglarin sonuglari karsilastirmali olarak
degerlendirilmelidir. Ozellikle kis aylarindaki sapmalarin minimize edilmesi igin bélgeye ozgii
meteorolojik verilerin (yerel dl¢lim istasyonlar1) simiilasyon parametrelerine dahil edilmesi, yatirim
risklerini azaltacaktir.

Saha igletme siirecinde, simiilasyon verileri ile gerceklesen {iretim arasindaki farklarin takibi i¢in
etkin bir izleme sistemi kullanilmalidir. Santralin performans orani (PR) siirekli analiz edilmeli, teorik
degerlerden sapma goriildiigiinde; inverter arizalari, kablo izolasyon sorunlari veya panel yapisi
bozulmasi gibi teknik problemler arastirilmalidir.

I¢ Anadolu Bolgesi gibi kurak ve tozuma riskinin yiiksek oldugu sahalarda, kirlenme kaynakl
kayiplarin 6niine gecilmesi biiyiik 6nem arz etmektedir. Bu calismada simiilasyona yansiyan kirlilik
kayiplarint minimize etmek i¢in, yagis rejiminin diisiik oldugu yaz aylarinda periyodik panel temizligi
yapilmali ve temizlik takvimi, enerji {iretiminin en yogun oldugu saatlere gore optimize edilmelidir.
Ayrica panel yerlesimlerinde, golgeleme etkisini ve sicaklik artisini dnlemek adina diziler arasi
mesafelerin hava akigina izin verecek sekilde korunmasi tavsiye edilmektedir.
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EXTENDED ABSTRACT

Introduction

The rapid increase in global energy demand and the environmental impact of fossil fuels have accelerated
the transition to renewable energy sources. Turkey, due to its geographical location, possesses significantly higher
solar energy potential compared to many European countries. However, the efficient utilization of this potential
depends heavily on the accuracy of the feasibility studies conducted prior to the installation of Solar Power Plants
(SPP). Various simulation software packages are used to predict annual energy generation, but discrepancies often
arise between theoretical predictions and actual field generation. This study focuses on a grid-connected
photovoltaic (PV) power plant with an installed capacity of 992.25 kWp, located in Sereflikochisar, Ankara. The
primary objective is to evaluate the performance of the plant by comparing its actual electricity generation data
obtained from the SCADA system with the theoretical data derived from PVsyst and PVGIS simulation software.
By analyzing the deviations and loss parameters, this research aims to determine the reliability of these simulation
tools for the Central Anatolian climatic conditions.

Method

The research was conducted on an operational 1 MW (0.99 MWp DC) solar power plant located in Kadincik
village, Sereflikoghisar (39.01° N, 33.59° E). The site is characterized by high solar radiation levels and a flat
topography free from shading obstacles. The system consists of 3,969 Hyundai HIS-M250MG monocrystalline
silicon PV modules (250 Wp each) and 63 Voltwerk VS 15 string inverters. The panels are mounted on a fixed
steel structure with a 25° tilt angle facing south.

For the simulation methodology, the exact physical characteristics of the plant were modeled in two
different software environments: PVsyst V7.3 and PVGIS. Meteorological data for PVsyst was sourced from the
Meteonorm 8.1 database, while PVGIS utilized the SARAH2 satellite database. A detailed 3D shading scene was
constructed in PVsyst to account for near-shading losses. Thermal losses, soiling losses (due to the arid nature of
the region), and ohmic losses were defined based on literature standards and site-specific conditions. The study
compared the monthly and annual energy generation estimates of both software tools against the actual net
production data recorded by the plant's electricity meters over a one-year period.

Findings

According to the field data, the actual annual electricity generation of the power plant was recorded as
1,528,217 kWh. The simulation results conducted under identical parameters yielded different outcomes. The
PVsyst software predicted an annual generation of 1,458,184 kWh, while the PVGIS software estimated it at
1,542,669 kWh.

When these figures are compared with the actual data, PVsyst showed a deviation of -4.6%
(underestimation), whereas PVGIS showed a deviation of +0.94% (slight overestimation).

The detailed loss analysis performed in PVsyst revealed that the most significant factor affecting system
performance was temperature-related losses, calculated at 5.09% annually. Other significant losses included
soiling (3.0%), LID (Light Induced Degradation) aging (2.0%), and ohmic wiring losses (1.5%). The Performance
Ratio (PR) of the system was simulated to be 73.27%, which aligns with standard expectations for this region.

Discussion

The analysis indicates that PVGIS provides a much closer estimation to the actual field production in terms
of total annual energy. The 0.94% deviation suggests that the satellite-based radiation data used by PVGIS
represents the local climatic conditions of Ankara/Sereflikochisar more accurately than the ground-station-
interpolated data of Meteonorm used in PVsyst. The -4.6% conservative estimate by PVsyst is attributed to its
underestimation of diffuse radiation, particularly during winter months.

However, while PVGIS is superior in total volume prediction, PVsyst proves to be indispensable for
detailed engineering analysis. The ability to model specific string layouts, 3D shading effects, and detailed loss
flow diagrams makes PVsyst a crucial tool for identifying system weaknesses. The study also confirms that
monocrystalline panels perform efficiently in the region, as the temperature losses were kept within manageable
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limits despite the hot summer climate. These findings are consistent with similar studies in the literature, which
suggest that simulation accuracy varies significantly depending on the weather database selected.

Conclusion

This study concludes that for the Central Anatolia region, PVGIS is a highly reliable tool for preliminary
feasibility studies and quick energy yield assessments, offering high accuracy with less than 1% deviation. On the
other hand, PVsyst remains the preferred tool for detailed system design, bankability reports, and technical loss
analysis due to its comprehensive parameterization capabilities. The study also highlights that temperature and
soiling are the critical environmental factors affecting efficiency in this region. Therefore, accurate modeling of
these specific losses is essential for minimizing the gap between theoretical and actual generation.

Recommendation

Based on the findings, it is recommended that investors and engineers use a cross-check methodology
employing both PVsyst and PVGIS during the planning phase of solar power plants. Relying solely on one
software may lead to either over-optimistic or overly conservative financial projections. Furthermore, given the
3% soiling loss identified, plant operators in the region should implement a strictly optimized cleaning schedule,
focusing on the high-generation summer months. Continuous monitoring via SCADA systems is also advised to
detect any performance ratio drops that might indicate issues beyond normal environmental losses, such as inverter
failures or panel degradation.
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INTRODUCTION

Unmanned Aerial Vehicles (UAVs) have become an important field of research in terms of
materials science and structural engineering due to their increasing use in military, civil, and commercial
areas in recent years. The design of UAV airframe structures is directly associated with various
parameters such as aerodynamic efficiency, structural strength, weight, and cost. For this reason, the
selection of airframe materials has been systematically examined in the literature. In their study, Prabhat
Singh (2020) analyzed UAV airframe systems using the finite element method (FEM), comparing
carbon fiber reinforced polymer (CFRP) and aluminum alloys. The research results indicate that CFRP
materials exhibit three times higher tensile strength and 40% lower density, leading to a significant
improvement in vibration performance. In his 2025 study, Hu analyzed the fuselage and wing designs
of fixed-wing, rotary-wing, and hybrid UAVs. The research states that carbon fiber composites increase
energy efficiency by 25—40% thanks to their high stiffness (230—600 GPa) and low density (1.55 g/cm?).
Although aluminum alloys are less costly, they are insufficient in terms of strength. Additionally, it is
emphasized that by combining 3D printing technologies with carbon fiber structures using thermoplastic
matrices, lightweight airframes with complex geometries can be produced. In the study conducted by
Kassimov et al. (2025), the mechanical and aerodynamic properties of carbon, aramid, and glass fiber
reinforced composites were compared. According to the findings, the drag coefficient of carbon
composites (Cd = 0.018) was approximately 28% lower than that of aluminum (Cd = 0.025), increasing
flight endurance by up to 35%. Moreover, the vibration amplitude of carbon fiber plastics was measured
as 0.4 mm, with a deformation rate of 1.2%; these values provide nearly twice the vibration stability of
aluminum. The study conducted by Fahadh (2025) emphasizes that material selection should consider
not only mechanical properties but also environmental and economic impacts. Although CFRP materials
offer high performance, they are weak in terms of recyclability, whereas aluminum alloys are fully
recyclable and therefore represent a long-lasting (15-20 years) and environmentally friendly alternative.
In addition, graphene composites, basalt fibers, and natural fiber reinforced composites are highlighted
as promising sustainable UAV materials of the future. In the research conducted by Yildiz (2018),
durability/cost analyses of aluminum, carbon fiber, and fiberglass materials were carried out. Carbon
fiber was reported to provide up to three times higher strength, but its production cost is approximately
200% higher than that of aluminum. In their 2022 study, Akbulut and Karabulut stated that hybrid
material use can increase airframe rigidity, and optimizing heat resistance and fatigue life can enable
the production of long-lasting UAV structures. A recent MDPI (2024) publication also reported that
producing carbon fiber reinforced polymers via 3D printing reduces structural complexity and shortens
production time by up to 40%. This development is considered an important innovation for rapid
prototyping in small and medium-sized UAVs. The literature review demonstrates that the selection of
UAYV airframe materials requires a multidimensional evaluation in terms of performance, cost, and
environmental impact. Carbon fiber—based composites currently offer the highest performance, while
aluminum and glass fiber are known as low-cost alternatives. In the future, new-generation materials
such as graphene, basalt, and natural fibers are expected to play a significant role in terms of both
lightweight design and sustainability. The name and abbreviation of the journal should be added in the
header of the page with the introduction. At the bottom of the page, there should be only the page
number.

METHODOLOGY

In this study, the materials used in the airframe structure of unmanned aerial vehicles (UAVs)
were first identified. A comparative analysis was then carried out based on the selected material types.
In evaluating the material properties, existing academic sources, scientific journals, and recent articles
were reviewed. Within this scope, studies in the literature were examined, and performance analyses of
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each material in terms of durability, efficiency, application area, and cost were obtained. The findings
were interpreted by organizing them into a comparative table.

FINDINGS

The obtained data show that the most commonly used metals in UAV airframe structures are
aluminum, titanium, and magnesium alloys. These materials are preferred due to their characteristics
such as light weight, high strength, and ease of manufacturability. Aluminum alloys are generally used
in medium-range civil UAVs because their high strength-to-weight ratio, low cost, corrosion resistance,
and machinability allow them to be effectively utilized in the airframe structure and connection
components. Magnesium alloys are used in areas exposed to vibration due to their lower density
(approximately 1.7 g/cm?). These alloys reduce vibrations occurring during flight thanks to their high
damping capability, thereby increasing stability. Titanium alloys, on the other hand, are mostly used in
high-speed or high-altitude UAVs designed for military purposes. Titanium offers high heat resistance
and corrosion resistance. Hybrid systems combining titanium and carbon fiber form one of the most
efficient combinations in terms of service life and structural integrity. Despite these advantages, the
widespread use of titanium is limited due to its high cost.

Table 1
Comparison of Metal Materials
Properties Aluminum Alloys  Magnesium Alloys Titanium Alloys
Density (g/cm?) ~2.70 ~1.74 ~4.50
Heat Resistance (°C) 150-200 120-150 400+
Vibration Damping  Medium High Low/Middle
Elastic Modulus
(GPa) 68-72 43-45 100-115
Corrosion Medium/High Low (requires protective .
Resistance (with oxide layer) coating) Very High
Ease of Repair High Medium Low
Cost Low Medium High
Airframe structure,
C . connection points,  Arms, components exposed to Engine mounts, high-temperature
Application Area medium-range civil  vibration zones, military UAVs
UAVs
Low cost, durable, Lightest metal, high vibration Most durable, high heat and corrosion
Advantages . . .
easy to machine damping resistance
Disadvantages Heavier cqmpared Prone tq corrosion, limited Very expensive, difficult to machine
to composites mechanical strength

Metal alloys in UAV airframe structures have increasingly been replaced by composite materials.
This shift is due to the superior performance of composites in terms of light weight and aerodynamic
compatibility. Carbon fiber reinforced polymers (CFRP), in particular, stand out for their high specific
strength. CFRP materials, with low density (~1.6 g/cm?) and high elasticity, enhance both durability and
aerodynamic efficiency. According to research, in high-altitude UAVs using carbon fiber airframes, the
structural weight can be reduced to up to 40% of the total weight, which increases flight range by
approximately 10—12%. Glass fiber reinforced polymers (GFRP) are less expensive than carbon fiber
and are preferred in lower-cost UAVs. Although GFRP materials provide good strength, their specific
strength is lower compared to carbon fiber. Aramid-based composites (Kevlar, Nomex) are used in the
internal structure of UAVs due to their energy-absorbing capabilities. However, these materials are
sensitive to moisture and require specialized resin systems.
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Table 2
Comparison of Composite Materials
Proper Carbon Fiber Reinforced Glass Fiber Reinforced Aramid Fiber Reinforced
perty Polymer (CFRP) Polymer (GFRP) Polymer (Kevlar/Nomex)
Density (g/cm®) 1.55-1.65 1.90-2.10 1.35-1.45
Heat Resistance (°C) 200-300 150-200 200-250
Vibration Damping  Moderate Good Excellent
Elastic Modulus
(GPa) 200-250 50-80 70-130
Corrosion . . .
Resistance Very High High Very High
Ease of Repair Difficult Moderate Moderate
Cost High Low Medium-High
s Fuselage she.ll, WInES, tail Medium-scale civil UAVs, Internal surfaces, impact-absorbing
Application Area structures, high-altitude . .
wing coverings components
UAVs

. . Economical, easy to .

Advantages B.est specific strepgth, high manufacture, high impact E?onpmlcal, easy to manufacture,
stiffness, low weight . high impact resistance
resistance
Disadvantages Expensive, difficult to repair, Expensive, difficult to repair, Expensive, difficult to repair,
1sadv g directional strength directional strength directional strength

Recent studies indicate that hybrid composite systems (CFRP + Ti, CFRP + Mg) exhibit better
performance compared to conventional systems. The advantage of these structures lies in their ability to
combine the strengths of different materials. Additionally, flax fiber reinforced composites developed
using bio-based resin systems have been found to offer strength-to-weight ratios comparable to carbon
fibers while reducing the carbon footprint by 30% during production.

DISCUSSION

The data obtained in this research clearly demonstrate the differences in cost, performance,
and manufacturing characteristics among metals, composites, and hybrid materials used in UAV
airframe structures. Traditionally, metals such as titanium, magnesium, and aluminum alloys have been
widely used in the aerospace sector; their advantages, including high strength-to-weight ratio,
machinability, and corrosion resistance, have made them the primary structural materials for many years.
However, modern UAV designs, which demand light weight and aerodynamic efficiency, reveal the
performance limitations of metal alloys. Composite materials, particularly carbon fiber reinforced
polymers (CFRP), offer superior performance compared to metals due to their high specific strength,
low density, and excellent stiffness. Studies show that the use of CFRP significantly reduces airframe
weight, increasing flight range by approximately 10—12%. Nevertheless, high production costs, complex
repair procedures, and direction-dependent mechanical properties limit CFRP’s suitability for all UAV
scales. Lower-cost GFRP and aramid-based composites with high impact damping properties are
advantageous for mid-range UAVs and internal structural applications. Hybrid composite systems
(CFRP-Ti, CFRP-Mg) can be considered next-generation solutions that enhance structural efficiency
by combining the strengths of different materials. Hybrid structures provide features such as high-
temperature resistance and improved stiffness, making them especially suitable for high-altitude, long-
range, or high-speed military UAVs. Additionally, bio-based resins and natural fiber reinforcements
(e.g., flax fiber) reduce environmental impact, representing eco-friendly alternatives aligned with future
sustainable aviation goals.

CONCLUSION

Overall, the selection of UAV airframe materials largely depends on the mission, structural
requirements, and cost considerations. While metal alloys remain important for safety and low-cost
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applications, composite and hybrid materials offer superior performance, lightness, and energy
efficiency. Future studies focusing on improved manufacturing processes, enhanced repair methods, and
the expansion of sustainable composite alternatives will play a critical role in developing stronger,
lighter, and environmentally friendly UAVs.
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