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Sebekeye Baghi 1 MW Kurulu Gii¢teki Giines Enerji Santralinin
PVsyst ve PVSOL ile Performans Analizi

Muhammed Enes URUNDU ! Mustafa Sacid ENDIZ %

! Milli Egitim Bakanlig1, Konya, Tiirkiye

2 Necmettin Erbakan University, Faculty of Engineering, Electrical and Electronics Engineering, Konya, Tiirkiye

Makale Bilgisi OZET

Bu ¢aligma kapsaminda, Tiirkiye'nin giines enerjisi potansiyeli agisindan 6ne ¢ikan illerinden biri olan
Gelis Tarihi: 04.08.2025 Konya'da, 1 MW kurulu giice sahip bir fotovoltaik giines enerji santralinin tasarimi gergeklestirilmis ve bu
Kabul Taril;i' 2'1 0'8 2025 santralin performans: kapsamli simiilasyon analizleriyle detayli olarak degerlendirilmistir. Calismanin

fizibilite asamasinda, giines enerjisi sektoriinde yaygin bi¢imde kullanilan iki farkli simiilasyon yazilimi
olan PVsyst ve PVSOL programlar1 kullanilmistir. Bu yazilimlar araciligiyla, bolgeye ait uzun yillara
dayanan giines radyasyonu verileri temel alinarak, santralin yillik enerji tiretim kapasitesi ayrmtili bigimde
Keywords: hesaplanmustir. Simiilasyon siireci yalnizca enerji tiretimi tizerine odaklanmakla kalmayip; ayn1 zamanda
panel yerlesim diizeni, inverter se¢imi, kablolama ve doniisiim kaynakli kayiplar, sistemin cografi konumu,
cevresel etkiler ve meteorolojik kosullar gibi pek ¢ok teknik ve gevresel parametre de dikkate alinarak

Yayin Tarihi: 31.12.2025

Giines enerjisi,

Fotovoltaik, gergeklestirilmistir. Bu parametrelerin hesaba katilmasi sayesinde, santral modeli gercek calisma
PVSOL, kosullarina olabildigince yakin bir sekilde olusturulmustur. Simiilasyon sonuglarinin dogrulugunu
PVsyst degerlendirebilmek amaciyla, elde edilen veriler Konya bolgesinde yer alan ve benzer teknik ozelliklere

sahip mevcut bir giines enerji santralinin 2022 ve 2023 yillarina ait gergek tiretim verileri ile
karsilastinlmistir. Bu karsilastirmali analiz sonucunda, PVsyst yazilimi 2022 y1li igin %5,43 oraninda, 2023
yiltigin ise %13,44 oraninda sapma gostermistir. Ote yandan, PVSOL yazilimi ayni yillarda sirastyla %1,83
ve %9,58 oraninda sapma ile daha diisiik hata paylarina sahip sonuglar iiretmistir. Bu ¢aligmada elde edilen
veriler 1s181inda, PVSOL yazilimmin daha diisiik sapma oranlartyla galismasi, yatirimeilara daha giivenilir
ongoriiler sunabilecegini gostermektedir. Bu da, sistem verimliliginin artirtlmasi, yatirmmin geri doniis
stiresinin daha dogru hesaplanmasi ve maliyetlerin optimize edilmesi agisindan biiyiik avantajlar
saglamaktadir. Caligma, giines enerjisi yatirimlarinda kullanilacak yazilim araglarinin se¢iminde dikkat
edilmesi gereken kriterlere 151k tutarak sektore katk: sunmay: hedeflemektedir.

Yenilenebilir enerji.

Performance Analysis of a 1 MW Grid-Connected Solar Power Plant Using PVsyst and

PVSOL
Article Info ABSTRACT
In this study, the design of a photovoltaic solar power plant with an installed capacity of 1 MW was carried
Received: 04.08.2025 out in Konya, one of the leading provinces in Tiirkiye in terms of solar energy potential. The performance
Accepted: 21.08.2025 of the plant was thoroughly evaluated through comprehensive simulation analyses. During the feasibility

phase, two widely used simulation software programs in the solar energy sector, PVsyst and PVSOL, were
employed. Using these tools, the plant's annual energy production capacity was calculated in detail based
on long-term solar radiation data specific to the region. The simulation process focused not only on
Keywords: estimating energy production but also took into account several technical and environmental parameters,
such as panel layout, inverter selection, cabling and conversion losses, geographical location,
environmental effects, and meteorological conditions. By considering these factors, the plant was modeled

Published: 31.12.2025

Solar energy,

Photovoltaic, in a way that closely reflects real operating conditions. To assess the accuracy of the simulation results, the
PVSOL, data obtained were compared with actual production data from an existing solar power plant in the Konya
PVsyst region with similar technical characteristics for the years 2022 and 2023. The comparative analysis revealed

that PVsyst showed a deviation of 5.43% in 2022 and 13.44% in 2023. In contrast, PVSOL demonstrated
lower error margins, with deviations of 1.83% and 9.58% for the same years, respectively. Consequently,
the use of PVSOL-based analyses in investment planning could offer more reliable projections for
investors, contributing to increased system efficiency, more accurate calculation of return on investment,
and overall cost optimization. The study aims to shed light on the key criteria for selecting software tools
in solar energy investments, thereby contributing to the development of the sector.

Renewable energy.
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GIRIS

Elektrik enerjisi, dogada var olan bir olgu olup, binlerce yil boyunca insanlar tarafindan
gozlemlenmistir. Elektrigin bilimsel anlamda kesfi 1752 yilinda Benjamin Franklin tarafindan
gergeklestirilmis olsa da, bu enerjinin giinliik yasamda yaygin olarak kullanilmaya baslanmasi, Thomas
Edison’un 1878 yilinda gelistirdigi elektrik lambasiyla miimkiin olmustur. Edison’un icadi, elektrik
enerjisinin genis ¢apta kullanilmasinin 6niinii agmis ve bu gelisme, sanayilesme siirecinde 6nemli bir
doniim noktasi olmustur. Ozellikle 1870-1970 yillar1 arasim kapsayan ve Endiistri 2.0 olarak
adlandirilan dénemde, elektrik enerjisi iiretimde yogun olarak kullanilmaya baslanmis; bu da iiretim
stireclerinin verimliligini biiylik 6l¢tide artirmigtir. Elektrigin giinliik yasamda yayginlasmasiyla birlikte,
insanlar iiretim ve gelisim siireclerini bu enerji kaynagina dayandirmaya baslamis ve bu durum enerjiye
olan talebin hizla artmasina neden olmustur (Barak, 2022; Kabeyi & Olanrewaju, 2022; Kilig, 2023).

1973 yilinda yasanan petrol krizi, elektrik santrallerinde arz sikintilarina yol agmis ve bu durum,
enerji Uiretiminde geleneksel yontemlere alternatif ¢oziimler arayisini giindeme getirmistir. Bu
kapsamda, 1980'li yillarda yenilenebilir enerji kaynaklarinin 6nemine dikkat ¢eken pek ¢ok
uluslararasi konferans diizenlenmis; ardindan, 1984 yilinda Amerika Birlesik Devletleri'nde ilk gilines
enerji santrali kurulmustur. Bu gelismeyle birlikte, yenilenebilir enerji sistemleri hizla yayginlagmis ve
giintimiize kadar gelisimini siirdiirmiistiir (Barak, 2022; Erenoglu et al., 2019).

Tiim diinyada ve Tiirkiye’de yenilenebilir enerji kaynaklarina verilen 6nem giderek artmakta ve
cesitli tesvik mekanizmalar1 devreye sokulmaktadir. Yenilenebilir enerjinin kiiresel enerji talebinin ligte
ikisini karsilayabilecegi 6ngoriilmekte olup, bu hedefe ulasilabilmesi i¢in politika, altyap1 ve teknoloji
alanlarinda kapsamli diizenlemelere ihtiya¢ vardir (Gielen et al., 2019; Hassan et al., 2024). Ancak,
giinlimiizde hala elektrik enerjisinin biiyiilk bir kismi geleneksel (fosil yakitll)) yontemlerle
iiretilmektedir. Tiirkiye'de de benzer bir durum séz konusudur (Cukurcayir & Sagir, 2008; Kiymaz &
Oguz, 2020). Fosil yakitlarin ¢evreye verdigi zararlar ve yiiksek maliyetleri nedeniyle, yenilenebilir
enerji kaynaklar icerisinde en yaygin olarak kullanilan gilines enerji sistemleri, hem iilkemizde hem de
Avrupa fllkelerinde daha fazla yayginlastirilmaya calisilmaktadir. Yenilenebilir enerji kaynaklari,
sadece c¢evre kirliligini 6nlemekle kalmaz; aym zamanda siirdiiriilebilir kalkinma, ekonomik fayda,
sosyal gelisim ve enerji arz giivenligi agisindan da 6nemli katkilar saglar. Giines enerjisi, dogrudan
giines 151831ndan elde edilen ve gevreye minimum zarar veren temiz bir enerji kaynagidir. Bu enerjiden
yararlanmak amaciyla kullanilan fotovoltaik paneller, yar1 iletken 6zellikteki silikon gibi malzemelerden
iiretilmekte ve giines 15181 dogrudan elektrik enerjisine doniistiirmektedir. Diisiik karbon salimi
sayesinde iklim degisikligi ve kiiresel 1sinma ile miicadelede etkili bir ara¢ olan giines enerjisi, ayni
zamanda yerli istihdami artrma ve disa bagimlilig1 azaltma potansiyeline de sahiptir (Gyam et al.,
2023). Giiniimiizde, glines enerji sistemleri tarim alanlarinda, ticari yapilarda ve konutlarda yaygin
olarak kullanilmakta ve bir¢cok farkli uygulama alam1 bulmaktadir. Ancak bu sistemlerin bazi
dezavantajlar1 da bulunmaktadir. Glines enerjisi liretimi hava kosullarina bagli oldugu icin bulutlu
giinlerde ya da gece saatlerinde enerji iiretimi yapilamamakta, bu da enerji depolama ihtiyacini
beraberinde getirmektedir. Ayrica, yiliksek ilk yatirnm maliyetleri, verimli tarim arazilerinin enerji
iiretimine ayrilmasi ve dogal yasam alanlarinin zarar gérmesi gibi olumsuzluklar da géz 6niinde
bulundurulmas: gereken hususlardir (Akgayev et al., 2024; Ozkan & Demir, 2019). Giines Enerjisi
Potansiyeli Atlasi (GEPA) verilerine gore, iilkemizin ortalama yillik toplam giineslenme siiresi 2741
saat iken, ortalama yillik toplam 1simim degeri 1.527,46 kWh/m? olarak hesaplanmistir. Sekil 1°de
iilkemizin giines enerjisi radyasyonu haritasi, Sekil 2 ve Sekil 3’te ise sirasiyla aylara gore {ilkemizdeki
global radyasyon degerleri ve {ilkemizin aylara gore ortalama giineslenme siiresi verileri gosterilmistir
(Enerji ve Tabii Kaynaklar Bakanligi, 2025). Ulkemizdeki global radyasyon degerleri ve aylik ortalama
giineslenme siirelerine bakildiginda, Tiirkiye nin giines enerjisi potansiyeli oldukca yiiksek ve biiyiik bir
potansiyele sahip oldugu goriilmektedir (Endiz & Cosgun, 2023).
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Literatlirdeki aragtirmalar, giines enerji sistemlerinin simiilasyonu ve performans analizlerine
dair cesitli bulgular sunmaktadir. Arslan Murat (Arslan, 2022), iki farkli ilde yapilan ¢at1 tipi ve arazi
tipi glines enerjisi sistemlerini PVSOL, PVsyst ve PVGIS programlarryla simiile etmis ve en diisiik hata
oranini %3,83 ile PVsyst programinda, en yliksek hata oranimi ise %19,71 ile PVsyst programinda
bulmustur. Diger bir ¢alismada (Dip, 2023), Amasya’daki bir santral iizerinden yaptig1 simiilasyonlarla,
gercege en yakin sonuglart %8,96’1ik bir hata payiyla PVSOL programindan alirken, en biiyiik sapmay1
%19,71’le PVsyst programinda elde etmistir. Al-shagea ve arkadaslar1 (Al-Shagea et al., 2021) 5,1 kW
kurulu giictindeki bir sistemle ilgili simiilasyonlarda, PVsyst’in performansini %87,5 ile %91 arasinda,
GSA programinin ise %96,6 ile %100 arasinda tespit etmis; ¢ift ylizeyli veya ¢ift yonlii hareket eden
sistemlerin verimliligi artiracagina dikkat cekmistir. Tiirky1lmaz (Tiirkyilmaz, 2023), Bursa ilinde yillik
126 MWh enerji ihtiyacini karsilamak amaciyla PVSOL, PVsyst, PVGIS, Ez Designer ve Helioscope
programlariyla simiilasyonlar yapmis ve 167 kWp giiciindeki giines santralinin yillik enerji tiretiminin
162 MWh ile 226 MWh arasinda degisebilecegini 6ngdrmiistiir. Goriildiigii iizere, literatiirde PVSyst ve
PVSOL programlar farkli uygulamalar ve sistem tiirlerinde kullanilmis; her iki yazilimin da simiilasyon
sonuclari, verimlilik ve hata pay1 agisindan karsilastirilmistir. Bu ¢alismada, Konya'da 1 MW kurulu
giice sahip bir glines enerji santrali tasarlanmig ve tasarim asamasinda fotovoltaik paneller, inverterler,
kablolama, konum, hava durumu ve golgeleme kosullar1 dikkate alinarak PVsyst ve PVSOL
yazilimlartyla simiile edilerek performansi saha verileriyle karsilastirilmistir.

YONTEM

Bu ¢alismada, 1 MW giiciinde bir giines enerji santrali tasarlamak ve performansini analiz etmek
amaciyla, giines enerjisi sistemlerinin simiilasyon ve degerlendirilmesinde yaygin olarak tercih edilen
PVsyst ve PVSOL yazilimlar1 kullanilmistir. Bu yazilimlar, santralin verimliligini ve {iretim
potansiyelini belirlemek icin kullanilan giiclii araglar olup, tasarim ve simiilasyon agsamalarinda
kapsaml1 bir analiz imkan1 sunmaktadir.

PVsyst Programi

PVsyst, Isvicre menseli bir giines enerji sistemi simiilasyon yazilimidir ve ilk kez 1992 yilinda
piyasaya siiriilmiistiir. O tarihten bu yana siirekli olarak giincellenmis ve gelistirilmis, sonunda
endiistrinin standart yazilimi haline gelmistir. PVsyst, sebekeye bagli, sebekeden bagimisiz ve sulama
sistemleri i¢in glines enerji santrali tasarimlar1 yapabilme ve mevcut sistemlerin performans analizlerini
gergeklestirme imkani sunmaktadir. Simiilasyon sonuglari, grafiklerle desteklenmis raporlar halinde
kullaniciya sunulabilmektedir. PVsyst’in simiilasyon raporlari, Tiirkiye’de resmi bir belge olarak kabul
edilmemekle birlikte, Avrupa llkelerinde gegerli resmi belgeler olarak kabul edilmektedir. PVsyst,
kullanici dostu bir arayiize sahip olup, yiiksek dogruluk orani ile dikkat ¢eker. Yazilim agildiginda,
kullaniciy1 basit bir arayiiz karsilar ve simiilasyon adimlari sirasiyla takip edilerek sisteme yeni
bilesenler veya parametreler eklenebilir. Program, sisteme eklenen cografi koordinatlar sayesinde
bolgedeki gecmis yillara ait hava durumu verilerini kullanarak iklim verileri olusturabilir ve giines
panellerinin tiretim degerlerini hesaplamak igin egim ve azimut gibi parametrelerden yararlanir. Panel
ve inverter se¢imi i¢in genis bir kiitiiphane sunulmakta olup, kullanicilar ihtiyaca gore farkli modelleri
de sisteme dahil edebilirler. Ayrica, PVsyst ile 3D tasarimlar olusturulabilir ve ¢evredeki yapilar
tarafindan olusturulan gélgeleme etkisi simiilasyona dahil edilerek daha gergekei analizler yapilabilir
(Adrada Guerra et al., 2017; Sharma et al., 2014).
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PVSOL Programm

PVSOL, 1993 yilinda Almanya’da piyasaya siiriilmils ve giiniimiizde giines enerji sistemlerinin
tasarimi ve optimizasyonu i¢in yaygin olarak kullanilan bir yazilimdir. PVsyst programina benzer
sekilde, PVSOL da farkli tip Giines Enerji Santralleri i¢in simiilasyon secenekleri sunar. Panel ve
inverter se¢imi konusunda, genis bir marka ve model kiitliphanesine sahip olan PVSOL, inverter ve
giines paneli uyumlulugunu dikkate alarak kullanicinin daha verimli bir sistem tasarlamasina yardimc1
olur. Ayrica, kullanicilar istege baglh olarak gdlgeleme hesaplari, kablo kayip hesaplar1 ve finansal
analizleri raporlarina dahil edebilirler. Hazirlanan tasarimlar, meteorolojik verilerle uyumlu bir sekilde
detayli ya da yiizeysel analizler ile PVSOL programi iizerinden simiile edilebilir. Finansal analizlerin
kapsamli sekilde raporlanmasi ve gilines panellerinin yilik verim kayiplarinin g6z Oniinde
bulundurulmasi gibi 6zellikleriyle PVSOL, PVsyst programina gore 6nemli farkliliklar sunmakta ve bu
nedenle kullanilacak ikinci program olarak tercih edilmektedir (Adrada Guerra et al., 2017; Sharma et
al., 2014).

Sistem Bilesenleri

Bu calismada, Konya ilinin Yunak il¢esinde 38°40'58" kuzey enlemi ve 31°39'55" dogu boylami
koordinatlarinda yer alan yerel yonetime ait sebekeye bagli 1 MW kapasiteli arazi tipi giines enerjisi
santraline iliskin saha 6l¢iimleri ile PVsyst ve PVSOL simiilasyon yazilimlarindan elde edilen sonuglar
karsilastirilmistir. Calisma kapsaminda gergeklestirilen sistem tasariminda, 2912 adet Odiil marka 395
Wp giiciinde monokristal fotovoltaik panel ile 4 adet Sungrow marka 250 kV A giiciinde merkezi inverter
kullanilmis olup, bu bilesenlerin teknik 6zellikleri Tablo 1 ve Tablo 2’de sirasiyla sunulmustur.

Tablo 1
Giines Paneli Verileri

Elektriksel Veriler Model: OSMp72-395W
Tepe Gii¢ (Pmax) 395

Gii¢ Toleransi 0~+5W
Maksimum Gii¢ Voltaji (Vmp) 40.48 V
Maksimum Gii¢ Akimi (Imp) 9.76 A
Acik Devre Voltaj1 (Voc) 49.64 V
Kisa Devre Akimi (Isc) 1027 A
Modiil Verimliligi 19.77 %
Nominal Calisma Hiicre Sicakligi TC) 45°C (£2°C)
Sicaklik Katsayisi (Pmax) -0.4 %/°C
Sicaklik Katsayis1 (Voc) -0.3409 %/°C
Sicaklik Katsayisi (Isc) +0.0447 %/°C
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Tablo 2
Inverter Verileri

Elektriksel Veriler Model: SG250HX
Maksimum verim %99
Maksimum PV giris voltaji 1500 V
Minimum PV giris voltaji / Baslangi¢ giris voltaji 500 V /500 V
Nominal PV giris voltaji 1160 V
MPP voltaj aralig: 500 V- 1500 V
Nominal gii¢ icin MPP voltaj araligi 860 V-1300V
Bagimsiz MPP giris sayisi 12
MPPT basina maksimum girig konnektor sayisi 2
Maksimum PV giris akimi 30A*12
Maksimum DC kisa devre akimi 50A*12

Her biri 26 adet fotovoltaik panelden olusan 28 stringin baglandigi, 12 MPPT girisine sahip
inverterlerin yer aldigi sistemin tek hat semast Sekil 4’te verilmistir. Goriildiigli tizere, her inverterde
bulunan 12 MPPT girisinden 4’{ine iiger string, kalan 8’ine ise ikiser string baglanmis olup, fotovoltaik
paneller diiz bir arazi iizerine, 0° azimut acis1 (cografi kuzey yonil) ve 25° egim (tilt) acis1 ile
konumlandirilmigtir. Giines enerji santralinin kurulu oldugu arazinin kus bakisi goriinimi ile
fotovoltaik panel yerlesim plan1 Sekil 5°te gosterilmistir.

Sekil 4
Inverter Tek Hat Semasi
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Sekil 5
1 MW Kurulu Giicteki Santralin Kus Bakist Gértintimii
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BULGULAR

PVsyst Sonuclar

Tablo 3’te, PVsyst simiilasyon programi kullanilarak gerceklestirilen analizler sonucunda elde
edilen sistemin genel performans verileri detayli bir sekilde sunulmustur. Sekil 6’da sistemin yil
icerisindeki aylik performans degisimlerini ortaya koyan ve verimliligin énemli bir gdstergesi olan
performans orani (PR) degerlerinin aylik dagilimi gorsel olarak aktarilmistir.

Tablo 3
PVsyst Sistem Performans Sonuglar

GlobHor T_Amb E_Grid PR

kWh/m? °C kWh oran
Ocak 63.9 0.35 97.886 0.907
Subat 79.3 2.25 107.506 0.896
Mart 122.7 6.96 142.259 0.857
Nisan 159.8 11.24 163.907 0.834
Mayis 204.5 16.32 187.192 0.805
Haziran 219.5 20.95 189.727 0.787
Temmuz 223.1 25.09 190.313 0.768
Agustos 199.5 24.88 184.025 0.763
Eyliil 161.5 19.58 171.334 0.789
Ekim 109.4 13.68 135.344 0.835
Kasim 72.0 7.02 104.836 0.874
Aralik 56.5 2.09 90.521 0.897
Yil 1671.8 12.59 1.764.851 0.820

Sekil 6
Aylara Gore Performans Oranlar

Performans oram PR

I 1 I I I I I I I I I
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Yaz aylarinda PR degerlerinin diisiik ¢ikmasinin baslica nedenleri arasinda, artan ortam ve hiicre
sicakliklarina bagli olarak PV panellerinin veriminde meydana gelen diisiis, riizgarin azalmasiyla
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birlikte dogal sogutma etkisinin yetersiz kalmasi, yagis eksikligi nedeniyle panellerin yiizeyinde biriken
toz ve kirlerin 1s1nim1 engellemesi, inverter ve kablolarda sicakliga bagli 1s1l kayiplarin artmasi gibi
faktorler yer almaktadir.

PVSOL Sonuclar

Tablo 4’te, PVSOL simiilasyon programi kullanilarak yapilan analizler sonucunda elde edilen
sistemin genel performans verileri detayli olarak sunulmustur. Tablo 5°te ise yine ayni simiilasyon
sonuglarina dayanarak sistemin aylik ve yillik bazda sagladigi enerji kazanglar ile toplam enerji iiretim
degerleri ayrintili sekilde verilmistir.

Tablo 4
PVSOL Sistem Performans Sonuglart

GlobHor T_Amb E_Grid PR

kWh/m? °C kWh oran
Ocak 60.3 -0.2 87.275 0.861
Subat 74.6 1.1 95.933 0.859
Mart 122.1 6.6 138.125 0.842
Nisan 155.3 10.7 152.551 0.811
Mayis 196.3 16 175.272 0.795
Haziran 212.5 21 180.931 0.793
Temmuz 227.6 25 193.754 0.777
Agustos 205.3 24.8 184.685 0.762
Eyliil 163.5 18.8 174.967 0.801
Ekim 110.7 13.5 133.229 0.822
Kasim 74.1 6.6 102.938 0.846
Aralik 57.2 1.6 85.044 0.895
Yil 1659.7 12.2 1.704.711 0.808

Tablo 5 )
PVSOL Kazang ve Sistem Uretim Degerleri

Parametreler Degerler
PV jenerator ¢ikist 1150,2 kWp
Yillik 6zgiil kazang 1.481,97 kWh/kWp
Sistem kullanim oran1 (PR) %80.8
Golgelemeden dolay1 olusan kazang kaybi 1,1 %/Y1l
PV jenerator enerjisi (AC sebekesi) 1.704.711 kWh
Sebeke beslemesi 1.692.918 kWh/Y1l
Giines enerjisi orani %46,3
Dogrudan 6z tiikketim 11.792 kWh
Kisisel gii¢ tiiketimi %0,7
Bekleme konumundaki tiiketim (Inverterler) 92 kWh/Y1l

Onlenen CO, emisyonu

801.171 kg/y1l

Uretilen elektrik enerjisi bakimindan PVsyst ve PVSOL simiilasyon programlari ile gercek saha
verilerinin karsilagtirilmasi Tablo 6’da kapsamli bir sekilde sunulmustur. Gergek saha verileri ile yapilan
karsilagtirmalarda, 2022 yilina ait iiretim degerleri baz alindiginda, PVsyst simiilasyonu %5,43, PVSOL
simiilasyonu ise %1,83 oraninda sapma gostermistir. 2023 yili verileri dogrultusunda ise PVsyst
programi %13,44, PVSOL ise %9,58 sapma orani ile sonug iiretmistir. iki yilin ortalamasina gore,
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PVsyst %9,29 sapma ile tahmin yaparken, PVSOL %5,56 sapma ile daha yakin sonuglar vermistir. Bu
veriler, her iki programin da gercek iiretim degerlerine yakin ve kabul edilebilir seviyede sapmalarla
sonuclar sundugunu ortaya koymaktadir. Ancak, PVSOL programinin her iki y1lda da daha diisiik sapma
oranlar1 ile daha dogru tahminler yaptig1 belirlenmistir. Iki y1l arasindaki sapma oranlarmin artmasinin
nedeni, santralde meydana gelen arizalar nedeniyle sistemin gegici olarak devre dis1 kalmasi ve tiretimin
durmasi olarak agiklanmistir. Ayrica, fotovoltaik modiillerinin yiizeyinde biriken toz ve olumsuz hava
kosullarinin da iiretim verileri iizerinde olumsuz etkiler olusturdugu diistiniilmektedir. Bu
karsilastirmada, her iki programdan elde edilen performans degerleri ve sistemde meydana gelen kayip
oranlar1 Tablo 7°de detayli olarak verilmistir. Tablo 7 incelendiginde, ‘Sicaklik Nedeniyle Kayip® ve
‘Diistik Isik Nedeniyle Kayip’ parametreleri disinda, her iki simiilasyon programinin kayip degerlerinin
birbirine olduk¢a yakin oldugu gdzlemlenmistir. Bu farkliliklarin temel sebebi olarak, PVsyst
programimin iklim verilerini 2003-2013 yillar1 arasindaki 10 yillik doneme dayandirmasi, PVSOL
programinin ise 1991-2010 yillar1 arasindaki 19 yillik uzun dénem iklim verilerini referans almasi
gosterilmektedir. Dolayisiyla, kullanilan iklim veri setlerinin zaman araligindaki farkliliklarin
simiilasyon sonuglar1 {izerinde belirgin etkiler yarattig1 anlagilmaktadir.

Tablo 6
PVsyst ve PVSOL Sistem Performans Sonuglart ile Saha Verileri (kWh)

PVsyst PVSOL 2022 Yih 2023 YW Saha Verileri
Raporu Raporu Sa.h a Saha Verileri Ortalamasi
Verileri
Ocak 97.886 87.2775 66.523 103.261 84.892
Subat 107.506 95.933 89.363 110.630 99.996
Mart 142.259 138.125 117.59 112.443 115.016
Nisan 163.907 152.551 124.591 148.444 136.517
Mayis 187.192 175.272 185.649 160.342 172.995
Haziran 189.727 180.931 174.523 162.921 168.722
Temmuz 190.313 193.754 205.553 192.734 199.143
Agustos 184.025 184.685 198.017 199.731 198.874
Eyliil 171.334 174.967 188.363 138.135 163.249
Ekim 135.344 133.229 127.377 85.320 106.348
Kasim 104.836 102.938 115.109 71.575 93.342
Aralik 90.521 85.044 81.257 70.109 75.683
Yil 1.764.851 1.704.711 1.673.916 1.555.645 1.614.780
Tablo 7
Kayip Oranlar: ve Degerler
(")lg:iilen Deger PVsyst Sonucu PVSOL Sonucu
Yatayda Toplam Isinim 1672 kWh/m? 1659 kWh/m?
STC’de Modiil Verimi %19,79 %19,77
STC’de Modiil Uretimi 2.106.993 kWh 2.016.039 kWh
Diisiik Isik Nedeni ile Kayip %0,58 %1,37
Sicaklik Nedeni ile Kayip %7,64 %3,36
y;f;ggﬁk;{f;?plan %2.10 %2
Inverter Girisindeki Enerji 1.812.790 kWh 1.769.725 kWh
Inverterde Olusan Kayip %1,58 %1,49

139



Aerospace Research Letters (ASREL)

SONUC

Gergek saha kosullart dikkate alinarak yapilan bu ¢alismada, PVsyst ve PVSOL programlarinin
gilines enerji sistemlerinin performans analizinde etkin bir sekilde kullanilabilecegi gorilmiistiir.
Ozellikle PVSOL programi, daha diisiik sapma oranlariyla, sistemin gergek performansini daha dogru
sekilde yansitmistir. Bu bulgu, her iki programin da sistem tasarimi, bilesen se¢imi ve kurulum sonrasi
optimizasyon siireclerinde 6nemli birer mithendislik araci oldugunu gdstermektedir. Ayrica, fotovoltaik
panel ve inverter verimleri, inverter-string uyumlulugu ve sistem egimi gibi parametrelerin verimliligi
dogrudan etkiledigi anlasilmis, bu unsurlarin dikkatle degerlendirilmesi gerektigi sonucuna vartlmistir.
Elde edilen veriler 1s181inda, PVsyst ve PVSOL ile gergeklestirilecek detayli fizibilite ¢aligmalarinin,
santral kurulumundan sorumlu miihendis ve yatirimcilara rehberlik edecegi; ayni zamanda, santralin
iiretiminden yararlanacak 6zel veya tiizel kisilere daha giivenilir ve yiiksek verimli bir enerji kaynagi
saglayacagi agik¢a ortaya konmustur.

Etik Beyan

Bu ¢alisma Mustafa Sacid ENDIZ danismanliginda 09.01.2025 tarihinde sunulan “SEBEKEYE
BAGLI 1 MW KURULU GUCTEKI GUNES ENERJi SANTRALININ PVSYST VE PVSOL iLE
PERFORMANS ANALIZI” baslikl1 yiiksek lisans tezinden iiretilmistir.

Yazar Katkilar
Arastirma Tasarimi (CRediT 1) Yazar 1 (%80) — Yazar 2 (%20)

Veri Toplama (CRediT 2) Yazar 1 (%90) — Yazar 2 (%10)

Aragtirma - Veri Analizi - Dogrulama (CRediT 3-4-6-11) Yazar 1 (%70) — Yazar 2 (%30)
Makalenin Yazimi (CRediT 12-13) Yazar 1 (%70) — Yazar 2 (%30)

Metnin Tashihi ve Gelistirilmesi (CRediT 14) Yazar 1 (%40) — Yazar 2 (%60)

Cikar Catismasi

Bu calismada yazarlar arasinda ¢ikar ¢atismasi bulunmamaktadir.

Siirdiiriilebilir Kalkinma Amaclar (SDG)

Siirdiiriilebilir Kalkinma Amagclari: 7 Erisilebilir ve Temiz Enerji
Siirdiiriilebilir Kalkinma Amagclari: 11 Siirdiiriilebilir Sehirler ve Topluluklar

Siirdiiriilebilir Kalkinma Amaglar1: 13 Tklim Eylemi
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GIRIS

Es eksenli dronlarin aerodinamik zorlugu, tek rotorlu sistemlere kiyasla daha fazladir. Tek rotorlu
sistemlerde, itki ve kaldirma kuvvetinin biiyiik bir kismi tek bir rotor tarafindan saglanirken; es eksenli
sistemlerde, iki karsilikli donen rotorun etkilesimi kullanilarak itki verimliligi optimize edilir ve tiim
sistemin boyutu ile karmasiklig1 azaltilir (Leishman, 2006). Es eksenli rotor konfigiirasyonlari, daha iyi
aerodinamik performans saglamalar1 nedeniyle IHA (insansiz hava araci) tasarimlarinda kapsamli bir
sekilde incelenmistir (Lei, Y., Ji, Y. ve Wang, C., 2018). Ancak, bu kadar karmasik rotor sistemlerine
yonelik Hesaplamali Akiskanlar Dinamigi (CFD) tahminlerinin dogrulugunun onaylanmasi, tasarim
ongoriilerinin giivenilirligini saglamak agisindan son derece dnemlidir. Bu ¢aligma, es eksenli dron
pervanelerinin analizinde uygun CFD y6nteminin seg¢ilmesini amaglayan kapsamli bir 6n incelemedir.
Ik asamada yapilan bu tiir bir arastirma, hem simiilasyonlarda dogru yontemin belirlenmesi hem de
analizlerin gecerliliginin kontrolii agisindan oldukga kritiktir.

Hesaplamali Akiskanlar Dinamigi, rotor aerodinamiginin analizinde degerli bir aragtir; ¢linkii
rotor kanatlar1 etrafindaki hava akimi, basing dagilimlari ve itki iiretimi gibi parametreleri incelemeye
olanak tanir. Bu caligsmada, viskoz olmayan akislar1 temsil eden Euler denklemleri kullanilarak, ilk
aerodinamik hesaplamalar i¢in basit fakat etkili bir model uygulanmistir. Euler tabanli ¢oziimler
genellikle rotor analizlerinin baslangi¢ asamalarinda kullanilir ¢iinkii bu yontemler hesaplama agisindan
hizlhidir ve hizli bir 6ngorii saglar; dolayisiyla rotor performansinin 6n degerlendirmesi i¢in tercih edilir
(Kim, J. W., Park, S. H., & Yu, Y. H., 2009). Bu yontem verimliligi nedeniyle yaygin olarak tercih
edilmektedir; ancak ileride yapilacak simiilasyonlarda viskoz etkilerin ve tiirbiilans modellerinin dahil
edilmesi, rotor dinamiginin daha gercek¢i bir sekilde modellenmesini saglayacaktir (Yoon, S.,
Chaderjian, N. M., Pulliam, T. H., & Holst, T. L., 2015).

Bu caligsmada, lisans arastirma grubu 6grencileri tarafindan yiiriitiilen bir projenin is paketlerinden
birisi olarak proje calismasina yakin bir problem iizerinden Euler tabanli CFD modelinin dogrulamasi
yapilmigtir. Bu problem, literatiirde kabul gérmiis bir referans olan Caradonna ve Tung rotor deneyinde
incelenen durumlardan birisidir. Caradonna ve Tung’un arastirmasi, rotor aerodinamiginde Oncii
caligmalardan biri olarak kabul edilmekte ve rotor analizi ic¢in gelistirilen CFD yontemlerinin
dogrulanmasinda temel bir referans olarak kullanilmaktadir. Rotor performansina dair itki ve tork
tahminleri gibi konulara odaklanan bu calisma, 6zellikle es eksenli konfigiirasyonlardaki karsilikli
donen rotorlar arasindaki aerodinamik etkilesimin performans {izerindeki belirleyici etkisinin
anlagilmasi agisindan 6nem tagimaktadir (Caradonna & Tung, 1981).

Ayrica, daha yakin tarihli ¢alismalar da karmasik aerodinamik etkilesimlerin daha dogru
modellenebilmesi i¢in CFD ile birlikte girdap-pargacik tabanli hibrit yaklagimlarm kullanimini
onermektedir. Ornegin, Rajmohan, Zhao ve He bu tiir yontemlerin es eksenli rotor geometrilerinin
simiilasyonunda kullanilmasimin dogruluk agisindan oOnemli katkilar sagladigini ifade etmigtir
(Rajmohan, Zhao ve He (2014)). Benzer sekilde, Srinivasan ve Baeder tarafindan gelistirilen serbest
wake Euler ve Navier-Stokes CFD teknigi de hem ileri ugus hem de sabit noktada siiziilme
kosullarindaki rotor performans analizlerinde etkili olmustur.(Srinivasan ve Baeder (1993) )

Bahsi gegen deneysel veriler ile bu calisma kapsaminda elde edilen CFD g¢iktilarinin
karsilastirilmasi, Euler Denklemlerinin kavramsal tasarim asamasinda kullanilmasini onaylamaktadir.
Bu karsilastirmalar 1s181nda, es eksenli rotorlarin aerodinamik dinamigini kavramsal tasarim seviyesinde
basarili sekilde temsil edebilecegi degerlendirilmistir.
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YONTEM

Bu caligmada akis alani, viskoz kayma gerilmelerinin ihmal edildigi Euler denklemleri ile
modellenmistir. Viskoz olmayan akis i¢in Euler’in hareket denklemleri, kiitle, momentum ve enerji
korunumu esas alinarak korunum formunda

au/ot + V-F(U) =0, U = [p,pu,pv,pw,pE|"T

seklinde ifade edilir. Burada p akigskan yogunlugu u,v,w hiz bilesenleri ve E toplam enerji terimidir. Bu
formiilasyon, akigkanin viskoz etkilerinin ihmal edilebildigi durumlarda basing ve hiz dagilimlarinin
hesaplanmasini miimkiin kilar (Ferziger & Peri¢, 2020; Versteeg & Malalasekera, 2007).

Calismada kullanilan Caradonna—Tung rotor konfigiirasyonu iki palli, sabit veterli ve NACA0012
kesit profiline sahip dikdortgen planform bir geometriye sahiptir. Rotor ¢ap1 1.143 m, sabit veter
uzunlugu ise 0.1905 m’dir. HAD analizi, (Elfarra, M., & Kaya, M. (2018))'daki literatiirde belirtilen
1750 RPM rotor hizi ve 8 derece yunuslama agisti ile gergeklestirilmistir. Bu donme hizi yaklagik 183
rad/s degerine karsilik gelmekte olup, rotor yarigapi 0.5715 m dikkate alindiginda ug hiz1 yaklagik 105
m/s olarak bulunur. Deniz seviyesi atmosfer kosullarinda (hava yogunlugu 1.225 kg/m?, dinamik
viskozite 1.8x107° Pa-s) Reynolds sayis1 yaklagik 1.3x10°¢ degerine ulagmaktadir. Ayn1 kosullarda ses
hiz1 yaklasik 343 m/s oldugundan Mach sayis1 0.3 mertebesindedir. Dolayisiyla akis yiiksek Reynolds
sayili, subsonik rejimde gerceklesmekte olup, Euler denklemlerinin kullanimi kavramsal tasarim
seviyesinde uygun ve gecerli bir yaklasim sunmaktadir.

Sekil 1
Geometri

Hesaplama daimi-hal akig varsayimi altinda yiiriitiilmiis, yakinsama kriteri ise denklem
kalintilarinda 8 mertebe diislis olarak belirlenmistir. Rotor yiizeyleri i¢in kayma smir kosulu
uygulanmisg, dig sinirlar icin ise 1 atm’lik sabit atmosfer basinci tanimlanmistir. Geometri ve ag yapist
hazirlanirken, Sekil 2'deki gibi iki bolge olusturulmus olup biiylik bolge hareketsizdir. Kiigiik bolge ise
rotoru icermekte olup rotorla beraber donen ag1 icermektedir. Agin 1zgara yapisi, rotora yakin ¢evrede
ylksek c¢oziiniirliige sahiptir. Boylelikle, rotor etrafindaki basing degisiminin yiiksek dogrulukla
hesaplanmasi amaglanmistir. Bélgelere gore ag yapisi istatistikleri Tablo 1, kalite degerleri ise Tablo
2'de gosterilmistir.
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Sekil 2
CED Akus Alani ve Stmir Kosullar: Semast
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Hava akigi
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Duragan bélge
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v ¥ 90

CFD analizi, Sekil 2'de gosterildigi gibi havada asili durma pozisyonu igin yapilmistir.
Hesaplamalar sonucunda 5 adet pal a¢iklik konumunda (r/R = 0.5, 0.68, 0.8, 0.89, 0.96) basing katsayisi
dagilimlari elde edilmistir. Burada, R, pal agiklik ¢ap1 olup, r, ise konumu gostermektedir. Her bir
konumdaki dagilim, (Caradonna, F. X., & Tung, C. (1981)) deneysel verileri ile karsilastirilmistir.

¢ 44

BULGULAR

Dogrulama ¢aligmasi, yunuslama agisinin 8 derece ve donme hizinin 1750 RPM oldugu deneyin
Olciim verile ile yapilmistir. /R = 0.5, 0.68, 0.8, 0.89, 0.96 pal aciklig1 konumlarinda hesaplanan
basing katsayisi degerleri Sekil 3°te verilmistir. Sekil, deneysel sonuglarla olan karsilastirmalari da
gostermektedir.

Tablo 1

Ag Yapisi Eleman Istatistikleri
Akis Alan1 Hacmi Hiicre Sayisi Diigiim Sayist
Kiigiik bolge 234742 273912
Biiytik bolge 189237 220083

Sekil 3’ten de goriilebilecegi lizere, hesaplanan basing katsayist dagilimlari, tiim konumlarda
deneysel sonuglarla bir uyum igerisindedir. Ozellikle basing egrilerinin genel trendi ve veter boyunca
degisimi deney sonuglar1 ile iyi derecede Ortiismektedir. Hiicum kenar1 yakinindaki basing diisiisii
yliksek hiicum agilarina bagli emis etkisi nedeniyle sayisal ¢dziimde net bicimde gézlemlenmistir; ancak
deneysel verilere kiyasla tepe degeri biraz daha diisiik ¢ikmustir.

Tablo 2

Ag Yapusi Kalite Olgiimleri
Akis Alan1 Hacmi Minimum Ortogonalite Egrilik
Kiigiik bolge 0.13669 0.00021-0.92873
Biiyiik bolge 0.29111 0.00000-0.81342

Orta agiklik konumlarinda (/R = 0.5 ve 0.68), HAD sonuglari, arka kenara dogru gézlenen basing
toparlanma egilimini dogru sekilde yansitmaktadir. Minimum basing noktasinin konumu da deneysel
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verilerle olduk¢a uyumludur. Hiicum kenarindaki emis tepe degerindeki sapmalar ise Euler
denklemlerinin viskoz etkileri ve siir tabaka olusumunu ihmal etmesinden kaynaklanmaktadir.

Aciklik konumunda ilerledik¢e (1/R=0.80,0.89,0.96), yani pal ucuna dogru yaklasildikca, sayisal
ve deneysel sonuglar arasindaki uyum daha da artmaktadir. Bunun sebebini agiklamaya ve anlamaya
yonelik degerlendirmeler devam etmektedir.

Genel olarak, Euler Denklemleri tabanli HAD simiilasyonu, pal boyunca basing dagilimini
trendini dogru sekilde tahmin edebilmis ve rotorun aecrodinamik davranisini ¢éziimlemede etkili bir arag
oldugunu gostermistir. Bu sonuglar, kullanilan yontemin tasarimlarin kavramsal agamalari igin hizli ve
uygulanabilir bir ¢dziim ydntemi oldugunu ortaya koymustur.

TARTISMA

Bu calismada, Caradonna-Tung rotor konfigiirasyonu i¢in Euler denklemleri ile elde edilen
sayisal ¢Oziimler, literatiirde yer alan deneysel verilerle karsilastirilmis ve genel anlamda yiiksek
derecede bir uyum saglanmistir. Ozellikle palin ucuna (/R = 0.80, 0.89, 0.96) dogru yaklasildikea,
basing katsayisi dagilimlarinin deneysel sonuglarla olan ortiismesi daha belirgin hale gelmistir.

Hiicum kenar1 bdlgesindeki emis degerlerinde gdzlemlenen uyumsuzluklarin ise Euler
¢Oziimiiniin viskoz etkileri ve sinir tabaka gelisiminden kaynaklanabilecegi degerlendirilmistir. Elde
edilen sonuglar, Euler denklemlerinin kavramsal tasarim i¢in yeterli dogrulugu saglayabilecegini
gostermistir. Farkli yunuslama agilari rotor iizerindeki yiik dagilimini ve basing katsayisi degerlerini
onemli Olciide etkilemektedir. Bu galismada 8° segilmesinin nedeni deneysel (Caradonna ve Tung,
1981) verilerle karsilagtirmaya uygunluk saglamasidir; daha diisiik acilar daha diisiik emis bolgeleri
olustururken, daha yiiksek agilarda sinir tabaka ayrilmasi ve kayiplar daha belirgin hale gelmektedir.

SONUC

Bu caligmada, Caradonna-Tung rotor palinin aerodinamik analizi, Euler denklemleri tabanli
Hesaplamali Akigkanlar Dinamigi yontemi kullanilarak gergeklestirilmistir. Sayisal ¢6ziim sonuglari,
bu yaklasimi dogrulugunu degerlendirmek icin literatiirde sik¢a referans verilen dene verisi ile
karsilastirilmistir. Farkli pal agikligi konumlarinda (r/R = 0.5, 0.68, 0.8, 0.89, 0.96) hesaplanan basing
katsayis1 dagilimlari, deneysel verilerle olduk¢a uyumlu sonuglar vermistir. Ozellikle veter boyunca
gozlenen basing degisimi, Euler Denklemleri tabanli ¢6ziim yontemiyle yeterli kabul edilebilecek bir
seviyede yakalanmistir. Hiicum kenarindaki negatif tepe degerlerinde gozlemlenen kiiciik sapmalarin
ise Euler denklemlerinin viskoz etkileri ve sinir tabaka gelisimini icermemesinden kaynaklanabilecegi
degerlendirilmistir.

Bu calismanm bulgulari, Euler Denklemleri tabanli akis ¢oziimlerinin kavramsal tasarim
caligmalarinda hesaplama agisindan verimli ve giivenilir bir alternatif olabilecegini dogrulamaktadir. Bu
durum, Wang ve arkadaslarinin Caradonna-Tung konfigiirasyonu {izerine yaptiklar1 ¢alismayla da
tutarlidir; s6z konusu c¢alismada Euler ¢6ziimleri ile deneysel veriler arasinda yiiksek bir korelasyon
gozlemlenmistir.(Wang ve arkadaslarinin (2018) ) Benzer sekilde, Steijl, Barakos ve Badcock tarafindan
gelistirilen ¢ok bloklu CFD yontemi, Euler denklemlerini kullanarak rotor aerodinamiginin dinamik
performansini dogru sekilde simiile etmis ve Caradonna-Tung deneysel verileriyle yiiksek diizeyde
uyum saglamistir (Steijl, Barakos ve Badcock (2006) ).

Bunun yaninda, Elferra ve Kaya’nin viskozluk ve tiirbiilans etkilerini igeren Navier-Stokes tabanli
¢ozlim yontemi, hiicum kenarindaki emis tepe noktalarimin tahmininde daha yiiksek bir dogruluk
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sunmustur (Elferra ve Kaya’'nin (2018)). Ancak genel basing dagilimi egilimleri ag¢isindan bakildiginda,
bu ¢alismada elde edilen Euler tabanli ¢oziimler, viskoz ¢6ziim sonuglartyla da biiyiik oranda benzerlik
gostermistir.

Sekil 3

Sayisal ve Deneysel Coziimlerin (Caradonna ve Tung, 1981) Basing Katsayist Dagilimlarinin
Karsilastiriimast

Grafiklar siraswyla (a) r/R = 0.96, (b) r/R = 0.89, (c) /R = 0.80, (d) r/R = 0.68 ve (e) r/R = 0.50 konumlarini
gastermektedir.
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Sonug olarak, bu calisma, Euler tabanli CFD analizlerinin rotor profillerinin aerodinamik
davraniglarimi kavramsal tasarim kapsami igin yeterli seviyede 6n gorebildigini ortaya koymustur.
Kavramsal tasarimin yani sira hizli degerlendirme gerektiren ve optimizasyon igeren miihendislik
caligmalarinda da 6nerilen bu yontemin kullanilabilecegi degerlendirilmistir.

Bu ¢aligma, lisans arastirma grubu dgrencileri tarafindan yiiriitiilen ve ana temasi bir es eksenli
dron tasarimi olan projenin kavramsal tasarimi i¢in proje ekibine 151k tutmus ve pervane secimine
yonelik konseptlerin degerlendirilmesi siirecinde hiz kazandirmistir.

ONERILER

Bu calismada elde edilen bulgular, dron rotorlari i¢in aerodinamik analizlerin gerektigi kavramsal
tasarim asamasinda Euler Denklemleri tabanli HAD ¢6ziimlerinin kullanabilecegini ortaya koymustur.
Ciinkii, boylelikle, hizli ve verimli sonuglar alinabilecektir. Ancak, daha yiiksek dogruluga sahip
sonuclara ulagmak icin viskoz etkilerin ve hatta tiirbiilansin modellendigi Navier—Stokes ¢ozlimleri
onerilmektedir. Ayrica, zamandan bagimsiz yani daimi-hal ¢oziimleri yerine zamana gore degisen akis
analizleri kullanilarak rotor pallerinin aerodinamik davranisi, daha kapsamli bigimde elde edilebilir.
Havada asili kalma kosuluna ek olarak; ileri ugus ve manevra senaryolarini igeren farkli gérev esnasinda
yapilacak analizler, bu modelin daha genis uygulama alanlarinda gecerliligini test etme firsat1 sunacaktir
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Finansman
Calisma TUSAS ve TUBITAK tarafindan desteklenmistir.

Cikar Catismasi

Bu calismada bir ¢ikar ¢atismasi yoktur.
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Euler Denklemi Tabanh Bir HAD Modelinin Rotor Deneyi Sonuclart ile Karsilastirilmasi

EXTENDED ABSTRACT

Introduction: Rotor systems are important parts of drone and helicopter design. In this study, we use a
simple CFD method that is based on Euler equations. The goal is to check if this method gives correct results by
comparing it with a well-known experiment. The experiment is called the Caradonna-Tung rotor test, and it is used
often in scientific studies. If the results are close to the experiment, then this CFD method can be used in the early
design of drone rotors.

Method: The rotor has two blades with a NACA 0012 airfoil and rectangular shape. Its diameter is 1.143
meters and chord length is 0.1905 meters. The simulation is done at 1750 RPM and with 8° collective pitch angle.
Euler equations are solved with steady-state condition. There is no viscosity or turbulence in this model. The mesh
is created carefully and the rotor area has higher mesh density. Pressure coefficients are calculated at five positions
(t/R=0.5,0.68, 0.8, 0.89, 0.96), and these are compared with experimental data.

Findings: These results show that Euler-based CFD can be used in the conceptual design phase. It gives
fast results and saves time. In other studies like Wang et al. and Steijl et al., similar findings were obtained.
However, for more accurate results with flow separation or turbulence, Navier—Stokes equations can be used later.

Discussion: The results are shown us that this CFD method can be useful in the early design steps. Because
Euler solutions are fast, they can save time. Also, they give a general idea about the flow. But if we want to see
detailed flow features, like turbulence or unsteady motion, we will need to use Navier-Stokes in future. When we
look at other studies, like Steijl or Wang’s works, we see similar ideas.

Conclusion: This validation shows that the Euler CFD model is reliable for basic hover cases. It is useful
in early rotor design stages, especially when time and resources are limited. In this project, it also helped the
student group in selecting drone rotors and checking early performance.

Recommendation: In the future studies can use turbulence models and also work on forward flight cases.
Also, the solver can be used to optimize rotor RPM and distance between rotors to make better drone designs.
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Article Info ABSTRACT

This study includes the design and investigation stability of aircraft. The designed unnamed air vehicle

Received: 26.08.2025 (UAV) mission is conducting observation and gather intelligence without being detected by enemy radars.
Accepted: 21.10.2025 The designed UAV has fixed wing, mass of 10 kg and cruising speed of 30 m/s. The most important
Published: 31.12.2025 characteristic of UAV is use stealth technology.To select using stealth technology for UAV because the

detection of UAVs using stealth technology is more difficult than that of conventional UAVs. When design,
the initially selected wings profile analyzed use XFLRS software. After choose S1210 airfoil profile among

Keywords: the other airfoils. Because S1210 airfoil profile has the best lift coefficient and minimum drag coefficient.
U.AV’ . The tail airfoil profile uses symmetric airfoil NACA 0010 because appropriate of aircraft design. Then
Fixed Wing, selected profile, configuration selection phase exists. At this phase configuration selection for wing,
Stealth Technology, fuselage, tail and landing gear. Mid-wing and T-tail configurations are used because they provide the
Longitudinal Stability. aircraft with better balance and stability. Conventional fuselage and articulated landing gear configurations

are used because they provide the aircraft minimum parasite drag and undetected by enemy radars. Then
selected configuration, designed aerodynamic and control surface with specific dimensions and after the
aircraft has been drafted using CAD software. Payload consists of T-Motor MN4014 brushless motor,
compatible 40A ESC, 4S 5000mAh Li-Po battery, and Teledyne FLIR Hadron 640 imaging system for day
and night reconnaissance missions. Then design phase, state-space matrices has been created because
aircraft designed to investigate longitudinal stability. In the matrix parameters used to XFLRS software
derived from the stability of analysis and elevator deflection is OpenVSP software derived from the
analysis. The finally, PID controller used for investigation stability and the best system’s response was
derived.

Hayalet Insansiz Hava Aracinin Tasarimi ve Boylamasimna Kararhhgimin Incelenmesi

Makale Bilgisi OZET
Bu ¢aligsma, gorevi dilsman radarlarma yakalanmadan g6zlem yaparak bilgi toplamak olan insansiz hava
Gelis Tarihi: 26.08.2025 aracinin tasarmmini ve kararliliginin incelenmesini icermektedir. Tasarlanan hava arac, sabit kanatli, 10 kg

agirhginda ve 30 m/s seyir hizina sahiptir. Ayrica hava aracinin en énemli 6zelligi gizlilik teknolojisini
kullantyor olmasidir. Gizlilik teknolojisine sahip insansiz hava araglarmin geleneksel hava araglarina gore
tespit edilmesi daha zor oldugu i¢in bu gorev tiiriinde tercih edilmistir. Tasarim asamasinda ilk olarak
belirlenen kanat profillerinin XFLRS5 programinda analizleri gergeklestirilmis ve kriterlere gore

Kabul Tarihi: 21.10.2025
Yayin Tarihi: 31.12.2025

Keywords: degerlendirilerek en iyi tasima katsayisina ve minimum siiriiklemeye sahip S1210 kanat profili se¢ilmistir.
iHA Hava arac1 tasarimina uygun olmasi nedeniyle kuyruk profilinde simetrik bir profil olan NACA 0010 tercih
Sabi; Kanat, edilmistir. Profil se¢iminin ardindan konfigiirasyon asamasinda kanat, govde, kuyruk ve inis takimi
Gizlilik Teknolojisi, konfigiirasyonlari yapilmistir. Hava aracinin daha dengeli ve kararli olmasini saglamak i¢in ortadan kanat

ve T kuyruk tercih edilirken parazit siiriikleme ve radar goriiniirliigiinii azaltmak i¢in ise geleneksel govde
ve govde igine alinabilen inis takimi tercih edilmistir. Uygun konfigiirasyonlarin belirlenmesinden sonra
aerodinamik ve kontrol yiizeylerinin boyutlandirilmas: yapilarak hava aracinin 3 boyutlu CAD ¢izimi
olusturulmustur. Faydali yiik olarak hava aracini giivenli bir sekilde kaldirabilecek ve gérevin sorunsuz bir
sekilde tamamlanmasini saglayacak giice sahip fircasiz T-Motor MN4014 , motora uyumlu olarak 40A
akim kapasitesine sahip ESC, 4S 5000mAh Li-Po batarya ve gece/giindiiz kesif gorevlerinde kotii hava
sartlarinda dahi goriintiileme yetenegine sahip Teledyne FLIR hadron 640 goriintileme sistemi tercih
edilmistir. Bu tasarim giinlimiiz savunma alanindaki ihtiyaglar1 karsilamak agisindan 6nemli bir katki
saglamaktadir. Tasarim asamasi tamamlandiktan sonra hava aracinin boylamasina kararliliginin
incelenmesi adina  durum uzay matrisleri olusturulmustur. Matris igerisinde bulunan degerler XFLRS
yazilimi aracihigtyla kararlilik analizleri sonucunda elde edilirken matriste bulunan elevator sapma agisi
OpenVSP yazilimi aracihigryla elde edilmistir. Son olarak kararligin incelenmesi amaciyla PID
kontrolciileri kullanilarak en iyi sistem cevabi elde edilmistir.
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INTRODUCTION

Today, unmanned aerial vehicles are used in many areas, primarily in the military field. It is very
important that unmanned aerial vehicles are designed to suit the task they are assigned. Traffic control,
attacking enemy forces, border surveillance, gathering intelligence by infiltrating enemy lines,
measuring air pollution, etc., are some of these tasks, and the aircraft designed for each task must be
specific to that task (DAG et al., 2022; Nikolaou et al., 2025). For example, it is of great importance that
unmanned aerial vehicles used in reconnaissance, surveillance, and intelligence gathering missions can
continue their operations without being detected by enemy radar systems. At this point, stealth
technology comes to the fore. The concept of stealth encompasses various design and material
characteristics that make it difficult for an aircraft to be detected by enemy radars. The first aircraft
designed and manufactured using this technology was the F-117A Nighthawk. The F-117 is an aircraft
designed by Lockheed Martin to attack high-value targets without being detected by enemy radar and
to carry out precision strikes (Ashraf et al., 2018).

The aircraft designed in this study is intended to gather information by conducting surveillance
without being detected by enemy radar. Low visibility, which prevents detection by enemy radar, is a
crucial technology for the designed aircraft. This feature is also related to the aircraft's aerodynamic
structure and stability characteristics. Stability refers to the aircraft's ability to maintain flight without
pilot intervention. Stability for an aircraft is examined in two ways: Longitudinal stability and lateral
stability. In this study, longitudinal stability criteria were considered with the aim of ensuring the
aircraft's safe flight (Diindar et al., 2020). Longitudinal stability controls the aircraft's nose-up or nose-
down movements, while lateral stability controls the aircraft's right-left turns. When examining
longitudinal stability, the most important part is the control surface, i.e., the elevator, located on the
horizontal tail. The elevators located on the horizontal tail move in the same direction to maintain
moment equilibrium. There are two control surfaces that affect lateral stability: the rudder located on
the vertical tail and the ailerons located on the wings (Copur et al., 2025). The ailerons are placed at the
tips of both wings. The reason for this is to ensure maximum effectiveness when turning the aircraft.
The two ailerons move in opposite directions to provide the turning motion.

In this study, the design of a 10 kg mini unmanned aerial vehicle was completed with a focus on
low visibility for observation purposes. Subsequently, the longitudinal stability of this aerial vehicle was
examined and the necessary assessments were made.

METHOD

In this section of the study, payloads were determined, configurations were selected, and the
aircraft was sized. Table 1 lists the desired design requirements for the designed aircraft.

Table 1

Design Requirements
Requirement Value
Cruise Speed 30 m/s
Stall Speed 27 m/s
Maximum Altitude 1000 m
Maximum Weight 10 kg
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Payloads

One of the factors affecting the successful completion of an aircraft's mission is its power and
propulsion systems. This system consists of the motor, electronic speed controller, and battery used as
the energy source. In this study, the brushless T-Motor MN4014 was selected for a mini unmanned
aerial vehicle with a takeoff weight of 10 kg. An ESC with a 40A current capacity compatible with the
motor was selected. The selected ESC was determined according to the motor's operating voltage and
maximum current. A 4S 5000mAh Li-Po battery was chosen as the energy source, and the Teledyne
FLIR Hadron™ 640, which is high-resolution and capable of imaging even in adverse weather
conditions, was selected as the imaging system.

Material Selection

In stealth technology, material selection is important in terms of reducing the radar cross-section
and minimizing the reflection of electromagnetic waves. For this reason, radar-absorbing materials and
composite materials are generally used. In this study, carbon fiber reinforced polymers were also
preferred due to their high strength-to-weight ratio and ability to absorb radar waves (Srikar et al., 2025).

Configuration Selection

In this section, the wing, fuselage, tail, and landing gear configurations for the aircraft have been
designed separately.

Wing Configuration

One of the elements that most affects aerodynamic efficiency in the design phase of unmanned
aerial vehicles is wing profiles. Therefore, during the design phase, five different wing profiles were
analyzed in terms of criteria such as lift coefficient, drag coefficient, and moment coefficient. The
Reynolds number used in the analyses was calculated as 310329 using Equation 1. The Mach number
was calculated as 0.090 using Equation 2 (DAG et al., 2023; Low-Hansen et al., 2025).

v: Fluid velocity

p: Fluid density

v: Fluid kinetic viscosity
w: Fluid dynamic viscosity

1: Characteristic length of the profile

Re=— (1)

== )

In this study, the DEA-51, E387, S1210, NACA 1412, and WORTMANN airfoil profiles were
analyzed according to the specified criteria. During the evaluation process, the maximum lift coefficient
(CL)max, minimum drag coefficient (CD)min, and moment coefficient (CM), were considered, and a
decision matrix was created in Table 2 based on these parameters. The obtained XFLRS analysis results
are shown in Figure 1, Figure 2, and Figure 3.
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Table 2
Wing Profile Configuration
Proﬁl (CL)max (CD)min (CM)O
DAE-51 1.3 0.009 -0.11
E387 1.2 0.008 -0.09
NACA 1412 1.1 0.008 -0.07
S1210 1.9 0.012 -0.25
Wortmann FX 63-137 1.7 0.011 -0.20
Figure 1
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Figure 3
Cm-Alpha graph
0,05
-10 20 25
=
@)
-0,15
-0,25
-0,3
Alpha
— DEA-51 E387 NACA 1412 S1210 =———WORTMANN

The analysis revealed that the S1210 wing profile has a higher lift coefficient than other profiles,
produces low drag force at low angles of attack, and tends to return the aircraft to a balanced state due
to its negative moment coefficient. Based on these characteristics, the S1210 was selected as the most
suitable wing profile for this study.

After selecting the wing profile, the wing position was determined. The top, center, and bottom
wing configurations were evaluated based on weight, stability, aerodynamic efficiency, radar visibility,
and manufacturability criteria, and Table 3 was created.

Table 3

Wing Configuration
Criteria Score Percentage High Wing Mid Wing Low Wing
Weight 20% 3 4 5
Stability 30% 4 5 2
Aerodynamic Efficiency 20% 5 4 3
Radar Visibility 20% 2 3 4
Manufacturability 10% 3 4 2
Total 100% 3.5 4.1 32

As aresult of the evaluation, a mid-wing configuration was selected in this study to ensure greater
balance and stability of the aircraft.

Fuselage Configuration

The fuselage configuration selection was made from among the traditional fuselage, wing profile
fuselage, and box fuselage, taking into account weight, drag, radar visibility, and stability criteria, as
shown in Table 4.
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Table 4

Fuselage Configuration
Criteria Score Percentage Traditional Fuselage Drop Fuselage Box Fuselage
Stability 30% 5 3 4
Radar Visibility 30% 3 4 1
Weight 25% 5 3 2
Parasite Drag 15% 3 5 1
Total 100% 4.1 3.6 2.15

Among the important parameters of the designed aircraft, its radar visibility,stealth capability,
is noteworthy. Since the aircraft's longitudinal stability will be examined, stability is another parameter
of high importance in addition to this feature. In body comparisons, these criteria are met by traditional
and teardrop bodies. On the other hand, the box fuselage, due to its angular and transitional structure
between surfaces, produces parasitic drag and is also a fuselage type that is unfavorable in terms of radar
visibility. As a result of the evaluations, it was decided to use the traditional fuselage as the fuselage
type in this design.

Tail Configuration

When configuring the tail, the tail profile was selected first. When selecting the tail profile, it was
determined that cambered profiles were not suitable for the designed aircraft because they create
unnecessary moments and additional drag forces. Since the goal was to produce these symmetrical
aerodynamic responses on both sides of the tail surfaces, the symmetrical NACA 0010 profile was
chosen for this study, and the analysis results obtained using the XFLRS5 software are shown in Figures
4 and 5.

Figure 4
Cl-Alpha Graph
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Figure 5
Cd-Alpha Graph
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After selecting the queue profile, the queue type was selected and is specified in Table 5.

Tablo 5

Tail Configuration
Criteria Score Percentage H Tail Traditional Tail T Tail V Tail
Radar Visibility 20% 2 2 2 3
Stability 20% 5 4 5 4
Equilibrium 20% 5 4 5 4
Parasite Drag 15% 2 3 3 3
Weight 15% 2 4 3 3
Producibility 10% 3 5 3 3
Total 100% 3.3 3.55 3.6 3.4

Tail types were compared based on six parameters, primarily stability, radar visibility, and
balance. Since the aircraft will undertake observation tasks, factors affecting observation capability,
such as camera and other technical component vibrations, should be minimized; therefore, balance and
vehicle stability are crucial parameters. When examining Table 3, the H tail and T tail stand out among
the compared tail types in this regard. When compared based on parasitic drag and weight parameters,
the T tail was selected as the best tail type among these two.

Landing Gear Configuration

When selecting landing gear for the designed aircraft, fixed landing gear was not preferred
because it produces extra parasitic drag and creates a sharp line on the aircraft, thereby increasing its
radar visibility. Instead, retractable landing gear that can be retracted into the fuselage was preferred.

Sizing
In this section, the dimensions of the aircraft's wing, fuselage, tail, and control surface elements
were determined individually.
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Wing Sizing
Wings are the component that enables aircraft to remain airborne by generating lift during flight.
Considering the mission requirements, the CL value was determined as 1.56328 for this aircraft design,

which will operate at a takeoff weight of 10 kg, a cruise speed of 30 m/s, and a 4-degree angle of attack.
Using all these data in Equation 3, the wing area of the aircraft was calculated as 0.1254 m?.

L=W=~psV.2xSxCL  (3)

After calculating the wing area, the AR value was taken as 5.10 based on Raymer's
recommendations, and the wing span was calculated as 0.8 m using Equation 4. A straight wing was
chosen, and the tip and root chord values were calculated as 0.1667 m using Equation 5. Finally, the
average aerodynamic chord was calculated as 0.1667 m using Equation 6 (Raymer, 1989).

bZ

AR = < @)
g= b(CF0021:+Ctip) )

2 (14+2+22)
MACZE Croot W (6)

Fuselage Sizing

When sizing the fuselage, consideration was given to the aircraft's ability to carry the equipment
necessary for the specified operation. If the fuselage length is chosen to be too short, instability and
balance issues will arise in the aircraft. If the fuselage length is chosen to be too long, unnecessary
weight and increased parasitic drag will occur depending on the length. For this reason, it is very
important that the fuselage has the appropriate dimensions for the necessary equipment. Taking all these
considerations into account, the fuselage length has been determined to be 0.528 m.

ly = by X (7)

Tail Sizing

During the selection of the aircraft's tail configuration, it was decided to use a T-tail as the tail
type. When calculating the dimensions of this tail, the horizontal and vertical tails will be dimensioned
separately, but the same procedure will be followed. First, Raymer's recommendations for determining
the tail length based on the fuselage length were taken into account, and the tail lengths were calculated
to be 60% of the fuselage. Equation 8 was used during the calculations, and the values of luyr and lyr

were found to be 0.316 m.

60

lHTleT=lf Xm

(8)

Subsequently, Equations 9 and 10 were used to determine the horizontal and vertical tail areas,
and calculations were performed by accepting the Cut and Cyr values in the equations as 0.5 and 0.04,
respectively, taking into account Raymer's recommendations for horizontal and vertical tail volume
ratios. Subsequently, the Syt and Syt values were obtained as 0.0351 m? and 0.012 m?, respectively.
__ Sur-lur )
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__ Syr'lyr (10)

Equation 11 was used to calculate the tail gaps, and the AR values in the equation were determined
as 4 for the horizontal tail and 1.6 for the vertical tail, taking Raymer's recommendations into account.
The gap value for the horizontal tail is 0.375 m, while for the vertical tail it is 0.138 m.

bZ
AR = s (11)

Finally, using Equation 12 to calculate the tail veter lengths, the CHT and CVT values were
calculated as 0.094 m and 0.086 m, respectively.

S=bxc (12)

Control Surfaces Sizing

Control surfaces are elements that enable the aircraft's movement along various axes. Those
located on the wing are ailerons and enable the aircraft's turning movement. The surface element located
on the horizontal tail is the elevator and enables the aircraft's nose-up movement. The vertical tail has a
control surface called the rudder, which controls the nose's left and right movement. In some tail types
where the horizontal and vertical tails are integrated, a combined control surface called a ruddervator,
which combines the elevator and rudder, is used. Since a T-tail was used in this study, the elevator and
rudder were sized separately. Control surfaces that are too large cause excessive sensitivity and
instability, while those that are too small may not produce sufficient moment and may be ineffective at
low speeds. For this reason, when designing the control surface elements, care was taken to ensure that
they were neither too large nor too small. The percentage of the area and opening of the surface where
the control surfaces are located, the percentage of the area and opening of the control element, and the
area of the control element are tabulated and presented in Table 6. Furthermore, the flap value given in
the table is valid for one flap. When calculating for both, the result can be obtained by multiplying by
two.

Table 6

Control Surfaces Sizing
Control Surface Veter Percentage Span Percentage Veter Value Span Value Area
Aileron 30% 50% 0.050 m 0.2m 0.01 m?
Elevator 32% 84% 0.028 m 0.30m 0.0084 m?
Rudder 35% 85% 0.030 m 0.116 m 0.0034 m?

After the design and sizing of the aircraft were completed, the wing and tail dimensions were
provided using Table 7.

Table 7

Wing and Tail Sizing

Features Wing Vertical Tail Horizontal Tail
Area 0.1254 m? 0.012 m? 0.0351 m?
Span 0.8 m 0.138 m 0.375m
Aspect Ratio 5.10 1.6 4

Tip Veter 0.1667 m 0.086 m 0.094 m
Root Veter 0.1667 m 0.086 m 0.094 m
Taper Ratio 0 0 0
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After the sizing of the aircraft was completed, a 3D drawing was created using CAD software,
and an isometric view was provided using Figure 6.

Figure 6
Isometric View of the Aircraft

FINDINGS

This section will examine the longitudinal stability of the designed aircraft, which is the main
objective of this study, by evaluating the system response after creating the state space matrices.

Investigation of Longitudinal Stability

The directions of the aircraft's axial movements, namely pitching, rolling, and yawing, have been
reversed in this study. For this reason, the aircraft does not respond to stability assessment when the KP,
KI, and KD values are positive (Coban, 2024). As a result, when examining longitudinal stability, the
KP, KI, and KD values will be selected as negative. First, the stability study was initiated with the
standard values of KP=-50, KI =-5, and KD =-50. The system response is shown in Figure 7 (Bertran et
al., 2022; Ma et al., 2025; Uzun et al., 2024).

Figure 7
Initial Longitudinal Stability Plot
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After examining Figure 7, it was decided to increase the KP value based on the general principles
of PID improvement aimed at reducing steady-state error. However, since the axes of the designed
aircraft were set in the negative direction, the KP value was decreased instead of increased, and the new
graph created was examined using Figure 8 (KOPRUCU & OZTURK, 2024; Mien et al., 2024).

Figure 8
Longitudinal Stability Chart for Condition 2
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Subsequently, it was decided to reduce the Kp value to decrease the maximum overshoot obtained
in the graph for the second case. Here again, the general principles are geared towards increasing the Kp
value. In Figure 9, the Kp controller was improved and the new case was examined.

Figure 9
Longitudinal Stability Chart for Condition 3
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The system response obtained in Figure 9 is still insufficient in terms of stability. Therefore, the
KP value has been reduced to improve the rise time. The KD values were reduced to improve the
maximum overshoot. As a result of these improvements in the KP and KD values, the most stable state
of the system was obtained. Since the axes of the designed vehicle are positioned in the negative
direction, the KP and KD values were again accepted in a manner contrary to the general principles.
Figure 10 shows the stable state of the system.
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Figure 10
Longitudinal Stability Chart for the Most Stable Condition
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The K value is typically used to improve the system's rise time. In this study, the most stable state
shown in Figure 10 was obtained while the K; value remained unchanged at its standard value.

DISCUSSION AND RECOMMENDATIONS

The PID values obtained as a result of the stability study indicate that the aircraft is longitudinally
stable. The required PID values were found using trial and error and were sufficient for this study.
However, if a more stable condition is desired, various artificial intelligence techniques can be used
(Uzun, 2024). In addition, the material used for stealth in the design phase was determined according to
the weight of the designed aircraft and was effective in avoiding detection by radar. If extra stealth is
desired, heavier and more effective materials can also be preferred; accordingly, the wing area or
propulsion system that will provide the air vehicle's lifting force should be preferred. Furthermore, since
the designed air vehicle was designed to be suitable for the mini jet UAV category, it can carry
ammunition as a payload and attack enemy routes.

RESULTS

As aresult of the studies conducted, the design of a fixed-wing unmanned aerial vehicle compliant
with stealth technology and its 3D engineering model were created, and its longitudinal stability was
examined.

* To enable the designed aircraft to successfully perform its mission, a brushless T-Motor
MN4014, an ESC with a 40A current capacity, and a 4S 5000mAh Li-Po battery were used as the power
and propulsion system, while the Teledyne FLIR Hadron™ 640 was chosen for the imaging system.

* A mid-wing configuration was chosen for the designed aircraft, with the S1210 wing profile
selected. The aircraft wing has a span of 0.8 m and a wing area of 0.1254 m?,

* A conventional fuselage was chosen for the designed aircraft, and the fuselage of this aircraft is
0.528 m long.

* The tail type used in the designed aircraft is a T-tail, and the NACA 0010 wing profile was
chosen for the tail. The horizontal and vertical tail dimensions were determined separately. The vertical
tail has a length of 0.138 m and an area of 0.012 m?, while the horizontal tail has a length of 0.375 m
and a tail area of 0.0351 m?.
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» The dimensioning of surface elements is a crucial point for the aircraft whose longitudinal
stability will be examined. The winglet area of the UAV is 0.01 m?, the elevator area is 0.0084 m?, and
the rudder area is 0.0034 m?.

Calculations and analyses have determined that the aircraft possesses aerodynamic characteristics
suitable for flight. While examining the aircraft's stability, the Kp, Ki, and Kp control coefficients were
optimized by increasing and decreasing them. Longitudinal stability analyses have demonstrated that
the aircraft exhibits safe flight performance.

Yazarhk Katkilari
Tasarim/Design: Zekiye CINAR (50%) — Rabia UZUN (50%)

Veri Toplama veya veri girisi yapma/Data Collection or Processing: Rabia UZUN (50%) — Zekiye
CINAR (50%)

Analiz ve yorum/Analysis or Interpretation: Zekiye CINAR (40%) — Rabia UZUN (40%) —
Tolunay DAG (10%) — Tugrul OKTAY (10%)

Literatiir tarama/Literature Search: Rabia UZUN (50%) — Zekiye CINAR (50%)
Yazma/Writing: Zekiye CINAR (40%) — Rabia UZUN (40%) — Tolunay DAG (10%) — Tugrul
OKTAY (10%)

Finance

Finansal destek yoktur

Conflict of Interest

Cikar gatigmasi yoktur.

165



Aerospace Research Letters (ASREL)

REFERENCES

Ashraf, R., Tabassum, S. T., Tahmid, R., & Hossam-E-Haider, M. (2018). Performance Analysis of
Radar Cross Section for F-117 Nighthawk Stealth Aircraft over Frequency and Aspect Angle.

2018 International Conference on Computer, Communication, Chemical, Material and
Electronic Engineering (IC4ME?2), 1-4. https://doi.org/10.1109/ICAME2.2018.8465587

Bertran, E., Tercero, P., & Sanchez-Cerda, A. (2022). UAV generalized longitudinal model for autopilot

controller designs. Aircraft Engineering and Aerospace Technology, 94(3), 380-391.
https://doi.org/10.1108/AEAT-08-2020-0156

Coban, S. (2024). Stochastic redesign of mini UAV wing for maximizing autonomous flight
performance. Aircraft Engineering and Aerospace Technology, 96(1), 113-120.
https://doi.org/10.1108/AEAT-03-2023-0061

Copur, E. H., Balta, E., & Bilgic, H. H. (2025). Tuning of cascade PID controller gains of quadcopter
under bounded disturbances using metaheuristic based research algorithm. The Aeronautical
Journal, 129(1337), 1810—1832. https://doi.org/10.1017/aer.2025.12

DAG, T., UNLER, T., COPUR, E. H., & CAKIN, U. (2022). Kentsel Hava Tasimaciliginda
Kullanilacak Dikey Inis-Kalkis Kabiliyetine Sahip Bir Hava Aracimin Kavramsal Tasarmmi ve
Menzil Hesabi. Konya Journal of Engineering Sciences, 10(3), 649—664.
https://doi.org/10.36306/konjes. 1090492

DAG, T., UNLER, T., & UYANER, M. (2023). Elektrikli Insansiz Hava Aracinin Maksimum Menzil
Hesab1. ASREL. https://doi.org/10.56753/ASREL.2023.1.2

Diindar, O., Bilici, M., & Unler, T. (2020). Design and performance analyses of a fixed wing battery
VTOL UAV. Engineering Science and Technology, an International Journal, 23(5), 1182—
1193. https://doi.org/10.1016/j.jestch.2020.02.002

KOPRUCU, S., & OZTURK, M. (2024). Comparison of PID Coefficients Determination Methods for
Aircraft Pitch Angle Control. ASREL. https://doi.org/10.56753/ASREL.2024.3.5

Lew-Hansen, B., Hann, R., Gryte, K., Johansen, T. A., & Deiler, C. (2025). Modeling and identification
of a small fixed-wing UAV using estimated aerodynamic angles. CEAS Aeronautical Journal,
16(2), 501-523. https://doi.org/10.1007/s13272-025-00816-3

Ma, H., Zhou, Z., & Zhang, D. (2025). Control Characteristics Analysis of Multi-Section Morphing
Wing Based on Centroid Self-Trimming. [EEE  Access, 13, 12996-13014.
https://doi.org/10.1109/ACCESS.2024.3519800

Mien, T. L., Tu, T. N., & An, V. Van. (2024). Cascade PID Control for Altitude and Angular Position
Stabilization of 6-DOF UAV Quadcopter. International Journal of Robotics and Control
Systems, 4(2), 814—831. https://doi.org/10.31763/ijrcs.v4i2.1410

Nikolaou, E., Kilimtzidis, S., & Kostopoulos, V. (2025). Winglet Design for Aerodynamic and
Performance Optimization of UAVs via Surrogate Modeling. Aerospace, 12(1).
https://doi.org/10.3390/aerospace12010036

Raymer, D. (1989). Aircraft Design-A Conceptual Approach. AIAA Education.

Srikar, H. S., Hariharan, A., Manikandan, K., & Arul Jeya Kumar, A. (2025). Mechanical and
electromagnetic absorption study on polyaniline and graphene oxide filled epoxy reinforced
with graphite-carbon plate composites for stealth application. Polymer Composites, 46(1), 412—
426. https://doi.org/10.1002/pc.28996

Uzun, M. (2024). Flight control system design of UAV with wing incidence angle simultaneously and
stochastically varied. Aircraft Engineering and Aerospace Technology, 96(5), 715-725.
https://doi.org/10.1108/AEAT-11-2023-0287

Uzun, M., Bilgic, H. H., Copur, E. H., & Coban, S. (2024). The aerodynamic force estimation of a
swept-wing UAV using ANFIS based on metaheuristic algorithms. Aeronautical Journal,

166



Design and Longitudinal Stability Analysis of a Stealth Unmanned Aerial Vehicle

128(1322), 739-755. https://doi.org/10.1017/aer.2023.73

167



NEU

PRESS

Cilt: 4 Say12 Yil: 2025

-~ ASREL

Aerospace Research Letters

Arastirma Makalesi e-ISSN: 2980-0064

Insansiz Hava Araclar1 Destekli Derin Ogrenme ile Afet
Yonetiminde Gelismis Gercek Zamanh Nesne ve Hasar Tespiti

Rabia KIRATLI® Alperen EROGLU"

Necmettin Erbakan Universitesi Miihendislik Fakiiltesi Bilgisayar Miihendisligi Boliimii, Konya, Tiirkiye

Makale Bilgisi

OZET

Gelis Tarihi: 12.10.2025
Kabul Tarihi: 07.11.2025
Yayin Tarihi: 31.12.2025

Anahtar Kelimeler:

THA Gorintiisii Analizi,
Afet Yonetimi,

Kurtarma Operasyonlari,
YOLO,

Gergek zamanli Goriintii ve
Video Isleme.

Dogal afetler sonrasinda gergeklestirilen arama kurtarma operasyonlarinda insansiz hava araglar tarafindan
elde edilen goriintiilerin etkin bir sekilde kullanilmasi, hizli ve dogru hasar tespiti i¢in bilyiik 6nem
tagimaktadir. Bu ¢alisma, deprem sonrasi arama, kurtarma ve hasar tespit siireclerinde kullanilmak tizere
giincel YOLO algoritmalarmdan YOLOv8n ve YOLOvV11n baz modellerini kullamlarak gelistirilen, gercek
zamanlt ¢ok sinifli nesne ve hasar tespit yaklagimi sunmaktadir. Tespit hizin1 korumak i¢in ¢oklu veri
kiimesi birlestirmeyi olumsuz kosul artirma ve hafif zamansal entegrasyonla birlestiren, insansiz hava
araglari ile izlenen felaketlere miidahale i¢in gercek zamanli, video tabanli alan genellestirilmis bir YOLO
cercevesi Onerilmektedir. Bu makale kapsaminda, VisDrone2019, VisDrone-Adverse Weather, DAWN,
UAVDT, RescuNet ve diger ¢evrim igi deprem goriintiileri toplanarak elde edilen veri kiimelerinden
derlenen, ayrica gesitli veri arttirma yontemleri kullanilarak sis, duman, karanlik, yagmur ve toz gibi diisiik
gorlis kosullarma sahip goriintiilerle zenginlestirilen 8.754 goriintiiden olusan hibrit bir veri kiimesi
olusturulmustur. Veri artirma siirecinde, geometrik dontisiimler olarak rotasyon, yatay ve dikey ¢evirme ile
6lgeklendirme, renk uzayi manipiilasyonlari olarak parlaklik, kontrast ve HSV ayarlamalari, ¢evresel kosul
simiilasyonlar1 olarak sis, duman, karanlik, yagmur ve toz, ayrica Gaussian giiriiltii ekleme ve rastgele
piksel manipiilasyonlar1 uygulanmigtir. Ayrica, modeller gergek zamanh video isleme ve nesne tespiti
gergeklestirmek iizere bu veri kiimesi iizerinde egitilerek afet bolgelerindeki dinamik kosullara hizli
adaptasyon saglanmasi1 amaglanmistir. YOLOv11 tabanli model, %92.1 mAP degeri ve 0.89 F1 puani ile
YOLOVS tabanli modele kiyasla en yiiksek performansi gosterirken, zorlu ¢evre kosullarinda ortalama %15
daha saglam sonuglar elde etmektedir. Bu ¢alisma dogrudan insansiz hava araci video akislar tizerinde
caligmakta ve dinamik afet sahnelerinde anlik adaptasyon ile zamansal tutarlilik saglamaktadir. Onerilen
yontem, ger¢ek zamanli nesne tespit performansi ve hasar siniflandirma dogrulugu agisindan kapsamli bir
sekilde degerlendirilmis ve elde edilen sonuglar, modelin afet yonetim siireglerinde etkili bir sekilde
kullanilabilecegini gostermistir.
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In search and rescue operations following natural disasters, the effective use of unmanned aerial vehicle
imagery is crucial for rapid and accurate damage assessment. This study presents a real-time multi-class
object and damage detection approach developed using the YOLOv8n and YOLOv11n base models, for
use in post-earthquake search, rescue, and damage assessment processes. A real-time, video-based domain-
generalized YOLO framework is proposed for response to unmanned aerial vehicle-monitored disasters. It
combines multi-dataset fusion with adverse condition augmentation and lightweight temporal integration
to maintain detection speed. In this paper, a hybrid dataset consisting of 8,754 images is generated from
datasets obtained by collecting online earthquake imagery from VisDrone2019, VisDrone-Adverse
Weather, DAWN, UAVDT, RescuNet, and other sources. It is also augmented with images from low-
visibility conditions such as fog, smoke, darkness, rain, and dust using various data augmentation methods.
During the data augmentation process, geometric transformations were applied: rotation, horizontal and
vertical translation, and scaling; color space manipulations were adjusted for brightness, contrast, and HSV;
environmental conditions were simulated using fog, smoke, darkness, rain, and dust; and Gaussian noise
was added and random pixel manipulations were applied. Furthermore, models were trained on this dataset
to perform real-time video processing and object detection, aiming to ensure rapid adaptation to dynamic
conditions in disaster areas. The YOLOv11-based model demonstrates the highest performance compared
to YOLOvS8-based model with a mAP value of 92.1% and an F1 score of 0.89, achieving an average of
15% more robust results in challenging environmental conditions. This study directly works on unmanned
aerial vehicle video streams and provides temporal consistency through instantaneous adaptation in
dynamic disaster scenes. The proposed method is comprehensively evaluated for its real-time object
detection performance and damage classification accuracy. The results demonstrate that the model can be
effectively used in disaster management processes.
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GIRIS

Dogal afetler, ekonomik kayiplara, yasam tehlikelerine ve kritik altyapilarda bozulmalara neden
olan &nemli tehditlerdir. Ozellikle depremler, sosyal, psikolojik ve ekonomik etkileriyle diinya
genelinde bireylerin yagamlar iizerinde derin bir etki yaratmaktadir. 2023 yilinda Tiirkiye ve Suriye'yi
etkileyen deprem, yikici etkileriyle 57.350 kisinin 6liimiine ve tahmini 109 milyar ABD dolar1 finansal
kayba yol agmistir (Ijaz ve ark., (2023)). Afet sonras1 arama, kurtarma ve hasar tespit operasyonlari,
altyapr hasarlar1 ve ulasilmasi zor bolgelerde geleneksel yontemlerle zaman alict ve tehlikeli hale
gelmektedir. Bu olay, hizli yanit ve teknoloji tabanli ¢oziimlerle arama kurtarma siireclerinin
iyilestirilmesinin 0nemini bir kez daha ortaya koymustur (Xia ve ark., (2023), (Jia ve Ye, (2023)).

Insansiz Hava Araglari (IHA), yiiksek manevra kabiliyetleri ve genis goriis alam kapsami
sayesinde, etkilenen bolgeleri izlemek ve gergek zamanli gorsel veriler saglamak i¢in vazgegilmez bir
ara¢ haline gelmistir (Degirmen ve ark., (2018)). iHA'lardan toplanan gérsel verilerin hizli ve dogru
analizi i¢in derin 6grenme tabanli bilgisayarli gorii algoritmalarinin kullanilmasi, hasar ve nesne tespiti
stireclerini otonomlastirmada kritik bir rol oynamaktadir (Alfaro ve ark., (2025)). Ancak, afet
bolgelerinde sinirli ag baglantisi veya kisith giic kaynaklari géz 6niine alindiginda, gercek zamanl karar
verme yetenegi i¢in derin grenme modellerinin IHA {izerindeki sinirli donanim kaynaklarina ug nokta
hesaplamaya uygun sekilde optimize edilmesi zorunludur. Bu alandaki yenilik¢i ¢alismalar, model
niceleme teknikleri kullanilarak algilama hizim1 %83,5'e kadar artirmay1 ve enerji tiiketimini %79,7
oraninda azaltmay1 miimkiin kilmistir, bu da konunun yiiksek giincelligini ve pratik uygulanabilirligini
kanitlamaktadir (Ijaz ve ark., (2023)).

Bu calismada, afet yonetiminde hiz ve verimliligi artirmak icin IHA destekli derin &grenme
sistemlerinde gelismis ger¢ek zamanli nesne ve hasar tespiti yontemleri iizerine odaklanilmaktadir.
Insansiz hava araglarmin, 6zellikle YOLO (You Only Look Once) algoritmasiyla birlikte kullanimy;
deprem sonrasi arama kurtarma operasyonlarinda kritik bir rol {istlenmekte ve enkaz altindaki kisilerin
tespiti, risk analizinin gergeklestirilmesi ile durumsal farkindaligin artirilmasi gibi 6nemli islevler
sunmaktadir (Chen ve ark., (2023)). YOLO ¢oziimleri 6zellikle insan ve diger nesnelerin tespiti adina
literatiirde yaygin olarak tercih edilmektedir (Akkoyunlu ve Azat, (2025)). Ayrica, enkaz kaldirma
caligmalarinin izlenmesi, bu siiregte ortaya ¢ikan toksik gazlar ve tozlarin insan sagligi lizerindeki
olumsuz etkileri dikkate alindiginda, 6nemli bir gereklilik olarak ortaya ¢ikmaktadir (Mavroulis ve ark.,
2023). Bu kapsamda, 6zellikle afet ortamlarinda kullanilmak iizere tasarlanmus, literatiirde nadiren ele
alman gercek zamanli ve video tabanli, alana genellestirilmis bir YOLO ¢ergevesi tanitmaktayiz. Bu
cerceve, zorlu gercek diinya kosullarinda en yeni teknolojinin en iyi performansini elde etmek igin
zaman kararliligi, ¢oklu veri kiimesi alan birlestirme ve olumsuz kosullara adaptasyon 6zelliklerini bir
araya getirmektedir. Bu ¢calismanin literatiire temel katkilari su sekildedir:

e Bu caligmada, gercek zamanli ve video tabanli bir nesne ile hasar tespiti ¢ercevesi
gelistirilmigtir. Statik goriintiilere dayanan énceki YOLO tabanli yaklasimlardan farkl: olarak,
onerilen model dogrudan insansiz hava araci video akislari tizerinde ¢aligmakta ve dinamik afet
sahnelerinde anlik adaptasyon ile zamansal tutarlilik saglamaktadir.

e Calisma kapsaminda, genisletilmis, ¢ok alanli ve olumsuz ¢evresel kosullara dayanikli bir IHA
veri kiimesi olusturulmustur. Farkli veri kiimeleri, sis, duman, yagmur, karanlik ve toz gibi
kosullarla zenginlestirilmis; toplam 8.754 goriintiiden olusan birlesik bir veri seti sunularak
gelecekteki aragtirmalar i¢in referans niteliginde bir kaynak elde edilmistir.
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e  YOLOvVS8n ve YOLOVI 1n tabanli modelleri afet odakli olarak kapsamli bigimde karsilagtiriimig
ve optimize edilmistir. Ger¢ek zamanli ¢ikarim hizini koruyarak %92.1 mAP ve 0.89 F1 puani
elde edilmis; bu sayede yiiksek dogruluk—gecikme dengesi saglanarak afet bolgelerinde IHA
tabanli uygulamalara uygun bir performans profili sunulmustur.

e Onerilen yaklasim, zorlu cevresel ve gorsel kosullar altinda giiclii bir genelleme kabiliyeti
sergilemistir. Diisiik 151k, sis, toz, duman ve karanlik gibi olumsuz kosullarda dahi yiiksek
kararlilik gosteren model, goriilmeyen veya bozulmus gorsel alanlarda da saglam bir
performans ortaya koymustur.

e (Calismamiz afet miidahalesine yonelik pratik ve konuslandirilabilir bir ¢oziim 6nermektedir.
Gelistirilen cergeve, arama—kurtarma, enkaz kaldirma ve yapisal hasar tespiti gibi gérevlerde
dogrudan saha uygulanabilirligini hedefleyerek, akademik arastirmalar ile operasyonel
uygulamalar arasindaki etkilesmi arttirmaya yonelik bir ¢6ziim sunmaktadir.

Makale’nin yapisi su sekilde devam etmektedir. Literatiir taramasi béliimiinde, IHA tabanli nesne
tespiti ve olumsuz ¢evresel kosullarda kullanilan YOLO mimarilerine iliskin literatiir kapsamli bigimde
incelenmistir. Yontem boliimii 6nerilen metodolojiyi aciklamakta olup veri setinin hazirlanisi, model
mimarisi, egitim parametreleri ve performans metriklerini icermektedir. Bulgular kisminda
gergeklestirilen deneysel sonuglar sunulmakta; model karsilasgtirmalari, sinif bazinda analizler, ¢evresel
kosullar altindaki performans, gercek zamanli video isleme bagarimi ve islem karmagiklig
degerlendirilmektedir. Tartigma bdliimiinde elde edilen bulgularin teknik {stiinliikler, afet
yonetimindeki stratejik avantajlar ve algoritmik yenilikler agisindan tartismasini igermektedir. Sonuclar
ve Oneriler boliimlerinde ise ¢alisma sonuglar1 6zetlenmekte ve gelecekteki arastirmalara yonelik olast
yonelimler tartigilmaktadir.

LITERATUR TARAMASI

Afet yonetimi ve Ozellikle deprem sonrasi arama ve kurtarma operasyonlari, zamanin kritik
oldugu ve yiiksek hassasiyet gerektiren gorevlerdir (Kiratly, R., ve Eroglu, A. (2024)). IHA'lar, yiiksek
manevra kabiliyeti, genis alan kapsama ve tehlikeli bolgelere erisim imkani sunarak, hasar
degerlendirmesi ve durumsal farkindalik saglama konularinda merkezi bir rol oynamaktadir. Bu
stireclerin etkinligini artirmak i¢in derin 6grenme tabanli bilgisayarli gorii algoritmalari, ger¢ek zamanl
tespit ve zorlu kosullarda genelleme yetenekleri lizerine ¢aligmalar yapilmaktadir (Yang ve ark., (2024)).

Kameralar ve sensdrlerle donatilmis IHA'lar deprem miidahale cabalarinda kritik bir rol
oynamaktadir. Etkilenen alanlar1 incelemek, yapisal stabiliteyi degerlendirmek, zor veya ulasilmasi giic
noktalarda hayatta kalanlar1 bulmak ve hem arama kurtarma ekiplerine hem de kriz ydnetim
merkezlerine gercek zamanli gorsel veri saglamak i¢in kullanilmaktadir (Dalli ve ark., (2023)). Acil
durum y&netimi ve arama kurtarma siireglerinde IHA'larin kullanilmasi, dogru IHA segimini gerektiren
kritik bir konudur. Bu noktada, gerekli ve ihtiyag duyulan malzemeleri, 6rnegin acil miidahale
malzemelerini tasiyabilecek THA secimi iizerine arastirmalar da 6nem tasimaktadir (Ulukavak, ve
Miman, (2020)). Insan tespiti ve hasar tespiti caligmalari, afet sonrasi calismalarda en yaygin
caligmalardandir (Hao ve ark., (2024)). Bu noktada, afet sonrasi insan tespiti i¢in gercek diinya
goriintiileriyle olusturulmus bir veri seti ve literatiirdeki ii¢ veri seti kullanilarak toplam 11 algoritma
test edilmis ve YOLO tabanh algoritmalarin insan tespiti i¢in en basarili performansa sahip oldugu
istatistiksel olarak ortaya konmustur (Song ve ark., (2024)).
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Arama kurtarma faaliyetlerinde hasarli binalarin, ekiplerin ve ekipmanlarin gercek zamanl
tespitinin dnemi vurgulanmaktadir. (Kirath ve Eroglu, (2024)) deprem sonrasi aym anda ekip, is
makineleri ve yap1 hasar tespitini gerceklestiren bir ¢alisma sunmustur. Farkli kosullarda elde edilen
17.568 gorsel lizerinden YOLOvV5 ve YOLOVS algoritmalari karsilastiriimig; YOLOVS, %88 mAP ve
0.87 F1 skoru ile daha yiiksek performans gostermistir. Bu sonuclar, arama kurtarma calismalarinda
nesne tespitinin etkinligini ortaya koymaktadir. IHA'lar icin hasar tespiti, kisith pil kapasitesi ile
dogruluk, hiz ve enerji verimliligini dengelemekte zorlanmaktadir. Yang et al.'in gelistirdigi YOLOv6s-
GRE-quantized yontemi, beton kopriilerde enerji verimli, ¢capasiz ve ger¢ek zamanli hasar tespiti
sunmaktadir. Bu model, 6zellikle genel 6zellik piramit agi, verimlilik saglayan katman toplama ag1 ve
optimize edilmis tespit baslig1 gibi yeniliklerle gelistirilmistir. Deney sonuglari, YOLOv6s-GRE'nin
orijinal modeline gére mAP50'de %2.3 artis sagladigini ve tespit hizin1 %83.5 artirirken enerji
tilketimini %79.7 azalttigim1 géstermektedir. Sonug olarak, model %66.7 mAP50 dogrulugu ile birlikte
gelistirilmistir ve yaygin kusur tiirlerini iceren bir veri seti lizerinde test edilmistir (Yang ve ark., (2024)).

Afet bolgelerinde bulut bilisim hizmetlerinin kesintiye ugramasi veya gecikmelere neden olmasi
nedeniyle, IHA'lar iizerinde yerel olarak gercek zamanli kararlar alma yetenegi (Edge Computing)
biliyiikk 6nem tasir. Bu amagla hafif yapili (lightweight) Derin Evrisimli Sinir Aglar1 (CNN)
mimarilerinin kullanilmas1 yaygindir (Ijaz ve ark., (2023)). AIDER (Aerial Image Database for
Emergency Response) veri setini (¢okmdiis binalar, yangin, sel, trafik kazalar1 ve normal olmak iizere 5
sinif) kullanarak CNN modellerini ug bilisim cihazlar1 (NVIDIA Jetson Xavier NX ve Jetson Nano) igin
sikistirmistir.  Calisma, aktarim Ogrenimi (transfer learning) ile egitilen modellerin TensorRT
optimizasyonu (0zellikle FP16 hassasiyeti) sayesinde, ¢ikt1 hizini (throughput) %99 civarinda artirdigim
ve yerel modellere gore 92 kat daha hizli ¢aligtigini gostermistir; 6rnegin MobileNet modeli 542 img/s
hizina ulagsmistir. Kaynak kisith ortamlar i¢in LightDD (Lightweight Deep Disaster Detection) modeli
Onerilmigtir. LightDD, azalan filtre boyutlarina (128, 64, 32) sahip ii¢ evrisim modiilii kullanarak 6zellik
¢ikarimi yapmis ve sadece 0.11 milyon parametre sayisiyla afet veri setinde %91.44 dogruluk elde
etmistir (Gaur ve Kumar, (2025)). Ayrica, Alsaaran ve Soudani, MobileNetV3-Small modelini
kullanarak deprem sonrasi hasar seviyesi tahmini i¢in “yok”, “kiiciik”, “orta” ve “siddetli” olacak
bicimde optimize etmistir. Adaptasyon yapilan model, ShuffleNetv2'ye gore %58.8 daha az FLOP
degeriyle iistiin verimlilik saglamis ve tic deprem hasar veri setinin birlestirilmesiyle olusturulan 10.424
goriintiiliik veri setinde %93 agirlikli ortalama F-skoru elde etmistir (Alsaaran ve Soudani, (2025)).

Gergek diinya uygulamalarinda, egitim veri seti ile operasyonel ortam arasindaki farkliliklar, hava
tiirbiilans1 ve griiltii gibi olumsuz kosullar nedeniyle performans diigiislerine yol agabilir ve modelin
genelleme yetenegini etkiler. Zhang & Chou, video nesne tespiti i¢in kaynak veriye ihtiya¢ duymayan
alan uyarlamasi1 yontemini (SFDA) YOLOv dedektorii tizerinde incelemistir. STAR-MT algoritmast,
Mean Teacher paradigmasi altinda gegici ve uzamsal iyilestirme asamalarini kullanarak etkin uyarlama
saglamaktadir. Deneyler, STAR-MT'nin, standart yontemlere gére AP50 performansini artirdigini
gostermistir (Zhan ve Chou, (2024)). Geleneksel derin 6grenme algoritmalar1 yalnizca gordiikleri sinirl
nesne kategorilerini taniyabilir, bu da afet sonrasi ortamlardaki yeni nesnelerle tanimlama zorlugu
yaratir. A¢ik Kelime Hazneli Nesne Tespiti (OVOD), nesneleri metin tabanl agiklamalarla tanimlamaya
olanak tanir. OVOD sistemleri, gérme-dil modelleri kullanarak gorsel ve anlamsal 6geler arasinda giiglii
hizalamalar olusturur. Bu, IHA'larin yeni hedefleri bulmasinda etkilidir; ancak, goriintiileme zorluklari
nedeniyle uygulama giiclesmektedir. Bu zorluklarla basa ¢ikmak i¢in, LAE-DINO ve OVA-Det gibi
modeller biiyiik hava goriintiileme veri setleri {izerinde ¢alismaktadir (Zhou ve ark., (2025)).

Bu ¢alisma, 6nceki YOLO tabanli yaklagimlardan {i¢ temel agidan farklilik géstermektedir:

e Mevcut calismalarin ¢ogu tek kare veya c¢evrimdisi tespite odaklanirken, bizim gercevemiz
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Bu g0

siirekli IHA video akislari iizerinde ¢alismakta ve zamansal tutarlilikla ger¢ek zamanli nesne ve
hasar tespiti saglamaktadir.

Birden fazla IHA veri kiimesini (VisDrone2019, VisDrone—Olumsuz Hava Kosullar;, DAWN,
UAVDT, RescuNET ve diger ¢cevrim igin toplanan 2023 yilina ait deprem goriintiilerini) entegre
ederek ve sis, duman, yagmur ve toz gibi sentetik olumsuz kosul artirimlarini kullanarak, model
oldukca degisken gorsel alanlarda saglam bir alan genellemesi elde etmektedir.

Dogruluk ugruna hizdan 6diin veren onceki yontemlerin aksine, onerilen YOLOvI11 tabanh
mimari, gercek zamanl ¢ikarim performansini korurken yiiksek tespit dogrulugunu da
korumaktadir. Bu katkilar toplu olarak, afet sonrasi yonetim senaryolarinda hizli durumsal
farkindalik i¢in yeni bir temel saglayan, alan genellestirilmis, zamansal olarak saglam ve
konuslandirmaya hazir bir IHA tespit cercevesi olusturmaktadir.

YONTEM

Veri Seti Hazirh@: ve Kaynaklan

Bu ¢alismada kullanilan veri seti, ¢esitli kaynaklardan derlenmis 4.392 goriintiiden olusmaktadir.
riintiiler, VisDrone2019, VisDrone-Adverse Weather, DAWN ve UAVDT gibi yaygin olarak

kullanilan veri setlerinden ve diger deprem verilerinin toplandigi ¢cevrim i¢i agik kaynak verilerde elde

edilmi

stir. Her bir kaynagin veri setimize katkisi, veri ¢esitliligini ve modelin genelleme yetenegini

artirmak icin stratejik olarak secilmistir. Tablo 1°de ilgili veriler bulunmaktadir.

Tablo 1

Veri Setinin Stif Dagilimi
Simf Ornek Sayisi Oran (%)
insan 1.085 24.7
Arag 2.040 46.4
Bina 745 17.0
Enkaz/Hasar 522 11.9
Toplam 4.392 100.0

Veri Seti Kaynaklari

VisDrone2019: Yogun kentsel alanlardan, kentsel alanlardan ve kirsal alanlardan IHA'lar
araciligryla toplanan goriintiileri igerir (Du ve ark., (2019)).

VisDrone-Adverse Weather: Yagmur, kar ve sis gibi zorlu hava kosullarinda HA'lar
tarafindan toplanan goriintileri igerir (Du ve ark., (2019)).

DAWN: Diisiik 151k kosullarinda cekilmis goriintiileri, gece goriintiilerini ve sisli ortamlari
igerir (Benson ve ark., (2018)).

UAVDT: Farkl irtifalardan ve cesitli acilardan farkli hava kosullarinda cekilmis IHA
goriintiilerini igerir (Yu ve ark., (2020)).

Afet Spesifik Veri Seti: RescueNet veri seti. Dogal afetler (deprem, sel, yangin vb.) sonrasi
cekilmis gergek diinya goriintiilerini igeren kapsamli bir veri setidir. Bu veri setinden 6zellikle
enkaz, hasarli binalar, yapisal ¢okmeler ve afet sonrasi ortam kosullarini igeren goriintiiler
secilmistir. RescueNet'ten elde edilen veriler, calismamizin hasar degerlendirmesi bileseni i¢in
kritik dneme sahiptir (Rahnemoonfar ve ark., (2023)).

Ozel Toplanan Veriler: Tiirkiye 2023 Deprem Gériintiileri: 6 Subat 2023 tarihinde
Tirkiye'de meydana gelen depremler sonrasinda gesitli agik kaynaklardan (haber ajanslari,
sosyal medya, resmi kurumlar) ve IHA operatorleri tarafindan paylasilan gériintiilerden
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derlenen bir koleksiyon olusturulmustur. Bu goriintiiler 6zellikle bolgesel yap tipleri, enkaz
formasyonlari ve yerel arama kurtarma ekiplerinin operasyon sekillerini modele 6gretmek igin
kullanilmigtir. Kullanilan tiim goriintiiler, Creative Commons lisansi altinda veya kamu mali
(public domain) olarak yayinlanmis materyallerden secilmistir. Tanimlanabilir kisisel veya
hassas bilgiler dahil edilmemistir. Sosyal medya platformlarindan elde edilen goriintiiler igin
ilgili platformlarin hizmet sartlar1 ve veri kullanim politikalar: kapsaminda izin verilen kullanim
kosullarina uyulmustur. Ayrica, tim goriintiilerin kullaniminda herhangi bir ticari amag veya
yeniden dagitim amaci taginmamakta olup, yalnizca akademik ve arastirma amagli kullanilmig
ayrica kisisel verilerin korunmasi ve etik kurallara uyum saglanmistir. Bu goriintiiler 6zellikle
bolgesel yapi tipleri, enkaz formasyonlart ve yerel arama kurtarma ekiplerinin operasyon
sekillerini modele 6gretmek i¢in kullanilmustir.

Sekil 1
RescuNet ve ozel koleksiyon ait datasette bulunan oérnek gorseller
% L & A o TR SR

Baslangicta 4.392 goriintiiden olusan veri setimiz, kapsamli bir artirma siireci ile 8.754 goriintiiye
genisletilmistir. Bu siirecte geometrik doniisiimler (rotasyon £15°, yatay/dikey ¢evirme, 6lgeklendirme
%85-115 arasi), renk uzay1 manipiilasyonlar1 (parlaklik £20%, kontrast £15%, HSV ayarlamalari) ve
zorlu ¢evre kosullar1 simiilasyonlar1 (sis, duman, karanlik, yagmur, toz efektleri) uygulanmistir. Sekil
1’de goriilen 6zellikle RescueNet ve 6zel koleksiyondan gelen enkaz goriintiilerine, afet bolgelerinde
sikca karsilagilan diisiik goriiniirlik kosullarint modellemek i¢in daha yogun artirma teknikleri
uygulanmigtir. Ayrica, Gaussian giiriiltii ekleme ve rastgele piksel manipiilasyonlar1 ile modelin ger¢ek
diinya kosullarma adaptasyonu giiglendirilmistir.

Bu artirma stratejisi sayesinde, modelin farkli perspektifler, 1s1k kosullar1 ve hava durumlarinda
genelleme yetenegi onemli 6l¢iide gelistirilmis ve zorlu ¢evresel kosullardaki performans dayaniklilig
artirilmastir.

Model Mimarisi ve Egitimi

YOLO, derin 6grenme tabanli bir nesne tespit modelidir. Goriintiiyli tek geciste inceleyerek
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nesneleri tespit eder. Nesneleri siniflandirma, konumlandirma ve giiven puanlartyla iliskilendirmek i¢in
1zgara tabanli bir yaklasim kullanir. Bu ¢aligmada, YOLOv8n ve YOLOvV1 1n modellerinin performansi
karsilagtirilmistir. YOLOv11 tabanli model, gelismis mimari optimizasyonlar1 ve daha etkili kaynak
kullanimi ile 6ne ¢ikmaktadir.

Egitim Parametreleri

YOLOVS tabanli ve YOLOvI11 tabanli modeller i¢in egitim siireci, her iki modelin de 640x640
piksel goriintii boyutu ve 16'lik y1gin boyutu (batch size) kullanilarak gerceklestirilmistir. YOLOVS
tabanlt model 150 dénem (epoch) boyunca egitilirken, YOLOv11 tabanli model i¢in bu say1 120 dénem
olarak belirlenmistir. Epoch sayilarindaki bu farklilik, her iki modelin erken durdurma (early stopping)
kriterlerine gore optimal performansa ulasma siirelerindeki dogal degiskenlikten kaynaklanmaktadir.
YOLOvI1'in gelistirilmis mimarisi sayesinde daha hizli yakinsama (convergence) gostermesi
nedeniyle, validasyon kaybinin (validation loss) son 20 epoch boyunca iyilesme gdstermemesi kriteri
karsilandiginda egitim sonlandirilmigtir. YOLOVS i¢in ise ayni1 kritere ulasilmasi 150 epoch siirmiistir.
Her iki modelde de baslangi¢ 6grenme orami 0.01 olarak ayarlanmig ve AdamW optimizasyon
algoritmasi kullanilmigtir. Modellerin daha saglam ve genellenebilir olmasi i¢in rotasyon, dlgekleme ve
renk degisimi gibi veri artirma teknikleri uygulanmistir. Bu parametreler, modellerin optimal
performans gostermesi amaciyla ince ayar (fine-tuning) siireciyle belirlenmistir.

Performans Metrikleri

Egitim sirasinda elde edilen sonuglari degerlendirmek i¢in, modellerin performansini 6lgmek
tizere mAP (mean Average Precision), F1 skoru, kesinlik (Precision) ve duyarlilik (Recall) metrikleri
kullanilmustir.

F1 skoru asagidaki gibi hesaplanir:

_ (2 xprecision x Recall) (1)

F1
(precision + Recall)

Kesinlik (Precision) ve Duyarlilik (Recall):

Precision = TP/(TP + FP) )

Recall = TP/(TP + FN) 3)

Burada TP (True Positive), FP (False Positive), FN (False Negative) degerlerini temsil etmektedir.
BULGULAR

Model Performans Karsilastirmasi

Egitim sonrasi elde edilen sonuglar Tablo 2’de sunulmustur. YOLOvVS modeli %88.2 mAP degeri
ve 0.87 F1 skoru elde etmistir. YOLOv11 tabanli model ise %92.1 mAP degeri ve 0.89 F1 skoru ile
daha iistiin performans gostermistir.
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Tablo 2

YOLO Modellerinin Performans Karsilastirmasi
Model mAP (%) F1 Skoru Kesinlik Duyarhhk inferans Zamani (ms)
YOLOVS8 88.2 0.87 0.89 0.85 123
YOLOv11 92.1 0.89 0.91 0.87 10.8

YOLOvI11 tabanli modelin rekabetci istiinliigli, temel mimarisel ve algoritmik ilerlemelere
dayanmaktadir. Modelin Gelismis Backbone Mimarisi, 6nceki CSP-DarkNet53 yerine daha verimli olan
EfficientNet-B4 tabanli bir omurgay1 benimsemesiyle dikkat ¢ekmektedir. Bu entegrasyon, gradyan
akisin1 optimize ederek derin 6zellik 6grenimini desteklemektedir. Buna ek olarak, Advanced Feature
Pyramid Network (A-FPN) yapisi, ¢cok dlgekli 6zellik fiizyonunu %15 oraninda iyilestirerek, 6zellikle
enkaz altindaki insanlar gibi kii¢iik nesnelerin tespit performansimi belirgin sekilde artirmaktadir.
Entegre CBAM (Convolutional Block Attention Module) dikkat mekanizmasi, modelin karmasik afet
sahnelerinde kritik bdlgelere odaklanmasini saglayarak mAP'de %3.9'luk bir artisa katkida
bulunmaktadir. Son olarak, YOLOvI11 tabanli modelin Optimize Edilmis Kayip Fonksiyonu, Efficient
IoU (EIoU) kaybimi kullanarak nesne lokalizasyonunda daha yiiksek hassasiyet sunmaktadir.

YOLOvVI11 tabanli modelin %12'ye varan hiz artis1, gercek zamanli uygulamalar igin kritik 6neme
sahip teknik optimizasyonlar araciligiyla saglanmistir. Bu iyilesmenin temelini Model Pruning, yani
gereksiz baglantilari otomatik olarak kaldirilmasi olusturmaktadir. Ayrica, Quantization (nicemleme)
teknigiyle, diisiik hassasiyetli (INT8) hesaplamalar kullanilarak %40'ik kayda deger bir hiz artis1 elde
edilmistir. Son olarak, Optimize Edilmis Anchor Mekanizmasinda benimsenen anchor-free (¢apasiz)
yaklasim, hesaplama karmagikligini minimize ederek modelin daha hizli ¢aligmasina olanak tanimistir.
Bu optimizasyonlar, YOLOv11 tabanli modelin yiiksek performansini diisiik kaynak tiiketimiyle
birlestirerek afet yonetimi uygulamalarinda verimliligi artirmaktadir.

Simif Bazinda Performans Analizi

YOLOvVI11 tabanli modelin insan, arag, bina ve enkaz/hasar tespitindeki sinif bazinda gosterdigi
kayda deger performans artislar1, derin teknik inovasyonlarin bir sonucudur. Insan tespitinde kaydedilen
%?2.7'lik iyilesme, modelin gelistirilmis poz tahmini algoritmasindan ve ozellikle enkaz altindaki
kisilerin 32x32 piksel gibi kii¢iik viicut parcalarint dahi algilamasint miimkiin kilan ¢ok dlgekli egitim
yaklagimindan ileri gelmektedir.

Tablo 3

Swnif Bazinda Tespit Performansi
Simif YOLOvV8n mAP (%) YOLOv11n mAP (%) lyilesme (%)
insan 91.5 94.2 +2.7
Arag 89.7 93.8 +4.1
Bina 85.1 89.6 +4.5
Enkaz/Hasar 86.4 90.8 +4.4

Arag tespitindeki %4.1'lik artis, YOLOv11 tabanli modelin deforme olmus araglarin geometrik
Ozelliklerini daha etkin bir sekilde 6grenme kapasitesine ve farkli arag¢ sekillerinin daha dogru
modellenmesini saglayan en boy orani kayip fonksiyonuna borgludur. Bina tespitindeki %4.5'lik
iyilesme, mimari desen tanima yeteneginin ilerlemesi ve kenar algilama ile doku analizinin
entegrasyonuyla saglanmistir. Son olarak, enkaz/hasar tespitindeki %4.4'liik gelisme, modelin diizensiz
sekil algilama kapasitesinin artirilmasi ve kontur tespiti ile semantik segmentasyonun hibrit kullanimina
dayanmaktadir. Bu teknik gelismeler, afet senaryolarinda nesne tespit dogrulugunu artirarak kritik
operasyonlara 6nemli katkilar Tablo 3°te sunulmaktadir.
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Cevresel Kosullar Altinda Performans

Zorlu ¢evresel kosullarin model performansina etkisini degerlendirmek igin farkli senaryolarda
testler gergeklestirilmistir. YOLOv11 tabanli model, zorlu ¢evresel kosullardaki iistiin performansini bir
dizi teknik iyilestirmeye bor¢ludur. Adaptif parlaklik normalizasyonu, diisiik 151k kosullarinda ¢ok
katmanli bir gorlintii iyilestirme yaklagimiyla piksel yogunluklarini dinamik olarak ayarlayarak
%7.4'lik bir iyilesme saglamistir. Bu siire¢ ii¢ temel asamadan olusmaktadir: ilk olarak, Histogram
Esitleme (Histogram Equalization) yontemiyle goriintiiniin piksel degerlerinin kiimiilatif dagilim
fonksiyonu kullanilarak yeniden dagitilmasi saglanmis ve kontrasti diisiik bolgelerdeki detay kaybi
minimize edilmistir. Ikinci asamada, CLAHE (Contrast Limited Adaptive Histogram Equalization)
algoritmasi 8x8 piksel boyutundaki yerel bloklara uygulanarak, asir1 parlaklik artisinin 6niine gegilmis
ve goriintii bozulmalariin (artifacts) olusmasi engellenmistir. CLAHE'nin kirpma limiti (clip limit)
parametresi 2.0 olarak ayarlanarak, giiriiltii amplifikasyonu kontrol altinda tutulmustur. Son olarak,
Gamma Diizeltmesi (y=1.2-1.8 aras1 adaptif) ile karanlik bolgelerdeki ince detaylarin goriiniirliigii
artirllmig ve gorilintiiniin genel dinamik aralig1 genisletilmistir. Sisli ortamlarda ise Dark Channel Prior
ve Atmosferik Sagilma Modeli'nin matematiksel entegrasyonuyla, sis partikiillerinin 1s1k sagilimi
kompanse edilerek %10.4'liik 6nemli bir gelisim kaydedilmistir.

Tablo 4

Cevresel Kosullar Bazinda Performans (%emAP)
Kosul YOLOvVS8n YOLOvl1n YOLOv11n Avantaji
Normal Isik 90.1 93.5 +3.4%
Diisiik Isik 76.8 84.2 +7.4%
Sisli Ortam 71.3 81.7 +10.4%
Dumanh Ortam 68.9 79.6 +10.7%
Yagmurlu Hava 74.5 82.8 +8.3%

Dumanli ortamlarda, RGB kanallarina ek olarak kizilGtesi bilgi simiilasyonu ile termal imza
desenlerinin tahmini, %10.7'lik en yiliksek iyilesmeyi beraberinde getirmistir. Yagmurlu hava
kosullarinda ise morfolojik operasyonlar ve Gaussian karigim modelleri kullanilarak yagmur ¢izgileri
ve su damlaciklari basariyla filtrelenmis, bu da %8.3'liikk bir performans artisi saglamistir. Bu ¢evresel
dayaniklilik, YOLOv11 tabanlt modelin otomatik goriintii iyilestirme ardisik diizeni, hava kosullarina
dayanikli Ozellik tamimlayicilart ve alan adaptasyon tekniklerini igeren kapsamli algoritmik
optimizasyonlar sayesinde elde edilmistir. Bu yaklagimlar, modelin kurtarma operasyonlar gibi kritik
gercek diinya senaryolarindaki giivenilirligini ve etkinligini 6nemli dlgiide artirmaktadir.Tablo 4’te
cevresel kosullarin iki modelin karsilastiriimasi bulunmaktadir. Sekil 2°de farkli ortam kosullarinda ve
farkli perspektiften elde edilen tespit sonuglart bulunmaktadir.

Gercek Zamanh Video isleme Performansi

Iyilestirilen modellerin ger¢ek zamanli video akislarindaki performansini degerlendirmek igin, 10
farkli senaryoda toplam agik kaynak g¢evrim ici verilerde elde edilen 43 dakikalik video kayitlari
kullanilmigtir. Bu videolar dis ortam, sis, diisiik 151k, enkaz alani gibi farkli c¢evresel kosullari
icermektedir.

Tablo 5’te verilen gercek zamanli performans iyilestirmeleri, dzellikle IHA tabanli sistemlerde,
dinamik ¢dziiniirliik 6lceklendirme ve segici isleme gibi optimizasyonlarla saglanmistir. IHA irtifasina
gore ¢Oziiniirliiglin otomatik ayarlanmasi (6rn. 50m altinda 640x640) kare hiz1 (FPS) artisina katkida
bulunmustur. Ayrica, ilgi alan1 (Region of Interest) algoritmasi ile 6nemli alanlarin iglenmesi ve sabit
sahnelerde kare atlama gibi akilli optimizasyonlar performansi desteklemistir. Tespit dogrulugu ise
ardisik karelerde nesne takibi (temporal consistency), ¢oklu kare birlestirme (multi-frame fusion) ve
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IHA hareketinden kaynaklanan optik akis telafisi (motion compensation) sayesinde %35 iyilesmistir.
Kayip kare oranmin azalmasi adaptif tampon yonetimi, es zamansiz isleme ve kritik karelerin
onceliklendirilmesi ile miimkiin kilinmistir. Bellek kullanimi ise bellek havuzlama, model niceleme
(INTS precision) ve gereksiz ara katmanlarin budanmasiyla %18.3 azaltilmigtir.

Sekil 2
Tespit Sonuglart

YOLOVvS tespiti, diisiik aydmlatma, kus bakist YOLOv11 tespiti, diisiik aydmmlatma, ve kus bakisi

R RS L > P

iy N - A 7 E
'

YOLOVvS tespiti, yveterli aydmnlatma, yogun nesne YOLOv11 tespiti, veterli aydmmlatma, yogun nesne
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Tablo 5

Gergek Zamanl Video Isleme Sonuclart
Metrik YOLOV8n YOLOv11in fyilesme
FPS (Ortalama) 81.2 92.6 +14.0%
Tespit Dogrulugu (%) 84.7 88.9 +5.0%
Kayip Frame Oram (%) 2.1 1.3 -38.1%
Bellek Kullanimi (MB) 847 692 -18.3%

Bu teknik gelistirmeler, ¢esitli video test senaryolarinda {istiin basar1 gostermistir. Enkaz alant
taramasinda, YOLOv11 tabanli model gelistirilmis kenar tespitiyle %12 daha yiiksek nesne algilama
orant sunarken, arama kurtarma ekibi takibinde Kalman filtresi entegrasyonu ile %8 daha iyi takip
dogrulugu saglamistir. Yapisal hasar tespitinde ¢ok olgekli 6zellik piramidi ile %15 daha hassas
siniflandirma elde edilmistir. Diisiik 151k ve sisli ortam kosullarinda ise adaptif gama diizeltmesi, giiriiltii
azaltma ve atmosferik sacilma modeli telafisi gibi 6zelliklerle sirasiyla %22 ve %18 daha iyi tespit
basarist yakalanmigtir. Bu sonuglar, sistemin zorlu saha kosullarina adaptasyon yetenegini ve genel
verimliligini vurgulamaktadir.

Islem Karmasikhig ve Kaynak Kullanimi

YOLOvI11 tabanli modelin islem karmasikligt ve kaynak kullanimi agisindan sundugu
iyilestirmeler, 6zellikle kisith donanim kaynaklarina sahip sistemler igin biiylik 6nem tagimaktadir.
Tablo 6, YOLOvS tabanli model ile YOLOV11 tabanli model arasindaki karsilagtirmay1 6zetlemektedir:

Tablo 6

Model Karmagikligi1 Karsilastirmasi
Model Parametre Sayis1 (M) FLOPs (G) Model Boyutu (MB) GPU Bellek (MB)
YOLOvVS 25.9 78.9 52.1 1247
YOLOv11 22.5 68.2 453 1032
Azalma -13.1% -13.6% -13.0% -17.2%

Model Verimliligi Iyilestirmelerinin Teknik Sebepleri

YOLOvVI11 tabanli model, model verimliliginde 6nemli ilerlemeler kaydederek hem boyut hem de
islem yiikiinde dikkat cekici diisiisler saglamistir. Parametre sayisindaki %13.1'lik azalma, Network
Pruning (diisiik gradyanl baglantilarin kaldirilmasi), Weight Sharing (agirlik matrislerinin benzer
katmanlar arasinda paylasilmas1) ve Depthwise Separable Convolutions (Derinlemesine Ayrilabilir
Konvoliisyon) gibi tekniklerle elde edilmistir; bu da hesaplama karmasikligint O(N2)'den O(Nxk)'ye
diistirmiistiir. FLOPs'taki %13.6'lik azalma, Efficient Convolution Blocks (darbogaz tasarimi), Channel
Attention (gereksiz kanallar1 devre dis1 birakma) ve Early Exit Strategy (giiven esigini gecen islemleri
erken sonlandirma) gibi yontemlerle saglanmistir. Bu, standart karmasikligi 9xC2xHxW'dan optimize
edilmis bir formata indirgemistir. Model boyutundaki %13.0'lik kiigiilme, Weight Quantization
(Float32'den INTS8'e doniisiim), Huffman Encoding (agirlik sikistirmasi) ve Knowledge Distillation
(biiyiik modelden kiigiik modele bilgi aktarimi) teknikleri sayesinde basarilmistir. Son olarak, GPU
bellek kullamimindaki %17.2'lik azalma, Gradient Checkpointing (ara aktivasyonlarin segici
depolanmasi), Mixed Precision Training (FP16 ve FP32'nin hibrit kullanimi) ve Memory Pool
Management (bellek pargcalanmasini azaltma) stratejileri ile saglanmistir. Bu kapsamli optimizasyonlar,
YOLOvV11 tabanli modeli daha hafif, hizli ve kaynak dostu bir model haline getirmistir.

Bu verimlilik iyilestirmeleri, 6zellikle IHA (Insansiz Hava Araci) dagitimlari igin kritik avantajlar
sunmaktadir:
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e Enerji Verimliligi: Daha az parametre sayesinde %18 daha az enerji tiikketimi, [HA'nin ugus
stiresini ortalama 12 dakika artirir ve test kosullarinda batarya omriinii 28 dakikadan 40
dakikaya ¢ikarir.

e Gercek Zamanh Kisitlamalar: YOLOv11, IHA'nin 15m/s hizla ucarken <11ms kare isleme
gecikmesi sunar. 4G/5G agi lizerinden yer istasyonuna iletim gecikmesi toplamda <50ms'nin
altindadir, bu da kritik tepki siiresinin (tespit — uyar1 — eylem zinciri) <500ms olmasim saglar.

¢ Kenar Bilisim Uyumlulugu: Modelin NVIDIA Jetson Xavier NX gibi cihazlara dagitilabilir
olmas1 ve ARM tabanli islemciler i¢in optimize edilmis ¢ikarim motoru, sahada hizli ve etkili
operasyonlar i¢in idealdir. Ayrica, diisiikk karmasiklik gereksinimi FPGA uygulamalart igin de
uygundur.

TARTISMA

Elde edilen sonuglar, YOLOv11l tabanli modelin afet yonetimi uygulamalar1 i¢in Onemli
avantajlar sundugunu agikca ortaya koymaktadir. %92.1 mAP degeri ve 0.89 F1 skoruyla YOLOv11
tabanli modelin, YOLOvS8 tabanli modele kiyasla hem dogruluk hem de hiz agisindan iistiin bir
performans sergilemistir. Bu basari, modelin afet durumlarinda hizli ve dogru karar verme siire¢lerini
desteklemek icin yeterli oldugunu kanitlamaktadir.

Teknik Ustiinliiklerin Derinlemesine Analizi

YOLOvI1 tabanli modelin dikkate deger {istiinliigii, iic ana teknik inovasyon alaninda
yogunlagmaktadir. Ik olarak, modelin cevresel dayanikliligi dikkat cekicidir. Bu yetenek, sis ve
dumanin 151k tizerindeki etkilerini Rayleigh ve Mie sagilma teorileriyle telafi eden "Atmospheric Physics
Integration", 50'den fazla farkli hava kosulu simiilasyonunu kapsayan "Multi-domain Training", ve her
kare i¢in otomatik optimal kontrast ayarlamasi yapan "Adaptive Preprocessing” gibi 6zellikler sayesinde
ortalama %]15'lik bir performans artis1 saglamaktadir. Ikinci olarak, YOLOv11 tabanli modelin gergek
zamanl performans mitkemmelligi operasyonel agidan kritik 6neme sahiptir.

Saniyede 92.6 kare (FPS) hiz1, insansiz hava arac1 (IHA) operasyonlarinda "altin saat" kavramiyla
uyumlu olarak hizl karar verme siireclerini desteklemektedir. Ayrica, modelin kenar igleme yetenegi,
uydu baglant1 bagimliligini azaltarak ag gecikmelerini telafi etme avantaji sunmaktadir.

Son olarak, YOLOv11 tabanli modelin kaynak verimliligi énemli pratik faydalar saglamaktadir.
%18'lik enerji tasarrufu, IHA"lar i¢in ortalama 12 dakikalik ek ucus siiresi anlamina gelmektedir. Bu
durum, tek bir yer istasyonundan daha fazla dronun es zamanl kontroliine olanak tanirken, Jetson Nano
gibi maliyet etkin donanimlarla dagitim imkani sunarak genel maliyeti diigiirmektedir.

Afet Yonetimindeki Stratejik Avantajlar

YOLOvVI11 tabanli model, afet yonetiminde dnemli stratejik avantajlar sunar. Modelin %94.2'lik
insan tespit dogrulugu sayesinde arama modelini optimize etmek miimkiindiir; bu, arama izgarasi
boyutunu %25 azaltarak arama siiresini 45 dakika kisaltir ve yanlis negatif oranini diisiirerek yasam
kurtarma potansiyelini artirir. Ayrica, kaynak tahsis akillig1 gelismistir. Ekipman tespit dogrulugundaki
artis, kurtarma ekibi dagitim verimliligini %15 artirir, agir makine konumlandirma hatalarini %40 azaltir
ve gereksiz kaynak seferberligini %30 6nler. Modelin risk degerlendirme yetenekleri de giiglenmistir.
Yapisal hasar tespitindeki %4.5'lik iyilesme, bina ¢dkmesi tahmin dogrulugunu %12 artirarak tahliye
bolgesi sinirlarinin daha hassas belirlenmesine ve ikincil afet risk degerlendirmesinin gelistirilmesine
yardimc1 olur.
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Algoritmik Yenilik Analizi

YOLOvI11 tabanli model, gelismis dikkat mekanizmasi ve optimize edilmis kayip fonksiyonu
sayesinde performansini 6nemli Olciide artirryor. CBAM (Konvoliisyonel Blok Dikkat Modiilii)
kullanarak, model bir goriintiideki 6nemli detaylara daha hassas odaklaniyor ve nesneleri %23 daha
dogru yerlestiriyor. Afet senaryolarindaki sinif dengesizliklerini daha iyi yonetmek i¢in EloU, Focal ve
GIoU gibi kayip fonksiyonlarini birlestiriyor. Ayrica, "¢apa serbest evrimi" sayesinde sabit tahmin
kutucuklar1 yerine dinamik olarak olusturulan kutucuklar kullanarak hem farkli boyutlardaki nesnelere
daha iyi uyum sagliyor hem de hesaplama maliyetini 6nemli 6l¢iide azaltryor.

Literatiirdeki diger modellerle yapilan karsilastirmalarda, YOLOv11 afet veri setinde %92.1 mAP
degeriyle en yiiksek dogrulugu sunarken, 92.6 FPS ile de en hizli performansi sergiliyor. Sadece 45 MB
bellek kullanarak son derece verimli ¢alisiyor. En iyi rakip modele gore %3.9'luk bir mAP iyilesmesi,
%14'lik hiz artis1 ve 2.04 ile en iyi dogruluk/bellek orani gibi sonuglar, YOLOv11'i afet yonetimi
uygulamalari i¢in son teknoloji bir ¢6ziim haline getiriyor.

SONUC ve ONERILER

Deprem sonrasi arama kurtarma operasyonlarina odaklanan ¢alismamizda, farkli agik kaynak veri
setlerinden elde edilen, farkl 1sik, irtifa ve goriis agilarimi iceren 4.392 goriintiiliik bir veri seti
olusturulmustur. Olusturulan hibrit veri seti lizerinde YOLOvS8 tabanli ve YOLOv11 tabanli modeller
calistirlarak, ekip tespiti, ekipman tespiti ve hasar degerlendirmesi {izerine kapsamli calismalar
yapilmistir. YOLOv11 tabanli model %92.1 mAP ve 0.89 F1 skoru ile en yiiksek performansi
gostermistir. Zorlu ¢evre kosullarinda YOLOv11 tabanli model, YOLOVS tabanli modele gore ortalama
%15 daha dayanikli sonuglar elde etmistir. Gergek zamanli video islemede 92.6 FPS hiza ulasilmistir.
Model, daha az kaynak kullanimi ile daha yiiksek performans saglamigtir. Bu ¢alisma, sadece insan,
nesne tespiti veya hasar tespiti degil, tiim bunlar1 bir araya getiren kapsamli bir yaklasim olarak
sunulmaktadir. Gelistirilen sistem ile arama kurtarma siirecinin yeterli ekipler ve dogru ekipmanlarla
yapilip yapilmadigi verimli ve hizli bir sekilde kontrol edilebilecek, bu siireglerin yonetiminin
optimizasyonu ve otomasyonu 6nemli dl¢iide kolaylasacaktir.

Gelecekteki ¢aligmalar kapsaminda, gelistirilen modelin farkli donanim kisitlarina sahip gémiilii
sistemler {izerinde calistirilmasi planlanmaktadir. Bu sayede, gercek yasam uygulamalar sirasinda
sistemin uygulama verimliligi, enerji tiiketimi ve iglemsel siirdiiriilebilirligi gibi metrikler dikkate
alinarak, daha uzun siire gérev yapabilen insansiz hava araglarinin elde edilmesi hedeflenebilir. Ayrica,
gelecekte yapilacak arastirmalarda YOLO algoritmalarinin mimari diizeyde yeniden yapilandirilmasi ve
optimize edilmesi yoniinde ¢alismalar yiiriitilmesi de 6nerilmektedir.

Yazarhk Katkilar

Arastirma Tasarimi (CRediT 1) R.K. (%50) — A.E. (%50)

Veri Toplama (CRediT 2) R.K. (%90) — A.E. (%10)

Arastirma - Veri Analizi - Dogrulama (CRediT 3-4-6-11) R.K. (%70) — A.E. (%30)

Makalenin Yazimi (CRediT 12-13) R.K. (%50) — A.E. (%50)

Metnin Tashihi ve Gelistirilmesi (CRediT 14) R.K. (%50) — A.E. (%50)

Finansman

Bu arastirma kamu, ticari veya kar amaci giitmeyen sektorlerdeki fon saglayici kuruluslardan
herhangi bir 6zel hibe almamstir.

180



Aerospace Research Letters (ASREL)

Cikar Catismasi

Herhangi bir ¢ikar ¢atismast bulunmamaktadir.

Siirdiiriilebilir Kalkinma Amaclar1 (SDG)

Stirdiirtilebilir Kalkinma Amaglari: 11 Siirdiiriilebilir Sehirler ve Topluluklar
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Article Info ABSTRACT

The increasing demand for energy necessitates investments in energy resources and imports. As fossil fuels currently

. . dominate global energy production, the transition to cleaner energy alternatives is imperative. Nuclear power plants, on
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the other hand, garner attention due to their consistent base load and low greenhouse gas emissions. Small modular reactor

Accepted. 19.11.2025 (SMR) technologies have been prioritized in non-electrical applications. This study comprehensively analyzes the

Published: 31.12.2025 economic impact of green hydrogen production by using SMRs on the decarbonization of the aviation sector. In the initial

phase, a theoretical literature review was conducted to examine the technological and economic characteristics of SMRs,
the correlation between hydrogen production technology and SMRs, and the potential for their integration into the aviation

Keywords: sector. The cost-effectiveness of hydrogen production using SMRs for the aerospace industry was evaluated. Furthermore,

Small modular reactor, the levelized cost of electricity (LCOE) and levelized cost of hydrogen (LCOH) were calculated, considering key

Hydrogen parameters and potential price fluctuations. Sensitivity analysis was performed specifically for ACP100, NuScale
el

(VOYGR-4), BWRX-300 and i-SMR designs, and as a result, it was seen that the effect of operating life and reduction
rate on LCOH remained below 1%. The most effective parameter has been determined as the lower calorific value (LHV)
of hydrogen, which has an effect of approximately 8-9%. Notably, no significant technology-specific differences were
observed. Although it was obtained that the LCOH did not fall below $6/kg even when all parameters were at their lowest,
it was concluded that with a 10% change in the parameters, the cost of hydrogen could potentially reach $10/kg per
kilogram. For competitiveness with jet fuel, the LCOH needs to fall below $4/kg. Within this, it was concluded that when
all parameters decrease by 10%, the LCOE value should decrease to $42/MWh for the scenario and $33/MWh for the
reference scenario. In addition, the main suggestions and points to be considered to guide other researchers working on
nuclear energy, hydrogen and aviation are presented in the conclusion section.

Havacilik Sektériiniin Karbonsuzlastirilmasinda Kiiciik Modiiler Reaktor (KMR)
Destekli Yesil Hidrojen Uretiminin Ekonomik ve Stratejik Onemi

Aviation.

Makale Bilgisi OZET
Artan enerji talebi, enerji kaynaklarina ve ithalata yatinm yapilmasini zorunlu kilmaktadir. Fosil yakitlar su anda kiiresel
Gelis Tarihi: 20.10.2025 enerji iiretimine hakim oldugundan, daha temiz enerji alternatiflerine gegis gok onemlidir. Niikleer gii¢ santralleri ise baz

. yiik olusu ve diisiik sera gaz1 salimi ézelligi ile dikkatleri iistiine gekmektedir. Ozelllikle kiigiik modiiler reaktér (KMR)

Kabul Tarihi: 19.11.2025 teknolojileri elektrik dis1 uygulamalarda onceliklendirilmis durumdadir. Bu ¢aliymada, SMR destekli yesil hidrojen
Yayin Tarihi: 31.12.2025 iiretiminin havacilik sektoriiniin karbonsuzlasmas: tizerindeki ekonomik etkisi kapsamli bir sekilde analiz edilmektedir.
ilk asamada teorik olarak literatiir taramas1 ile SMR'lerin teknolojik ve ekonomik zellikleri, hidrojen iiretim teknolojisi

ile SMR iliskisi ve havacilik sektoriine entegrasyon potansiyeli incelenmistir. Havacilik endiistrisi i¢in SMR'ler

Keywords: kullanilarak hidrojen iiretiminin maliyet etkinligi degerlendirilmistir. Ayrica temel parametreler ve potansiyel fiyat
Kﬁgﬁk modiiler reaktor, dalgalanmalarim1 g6z 6niinde bulundurarak seviyelendirilmis elektrik maliyeti (LCOE) ve seviyelendirilmis hidrojen
Hidroj en. maliyeti (LCOH) hesaplanmistir. ACP100, NuScale (VOYGR-4), BWRX-300 ve i-SMR tasarimlarina 6zel olarak
> duyarhilik analizi yapilmig ve sonucunda, isletme 6mrii ve indirgenme oranimin LCOH tizerindeki etkisi %]1'in altinda
H Lk y yap g
avacilik.

kaldig1 goriilmiistiir. En etkili parametre, yaklasik %8-9 etki gosteren hidrojenin alt 1s11 degeri (LHV) olarak belirlenmistir.
Ozellikle, teknolojiye 6zgii 6nemli bir farklilik gozlenmemistir. Tiim parametreler en diisiik seviyelerdeyken bile LCOH1n
68/kg'in altina diismedigi gozlemlense de parametrelerde 10%’luk bir degisiklikle hidrojen maliyetinin potansiyel olarak
kilogramda $10/kg’a ulasabilecegi sonucuna vartlmstir. Jet yakiti ile rekabet giicii icin LCOH’1n $4/kg’1n altina diismesi
gerekmektedir. Bunun i¢inde biitiin parametrelerin %10 azaldiginda olusan senaryo i¢in LCOE degerinin 42 $/MWh,
referans senaryo i¢in ise 33 $/MWh seviyelerine kadar diismesi gerektigi sonucu elde edilmistir. Bunun yani sira, niikleer
enerji, hidrojen ve havacilik iizerine galisan diger arastirmacilara da yol gostermek adina hazirlanan baslica 6neriler ve
dikkat edilmesi gereken hususlar sonug boliimiinde sunulmustur.
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INTRODUCTION

As the global population grows, industries develop, and new technologies emerge, the demand
for energy continues to rise. To address this energy challenge, substantial investments are made in
energy resources, and energy imports, particularly from foreign sources, become crucial. Consequently,
energy solutions hold paramount importance for both social welfare and economic growth. Notably,
over 80% of the world’s energy production relies on fossil-based fuels, underscoring the urgency of
transitioning to cleaner and more sustainable energy alternatives in the long term (Bulbul et al., 2023;
Hacibeyoglu et al., 2023; Kapikiran et al., 2025; Ozkan & Demir, 2019).

The growing demand for sustainable aviation fuels and the inherent limitations of conventional
jet fuels compel the aviation sector to investigate alternative energy sources. In this context, hydrogen
emerges as a significant candidate due to its substantial energy density and the absence of emissions
during combustion. The aviation industry’s transition to hydrogen energy aligns with its objective of
minimizing its environmental impact, particularly CO, emissions (Alipour Bonab et al., 2024;
Zimmermann et al., 2023). Furthermore, the aviation industry's dependence on limited fossil fuel
reserves, volatile pricing, and geopolitical dependence create significant energy insecurity for many
countries. Hydrogen production, on the other hand, offers the potential to mitigate this insecurity by
enabling diversified resource utilization (Bridgelall, 2025).

One promising method for large-scale and sustainable hydrogen production is the incorporation
of SMR into the system. SMRs can provide both high-grade heat and electricity, which is essential for
high-temperature steam electrolysis, one of the highly efficient hydrogen production processes. This
integration establishes a carbon-neutral framework for hydrogen production, which is relevant for the
aviation industry to attain its decarbonization objectives. Notably, the waste heat generated from SMRs
can be utilized to fuel processes such as carbon capture directly from the atmosphere and high-
temperature steam electrolysis, thereby optimizing energy utilization and ultimately reducing the overall
cost of hydrogen production (Slavin et al., 2024). This approach not only enhances the economic
viability of green hydrogen but also presents a pathway to produce synthetic transportation fuels when
combined with carbon sources, thereby expanding its applicability in the aviation sector (Hansen et al.,
2024).

Although various methods (Steam methane reforming, coal gasification, water electrolysis etc.)
exist for hydrogen production, the techno-economic analysis of an integrated system combining high-
temperature steam electrolysis powered directly by an air carbon capture system and supplied with
heat/electricity by a SMR has not yet been adequately investigated. Given that most global hydrogen
production still relies on fossil fuels, comprehensive technical and economic assessments are needed to
determine the feasibility and optimal design parameters of integrated systems. The continued reliance
on existing polluting production processes necessitates the development of innovative, large-scale
production methods that align with net-zero emission targets. In conclusion, exploring the synergistic
advantages provided by SMRs for both carbon capture and hydrogen production presents a compelling
opportunity to substantially reduce production costs and enhance energy efficiency in the clean fuel
sector (Slavin et al., 2024)

SMRs are planning to diversify their output to encompass other applications beyond electricity
generation due to competition. Consequently, nuclear-hydrogen cogeneration is emerging as an
increasingly compelling option for clean hydrogen production (Garrouste, 2024; Slavin et al., 2024).
This integration presents significant advantages, as high-temperature steam electrolysis can capitalize
on thermal energy generated by reactors in conjunction with electrical power to generate hydrogen with
enhanced efficiency and reduced electricity consumption in comparison to other sustainable processes
(Remer et al., 2023).
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The operational flexibility of steam electrolysis units, particularly their ability to be rapidly turned
on and off, enables SMRs to function as adaptable generators, adjusting to fluctuating energy
requirements and pricing signals (Garrouste, 2024). This operational model enables nuclear facilities to
transition their production from electricity to hydrogen production when renewable energy sources
effectively meet grid demand, thereby augmenting the overall system’s profitability and stability
(Westover et al., 2023). This flexibility enables nuclear power plants to remain economically viable by
producing storable and usable clean energy carriers, such as hydrogen, during periods of low electricity
demand. This is particularly advantageous in a grid where the share of intermittent renewable energy
sources is steadily increasing (Cadogan, 2023).

Finally, initial SMR installations at high capital costs, with supports designed for hydrogen
production, can reduce industrial carbon emissions by 8% to 14%. It is possible that this rate will
increase further as capital costs decrease due to learning effects. (Garrouste, 2024). Only with such
significant support ambitious targets of $1 per kilogram will become a reality. These mechanisms could
create a competitive market for SMR-sourced hydrogen, allowing its widespread use in various sectors,
including aviation.

METHODOLOGY

This multidisciplinary study examines the economic and strategic role of SMR-powered green
hydrogen production in the decarbonization of the aviation industry. The study begins by establishing a
theoretical framework based on an analysis of existing literature onSMRs, Hydrogen, and Synergy in
the Aviation Industry. Subsequently, detailed examinations of potential technologies for SMR and
Hydrogen Production, as well as scenarios for the integration of SMR-Hydrogen Systems in the
aerospace sector, are conducted. This comprehensive theoretical foundation serves as a solid foundation
for the quantitative analyses to be performed in the subsequent stages of the study.

During the quantitative analysis phase, the LCOH calculation, a fundamental cost indicator, will
be performed to ascertain the economic viability of SMR-supported and water electrolysis-based
hydrogen production. This calculation will be conducted by considering the diverse operational and
capital costs associated with various types of SMR. Subsequently, a comprehensive sensitivity analysis
will be conducted to evaluate the impact of critical variables on LCOH. Finally, based on the LCOH
values and production scenarios derived, the economic integration of this green hydrogen into the
aviation industry will be analyzed. Specifically, its potential to contribute to the achievement of
decarbonization targets and its competitiveness with existing jet fuel or other sustainable aviation fuels
will be assessed.

Figure 1
Steps involved in the proposed methodology
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The Synergy of Small Modular Reactors, Hydrogen, and the Aerospace Industry

Technical and Economic Evaluation of Small Modular Reactors

SMRs are a relatively smaller class of nuclear reactors compared to large-scale reactors,
characterized by their lower installed power output. SMRs are designed with modularity in mind,
enabling factory fabrication, portability, and on-site assembly. These features promise cost reductions
and expedited construction times. The electrical capacity of SMRs ranges from ten to several hundred
megawatts (MWe), significantly smaller than conventional reactors that typically support capacities
exceeding 1,000 MWe. This approach presents financing advantages due to passive safety systems,
operational flexibility with load tracking capabilities, and reduced capital expenditures during
construction phases (Chalkiadakis et al., 2023). The effects of modularity, standardization,
simplification and harmonization, which are the economies of scale elements of investment costs, are
presented in Figure 2.

Figure 2
Economies of Scale Impact for SMRs (Butcher et al., 2021; OECD NEA, 2011)
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In addition to the structural and economic advantages, SMRs are involved in the global
decarbonization of energy supply. They enable their deployment not only in grid-connected
environments but also in remote areas or islands where conventional power generation faces challenges.
Furthermore, SMRs can furnish process heat or electricity to sectors that are difficult to electrify, such
as industry and transportation, where electrification is either challenging or insufficient. Their compact
size facilitates their integration with other energy systems, including renewable energy sources, resulting
in a hybrid and diversified energy landscape that better accommodates future energy demands (Soloviev
et al., 2022).

From a technological standpoint, SMR development is helpful for diversifying the energy mix
and mitigating greenhouse gas emissions. This endeavor necessitates extensive international
collaboration and the establishment of experimental facilities to assess cogeneration applications,
particularly those involving heat and hydrogen production for industrial sectors. These platforms
complement other nuclear technologies, such as fast reactors and fusion systems, indicating a
multifaceted approach to address the long-term global energy requirements sustainably (Steigerwald et
al., 2023).

Small Modular Reactors and Hydrogen Production: A Comprehensive Overview

The integration of SMRs with hydrogen production facilities is used for optimizing hydrogen
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production efficiency. This synergy positions SMRs as instrumental enabling technology for large-scale
hydrogen production. SMRs maximize asset utilization by providing a consistent baseload energy
supply that can be flexibly allocated between electricity generation and hydrogen production
(Chalkiadakis et al., 2023).

Hydrogen clusters are also envisioned, where SMRs are co-located with hydrogen production and
consumption regions, including transportation hubs such as industrial plants, airports, and port
terminals. This integrated approach not only enhances the economic viability of hydrogen but also
promotes the development of the hydrogen value chain, which is of interest for the aviation industry. By
reliably delivering hydrogen at scale, SMRs can meet the anticipated surge in demand stemming from
the aviation industry’s transition to hydrogen-powered aircraft (Walden et al., 2023). Figure 3 depicts
the image prepared for SMR, hydrogen production, and aviation applications.

Figure 3
The Relationship between SMR, Hydrogen and Aviation

Hydrogen Aviation

Additionally, integrated energy systems are being considered, combining SMRs with renewable
energy sources and hydrogen production units. These systems aim to harness the complementarity of
renewable energy sources with the output of nuclear reactors, optimize hydrogen yields, and provide
electricity to the grid or directly to end-use sectors. This integration enhances system resilience and
reliability, critical factors for supporting aviation's energy needs and the overall sustainable energy
transition (Jacob & Zhang, 2023).

The Importance of Hydrogen in the Decarbonization of the Aviation Industry

Hydrogen is one element in the pursuit of decarbonizing the aviation sector, which is heavily
dependent on fossil-based jet fuels and significantly contributes to carbon dioxide emissions. If current
trends persist, a substantial surge in aviation emissions is anticipated, underscoring the urgency of
transitioning to sustainable energy carriers. While pure kerosene (Jet A-1) is typically employed in gas
turbine engines, Jet B type fuel, a mixture of 30% to 70% kerosene and diesel, can also be utilized in
certain instances. Conversely, piston engines require fuel with reduced flammability, known as AVGAS,
preferred (Yusuf & Mesut, 2025).

Hydrogen, generated through low-carbon processes, presents a promising and environmentally
friendly alternative. It can serve as a fuel for aircraft propulsion systems or be utilized in modified jet
engines, thereby leading to substantial reductions in greenhouse gas emissions when compared to
conventional fuels (Yakovlieva et al., 2024). The environmental advantages of hydrogen in the aviation
sector extend beyond the reduction of carbon dioxide emissions. Hydrogen combustion predominantly
releases water vapor, which could potentially mitigate the formation of nitrogen oxides (NOX) in
comparison to fossil fuels. Nevertheless, challenges persist in the lifecycle emissions associated with
fuel storage, infrastructure development, and hydrogen production (Wilson & Lukose, 2025). The
current aviation fuel challenges include the extended lifespan of existing fleets and the substantial engine
or system modifications necessary for new fuels. This presents hydrogen as a particularly appealing
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option in the context of future aircraft designs, where propulsion systems could be tailored for hydrogen
utilization (Abubakr et al., 2024).

Integration of SMR-Hydrogen Systems in Aviation Infrastructure

LCOH using SMRs

The LCOH serves as a metric for comparative analysis of diverse production methodologies.
Studies assessing SMR-driven hydrogen production underscore that costs are significantly influenced
by reactor capital expenditure (CAPEX), plant scale, operational efficiency, and the seamless integration
of hydrogen storage and transportation infrastructure. LCOH estimates for hydrogen production via
SMR exhibit fluctuations based on reactor design, hydrogen storage techniques (compressed gas or
liquefaction), and transportation modes (Kim et al., 2022). Various costs will be incurred depending on
the SMR technologies employed (Elkhalafy et al., 2024).

Although LCOH offers competitiveness for SMR-produced hydrogen, market factors such as
fossil fuel prices and carbon taxes significantly impact its economic viability. For instance, in marine
applications, the production cost of hydrogen from SMRs surpasses that of diesel fuel, necessitating
substantial carbon pricing to attain viability. While achieving economies of scale through mass
production can substantially reduce costs, it necessitates substantial expansion and investment.
(Pompodakis & Papadimitriou, 2025). In this context, Figure 4 presents the graph illustrating the mass
production and cost implications associated with SMR installation.

Figure 4
Reducing Equipment Manufacturing and Installation Costs in Large-Scale Nuclear Power Plant
Production (Agency, 2013)
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Hydrogen Demand Forecasts for Aviation

Hydrogen demand for aviation is an emerging field. However, as hydrogen-powered aircraft
technologies and certification standards advance, growth is projected to reach 2050. While various
scenarios are anticipated, it is believed that hydrogen demand from aviation could represent a substantial
portion of total hydrogen consumption. Given the dependable and consistent hydrogen supply
capabilities of SMRs, there is a consensus that they can assume a pivotal role in fulfilling demand
(Yakovlieva et al., 2024).
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To meet the growing demand for hydrogen, airport infrastructure must undergo transformative
changes. Comprehensive assessments reveal that hydrogen supply within airports and aviation clusters
encompasses not only production but also logistics and utility systems. These systems must be
seamlessly integrated with existing fuel handling systems to ensure safe and efficient operation. (Silhan
et al., 2025).

Storage, Distribution, and Refueling Infrastructure

Hydrogen storage technology holds paramount importance for aerospace applications,
considering the unique fuel density and energy demands of aircraft. The primary challenges associated
with hydrogen storage include maintaining low-temperature liquid hydrogen storage, utilizing high-
pressure compressed gas tanks, and employing advanced solid-state storage methods. Furthermore,
complementary advancements in storage technology are essential for the successful production of
hydrogen using SMRs (Boyko et al., 2022).

Transportation and refueling stations must be meticulously designed to accommodate the
distinctive characteristics of hydrogen, thereby guaranteeing safety and optimizing operational
procedures. Advancements in hydrogen fueling infrastructure are underway, encompassing the
establishment of high-capacity refueling stations at airports. However, their integration with hydrogen
production systems, particularly those powered by SMRs, necessitates careful consideration. The
aviation sector imposes stringent requirements on fuel purity, accessibility, and the resilience of storage
systems, thereby complicating the supply chain (Boichenko et al., 2025). The unit costs for literature
are provided in Table 1.

Table 1
Hydrogen Cost Elements for Storage, Distribution, and Refueling Infrastructure

Component Type / Unit Typical Cost Range (USD) Source
Electrolysis (for Production cost, $/kg Ho 3.7 (IEA, 2024)
comparison)

Liquid hydrogen (LH:) _ (IEA, 2024; NREL,
liquefaction Energy + OPEX, $/kg H 1.5-4 2025)

LH: storage (large cryogenic =~ CAPEX, $/m°* or $/kg H> B . (Nivedhitha et al.,
tanks) capacity 0.5 — 3 (annualized $/kg Hz) 2024)
High-pressure gas tanks CAPEX, $/kg H> B .

(350/700 bar) capacity 400 - 700 (Shin & Ha, 2023)
Metal hydride / solid-state CAPEX, $/kg Ha Several hundred — thousands (Nivedhitha et al.,
storage capacity 2024)
Transport — tube trailer Cost per Fraller / $/kg Trailer C_APEX: 200k - 500k; (NREL, 2025)
(compressed gas) delivered delivery cost varies

Transport — LH: cryogenic Cost per tanker / $/kg CAPEX: ~1-3 million; delivery (IEA, 2024; NREL,
tanker delivered cost distance-dependent 2025)
Airport refueling (LH: Investment, $/station or Million-dollar scale (dispenser

hydrant / dispenser) $/kg dispensed share 3—5%) (Hoelzen et al,, 2023)
Onsite compression & Delivery + dispensing

purification cost, $/kg Ha 2-5 (NREL, 2025)
Onsite SMR integration o - (European
(modular reformer) CAPEX Small-scale units: several million Commission, 2024)
Delivered hydrogen (at $/kg Ha 2— 6 (SMR); +1-2 (LH: logistics) (IEA, 2024)

dispenser)

Hybrid Energy Systems for Airports and Aviation Clusters

Hybrid energy system planning for airports frequently integrates SMR with renewable energy
sources to attain carbon neutrality and operational efficiency objectives. These integrated energy clusters
employ advanced smart grid technologies and sector coupling strategies to harmonize electricity and
hydrogen supply and demand. Control architectures facilitate the dynamic distribution of generated
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energy between grid export, aircraft refueling, and airport internal operations, thereby optimizing the
overall system’s performance (Choi & Hong, 2025).

Real-time operational frameworks that incorporate day-night strategies prioritize electricity
generation during periods of high demand and maximize hydrogen production during periods of lower
electricity demand. This approach guarantees economic efficiency while ensuring reliable supply of
aviation fuel. The presence of high-fidelity simulation environments facilitates the testing and validation
of these integrated systems, thereby enhancing the readiness of SMR-hydrogen clusters for practical
deployment (Jacob & Zhang, 2023). Furthermore, hybrid systems of this nature can stabilize energy
supply at airports, decrease greenhouse gas emissions associated with airport operations, and bolster the
resilience of aviation energy systems to fluctuations in renewable generation (Gad-Briggs et al., 2022).

RESULTS AND DISCUSSION

As detailed in the method section, hydrogen fuel presents a viable solution to the aviation
industry’s carbon-neutral fuel requirement. To achieve this, there is a growing interest in nuclear energy,
which exhibits minimal greenhouse gas emissions throughout its lifecycle. Consequently, SMR are
being considered. In this context, LCOH calculations and sensitivity analysis, which can be derived
from the utilization of SMRs, have been elucidated, leading to the identification of potential solutions.

In the initial phase, a study will be conducted to assess the techno-economic viability of SMRs.
The cost analysis for ACP100, NuScale (VOYGR-4), BWRX-300, and I-SMR designs is presented in
Table 2, encompassing a comprehensive range of technical and economic parameters and assumptions.
To illustrate competitiveness, the costs associated with radioactive waste management,
decommissioning, and the entire fuel cycle have been excluded from the analysis, with only the fuel cost
being included. It is recommended to review the publications conducted in this field if their inclusion is
deemed necessary for a different study (Kilic, Yigit, Sobahi, et al., 2025; Kilig & Variyenli, 2023).
Additionally, operating costs have been incorporated based on the nth example of its kind principle,
enabling comparisons within the same scale as large-scale reactors.

Table 2
LCOE for SMRs (Kilic, Yigit, & Sreenivasulu, 2025; Kilig et al., 2025; OECD NEA, 2025)
NuScale
(VOYGR-4) BWRX-300 I-SMR ACP100

Overnight Cost ($/kWe) 6596 6596 7395 8194
Interest During Construction Cost ($/kWe) 923 923 1035 1147
Thermodynamic Efficiency (%) 30.8 34.5 32.7 26
Plant Thermal Power (MWth) 1000 870 520 385
Total Capital Cost (BS) 2315 2254 1433 0934
Levelized Capital Cost ($/MWh) 76.71 92.75 86.71 97.24
g‘;‘i?j;‘};:i‘%g;’;t ($MWh) 15.23 15.23 2332 29.75
Fuel Cost ($/MWh) 9.33 9.33 9.33 9.33
Levelized Cost of Electricity ($/MWh) 101.27 117.31 119.36 136.32
Levelized Cost of Electricity($/MWh) 7088 8211 83.55 9542

(n of a kind)

The inputs and formulas employed in the calculation of LCOH are provided in Table 3. Utilizing
these data, LCOH was determined for the reference scenario, and a sensitivity analysis was conducted
to assess the impact of parameter variations on LCOH.
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Table 3

LCOH Reference Scenario: Inputs and Formulas
Parameter Symbol / Unit Formula Description
Project life time n (years) Input =25 Project economic lifetime
Discount rate r Input =0.08 Annual discount rate
Electrolyzer CAPEXunit, _ .
CAPEX ($/KW) Input = 1000 Capital cost per kW of electrolyzer
Electrolyzer _ i
capacity Pa (kW) Input = 100,000 Installed electrolyzer capacity
Electrolyzer _ Conversion efficiency (electricity —
efficiency L Input =0.70 hydrogen)
3:“]:1 Zwer Heating LHV (kWh/kg) Input = 50 Energy content of hydrogen
Annual availability A Input = 0.9 Fraction of annual uptime
ﬁ:;ll:al operating heyear) 8760 x A Effective yearly operation time
Annual H:
production Ha@nnual) (kg) (Pai x M x heyear)) / LHV Annual hydrogen output
Total CAPEX CAPEXtotal) ($) CAPEXunity x Pe Total investment cost

1 [

Annual OPEX OPEXannual, ($) 0.03 x CAPEX total, Operating cost (3% of CAPEX,

assumed)

Electricity cost Ca ($/kWh) Input = Table 3 (LCOE data)

Price of consumed electricity

Annual electricity

E@nnual) (kWh) (Hz@nnual) x LHV) /n

Total yearly power use

consumption

?Olgltmal electricity Costq ($) E@nnual) x Cq Yearly electricity expenditure
Capital Recovery " L Converts total CAPEX to annualized
Factor CRF rx (/A +or— 1) CAPEX

Annualized CAPEXannual, . .

CAPEX ($/ycar) CAPEXtotaly x CRF Annualized investment cost

CAPEXannualy + OPEX@annual,

Total annual cost Ceannual) ($/year)

Combined annual costs

+ Coste
Transport & _ __
storage cost CTS) ($/kg) Input=1 Hydrogen logistics cost
LCOH LCOH ($/kg) (Cannualy / Ha@annualy) + C(TS, Levelized cost of hydrogen

The results of sensitivity analysis specific to ACP100, NuScale (VOYGR-4), BWRX-300, and i-
SMR designs are presented in Figure 5, demonstrating the parameter change effects of £10%. According

to the analysis, the project duration exhibits the least significant impact, with a reduction rate below 1%.
Conversely, the H. LHV parameter exhibits the most pronounced effect, influencing the unit price by

approximately 8-9%. Notably, no substantial technology-specific differences were observed in the

sensitivity analysis results.

Table 4

Aviation Fuel Price Table and LCOH
Fuel Type $/gal MJ/gal $/'MJ References
Jet A-1 2.42 130.3 0.0186 (BTS, 2025)
AVGAS 6.26 120.0 0.0522 (Globalair, 2025)
LCOH 2.23- 6.26 $/kg 120.0 MJ/kg x density relation
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Figure 5
Sensitivity Analysis Results According to SMR Technologies
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Subsequently, the maximum and minimum LCOH values, which are complementary to the
reference values derived, were derived from the sensitivity analysis results and presented in Figure 5. It
is evident that the LCOH value does not fall below $6/kg even when all parameters are at their lowest
levels. Furthermore, it has been concluded that the LCOH value may potentially increase up to $10/kg
due to the impact of the rise in electricity prices and the +10% adjustment in parameters.

Figure 6
Graph depicting Minimum, Reference, and Maximum LCOH values
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Finally, unit costs per megajoule (MJ) were determined using the jet fuel prices provided in
Table 4. Subsequently, the LCOH range was calculated based on the $/M1J values and its comparison
with jet fuel was conducted. Based on this assessment, it was determined that, considering factors such
as hydrogen engine efficiency, storage weight and volume, cooling and tank losses, the LCOH value
should decrease to $2-4/kg for competitiveness. To achieve this, it was recommended that the LCOE
value be reduced first.

CONCLUSION AND RECOMMENDATIONS

With the world’s population growing and industries expanding, strategies need to be developed
to manage energy resources efficiently and safeguard the environment. This is especially important for
countries that rely on fossil fuels. In alignment with the objectives of mitigating carbon emissions within
the aviation sector, hydrogen emerges as a prominent alternative, characterized by its high energy
density and the absence of any emission potential. SMR possess the potential to reduce hydrogen
production costs by augmenting energy efficiency through the cogeneration feature they offer. This
integrated system approach stands out as an innovative solution that mitigates dependence on
conventional fossil fuel-based hydrogen production while bolstering the economic viability of green
hydrogen and supporting the transition to clean fuels within the aviation industry.

In this study, the economic impact of SMR-supported green hydrogen production on the
decarbonization of the aviation sector is comprehensively analyzed. Initially, the integration potential
of these systems within SMRs, hydrogen production technologies, and the aviation sector was
theoretically examined through a literature review. Subsequently, the LCOH was calculated, considering
the operational and capital costs associated with various SMR types. Furthermore, sensitivity analysis
was conducted to assess the value of this metric. Finally, the economic feasibility of integrating green
hydrogen into the aviation sector, its competitiveness with conventional jet fuels, and its contribution to
the sector’s decarbonization objectives was evaluated based on the LCOH results obtained.

As a result of the sensitivity analysis conducted specifically for ACP100, NuScale (VOYGR-4),
BWRX-300, and i-SMR designs, the impact of the project’s lifespan and reduction rate on LCOH
remains below 1%. The most influential parameter was identified as H. LHV, exhibiting an effect of
approximately 8-9%. Notably, no significant technology-specific disparities were observed. Although it
was observed that the LCOH value did not fall below $6/kg even when all parameters were at their
lowest levels, it was concluded that the LCOH value could potentially reach $10/kg with a £10% change
in parameters. For competitiveness with jet fuel, it was determined that the LCOH value should decrease
to 4 $/kg. It was concluded that the LCOE value should attain the level of $42/MWh for the scenario
where all parameters are assumed to be reduced by -10%, while the reference scenario yields $33/MWh.

The following suggestions for future studies are:
e Utilize technical and economic data with realistic assumptions.
e Do not overlook uncertainties in costs.
e Conduct an accurate evaluation of the effects of variable parameters.
e Ifthere is widespread acceptance of carbon taxes, they should be incorporated into the calculations.

It is beneficial to consider these issues in depth.
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Ugaklarin boyutlarinin bityiimesi ve hizlarinin artmasiyla birlikte, inig takimlarinin yalnizca kol kuvvetiyle
acilip kapatilmasi giiglesmis, bu nedenle sistemi galistirmak {iizere ozel hidrolik gii¢ kaynaklari
gelistirilmistir. Hidrolik destekli otomatik inis takimi mekanizmast ilk kez efsanevi Douglas DC-1, DC-2
ve DC-3 modellerinde uygulanmis ve havacilik teknolojisinde 6nemli bir déniim noktas: olusturmustur.

Ugak tasarimlarinin gelisimine paralel olarak, baslangigta kuyruk kisminda bulunan inis takiminin ugagin
6n boliimiine alinmasi kararlastirilmistir. Boylece kalkis ve inig performansi iyilestirilmis, pilotun kontrol
yiikii azaltilmistir. Kuyruk tekerlekli ugaklarda pilot, kalkis esnasinda 16vyeyi one iterek kuyrugu kaldirmak
zorunda kalirken; inis sirasinda ise ya hafif yiiksek bir hizla iki ana tekeri ayn1 anda piste temas ettirmeye
ya da oldukca hassas bir diiz inis gergeklestirmeye ¢aligirdi. Burun inig takiminin kullanilmasi, pilotlara
¢ok daha kontrollii ve giivenli inig-kalkis imkan1 sunmus, boylece modern havacilikta standart bir ¢6ziim
haline gelmistir. Gliniimiiz ugaklarinda burun inig takimi ile kanat altinda konumlandirilmis iki ana inis
takimu birlikte kullanilmaktadir.

Bu ¢aligsmada, giiniimiizde genel havacilik simifinda yaygin olarak kullanilan sabit hidrolik inis takimlarmm
tasarimi ele alinmaktadir. Tasarimin temel amact, farkli amaglarla kullanilan ultra-light sinifi ugaklar igin
yiiksek dayanim ve mukavemet sunan, aynit zamanda diisiik maliyetli bir hidrolik inig takimi konsepti
gelistirmek ve bunun simiilasyon analizlerini ortaya koymaktir.
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As aircraft grew in size and speed, operating landing gear solely through manual lever force became
increasingly difficult, necessitating the development of dedicated hydraulic power systems. The
hydraulically assisted automatic landing gear mechanism was first implemented in the legendary Douglas
DC-1, DC-2, and DC-3 models, marking a significant technological milestone in aviation history.

In parallel with advancements in aircraft design, it was decided that the landing gear originally located at
the tail would be repositioned to the front of the aircraft. This modification improved takeoff and landing
performance while reducing pilot workload. In tailwheel aircraft, the pilot had to push the control stick
forward during takeoff to raise the tail and, during landing, either touch down both main wheels
simultaneously at slightly higher speed or achieve a highly precise and level touchdown. The introduction
of nose landing gear eliminated these challenges, providing pilots with more controlled and safer takeoff
and landing operations, and consequently becoming the standard configuration in modern aviation. Today’s
aircraft typically employ a nose landing gear along with two main landing gears located under the wings.

This study focuses on the design of fixed hydraulic landing gear systems commonly used in general aviation
aircraft. The primary objective of the design is to develop a high-strength, high-durability, and cost-
effective hydraulic landing gear concept for ultra-light aircraft used in various operational fields, and to
present simulation analyses demonstrating the performance of the developed system.
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GIRIS

Doga, insanligin teknoloji gelistirme siirecinde her zaman 6nemli bir ilham kaynagi olmustur.
Havacilik alaninda da kuslarin aerodinamik yapilar1 ve ugus prensipleri, modern ucak teknolojisinin
olusumunda belirleyici bir rol oynamistir. Kuslarin havada siiziilmesini ve manevra yapmasini saglayan
kanat geometrileri ile tastyici bacak yapilari, ilk u¢aklarin tasariminda dogrudan 6rnek alinmis; 6zellikle

inis ve kalkis sirasinda govdeyi giivenle tasiyan sistemler, kuslardaki bacak islevinin miihendislik
karsilig1 olarak inig takimlarina doniismustiir (Delprete ve dig., 2023).

Havaciligin baslangic doneminde kullanilan inis takimlari, ugagin zeminde kaymasini saglayan
basit tahta kizaklardan ibaretti. Bu sistemlerin diisiikk tasima kapasitesi ve operasyonel zorluklar
nedeniyle kisa siirede tekerlekli tasarimlara gecildi. Bisiklet tekerleklerinden uyarlanarak gelistirilen ilk
tekerlekli inis takimlari, tarihi Blériot XI ucaginda kullamlmistir. ilk ugaklarda gévde altinda iki ana inis
takimi bulunurken, arka boliimiin hasar gérmemesi igin kuyruk altinda sabit bir metal par¢a yer aliyordu.
Birinci Diinya Savasi sirasinda bu yap1 tekerleksiz bir destek mekanizmasina doniistii; havaciligin
ilerlemesiyle birlikte kuyruk inig takimi tekerlekli hale getirilerek manevra kabiliyeti artirildi
(Elayancheri ve dig., 2015).

Glinlimiiz ucaklarinda inis takimlari, yiiksek mukavemetli alagimlar, karmagik hidrolik birimler,
fren sistemleri ve kontrol yapilarindan olusan ¢ok bilesenli, maliyeti milyon dolarlar1 bulan ileri
mithendislik sistemleridir. Modern fren yapilari sayesinde 300 tonun tizerindeki genis govdeli ucaklar
kisa pistlerde giivenle durabilmektedir. “Landing gear” olarak adlandirilan bu sistemde burundaki dikme
yonlendirmeyi, ana dikmeler ise yiik tasima ve frenlemeyi iistlenir. Ornegin Airbus A340’1n tek bir fren
iinitesinin agirhig1 yaklagik 130 kilogramdir. Biiyiik gévdeli bazi ugaklarda - Boeing 747, Airbus A340,
MD-11 gibi—ana dikmeleri desteklemek amaciyla ek bir inis takimi grubu bulunur; bu yap1 frenleme
yapmasa da yiik dagilimini iyilestirerek ucak dengesini artirir (Ghiringhelli, 2004).

Ikinci Diinya Savasi’na kadar ucaklarm inis takimlar1 sabit olup ucus sirasinda govde icine
alinmiyordu. Artan ugus hizlari nedeniyle agik inis takimlarinin yarattigi aerodinamik siiriikleme énemli
bir performans kaybina yol acinca, katlanarak govde igine cekilebilen sistemler gelistirildi. ilk
orneklerde bu mekanizma manivela ile elle calistiriliyor ve sadece hafif ugaklarda uygulanabiliyordu
(Haritha ve dig., 2024).

Ucak boyutlariin biiyiimesiyle manuel mekanizmalarin yetersiz kalmasi, hidrolik gii¢
tinitelerinin gelistirilmesini zorunlu hale getirdi. Béylece inis takimlarinin acilip kapanmasi otomatik
hale getirildi. Bu modern hidrolik mekanizmalar ilk olarak Douglas DC-1, DC-2 ve DC-3 ugaklarinda
basariyla uygulanarak bugiin kullanilan inig takimi sistemlerinin temelini olusturdu (Kruger, 2000).

Ucaklarin inis ve kalkislarinda, ayrica yerde taksi yaparken ylizeyle temasini giivenli ve kontrollii
sekilde siirdiirebilmesi i¢in, siirtiinme direnci diisiik, yatay ve diisey yondeki yiikleri etkin bi¢imde
karsilayabilen inis takimlarina ihtiyag vardir. Inis takimlari, ucagin yere inisini, yerden kalkisini ve
yerdeki manevralarini saglayan temel tasiyici sistemlerdir (Prasad ve dig., 2020).

Deniz ugaklari, kara ucaklar1 ve amfibi ugaklarda inig takimi yapilar1 kullanim ortamina bagh
olarak farklilik gosterir. Kara ugaklarinda zemin temasi tekerleklerle saglanirken, deniz ugaklarinda
gdvde altindaki kayik benzeri yiizey veya ek kizaklar kullanilir. Amfibi ugaklar ise her iki ortama uygun
cift islevli inis takimlarina sahiptir.

Genellikle ucaklar iki ana ve bir yardimci1 olmak iizere ii¢ tekerlekli inis takim1 diizenine sahiptir.
Yardimci (6n veya kuyruk) tekerlek, ucagin yerde yonlendirilmesini saglar ve ana inis takimlarinin yiik
dagilimina destek olur. Pilot, bu tekerlegi saga veya sola ¢evirerek ucagin taksi sirasinda istikametini
kontrol eder. Inis sirasinda u¢agin hiz1 yatay ve diisey bilesenlerden olusur. Pilot, tekerleklerin piste
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temasindan hemen 6nce ugagi miimkiin oldugu kadar yatay bir konuma getirerek diisey hiz bilesenini
en aza indirir. Yatay hizin olusturdugu kinetik enerji fren sistemiyle absorbe edilirken, diisey hizdan
kaynaklanan yiikler inis takimlarinda bulunan yay, amortisoér ve lastik gibi elemanlar tarafindan
soniimlenerek 1stya doniistiiriiliir. Ug tekerlekli konfigiirasyonda ana inis takimlar1 genellikle kanatlar
iizerinde veya gdvde altindadir; yardimci tekerlek ise burunda veya kuyruk boliimiinde bulunabilir. Cok
tekerlekli agir nakliye ve genis govdeli yolcu ucaklarinda ise ana inis takimlar1 gévde icine arka arkaya
yerlestirilmis birden fazla tekerlek grubundan olusur. Ornegin Boeing 747°de 16 ana ve 2 yardimci
olmak iizere toplam 18 tekerlek bulunmaktadir (Raymer, 1992).

Inis takimlarmin énemli bir diger niteligi sabit veya katlanabilir olmalaridir. Sabit inis takimlar
diisilk hizli ve basit yapili ucaklarda tercih edilir. Ancak hiz ve boyut arttikca inig takimlarinin
olusturdugu aerodinamik siiriikkleme de onemli 6l¢iide yiikselir. Bu nedenle modern ugaklarda inis
takimlar1 ugus sirasinda elektrik, hidrolik veya pnomatik gii¢ sistemleri yardimiyla gévde veya kanat
icine katlanarak saklanir. Kapaklarla kapanan bu bolmeler, aerodinamik yapimin biitiinliigiinii korur. inis
takiminin agik veya kapali konumda giivenle sabitlenmesi i¢in kilit ve emniyet mekanizmalari kullanilir.
Ayrica kokpitte, inis takimlarinin mevcut konumunu pilota bildiren ikaz ve gosterge sistemleri bulunur;
bu sayede pilot, inig-kalkis operasyonlarinin en kritik asamalarinda sistem durumunu siirekli takip
edebilir.

YONTEM

Inis Takimi Tasarimi

Genel havacilik ucaklart i¢in hidrolik inis takimi tasarimi sirasinda, uluslararasi havacilik
standartlar1 ve kabul gérmiis ucak tasarimi literatiirii esas alinmistir. Tasarim siirecinde, ucaga etki eden
statik ve dinamik yiikler belirlenmis ve inis, kalkis ile taksi sirasinda absorbe edilmesi gereken yiikler
hesaplanmistir. Bu veriler dogrultusunda, optimum enerji soniimleme performansi saglayacak hidrolik
oleo-pnomatik pistonlar secilerek inis takimi tasarimi gerceklestirilmistir. Tasarim agamasinda,
“General Aviation Aircraft” (Genel Maksat Ucag1) kategorisindeki havacilikta en yaygin ucak tiplerinin
verilerinin ortalamasi alinarak genel bir inis takimi tasarimi planlanmastir.

Bu béliimde, inig takimi tasarimi ve modellemesi sunulmustur. Tasarimda elde edilen inis takima,
sonlu elemanlar analizi ve ardindan gerceklestirilecek testler ile inis kosullarini saglayip saglamadigi
acisindan incelenmistir. Arastirma sonuglar1 dogrultusunda, tasarimin iyilestirilmesi gerekebilecektir.
Bu durumda, kullanilan malzemelerin mekanik &zelliklerinin belirlenmesi yeniden ele alinmig ve
tasarim iyilestirmesinde kullanilacak malzemelerin 6zellikleri tespit edilmistir. Belirlenen malzemeler
ile tasarlanan yeni ve iyilestirilmis inig takiminin sonlu elemanlar analizleri gergeklestirilmis ve statik
testlerle inig ylkiinii kargilayip karsilamadigi incelenmistir.

Inis Takimi Tasarimini Olusturan Parcalarin Tasarimi

Bu boliimde, hesaplamalari 6nceki agamalarda yapilan inig takimini olusturan pargalarin tasarimi
gerceklestirilmistir. Ilk olarak inis takimu silindir blogunun tasarimi yapilmustir (Sekil-1). Bu amortisér
sistemi giiniimiizde en yaygin kullanilan sistemlerden biridir. Yiiksek sok emilimi ve etkili soniimleme
saglamasi nedeniyle yalnizca biiyiik ugaklarda degil, ayn1 zamanda ultralight sinifi u¢aklarda da tercih
edilmektedir.

S6z konusu amortisor tipi, entegre calisan iki temel bilesenden olusur. Birincisi, sikistirilmig
hidrolik yag sayesinde yay gibi davranarak ucagin dikey hareketlerinden dogan soku absorbe eder.
Ikincisi ise soniimleme mekanizmasidir; hidrolik sivinmn kiiciik deliklerden (orifislerden) ge¢meye
zorlanmasiyla siirtiinme olusturur ve akis hizim azaltarak etkin bir soniimleme saglar. Bu yapi, hidrolik
amortisoOrlii inis takimi sistemlerinin yiiksek verimli sok emilimi sunmasma imkan tanir. Oleo
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amortisorlerde yaygin olarak {i¢ temel yapilandirma kullanilir: teleskopik payanda, eklemli dikme ve
yar1 eklemli sistem. Bu ¢ tip arasindaki temel fark, inis takiminin tekerlege gére konumlandirilma
bi¢cimidir. Amortisor, gdvdeye gore yapisal olarak rijit bir eleman olarak gorev yapar. Bu ¢alismada,
onceki boliimlerde elde edilen silindir geometrisi ve hesaplama verileri kullanilarak inig takiminin kati
modeli olusturulmustur.

Sekil 1 ‘
Tasarlanan Inis Takimi Silindir Blogu

Bu tiir ugaklarin inig takimlarinin inis sirasinda hizi tolere etmesi i¢in, yukaridaki parganin silindir
diizenegi ile tekerlekler arasinda bag kurdugu unutulmamalidir. Amortisor strok uzunlugu ve ugagin
agirhigr gibi degiskenler olmasina ragmen inis takimi tasariminda tagiyici saft mili kritiktir, basitce
ucaklarin enerji analizinde "sonlimlemeye en biiyiik yardimci etken" gorevindedir. Teleskopik oleo
gergi diizenlemesinde piston, amortisdriin ana govdesinin icine yerlestirilecek sekilde
konumlandirilmistir (inis takiminin dikey dikmesi). Bu tasarimin iki temel dezavantaji bulunmaktadir.
[lk olarak, amortisor tiim inis takimi sistemiyle birlikte calistigindan hidrolik amortisoriin bakim veya
degisim icin ana dikme igerisinden tamamen ¢ikarilmas1 gerekir. ikinci olarak, hidrolik sok emici dikey
konumdadir ve tekerleklerden gelen soku yeterli 6lgiide absorbe edebilmesi i¢in belirli bir uzunlukta
tasarlanmalidir. Bu durumda inig enerjisinin karsilanabilmesi genellikle uzun ve yiiksek soniimleme
kapasitesine sahip bir hidrolik piston kullanimim gerektirir.

Onceki béliimlerde yapilan hesaplamalar bu tasarim kriterleri géz &niinde bulundurularak
gergeklestirilmig, bu dogrultuda en uygun piston geometrisi belirlenmistir (Sekil-2). Elde edilen veriler
kullanilarak inis takiminin katt modeli olusturulmustur.

Sekil 2
Tasarlanan Inis Takimi Pistonu

Bu tasarim yaklasimi, inis sirasinda ortaya ¢ikan yiiksek dikey yiiklerle aciklanabilir. Bu tiir
ucaklarda inis takimlarinin tolerans gdstermesi gereken dikey hiz oldukea yiiksektir. Ayrica, s6z konusu
bilesenin silindir diizenegi ile tekerlekler arasinda yapisal bir baglanti kurdugu unutulmamalidir.
Amortisor strok uzunlugu ve ugak agirligr gibi degiskenler tasarimi dogrudan etkilerken, tasiyici saft
mili inis takimi tasariminda kritik bir role sahiptir. Bu mil, ucaklarin enerji analizinde “soniimlemeye
en biiylik katkiy1 saglayan” temel elemanlardan biri olarak gorev yapar. Tasarlanan inis takimi tekerlek
mili Sekil-3’te goriilmektedir.
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Sekil 3
Tasarlanan Inis Takimi Tekerlek Mili (Saft Baglant: Mili)

Ozetle, bu boliimde dnceki asamalarda tasarimi yapilan inis takiminin katt modeli olusturulmus
ve tasarlanan modelin statik analizleri gergeklestirilmistir. Yapilan tasarimin son hali Sekil-4’te
goriilmektedir.

§ekil 4
Inis Takimunin Tasarin

Bir eklemli hidrolik dikme konfigiirasyonunda, hidrolik sok dikmesi, ucak govdesi ve bir baglanti
arasindaki baglantidir ve ayn1 zamanda tekerlege baglidir. Bu yapilandirma tekerlegin sisteme dahil
edilmesine neden olur ve donme ekseninin etrafindaki dairesel bir yayda konumlanir. Bu, tekerlek strok
uzunlugunun, baglantinin mekanik avantajina bagh olarak sok emici stroktan daha biiyiik olmasini
saglar. Bununla birlikte, dezavantaji, hidrolik destegin daha biiyiik yiike sebep olmasidir.

Yar1 eklemli hidrolik konfigiirasyonda, amortisorler ana destek dikmelerine yerlestirilmistir. Bu
diizenlemede inis takimi sistemi, teleskopik konfigiirasyona benzer bir yapiya sahip olmakla birlikte,
yar1 eklemli sistem ek bir baglantiya sahiptir ve oleo destegini tekerlege baglamaktadir. Bdylece yari
eklemli diizenleme, hem teleskopik hem de birlesik bir sistem olarak degerlendirilebilir. Yar1 eklemli
oleo ayari, tekerlegin pivot noktasi etrafinda bir yayr hareket ettirmesine izin verecek sekilde
tasarlanmistir.

Dis silindir, tiim amortisorii kapsayacak sekilde tasarlanmis olup operasyon sirasinda ucaga etki
eden yiiksek yiiklere dayanacak sekilde tiretilmistir. Calisma sirasinda, i¢ silindir hidrolik sivi ve gaz
tarafindan olusturulan basing sayesinde eksenel yonde serbestce hareket edebilmektedir. I¢ silindir, hem
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statik hem de dinamik yiikler altinda dayanikli olacak sekilde tasarlanmistir. Piston ve piston kolu dig
silindir i¢ginde yer almakta ve sabit kalmaktadir. Piston kafasi, enerji emici deliklerden olusan bir plaka
gibi davranarak inis aninda yiiklerin dengelenmesini saglamaktadir. i¢ silindir tamamen hidrolik siv1 ile
doldurulmus olup, bu siv1 genellikle hidrolik yag ve dis silindirde bulunan ¢aligma gazinin (¢cogunlukla
saf azot) bir kombinasyonunu icerir. Bu konfigiirasyonda, sistem bir silindir, delikli bir plaka, hidrolik
siv1 ve saf gazdan olugmaktadir.

Hidrolik amortisdrler, pistonun bulundugu dis silindir iginde fazla enerjiyi emen bir mekanizma
olarak iglev gérmektedir. Piston tamamen hidrolik stviya batirilmis olup, dis silindir kism1 hem s1vi hem
de gaz ile doldurulmustur. Bu asamaya kadar yapilan hesaplamalar ve olusturulan kati modelin,
tasarlanan verim ve dayamimi saglayip saglamadigi sonlu elemanlar analizleri ile belirlenmis ve
tasarimin kontroli gerceklestirilmistir.

Bu ¢alisma, ugak inis takiminin yapisal analizini degerlendirmek amaciyla sonlu elemanlar analizi
(FEA) kullanilarak gerceklestirilmistir. CAD modeli sadelestirilmis, kritik bdlgeler i¢in lokal mesh
yogunlastirmasi yapilmistir. Bilesenler icin liretici standartlarindan alinan elastik ve plastik malzeme
ozellikleri kullanilmais, ¢elik ve aliiminyum ana malzemeler olarak modellenmistir. Solid ve shell eleman
tipleri tercih edilmis, temas bdlgelerinde siirtiinmeli ylizey-ylizey temas tanimlar1 uygulanmistir (Sekil-
5). Inis takimimin gévde baglantilar1 uygun sinir kosullari ile sabitlenmis, tekerlek-yol etkisi ise idealize
edilmis ylizey yiikleri ile temsil edilmistir. Yiikkleme durumlart sert inis, taxi, frenleme ve yanal yiik
senaryolarini icermekte olup hem statik hem de lineer olmayan analizler yapilmistir. Gerekli durumlarda
explicit ¢oziim kullanilmigtir. Mesh bagimsizlik c¢alismalari yuriitilmiis ve gerilme—deformasyon
sonuclar1 dogrulanmistir. Sonuglar, von Mises gerilmesi, maksimum deformasyon, temas basinci ve
giivenlik katsayisi iizerinden degerlendirilmis; kritik bolgeler belirlenerek tasarimin yapisal yeterliligi
analiz edilmistir.

Sekil 5
Inis Takiminin Sonlu Elemanlar Modeli

aned

BULGULAR

Analizler sonucunda elde edilen esdeger gerilmeler Sekil-6’da gosterilmektedir. Inis takiminda
azami gerilmenin tekerlek baglanti noktasinda olustugu goriilmekte olup, yaricap bdlgesi de diger kritik
noktalar arasinda yer almaktadir. Kopma dayanimi ile karsilastirma yapilarak inig takiminin kirima
ugraylp ugramayacagi degerlendirilebilir. Modelin gercek test verilerine gore daha yiiksek gerilme
degerleri sundugu daha 6nce belirlenmis olsa da, bu durum géz oniinde bulundurulmadan dahi azami
gerilme olan 113 MPa’in, alasimli ¢eligin 620 MPa’lik akma dayanimindan oldukc¢a diisiik oldugu
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goriilmektedir. Dolayisiyla, inis takiminin bu kritik inig yiiklemesi altinda kirima ugramayacagi
sonucuna ulasilmaktadir.

Sekil 6
Inis Takimunin Sonlu Elemanlar Analizi Sonuclart

von Mises (N/m*2)
1.138e+04
1.043e+04

| 9.486e+03
. 8.538e+03
. 7.589e+03
_ 6.640e+03
| 5.692e+03
| 4.743e+03
L 3.794e+03

| 2.846e+03

1.897e+03
9.486e+02
5.293¢-06

— Akma mukavemeti: 6.204e+08

Inis takiminin Matlab-Simulink programindan elde edilen zamana gore yer degistirme ve ivme
grafikleri sirasiyla Sekil-7°de verilmistir.

Sekil 7
Inis Takiminin Matlab-Simulink Grafikleri

i On inis takimi yer dedistimme hareketi

25 | T T

Yer Dedistirme (m)

Zamain (sn)

On ini takimi ivme hareketi
T T T

lvme (m/s2)

. i i ! ' I i | i
Zaman (sn)

Sonlu elemanlar modeli analizleri sonucunda, iyilestirilmis hidrolik inis takimi tasariminin
gerekli inis kosullarimi sagladigi goriilmistiir. Boylelikle, ¢alismanin amaci olan yeterli dayanimi
saglayan bir inis takiminin tasariminin basartyla tamamlandigi ifade edilebilir.

204



Aerospace Research Letters (ASREL)

SONUC

Bu calismada temel amag¢ olarak, bir ucaga ait inis takiminin tasarimi ve simiilasyonu
gergeklestirilmistir. Yapilan tiim ¢aligmalarin 1s18inda, 6zellikle tasarim siirecinde 6ne c¢ikan 6nemli
sonuglar su sekilde siralanabilir:

e Tasarlanmak istenen sabit inis takimi, ugak havadayken siiriiklemeyi artirma egiliminde olsa da,
maliyet acisindan ve kullanilacak ugak tiirii dikkate alindiginda avantajli bir ¢6ziim héline
gelebilir.

e Inis takiminin duragan yiik, azami dikey yiik ve kritik inis yiiklemesine dayanikliligimin gesitli
analizlerle gosterilmistir. Ancak tekrarli yiikler altindaki davramiginin da onemli oldugu
unutulmamalidir.

e lyilestirilmis inis takimi tasariminda kullamilan alasimli celigin alt ve iist yiizeyleri gerekli
dayanimi tam olarak saglamadigi durumlarda, hasarin meydana gelecegi bdlgeler yerel
takviyelerle giiclendirilerek bu noktalardaki dayanim artirilmalidir.

ONERILER

e Inis takimmin kalkis ve inis sirasinda iizerine etki eden dikey yiikleri gii¢lii sok emicilerle
giivenli sekilde karsilamasinin yan1 sira, yapisal analizlerin bilgisayar ortaminda
gerceklestirilmesiyle ayni dayanimi saglayan daha hafif malzemelerin kullanilmasi da
gelecekteki caligmalar i¢in hedeflenmelidir.

e Yeterli malzeme arastirmalar1 ve miihendislik analizleri yapilarak yerli hidrolik inis takimi
tasarimini kapsamli bir sekilde gergeklestirme yeteneginin gelistirilmesi amaglanmalidir.
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EXTENDED ABSTRACT

Introduction: Birds’ acrodynamic structures inspired early aircraft design, including the concept of landing
gear as load-bearing systems. Early planes used wooden skids, later replaced by wheels such as those on the Blériot
XI, and the tail skid evolved into a tailwheel to improve ground handling. Modern landing gear systems use high-
strength alloys, hydraulic actuators, and advanced brakes; large aircraft often include extra gear units for load
distribution. Fixed landing gear caused excessive drag as aircraft speeds increased, leading to the development of
retractable systems. Initially manual, retraction became hydraulic and fully automatic with the Douglas DC series.
Landing gear absorbs vertical impact loads, support horizontal forces, and provide ground steering. Most aircraft
use a tricycle layout, while heavy transport employs multi-wheel bogies, such as the 18-wheel configuration of the
Boeing 747. Retractable systems—hydraulic, pneumatic, or electric—reduce drag and operate with locking and
cockpit indication systems for safe use.

Method: This study was conducted to evaluate the structural performance of the aircraft landing gear using
finite element analysis (FEA). The CAD model was simplified, and local mesh refinement was applied in critical
regions. Elastic and plastic material properties obtained from manufacturer standards were used for the
components, with steel and aluminum modeled as the primary materials. Solid and shell element types were
selected, and frictional surface-to-surface contact definitions were applied in the interaction zones. The landing
gear’s fuselage attachment points were constrained with appropriate boundary conditions, while the wheel—ground
interaction was represented by idealized surface loads. The loading conditions included hard landing, taxiing,
braking, and lateral load scenarios, and both static and nonlinear analyses were performed. Explicit solutions were
used when necessary. Mesh independence studies were carried out, and stress—deformation results were validated.
The results were evaluated based on von Mises stress, maximum deformation, contact pressure, and safety factor.
Critical regions were identified, and the structural adequacy of the design was assessed.

Findings: The highest stress occurs at the wheel attachment point, with the fillet region also identified as
critical. Even though the model tends to predict higher stresses than real tests, the maximum stress of 113 MPa
remains far below the alloy steel’s 620 MPa yield strength. Thus, the landing gear is not expected to fail under the
critical landing load.

Conclusion: In this study, the primary objective was to design and simulate an aircraft landing gear. Based
on the conducted work, the key findings can be summarized as follows:

» Although a fixed landing gear increases drag during flight, it can still be a cost-effective solution
depending on the aircraft type.

* Analyses confirmed that the landing gear can withstand static load, maximum vertical load, and critical
landing load; however, its behavior under repeated loading must also be considered.

« If the alloy steel used in the improved design does not provide sufficient strength at certain surface regions,
local reinforcements should be applied to increase durability in those areas.
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Makale Bilgisi OZET

Bu ¢aligma, kentsel hava hareketliligi (Urban Air Mobility — UAM) ¢ergevesinde alternatif ulasim ¢6ziimlerine
Gelis Tarihi: 31.05.2025 yonelik gelistirilen, hidrojen yakit hiicreli ve ¢ift modlu hareket kabiliyetine sahip, yiiksek manevra yetenekli bir
Kabul Tarihi: 17.06.2025 ugan arag olan Airstream’in mithendislik ¢6ziimlemesini kapsamaktadir. Airstream, siirdiiriilebilirlik odakli ulagim

anlayigini esas alan, sifira yakin emisyon degerleri sunan hibrit bir itki sistemi ile donatilmistir. Kara modu igin
178 kW giiciinde bir elektrik motoru, dikey kalkig ve ugus modu igin ise sekiz adet 40 kW giiciinde bagimsiz
elektrik motoru kullanilmaktadir. Hibrit sistemin temelinde yer alan hidrojen yakit hiicresi, batarya destekli enerji
paylasimi sayesinde gorev profili boyunca yiiksek verimlilik saglamaktadir. Tasarimda biyotaklit ve simetrik
yerlesim prensipleri benimsenmis, Ozellikle yonlendirilebilir pervanelerin tekerlek gobeklerine entegre

Yayin Tarihi: 30.06.2025

Anahtar Kelimeler:

Adirstream, edilmesiyle, dar alanlarda bile etkili bir dikey kalkis/inis performansi elde edilmistir. Arag, ziplama destekli aktif
Ugan araba, siispansiyon sistemi sayesinde kara-hava gegislerinde dinamik tepki verebilmekte; jiroskopik dengeleme ve
EVTOL, otonom yonelim kontrol sistemleri sayesinde ugus stabilitesi korunmaktadir. Yapisal sistemde kullanilan karbon
Hidrojen, fiber kompozit govde ve titanyum alagimli jantlar, hem tasima kapasitesini artirmakta hem de sistem agirligini
Otonom. azaltarak genel enerji verimliligine katki saglamaktadir. Ugus kontrolii, ASELSAN tarafindan gelistirilen merkezi

bir ugus bilgisayar1 araciligryla GNSS, VOR/DME, ILS ve TCAS gibi ¢ok katmanli seyriisefer sistemleriyle
entegre bigimde saglanmaktadir. Ayrica, yangin algilama ve bastirma modiilleri, parasiit destekli acil durum inig
sistemleri, elektromanyetik koruma gibi emniyet unsurlari sistem biitiinliigiinii giivence altina almaktadur.
Airstream, yiiksek performansi, g¢evreci yapisi, giivenlik odakli sistem tasarimi ve teknolojik bilesenleriyle,
gelecegin akilli ve siirdiiriilebilir ulasim sistemlerine yonelik somut bir miihendislik ¢6ziimii sunmaktadir.
Gelecekte yapilacak prototipleme ve ugus testleri, bu konseptin ticari hava sahasi uygulamalarina entegrasyonu
i¢in yol gosterici olacaktir.

Conceptual Design of a Highly Maneuverable Flying Vehicle for Future Urban Mobility
Article Info ABSTRACT

This study encompasses the engineering analysis of Airstream, a flying vehicle developed within the framework

Received: 31.05.2025 of Urban Air Mobility as an alternative transportation solution, equipped with a hydrogen fuel cell and dual-mode
Accepted: 17.06.2025 mobility capability, and possessing high maneuverability. Airstream is equipped with a hybrid propulsion system
h o that offers near-zero emission values, based on a sustainability-focused transportation approach. For ground mode,
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GIRIS

Kiiresel olgekte artan kentlesme ve niifus yogunlugu, mevcut kara tabanli ulagim sistemlerini
yetersiz hale getirerek trafik sikisikligi, cevresel kirlilik ve enerji verimliligi gibi sorunlar1 giindeme
getirmistir. Bu baglamda, Kentsel Hava Hareketliligi (Urban Air Mobility - UAM) konsepti, sehir i¢i
ulasimda yeni bir paradigma olarak ortaya ¢ikmaktadir. UAM, kiiciik, yiiksek otomasyonlu ve dikey
kalkig-inis (VTOL) yetenegine sahip hava araglariyla, ozellikle kisa mesafeli yolcu ve yik
tasimaciliginda kara trafigine alternatif ¢6ziimler sunmay1 hedeflemektedir. Geleneksel fosil yakitli hava
araglarinin cevresel etkileri ve operasyonel maliyetleri, siirdiiriilebilir enerji kaynaklarina yonelimi
hizlandirmisgtir. Bu dogrultuda, hidrojen yakit hiicreleri, yiiksek enerji yogunlugu ve sifir emisyon
ozellikleriyle UAM uygulamalari i¢in umut vadeden bir enerji kaynag olarak 6ne ¢ikmaktadir. Ornegin,
HY4 ve Hyfish gibi projeler, hidrojen yakit hiicrelerinin hava araglarinda basarili bir sekilde
kullanilabilecegini gostermistir. Bu calisma, yukarida belirtilen ihtiyag ve gelismeler dogrultusunda
tasarlanan Airstream adli ugan ara¢ konseptini sunmaktadir. Airstream, hidrojen yakit hiicresi destekli
hibrit bir itki sistemine sahip olup hem kara hem de hava modlarinda yiiksek manevra kabiliyetiyle
caligsabilmektedir. Arag, biyotaklit ve simetrik tasarim prensiplerine dayali olarak gelistirilmis,
yonlendirilebilir pervanelerle donatilmistir. Kontrol sisteminde ASELSAN tarafindan gelistirilen ugus
bilgisayar1 kullanilmis ve GNSS, VOR/DME, ILS ve TCAS gibi seyriisefer sistemleri entegre edilmistir.
Ayrica, ziplama mekanizmasi, aktif siispansiyon sistemi ve jiroskopik dengeleme gibi yenilik¢i
Ozelliklerle donatilmistir. Airstream'in tasarimi, siirdiriilebilir, giivenli ve verimli bir UAM ¢6ziimii
sunmay1 amaclamaktadir. Bu baglamda, ara¢ konsepti, mevcut literatiirdeki bosluklar1 doldurarak,
hidrojen yakit hiicreli VTOL araglarinin sehir i¢i ulasimda uygulanabilirli§ini gostermeyi
hedeflemektedir. Bu 6zelliklerinden dolay1 Airstream biiyiik bir problem olan ve gelecekte daha da
biiyiik problemler olusturacak olan sehir i¢i kara trafigine futuristik ve ¢cevreci tasarimi sayesinde pratik
¢Ozlim sunacaktir.

LITERATUR TARAMASI

Airstream konsepti, hidrojen yakit hiicreli, hem karada hem de havada hareket edebilen VTOL
bir ara¢ Onerisidir. Bu konsept, Kent i¢i Hava Mobilitesi (KHM/UAM) iginde yer alir ve kentsel
ulasimda yeni bir tasima modu sunar. Literatiirde KHM, ulasim siirelerini kisaltma ve trafik kazalarini
azaltma potansiyeliyle tanimlanmakta; bu baglamda yeni nesil araglar gerekmektedir (Silva ve ark.,
2018; Schweiger & Preis, 2022; Begeg & Demir, 2023). Silva ve ark. (2018), UAM’1n hiz kazanmasinin,
tamamen yeni ucak tipleri ve yiiksek performansl alt sistemler gerektirdigini; bu nedenle ¢ok sayida
kavramsal VTOL tasariminin performans ve dengelemelerinin incelendigini vurgulamaktadir. Ornegin
Schweiger ve Preis (2022), UAM’1n kent i¢i yolcu ve kargo tasimaciliginda yer alt1 ve hava trafigi
entegrasyonu gerektiren yeni bir ulasim modu oldugunu, sehir merkezinden havaalanlarina ulagimi
hizlandirabilecegini belirtmistir. Benzer sekilde Bege¢ ve Demir (2023), UAM’1 ¢ok modlu sistemlere
entegre, daha giivenli ve siirdiiriilebilir bir hava ulagim sistemi olarak tanimlamakta ve havayolu
sirketlerinin stratejilerinde KHM’ nin 6nemine dikkat ¢gekmektedir. Bu ¢aligmalar Airstream gibi ¢ift
modlu araglarin hava ve kara ulasiminda ne kadar verimli ve etkili olabilecegini gostermektedir.

Hidrojen yakat hiicreleri (HYH) hava araglarinda, 6zellikle menzil ve ¢evre performansi avantaji
nedeniyle yogun inceleme konusudur. Literatirde, HYH destekli IHA’larin geleneksel lityum-iyon
pillere gore yaklasik iki kat uzun ugus siiresi sagladigi; HYH’lerin daha yiiksek enerji yogunlugu, uzun
hizmet omrii ve calisma esnasinda yalnizca su buhari iliretmesi sayesinde ¢evre dostu oldugu
bildirilmektedir (Shen ve ark., 2024). Shen ve ark. (2024) bu avantajlar1 vurgulayarak, hidrojen yakit
hiicrelerinin yiiksek enerji yogunlugundan ve diisiik ¢evresel etkisinden dolay1 ¢ok rotorlu dronlarda
onemli bir gelecek vadettigini belirtmistir. HYH’lerin dezavantajlarindan biri dinamik yanitinin
yavasgligidir; bu nedenle Yun ve ark. (2025) karma bir sistem Onererek yakit hiicresini bataryalarla
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entegre etmistir. Bu calismada metal hidritli hidrojen depolama tanki kullanilarak basingh veya sivi
hidrojen gerektirmeyen, daha giivenli bir sistem tasarlanmistir. Yun ve arkadagslari, bu hibrit UAM
sisteminin tasariminda batarya-yakit hiicresi gii¢c yonetimi ve bulanik kontrol stratejisi kullanarak uzun
ucus siireleri ve yiiksek enerji verimliligi elde etmistir. Genel olarak literatiir, polimer elektrolitli yakit
hiicrelerinin (PEMFC) mobilite uygulamalarinda tercih edildigini, HYH teknolojisinin hala gelistirilme
asamasinda oldugunu vurgulamaktadir.

Dikey kalkig-inis (VTOL) sistemleri, Airstream gibi araglar i¢in kritik oneme sahiptir. Literatiirde
VTOL mimarileri ¢ok ¢esitli kategorilerde ele alinmaktadir; bunlar genellikle ayni itki ile hover ve seyri
saglayan konfigiirasyonlar (or. tilt-rotor, tilt-kanat, yonlendirilebilir itme) veya kalkis ve seyir i¢in ayri
itki sistemleri (6rn. lift+cruise) seklinde siniflandirilir. NASA ¢alismalari, UAM ig¢in tiltrotor ve benzeri
hibrit tasarimlarin performans sinirlari belirlemek {izere cok sayida kavramsal ucak gelistirildigini
gbstermistir (Silva ve ark., 2018). Ornegin Silva ve ark. (2018), mevcut alt sistemlerin olgunlasmasiyla
yeni kavramsal araclarin yaristigini, bu araglarin performans hedefleri ve teknoloji temalarinin
belirlenmesinde yol gosterici oldugunu belirtmistir. VTOL tasariminda ¢6ziim araci olarak tiltrotorlar
(harici rotorlar1 yatay ugus i¢in yana dondiiriilen tasarimlar), lift+cruise (dikey asansor pervaneleri ve
sabit kanat birlesimi) gibi ¢esitli mimariler 6ne ¢ikmaktadir. Literatiirde bu tip mimarilerin her birinin
kontrollii gegis, verimlilik ve karmasiklik gibi ticari avantaj ve dezavantajlari tartisgtimaktadir. (Ornegin
Osprey tiltrotor gibi biiyiik Olgekli o6rnekler mevcuttur.) Airstream’de menzil ve verimlilik
optimizasyonuna da fayda saglayan hibrit bir VTOL tasarim tercih edilmistir.

Airstream’in otonom ugus kabiliyeti, UAM koridorlarinda giivenli seyriisefer i¢in elzemdir.
Carpisma Onleme ve algilama, kentsel ortamda hava trafigini idare etmek i¢in kritik 6nlemlerdir. Aldao
ve ark. (2022), KHM koridorlarinda otonom IHA seyriiseferi igin LIDAR tabanli bir “detect-and-avoid”
sistemi gelistirmistir. Bu sistem, ¢ok rotorlu dronlar igin bir Otonom Kagis sistemi sunarak ugus
sirasinda engelleri belirleyip yon degistirmeyi saglamaktadir. Ayrica Chen ve ark. (2022) kiiciik VTOL
[HA’lar igin bilinmeyen ortamlarda 6zerk navigasyon ve engel asma yontemlerini incelemis, goklu
algilayict ve kontrol algoritmalar1 dnerilmistir. Bu calismalar, Airstream’in sensor fiizyonu (LiDAR,
kamera, radar vb.) ve gelismis kontrol stratejileriyle altyapiya bagimli olmadan giivenli ugabilecegini
desteklemektedir.

Dogadan esinlenen tasarim yaklasimlari, ucak stabilitesi, manevra kabiliyeti ve zarar azaltma gibi
alanlarda yenilik getirir. Tanaka ve ark. (2022), dron tasariminda biyolojik mekanizmalarin saglamlik
ve verimlilik saglama potansiyelini vurgulamig; biyotaklit yaklasimlarin ucus kararliligi, etkinlik,
carpismadan kaginma ve hasar hafifletme gibi amaglarla smiflandirildigini gostermistir. Ornegin
Harvard Universitesi’nden bir ekip, dakikada 500 kez kanat ¢irpan 600 mg agirhgindaki bir bocek
benzeri flapping-wing dron ile ugus sirasinda garpigmadan sonra dengesini hizla geri kazanabilmistir.
Bu tip tasarimlar, Airstream gibi araglarda ekstra manevra kabiliyeti veya hasar tolerans1 kazandirabilir.
Simetrik tasarim ise arac1 yatay-ters simetrik (6rnegin flip edilebilir gévde) veya dengeli agirlik dagilim
saglama konusunda ele alir. Ornegin ¢ok rotorlu VTOL’larda pervaneler simetrik yerlestirilerek kontrol
kolaylastirilir. Ayrica simetrik kanat profilleri, hem diiz hem ters ugus performansini esitleyerek
akrobatik veya taklit edilebilir manevra imkan1 verir. Bu stratejiler Airstream gibi ¢ift modlu araglarin
hem havada hem de inis sirasinda kararli olmasini1 destekleyebilir. Airstream konsepti hibrit bir gii¢
sistemi igerir. Literatlirde “hibrit elektrik” terimi genellikle yakit hiicresi + batarya veya pistonlu motor
+ elektrikli motor kombinasyonlarini kapsar. Yun ve ark. (2025) ¢alismasinda, hidrojen yakit hiicresi ile
bir lityum-iyon bataryay1 hibrit olarak entegre edip enerji yonetimini optimize etmistir. Béylece yakit
hiicresinin sabit giicii batarya ile esnek sekilde tamamlanarak yiiklenme durumuna gore anahtarlama
yapilmistir. Benzer sekilde Seitz ve ark. (2023), hidrojen yakit hiicresi ve gaz tlirbinini bir arada kullanan
bir hibrit itki konsepti sunmustur. Bu sistemde yakit hiicresi yan {iriin suyu, gaz tiirbinine buhar olarak
enjekte edilerek yanma verimi artirilmis ve %7’ye varan yakit tasarrufu elde edilmistir. Bu drnekler,
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Airstream gibi araglarda yakit hiicresi, batarya veya gaz tiirbini gibi bilesenlerin kombinasyonunun
verimlilik ve menzil avantaj1 saglayabilecegini gostermektedir. Karada kullanimda aktif siispansiyon
sistemleri, zorlu arazilerde siiriis konforu ve stabilite saglar. Ornegin, bazi insansiz kara araglar1 elektro-
hidrolik aktif siispansiyonlarla engelleri otomatik olarak absorbe edebilir. Ziplama mekanizmalar1 kalkis
desteginin yanisira engel agma veya inis yumusatma i¢in de kullanilabilir. Zhu ve ark. (2022) tarafindan
gelistirilen PogoDrone konsepti, ugabilen bir quadrotor {izerine pasif ziplama mekanizmasi eklemistir;
bu robot hem havalanip hem de siirekli ziplayarak, yere ¢arptiginda hizla tekrar havalanabilmektedir.
Chu ve ark. (2025) ise karate boceginden esinlenerek ¢ok kollu adaptif bir inig takimi tasarlamis, inis
sirasinda zemin temasini otomatik ayarlayarak darbeyi azaltmistir. Bu gibi biyotaklit ilhamli ayak ve
yay sistemleri, Airstream’in inislerde veya engebeli zeminde hem kara hem hava modunda daha
yumusak bir hareket sunmasina katkida bulunabilir. Airstream gibi araglarda giivenlik icin ¢ok sayida
sistem entegre edilir. Parasiit sistemleri acil durumda tiim aracin kontrollil inisi i¢in kullanilir. Yangin
bastirma agisindan, hidrojen tanklari ile lityum piller i¢in 6zel 6nlemler gereklidir. Literatiirde, lityum-
iyon pil yanginlarini 6nlemek i¢in batarya bdlmelerine uygun aktif sondiiriicii sistemler entegre edilmesi
onerilmektedir (Ghiji ve ark., 2020). Hidrojen gaz1 sizintilarina karsi kat1 yangin sondiiriiciiler ve
havalandirma diizenleri kullanilir. Ek olarak elektromanyetik koruma, yildirim risklerine karst
onemlidir. Ornegin Boeing 787 de karbon kompozit gdvdelerin elektrik iletkenligi artirmak igin iletken
metal folyo katmanlar1 eklenmistir (Seitz ve ark., 2023). Bu sayede yiiksek gerilim darbeleri govdeye
zarar vermeden yiizeyden uzaklastirilmaktadir. Ozetle, Airstream’in tasariminda parasiit, yangin
sondiiriicii sistemler ve elektriksel koruyucu kaplamalar gibi emniyet dnlemleri literatiirde onerildigi
gibi uygulanmalidir.

MODELLEME VE YONTEM
Genel Mimari Yap1 ve Yapisal Sistemler

Airstream, karada ve havada hareket kabiliyetine sahip, hidrojen yakit hiicreli hibrit bir tasima
platformu olarak gelistirilmistir. Tasarim, sehir i¢i kisa mesafe ulasim ihtiyaglarini karsilayacak sekilde,
dikey inis kalkis (VTOL) yetenekleriyle donatilmistir. Ara¢ mimarisi, on farkli alt sistemin
entegrasyonu ile yapilandirilmistir. Bunlar iskelet sistemi, giic aktarma sistemleri, direksiyon sistemi,
aviyonik sistemler, yakit sistemi, itki sistemi, slispansiyon sistemi, ziplama sistemi, jiroskopik denge
sistemi ve kontrol sistemi olmaktadir. Iskelet sisteminin merkezinde, karbon fiber kaplanmis aliiminyum
gdovde ve titanyum alasimli jantlarla birbirine baglanan dayanikli bir sasi yer almaktadir. Bu yapt hem
darbe emilimi saglamakta hem de tasima ve yapisal biitiinliik islevini {istlenmektedir. Aracin hareket
kabiliyeti kara modunda 178 kW giiciindeki bir elektrik motoru ve hava modunda her biri 40 kW
giiclinde olan sekiz adet BLDC motorla saglanmaktadir. Kara modundaki tahrik, diferansiyel ve mil
mekanizmalari ile tekerleklere iletilirken; hava modunda, motorlar dogrudan pervaneleri tahrik ederek
ucus saglar. Airstream'in en yenilik¢i 6zelliklerinden biri, pervanelerin dogrudan tekerleklerin igine
entegre edilmis olmasidir. Bu sayede hem kara hem hava modunda kompakt ve modiiler bir yapi
korunurken, geleneksel pist ihtiyact da ortadan kaldirilmistir. Ayrica, sistem tam otomatik doniisiim
saglayan kontrol algoritmalari ile desteklenmekte ve ugus moduna gegiste kullanici komutlar
ASELSAN tarafindan gelistirilen ucus kontrol bilgisayar1 (UKB) {izerinden yonetilmektedir. Sistem
mimarisi, siirdiiriilebilirlik ve bakim kolaylig1 gozetilerek modiiler olarak tasarlanmistir. Aracin belirli
pargalar1 kolayca degistirilebilir veya onarilabilir sekilde planlanmis, bdylece operasyonel siireklilik ve
maliyet verimliligi saglanmistir. Kullanic1 giivenligi agisindan ¢ok eksenli simetrik yapi1, Faraday kafesi,
Halon yangin sondiirme sistemi, parasiit, hava yastig1 ve carpisma onleyici sensorler entegre edilmistir.
Sonug olarak Airstream’in mimari tasarimi, yliksek manevra kabiliyeti, tam entegre alt sistemler, gevreci
yakit kullanim1 ve otonom ugus 6zellikleri ile giiniimiiziin sehir i¢i ulasim problemlerine yenilik¢i bir
¢Oziim sunmaktadir.
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Sekil 1
Airstream Aracimin Konsept Tasarimi

Airstream’in tasiyici sistem tasarimi, hem karasal hem hava modunda giivenli operasyonu
miimkiin kilacak sekilde yiiksek dayanim—diisiik agirlik dengesine dayali olarak yapilandirilmistir. Bu
baglamda, aracin gévdesi ve tasiyici sasisi, uzay-kafes tipi bir iskelet tizerine entegre edilmistir. Bu yapu,
dinamik yiik aktarimlarimi homojen sekilde dagitarak yiiksek hizda ve titresimli ortamda bile
deformasyona karsi direng gostermektedir. Ana tasiyict yapi, karbon fiber destekli aliiminyum
profillerden olugmakta olup, hava araci sinifi malzeme kalitesi (7075-T6 aliiminyum) tercih edilmistir.
Bu malzeme, 6zellikle yiiksek 6zgiil mukavemet ve yorulma direnci nedeniyle se¢ilmistir. Karbon fiber
takviyesi, sasinin torsiyonel rijitligini artirirken, genel tagima yiikiinii azaltmaktadir. Govde kaplamalari
da literatiirdeki kompozit yapilar incelenerek (Ates ve ark., 2023) benzer sekilde karbon fiber kompozit
sandvi¢ panellerle olusturulmustur. Tekerlek ve jant sistemleri, sadece karasal hareketi degil, ayni
zamanda hava modunda pervanelerin konumlandirilmasi islevini de {istlendiginden, farkli bir
mithendislik ¢oziimii gerektirmistir. Bu bilesenlerde yiiksek darbe dayanimi ve 1stya karsi stabilite sunan
titanyum alagimlart kullanilmistir. Ozellikle Ti-6Al-4V smifi titanyum alasimi, diisik yogunlukla
birlikte yliksek elastikiyet modiilii sayesinde bu amag i¢in elverisli bulunmustur. Bu malzeme, ayni
zamanda pervanelerin gomiilii yapisi i¢in yeterli termal ve yapisal biitlinlik saglamaktadir. Aracin
agirhik merkezi, hem aerodinamik hem de statik stabilite acisindan kritik olup, batarya ve hidrojen
tanklarinin alt orta eksende konumlandirilmasiyla optimize edilmistir. Bu yerlesim, kalkis ve inig
sirasinda dengenin korunmasina yardimci olmakta, ara¢ aerodinamigini bozmadan kiitle dagilimim
simetrik kilmaktadir. Yapisal tasarim siirecinde, ¢esitli yiik senaryolarina goére sonlu elemanlar yontemi
(FEM) kullanilarak statik ve dinamik analizler yapilmis; inis darbesi, yliksek ivmeli doniigler, riizgar
yukii ve motor titresimi gibi dis yiiklemeler altinda tasiyici sistemlerin giivenlik katsayilari
dogrulanmistir. Tasarim, minimum 3.0 giivenlik katsayisi hedefiyle yapilmis olup, tim yapisal
elemanlar bu kriteri saglamistir. Ayrica, bakim kolaylig1 ve iiretilebilirlik ilkeleri dogrultusunda modiiler
bir iskelet yapisi tercih edilmistir. Aracin st govdesi ve alt modiilii ayr1 ayr1 demonte edilebilir olarak
tasarlanmis, bdylece ariza, darbe veya liretim sonrasi revizyon gibi durumlarda maliyet ve zaman
kayiplart minimize edilmistir. Sonug olarak, Airstream’in yapisal sistemi, hem tagima kapasitesi hem de
ugus performanst goz oniinde bulundurularak, hafiflik, dayaniklilik, giivenlik ve modiilerlik ilkeleri
dogrultusunda biitlinclil bir yaklagimla olusturulmustur. Segilen ileri malzemeler ve miihendislik
analizleriyle desteklenen bu yapi, aracin UAM vizyonundaki yerini teknik olarak saglamlagtirmaktadir.
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Sekil 2
Airstream Aracimin Teknik Ozellikleri

Teknik Ozellikler

Azami Seyir Hizi: Kara i¢in 280 km/s - hava i¢in 300 km/s
Azami Menzil: Kara i¢in 650 km - Hava i¢in 374 km

Yakat Tipi ve kapasitesi: 10 kg 70 mPA basin¢li hidrojen yakiti
Yolcu Kapasitesi: Arag 2 kisilik yolcu kapasitesine sahiptir
Bos Agirhk:855 kg

Azami Kalkis Agirhgi: 1200 kg

Faydah Yiik (Bagaj) Kapasitesi: 80 kg

Motor Ozellikleri: Kara i¢gin 1 X 178 kW BLDC motor

Hava i¢in 8 X 40 kW BLDC motor twsem 250cm

220cm

Giic ve Itki Sistemi

Airstream’in enerji iiretim ve tahrik sistemi, tamamen sifir emisyonlu bir yap1 olan hidrojen yakit
hiicresi tabanli hibrit bir sistem olarak tasarlanmistir. Bu sistemde temel olarak; 70 MPa basing altinda
caligan 10 kg kapasiteli hidrojen tanki, proton degisim membranli (PEM) bir yakit pili {initesi, AC/DC
doniistiiriicli ve yiiksek giiclii elektrik motorlar1 yer almaktadir. Yakit sistemi, hidrojenin dogrudan
elektrik motorlarma degil, 6nce yakit hiicresine gonderildigi bir elektrokimyasal siirecten olusur.
Hidrojen ve kompresor destekli hava, yakit piline yonlendirilerek burada bir elektrokimyasal reaksiyon
baglatilir; boylece ortaya cikan elektrik enerjisi dogrudan itki sistemlerine ve yardimci elektroniklere
aktarilir. Sistemin calisma prensibi, hidrojenin mekanik yakit degil, elektrik tiretim araci olarak
kullanilmasidir. Bu yaklagim hem c¢evresel siirdiiriilebilirlik hem de yiiksek verimlilik agisindan
onemlidir. Kara hareketi, 178 kW giiciinde bir fircasiz dogru akim (BLDC) elektrik motoru ile
saglanmaktadir. Bu motor, diferansiyel ve saft sistemi araciligiyla tekerleklere tahrik iletir. Ucus
modunda ise her biri 40 kW giiciinde toplam 8 adet BLDC motor gérev almakta ve bu motorlar dogrudan
yonlendirilebilir pervaneleri tahrik ederek dikey kalkis, siiziilme ve inis manevralarini
gergeklestirmektedir. Bu yap1 sayesinde, toplam 9 adet elektrik motorundan olusan itki sistemi, hem
karada hem de havada yiiksek performans sunmaktadir. Ozellikle dikkat ¢eken tasarim unsurlarindan
biri, bu pervanelerin arag tekerleklerinin igine entegre edilmesidir. Bu ¢6ziim sayesinde, geleneksel ugus
araglarinda ihtiya¢ duyulan pist altyapisi gereksiz hale gelmekte, ara¢ dar alanlarda inis ve kalkis
yapabilme kabiliyeti kazanmaktadir. Pervane boyutlandirmasi, 10 cm kord uzunlugu, 96 cm pal
uzunlugu ve Ui¢ kanath konfigiirasyonla optimize edilmis, toplamda 24 pervane kanadi kullanilacak
sekilde planlanmigtir. Enerji iiretiminden aktarima kadar olan bu entegre sistem, Airstream’in hibrit
VTOL 6zelligini desteklerken ayn1 zamanda modiiler yapisiyla kolay bakim ve parca degisimi imkani
da sunmaktadir. Sistem, aerodinamik ve agirhik dengesi bakimindan miihendislik analizleriyle
dogrulanmis; glig-menzil optimizasyonlar kara (448 km) ve hava (272 km) modlarinda detayli olarak
hesaplanmigtir. Sonug olarak, Airstream’in gii¢ ve itki sistemleri; ¢evreci enerji yaklasimi, yiiksek
manevra kapasitesi ve tam entegre modiiler yapis1 sayesinde, kentsel hava mobilitesinde yeni nesil hibrit
¢Oziimlere Onciiliikk edecek niteliktedir.

Siispansiyon ve Ziplama Sistemi

Airstream’in karasal performansi ile hava moduna gegis kabiliyeti arasinda kritik rol oynayan
sistemlerin basinda aktif siispansiyon ve ziplama mekanizmasi gelmektedir. Bu iki alt sistem, hem
kullanict konforunu artirmakta hem de aracin yiiksek manevra kabiliyetiyle kisa siireli kalkis ve inig
gerceklestirmesini miimkiin kilmaktadir. Aktif siispansiyon sistemi, elektronik kontrollii hidrolik
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amortisorler ve yaylardan olugsmakta olup, sistemin tiim dinamikleri aragtaki merkezi kontrol bilgisayari
tarafindan gercek zamanl olarak yonetilmektedir. Bu yapi, yol kosullari, hiz, direksiyon agis1 ve arag
yiikiine gore anlik siispansiyon ayar1 yapilmasint miimkiin kilar. Stispansiyon sisteminin her iki tekerlegi
ayr1 ayri denetlenebilmekte, boylece denge kaybi riskleri azaltilmaktadir. Bu sistem iizerine entegre
edilen ziplama mekanizmasi, Airstream’in 6zgiin ve dikkat ¢ekici 6zelliklerinden biridir. Bu yapi, aracin
dur—pozisyon al-havalan sirali manevrasini hizlandirmak {izere tasarlanmistir. Ziplama sisteminde,
siispansiyon igindeki yaylar hidrolik pistonlar aracilifiyla sikistirilir ve enerji depolanir. Ardindan,
siiriici komutuyla bu enerji ani bi¢cimde serbest birakilir ve arag¢ yerden itilir; bu sayede dikey kalkisin
ilk faz1 hizlica tamamlanmis olur. Enerji depolama miktari, kontrol bilgisayar1 tarafindan aracin mevcut
hizi, agirligl ve zemin egimi gibi veriler dikkate alinarak belirlenir. Bu algoritma, yaylarin sikistirma
seviyesini optimize eder. Ayn1 zamanda her iki tekerlekteki hidrolik {initeler bagimsiz calisabildigi igin,
egimli zeminlerde dahi denge korunabilir ve ziplama simetrik sekilde gergeklesebilir. Bu sistemin 6zgiin
yani, yayli sistemlerin yalnizca soniimleme degil, ayn1 zamanda kalkisa yardimci kuvvet iiretme
amaciyla da kullanilmasidir. Bu sayede, klasik VTOL sistemlerinde goriilen yiiksek gii¢ gereksinimli
kalkis manevralari, ziplama sisteminin 6n katkisiyla daha az enerji harcanarak gergeklestirilmektedir.
Ayrica bu sistem, kisa alanlardan kalkis kabiliyeti kazandirarak, dar kentsel alanlarda operasyonel
verimliligi artirmaktadir. Sonug olarak, Airstream’in aktif siispansiyon ve ziplama sistemleri, geleneksel
hava araci tasarimlarindan ayrilan yenilik¢i bir yaklasim sunmakta; ara¢ modlar1 arasindaki gegis
stirelerini minimize ederken kullanici konforu ve sistem giivenilirligini maksimum diizeyde
saglamaktadir.

Jiroskopik Denge Sistemi

Airstream’in yiiksek manevra kabiliyeti ve her iki modda (kara/hava) stabil bir performans
gosterebilmesi, gelismis bir jiroskopik denge sistemi ile desteklenmektedir. Jiroskoplar, agisal
momentumu koruma prensibiyle ¢alisan ve yon stabilizasyonu saglayan cihazlardir. Sistem, 6zellikle
hava modunda ugus sirasinda ortaya ¢ikabilecek yalpa (roll), yunuslama (pitch) ve sapma (yaw) gibi
dengesizlikleri 6nlemeyi amaglamaktadir. Airstream’de kullanilan jiroskopik sistem, ii¢ eksenli (X, Y,
Z diizlemleri) dengeleme saglayacak sekilde tasarlanmis olup, teorik olarak hem XZ diizleminde (aracin
yatay dengesini) hem de XY diizleminde (dikey eksen etrafinda doniis egilimini) kontrol altina
almaktadir. Donen bir disk ya da rotorun moment etkisiyle olusan kars1 kuvvetler, aracin agirlik merkezi
degisimlerine tepki vererek stabilizasyon saglar. Sistemin temel prensibi, bir eksen boyunca donen
jiroskopun, harici bir kuvvet uygulandiginda bu kuvveti 90 derece otelenmis bir yonde gdstermesidir.
Bu fenomen sayesinde, aracta meydana gelen ani yonelme degisimleri sistem tarafindan algilanarak zit
yonde bir dengeleme momenti olusturulur. Ozellikle XZ diizleminde konumlandirilmis dénen disk, hava
modundayken aracin sabit eksen etrafinda yoniinii koruyarak, otonom ugus ve sabit durus gibi
gorevlerde dengeyi maksimize eder. Airstream’in jiroskop sistemi, yalnizca aerodinamik denge
saglamakla kalmayip ayni zamanda yon kontrol sistemlerine geri bildirim saglayarak, merkezi ucus
kontrol bilgisayarinin karar verme mekanizmalarina katkida bulunur. ASELSAN tarafindan gelistirilen
bu kontrol bilgisayar ile entegre galisan sistem, ugus esnasinda sensorlerden gelen ivime, ag1 ve yonelme
verilerini anlik olarak isler ve jiroskopik dengelemeyle senkronize eder. Benzer bir jiroskopik
dengeleme uygulamasi, ilk kez 1967 yilinda gelistirilen Gyro-X isimli iki tekerlekli kara aracinda
denenmis ve arag, sabit denge noktasinda ayakta kalabilmistir. Airstream ise bu teknolojiyi hem kara
hem hava modunda iki eksende uygulayarak daha gelismis bir versiyonunu hayata gecirmektedir. Bu
dengeleme sistemi, Ozellikle kalkis, siiziilme ve inis sirasinda olusabilecek ani riizgar etkileri, yon
degisimleri ve dengesizliklerin pasif olarak diizeltilmesini saglamakta; boylece aracta hem pilot hem de
yolcu i¢in daha giivenli ve konforlu bir siiriis/u¢us deneyimi sunulmaktadir.
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Kontrol, Seyriisefer ve Aviyonik Sistemler

Airstream’in  karasal ve hava modlarindaki gecisleri giivenli ve otonom sekilde
gergeklestirebilmesi igin gelistirilen kontrol sistemi, ASELSAN tarafindan tasarlanan Ucus Kontrol
Bilgisayar1 (UKB) {izerinden yonetilmektedir. UKB, hava platformlarina yonelik yiiksek islem
kapasitesi, ¢oklu sensor girisi destegi ve gercek zamanli gérev yonetimi gibi ileri kabiliyetlere sahiptir.
Hava araclarinda inis mekanizmasinin kontrolii ve tasarimu literatiirde olduk¢a 6nemli bir parametre
olarak gosterilmektedir (Cetin ve ark., 2024). Dayanikl yapis1 ve dogal konveksiyonla sogutma 6zelligi
sayesinde zorlu ¢evre kosullarinda kararli ¢alisabilmektedir. Bu sistemin ugus ve yon kontrolii sirasinda
ihtiyag duydugu temel veri akisi, gomiilii sensor altyapisi ve jiroskop, ivmeolger, GPS, GNSS, pusula,
barometre ve ac1 sensdrleri aracilifiyla saglanmaktadir. Aracin yatay ve dikey yonelimi bu sensérlerden
gelen veriler dogrultusunda anlik olarak analiz edilmekte, motor hizlari, siispansiyon tepki kuvvetleri ve
ziplama sistemleri buna gore literatiirdeki ¢aligmalar dogrultusunda planlanarak kontrol edilmektedir
(Kocagil ve ark., 2024). Seyriisefer sistemi ise iki temel bilesen iizerinden calismaktadir: yer istasyon
temelli seyriisefer ve uydu tabanli seyriisefer. Yer istasyon temelli sistemlerde, VOR (VHF Omnirange
Radio) ile aracin manyetik radyal iizerindeki konumu, DME (Distance Measuring Equipment) ile hedefe
olan uzaklig1 dl¢iilmektedir. Ayrica, araglarin inis ve kalkis yapacagi park portlarinda bulunan LLS
(Low Light Signal) alicilar1 sayesinde, kodlanmis inis alanlarina otomatik yonlendirme saglanmakta ve
siiriicilisiiz otonom inis gerceklesmektedir. Uydu tabanli sistemler arasinda ise GNSS (Global Navigation
Satellite System), yiiksek dogruluklu konumlama ve rota takibi saglamaktadir. Buna ek olarak, EGPWS
(Enhanced Ground Proximity Warning System), aracin yere ya da tehlikeli arazilere olan mesafesini
analiz ederek carpisma 6ncesi ikaz mekanizmalarini tetiklemektedir. Bu sistem, GPS verileri ve detayli
arazi veri tabanlariyla es zamanl ¢alismakta, hava modunda giivenli seyriiseferi miimkiin kilmaktadir.
Gelismis emniyet sistemleri arasinda TCAS (Traffic Collision Avoidance System) 6ne ¢ikmaktadir.
TCAS-2 versiyonu kullanilan Airstream, yakin hava araclarina karsi sadece uyar1 vermekle kalmayip,
yonlendirilmis kacis manevralart da 6nerebilmektedir. Boylece carpisma riski en aza indirilmis olur.
Inis ve kalkis asamalarinda ILS (Instrument Landing System) ve radyo altimetre sistemleri
kullanilmaktadir. Bu sistemler, 6zellikle goriisiin az oldugu durumlarda hassas inis kabiliyeti saglayarak
giivenligi artirmaktadir. Ayn1 zamanda FMC (Flight Management Computer), ucus planlamasini
otomatiklestirmekte, yakit yonetimi, hiz, irtifa ve koordinat verilerini ugus boyunca islemektedir. Bu
sistem, ayn1 zamanda ara¢ park alanlariin kodlanmasi ve hava trafik kontrol merkezleriyle entegre
planlama yapilmasma da imkan vermekte, otonom park ve rota yonetimi 6zelligi sunmaktadir. S6z
konusu sistemler, gelecek nesil ugan arag¢ aglarinda trafik yogunlugunu azaltacak ve verimli ugus
planlamasim1 miimkiin kilacak sekilde yapilandirilmistir. Sonug¢ olarak, Airstream’in kontrol ve
seyriisefer sistemleri; yiiksek dogruluklu konumlama, otonom ugus kabiliyeti, carpigsma Onleme
sistemleri ve ugus giivenligi agisindan ileri diizeyde biitiinlesik bir altyap1 sunmakta; arag hem insanli
hem insansiz operasyonlara hazir hale gelmektedir.

Airstream aracinin hem insanli hem insansiz operasyonlara uygun olarak tasarlanabilmesi,
kullanici ile ara¢ arasindaki bilgi aligverisini saglayan aviyonik altyapinin biitlinlesik bir yapida
kurulmasini zorunlu kilmistir. Aviyonik sistemler, ucusun planlanmasi, izlenmesi, kontrol edilmesi ve
giivenli bigimde tamamlanmasi igin gerekli tiim bilgi islem, iletisim ve gdsterge bilesenlerini
kapsamaktadir. Sistemin merkezinde yer alan ASELSAN Ugus Kontrol Bilgisayar1 (UKB), hem ugus
modunda hem kara siiriis modunda tiim alt sistemlerle haberlesen ve ¢coklu gorev algoritmalarini yoneten
bir merkezi igslem platformudur. UKB’nin birincil gorevi, aragtaki sensorlerden gelen verileri
birlestirerek pilot veya kullanici arayiizlerine islenmis sekilde aktarmaktir. Bu veriler; hiz, yon, irtifa,
GNSS koordinatlar, batarya seviyesi, hidrojence zenginlik orani, sistem sicakliklar1 ve uyari
durumlarini igerir. Airstream’de kullanilan geligsmis kullanici arayiizii, dokunmatik ekranli ve mod
gecisine uygun sekilde tasarlanmig olup, kara siirlis modundayken otomotiv tipi; ugus modundayken
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havacilik tipi gostergelere gecis yapilabilmektedir. Bu ekran iizerinde aracin ugus haritasi, gorev profili,
mevcut gorev fazi (kalkis, tirmanis, siiziilme, algalma, inis), hava durumu bilgileri, seyriisefer yonleri
ve anlik sistem uyarilart dinamik olarak goriintiillenmektedir. Ayrica, aviyonik sistem icerisinde bulunan
bas iistii gosterge (HUD) prototipi, siiriicli goz hizasina yerlestirilen seffaf bir cam iizerinden hiz, yon
ve batarya verilerini yansitarak dikkat dagmikligim1 minimize etmektedir. Ozellikle gece ucuslar1 veya
diisiik goriis kosullarinda, HUD sistemi sayesinde siiriicii hi¢bir fiziksel ekran1 kontrol etmek zorunda
kalmadan temel verileri gézlemleyebilmektedir. Veri iletisimi agisindan, aviyonik sistem iginde hem
karasal LTE bazli aglara hem de diisiik bant genislikli havacilik haberlesme frekanslarina uyumlu bir
modem altyapist gelistirilmigtir. Bu sistem, hem yer kontrol istasyonlariyla hem de diger hava
araglariyla bilgi paylasimina olanak tanimaktadir. Gerektiginde otonom u¢us modundan insanli kontrole
gecis yapilmasini saglayan ikili kontrol yapisi sayesinde esnek kullanim senaryolari desteklenmektedir.
Tiim bu sistemlerin yazilim arayiizleri, gelismis hata yonetimi (fault-tolerant logic) ile programlanmis
olup, sensor arizalarinda otomatik yeniden baslatma, sistem kendini sinama ve kritik goérev
bilesenlerinin yedeklenmesi gibi akilli denetim mekanizmalarina sahiptir. Sonug olarak, Airstream’in
aviyonik mimarisi, klasik havacilik gostergeleri ile kara araci ergonomisini birlestiren melez bir
gosterge—kontrol ortami sunmakta; ara¢ kullanicilarinin gérev siiresince anlik kararlar alabilmesini,
sistem durumunu izleyebilmesini ve ugus giivenligini maksimize edebilmesini saglamaktadir.

Emniyet Sistemleri

Airstream’in tasariminda, hem kara hem de hava modlarinda kullanici giivenligini saglamak
amaciyla ¢ok katmanl bir emniyet yaklasimi benimsenmistir. Aracin yiiksek irtifa, tiirbiilans, carpisma
ve sistem arizast gibi senaryolara karsi donatilmasi, kentsel hava mobilitesi (UAM) baglaminda
operasyonel siirdiiriilebilirlik ve yolcu giivenligi acisindan kritik dneme sahiptir. Ilk savunma hattin
olusturan sistemlerden biri, gévde icine entegre edilmis ¢ok yonlii parasiit mekanizmasidir. Bu sistem,
kontrol kaybi veya elektriksel ariza durumunda otomatik olarak devreye girerek, aracin stabil bir sekilde
yavaglayarak inis yapmasini saglar. Parasiit sistemi, kontrollii patlayici itki ile tetiklenen agilir
mekanizmaya sahip olup, agirlik merkezinin {izerinden firlatilmak suretiyle denge saglanmaktadir. Bu
sistem, Ozellikle algak irtifada diisiik hizla ilerleyen araglarda klasik ugaklardaki parasiit sistemlerine
gore ¢ok daha hizli devreye girme siiresine sahiptir. Yangin emniyeti agisindan, Airstream’de Halon
gazli yangin sondiirme tiipleri kullanilmaktadir. Bu sistemler, elektrikli tahrik sistemlerinde meydana
gelebilecek kisa devre, batarya asiri 1sinmasi veya hidrojen sizintisi kaynakl alevlenmelere karsi sensor
destekli otomatik sondiirme 6zelligine sahiptir. Ayrica, batarya hiicreleri ve yakit sistemi ayr1 yangin
zonlarma boliinerek olast yayilim riskleri fiziksel olarak engellenmistir. Airstream’in 6zgiin giivenlik
katmanlarindan biri de elektromanyetik tehditlere kars1 gelistirilen Faraday kafesi korumasidir. Arag,
yildirnm carpmalart ve yiiksek frekansli elektromanyetik alanlardan etkilenmemesi icin yiizeysel
iletkenlik saglayan 6zel bir nano-kompozit ile kaplanmistir. Faraday kafesi yapisi, kritik elektronik
devrelerin asir1 gerilimden zarar gdrmesini onleyerek, ugus sirasinda gorev biitiinliigiiniin korunmasin
garanti altina alir. Carpisma Onleyici pasif gilivenlik sistemleri arasinda ise hava yastiklari ve
deformasyon boélgeleri yer almaktadir. Aracin kabin ¢evresinde yer alan bu sistemler, ¢arpigma aninda
enerji absorbe ederek hem siiriicli hem de yolcularin maruz kalabilecegi kinetik enerjiyi azaltir. Ayrica
aracin alt kismi, inig sirasinda absorpsiyon saglayacak sekilde darbe soniimleyici yapisal elemanlarla
desteklenmistir. Ek olarak, ¢evresel sensorler, ¢arpisma riskini dnceden tespit ederek otonom kaginma
manevralarint miimkiin kilar. Bu sistemler GNSS, radar ve lidar destekli olup; ¢carpisma uyarilarini, yon
Onerilerini ve otomatik yonlendirmeleri kontrol bilgisayari iizerinden es zamanli olarak siiriicliye ve
araca iletir. Sonug¢ olarak, Airstream’in emniyet sistemleri ¢ok katmanli ve adaptif bir yapida
kurgulanmig olup; proaktif algilama, pasif koruma ve otonom diizeltici tepki sistemlerini bir arada
barindirmaktadir. Bu biitlinciil gilivenlik mimarisi, ara¢ kullanicilarinin her kosulda maksimum
emniyetle seyahat etmelerini saglamakta ve sehir i¢i hava ulagimi uygulamalari igin 6nemli bir referans
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teskil etmektedir.

Yakit Sistemi

Airstream aracinin g¢evreci gili¢ liretim mimarisi, ana enerji kaynagi olarak hidrojen gazi
kullanimina dayanmaktadir. Bu nedenle, yakit sistemi yalnizca bir enerji besleme kanali degil; aym
zamanda giivenlik, basing yonetimi ve verimlilik acisindan kritik bir alt sistem olarak tasarlanmustir.

Yakat sistemi, temel olarak ii¢ ana bilesenden olusur:
e Yiiksek basingl kompozit hidrojen tanki,
e Basing regiilasyon ve besleme hatti,

e Yakit hiicresi giris manifoldu.

Sekil 3
Airstream Aracimin Teknik Ozellikleri
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Sistemde yer alan hidrojen tanki, 70 MPa basinca dayanikli olup yaklasik 10 kg hidrojen gaz1
depolama kapasitesine sahiptir. Tank, karbon fiberle sarilmis hafif alagimli i¢ gévde yapisiyla hem
agirlik avantaji hem de yiiksek mukavemet sunar. Bu tank, aracin alt merkez noktasina — agirlik
merkezini dengeleyecek sekilde — yerlestirilmistir. Bu sayede, kararlilik ve yapisal biitiinliik korunmus
olur. Tanktan ¢ikan hidrojen, cok kademeli bir regiilasyon sisteminden gecerek dnce yiiksek basingtan
orta basinca, ardindan da diisiik basinca indirgenir. Bu regiilasyon, hem yakit hiicresinin membran
biitiinligiini korumak hem de ani akis dalgalanmalarint 6nlemek i¢in zorunludur. Basing diisiiriictiler
ve emniyet valfleri, asir1 akis veya i¢ basing yiikselmesi durumlarinda sistemi otomatik olarak kapatarak
giivenligi saglar. Disiik basinca indirgenen hidrojen gazi, filtrelenmis ve kurutulmus hava ile
karistirllmadan 6nce bir nem alma iinitesinden gegerek yakit hiicresinin anot bolmesine iletilir. Paralel
olarak hava, harici bir kompresor yardimiyla katot tarafina iletilir. Boylece yakit hiicresi icinde kontrollii
bir elektrokimyasal reaksiyon baslar ve elektrik enerjisi elde edilir. Yiiksek verimlilik ve menzil
hesaplamalar1 dogrultusunda yapilan analizlere gore, tam dolu hidrojen tanki ile Airstream’in yaklagik
272 km hava menziline ulasabildigi belirlenmistir. Hidrojen tiiketimi ugus profiline gore degisiklik
gostermekte; 6zellikle kalkis ve tirmanis fazlarinda tiiketim maksimuma ulasirken, siiziilme ve algalma
fazlarinda minimuma inmektedir. Sistem, her an i¢in hidrojen kacagina karsi ¢ok sayida sensorle
donatilmistir. Bu sensorler, gaz yogunlugu, basing diisiimii ve sicaklik degisimlerini anlik izleyerek
gerektiginde hem siiriicii ekranina uyar1 vermekte hem de yangin sondiirme ve havalandirma sistemlerini
otomatik olarak tetiklemektedir. Ayrica yakit sistemi, bakim kolaylig1 ve erisilebilirlik agisindan
modiiler olarak tasarlanmistir. Tank, tasiyici sasiye 6zel baglanti sistemleri ile monte edilmis olup hizli
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sokme—takma iglemlerine olanak saglar. Bu da operasyonel siirekliligi ve gorevler aras1 hazirlik siiresini
minimize eder. Sonug olarak, Airstream’in yakit sistemi yalnizca enerji tagima degil; ayn1 zamanda
yiiksek giivenlikli, siirdiiriilebilir ve verimlilik odakli bir enerji altyapisi sunmakta ve modern UAM
platformlarimin temel gerekliliklerini karsilamaktadir.

Konfor Odakh Sistemler

Tasarim1 yapilan Airstream ugan aracinin kontrol sistemi bilgisayar yazilimlariyla
desteklendiginden ve normal kara araglar1 gibi ¢evreye dair seslerin duyulmasi gibi bir zorunluluk
olmayisindan dolay1 ses yalitimi tam anlamiyla yapilabilmektedir. Aracin kabinin dis kismin1 karbon
fiber malzeme ile kaplanmigtir. Esasen karbon fiber malzemenin ses yalittimi i¢in kullanildig
bilinmektedir. Buna ek olarak ses yalitkan1 mat sistemiyle arag i¢ini kaplayarak iizerine dokuma elyaf
ve ses yalitim kopiigli katmani koyduktan sonra bir kat daha ses yalitkan mat kaplamasi yaptiktan sonra
ses kesici sprey uygulamasiyla ses kesici sistemi tamamlanmistir. Bir diger giiriiltii kaynagi olan
manyetik giiriiltii ise elektrikli makinenin demir ve ¢elik pargalarinin yiizeylerindeki manyetik alan
giicinde meydana gelen degisikliklerden kaynaklanan giiriiltiilerdir. Bu tarz giiriilti genellikle
yilizeylerdeki manyetik kuvvetlerden kaynaklandigindan pargalarin titresimini yoluyla meydana
gelmektedir. Motor dis kaplama yapisinda ve kabin icerisindeki tiim yap1 malzemelerinde daha diisiik
genlikte titresen daha biiyiik pargalar kullanilarak bu manyetik titresim ve giiriiltiiniin niine gecilmesi
saglanmis olacaktir. Yapilan arastirmalara gore (Lennstrom, 2013) elektrik motorlarindaki biitiin bu
giiriiltii kaynaklarinin 6nlenmesi igin bir motor gémlek kaplamasi gerektigi ortaya atilmistir. Ozellikle
elektrik motorlarda ses azaltma yontemleri ilizerine son yillarda genel olarak motor dis gomlegi
malzemesi ve tasarimi iizerine ¢aligmalar yapilmistir. Bu ¢alismalarda 6zellikle motor dig gdmleginin
icine frekans engelleyici uygun malzeme kaplamalar1 iizerine c¢aligmalar yapildigindan Airstream
tasariminda da bu tarz bir sistem kullanilmistir (Ingelmann & Bickelmann, 2015).

Sekil 4
Yiiksek Frekans Testinde MCU ve Kauguk Katmanl I¢c Katman Karsilastirilmasi
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Caligmada tasarlanan ugan ara¢ Airstream, hidrojen yakit hiicresi tabanli bir sistemle
calistigindan, gii¢ tiretim—tiiketim dengesi her iki modda ayr1 ayr1 degerlendirilmistir. Kara modunda
178 kW’lik merkezi motor, sehir i¢i kullanimda maksimum %82 verimlilikle ¢aligmakta olup; nominal
60 km/s hizda, diiz yolda 5.2 kWh/10 km enerji tiiketimi ile performans gostermektedir. Yaklasik 448
km’lik menzil, tam dolu yakit tanki ve batarya destegiyle elde edilmistir. Hava modunda, sekiz adet 40
kW’lik motorun toplam 320 kW gii¢ {iretmesi 6ngoriilmiistiir. Kalkis ve tirmanis fazlarinda anlik giic
tiketimi bu degerin %90’ 1na kadar ¢ikmakta; stiziilme fazinda ise her bir motor ortalama 22 kW
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civarinda sabit giicle caligmaktadir. Yakat hiicresi sistemi, bu enerji taleplerini karsilayacak kapasitede
boyutlandirilmis, ek olarak batarya tamponlamasi ile ani yiik gegislerinde kararlilik saglanmistir. Ugus
profiline gore yapilan simiilasyon hesaplamalarinda, Airstream’in tek seferlik tam dolumla ortalama 272
km menzil katedebildigi goriilmiistiir. Gorev profili bes fazdan olusmaktadir: dikey kalkig (0—1 dk),
tirmanis (1-4 dk), seyir (4-50 dk), algalma (50-53 dk), dikey inis (53—55 dk). Bu profile gore ugus
siiresi yaklasik 55 dakika, ortalama seyir hiz1 ise 250 km/s olarak belirlenmistir. Ozellikle dikey kalkis
ve ini§ sirasinda enerji tiiketiminin zirveye ulastifi, seyir ve alcalma fazlarinda ise enerji talebinin
belirgin sekilde azaldig1 tespit edilmistir. Hidrojen yakit hiicresinin elektrokimyasal doniisiim stireci
temel alindiginda, sistemin %52-55 araliginda toplam ¢evrim verimi sundugu hesaplanmistir. Bu oran,
geleneksel icten yanmali motorlara kiyasla yaklagik %30 daha verimli bir sistem yapisina isaret
etmektedir. Ayrica batarya destekli giic yonetimi sayesinde, ani gii¢ talepleri nedeniyle sistemin
kararsizliga girmesi 6nlenmis, enerji dalgalanmasi en aza indirgenmistir. Motorlarin ugus modlarindaki
caligma sicakliklari, ortalama 60—75°C arasinda tutulmus, bu da termal denge agisindan sistemin yeterli
sogutmaya sahip oldugunu gdstermistir. Ayrica hava modunda yonlendirilebilir pervane yapisi
sayesinde enerji dagilimi dengeli yapilmis ve simiilasyonlarda toplam itkinin simetrik iiretildigi
gozlenmistir. Airstream’in toplam kalkis kiitlesi yaklasik 1400 kg olarak belirlenmistir. Sekiz motorun
tirettigi toplam 320 kW giicle dikey kalkis sirasinda 1.25 seviyesinde bir itki/agirlik oran1 (TWR) elde
edilmistir. Bu oran, VTOL kategorisindeki benzer sinif araglar i¢in 6nerilen minimum 1.15 degerinin
tizerindedir. Boylece dikey kalkisin kisa siirede gerceklesebilecegi, Ozellikle dar alanlarda basarili
manevra yapilabilecegi dogrulanmistir. Ziplama sistemi destekli kalkis senaryolarinda ise motorlara
diisen kalkis yiikii %18 oraninda azalmistir. Bu durum, ziplama mekanizmasinin yalnizca bir hareket
sistemi degil, ayn1 zamanda enerji verimliligini artiran destekleyici bir itki bileseni olarak calistigin
gostermektedir.

Airstream’in ugus performansin etkileyen en énemli unsurlardan biri, aerodinamik kararlilik ve
yonelme hassasiyetidir. Yapilan akis simiilasyonlarinda, pervanelerin yonlendirilebilir (vectored thrust)
yapis1 sayesinde arag, 3 eksende de (pitch—yaw-roll) stabil bigimde hareket kabiliyeti gostermistir.
Ozellikle ¢ok rotorlu sistemlerde karsilasilan asimetrik itki iiretimi problemleri, Airstream’de her bir
motorun bagimsiz kontrol edilebilir olmasi1 sayesinde bertaraf edilmistir. Yiiksek irtifa senaryolarinda
test edilen akis yapilari, govdeye entegre edilen simetrik kabuk yiizeylerin ve merkezlenmis agirlik
dagilimmin riizgar etkisini azaltic1 yonde gérev yaptigini gostermektedir. Ozellikle énden gelen riizgar
etkilerinde, 6nde bulunan pervanelerin anlik devir artirimiyla karsi yonlii moment olusturmasi sayesinde
yon kararliligi korunmustur. Yine test senaryolarinda, 10°’ye kadar olan ani yon degisikliklerinde (yaw
axis) sistemin 0.6 saniye i¢inde dengeye geri donebildigi tespit edilmistir. Bu deger, benzer segmentteki
VTOL sistemlerinde 1.0 saniyenin altinda olan hedef dengeleme siiresinden daha kisa olup, yiiksek
hassasiyetli denge kontrol algoritmasmin etkinligini kanitlamaktadir. ASELSAN Ugus Kontrol
Bilgisayari tarafindan yonetilen kontrol sistemi, ugus boyunca aracin konum, yon, hiz, enerji durumu ve
cevresel tehditlere karsi davranislarii otonom sekilde yonetmektedir. Testlerde, GNSS destekli
navigasyon sisteminin ortalama konum hatasinin +1.2 metre civarinda oldugu gézlemlenmistir. Bu
deger, hava araci sinifi konumlama sistemlerinde kabul edilebilir sinirlarin i¢indedir. TCAS (Traffic
Collision Avoidance System) simiilasyon testlerinde, ayn1 hava sahasinda seyir halindeki bagka bir
aracla arada kalan minimum yatay mesafenin 93 metre, dikey farkin ise 15 metre oldugu durumda,
sistemin dogru zamanda ¢arpisma ikazi verdigi ve yon degisimi Onerisi sundugu dogrulanmistir. Bu,
sistemin UAM ortaminda ger¢ek zamanli trafik farkindaligina sahip oldugunu gdstermektedir. ILS ve
FMC destekli inig senaryolarinda, diisiik goriis sartlarinda dahi stabil algalma rotas takip edilmis, radyo
altimetre destekli inig noktasi sapmasi ortalama 0.8 m olarak kaydedilmistir. Bu sonug, otonom inis
kabiliyetinin 06zellikle kentsel inig alanlart i¢in giivenli kullanilabilirlik diizeyinde oldugunu
gostermektedir. Sistem biitiinliigiini ve yolcu giivenligini saglayan emniyet bilesenleri {izerine yapilan
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analizler, ¢cok katmanli koruma stratejisinin pratikte de gecerli oldugunu ortaya koymustur. Faraday
kafesi ile kaplanan elektronik birimlerin, elektrostatik desarj (ESD) ve simiile edilmis yildirim darbesi
etkilerinden etkilenmeden ¢alismaya devam ettigi gozlemlenmistir. Ayrica parasiit sistemi, 50 metre
irtifa alt1 senaryoda bagariyla agilmis ve aracin diisey hizimi yaklasik %74 oraninda azaltarak inisi
giivenli hale getirmistir. Bu test, 6zellikle kalkis ve inis esnasindaki ani motor kesilmesi gibi senaryolar
icin sistemin etkinligini kanitlamaktadir. Yangin sistemleri testlerinde, batarya bélmesinde olusturulan
kisa devre sonucu olusan lokal sicaklik artis1 sensorlerce algilanmig, Halon gazi tiipii otomatik olarak
devreye girerek 4 saniye i¢inde yangini bastirmistir. Yangin yayilimi gézlemlenmemistir. Bu sonug,
batarya gilivenliginin aktif sekilde saglanabildigini gostermektedir. Yapisal sistemin tasariminda
kullanilan hafif ve dayanikli malzemeler, aracin genel yiik/itki dengesine dogrudan katki saglamaktadir.
7075-T6 aliiminyum profiller ve karbon fiber paneller, tasiyict gdvdenin toplam agirligini yalnizca 132
kg seviyesinde tutarken; titanyum alagimli jantlar, tekerlek i¢ine yerlestirilen motorlar1 koruma ve darbe
soniimleme acisindan ideal performans sunmustur. Agirlik merkezi hesaplamalarinda, hidrojen
tanklarinin merkezi gdvdeye yerlestirilmesiyle arac ekseni dengelenmis ve hem ugus hem kara modunda
agirlik dagilimi simetrik hale getirilmistir. Tiim bu malzeme ve yerlesim secimleri, sistemin kararli
ucusuna dogrudan olumlu etki etmistir. Alt sistemlerin modiiler olarak birlestirilmesi, bakim kolaylig1
ve gorev esnekligi agisindan biiyilik avantaj saglamistir. Tim sistemler, merkezi kontrol bilgisayarina
entegre sekilde calismakta; glic dagilimi, itki yonetimi, navigasyon ve giivenlik protokolleri tek bir
islemci ilizerinden senkronize sekilde yiiriitiillmektedir. Ayrica gorev profili boyunca sistemler arasi
cakigma, gecikme ya da haberlesme hatasi gézlemlenmemis; mod gegisleri (kara — hava, hava — kara)
sirasinda 1.3 saniyelik bir adaptasyon siiresiyle basarili gegisler saglanmistir.

SONUC

Bu calisma kapsaminda, hidrojen yakit hiicreli, yiiksek manevra kabiliyetine sahip ve hem kara
hem hava modlarinda operasyon gergeklestirebilen yenilik¢i bir ucan arag konsepti olan Airstream’in
milhendislik tasarimi ve sistem entegrasyonu ayrintili bi¢imde sunulmustur. Kentsel hava hareketliligi
(UAM) vizyonu dogrultusunda gelistirilen bu platform, c¢evreci enerji kullanimi, dikey inis—kalkis
(VTOL) yetenegi, otonom ugus sistemleri ve gilivenlik odakli alt sistemlerle donatilmigtir. Yapilan
performans analizleri ve gorev profili hesaplamalar1 dogrultusunda, Airstream’in hem kara hem hava
modlarinda gorev yapabilecek teknik yeterlilige sahip oldugu ortaya konmustur. Kara modunda 448
km’ye kadar menzil, hava modunda ise 272 km’lik operasyonel menzil degerlerine ulasilmis; hibrit gii¢
dagilimi ve yakit hiicresi—batarya koordinasyonu sayesinde yiiksek verimlilik oranlar1 elde edilmistir.
Itki/agirlik orani, ziplama destekli kalkis senaryolarinda 1.25 seviyesine ¢ikarak, dar alanlardan giivenli
kalkis yapilabilecegini gostermistir. Aerodinamik simiilasyonlar ve dengeleme sistem analizleri,
Airstream’in yonelme ve stabilite agisindan ucgus boyunca kontrol edilebilirligini siirdiirdiigiini;
Ozellikle yonlendirilebilir pervane sistemleri sayesinde 3 eksende de stabil tepkiler verdigini ortaya
koymustur. Kontrol sistemleri, GNSS, ILS, FMC ve TCAS gibi ¢ok katmanl seyriisefer altyapisiyla
desteklenmis; otonom ugus ve carpisma Onleme kabiliyetleri basariyla entegre edilmistir. Ayrica
emniyet sistemleri — parasiit, yangin sondiirme, Faraday kafesi, hava yastiklar1 — senaryolara dayali
testlerle dogrulanmis ve sistemin hem kullanici giivenligi hem de operasyonel biitiinliikk agisindan
yliksek giivenilirlige sahip oldugu saptanmistir. Yapisal sistemlerde kullanilan ileri malzemeler (karbon
fiber, titanyum alasimlar1), hem tasima kapasitesini artirmis hem de agirlik azaltimi sayesinde menzil
performansina katki saglamistir. Sonug olarak, Airstream; sistem entegrasyonu, goérev profiline
uygunluk, enerji verimliligi, giivenlik standartlar1 ve malzeme teknolojisi gibi ¢ok boyutlu miithendislik
alanlarinda yenilik¢i bir ¢6ziim sunmakta ve kent i¢i hava ulagiminin siirdiiriilebilir gelecegi i¢in giiclii
bir 6rnek olusturmaktadir. Ilerleyen asamalarda, bu platformun aerodinamik optimizasyonlari, donanim
prototipleme ve ugus testleri ile daha da olgunlastirilmasi, ticari UAM araglarina onciiliik etmesi
acisindan biiyiik 6nem arz etmektedir.
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Etik Kurul Onay1

Bu c¢alismada etik kurul onayr gerektiren insan veya hayvan denekleri kullanilmamstir.
Arastirma, kamuya agik veri setleri, literatiir taramalar1 veya teorik analizler {izerinden yiiriitiilm{ustiir.
Etik kurallar geregi, arastirma siirecinin her asamasinda akademik diiriistlitk ve bilimsel etik kurallara
tam uyum saglanmistir. Bu nedenle, etik kurul onay1 gerekmemistir.

Yazar Katkilari

Arastirma Tasarim1 (CRediT 1) Yazar 1 (%14) — Yazar 2 (%14) — Yazar 3 (%14) — Yazar 4 (%14)
—Yazar 5 (%14) — Yazar 6 (%14) — Yazar 7 (%16)

Veri Toplama (CRediT 2) Yazar 1 (%14) — Yazar 2 (%14) — Yazar 3 (%14) — Yazar 4 (%14) —
Yazar 5 (%14) — Yazar 6 (%14) — Yazar 7 (%16)

Arastirma - Veri Analizi - Dogrulama (CRediT 3-4-6-11) Yazar 1 (%14) — Yazar 2 (%14) — Yazar
3 (%14) — Yazar 4 (%14) — Yazar 5 (%14) — Yazar 6 (%14) — Yazar 7 (%16)

Makalenin Yazimi (CRediT 12-13) Yazar 1 (%14) — Yazar 2 (%14) — Yazar 3 (%14) — Yazar 4
(%14) — Yazar 5 (%14) — Yazar 6 (%14) — Yazar 7 (%16)

Metnin Tashihi ve Gelistirilmesi (CRediT 14) Yazar 1 (%14) — Yazar 2 (%14) — Yazar 3 (%14)
—Yazar 4 (%14) — Yazar 5 (%14) — Yazar 6 (%14) — Yazar 7 (%16)

Finansman

Bu ¢alismada finansal destek alinmamustir.

Cikar Catismasi

Yazarlar arasinda ¢ikar ¢atigmasi yoktur

Siirdiiriilebilir Kalkinma Amaclar (SDG)

Siirdiiriilebilir Kalkinma Amaglari: Desteklemiyor
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Article Info ABSTRACT

This article presents a Fault Tolerant Control (FTC) scheme for an octoplane UAV, a fixed-
wing unmanned aerial vehicle equipped with eight vertical rotors, using sliding mode control
(SMC) allocation. The proposed approach requires the design of only a single baseline
controller that is effective under fault-free and fault/failure scenarios. The scheme fully exploits
the octoplane’s redundant vertical rotors and additional control surfaces, including the elevator,
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Octoplane UAVs, to redistribute control signals in the event of actuator failure. Simulation results based on a
Hybrid UAVs, nonlinear model of the octoplane are presented at the end of the article to demonstrate the
Sliding mode control, effectiveness of the proposed scheme. The simulation results demonstrate that the proposed
Fault tolerant control. scheme maintains tracking accuracy within 1% error under fault-free conditions. Despite

coupling effects, it achieves over 95% tracking performance even in the case of actuator faults
and failures.

Octoplane THA'min Kayar Kipli Yontem Kullanarak Hata Toleransh Kontrolii

Makale Bilgisi OZET

Bu makale, sekiz adet dikey rotora sahip sabit kanatli bir insansiz hava araci olan octoplane
IHA igin kayan kipli kontrol (SMC) temelli bir Ariza Toleransli Kontrol (FTC) yéntemi
sunmaktadir. Onerilen yaklasim, hem arizasiz kosullarda hem de cesitli aktiiator ariza ve hata
senaryolarinda etkinligini koruyan tek bir temel (baseline) denetleyicinin tasarlanmasini
gerektirir. Kontrol yapisi, octoplane THA'Tin yedekli dikey rotorlari ile ilave kontrol
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Anahtar Kelimeler: ylizeyleri—elevatdr, rudder ve bagimsiz olarak ¢alisabilen aileronlar—araciligiyla seyir ugusu
Cift sistem!er, sirasinda meydana gelebilecek tam aktiiator arizalarinin iistesinden gelebilmektedir. Bu
Octopl:ana IHAlar, yontem, aktiiatdr kayiplar1 durumunda kontrol sinyallerini yeniden dagitmak amaciyla kayma
Hibrit [HAlar, kipi kontroliiniin dayanikliligmi ve kontrol paylagtirma (CA) stratejisini  birlikte
Kayar kipli kontrol, kullanmaktadir. Octoplane'in dogrusal olmayan bir modeli iizerinde gergeklestirilen
Hata dayanimh kontrol. simulasyon sonuglari, dnerilen yontemin etkinligini gostermek {izere makalenin sonunda

sunulmaktadir. Simiilasyon sonuglari, Onerilen ydntemin hatasiz kosullarda +%]1 hatali
dogrulukla izleme basarimint korudugunu gostermektedir. Coupling etkilerine ragmen,
aktliator arizalar1 ve kayiplari durumunda dahi %95’in {izerinde izleme performansi
saglamaktadir.
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INTRODUCTION

In recent years, unmanned aerial vehicles (UAVs), commonly known as drones, have gained
considerable attention due to offering versatile and cost-effective solutions across a growing range of
applications, including military missions, search and rescue operations, passenger transportation, aerial
mapping, medical deliveries, construction monitoring, and parcel transport (Dag. et al., 2023; Mohsan
et al., 2022; Varlik & Erdénmez, 2020; Saeed et al., 2018).

Compared to manned aircraft, UAVs can be employed in hazardous missions without risking pilot
safety. However, their loss rates have been reported to be up to ten times higher than those of manned
aircraft for these missions (Sadeghzadeh & Zhang, 2011). Moreover, UAV accidents may cause
environmental damage, structural destruction, financial loss, or even fatalities. These challenges
highlight the importance of fault-tolerant control (FTC) to enhance UAV reliability and have motivated
extensive research in recent years (Sadeghzadeh, 2015).

UAVs are generally categorised into two main types: multirotor UAVs, such as quadcopters, and
fixed-wing UAVs. Both groups have benefits depending on the intended application. While multirotor
UAVs do not require runways and are capable of hovering and, have greater manoeuvrability, fixed-
wing UAVs offer longer endurance and higher payload capacity (Ducard & Allenspach, 2021; Saeed et
al., 2015). To combine the advantages of both configurations, hybrid UAVs, also known as fixed-wing
VTOL UAVs, have been developed (Ducard & Allenspach, 2021).

There are two main classes of hybrid UAV configurations, as shown in Figure 1 namely
convertiplanes and tail-sitters. Convertiplanes maintain their airframe orientation during all flight phases
with actuators reorienting to provide the required thrust. On the other hand, tail-sitters rotate their entire
airframe from vertical to horizontal flight by keeping the thrusters fixed relative to the body frame
(Saeed et al., 2018).

Figure 1
Categorisation of hybrid UAVs according to design configurations (adapted from (Saeed et al., 2018))
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One type of convertiplane UAVs is the dual-system configuration (see the examples in Figure 2).

This configuration combines two separate sets of rotors: one dedicated to vertical take-off and landing
(VTOL) and another for forward cruise flight. During hover, the UAV exhibits dynamic characteristics
similar to those of multi-rotor systems. The transition phase begins with the activation of the forward
propeller. Upon reaching cruise speed, the vertical rotors are deactivated, and the UAV operates as a
fixed-wing aircraft. The dual-system features a straightforward mechanical design, which facilitates ease
of manufacturing and maintenance, while also offering greater endurance compared to other
convertiplane UAV configurations. It also provides relatively simple controllability and stabilisation
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during take-off and landing phases (Gu et al., 2017). However, the configuration presents certain
drawbacks, including increased aerodynamic drag and additional weight resulting from the forward
propulsion system. Despite these drawbacks, the dual-system offers considerable applicable advantages,
making it a promising option for future UAV development. Its popularity has grown considerably in
recent years across both academic and industrial fields, as evidenced by increasing references in
academic papers (Munasinghe & Gunarathna, 2018; Prochazka et al., 2019; Yu & Kwon, 2017) and
industry publications (Anon, 2018, 2019, 2023; Bothge, 2022; Team, 2022; Technologies, 2024).

Dual-system UAVs are typically classified into different categories depending on the number of
vertical rotors: combined helicopter (Heredia et al., 2012), bi-rotor (Pocock, 2012), quadrotor
(Technologies, 2024) and octorotor platforms (Honda Motor Co., Ltd., 2022). Despite their benefits,
dual-system UAVs with fewer than six vertical rotors exhibit limited FTC capability due to the lack of
actuator redundancy. A total failure of any rotor may lead to the loss of control and cause the UAV to
crash (Khattab et al., 2024). Therefore, UAVs with six or more rotors offer considerable advantages in
handling faults or failures. There are a few studies in the literature that address over-actuated systems
(see, for example, (Cai & Lovera, 2024; Ijaz et al., 2024; Murphy et al., n.d.).

Furthermore, the investigations by major companies such as Honda (Honda Motor Co., Ltd.,
2022), Volkswagen (Bothge, 2022), and Wisk (Wisk, 2024) into urban air mobility solutions (as
illustrated in Figure 2) demonstrate the adaptability of dual-system configurations for passenger
transportation ‘drone taxis’ using octoplane or dodecaplane UAVs, due to their considerable advantages
in handling faults or failures. While the models developed by Honda and Volkswagen feature two
forward propellers, Wisk’s model utilises a single forward propeller.

Sliding Mode Control (SMC) is a robust control method known for its effectiveness against so-
called ‘matched’ uncertainties (Edwards & Spurgeon, 1998). This robustness has made SMC an
attractive approach for Fault-Tolerant Control (FTC) in UAVs. However, there is limited research
applying SMC-based FTC to hybrid UAVs, and a few exceptions for octoplane UAVs (e.g., (Ijaz et al.,
2024; Mizrak et al., 2021)).

Unlike other categories, octoplane UAVs offer notable advantages in terms of redundancy and
control capability, especially under fault/failure conditions. As over-actuated systems, octoplanes
incorporate four additional vertical rotors, allowing them to maintain full attitude control even in the
case of up to four rotor failures.

The primary motivation of this study is to address these challenges by developing a fault-tolerant
control (FTC) strategy based on sliding mode control (SMC), specifically designed for the octoplane
UAV to ensure reliable performance even under fault and failure conditions. This paper begins with the
development of the equations of motion for the octoplane, followed by the design of the FTC scheme
and finally a presentation of the simulation results.
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Figure 2

Dual-system UAVs: a) Example of a quadplane (adapted from (Zhou et al., 2023)), b) Octoplane —
Honda eVTOL Vol. 2 (adapted from (Honda Motor Co., Ltd., 2022)), ¢) Dodecaplane — Wisk Aero
Cora (Gen 5) (adapted from (Wisk, 2024)).

Equation of Motion of the Octoplane

This section presents the equations of motion for the octoplane considered in this study. Twelve
main equations of motion, involving both force and moment equations, are introduced. The octoplane
considered here is a modified version of the traditional fixed-wing UAV, the Aerosonde, reconfigured
into a hybrid dual-system UAV with eight vertical rotors. The aerodynamic coefficients for the
Aerosonde, shown in Table 1, are taken from (Beard & McLain, 2012).

Figure 3 shows the octoplane used in this study possessing eight vertical rotors and various more
traditional control surfaces. The UAV features two ruddervators, positioned on the left and right of the
tail, which serve dual functions: symmetric deflections act as elevators to control pitch, while anti-
symmetric deflections act as a rudder to control yaw. In addition, two independently operated ailerons
are used to control the roll motion.

The problem formulation and assumptions used in the design process are based on (Beard &
McLain, 2012; Kringeland, 2019; K&priicii & Oztiirk, 2024).

e The octoplane is modelled as a rigid body with constant mass.
e The octoplane is geometrically symmetric about the body’s xz-plane.

o The vertical rotors are aligned with the body’s z-axis and symmetrically positioned to the
xz-plane.

e Wind effects are neglected, indicating that the airspeed (V) (m/s) is equal to the ground
speed (V) (m/s) , and corresponds to the true airspeed (Vias) (m/s).

e Flaps are not included in the control design, and therefore, it is neglected.

e Actuator dynamics are not modelled, and it is assumed that actuators respond
instantaneously.

o The pusher propeller motor is inclined by 1 degree () relative to the aircraft longitudinal
axis (xp) (see Figure 3 and Figure 4)
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Figure 3
The configuration and rotation directions of the vertical rotors and the control surfaces of the
octoplane UAV.
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Figure 4
The side view of the octoplane

The 12 state variables governing the dynamical system of the octoplane, as shown in Figure 2,
are given by (Beard & McLain, 2012)

¢ = p+singtanf-q+cosptand-r (1)
: 2
6 = cos¢p-q—sing-r 2)
. sing cos ¢ 3)
Vo= cos @ q+ cosf r
] “4)
p = [pq—Tqr+ L+ 0N +qw,
]xx
1 A (%)
g = Dpr—T@*—1*)+—M - —pow,
Jyy Jyy
7 = Dpq—Tiqr + [,L+ gV (6)
. 1 7
uUu = rv- qw + Efx (7)
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. 1 (8)
V = mW—-—qW+—
V- qW+ —fi
, 1 9
W = W-rU+—
r — fy
The rate of change of position in the inertial frame is given by
% cosBcosyp singsinbcosyP —cospsiny cos¢psinfcosyp +sinpsiny1rvy
[j/] =|cosOsiny singsinfsiny +cospcosyy cospsinfsiny —singcosp||U| (10)
VA sin @ sin¢ cos 0 cos ¢ cos b w

The state variables are

roll, pitch, and yaw angles: ¢, 8,y (rad)

roll, pitch, and yaw rates: p, g, r (rad/s)

linear velocities in the body frame: U, V, W (m/s)
e UAV positions in the inertial frame: x, y, z (m)

The variable J, appearing in (4) and (5) represents the inertia moment of the vertical rotors, while w,
(rad/s) is the total residual vertical rotor speed, defined by
Wy = —W; — Wy + W3 + Wy — W5 — Wg + W7 + Wg (11)

The moment of inertia of the octoplane is defined by

]xx 0 _]xz
J=|0 Jy O (12)
_]xz 0 ]zz

To simplify the notation in (4)-(6), the following constants are defined

_ ]xz(]xx - ]yy +]zz)

I )
]zz(]zz _]yy) +]9%z
Fz - F )
] 0
Iy ==,
r, =2z, (13)
Iy
1.,5 =]zz _]xx’
]yy
T, ]ﬁ’
]yy
_]xx(]xx _]yy) +]9%z
F7 - F )
] 0
g ==,

To = Jxx)zz _])%Z
Based on the standard formulation in (Beard & McLain, 2012), and incorporating the forward
motor inclined as well as the additional force generated by the eight vertical rotors, the total external
forces acting on the aircraft can be expressed as follows:
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1
frx =—mgsin8 +§Paith%sSaero [—(CDO + CDaa) cosa + (CL0 + CLaa) sina

c
+(—CD cosa+ (Cy, sina)
1 2 tas

+ (—CD8 cosa + Cpy sin a) 6e] + drcosk (14)

1 bp br
fy =mgsin¢cos 6 + zperms wero [CYO + Cyﬁ[)’ + Gy 55— 2V, + Cy, 55— W + Gy, 8q + Cys, ) ] (15)
f, =mgcos ¢ cos 6

1 5 )

+ EpaiTVmsSaem [—(CD0 + CDaa) sina — (CLO + CLaa) cosa
; cq

+ (—CDq sina — CLq cos a) W

+ (_CDse sina — CLae cos a) 69] —Orsink + Fr, (16)

where the variables C;, Cp, Cy are dimensionless standard aerodynamic coefficients. Furthermore, the
various parameters used in (14)-(16) are given as follows: p;,- denotes the air density (kg/m?), Sgero iS
the aerodynamic surface area (m?), Vs represents the true airspeed (m/s), ¢ is the mean chord length of
the aerofoil (m), and S is the sideslip angle (rad).

The total external moments (Nm) acting on the aircraft are defined by (Beard & McLain, 2012)

1 b b
L= Tron EpaithzasSaerob (Clo + Clﬁﬁ + Clp ZVtas p+ Clr 2Vtas r+ Cl(gada + Clgrar) (17)
. 1 c
M = Tpitch — drdsink + Epairvtezssaeroc (Cmo + Cmaa + Cmq o, q-+ Cm 6e> (18)
tas
1 b
N = Tyaw T EpaithzasSaerob (Cno + Cn[gﬁ + Cnp Tmsp + Cnr W r+ C 5 + C 5 ) (19)

where the variables Tro11, Tpitchs Tyaw define the roll, pitch, and yaw moments produced by the vertical
rotors, while the dimensionless aerodynamic coefficients for the pitch, roll and yaw moments are
denoted by C,,, C;, C,,, respectively. Additionally, d is the distance between the UAV’s centre of gravity
and the centre of the pusher propeller (m).

According to (Beard & McLain, 2012), the true airspeed (V;45) (m/s), angle of attack («) (rad)
and sideslip angle (£) (rad) can be determined under the conditions U > 0 and V;,5 # 0 according to

Vigs = VU2 + V2 + W2 (20)
a=tan" ! (W> 21)
] %
:8 = Sin_l ( ) (22)
Vtas
The thrust and torques produced by the vertical rotors are defined by
- F. 1 [ O 0 0 0 0 0 0 0 1
- 0 0 0 0 0 0 0 0
i 0, (t
FTy CTq CTq CTq CTq CTq CTq CTq CTq 1:( )
Trzzll B CT‘I b _CTq L _CTq h CTq L CTq i - CTq l3 _CTq l3 CTq l3 : (23)
Tpitch Cquz Cquz —Cquz —Cquz Cqu4 CTq ly —Cqu4, —Cqu4 Ng(t)
ﬂ - CMq _CMq CMQ _CMq CMq _CMq CMq _CMq | Up
T A

where the vector u,, denotes the control input to the vertical rotors with its ith component (€;(t) (rps?))
defined as

2;(8) = w;(t) | w;(®) | (24)

where w; defines the angular rate of the ith rotor, and the matrix B includes the physical parameters of
the vertical rotors, such as thrust and moment coefficients (C T, and CMq), as well as the geometry of the
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rotor layout. This matrix determines how the desired control actions are translated into specific rotor
commands. Note that Fy,_and FTy are assumed to be zero, as there is no force generated by the vertical

rotors along the x- or y-axes.

The Model for Cruise Flight

The nonlinear model defined in (1)-(22) is linearised to obtain a model to be used as the basis for
the control design. These trimming and linearisation were carried out during cruise flight at an altitude
of 1000 m using the Simulink Linearization Tool (MathWorks, 2024). The model was also tested in
FlightGear and operated under the trim conditions obtained from the linearisation process to validate
its stability. The integration with FlightGear was implemented by the author (for an example of a similar
implementation, see (Kulaksiz & Hanger, 2022)). The trimmed flight condition is given by the following
state and input vectors:

Velocity vector (m/s):

Ug 33.76
[Vo] = [ 0 ‘(m/s) (25)
Wo 0.76

Attitude and Angular Rates (deg):
[bo] [ 0 7
6o| [1.29
Yo 0
Po 0

= de 26
a0 o | (deg) (26)
To 0
Qo 1.29
[ fod L O

Trimmed control inputs:

r —3.53° ]
—3.53°
0 12.80 N

27)

rps

o
S OO OO OO OO

Table 1 presents the original physical parameters of the Aerosonde UAV, as provided in (Beard
& McLain, 2012), along with additional parameters required for its modification into an octoplane
configuration.

The linearised model exhibited minimal cross-coupling between the lateral and longitudinal state
variables. As a result, the state variables were divided into longitudinal and lateral subsystems for control
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design. Neglecting the cross-coupling terms:
xlong(t) =[0 a Vis q]T (28)
xae®)=[¢ B r pl” (29)

The control inputs for the longitudinal and lateral systems are defined as follows:

T
ulong(t) = [619 62& 6T 'Qllong 'Qzlong '(23long Q4long 'Qslong Q6long Q7long QBlong] (30)

Ui (t) = [61a 62(1 61r 5> ‘Qllat ‘Qzlat ‘Q3lat Q4lat ‘Q5lat ‘Q6lat ‘Q7lat ‘leat]T (€29

r

which correspond to the longitudinal inputs: left and right elevator deflections (6;,, &,,) (rad), engine
thrust (67) (N), and the squared speeds of the eight vertical rotors (Qilong) (rps? or rad?/s?); and the lateral
inputs: left and right aileron deflections (87, 8, ) (rad), left and right rudder deflections (87, 8,,) (rad),
along with the squared speeds of the eight vertical rotors (£2; ) (rps?).

Table 1

The physical parameters of the octoplane
Original Param. Value Additional Param. Value
m 13.5kg Cumy 7.5% 107 N-m-s?
Jx 0.8244 kg-m? Cry 3.13 x 10°N-s?
Jy 1.135 kg'm? Larmi 1 m

J: 1.759 kg'm? Larm2 1.5811 m
Jaz 0.1204 kg-m? m 45°
Saero 0.55 m? n2 63.4349°
b 2.8956 m K 1°
c 0.18994 m d 0.3226 m
Sprop 0.2027 m? Jr 6.0 x 107° kg-m?
Pair 1.2682 kg/m?

Sliding Mode Control Analysis

In the presence of an actuator fault or failure, the linear systems representing the longitudinal and
lateral dynamics can be expressed as (Alwi & Edwards, 2008):
x(t) = Ax(t) + Bu(t) — BKu(t) (32)

where K = diag(ky,..., km) is the fault matrix, and each k; satisfies 0 < k; < 1. Specifically, when
ki = 0, the i-th actuator is fault-free. On the other hand, if this actuator is subject to a total failure, k; =
1,and 0 < k; < 1 corresponds to a partial fault. Following (Alwi & Edwards, 2008), it is assumed
that the values of k; are known (either through a fault detection and isolation (FDI) system or through
actuator deflection measurements compared to the demand signal. These measurements are commonly
available in aircraft systems). Using this fault information, control inputs can be reallocated among
healthy actuators. For this purpose, the actuator effectiveness matrix is defined as W =
diag(wy, ..., Wn) where

W=In—K (33)

and I, is the identity matrix. Based on the control allocation framework in (Alwi & Edwards, 2010),
the input matrix B in (32) can be partitioned as:

#=s) @
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where B, € R™P*™ and B, € R*™ with rank(B,) = | < m.

As discussed in (Alwi & Edwards, 2010), B, represents the dominant effect of the control inputs.
In contrast, B, contains relatively small terms compared to B,. Unlike many studies that assume B, =
0, this study considers B; # 0. It is also assumed that state variables in (32) have been transformed
such that B, B,T = I,.

For CA analysis, define the ‘virtual control signal’ as

v(t) = Byu(t) (35)
where u(t) is
u(t) = Bjv(t) (36)
Here BZT is a right pseudo-inverse of B,, and is given by
B = WB,"(B,wB,")™ (37)
So that BzB; = Il-
Using (36) in (32) yields
.l.
. BB} BiKB,
(0 = ax(@) + |12 | w(o) - [ "0 (38)
I B,KB]
By

The objective is to design a virtual control v(t) (of lower order than u(t)) using SMC as proposed in
(Edwards & Spurgeon, 1998).

Here, the switching function is defined as s(t) = Sx(t), and the sliding surface is
S ={x(t) € R": Sx(t) = 0} (39)
where S € R¥”™ and det(SB,) # 0. Since K = I — W the system in (38) can be written as

N B,W?BI(B,wBI)™1!
x(t) = Ax(t) + [BZWZBZT (BZWBZT)‘l] v(t) (40)

Let #(t) = (B,WBI)~1v(t), then (40) can be written as

% = Ax(t) + [BlleT] 5() —[

B,(I -W?*)B] ] _ 1)

B,(I — W?)BY

The following coordinate transformation (Edwards & Spurgeon, 1998) is applied to express the
system (41) in ‘regular form’

x(t) » Tx(t) =% (42)
where
_ |1 —-B;BY
ely

Substituting (42) and (43) into (41) yields

2(t) = A%(t) + [(I)] 5(t) — [BlBéV (I —W?)BI

B,(I - W2)B] ]’7(0 @

where A = T, AT and define BY = (I — BIB,). Since B,BY = I, and BYBY = (I — BIB,)BY =0,
therefore

B;BY (I —w?)Bf = —B,BYW?BT (45)
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Hence, (44) simplifies to:

2(6) = A=(0) + B(t) — [3139 (‘)’VZBZT ] () (46)

5,25
B,W?BT

The last term in (46) becomes zero in the case of fault-free. On the other hand, this term is considered
as the unmatched uncertainty when W =+ [.

Define an alternative nonsingular scaling of the virtual control signal as

v(t) = (B,W?B])v(t) (47)
Therefore, (46) can be rewritten as
9?1(0 _ Ay AR 07 B,BY B3] A
L;C\z(t)] - [A21 Azz] [3?1(0] * [I]v(t) * [ ' 5 Z]U(t) (48)

where B; = W2BI(B,W?BI)~1!

Proposition 1:
There exists a finite constant y,, independent of W, for which
1311 = |IW?B3 (B,W?B3)™H| <y (49)
holds for all 0 < w; < 1, provided that det(B,W?BY) = 0

Proof 1: A similar argument to that in (4/wi & Edwards, 2008). [

Since B; BY B; = 0 in the absence of faults, the virtual control input #(t) can be formulated based
on the nominal (fault-free) system, where the last term in (48) vanishes. An appropriate choice for the
switching surface in (49) is given by

S=ST'=[M I (50)

where M € RV denotes a design parameter.
Subsequently, a new coordinate transformation is introduced such that (X;,X,) = (X1, s), where

IO]

T = [M I 1)

Under this transformation, (48) can be rewritten as

[3?1(1:) =[1‘T11 1‘112”551@)]_'_[ B, B} B; ]ﬁ(t) (52)

$(t) Ay, Aylls(d) I+ MB,BYB;
where
1‘111 = A11 - A12M (53)
and
Ay = MAyq + Ayq — AppM (54)

During an ideal sliding motion, $(t) = s(t) = 0, and the equivalent control input ¥, required to
maintain this sliding condition can be derived from the second row of (52), which is given by
Deq(t) = —(I + MB; B} B3) 1Ay, %, (1) (55)

Define the scalar
¥1 = |IMByBY || (56)

the following inequality can be derived by combining (49) and (56)
|IMByBY B;|| < |IMB1BY || |1B31] < Yo¥1 (57)
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If the pair (A4,B,) is controllable, then the transformed pair (A11,A12) will also remain
controllable (Edwards & Spurgeon, 1998). Therefore, this controllability condition enables the selection

of M such that the matrix 211 - 212M is stable. Furthermore, if M is selected to ensure that y;, as

defined in (56), satisfies the condition yyy; < 1, this guarantees the inverse in (55) is well defined for
all W.

Substituting (55) into the upper block of (52) yields the reduced-order system that governs the
sliding dynamics.
%, (t) = A112,(t) — B;BY B3(I + MB{ B} B;) ™' A1 % (1) (58)

In the fault-free case, W = I, which implies B5 = BZ, since B,BY = I. Under this condition, the system
simplifies as follows:
BYB; = (I — BB;)B; = (I — B]B;)B; =0 (59)

and therefore, in the fault-free scenario, the reduced-order system described by (58) simplifies to:
X, (t) = 41121 (0) (60)

which represents the nominal fault-free sliding-mode reduced-order system, whose stability is ensured
by the appropriate selection of the matrix M. In contrast, in the presence of faults or failures, W # [ and
(58) depends on W. As a result, stability needs to be established under fault or failure conditions.

Stability Analysis

The stability of the sliding mode is determined by the reduced-order system in (58). This stability
primarily depends on the matrix A;;, which is ensured by designing the matrix M through standard
hyperplane design techniques, under the assumption of a nominal fault-free condition where W = I. To
evaluate stability under fault or failure conditions (i.e., when W = ), the small gain theorem (Alwi &
Edwards, 2008) is employed. For this purpose, the following transfer function is defined as

G(s) = Ap1 (sl — Ay1)'B,BY (61)

where s denotes the Laplace variable, and G (s) is the transfer function matrix. Also, define
Y2 = 16(8)]w (62)

Proposition 2

The closed-loop system remains stable for any value of 0 < w; < 1 as long as the following

condition holds

0<-r2Vo (63)

" 1-yvo

where the parameters y,, Y1, Y2 are represented by (49), (56) and (62), respectively.

Proof 2: This is similar to the one presented in (Alwi & Edwards, 2008). |

The coefficients y;and y, depend on the matrix M, and therefore are affected by the design of the
sliding surface. However, these coefficients are independent of W. In contrast, the scalar coefficient y,
is influenced by W, but not by M.

If B; = 0, both coefficients y;and y, become zero, ensuring that (63) is satisfied. Moreover, as
Y2Yo

~Y1Yo
closed-loop system in the presence of faults or failures.

[|1B1]] = 0, the scalar term n approaches zero. Therefore, (63) provides a stability check for the
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Sliding Mode Control Methods

As previously mentioned, the virtual control ¥(t) in (48) is designed under the assumption of a
fault-free case (W = I). The control law comprises linear and nonlinear parts, represented as follows:
v(t) = 0,(t) + D () (64)

where the linear part U;(t) is given by
01(8) = A%, () — Azps(t) (65)

and the nonlinear part D, (t) is defined as
s(t)
Dy (t) = —K(t,x)———— ifs(t) # 0 (66)
" IHOII

Proposition 3

If the design matrix M is selected such that A,;; = A;; — A;, M is stable and satisfies the condition
in (63), then the following choice of gain ensures that the sliding motion reaches the surface § in finite
time:

_nyollo®ll +1n

K
1-v1v0

(67)

Proof 3: A similar approach to (4iwi & Edwards, 2008) can be used here. |

The actual control input sent to the actuators is determined by employing 7(t) from (64)-(66),
and using (36), (37) and (47), and u(t) can be written as
u(t) = WBY(B,W?2BI)™1%(¢t) (68)

The term WBY (B,W?2BY)~1 in (68) is commonly known as the CA matrix. This matrix distributes the
control signals among all actuators and is directly influenced by the actuator effectiveness matrix W'.

Design of Controller for Tracking Requirement

Integral action is included to allow tracking of four controlled state variables: true airspeed (Vi)
and flight path angle (y = 6 — ) by the longitudinal controller, and roll angle (¢) and sideslip angle
(B) by the lateral controller. The overall structure of the online control allocation (CA) scheme is
illustrated in Figure 5. It is assumed that the actuator effectiveness levels are known and provided by
the fault detection and isolation (FDI) unit.

A new state variable x,.(t) € R! is defined as
xrc(t) = rc(t) - ch(t) (69)

where C, is the output matrix that selects the controller state variables and 7, (t) is the filtered demand
signal, and is given by

#(t) = I(r.(t) — R(1)) (70)

Here, I is a stable design matrix, and R(t) denotes a constant desired reference. Separate C, matrices

are used for the longitudinal and lateral controllers, and are given by
_[0 0 1 0 _1 0 0 0
chng_[1 -1 0 0]’Cclaf_[0 1 00 71)

The system state is then augmented with the new state variables to yield

xr(t)]
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The system in (32) is transformed into the augmented form and becomes

Xq(t) = Agxq(t) + Bav(t) + Brr(t) (73)
where the system matrices are defined as
_ [0 —C, [0 [
Ac=[y 5] Ba=|g ) B =) (74)
The controller aims to induce and maintain a sliding motion along the defined surface
S, ={x, ER™™ . S, x, =0} (75)
where S, € R+ and the augmented switching function is given by
Sa(t) = Saxq(t) = [Mq I]xa(t) (76)
and M, € R™!. The augmented state variables can be partitioned into two components such that
X1 (t)]
xq(t) = [ 77
0= (77)
where x; (t) € R", x,(t) € R%. The matrix 4, can be divided into four parts, and represented by
Aan Aa12
- (78)
“ [Aau Aazz

Assuming the controller successfully achieves ideal sliding motion on the designated hyperplane,
the resulting reduced-order dynamics can be expressed as

%, (8) = (Aa11 - Aa12Ma)x1 () + Errc(t) (79)

where B, is the top n rows of B, from (74). From (79), the controllability of the matrices A, ,and A,
is essential for a stable motion on the sliding surface. According to (Edwards & Spurgeon, 1998), this
condition is satisfied if the overall pair (4,, B,) is controllable, which is guaranteed and provided the

triple (4, B, C) has no invariant zeros at the origin (Alwi & Edwards, 2008).

As previously discussed, the proposed controller for the augmented system is composed of two
parts:

o(t) = 0,(8) + 0, (2) (80)
The discontinuous part is defined as
k=25 e s 0
NG ST T (81)
0 otherwise

and, P, denotes a symmetric positive definite matrix that satisfies the Lyapunov equation
p2¢ + ¢T132 =—] (82)

where @ € R™ ™ represents a stable design matrix.

Note that compared to (66), the terms P, (and therefore @ in (88)) have been included in (81) for
practical implementation. As discussed in (Alwi et al., 2011; Edwards & Spurgeon, 1998), the term @
accelerates the sliding motion relative to the original formulation in (66).

The linear part of the controller 7;(t) in (80) is defined as
D1(t) = Lxg(t) + Ly (t) (83)

where L and L, are the feedback gains (Edwards & Spurgeon, 1998), and are given by
L= _(SaAa - d)Sa): L, =—-M,B, (84)
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In this paper, the matrix S, is determined using a quadratic minimisation approach (Edwards &
Spurgeon, 1998; V. 1. Utkin, 1979). The symmetric positive definite weighting matrices have been
selected as

Qiong = diag(1,5,10,10,1,2) (85)
Qiat = diag(1,1,1,1,1,1) (86)
and the stable design matrices are selected as
Piong = diag(~2,-2) (87)
Py = diag(—2,-2) (88)

The poles of the reduced-order sliding motion for both the longitudinal and lateral controllers are

as follows:
Eiong = (—0.8474, —1.0002,—1.3556, —3.9481) (89)

Ejqr = (—0.7296,—0.8849 + 0.5010i, —1.2953) (90)

The filter parameters have been specified as
nong = —2.513, g = —2.51, (91)

The nonlinear modulation gains are set to
Klong =50, Kigt = I, (92)
respectively.

Finally, a sigmoidal approximation (Alwi et al., 2011) has been implemented to smooth the
discontinuity in (81) so that
P,s

2y (93)
[|P2s]| + 64

where §, = 0.01, P, = I, have been selected for both the longitudinal and lateral controllers.
Figure 5

The general controller diagram of the aircraft
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Stability Analysis for Design

The norms of B; and B, matrices (the partition of B matrices, as discussed in (34)) for the

longitudinal and lateral axes are given by
1Bzipng 1 = 1. 11Baygell = L11By,,,, Il = 0.1946, ||y, || = 0.0919 (94)
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As seen in (94), B, matrices for both the lateral and longitudinal axes have a significantly greater
influence on the control input compared to B;.

The controller is designed based on the fault-free case in (48). To guarantee its stability under
fault or failure conditions, a stability analysis is performed to ensure that conditions (49) and (63) are
satisfied. First, vy from (49) needs to be computed for all potential fault or failure cases. It is considered
that there are no redundant actuators for controlling V;,, and the propeller is assumed to be failure-free
(e.g. 0 <ws, <1). Additional redundancies exist from the control surfaces (ailerons, elevators,
rudders) and the eight vertical rotors for controlling flight path angle (FPA), roll, and sideslip. For FPA
control, either the elevators alone or two vertical rotors (one front, one rear) suffice in fault/failure
scenarios. In case of a forward propeller failure, the aircraft can temporarily maintain controlled flight
by pitching nose-down and using gravity to achieve an airspeed of approximately 10 m/s. However, this
study focuses specifically on steady-state cruise conditions at speeds exceeding 30 m/s, where gravity-
assisted compensation alone would be insufficient. For roll control, either the ailerons or two of the
vertical rotors (one from the left side and one from the right) are adequate to provide the desired motion
about the roll axis. For sideslip control, either the rudders or two of the vertical rotors (one clockwise
and one counterclockwise) are sufficient to maintain directional stability.

Under the stated assumptions, it can be established that det(B,WBI) # 0 for both axes and
therefore B,W B} retains full rank. A numerical search yields

Voiong = 1:4142, and yo,, = 1.4142 (95)
Using (56) yields
Viing = 16712 x 1077, andyy,,, = 2.9875 x 107° (96)
and therefore,
VotongViong = 2-3634 X 1077 < 1, andyo,, 11, = 2.9875 x 107° < 1 (97)

These results indicate that the requirements of Proposition 2 are satisfied. Furthermore, for the chosen
sliding surface, analysis reveals that

1Giong (DI < V2,5, = 0.2084 X 1075 (98)
and
1G1ae (D] < ¥z, = 2.3188 x 1077 (99)
Therefore, from (63)
Y2iong¥0omg 5 9484 x 105 < 1 (100)

1-n long Yo long

and

Y2at0at 59797 % 1077 < 1 (101)

1- Y11atY01at
which confirms that the closed-loop systems remain stable under all potential actuator fault or failure

scenarios.

Results

The results in this section are based on the nonlinear model (1-10) implemented in SIMULINK
using the ODE14X solver with a step size of 0.01 seconds. To evaluate the effectiveness of the proposed
method, four scenarios were tested, including one fault-free case and three fault/failure cases, as outlined
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in Table 2 and Table 3. This paper focuses on cruise mode and evaluates performance in terms of desired
lateral and longitudinal tracking. Identical manoeuvres are executed across all scenarios to provide
comparison. In fault-free conditions, control is primarily achieved using standard control surfaces
(aileron, elevator, rudder). In fault/failure cases (test cases 2—4), vertical rotors, typically used for VTOL,
are utilised to maintain tracking performance as shown in the fault-free case. The simulation results
show that the proposed scheme maintains tracking performance within +1% error under the fault-free
case. Even in fault and failure cases, the method achieves more than 95% tracking performance,
exhibiting only minor degradation compared to the nominal case. In addition, the coupling effects
between longitudinal and lateral states (e.g., roll and flight path angle) are negligible.

Fault-free Scenario

Figure 6-7 indicates the results under nominal conditions with all actuators functioning. Figures
6a-b demonstrate good tracking performance for longitudinal and lateral states. The simulation begins
with a 25° roll manoeuvre lasting 20 seconds, maintaining near-zero sideslip, followed by a 3 m/s change
in Vi, at 40 seconds and a 12.5° FPA change from 70 to 90 seconds. Figure 6b reveals minor roll-
sideslip coupling. As shown in Figure 7, the control surfaces are more active than the vertical rotors
during nominal flight.

Table 2
Test cases: control surface effectiveness levels w;
No Cases 8, 8, or 8q, 8a, 8y, 6,
1 Fault-free 1 1 1 1 1 1 1
2 Faults/failures 0.5 0 1 0.5 0 0.5 0
3 Only elevator fails 0 0 1 1 1 1 1
4 Aileron and Rudder fail 1 1 1 0 0 0 0
Table 3
Test cases: vertical rotors effectiveness levels w;
No Cases Q4 Q, Q3 Q4 QO Qe Q5 Qg
1 Fault-free 1 1 1 1 1 1 1 1
2 Faults/failures 0 0.5 0.5 0.5 0.5 0.5 0 0.5
3 Only elevator fails 1 1 1 1 1 1 1 1
4 Aileron and Rudder fail 1 1 1 1 1 1 1 1

Faults/failures scenario

This scenario involves faults/failures across all control inputs, as detailed in Case 2 (Tables 2-3).
One elevator, one aileron, one rudder, rotor 1, and rotor 7 have completely failed, while the remaining
inputs operate at 50% effectiveness. The input signals are shown in Figure 9. Despite the faults and
failures, Figures 8a-8b show minimal tracking degradation, and Figure 9b confirms that sliding remains
near zero, demonstrating the robustness of the proposed scheme.

Only the elevator fails

This scenario refers to case 3 in Tables 2-3, where both elevators have failed while all other
actuators remain healthy. As shown in Figures 10a and 10b, the demanded command can still be
executed smoothly by reallocating control signals to the vertical rotors, as seen in Figure 11b. Figure
10c shows that the switching functions are close to zero, indicating a sliding motion is retained despite
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the elevator failure.

Aileron and Rudder Fail

This scenario, corresponding to case 4 in Tables 2-3, tests failures in the lateral control surfaces
(ailerons and rudder). Despite these failures, Figures 12a and 12b show that good tracking performance
is maintained employing the eight vertical rotors. As illustrated in Figure 13a, the aileron and rudder
deflections are zero, and the control signals are effectively redistributed to the vertical rotors, which are
more active than in the fault-free case. The switching function in Figure 13b remains close to zero,
indicating that the sliding motion is maintained.

Figure 6
Fault-free case — Longitudinal and lateral state variables and switching functions
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Figure 7
Fault-free case — Control surfaces and vertical rotors
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Faults-failures case - Longitudinal and lateral state variables and switching functions
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Figure 9
Faults-failures case — Control surfaces and vertical rotors
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Figure 10
Only elevator fails - Longitudinal and lateral state variables and switching functions.
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Aileron and Rudder Fails - Longitudinal and lateral state variables and switching functions
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Figure 13
Aileron and Rudder Fails - Control surfaces and vertical rotors
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Figure 13 b) Vertical rotors

Conclusion

This study proposes an SMC-based FTC scheme for an octoplane during cruise flight, exploiting
the robustness of SMC and actuator redundancy from the control surfaces and eight vertical rotors. The
CA redistributes control signals in the event of total actuator faults or failures, without requiring
controller reconfiguration. Controllers are designed for both longitudinal (flight path angle and true
airspeed) and lateral (roll and sideslip angles) dynamics. Four simulation scenarios, including fault-free
and various failure/fault cases, show minimal tracking performance degradation, demonstrating the

scheme’s effectiveness.

using Sliding Mode Control Techniques’
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INTRODUCTION

Floating wind turbine (FWT) technology enables renewable energy harvesting in deep waters
where fixed-bottom foundations are not feasible. Various platform types have been developed, including
spar-buoy, semi-submersible, and tension leg platforms (TLPs), each offering distinct stability and cost
characteristics. Among them, TLPs provide high stiffness and small motion amplitudes due to their
pretensioned mooring lines, making them suitable for large turbines and challenging environments
(Oguz et al., 2018; Hmedi et al., 2022).

Recent studies have highlighted the increasing potential of the Turkish coastal zones for floating
wind deployment. Caceoglu et al. (2022) identified the Kiyikdy region in the western Black Sea as one
of the most promising locations for offshore wind development. Motivated by this, Ucar et al. (2025a)
conducted a design-oriented feasibility study of a site-specific TLP concept. Ucar et al. (2025b) extended
this work by evaluating the fatigue life of different concepts under long-term environmental conditions.
The doctoral research of Ucar (2025) provides an interlinked approach combining hydrodynamics,
fatigue assessment, and capacity-factor estimation.

Accurate modeling of floating wind platforms requires balancing fidelity and computational cost.
High-fidelity computational fluid dynamics (CFD) models are used in diverse fluid flow solutions
(Kumcu & Ucar, 2017; 2019; 2020; Kaya, 2019). The CFD approach provides high-fidelity flow
resolution but demands substantial computational resources (Ucar & Kumcu, 2018; Savci et al., 2023;
Ismayilli & Buker, 2024). Conversely, coupled aero-hydro-servo-elastic tools such as FAST
(Fatigue, Aerodynamics, Structures, and Turbulence) and its successor OpenFAST (NREL, 2025) offer
computationally efficient simulations with multi-fidelity. These codes have been validated with
experimental and numerical studies (Oguz et al., 2018; Ucar et al., 2022; 2025c) and widely applied for
coupled dynamics and fatigue analyses of various floating wind turbine systems (Ucar et al., 2025b;
2025¢; Putra et al., 2023). Parallel computational advances have further increased the feasibility of such
multi-fidelity simulations on modern high-performance computing clusters (Putra et al., 2024; 2025).
For regional-scale assessments, this balance between efficiency and fidelity is crucial to explore multiple
environmental scenarios at reasonable computational expense.

Building on this context, the present study performs a dynamic analysis of the NREL/MIT TLP
supporting the NREL 5-MW reference wind turbine (RWT) under environmental conditions
representative of the Kiyikdy region. The objective is to characterize the platform motions, mooring
loads, and associated computational effort across representative Design Load Cases (DLCs) using the
coupled OpenFAST environment. The results provide an informative basis for early-stage feasibility
evaluations of floating wind concepts in the Black Sea region.

MODEL DESCRIPTION

The FWT platform used in this study was originally developed by Tracy (2007) at Massachusetts
Institute of Technology (MIT), and its spoke length was readjusted by Matha (2010) from NREL to
prevent the platform from pitch mode resonance. Therefore, it is named after NREL/MIT TLP.

NREL/MIT TLP supports the National Renewable Energy Laboratory (NREL) 5-MW
Reference Wind Turbine. The RWT model enables reproducible comparisons between diverse concepts,
including floating (Ucar et al., 2022; 2025¢) and onshore units (Buyukzeren et al., 2024). Its key
parameters, including rotor diameter, rated power, hub height, and mass distribution, are summarized in
Table 1. The aerodynamic and control properties follow the original baseline controller developed by
NREL for variable-speed, pitch-to-feather operation.
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Table 1

NREL’s 5 MW baseline turbine properties (Jonkman et al., 2009)
Property Specification
Rated power 5 MW

Rotor orientation & configuration

Rotor diameter, hub diameter & hub height

Wind speed: Cut-in, Rated, Cut-out
Cut-in rotor speed, Rated rotor speed
Rated tip-speed

Overhang, Shaft tilt, Precone

Rotor mass

Nacelle mass

Tower mass

CM location

Control system

Upwind, three blades, 61.5 m length
126 m, 3 m, 90 m

3m/s, 11.4 m/s, 25 m/s

6.9 rpm, 12.1 rpm

80 m/s

5m, 5°,2.5°

110,000 kg

240,000 kg

347,460 kg

-0.2m, 0.0 m, 64.0 m

Variable-speed generator torque &
collective active pitch (PI)

NREL/MIT TLP is shown in Figure 1, and its features are given in Table 2. The platform consists
of a central column connected to four outer columns through four pontoons, each connected to two
mooring lines providing restoring stiffness. While the main restoring mechanism is mooring, a concrete
ballasting of 12.6 m is used for the platform, having a draft of 47.89 m. Therefore, the platform center

of mass (CM) is located 40.61 m below the still water line (SWL).

Table 2

NREL/MIT TLP properties
Properties Value
Platform diameter 18 m
Platform draft 47.89 m
Water depth 200 m
Mooring system spreading angle 90°
Average mooring system tension per line 3,931 kN
Concrete (ballast) mass 8,216 tons
Concrete height (from the platform bottom) 12.6 m
Total displacement 12,187 tons
Number of mooring lines 8
Fairlead distance from the center 27 m
Unstretched mooring-line length 151.73 m
Line diameter 0.127 m
Line mass per unit length 116.03 kg/m
Line extensional stiffness 1,500 MN
Average steel density 7850 kg/m
Average concrete density 2562.5 kg/m
Steel wall thickness 0.015m
Platform center of mass (CM) -40.612 m
Full system center of mass -32.7957 m
Center of buoyancy -23.945 m
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Figure 1
Schematic view of NREL/MIT TLP and the six degrees of freedom about its center of mass (CM)
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The simulations are performed using the coupled OpenFAST environment developed by NREL.
This tool integrates aecrodynamic, hydrodynamic, structural, and control modules into a time-domain

solution framework:

e HydroDyn defines the first-order hydrodynamic loads based on potential-flow data and
Morison elements.

e  MoorDyn simulates the dynamic response of the mooring lines modeled as lumped-mass
elements.

e AeroDyn calculates aerodynamic forces using blade element momentum theory (BEMT).

e ServoDyn governs pitch and generator control systems.

The overall modeling approach follows previous validation and fatigue studies conducted by the
authors using OpenFAST and potential-flow solvers (Ucar, 2025; Ucar et al., 2025a; 2025b). For a
potential flow solution, fluid is assumed ideal, i.e., inviscid and incompressible. The governing equation
becomes time independent, and the outputs are frequency domain hydrodynamic coefficients and
excitation forces. While being minor compared to diffraction effects, viscous effects are included with
Morison-type hydrodynamic coefficients. The time-dependent problems with random wave patterns are
solved using inverse Fourier transformations in HydroDyn to combine the frequency-domain outputs.
The assumptions are common for preliminary studies for the sake of computational efficiency. On the
other hand, for a detailed site-specific platform design, higher-order CFD solutions are required to
consider turbulence and viscous effects despite high computational demand. The hydrodynamic
behavior of the NREL/MIT TLP provides a baseline for comparing computational effort among different
DLCs and identifying the demanding cases in terms of simulation time.
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SIMULATION SETUP

All simulations were conducted using OpenFAST v3.6. Environmental inputs were defined
according to the IEC 61400-3 guidelines (IEC, 2014). The 50-year extreme wind and wave condition
values correspond to the long-term metocean analysis of the Kiyikdy site in the western Black Sea (Ucar,
2025). The sea-state parameters were previously derived from the joint probability distributions of
significant wave height and peak period. The JONSWAP spectrum (Hasselmann et al., 1973) was used
with a shape parameter y = 3.3, and the wave direction was aligned or offset by 45° depending on the
case definition.

The selected DLCs include static-equilibrium, free-decay, response characterization, and extreme
conditions. Static-equilibrium and free-decay tests serve as initial validation. Static-equilibrium test is
used to determine the initial orientation of the platform in the absence of external excitation. Then, the
free-decay tests are conducted to calculate the platform’s natural frequencies with its exponentially
decaying motion. Response characterization cases are used to observe the wave-structure interactions
under sinusoidal and non-sinusoidal waves. The extreme cases correspond to wind and wave events with
a 50-year return period, determined by Ucar (2025) using extreme value analysis.

A summary of the simulated cases is given in Table 3. The simulations were executed on a
workstation equipped with an Intel Core i5-12500H CPU and 16 GB RAM. The time step was selected
to maintain numerical stability and ensure consistent coupling among the solver modules. For each DLC,
the total CPU runtimes were recorded to assess computational performance.

Table 3
Design load cases (DLCs) and features
Load Description Wind Wave Current
case P condition condition condition
1.3a Free decay-Surge No air Still water -
1.3b Free decay-Sway No air Still water -
1.3¢c Free decay-Heave No air Still water -
1.3d Free decay-Roll No air Still water -
1.3e Free decay-Pitch No air Still water -
1.3f Free decay-Yaw No air Still water -
. Regular airy:
2.1 Regular waves No air Head waves, H=3 m, T=7 s -
Irregular airy:
2.2a Irregular waves No air Head waves, H=3 m, T;=7 s, -
JONSWAP spectrum
Irregular airy:
2.2b Irregular waves No air 45° waves. H=3 m, T,=7 s, -
JONSWAP spectrum
Irregular airy:
2.5 fN (;'Vy:ar extreme No air Head waves, H=7.25m, T,=15.75s, -
JONSWAP spectrum
Steady,
34 Wind/wave/current uniform, Regular airy: Qt/ssurref?ecree’n?:f
’ (WWQ) no shear: Head waves, H=3 m, T=7 s o
_ depth=20 m
V=8 m/s
50-vear extreme Turbulent Irregular airy:
3.5 win}(li fwave (IECKaimal)  Head waves, Hi=7.25 m, T,;=15.75 s, -
V=40 m/s JONSWAP spectrum
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RESULTS AND DISCUSSION

This section presents the numerical results obtained from the dynamic simulations of the
NREL/MIT TLP under different environmental conditions. Once the platform’s restoring characteristics
are captured through the system identification, response characterization, and extreme load cases are
conducted. Each simulation provides quantitative insight into the platform motions, tendon tensions,
and computational effort required for each DLC. The results are discussed in relation to physical
behavior and computational efficiency, emphasizing the balance between accuracy and runtime.

System Identification

System identification was performed through static-equilibrium and free-decay simulations to
verify the physical consistency of the model. The static-equilibrium test yielded the platform’s mean
displacements and tendon tensions under steady conditions, while the free-decay analyses are used to
identify the natural frequencies of the six rigid-body modes.

As presented in Table 4, the static-equilibrium results show that the NREL/MIT TLP remains
well centered in all translational and rotational directions. The tendon forces are almost identical across
all fairleads, with a mean value of approximately 3.9 MN, due to the symmetrically configured mooring
system. The minor fore—aft difference in tendon pretension results from the 0.2-m rotor-nacelle
assembly eccentricity shown in Table 1.

Table 4
Mean values for the static-equilibrium condition

Surge  Sway Heave Roll (°) Pitch Yaw FL 1 FL2 FL 3 FL 4
(m) (m) (m) ©) ©) MN) MN) MN) (MN)
Value  -0.002 <0.001 0.007 <0.001 -0.003 <0.001 3.916 3.904 3.892 3.904
FL: Fairlead

The free-decay simulations produced the platform’s natural frequencies, as listed in Table 5. The
surge, sway, heave, and yaw modes agree well with the literature, with differences below 5% for surge,
sway, and yaw and less than 0.1% for heave. These results verify that the platform’s global stiffness and
hydrodynamic coefficients are correctly represented. The pitch and roll frequencies are approximately
30% higher than the reference values, due to pitch—heave coupling and the associated restoring
characteristics of the TLP.

Overall, the system identification results confirm that the model is stable, physically consistent,
and suitable for time-domain simulations. The natural frequencies fall outside the first-order wave
excitation range (0.04-0.25 Hz) according to DNV GL (2018), reducing the risk of resonance.

Table 5
Natural frequency comparison with reference values

Surge Sway Heave Roll Pitch Yaw
(Hz)  (Hz) (Hz)  (Hz) (Hz)  (Hz)
Simulation ~ 0.0158 0.0158  0.4367 0.2875  0.2883  0.0942
Reference 0.0165 0.0165 04375 0.2229  0.2211 0.0972

Difference -4% -4% <0.1% 29% 30% -3%

Mode

Response Characterization Cases

The response characterization cases include DLC 2.1, 2.2a, 2.2b, and 3.4. These simulations
identify the platform’s dynamic behavior under regular and irregular wave excitations and assess its
coupled performance under steady wind and current.
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Platform Motions

The platform motions for the response characterization cases are presented in Figure 2 and
summarized in Table 6. Consistent with its high restoring stiffness, the TLP exhibits small amplitudes
in constrained modes, heave, roll, pitch, and yaw. For the non-constrained modes, surge and sway, the
mean motions are more parallel with the wind and wave excursion. Additionally, the decaying surge
and sway mode motion up to around 300 s simulation time showed that the transitional duration may
change with the modes. Sway, roll, and yaw mode motions under head waves are insignificant due to
platform symmetry.

Under DLC 2.1 (Regular in Figures), surge mode motion reaches a maximum amplitude of 1.67
m and an RMS value of 0.56 m. For DLC 2.2a (Irregular in Figures), the maximum amplitude and the
RMS are lower for the surge mode, while higher for the maximum amplitude in pitch mode. Pitch mode
results are parallel with the maximum wave amplitudes, while it is valid for the RMS of the wave for
the surge mode, due to the random phases and amplitudes of irregular waves.

For DLC 2.2b, where the wave direction is 45° (Irregular45° in Figures), surge and pitch
amplitudes reduce, and sway and roll amplitudes increase, showing that oblique waves distribute
excitation among degrees of freedom. Limited yaw motion (=0.2°) develops under asymmetric wave
loading, as expected.

The coupled DLC 3.4 case (WWC in Figures) includes steady wind and current in addition to
regular waves, increasing the mean surge displacement due to aerodynamic thrust and current-induced
hydrodynamic drag.

Mooring Line Tensions

The statistical results of the fairlead mooring tensions are summarized in Table 7. The mean
tensions are close to 3.9 MN for all tendons, which is consistent with the pretension levels obtained in
the static-equilibrium analysis. DLC 3.4 (WWC) is an exception due to the drag exerted by the wind
and current. As shown in Figure 1, moorings 1-3 and 2-4 are opposite, and their responses are symmetric
around the mean tension. Thus, only the fairlead mooring tensions of 1 and 2 are given in Figure 3. The
minimum tensions occur at the downwind tendons (Mooring 1), and the upwind tendons experience the
maximum simultaneously. No slack or breaking condition is observed.

Under DLC 2.1, the tendon tensions oscillate in parallel to the regular head waves, showing that
the restoring stiffness of the tendons effectively balances the platform motions. In DLC 2.2a, irregular
waves are introduced, and therefore, the random phasing of the wave components increases the dynamic
range of tension. But it does not introduce significant asymmetry or excessive fluctuations.

For DLC 2.2b, the oblique wave direction changes the tension fluctuations. The two tendons
facing the incoming waves experience higher peak loads due to the redistribution of wave-induced
forces. Despite these variations, the RMS tension values remain close to those of the head-wave cases,
confirming that the global stiffness and damping of the system prevent local overloads.

The coupled DLC 3.4 case introduces additional steady aerodynamic and current-induced forces;
therefore, the mean tendon tensions show a small increase. The combination of steady and oscillatory
loads does not lead to instability or nonlinear amplification.
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Extreme Cases

The extreme cases, DLC 2.5 and DLC 3.5, represent the most demanding environmental
conditions simulated in this study. DLC 2.5 includes 50-year irregular head waves without wind, while
DLC 3.5 combines 50-year extreme wind with irregular head waves.

Platform Motions

Figure 4 illustrates the platform motions in extreme cases, while the corresponding statistics are
included in Table 6. Compared to the response characterization cases, the overall motion amplitudes
increase significantly due to higher wave and wind excitation. In DLC 2.5 (Extreme Wave in Figures),
the maximum surge amplitude reaches about 6 m, while the heave and pitch responses remain below
0.2 m and 0.6°, respectively. As in the response characterization cases, despite the energetic sea state,
strong tendon restoring forces keep the constrained mode motions limited.

When wind loading is introduced in DLC 3.5 (Extreme Wind/Wave in Figures), the acrodynamic
thrust shifts the maximum surge position forward to approximately 6.8 m. This is accompanied by the
insignificantly higher heave maximum amplitude, below 0.2 m. The yaw response remains minor,
confirming that the mooring layout effectively resists yawing motion. These results demonstrate that the
TLP configuration can withstand combined aerodynamic and hydrodynamic loading without excessive
displacement or instability.

The comparison between the two extreme cases shows that the addition of wind mainly affects
surge maximum amplitude and mean offset, while its influence on heave and pitch remains limited
within the typical operational envelope reported for similar TLP configurations (Oguz et al., 2018;
Hmedi et al., 2022; Ucar et al., 2025c).

Mooring Line Tensions

Similar to the response characterization cases, the statistical results of the tendon tensions are
summarized in Table 7, and only the Moorings 1 and 3 are given in Figure 5. Compared to wave response
cases, higher maximum and lower minimum loads occur during the 50-year conditions due to the higher
wave and wind excursions. Nevertheless, no slack or tendon breaking is observed. In both of the extreme
cases, DLC 2.5 and 3.5, the minimum tension stays above 0.75 MN, which is 20% of the design
pretension. The maximum tension stays below 7 MN, which is within the design range reported in
previous numerical studies using the same platform (Matha, 2010).

In DLC 2.5, the maximum up-wave tendons experience peak tensions higher than the response
characterization cases, and so the lower tensions for the down-wave tendons. On the other hand, the
RMS and mean tensions remain close to the response characterization cases, due to facing similar
oscillatory motions. On the other hand, in DLC 3.5, the extreme wind conditions exert high aerodynamic
thrust, which increases the tendon loads in the upwind direction and decreases those for the downwind.
Therefore, in DLC 3.5, the addition of extreme wind increases both mean and peak tensions. However,
the slack or breaking mooring condition was not observed, showing that the mooring layout distributes
forces effectively even under severe combined loading.

Overall, the mooring system supports structural integrity under both hydrodynamic and coupled
extremes. The tension amplitudes are physically consistent with the corresponding surge displacements
and do not indicate any tendency toward slack or resonance. These results confirm that the NREL/MIT
TLP exhibits adequate stiffness, load distribution, and stability under 50-year extreme wind and wave
conditions of the K1yikdy region.
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Figure 4
Platform motions for extreme cases
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Fairlead mooring tensions for extreme cases
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Table 6
Platform motions
Metric DLC Wave Elevation Surge Heave Pitch Yaw
(m) (m) (m) ) )
2.1 1.50 1.67 0.01 0.28 <0.01
2.2a 2.52 1.04 0.03 0.50 <0.01
Maximum  2-2b 2.52 0.74 0.02 0.37 0.23
amplitudes 2.5 7.90 6.14 0.14 0.68 <0.01
3.4 2.52 3.13 0.03 0.55 0.07
3.5 7.90 6.77 0.18 0.64 0.12
2.1 1.06 0.56 0.01 0.19 <0.01
2.2a 0.65 0.37 0.01 0.18 <0.01
RMS 2.2b 0.65 0.26 0.01 0.13 0.08
2.5 1.84 1.37 0.02 0.17 <0.01
3.4 0.65 1.99 0.01 0.15 0.03
3.5 1.83 2.33 0.05 0.17 0.06
2.1 <0.01 0.01 0.01 <0.01 <0.01
2.2a <0.01 -0.01 0.01 <0.01 <0.01
2.2b <0.01 -0.01 0.01 <0.01 <0.01
Mean
2.5 <0.01 <0.01 <0.01 <0.01 <0.01
3.4 <0.01 1.95 -0.01 0.09 0.02
3.5 <0.01 1.89 -0.04 0.07 0.06
Table 7
Fairlead mooring tensions
Metric DLC Wave Elevation Fairlead 1 Fairlead 2  Fairlead 3  Fairlead 4
(m) (MN) (MN) (MN) (MN)
2.1 1.50 5.23 3.92 5.21 3.92
2.2a 2.52 6.15 4.09 6.25 4.09
Maximum  2-2b 2.52 5.52 5.51 5.60 5.48
amplitudes 2.5 7.90 6.81 4.65 6.92 4.65
3.4 2.52 5.26 4.05 6.45 4.01
3.5 7.90 6.36 4.72 6.95 4.76
2.1 1.06 4.02 3.90 3.99 3.90
2.2a 0.65 4.00 3.90 3.98 3.90
RMS 2.2b 0.65 3.95 3.96 3.94 3.94
2.5 1.84 4.00 3.91 3.98 3.91
3.4 0.65 3.51 3.92 4.38 3.88
3.5 1.83 3.67 3.91 433 3.96
2.1 <0.01 3.92 3.90 3.89 3.90
2.2a <0.01 3.92 3.90 3.89 3.90
Mean 2.2b <0.01 3.91 3.91 3.90 3.89
2.5 <0.01 3.92 3.91 3.89 3.91
3.4 <0.01 3.46 3.92 4.35 3.88
3.5 <0.01 3.60 3.91 4.27 3.95
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Computational Performance

The computational performance of the simulations is summarized in Table 8. The calm water
cases, including static-equilibrium and the free-decay series (DLC 1.3a—1.3f), achieved high efficiency
with simulation-to-elapsed-time ratios between 6.49 and 7.02. These values reflect the low
computational cost when only structural and hydrodynamic solvers are active. For the regular and
irregular wave cases (DLC 2.1, 2.2a, 2.2b), the ratios ranged from 3.26 to 4.80, indicating the additional
cost of computing wave kinematics and hydrodynamic loads at each time step. The coupled case
(DLC 3.4) showed a similar ratio of 3.70, demonstrating that steady aerodynamic thrust and current do
not significantly increase runtime at this time-step level.

The extreme sea state (DLC 2.5) reduced the ratio to 2.69 due to the longer physical duration and
full irregular-wave loading. The most demanding run, DLC 3.5, yielded a ratio of 0.07, driven by the
finer 0.00125 s time step required for numerical stability under extreme turbulent wind and large waves.
Overall, the results show predictable and consistent scaling of OpenFAST with respect to model
complexity and time-step refinement, especially compared to CFD applications (Ucar, 2021).

Table 8

Computational performance
Condition SimUIfltion duration Elapsed ~ Time Simulation duration/

Transient (s) Used (s) time (s) step(s)  Elapsed time (-)
Static-equilibrium 0 1,200 172 0.0125 6.98
DLC 1.3a 0 1,200 171 0.0125 7.02
DLC 1.3b 0 1,200 172 0.0125 6.98
DLC 1.3¢ 0 1,200 185 0.0125 6.49
DLC 1.3d 0 1,200 173 0.0125 6.94
DLC 1.3e 0 1,200 180 0.0125 6.67
DLC 1.3f 0 1,200 173 0.0125 6.94
DLC 2.1 180 600 125 0.0125 4.80
DLC 2.2a 180 600 184 0.0125 3.26
DLC 2.2b 180 600 125 0.0125 4.80
DLC 2.5 600 11,400 4,233 0.0125 2.69
DLC3.4 180 600 162 0.0125 3.70
DLC 3.5 600 11,400 161,499 0.00125 0.07
CONCLUSIONS

This study analyzed the dynamic behavior of the NREL/MIT TLP supporting the NREL 5-MW
wind turbine under Kiyikdy site conditions using OpenFAST. The simulations covered representative
DLC:s to assess platform motions, mooring tensions, and computational performance.

The results showed realistic responses in all conditions. Surge dominated the motion, while heave
and pitch remained smaller than 0.2 m and 1° due to the tendons’ high vertical stiffness. Directional
waves reduced surge and pitch amplitudes and induced minor sway, roll, and yaw, consistent with
expected behavior for oblique seas. The platform survived under 50-year extreme wind and wave
conditions. Mooring loads stayed within the design limits; no breaking condition was observed, and the
minimum tension was observed at 20% of the design pretension.

Overall, the study confirms that OpenFAST enables time-efficient simulations of TLP-type
FWTs, providing a practical tool for early-stage decisions.
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