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CHAPTER 1

ELEKTRIKLI ARACLARDA TASARIMIN ONEMI
VE KRIiTERLERI

Tevfik ATAM@N1
Miisliim GUR?

Giris

Elektrikli araglar (EA), otomotiv endiistrisindeki en kokli
déniisiimlerden birinin merkezinde yer almaktadr. 1k elektrikli arag
ornekleri 19. yiizyil sonlarinda ortaya ¢ikmis olsa da, i¢cten yanmali
motorlu araglarin gdlgesinde uzun bir siire nispeten siirh kaldilar.
Ancak 6zellikle son on yilda, enerji verimliligi, cevresel kaygilar ve
batarya teknolojilerindeki gelismeler sayesinde elektrikli araglara
olan ilgi ve yatirim biiyiik Olgiide arttt (Lampon, 2022). 202011
yillarla birlikte bir yandan hiikiimetlerin karbon emisyonlarin
sinirlayan diizenlemeleri, diger yandan batarya maliyetlerinin
diismesi, elektrikli ara¢ iretimini ve AR-GE faaliyetlerini
hizlandirmigtir. Bunun bir sonucu olarak elektrikli ara¢ tasarimi
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akademik literatiirde genis bir arastirma alami haline gelmistir
(Kalhor ve ark., 2025). Giincel arastirmalar, elektrikli ara¢ pazarinda
giderek ortak bir “hakim mimari” olusmaya basladigini dahi 6ne
sirmektedir (Khan & Cameron, 2025). Bu durum, elektrikli
araclarda tasarimin kritik bir rol oynadigini géstermektedir.

Elektrikli araclarda tasarim, geleneksel icten yanmali
motorlu araglardan farkli oncelikler ve zorluklar igerir. Ornegin,
icten yanmali araglarda biiyiik hacimli bir motor ve aktarma
organlar1 bulunurken, elektrikli araglarda bunlarin yerini biiylik bir
batarya paketi, elektrik motorlar1 ve gii¢ elektronigi sistemleri alir.
Batarya paketi, elektrikli aracin “yakit deposu” islevini goren en agir
ve hacimli bilesendir; dolayisiyla nereye ve nasil yerlestirildigi
aracin performansini, giivenligini ve verimliligini dogrudan etkiler
(Arora ve ark., 2016). Ayn1 sekilde, elektrikli motorlarin konumu
(6n/arka veya her iki aks) ve sayisi, gii¢ elektronigi birimlerinin
(invertdr, doniistiiriiciiler vb.) diizeni, ve rejeneratif frenleme gibi
yeni Ozellikler de aracin tasarim mimarisini igten yanmali araglardan
farkli kilmaktadir (Khan & Cameron, 2025). Tiim bu unsurlar,
tasarim kararlariin elektrikli arag menzili, siirlis dinamikleri ve
giivenlik performansi tizerindeki kritik etkisini ortaya koymaktadir.
Nitekim Yadav ve Srivastava (2024), elektrikli ara¢ sasisinin
geleneksel araglara  kiyasla  farkli  Onceliklerle  yeniden
tanimlandigini; agirlik dagilimi, yapisal dayanim ve aerodinamik
tyilestirmelerin optimal menzil, ivmelenme ve enerji verimliligi i¢in
belirleyici oldugunu vurgulamistir (Yadav & Srivastava, 2024).

Akademik literatiirde elektrikli arag¢ tasarimina iliskin baslica
konular asagidaki sekilde 6zetlenebilir: (i) Batarya teknolojileri ve
paketleme ¢oziimleri: Yiiksek enerji ve giic yogunluklu bataryalarin
gelistirilmesi yaninda, bu bataryalarin ara¢ igerisinde stratejik
konumlandirilmast ve mekanik olarak gilivenli entegrasyonu genis
capta incelenmektedir (Arora ve ark., 2016; Kalhor ve ark., 2025).
(i) Agirlik azaltma ve malzeme se¢imi: Agir batarya paketlerinin
dezavantajint1  dengelemek icin gelismis hafif malzemeler
(aliminyum alagimlar, karbon fiber kompozitler, ileri yiiksek
dayanimli ¢elikler vb.) ve yenilik¢i govde mimarileri kullanilmakta,
bu konuda hem endiistride hem akademide yogun c¢alismalar
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yapilmaktadir (Kalhor ve ark., 2025). Ornegin, BMW i3 gibi bir
modelde yolcu kabini karbon fiber takviyeli polimerden, sasi ise
aliminyumdan {iretilerek batarya agirligina ragmen toplam kiitle
azaltilmis ve %50’ye yakin ideal agirlik dagilimi elde edilmistir. (iii)
Termal yonetim ve sogutma sistemleri: Yiiksek giiclii lityum-iyon
bataryalarin giivenli ve verimli c¢alismasi i¢in dar bir sicaklik
araliginda tutulmalar1 gerekir. Batarya sicakligiin diizgiin kontrolii,
hiicre Omriinii uzatmak ve termal kagak riskini 6nlemek igin sarttir
(Karimi & Li, 2013). Bu kapsamda hava sogutma, s1vi sogutma, 1s1
borular1 ve sogutucu akigkanl sistemler gibi cesitli batarya termal
yOnetim stratejileri karsilagtirmali olarak incelenmistir (Karimi & Li,
2013; Kalhor ve ark., 2025). (iv) Gii¢ elektronigi ve aktarma
organlari tasarimi: Elektrikli araclarda invertorler, doniistiiriiciiler ve
sarj Uniteleri gibi giic elektronigi bilesenlerinin yerlesimi ve
entegrasyonu da oOnemli bir tasarim kriteridir. Yiksek gerilimli
kablolarin miimkiin oldugunca kisa tutulmasi ve bu bilesenlerin
etkin  sogutulmasi  i¢in  genellikle = motorlara  yakin
konumlandirildiklart goriiliir (Khan & Cameron, 2025). Ayrica bazi
tasarimlarda motor ve invertdr fiziksel olarak entegre edilerek hacim
ve agirlik kazanimi saglanmistir (Wang ve ark., 2021). (v)
Aerodinamik iyilestirmeler: Igten yanmali araclarda da énemli olan
aerodinamik tasarim, elektrikli araglarda menzil iizerinde dogrudan
etkili oldugu igin kritik bir rol oynar. Yiiksek hizlarda aracin enerji
tilketiminin biiylik kism1 aerodinamik siirtiinmeye harcandigindan,
stiriikleme katsayisinin (Cq) diisiiriilmesi menzili artirmanin en etkili
yollarindan biridir (Sangiiesa ve ark., 2021). Motora yonelik biiyiik
radyatOr 1zgaralar1 gerekmemesi, diiz bir alt taban yapisi gibi
avantajlar sayesinde elektrikli araclarda aerodinamik tasarim daha
da optimize edilebilmektedir. (vi) Glivenlik ve carpisma dayanimai:
Elektrikli araclar, agir batarya paketleri ve farklh kiitle dagilimlari
nedeniyle ¢arpigma giivenligi agisindan yeni sinamalara sahiptir.
Batarya paketinin darbe aninda hasar gérmemesi ve yolcularin
yiikksek gerilimden korunmasi i¢in yapisal takviyeler, batarya
koruma kafesleri ve otomatik izolator sistemleri tasarimin ayrilmaz
parcasidir (Navale ve ark., 2021). Bu alanda yapilan ¢alismalar,
konvansiyonel araclarin carpisma bolgelerinin elektrikli araglara
uyarlanmasi, batarya muhafazalarinin  ¢arpisma  enerjisini
--3--



soniimleyecek sekilde tasarlanmasi ve darbe sonrasi elektrik kesme
sistemlerinin (pyrofuse vb.) giivenilirliginin artirilmasi gibi konulara
odaklanmaktadir (Kulkarni ve ark., 2023).

Literatiirdeki bu konular incelendiginde, elektrikli arag
tasariminin disiplinlerarasi bir yaklagim gerektirdigi
anlagilmaktadir. Ara¢ gévde miihendisligi, malzeme bilimi, termal
bilimler, elektrik-elektronik ve otomotiv giivenligi alanlar1 birbirine
entegre sekilde calismaktadir. Ozellikle batarya yerlesimi, agirlik
yonetimi, termal kontrol ve giivenlik konulari, hemen her akademik
calismada One ¢ikan ortak temalardir. Devam eden bdliimlerde,
elektrikli araclarda temel tasarim kriterleri bu basliklar altinda daha
detayl1 ve orneklerle ele alinacaktir.

Elektrikli Arac¢larda Temel Tasarim Kriterleri

Batarya Yerlesimi

Elektrikli ara¢ tasarimimin merkezinde batarya paketinin
konumu bulunmaktadir. Batarya yerlesimi, aracin agirlik merkezi, i¢
mekan diizeni, yapisal dayanimi ve giivenligi tizerinde belirleyicidir.
Genel egilim, batarya modiillerinin ara¢ tabanina, dingiller
arasindaki alana yerlestirilmesidir. Bu yaklagim, bataryayr hem
darbe bolgelerinden uzak tutar hem de agirlik merkezini asagi ceker
(Arora ve ark., 2016). Nitekim giiniimiizde Audi e-tron, VW ID.3,
Tesla Model 3, Chevrolet Bolt, Mazda MX-30 gibi birgcok modern
elektrikli arag, genis ve diiz bir batarya paketini gasi tabanina entegre
eden bu “skateboard” platform mimarisini kullanmaktadir (Nicoletti
ve ark., 2021). Bunun sonucunda batarya, aracin yapisal bir pargasi
Bataryanin alt konumda genis alan kaplayacak sekilde
konumlandirilmasi, yolcu kabininde daha fazla alan kazanimi da
saglar; 6rnegin, saft tiineli veya yakit deposu ¢ikintilar1 olmadan diiz
bir zemin elde edilebilir. Sekil 1’de farkli batarya yerlesim
konfigiirasyonlar1 goriilmektedir.



Interior compartment limit

Vehicle ground limit

Unchanged offset

Changed offset

Sekil 1: Farkli batarya yerlesim konfigiirasyonlari.

H diizeninde batarya, ara¢ i¢i tabanin altinda tiim taban
alanin1 kaplayacak sekilde yerlestirilir; bu durumda batarya
yuksekligi yolcu oturma pozisyonunu yiikseltir ancak maksimum
batarya hacmi saglar. L diizeninde batarya, kabin tabanini
yukseltmeyecek bicimde Ornegin aracin arka bolmesine veya
sanziman tiineli bosluguna yerlestirilir; boylece i¢ mekan yiiksekligi
korunur ancak sigabilecek batarya boyutu daha kiigiiktiir. M diizeni
ise bataryanin kismen tabana entegre, kismen de kabin disinda
konumlandig1 bir ara ¢oziimdiir (Nicoletti ve ark., 2021). Gergek
diinyada, spor otomobillerde bazen algak taban (6rnegin Rimac
Concept One), sehir otomobillerinde ise karma yaklasimlar (6rnegin
ilk nesil Nissan Leaf) goriilmiistiir. Gliniimiizde ise ¢ogu yeni model,
yliksek taban diizenine benzer sekilde bataryay: araca yayarak hem
menzil hem denge avantaj1 elde etmektedir.

Batarya yerlesiminin tasarim kriterleri incelendiginde birkag
temel gereksinim ortaya ¢ikar: (1) Agirlik merkezi ve denge: Batarya,
oldukca agir oldugundan miimkiin oldugunca algak bir konuma
yerlestirilmelidir. Alt tabana yerlestirilen batarya paketi, aracin
agirlik merkezini diistirerek viraj dengesi ve yol tutusunu iyilestirir
(Kalhor ve ark., 2025). (ii) Yolcu giivenligi: Yiiksek voltajli batarya,
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yolcu kabininden izole bir bolmede olmal1 ve ¢arpisma durumunda
deformasyon bolgelerinin disinda kalmalidir. Bu nedenle batarya
paketinin 6n ve arka tampon bdlgelerinden belirli bir mesafede
iceride konumlandirilmasi gerekir (Kalhor ve ark., 2025). Olas1 bir
kazada bataryanin darbe almasi halinde olusabilecek enerji salimi ve
yangin riski, biiyiilk batarya kapasiteleriyle daha da kritik hale
gelmistir (Kulkarni ve ark., 2023). Dolayisiyla batarya, sasi i¢inde
korunakli bir kafes yapiyla cevrelenmeli ve aracin yapisal
biitlinliigliyle uyumlu bir bi¢cimde yerlestirilmelidir. (ii1) Termal
yoOnetim: Batarya paketinin konumu, sogutma ve havalandirma
imkanlarmi1 da etkiler. Bataryalarin etrafinda yeterli hava akimi
saglanabilecek bir diizen, dogal sogutmaya katki yapabilir. Ancak
genellikle zemin altindaki bataryalar icin ilave aktif sogutma
sistemleri (6rnegin s1vi sogutma devreleri) gereklidir. Ornegin yaz
mevsiminde asfalt yol yiizeyinin 1s1s1 batarya alt yiizeyine iletilebilir;
bu durumda zemin alt1 batarya diizenine sahip araglarda bile ek siv1
sogutma plakalar1 veya sogutucu devreleriyle batarya sicakligi
kontrol altinda tutulur (Kalhor ve ark., 2025). (iv) Bakim ve
modiilerlik: Bataryanin ara¢ altina konumlandirilmasi, bakim ve
degistirme siireglerini de etkiler. Bu tasarimda batarya paketi
genellikle civatalarla sasiye baglanir ve gerektiginde asagiya dogru
sokiilip  cikarilabilir  sekilde planlanir. Modiiler batarya
yaklasimlari, paketin belirli béliimlerinin degisimini veya kademeli
ylikseltmesini miimkiin kilar (Arora ve ark., 2018). Ornegin bazi
elektrikli otobiislerde batarya modiilleri hizli degisim gozetilerek
yan boOlmelere yerlestirilmistir; ancak binek araglarda alt taban
yerlesimi agirlikli olarak tercih edildiginden modiilerlik daha ¢ok i¢
yapida saglanmaktadir.

Sonug olarak, batarya yerlesimi elektrikli ara¢ tasariminin
belki de en 6zgilin karar alanidir. Dogru tasarlanmis bir batarya
konumu, maksimum menzil, optimum agirlik dagilimi ve yiiksek
giivenlik hedeflerini ayn1 anda destekleyebilir. Bu nedenle
miithendisler, batarya i¢in miimkiin olan en giivenli ve verimli
noktay1r belirlemek tiizere c¢ok disiplinli simiilasyonlar ve
optimizasyonlar gerceklestirmektedir (Arora ve ark., 2016).



Agirhik Merkezi ve Dagilimi

Elektrikli araglarda agirlik merkezi yiiksekliginin ve 6n-arka
agirlik dagiliminin ayarlanmasi, ara¢ dinamigi agisindan kritik
onemdedir. Bataryalarin agir olmasi nedeniyle elektrikli araglar
genellikle benzer boyuttaki icten yanmali araglardan daha yiiksek
toplam kiitleye sahiptir. Fakat bu agirhigin zemine yakin ve
merkezde toplanabilmesi, denge ve yol tutus avantaji saglayabilir.
Diiz tabanlhi batarya yerlesimi sayesinde birgok modern elektrikli
arag, yercekimi merkezini ¢ok agagiya ¢ekebilmis ve 50:50’ye yakin
on-arka agirlik dagilimi yakalayabilmistir (Nicoletti ve ark., 2021).
Omnegin, Porsche Taycan veya Tesla Model S gibi performans odakl1
elektrikli araclarin agirlik dagilimlar yaklasik dengededir ve bu da
yiiksek hizda stabiliteye katki sunar.

Agirlik merkezi konumunun etkileri literatiirde hem arag
simiilasyonlartyla hem de deneysel caligmalarla ortaya konmustur.
Gori ve arkadaslarinin (2024) calismasinda, bir elektrikli aracin
agirlik merkezinin daha arkaya veya daha 6ne kaydirilmasinin
direksiyon davranigin1 degistirdigi ve aragta Onden kayma
(understeer) ya da arkadan kayma (oversteer) egilimlerini etkiledigi
gosterilmistir. Ozellikle yiiksek kiitleli bataryanin konumu, aracin
doniislerdeki agirlik transferini belirlemekte; agirligin arka tarafa
fazla kaymasi halinde ani ytik transferlerinde arkadan savrulma riski
artabilmektedir (Gori ve ark., 2024). Dolayisiyla ideal tasarimda
batarya ve motorlarin konumlandirilmasiyla 6n ve arka aks
iizerindeki yiik dagilimi dengelenmeye calisilir. Klasik bir spor
otomobil hedefi olan yaklasik %50 6n / %50 arka dagilim, elektrikli
araglarda sik¢ca miimkiindiir ¢linkii biiylik batarya kiitlesi dingiller
arasina yayilarak merkezi bir kiitle blogu olusturur.

Agirlik merkezinin dikey ytiksekligi de bir diger onemli
parametredir. Agirlik merkezi yiikseldik¢e aracin virajlarda yana
yatma acis1 ve devrilme momenti artar, bu istenmeyen bir durumdur.
Bataryanin alt yerlesimi sayesinde elektrikli araglar bu agidan
avantajlidir; kiitlenin biiyiik béliimiiniin zemine yakin olmasi, viraj
alirken govde salinimini azaltir ve daha ongoriilebilir bir yol tutus
karakteristigi sunar (Kalhor ve ark., 2025). Bu nedenle SUV gibi
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yliksek ara¢ formlarinda bile, zemin alt1 batarya sayesinde devrilme
egilimi geleneksel muadillerine gore daha diisiik olabilir.

Ancak agirlik merkezi konusunun tasarimda bazi yan etkileri
de gbz oniine alinmalidir. Ornegin, fazla diisiik bir agirlik merkezi
de her zaman ideal olmayabilir; siispansiyon geometrisi ve yol
piiriizleriyle etkilesim agisindan belirli bir optimum yiikseklik araligi
gerekebilir. Ayrica elektrikli aracin toplam agirhi§inin artmasi,
frenleme mesafelerini ve lastik-agint1 oranlarini da etkileyebilir.
Tasarimcilar, batarya ve ara¢ Kkiitlesini azaltmak icin hafif
malzemeler kullansalar da, mevcut enerji depolama teknolojileri
geregi belirli bir agirlik artisi kaginilmazdir. Bu yiizden modern
elektrikli araclarda agirlik azaltma ¢alismalari, tasarim kriterlerinin
basinda gelmektedir (Kalhor ve ark., 2025). Ornegin, baz iireticiler
batarya kasalarini yapisal malzeme olarak kullanarak gereksiz sasi
agirligini elimine etmeye galigmakta, béylece toplam kiitleyi kontrol
altinda tutmaktadir (Kriiger ve ark., 2022).

Sonu¢ olarak, elektrikli araclarda agirlik merkezi ve
dagilimi, siirlis giivenligi ve performans icin temel bir tasarim
kriteridir. Iyi dengelenmis bir elektrikli arag, yiiksek hizda stabil, ani
manevralarda kontrollii ve virajlarda nétr bir durus sergiler. Bu
hedeflere ulagsmak i¢in batarya yerlesimi ve sasi tasarimi entegre bir
sekilde ele alinmali; hem statik hem dinamik yiik dagilimlar
miihendislik hesaplartyla optimize edilmelidir (Gori ve ark., 2024).

Sogutma ve Termal Yonetim

Elektrikli araglarda sogutma ve termal yonetim, ozellikle
batarya paketi ve gii¢ aktarma sistemlerinin giivenli ¢aligmasi i¢in
yasamsal onemdedir. Lityum-iyon bataryalarin performansi ve
omrii, hiicre sicakliginin 1sitici-sogutucu sistemlerle kontrol altinda
tutulmasina baghdir (Karimi & Li, 2013). Tipik bir batarya hiicresi
en verimli ve gilivenli olarak 20-35°C araliginda ¢aligir. Bu araligin
disinda, gerek kapasite kullaniminda diisiis, gerekse uzun vadede
hiicrede hasar ve dmriin kisalmasi s6z konusudur. Daha da 6nemlisi,
asirt 1sinma durumlarinda bataryalarda termal kacak adi verilen,
hiicrelerin alev almasina dek varabilen zincirleme reaksiyonlar

meydana gelebilir. Bu riskler nedeniyle elektrikli ara¢ tasariminda
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Batarya Termal Yonetim Sistemi (BTYS) kritik bir bilesen haline
gelmistir (Feng ve ark., 2020).

Batarya sogutma stratejileri temelde pasif (dogal
havalandirma, 1s1 yayimi) ve aktif (zorlanmis hava, sivi sogutma,
sogutucu akiskan kullanimai, 1s1 pompasi vb.) yontemler olarak ikiye
ayrilir. Glintimiiz elektrikli otomobillerinin biiyilk ¢ogunlugu,
batarya modiilleri arasinda dolasan bir sivi sogutma devresine
sahiptir. Bu devre, radyatdr ve su pompasi yardimiyla batarya
hiicrelerinden aldig1 1s1y1 aracin on tarafindaki 1s1 degistirgecine
ileterek dis ortama atar (Pesaran, 2002). Ornegin, Tesla Model 3’te
batarya paketinin altinda ve i¢inde dolasan glikol bazli sogutma
kanallar1 bulunmaktadir; benzer sekilde birgok iiretici hiicreler
arasina yerlestirilen plakalar tizerinden s1v1 sogutma uygulamaktadir
(Karimi & Li, 2013). Sivi sogutma sistemleri, yiiksek 1s1l yiikleri
etkin sekilde tasiyabildigi i¢in hizli sarj veya sportif siirlis gibi
bataryanin ¢ok 1sindig1 durumlarda dahi hiicre sicakliklarini esit ve
kabul edilebilir seviyelerde tutabilir.

Baz1 elektrikli araglar ise oOzellikle diisik maliyetli
modellerde hava sogutma veya kombinasyon sistemleri kullanir.
Hava sogutmali batarya dizayninda, batarya kutusu icerisinde
fanlarla sirkiile edilen hava akimlar1 hiicreler arasindan gecirilerek
1s1 dagitilir. Bu yontem yapi1 olarak daha basit ve hafif olsa da, 1s1l
iletkenligi diistiktiir ve ¢ok yiiksek enerji yogunluklu paketlerde
yetersiz kalabilir (Karimi & Li, 2013). Bu nedenle genelde sadece
hibrit araglarin kiiciik batarya paketlerinde veya bazi sehir i¢i diistik
menzil araclarinda hava sogutma tek basina kullanilmistir. Son
yillarda 1s1 pompasi entegrasyonu da popiiler hale gelmistir: Ist
pompasi, soguk havalarda batarya ve kabin 1sitmasini verimli sekilde
saglarken, sicak havalarda ters c¢evrimle sogutmaya destek olur.
Boylece aracin menzilini etkileyen klima kullanimi optimize edilir.

Ozetle, elektrikli araglarda sogutma ve termal ydnetim
sistemleri, batarya ve elektrifikasyon bilesenlerinin performans,
Oomiir ve glivenlik kriterlerini karsilayabilmesi i¢in hayati dnem tasir.
Iyi tasarlanmis bir termal yOnetim, batarya hiicrelerinin dmriinii
uzatir, ara¢ performansinin tutarlt olmasii saglar ve asirt sicaklik
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kaynakli ariza veya yangin riskini en aza indirir (Karimi & Li, 2013).
Bu nedenle elektrikli ara¢ tasarim siireglerinde termal analizler ve
testler, mekanik tasarim kadar on plandadir. Giincel arastirmalar,
batarya paketleri i¢cin daha etkin sogutma yontemleri (6r. sogutucu
akiskanlar, faz degistiren malzemeler, mikroyapili 1s1 yayicilar)
gelistirmeye odaklanmistir. Tiim bu cabalarin amaci, elektrikli
araclari her iklim ve kosulda giivenilir ve uzun 6miirlii kilacak akilli
termal yonetim ¢ozlimleri tasarlamaktir.

Aerodinamik Tasarim

Aerodinamik, tiim kara tasitlarinda oldugu gibi elektrikli
araclarda da enerji verimliligini ve yiiksek hiz performansini
belirleyen oOnemli bir kriterdir. Ancak elektrikli araglar igin
aerodinamik tasarim, menzili dogrudan etkiledigi i¢in daha da 6n
plana ¢ikmistir. Yiiksek hizlarda (6rnegin otoyol siirlisiinde) bir
elektrikli aracin harcadigi giictin biiylik boliimii hava siirtlinmesini
yenmeye gider. Bu nedenle aracin aerodinamik siiriikleme
katsayisim1 (Cq) diisiirmek, ayni batarya kapasitesiyle daha uzun
menzil elde etmenin kilit yollarindan biridir (Sangiliesa ve ark.,
2021). Ornegin, 0.30 yerine 0.23 Cq degerine sahip bir elektrikli
otomobil, otoyol hizlarinda kayda deger oranda daha az enerji
tikketecek ve menzilini ylizlerce kilometre artirabilecektir.

Elektrikli ara¢ tasarimcilari, icten yanmali araglara kiyasla
aerodinamik agidan bazi avantajlara sahiptir: On 1zgarada biiyiik bir
radyator alanina ihtiyag duyulmaz (sadece kiicliik bir sogutma
modiilii cogu durumda yeterlidir), egzoz borusu gibi alt gévde
cikintilar1 yoktur ve batarya nedeniyle alt zemin diiz bir yapida
tasarlanabilir. Bu sayede modern elektrikli araglar daha temiz bir 6n
profil ve diiz alt govde ile tasarlanarak hava akisini diizgiin
yonlendirebilmektedir. Ornegin, Tesla Model S ilk ¢iktiginda
yaklagik 0.24 Cgq degeri ile seri {iiretim sedanlar arasinda en
aerodinamik araglardan biri olmustur. Benzer sekilde Mercedes-
Benz EQS modeli Cq = 0.20 ile rekor seviyede diisiik stiriikleme
katsayisina ulasmistir. Bu degerlere ulagsmak igin araglarin 6n cephe
alani kiiciiltiilmiis, tavan ¢izgileri optimize edilmis ve alt boliimlerde
kapsamli riizgar tiineli testleri yapilmistir.
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Aerodinamik tasarimin etkileri iizerine yapilan ¢alismalar,
strtinme kuvvetlerinin azalmasmin 06zellikle yiliksek hizlarda
enerjiden tasarruf sagladigin1 sayisal olarak ortaya koymaktadir
(Sangiiesa ve ark., 2021). Sehir ig¢i diisiik hizlarda ana kayip noktasi
genelde rejeneratif frenleme ile kismen geri kazanilabilen
ivmelenme/deivmelenme enerjileri iken, otoyolda bir elektrikli
aracin en biiyiik menzil diismani riizgar direncidir. Bu yilizden menzil
odakl1 tasarlanan elektrikli son derece diisiik siirtiinmeli govdelere
sahiptir.

Aerodinamik tasarim ayni zamanda yiiksek hiz stabilitesi ve
giirtilti tizerinde de etkilidir. Elektrikli araglar motor giirtiltiisii ¢ok
az oldugu i¢in yiiksek hizlarda riizgar siirtinme sesleri daha belirgin
hale gelir. Bu yiizden aerodinamik optimizasyon, sadece verimlilik
degil konfor i¢in de dnem arz eder. Govde lizerindeki aynalarin, cam
fitillerinin ve panellerin riizgar sesi yaratmayacak sekilde
sekillendirilmesi, premium elektrikli araglarda 6zel olarak c¢aligilan
bir konudur.

Sonug¢ olarak, elektrikli araclarda aerodinamik tasarim
kriterleri, menzil kazanimi, yiiksek hiz dengesi ve diisiik giiriiltii
hedefleri dogrultusunda sekillenir. I¢ten yanmali araglarin aksine,
tasarimcilar daha kapali ve sade bir dis form avantajina sahiptir,
ancak bataryalarin boyut ve agirlik¢a getirdigi kisitlar da goz ardi
edilemez. Tlim ara¢ formunun; 6n, yan ve arka akislarinin bilgisayar
destekli akis dinamigi (CFD) ve riizgar tiineli testleriyle optimize
edilmesi giiniimiiz  elektrikli ara¢c  gelistirme siireclerinin
vazgecilmez bir parcasidir (Czyz ve ark., 2019). Bu sayede her yeni
nesil elektrikli arag, bir dncekine gore daha diisiik Cq degerlerine
yaklagsmakta ve enerjiyi her kilometrede daha verimli
kullanmaktadir.

Teknik Gereklilikler ve Regiilasyonlar

Elektrikli ara¢ tasarimi, sadece performans ve verimlilik
hedefleriyle degil, ayn1 zamanda cesitli standartlar ve regiilasyonlar
tarafindan belirlenen teknik gerekliliklerle de sekillenir. Otomotiv
endiistrisinde gilivenlik, ¢evre ve kalite konularinda uluslararasi

standartlar, elektrikli araclar i¢in de wuyarlanmis veya yeni
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hazirlanmistir. Tasarimcilar, araglarini gelistirirken bu gereklilikleri
en bastan dikkate alirlar.

En 6nemli standartlardan biri ISO 6469 serisidir. ISO 6469,
elektrikli kara araclarin giivenligine iliskin kapsamli gereklilikleri
tanimlar. Ornegin ISO 6469-1 (2019) standards, elektrikli araclarda
yeniden sarj edilebilir enerji depolama sistemleri (RESS) i¢in
giivenlik gereklerini ortaya koyar (ISO, 2019). Bu kapsamda batarya
sisteminin asir1 sarj/desarja, kisa devreye, darbeye, titresime karsi
dayanimi, izolasyon direnci degerleri gibi konular tanimlanmistir.
ISO 6469’un diger boliimleri arag iistli yiiksek gerilim devrelerinin
giivenligi ve ara¢ kullanim sartlarinda alinacak tedbirleri igerir.
Ayrica elektrikli araglarin fonksiyonel glivenligi icin genel otomotiv
standard1 olan ISO 26262 uygulanmaktadir. ISO 26262 (2018
revizyonu), elektrikli/elektronik sistemlerde olusabilecek arizalarin
giivenlik risklerini analiz etmeyi ve gereken onlemleri almay1 sart
kosar. Elektrikli bir aracin batarya yonetim sistemi, ¢ekis kontrolii
gibi hayati kontroldrleri bu standarda gdére “ASIL” seviyelerinde
giivenlik derecelendirmesine tabi olabilir.

Amerikan Otomotiv Miihendisleri Toplulugu (SAE) de
elektrikli araclar konusunda yonergeler yayimlamistir. SAE J2344
standardi, elektrikli ve hibrit araglarda yiiksek voltaj giivenligi ile
ilgili teknik kilavuzlari igerir (SAE, 2020). Bu kilavuz, tasarim
sirasinda dikkate alinmasi gereken giivenlik ilkelerini tanimlar:
Yiiksek gerilimli bilesenlerin etiketlenmesi, dokunma korumasi,
servis durumunda giivenlik, kaza aninda otomatik kapanma gibi.
Yine SAE tarafindan batarya sistemlerine yonelik test prosediirleri
(6rn. SAE J2464 — batarya zorlayici testleri) ve sarj baglanti
standartlart (SAE J1772 — AC sarj konnektorii standardi)
gelistirilmistir. Elektrikli ara¢ tasarimcilari, 6zellikle sarj sistemleri
ve batarya giivenligi konusunda SAE standartlarina uygunluk
gozetir.

Bir diger kritik diizenleyici ¢erceve ise Birlesmis Milletler
Avrupa Ekonomik Komisyonu (UNECE) yonetmelikleridir.
Ornegin UNECE Regiilasyon No.100 elektrikli araglarin elektrik
giivenligine dair uniform kurallar1 belirler (UNECE, 2013). Bu
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regiilasyon, elektrikli aracin kullanim sirasinda kullanicilarin yiiksek
voltaja kars1 korunmasini, batarya sisteminin emniyetini ve ¢arpigsma
aninda elektrik kesilmesini zorunlu kilar. UNECE R100, pek c¢ok
bolgede tip onayr ic¢in sarttir ve ara¢ tasarimi bu gerekleri
karsilayacak sekilde yapilir. Yine UNECE R94 (6n carpisma
korumasi) ve R95 (yan carpisma korumasi) gibi genel arag giivenlik
yonetmelikleri, elektrikli araglar i¢in de aynen gecerlidir. Bu
testlerde elektrikli araglarin bataryalariyla birlikte gerekli korumay1
saglamasi beklenir; ek olarak test sonrasi belirli bir siire bataryada
yangin ¢ikmamast sarti gibi elektrikli araclara 6zgl kriterler de
uygulanir.

Batarya giivenligine iliskin uluslararasi ¢apta bagka standartlar da
mevcuttur. Omegin Cin’de uygulanan GB/T standartlar1 veya
Avrupa Birligi’nin ECE R136 (6zellikle elektrikli motosikletler i¢in)
gibi diizenlemeleri, farkli cografyalarda elektrikli ara¢ tasarimini
yonlendirir. Tiim bu teknik diizenlemelerin ortak noktasi, elektrikli
araclarin giivenli, ¢evreyle uyumlu ve kullanict dostu olmasi i¢in
asgari gereklilikleri tanimlamalaridir. Tasarim miihendisleri, aracin
konsept asamasindan itibaren bu maddelere uyumu saglamakla
yiikiimliidiir.

Sonu¢ ve Degerlendirme

Elektrikli araglarda tasarimin 6nemi, bu boliim boyunca ele
aldigimiz tiim kriter ve Orneklerle agikga ortaya konmustur.
Geleneksel otomobil miihendisliginin birikimi {izerine insa edilen
elektrikli arag tasarimi, pek ¢ok yeni meydan okumayi da
beraberinde getirmistir. Batarya paketinin araca entegrasyonu,
agirlik merkezi ve dagiliminin optimize edilmesi, termal yonetim
sistemlerinin etkinligi, gli¢ elektronigi ve motor yerlesimi,
aerodinamik 1iyilestirmeler ve giivenlik unsurlar1 gibi konular,
elektrikli araglarin basarisinda kritik rol oynar.

Bir elektrikli aracin teknik iistiinliigii ya da pazar basarisi,
biiylik dlgiide iyi bir tasarim ile miimkiin olmaktadir. lyi tasarlanmis
bir elektrikli arag, sinifinin en iyi menzilini sunabilir, yiiksek
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performansla birlikte giivenli ve konforlu bir siiriis saglayabilir.
Tasarim kararlari; aracin menzilinden batarya omriine, hizlanma
performansindan carpisma anindaki davranigina kadar pek c¢ok
sonucu belirler. Bu nedenle otomotiv tasarim ekipleri, sadece
mekanik tasarimcilar1  degil, malzeme bilimcileri, elektrik
miihendisleri, yazilim gelistiriciler ve hatta kimya uzmanlarin
barindiran multidisipliner bir yapiya biiriinmiistiir.

Giincel literatiir ve endiistri uygulamalari, elektrikli arag
tasariminin bazi1 yoOnlerde ortak bir optimuma dogru ilerledigini
gostermektedir (Khan & Cameron, 2025). Ornegin dingiller arasi
batarya yerlesimi ve modiiler platform yaklagimi artik neredeyse tiim
iireticilerin  benimsedigi bir standart haline gelmistir. Yine
aerodinamik tasarimda kapali 1zgara ve diiz alt taban gibi 6zellikler,
elektrikli araglarin imzas1 olmustur. Bu ortak tasarim diline karsin,
rekabet lstiinliigli saglamak isteyen markalar farkli malzemeler,
farkl1 motor konfigiirasyonlar1 veya 6zgiin yazilim yetenekleri ile
ayrismaya calismaktadir.  Ozellikle batarya teknolojisindeki
gelismeler (6rnegin enerji yogunlugu yiiksek yeni nesil hiicreler,
yapisal batarya konseptleri) ve gii¢ elektronigindeki ilerlemeler
(daha verimli yariiletkenler, entegre giic modiilleri) elektrikli arag
tasarimina yeni firsatlar sunacaktir.

Elektrikli ara¢ tasariminda bir diger boyut da
stirdiiriilebilirlik ve yasam dongiisii perspektifidir. Bu araglar
kullanim sirasinda sifir emisyonlu olsalar da tiretimleri ve dmiir sonu
stirecleri tasarimin sorumluluk alanina girmektedir. Dolayisiyla
giinlimiizde tasarim kriterlerine, batarya ve ara¢ bilesenlerinin geri
dontistiirtilebilirligi, toplam karbon ayak izi gibi faktorler de
eklenmeye baslamistir (Kalhor ve ark., 2025). Ornegin baz
treticiler, batarya paketlerini ikinci Omiir enerji depolama
sistemlerine uygun tasarlamakta, ya da arag Omrii sonunda kolay
demonte edilecek malzeme baglantilar1 kullanmaktadir. Bu
yaklagim, gelecekte elektrikli araclarin dongiisel ekonomi iginde
daha verimli yer almasin1 saglayacaktir.

Sonu¢ olarak, elektrikli araglarda tasarim; miihendislik
prensiplerinin yenilik¢i uygulamalarla birlestigi, heyecan verici bir
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gelisim alanidir. Elektrikli ara¢ tasarimi, hem geleneksel otomotiv
bilgisini hem de elektrik, elektronik ve malzeme bilimindeki
yenilikleri harmanlayan biitiinciil bir bakis agis1 gerektirir. Bu
boliimde sunulan temel konular — batarya yerlesimi, agirlik merkezi,
termal yonetim, giic elektronigi, aerodinamik, giivenlik ve sasi
entegrasyonu — elektrikli araglarin basarisinda belirleyici olmaya
devam edecektir. Gelecekte kati hal bataryalar, otonom siiriis ve yeni
iiretim teknikleri gibi faktorler bu tasarim kriterlerini degistirebilir
veya yeni oncelikler getirebilir. Ancak temel hedef ayn1 kalacaktir:
Daha uzun menzilli, daha hizli, daha giivenli ve daha siirdiiriilebilir
elektrikli araglar tasarlamak. Bu hedef dogrultusunda, akademik
aragtirmalar ve endiistriyel inovasyonlar el ele ilerlemekte; elektrikli
araglarin tasarimi siirekli olarak daha iyiyi arayan bir evrim
sergilemektedir.
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CHAPTER 2

INVESTIGATION OF AUGMENTED REALITY-
ENHANCED AUTOMOTIVE SECTOR
PROCESSES

Ibrahim YAVUZ !
Ercan SIMSIR 2

Introduction

In our developing and consequently changing world, the
struggle for adaptation in all fields necessitates renewal at a pace
commensurate with the speed of technology. This situation has
brought with it new software and equipment. One of the rising
technologies of recent years, spreading across a wide range of fields
from entertainment to medicine, engineering to industry, marketing
to education, is Augmented reality (AR) technology.

AR technology ensures the experience of digital overlay
such as computer sound, images, holograms or animations on the
real world in real time with mobile phone, pad and VR glasses. This
enables users to experience objects and events that do not actually
exist in the physical environment. Augmented reality AR, which is
atype of technology, can be identified as a system created to display
computer-generated data or media that includes text, video, graphics,
GPS and/or images on the physical world behaviour or perceptions
of people (BINGOL, 2018; Craig, 2013; Delello & Delello, 2014).
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AR is a new technology that superimposes digital
information on the physical world and makes it possible for people
to experience both real life and virtual elements. Thanks to its ability
to deliver real-time information layers, AR has the potential to
significantly improve user experience in many areas, including
education, manufacturing operations, maintenance applications, and
design work(AZahin & Togay, 2016; Eswaran et al., 2023). With
these qualities, augmented reality also becomes an effective and
useful tool within Life Cycle Engineering, encompassing all
processes from product and system design to usage and recycling
(Palmarini et al., 2018).

The AR market is projected to reach approximately
US$519.5 billion by 2032, up from US$49.6 billion in 2023 (Figure
1). Furthermore, projections for the 2024-2033 period indicate a
compound annual growth rate of 30.8% for the market.

Figure 1 Shows the development of the AR market
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The automotive industry is one of the leading sectors in using
the latest technological innovations, like the aerospace and defense
industries. For this reason, the vehicle industry has adopted new and
superior technological advancements such as digital modeling,
prototyping and modern production methods based on innovative
robotic systems (Nagy et al., 2023; Tsaramirsis et al., 2022). In
addition, thanks to these developments, including driverless
(autonomous) vehicle reliability and ergonomic interfaces that
improve user experience, the industry has shown progress day by
day (Riegler et al., 2022).

Figure 2 Reality—virtuality continuum for the automotive industry

Augmented Reality Virtual Reality
environment environment

Reality—virtuality continuum
Source: (Boboc et al., 2020)

However, beyond all these general technological
advancements, AR technology takes the subject to a different
dimension by offering brand-new applications in the design,
prototyping, production, and maintenance processes of automotive
engineering. This technology significantly transforms traditional
engineering practices and guides the development of the industry by
enabling engineers and designers to visualize, analyze, and optimize
complex automotive systems on-site (Boboc et al., 2020). Figure 2
shows an example study involving the reality-virtual reality
continuum for the automotive industry.
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This study aims to contribute to the gap in the literature by
examining the use of rapidly developing augmented reality
technology in the automotive sector. In this context, the purposes for
which AR is applied in the sector, the basic characteristics of the
developed systems, and the benefits and main challenges
encountered by this technology are examined in detail. Thus, the
study aims to provide a guiding framework for future research.

Automotive Applications of AR Technology

This section examines in detail the applications of augmented
reality technology in the automotive field. The study addresses the
compatibility of AR technology with automotive design,
prototyping, and engineering software. The potential of AR to
increase efficiency in production lines, detect errors in quality
control, and work in conjunction with sensor systems is investigated.
Furthermore, the contributions of AR to automotive engineering
education and its compatibility with smart manufacturing
infrastructures in line with Industry 4.0 and evolving digitalization
are evaluated.

Applications of AR Technology in Automotive Design and
Prototyping

In automotive engineering, AR technology can view parts
such as fuel tank caps, gaskets and motorcycle body panels
(Thilmany, 2016). This visualization can potentially contribute to
more efficient design processes as the designers can conduct a
detailed analysis and iteration of their designs without making any
physical prototypes. For example, Pusda ve ark. suggests that the
automobile industry is among the most recent users of VR and AR
technologies. They point out that these state-of-the-art technologies
also dramatically reduce development time and expense by enabling
the design and engineering teams to see new vehicle and system
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prototypes and make changes to their current designs (Pusda et al.,
2019).

Figure 3 AR guides technicians in real-time as you’ll learn in
automotive training.

Source:https://www.autotrainingcentre.com/blog/understanding-augmented-
reality-in-automotive-technology/

Highend visualization options, such as Quarter, allow the
designer to closely observe their ideas. This also allows them to
make all the necessary changes before physical samples are
manufactured. This outlook could streamline design processes by
collapsing complexity through exponentially more isomorphisms.
Although there have been a variety of previous studies about
automotive industry based on Virtual Reality (VR) and Augmented
Reality (AR), in recent times these technologies are more and more
integrated into this sector, providing engineers and car designers the
opportunity to see vehicle parts and systems in a virtual setting, make
efficient upgrades on current designs, and quicker asses new
prototypes (Niebling et al., 2008; Pusda et al., 2019). Designers and
engineers use augmented reality to visualize complex components
(Figure 3). Development time-associated expenses have been
drastically cut. Apart from the benefit of reducing time to market for
new products, AR technology can improve the production quality as
a whole in an outstanding way, thereby enhancing the competitive
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strength of the industry. The inclusion of Augmented Reality in
engineering analysis and simulation pipelines brings a panoply of
benefits, especially in the visualization of numerical simulation
results. For example, Li et al. This paper has presented an AR-based
simulation framework for interactive and immersive exploration of
data derived from Finite Element Method (FEM) analyses. The
system enables the virtual scaling and closer examination of the
simulation results, thus allowing a more intuitive and
comprehensible analysis of complex datasets (Li et al., 2017). Like
a similar methodology, the aim of this approach is to make multi-
dimensional, complicated simulation data easier to understand by
allowing engineers to interact with the data, ultimately helping with
problem solving.

AR Applications in Automotive Production and Assembly
Processes

Automotive manufacturing operations are no exception to the
use of AR technology. On the contrary, it is becoming a fundamental
requirement for companies seeking to increase assembly process
efficiency (Michalos et al., 2010). Therefore, a comprehensive
analysis of the effectiveness of AR and VR applications in
automotive engine assembly training has been conducted. The study
demonstrates that AR technologies are effective in facilitating
training procedures (Win et al., 2022). Production line and logistics
procedures are affected by AR: according to Cujan et al., AR
technology has significantly increased efficiency in part picking and
shipment loading procedures, thus reducing processing time by 10%
(Cujan et al., 2020). This literature confirms the reliability and
usability of the system by showing that technologies like augmented
reality offer measurable advantages in production lines. In
automotive manufacturing applications, augmented reality increases
the productivity of technicians and assembly workers. According to
the research of Win et al., augmented reality technology also has
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significant application areas in automotive engine assembly training
(Win et al., 2022). In their research, Mura and Dini developed an AR
(Automated Reality) application for headlight adjustment, and the
steps are shown in Figure 4 (Dalle Mura & Dini, 2021).

Figure 4 Example of headlight adjustment

MAIN MENU
BACK to MP1

~ MAINMENU
BACK to MP1

START
UNSCREW M6 BQ

Source: Dalle Mura & Dini, 2021

Maintenance and repair processes have begun to be one of
the areas where AR technology is effectively used in the automotive
industry. Cachada et al. (2019) demonstrated that AR interfaces can
be used to support industrial maintenance procedures. They noted
that the industry is becoming increasingly digital, emphasizing the
development of faster diagnostic and predictive maintenance
strategies (Cachada et al., 2019). In a study by Kastner et al. (2020),
object action detectors were combined with AR to study the task
completion time of untrained workers. Their study found a
significant reduction in task completion times and error rates
(Kastner et al., 2020). As a result of these studies, it is concluded that
such systems allow maintenance personnel to solve complex
maintenance and repair problems much more safely, quickly, and
effectively, and increase productivity.

Applications of AR Technology in Automotive Education

In learning processes that students need to experience, the
integration of AR technology greatly enhances learning. Anjos et al.
conducted a study on the application of Virtual Reality and
Augmented Reality in some engineering education courses (Figure
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5). They found that using Virtual Reality (VR) or AR technologies
had significant and positive effects on students' learning
performance and satisfaction levels in the vast majority of cases (dos
Anjos et al., 2022). Rymer and colleagues demonstrated that an
augmented reality application enabled automotive technician
training trainees to locate parts more quickly and accurately than
when using a computer-based manual. They noted that this was part
of a larger study exploring the costs and potential benefits of
augmented reality and mobile Technologies(Rymer et al., 2018). Tuli
and colleagues developed an AR-based learning environment to
assist students in conducting electronic engineering laboratory
experiments and demonstrated that the AR intervention had positive
effects on students' academic achievement levels, learning attitudes
toward the subject, and individual attitudes toward AR technology
(Tuli et al., 2022).

Figure 5 AR and education system architecture

Measures
and
operations

Instructions
and
processes

Assembly a

Mechanical Virtual

| :

! |

! W

l \

Corr?ponent assembly in : / ! components in As:t‘::‘:ly

| N 2 S !

! —= _— I
: Position Rendering |
| Recognition Contents :
! |
! I
! |
|




Bacca and colleagues developed a marker-based mobile AR
learning environment called 'Paint-cAR' to support vehicle paint
repair processes within the scope of automotive maintenance
training. The authors demonstrated that this AR intervention,
developed based on Universal Design for Learning (UDL)
principles, had positive effects on the acquisition of vocational skills,
particularly for students with learning disabilities or lack of
motivation, and that this technology has significant potential in
overcoming critical pedagogical barriers in vocational education
(Bacca et al., 2015).

Figure 6 Virtual and Augmented Reality Applications on the BMW
Production Line

Huda and his team demonstrated that AR technology in
graphic design can be used as a complement to the Industry 4.0
revolution and can provide significant improvements in the success
of the learning process (Huda et al., 2021). George and Othman, by
developing a mobile learning application called AUTOGO, showed
how the AR approach can be applied in automotive engineering
education and how students' attitudes towards this technology can be
positively changed (Figure 6) (George & Othman, 2022).
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Fortuna et al. (2023) developed an Augmented Reality
learning environment for a course on engineering mechanics. This
AR app, consisting of 3D animations, video simulations, and
interactive exercises, was proven in their research to offer the
physical visualizations required for structural analysis tasks. Testing
proved the system's capabilities and suggested that this technology
may be a good alternative to its predecessor, traditional distance
education. In addition, it was demonstrated that it allows students to
have access to learning materials available anytime and
anywhere(Fortuna et al., 2023).

Syahidi et al. (2020) developed an augmented reality
application called AUTOC-AR for use in automotive engineering
education. Designed with marker-based tracking and XP
(Overprogramming) modeling, the application interactively presents
complex car features and occupational safety guidelines. Tests with
25 students showed that the application functioned flawlessly,
achieving a 96.6% user experience success rate, proving that AR
technology is an effective material in technical education (Syahidi et
al., 2020).

Automotive Industry Safety AR Applications

Concentrating drivers attention on hazards and enhancing
targeting skills of identification of targets, In-vehicle driver warning
system e.g. AR based navigation can lead to significant reductions
in crash risk. Proposed the Effects of AR markers on hazard
perception ability of elderly drivers, showing that a technology can
be used to identify more effectively low-visibility hazards. They
report that the AR alerts had no inhibitory eftects on other measures
of driving such as distance estimation or safe distance following. It
showed non-reaction time related safety benefits, too (Schall et al.,
2013a). Scott and Gray (2008) also showed that tactile warnings
evoke a much faster response from drivers than visual warnings in a
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situation similar to the rear-end crash. This finding supports the idea
that the tactile system should be prioritized in designing automotive
safety (Scott & Gray, 2008).

From the reviewed materials, it appears that driver safety is
significantly enhanced with the use of AR, especially when it is
related to recognizing objects that are difficult to see, such as
pedestrians or warning signs. Hence, apart from drivers' information
processing capacity (SOP), AR technology is considered a promising
support system that enhances safety without impairing driving
performance and the perception of risk for older drivers in complex
driving environments (Schall et al., 2013b).

The Use of AR in Automotive Design and Software Tools

In the automotive industry, the production stages of new
vehicles have undergone significant digitisation in recent years. In
automotive design, exterior and interior designers work with
freeform surfaces. Combining engineering software with AR enables
engineers to suspend 3D models in mid-air and adjust them in real-
time.

The goal of the global automobile industry is to create mass-
produced cars that can be sold anywhere in the globe with just slight
variations. It uses platform tactics to take advantage of economies of
scale in this direction. While different versions can be differentiated
with distinctive external designs, the adoption of standard chassis
and basic components greatly lowers development and production
costs. In this method, new automobile components can be virtually
integrated onto pre-existing platforms thanks to the early usage of
augmented reality technology. Design modifications may be made
rapidly and affordably because to the internal 3D CAD modeling
approach, which greatly minimizes the requirement for physical
prototypes (Morosi et al., 2023). With this approach, the
effectiveness of the platform strategy is increased, and the product
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development process becomes more efficient in terms of time and
cost.

Figure 7 . Design Review of the BMW Vision 100 show car using a
physical 1:1 model (Left) and a VR-based model (Right)

Source: Clerk et al., 2019

A study was conducted in collaboration with the BMW
Group to optimize augmented reality in automotive design reviews.
In the research; Speech-based and touch-based techniques were
tested for visual inspection and model comparison applications.
Among these techniques, multimodal interaction, which combines
physical control with freehand movements, was found to exhibit the
highest performance and minimize cognitive load (de Clerk et al.,
2019).

Applications of AR Technology in the Automotive Industry
within the Context of Industry 4.0

Industry 4.0 is a term that emerged to represent the fourth
industrial revolution based on the latest technological advancements.
Autonomous robots are widely used in Industry 4.0 production
processes to increase production performance and revenue (Kattepur
et al., 2018; Zhang et al., 2019) .

In a study conducted by Firu et al., the contribution of AR
technology to automotive production processes within the scope of
Industry 4.0 strategies was analyzed. The research revealed that VR-

supported design and planning processes minimize physical
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modeling costs and time losses while increasing operational
efficiency. It was found that the use of AR, particularly in the
optimization of complex assembly lines, reduces error margins and
enables high-precision production (Firu et al., 2021). Figure 8 shows
technical personnel receiving welding training within the scope of
Industry 4.0.

Figure 8. Virtual training in welding and Virtual training in
production

AR/VR technologies offered within the scope of Industry 4.0
are a strategic innovation tool for 21st-century companies that
transcends traditional boundaries. The ability of these technologies
to provide a sustainable competitive advantage in national and
international markets depends on careful decision-making processes

at the management level regarding practical application.
Organization’s that properly integrate digital systems into their
business processes transform through innovative practices,
becoming stronger and wiser on a global scale (Relji¢ et al., 2021).

Challenges and Future Trends in AR Technology in the
Automotive Industry

The automotive industry has a number of organizational and
technological obstacles when implementing AR technology. The
difficulties with VR technology are the subject of some research
done for the automotive industry. Users claim that one eye cannot
focus as well as the other, and one of the issues noted in the literature
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is the absence of depth perception, which especially affects short
distances. (Lawson et al., 2015).

Generally, the following issues are related to AR: While
latency and registration issues have a detrimental effect on system
performance, unnatural visual and tactile interactions result in a lack
of realism. Inter-team communication challenges and user
discomfort are also major problems. The user experience is further
limited by issues with depth, touch, motion, and movement
perception as well as a lack of intuitiveness. Lastly, other obstacles
to the widespread usage of virtual reality applications include
cybersecurity threats, cyber-illness, and the lack of control over user
behavior (Winkler et al., 2022).

AR-based applications are making traditional vehicle
maintenance tools accessible via mobile devices. Users can visually
identify vehicle settings and directly access maintenance and "how-
to" instructions. For example, in vehicles like the Audi A3, common
representations can be identified with AR support, and users can
perform maintenance tasks such as engine coolant changes with
virtual, animated guidance. Furthermore, AR automotive guides
offered by Metaio, based on Google Glass, or those that don't require
constant or continuous use, demonstrate that these technological
maintenance packages offer more practical and advanced solutions
(Lamberti et al., 2014). Kemeny stated that his research shows how
AR and VR technologies simplify maintenance processes in the
automotive sector. He also noted that they are important tools that
increase user efficiency and acceptance in autonomous vehicles. He
added that in the future, developing AR technologies in an
integrated, standardized, and user-centric way with HMI systems
will contribute to a safe and efficient structure for the automotive
industr (Kemeny, 2024).
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Conclusions

AR is revolutioning the automotive engineering industry in
terms of maintenance, repair, training, designing, prototyping and
manufacturing. Drawing from both the digital and physical worlds,
AR technology enables technical personnel and engineering staffs to
display live visualization data over (physical) objects, facilitating
decision-making and minimizing error rates. When designing
vehicles, real world earlier access to assembly fit, ergonomics and
aesthetics is enabled by the viewing of virtual models. This reduces
development cycle and cost.

By leveraging AR technology, sensor systems, computer
vision algorithms and Al-based analysis techniques, automotive
engineers are able to dissect intricate mechanical and electronic
systems effectively. In the production line, AR-based interactive
assembly instructions effectively improve working condition safety
and prevent work error, by gradually illustrate the assembly process
to operators visually and interactively. What's more, in the processes
of service and maintenance, AR allows technicians to quickly spot
issues and identify the right course of action to take, concluding
that AR reduces service times.

With AR simulations, students and technical staffs of
automotive engineering can simulate the interaction with
complicated system in a workplace safe situation. Hence, theoretical
information can be the more directly applied in practice whereas
acquiring knowledge can be more interactive and sustainable
process. With the world’s shifting towards electric and autonomous
vehicle technologies, AR-enabled training modules are becoming
more relevant. The Industry 4.0 and digital transformation vision
already anticipated the future mass market penetration of AR
technology now its deeper application shift in the automotive
industry soon hereafter. Nonetheless, design and application

standards need to be established in order for this technology to reach
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its full potential. In addition, easy to use and ergonomic interfaces
have to be designed, hardware and software infrastructures have to
be enhanced, and comprehensive training courses for engineers and
technicians have to be provided. After overcoming these challenges,
the AR technology is expected to be the main driving force to
change the automotive engineering in terms of process efficiency,
product quality, and innovativeness.
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CHAPTER 3

SOME LOW-SPEED IMPACT TESTING DEVICES
PREFERRED FOR EVALUATING THE
MECHANICAL PERFORMANCE OF COMPOSITE
MATERIALS

Ercan SIMSIR!
Ibrahim YAVUZ 2

Introduction

Composite materials have a wide range of applications in
engineering today due to their superior properties compared to
traditional materials, such as high specific strength, high elastic
modulus, low density, and corrosion resistance. Fiber-reinforced
polymer (ETP/EGP) composites, with their multiphase structures
that provide both lightness and high mechanical performance, have
become indispensable in many fields such as automotive, aerospace,
marine, defense, sports equipment, chemical process equipment, and
civil infrastructure. These types of composites, by combining fiber
reinforcements, polymer matrices, and fillers in specific ratios, allow
for the production of engineering materials with properties superior
to their individual components (Shettigar et al., 2025; Zaman et al.,
2013).

Accurately determining the performance of composite
materials during their design and use processes is possible by
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simulating the loading conditions they may be subjected to in a
laboratory environment. Impact loads are among the external effects
that composite materials frequently encounter during manufacturing,
assembly, or service. Everyday impacts such as nail driving, hammer
blows, vehicle accidents, a tool falling on a surface during
maintenance, stone impacts, or a vehicle entering a pothole at high
speed correspond to low-velocity impact scenarios in engineering
structures. Determining the damage modes that such impacts can
cause on the material, such as matrix cracking, delamination, and
fiber fracture, is critically important for the reliable use of
composites (Van Nuffel et al., 2014; Vasiliev & Razin, 2006)

Although impacts are generally classified as low, medium, or
high speed, there is no definitive boundary in the literature regarding
this distinction. In the literature, in low-speed impact tests, the
impact velocity is typically between 1 m/s and 10 m/s (Shivakumar
et al., 2012), medium-speed impact tests can range from 10 m/s to
50 m/s, high-speed impact tests from 50 m/s to 1000 m/s, while
hyper-speed impact tests are classified as those conducted between
2000 m/s and 5000 m/s (Banhart et al., 2024; Ismail et al., 2019;
Vaidya, 2011). Some studies define impact as a range of velocity,
while others classify it based on the damage modes produced by the
material. In this second approach, only cases where intrinsic damage
such as layer separation occurs are considered low-velocity impacts,
while penetration of the composite structure is considered a high-
velocity impact (Yao et al., 2025)In both cases, the material behavior
under impact loads is characterized by contact force-time curves,
absorption energy, deformation mode, and damage propagation
(Whittingham et al., 2004).

Impact tests typically result in damage in the form of
rebound, penetration, and perforation. As shown in Figure 1, the
force-deformation curves for low-velocity impacts are displayed. As
the applied impact velocity increases, the resulting force also
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increases; however, as can be seen in the penetration and perforation
curves, the maximum force value remains almost constant. When the
specimen is perforated, the force should be zero. However, due to
friction between the impact element and the specimen, the tip of the
curve moves parallel to the horizontal axis (Yavuz et al., 2024).

Figure 1 Force—displacement curves after impact test (Yavuz et al.,
2024).
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One of the most common methods for conducting low-
velocity impact tests is weight drop impact test systems. These
systems are widely preferred in industry because they allow for
controlled adjustment of the impact velocity and their ability to
represent real operating conditions (Aymerich et al., 2025a). Today,
commercial impact testing equipment from brands like Instron and
Dynatup can perform tests at different impact energies and
velocities, and under various temperature conditions.

Numerous studies exist in the literature regarding the low-
velocity impact behavior of composite pipes and cylindrical


https://pubs.rsc.org/image/article/2024/RA/d4ra01740d/d4ra01740d-f5_hi-res.gif

structures. The post-impact damage, burst strength, and dynamic
response of glass fiber reinforced composite pipes produced by
filament winding methods have been investigated in detail by many
researchers at different configurations and energy levels. Doyum and
Altay studied the damage formation on CTP pipes produced with
different winding angle configurations at impact energies between
3.5 and 8.5 J and revealed that layer separations and matrix cracks
are the dominant damage modes (Doyum & Altay, 1997). Gning et
al. demonstrated that impact damage has significant effects on the
burst pressure of glass/epoxy tubes, and that 12 J of impact energy
reduces the burst pressure by up to 40% (Gning et al., 2005).
Tarfaoui et al. emphasized that production parameters play a decisive
role in the dynamic response of the composite cylindrical structure
(Tarfaoui et al., 2007). In the study conducted by Uyaner et al., it
was determined that increasing impact velocity directly affects
contact force, contact time, and absorbed energy, and that the burst
strength after impact is significantly reduced (Uyaner & Giivensoy,
2011). Further studies by Curtis et al. and Gning et al. have also
focused on comparing the results of low-velocity impact and semi-
static penetration, and characterizing the damage using ultrasonic
methods (Curtis et al., 2000; Gning et al., 2005).

This book chapter presents a comprehensive overview of
current research focusing on the fundamental principles of low-
velocity impact behavior in composite materials, the operating
mechanisms of drop-type impact devices, types of damage, and
experimental approaches found in the literature.

Impact Testing Devices

A drop impact tester (drop test machine) is a kind of testing
equipment that can test the impact tolerance or damage degree of
material, product or component that meets with the sudden impact
or drop. Such machines find a wide range of application in
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automotive, aerospace, packaging, and consumer goods industries.
Drop impact testing simulates the environment where the products
may be subjected to shock or vibration in shipping, handling and/or
use. The data from these tests can be applied to refine designs,
material choices and product functionality (Simsir et al., 2024).
Essentially, a free-fall impact tester raises a test sample to a
predetermined height before dropping it onto an impact plate. The
machine monitors and calculates parameters such as impact force,
specimen deformation, and damage during the test.

Drop weight testing machines are meticulously engineered
to have finely controlled test conditions. This test is carried out by
just dropping a mass from a certain height. The sample can be
loaded in compression or prestressed depending on the way it is
anchored to its structure.The specimen carries kinetic energy equal
to the potential energy possessed by the same impact device before
the weight at its end is released. Testing machines may have an
acceleration unit that increases the impact energy through an elastic
mechanism. Beyond this subsystem, some can be equipped with
hardware such as an environmental chamber that alters the
environmental conditions. Therefore, it changes its properties and
characteristics, or a recoil mechanism, mechanisms that prevent the
impact device from receiving further impacts after the initial impact
(preventing subsequent impacts). To measure the impact load in such
tests, piezoelectric sensors, such as an accelerometer or load cell, are
typically used. These sensors generate an electrical charge
(piezoelectricity) that is directly proportional to the mechanical load
applied to a piezoelectric material such as crystal quartz or lead
zirconium titanate (PZT). Since there are no moving parts, the
structure is very solid and compact and high dependability in
measurement can be expected (Tressler et al., 1998).

Drop impact testing equipment is essential to verify the
quality of life for the products. The outputs of these instruments are
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used by engineers and designers to make products that are safer and
more reliable. In addition, drop impact tests are applied in a wide
range of industries to comply with legal regulations and safety
norms. Impact testing apparatus is an instrument used for testing the
impact resistance/durability of material, product or component
against a sudden impact or fall. The impact tester consists of several
components such as the drop tower, an impact object with a certain
shape, weight and size, a holding device that holds the sample, a
height device to changes the impact energy, a release device to
release the impact object. Instrumentation such as load cells,
accelerometers, or High-Speed Cameras are employed during the
test and the impact event is measured and analyzed. All these
measurements are logged and are processed via the DAQ enabling
the in-depth analysis of the impact behavior.Many low-speed impact
testing machine models are available on the market. The main
differences between the machines are features such as maximum
drop weight and maximum drop height; these are among the factors
that determine the energy levels. Companies that manufacture this
type of impact testing equipment usually offer a series of machines
with various feature ranges to meet different customer needs. Some
commercially available impact testing machines, along with their
features and functions, are discussed in detail.

Instron CEAST 9000 Series

The Dynatup Instron drop weight impact test system is from
the new gen Instron 9400 Series testing system. The following
information is provided for drop weight impact testers: Drop weight
impact tester is an instrument to measures the energy that is
absorbed by a material during fracture or breakage when it is
subjected to an impact load having a certain weight that falls on the
sample from certain height. The Instron 9400 Series drop weight
Impact tester shown in figure 2 meets the impact testing
specifications from 0.3J to 18001J.
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Figure 2 Instron 9400 Series drop weight impact testing machine

Source: https://www.instron.com/en/products/testing-systems/impact-systems/

In a weight drop impact testing machine, the striking tip is
designed to strike the sample perpendicularly and centered. The
striking tip can be designed with different diameters. This device has
a 20 mm hemispherical striking piece, and additional weights can be
added to the striking tip holder. It can also use round or square
samples clamped to a pneumatically operated clamping ring with a
diameter of 40 mm.

The denting test is a multiaxial impact test to assess puncture
energy. According to the type of test and material, the specimen
damage will be penetration, initial cracks, fractures and failed
cracks. In the case of plates, films, or welded pipes, electronically
monitoring the force/deformation curve with an instrumented tube
greatly enhances data gathering. To minimize the negative effects of
friction occurring between the pipe fitting and the specimen, ISO
6603-2 recommends the use of a lubricant at the end of the fitting.
The 9450 drop impact testing machine is equipped with an automatic
lubrication device that guarantees automatic and repeatable lubricant
application. The puncture test method and other impact test methods

are shown in Figure 3.
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Figure 3 Puncture test methods a) puncture test b) post-impact
compression test c) tensile impact test techniques
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Source: https://www.instron.com/en/products/testing-systems/impact-

systems/drop-weight-impact-testing-machine/

Puncture testing may be conducted in a normal laboratory
atmosphere or at low or high temperatures, with the support fixture
and specimens enclosed in a thermostatic chamber. By appropriate
combining the conditioning, temperature and testing in a controlled
way at any required impact velocity, ductile-to-brittle damage mode
transitions can be determined for the majority of plastics. The
Instron 9440 and 9450 drop impact testers can be fitted with optional
thermostatic chambers to perform puncture impact testing over and
under 0°.

Imatek IM10 and DWTT series

The M100 series models are highly versatile testing machines
for performing a wide variety of medium-energy impact tests on both
standard form samples and finished products. They feature
interchangeable mass carriers for high-speed testing, flexible fixture
options, and optional acceleration capabilities. Their advantages are
appreciated by customers in the aerospace, automotive, and
academic sectors, among others, and they are used for testing metals,
polymers, and composite materials. The Imatek IM100 Series drop
weight impact testing machine is shown in Figure 4.
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Figure 4 Imatek IM100 Series drop weight impact testing machine.

Source: https://imatek-systems.co.uk/products/im100-range/

Thanks to laboratory-level instrumentation and an extremely
robust structure, the system produces accurate and repeatable test
results. The large sample area with a T-channel base allows for
testing assemblies and finished products, providing high flexibility.
The guided mass system minimizes friction-related errors while
maintaining the accuracy of the impact geometry throughout the test.
The accuracy and repeatability of the drop parameters enable high
consistency between tests. Easily replaceable contact parts simplify
maintenance processes and reduce total cost of ownership. The high
level of safety protects operators from potential risks, while user-
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friendly and high-quality control and analysis software increase
consistency and productivity. The system offers impact masses
between 2 kg and 100 kg, drop heights between 50 mm and 3000
mm, and impact velocities between 1 m/s and 7.7 m/s, reaching 20—
30 m/s with an acceleration option. With optional temperature
conditioning, testing can be performed between -70 °C and +200 °C.

The device supports ASTM D3763, ASTM D5628, and EN
ISO 6603 standards for plate anvils; ASTM D1709 and ISO 7765 for
film anvils; and ASTM D7136, AITM 1-0010, and JIS K 7089 for
composite coupon anvils. It also includes a high-speed tensile fixture
capable of applying strain rates above 1000/s on flat and dumbbell
specimens; a cylinder crush anvil for studying the flow stress
behavior of metallic materials; Charpy and Izod fixtures conforming
to ASTM E23, EN 10045, ISO 148, ISO 179, ISO 180, ISO 14556,
and ISO 13802 standards; and flat anvil options for measuring the
cushioning performance of energy absorbers. Optionally; The high-
speed package provides an additional 1000 J of impact energy and
can reach impact velocities of up to 20 m/s depending on mass;
sample scrapers enable separation of the sample and impactor in case
of bonding; a system for preventing a second impact in rebound tests;
a temperature conditioning chamber offering controlled testing
capabilities in the range of -70 °C to +200 °C; a dynamic
displacement system that continuously measures sample
deformation at high speed during impact; and high-speed video
analysis encompassing image acquisition, monitoring, and video
metrology with integrated camera control.

Test Equipment Designed and Manufactured

Due to the very high selling prices of commercially available
impact testing equipment, academics in some countries have
attempted to manufacture such devices. Figure 5 shows previously
designed and manufactured free-fall testing equipment.
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Figure 5 Previously designed devices.
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Source: Anonymous 2019.

The designed devices are manufactured at heights between 1-
3 m. The impactor weight can vary between 5-35 kg, and depending
on weight and height, the maximum impact energies can range from
500 J to 1000 J. The impactors are generally designed as spherical
with a diameter of 16 mm or 20 mm. The displacement and force
signals measured during the impact test are synchronized and
transferred to the DAQ system for data acquisition and processing
(Aymerich et al., 2025b, Navarrete et al., 2004). In current systems,
piezoelectric load cells, usually from the Kistler brand, are used
depending on the maximum energy requirement (Anas et al., 2024;
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Rajput et al., 2018). The data are acquired and processed by
utilizing the sensor input voltage signal. These information are saved
and additional processing can be done on the data with an
appropriate subroutine (Matlab, Excel...) in order to get the desired
graphs.

Conclusions

This section comprehensively examines drop-weight impact
testing machines, which are critical for understanding the low-
velocity impact behavior of composite materials. Widely used
commercial impact testing machines such as Instron CEAST,
Dynatup, and Imatek offer high-precision measurements, wide
energy ranges, interchangeable fixture options, and the ability to be
equipped with circumferential chambers, enabling successful
simulation of real service conditions for composite materials.
Through these machines, force-time, energy-displacement, and
velocity-strain relationships are obtained in detail, allowing
researchers to more accurately assess the damage mechanism of the
material under impact. On the other hand, due to the high cost of
commercial machines, many research groups design and
manufacture their own drop-weight impact testing machines. Such
systems provide significant technical expertise from an engineering
design and experimental mechanics perspective.

In conclusion, low velocity impact testing machines are a
fundamental requirement for investigation of mechanical behavior
of composites materials. Such devices enable a quantitative
definition of damage tolerance, energy absorption capacity, strength
loss and integrity loss of the material, allowing to up develop new
composite material designs and/or enhance the reliability of existing
structures.. In this context, low-speed impact testing is of strategic
importance not only for academic research but also for industrial
product development processes and quality control applications.
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CHAPTER 4

TURKIYE'DE iKiNCI EL ARAC SATISINDA
SURDURULEBILIRLIK

MEHMET SIiNAN!

SELMAN ILTERIS YILMAZ?
SEZER SECKIN ERDEM?
BUKET KARATOP*

Giris

Tirkiye’de ikinci el arag¢ satisinin siirdiiriilebilir bir yapiya
sahip olmas1 g¢evresel, ekonomik ve toplumsal boyutlariyla ele
alinmas1 gereken bir konudur. Ikinci el ara¢ pazari, yiiksek arag
maliyetleri nedeniyle genis kesimlerce tercih edilse de; kayit disilik,
yiikksek emisyon, diisiik giivenlik ve seffaflik eksikligi gibi ¢ok
boyutlu sorunlar igermektedir. Siirdiiriilebilir bir sistem igin;
cevresel etkilerin azaltilmasi amaciyla diisiik emisyonlu araglarin
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tesviki, hurda araglarin trafikten ¢ekilmesi ve karbon vergisi benzeri
uygulamalarin gelistirilmesi onerilmektedir.

Tiirkiye’de her yi1l milyonlarca ikinci el arag el
degistirmektedir. Ancak bu pazar yapisi onemli Ol¢iide kayit disi
islemlerle yiiriitiilmekte, c¢evre dostu olmayan yash araglar
dolasimda kalmakta ve tiiketiciler; ara¢ ge¢misi, hasar bilgisi ve
ekspertiz kalitesi gibi konularda ciddi bilgi eksikligi ve giliven
sorunlar1 yasamaktadir. Bu durum hem ¢evre kirliligine neden
olmakta hem de piyasa istikrarmi ve tiiketici haklarmi tehdit
etmektedir.

Otomotiv sektoriinde siirdiiriilebilirlik genellikle yeni nesil
arag lretimi ve elektrikli araclarin yaygimlasmasi ile iliskilendirilse
de, ikinci el arag¢ pazar1 da ¢evresel ve ekonomik siirdiiriilebilirlik
acisindan kritik 6neme sahiptir. Tiirkiye gibi arag¢ fiyatlarinin yiiksek
seyrettigi lilkelerde ikinci el araglar, genis bir kullanici kitlesi
tarafindan tercih edilmektedir. Ancak bu pazarin kayit disilik, ¢cevre
kirliligi, verimsizlik ve giiven eksikligi gibi sorunlarla stirdiiriilebilir
bir yapiya sahip olmadigi goriilmektedir.

Bu baglamda, Tiirkiye’de ikinci el arag satisinda g¢evresel
etkilerin azaltilmasi, ekonomik verimliligin artirilmasi ve tiiketici
giivenliginin saglanmas1 amaciyla siirdiiriilebilir stratejilere ihtiyag
duyulmaktadir.

Tiirkiye’de ikinci el ara¢ satisinda siirdiiriilebilirligin
saglanmasi; cevresel etkilerin minimize edilmesi, piyasa
seffafliginin artirilmast ve tiiketici giivenliginin garanti altina
alinmasi ile mimkiindiir. Bu amacgla gelistirilecek stratejiler,
yalnizca sektdrel doniisiimii degil, iilke genelinde daha adil, yesil ve
direncli bir ekonomik sistemin kurulmasini da destekleyecektir.

Ikinci El1 Ara¢ Pazan: Tiirkiye’de Mevcut Durum

Tiirkiye’de ikinci el ara¢ pazari, sifir araglara kiyasla daha
hacimli bir satis segmentini olusturmaktadir. TUIK verilerine gore
2023 yilinda Tiirkiye’de yaklagik 7,5 milyon adet ikinci el otomobil
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el degistirmistir (TUIK, 2024). Ancak bu islemlerin biiyiik boliimii
bireysel saticilar arasinda, kayit dis1 platformlar {izerinden
gerceklesmektedir.

2024 yilinda ise ikinci el otomobil devirleri ilk defa yedi
milyon adedin iizerine ¢ikarak 7.103.550 adet olarak kaydedilmis;
boylece ikinci el otomobil pazari yeni bir rekor kirmistir. (Otomobil
Haber, 2025)

Bu veriler 15181nda: 2023 te ikinci el otomobil devri, sifir arag
satiglarinin yaklasik 5—6 kat1 olarak gerceklesmis; bu da Tiirkiye’de
ikinci el pazarmnin, sifir ara¢ pazarma kiyasla ¢cok daha hacimli bir
segment oldugunu gostermektedir.

Tirkiye’de ikinci el ara¢ pazari, son yillarda yasanan
ekonomik dalgalanmalar, kur artiglar1 ve sifir arag¢ fiyatlarindaki hizli
yiikselis nedeniyle tiiketicilerin daha ulasilabilir alternatiflere
yonelmesiyle birlikte onemli bir talep merkezi haline gelmistir. Yeni
ara¢ fiyatlarmin yiliksek olusu, kredi maliyetlerinin artmas1 ve sifir
ara¢ bulunabilirliginin zaman zaman smirli olmasi, tiiketicileri dogal
olarak ikinci el piyasasina itmektedir. Bu durum, 6zellikle orta gelir
grubunun mobilite ihtiyaclarimi karsilamak i¢in ikinci el araglara
daha fazla yonelmesine yol agmuistir.

Ikinci el ara¢ satislar1 genel olarak yillik bazda artis
egiliminde olsa da piyasa tamamen istikrarli degildir. Piyasada
donemsel olarak talep daralmalar1 ve fiyat gerilemeleri
gdzlemlenebilmektedir. Ozellikle faiz oranlarindaki degisiklikler,
tiikketici giiven endeksi, sifir aragtaki kampanyalar ve ekonomik
beklentiler gibi faktorler, ikinci el piyasasinda kisa siireli
dalgalanmalara neden olmaktadir. Ornegin; faizlerin yiikseldigi
donemlerde kredi kullaniminin azalmasi, ikinci el araglara olan
talebi gecici olarak disiirlirken; sifir ara¢ kampanyalarmin
yogunlastig1 donemlerde tiiketicilerin bir kismi tercihini yeni aragtan
yana kullanarak ikinci elde durgunluk yaratabilmektedir.

Buna karsm, uzun vadeli egilim degerlendirildiginde ikinci
el ara¢ pazar1 Tiirkiye otomotiv sektoriiniin en hareketli alanlarindan
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biri olmaya devam etmektedir. Yilda milyonlarca aracin el
degistirdigi bu segment, hem bireysel kullanicilar hem de galeriler,
filo sirketleri ve ara¢ alim-satim platformlar: tarafindan yogun bir
sekilde takip edilmektedir. Dijital platformlarin yaygilagsmasi, alim-
satim siireglerinin hizlanmasini saglamis; ilan sayilarinmn artmast,
fiyat takibinin kolaylagsmasi ve pazarda gorece seffafligin artmasi
ikinci el arag ticaretini daha ulagilabilir hale getirmistir.

Karsilasilan Bashca Sorunlar

Kayit dis1 satislar ve vergi kaybi: Kayit dis1 ikinci el arag
satig1, ara¢ alim-satim iglemlerinin vergi ylikiimliiliiklerinden
kagmak  amaciyla resmi kayitlara tam  olarak
yansitilmamasidir. Ozellikle bireysel saticilarm ticari amagla
cok sayida ara¢ alip satmasma ragmen vergi miikellefi
olmamas1 bu sorunu bilyiitmektedir. Sektor kaynaklarina
gore: Tiirkiye’de yillik yaklagik 9 milyon arag el
degistirmektedir. Bunun yalnizca %?20°s1 yetkili saticilar
veya vergi miikellefi isletmeler araciligiyla yapilmaktadir.
Geriye kalan satiglarin 6nemli bolimii kayit dis1 bireysel
islemler seklindedir. (kaynak) Ayrica Maliye Bakanligmin
denetimlerinde, bir kiginin {izerinde 3’ten fazla ara¢ ilani
bulunan 300 binden fazla kisi tespit edilmistir. (Yeni Giin,
2025)

Vergi Kaybinin Boyutlari: Kayit dis1 satislar, devlet
acisindan ¢ok cesitli vergi kalemlerinde kayba yol
agmaktadir. Gelir Vergisi Kayb1 Ticari faaliyet
yiriitmesine ragmen vergi miikellefi olmayan kisiler arag
alim satimindan elde ettigi kazanci beyan etmez. Bu nedenle
kazang tlizerinden 6denmesi gereken gelir vergisi devletin
kasasina girmemektedir. KDV (Katma Deger Vergisi)
Kayb1 Yetkili isletmeler ikinci el arag ticaretinde KDV
O0demekle yiikiimliidiir. Ancak kayit disi satiglarda bu
yikiimliilik ortadan kalktig1 i¢cin devlet ciddi bir KDV kaybi
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yasamaktadir. Noter Harclar1 ve Damga Vergisi Kaybi
Baz1 kayit dist yontemlerde (elden satig, gizli satis
sozlesmeleri vb.) noter kanali kullanilmadig: i¢in harg ve
damga vergisi tahsil edilememektedir. Hazine ve Maliye
Bakanhigma gore kayit dis1 arag ticareti, yillik bazda
milyarlarca lira vergi kaybina neden olmaktadir. (Kaynak:
Ticaret Bakanlig1 Basin Ag¢iklamasi, 2024)

e Tiiketici Acisindan Riskler: Kayit dis1 ara¢ satiglar1 sadece
vergi kaybma neden olmaz; tiiketiciler i¢in de 6nemli riskler
olusturur. Aracg kilometresi veya hasar gegmisinin gizlenmesi
Ayipli veya pert kayith araglarin bilingli sekilde satilmasi
Gilivence sozlesmesi veya fatura olmamasi dolandiriciliga
acik islem yapis1 Hukuki hak arama siirecinin zorlagmasi Bu
durum, piyasadaki gliven ortamini zedeler ve sektori
istikrarsizlastirir.

e Devletin Miicadele Politikalari: Ticaret Bakanlig1 ve Gelir
Idaresi Baskanlig, kayit dis1 ikinci el ticareti engellemek igin
cesitli onlemler almistir: Yetki Belgesi zorunlulugu,bir kisi
tarafindan ilan verilebilecek ara¢ sayisina sinirlama ile sahte
ilanlara yonelik agir para cezalar1 Vergi miikellefi olmadan
ticaret yapanlara idari yaptirimlar getirilmistir.2024-2025
yillarinda kayit dis1 faaliyet tespit edilen kisi ve isletmelere
toplam 174 milyon TL’nin iizerinde ceza kesilmistir.
(Ticaret Bakanlig1 Basin Bildirisi, 2024)

e Diger sorunlar: Ekspertiz yetersizligi ve bilgi kirliligi
Yiiksek emisyonlu, eski araglarm dolasimda kalmasi arag
gecmisi, hasar ve kilometre bilgisi konusunda giiven

sorunlar1 ikinci el ara¢ satisinda karsilagilan diger sorunlari
teskil etmektedir.

Siirdiiriilebilir ikinci E1 Ara¢ Satisinin Boyutlar

e Cevresel Siirdiiriilebilirlik: Ikinci el araglarin ¢evresel
etkileri, ulasim politikalarinda ¢ogu zaman goz ardi edilen
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bir konudur. Oysa arag¢ yasi ilerledikce motor verimliligi
diismekte, yakit tiiketimi artmakta ve buna bagli olarak
karbon salimi yiikselmektedir. Avrupa Cevre Ajansi (EEA)
verilerine gore 15 yasindan biiylik araglar, yeni araglara
kiyasla ortalama %30-40 daha fazla CO. ve zararh egzoz
emisyonu iiretmektedir (EEA, 2023). Tiirkiye’de ise ikinci el
otomobil filosunun yas ortalamasi Avrupa’dan daha
yiiksektir; TUIK verileri, Tiirkiye’deki otomobillerin
yaklagik yarisinm 12 yas ve lizerinde oldugunu
gostermektedir (TUIK, 2024). Bu durum, ikinci el arag
piyasasinin ¢evresel etkilerinin politika yapiminda daha fazla
dikkate almmas1 gerektigini ortaya koymaktadir. ikinci el
araclarm ¢evresel etkisi genellikle g6z ardi edilir. Oysa yash
araglar daha fazla karbon salimi yapar. Bu kapsamda. Arag
yaslt ve emisyon smifina gore vergilendirme yiiksek
emisyonlu araglarin trafikten c¢ekilmesine yonelik hurda
tesvikleri Elektrikli ve hibrit ikinci el araglara yonelik alim
tesvikleri uygulanmalidur.

Ekonomik Siirdiiriilebilirlik: Ikinci el pazarinm diizenli ve
seffaf islemesiyle ekonomik verimlilik artar. Bunun ig¢in
Lisansh galerilerin ve noterlerin dijital satis platformlarina
entegre edilmesi, ara¢ geg¢misi bilgilerinin merkezi bir
sistemde erigilebilir olmas1 vergi denetimlerinin artirilmasi
ve kayit disilikla miicadele 6nem tasir. Ekonomik verimlilik
acisindan kayit disi satiglarin 6nlenmesi, arag bilgilerinin
dijital ortamda erisilebilir hale getirilmesi ve lisansh satig
sistemlerinin yayginlastirilmasi gerektigi vurgulanmaktadir.
Tiiketici gilivenligini saglamak adma ise ekspertiz
zorunlulugu, garanti sistemleri, ara¢ ge¢misi seffafligi ve
kamu denetimi gibi diizenlemeler Onerilmektedir. Ayrica
dijitallesmenin yayginlastirilmast ve ¢ok paydash is
birliklerinin giiclendirilmesi, sistemin biitiinsel
stirdiiriilebilirligine katki saglayacaktr.
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Toplumsal Siirdiiriilebilirlik :Siirdirtlebilirlik yalnizca
cevresel etkileri degil, ayn1 zamanda insan giivenligini ve
tiikketici haklarin1 da kapsayan genis bir sosyal boyutu ifade
eder. Ikinci el ara¢ piyasasmda alict ve satici arasindaki
giivenin saglanmasi, glivenli arag tedariki ve seffaf bilgi akisi
strdiiriilebilir ulagim hedefleri agisindan kritik Oneme
sahiptir. Bu kapsamda ikinci el ara¢ satisinda Zorunlu
Ekspertiz Raporu Uygulamasinin Yayginlastirilmasi Giivenli
Arag ve Seffaf Bilgi olan Ikinci el arag satislarinda ekspertiz
raporu, aracin mevcut teknik ve mekanik durumunu “nesnel”
verilerle ortaya koyan belgedir. Tiirkiye’de ¢ikarilan
yonetmeliklerle; 8 yasindan kii¢iik ve 160.000 km altindaki
ikinci el tasitlar icin ekspertiz raporu alma zorunlulugu
getirilmistir. Bu rapor, aracin 6zellikleri, ariza-hasar durumu,
kilometre bilgileri gibi kritik verileri icerir ve noter satig
islemleri sirasinda ibraz edilmek zorundadir. Ekspertiz
raporu olmayan satiglarda devir islemi yapilamaz Tiiketici
giivenini artirir: Alicilar, aracin ger¢ek durumunu bilerek
satin alma karar1 verebilir. Kazalarim Onlenmesine katki
saglar. Ekspertiz raporu; fren, motor ve diger giivenlik
sistemlerinin durumunu da i¢erdiginden, potansiyel giivenlik
aciklarinin 6nceden fark edilmesine olanak tanir. Piyasa
seffafligini artirir: Her aracin raporunun bulunmasi, ikinci el
piyasasinda asimetrik ilgi sorununu azaltrr. Bu nedenle
ekspertiz raporu zorunlulugunun tiim ikinci el arag satiglarina
yayginlastirilmas1 (6rnegin 8 yas ve {lstll araclar icin de
belirli bir basamakla devam ettirilmesi) siirdiiriilebilir bir
pazar yapisinin olusturulmasi agisindan dnemlidir.

Politika Onerileri ve Diizenlemeler

Kisa Vadeli Onlemler

Tiim ikinci el satislarda TSE onayl1 ekspertiz raporu
zorunlulugu: Ikinci el arag piyasasinda bilgi asimetrisi,
tiikketicilerin ara¢ ge¢misi ve teknik durumu hakkinda yeterli
bilgiye ulasamamasi nedeniyle ciddi bir giivensizlik
yaratmaktadir. TSE onayli ekspertizlerin zorunlu hale
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getirilmesi, piyasanin seffafligini artirarak hem aliciyr hem
saticiy1 koruyan bir diizenleme niteligi tagir. Avrupa Birligi
iilkelerinde benzer uygulamalarin tiiketici sikayetlerini
azalttig1 ve dolandiricilik vakalarini 6nemli 6lgiide
diistirdiigii tespit edilmistir (European Commission, 2021).
Tiirkiye’de bu zorunlulugun yayginlastirilmasi, kayit dis
satislarin da azalmasina katki saglayacaktir.

10 yag tstii araclara yonelik emisyon testlerinin
siklastirilmasi: Eski araglarin emisyon diizeyleri, yeni nesil
araclara kiyasla daha yiiksektir. 10 yas istii araclarda
periyodik emisyon kontrollerinin siklastirilmasi, kent ig¢i
hava kirliliginin azaltilmast agisindan kritik Onemdedir.
OECD raporlari, eski araclarin toplam emisyon i¢indeki
paymin orantisiz derecede yiiksek oldugunu ortaya
koymaktadir (OECD, 2020). Bu 6nlem ayn1 zamanda ¢evre
standartlarina uymayan araglarin trafikten ¢ekilmesini tesvik
eden dolayli bir mekanizma olusturur

Orta Vadeli Oneriler

Karbon vergisi benzeri uygulamalar ile yiiksek
salinimh araclara caydirici maliyet uygulanmas:
Karbon vergisi, iilkelerin sera gazi emisyonlarini1 azaltmak
icin en etkili ekonomik araglardan biridir. Yiksek yakit
tilketimine sahip araclara ilave vergi uygulanmasi,
kullanicilar1 daha diisiik salimli veya elektrikli araclara
yonlendirebilir. AB iilkelerinde benzer vergi modellerinin,
ara¢ filolarinin yenilenme hizin1 artrdigi ve karbon
emisyonlarmi diislirdiigli goriilmiistiir (Crippa et al., 2023).
Tiirkiye’de ikinci el pazarma uyarlanacak bir karbon bazli
vergilendirme, cevresel stirdiiriilebilirlige katk1
saglayacaktir.

Ikinci el elektrikli araclarda sarj bataryas:
sertifikasyon sistemi gelistirilmesi: Elektrikli araglarin
ikinci el piyasasinda en biiyilik belirsizlik unsurunu batarya
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saghg1 olusturmaktadir. Batarya kapasite kaybi, aracin
gercek degerini onemli Olclide etkilediginden standart bir
“batarya saglik sertifikas1” sistemi, piyasada giiven olusturur.
ABD ve Norveg gibi iilkelerde sertifikasyon sistemlerinin
ikinci el EV pazarmin hizla biiylimesine katki sagladigi
belirtilmektedir (IEA, 2022). Tiirkiye’de TSE veya yetkili
kurumlar araciligiyla batarya sertifikasyonunun
standartlastirilmasi,  elektrikli  araglarin  ikinci  elde
yayginlagmasini destekleyecektir.

Uzun Vadeli Stratejiler

Ikinci el arag pazarinda AB uyumlu dijital altyapinin
kurulmasi: AB iilkelerinde araclarmn kilometre bilgisi, hasar
gecmisi, bakim kayitlar1 ve emisyon verilerinin merkezi
dijital sistemlerde saklanmasi, hileli satiglarin 6nlenmesinde
biiyiik rol oynamaktadir. Tiirkiye'nin AB mevzuatma uyum
cercevesinde benzer bir dijital altyap1 olusturmasi, tiim arag
gecmisinin seffaf bicimde takip edilmesine imkan tanir.
Dijjital kayit sistemlerinin sahtekarhigi azaltmada %30’a
varan basar1 sagladigi tespit edilmistir (European
Automobile Manufacturers’ Association, 2022).

Ikinci el araglarda yesil puanlama sistemi (Eco Score)
gelistirilmesi: Eco Score sistemi, araglar1 yas, yakit tiird,
karbon salimi, bakim ge¢misi ve ¢evresel performans gibi
coklu kriterlere gore degerlendiren bir puanlama modelidir.
Boyle bir sistem, tiiketicilerin ¢evreci araglari tercih etmesini
saglayarak siirdiiriilebilir ulasim politikalarma katkida
bulunur. OECD ve UNECE gibi kuruluslar, ¢evreci arag
etiketleme sistemlerinin emisyon azaltiminda davranigsal
etkiler olusturdugunu ortaya koymaktadir (UNECE, 2021).

Tiirkiye’de ikinci el arag¢ satisinin siirdiiriilebilir bir yapiya

kavugmasi, cevre, ekonomi ve toplum agisindan biiylik fayda
saglayacaktir. Bu siirecte hem devletin hem de 6zel sektoriin birlikte

etmesi; dilizenleyici otoritelerin denetim ve tesvik

mekanizmalarini iyi iglemesi gerekmektedir. Dijitallesme, seffaflik
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ve cevresel kriterlerin entegrasyonu ile ikinci el ara¢ pazari,
surdiiriilebilir kalkinma hedeflerine 6nemli katk: sunabilir.

Tiirkiye’de ikinci el ara¢ satisginin silirdiiriilebilir bir yapiya
kavusmasi, yalnizca otomotiv sektorii i¢in degil; ¢cevresel korunma,
ekonomik denge ve toplumsal refah agisindan da stratejik dneme
sahiptir. Bugiin gelinen noktada, ikinci el pazarindaki hizli biiylime;
kayit disilik, bilgi eksikligi, cevresel etkiler ve tiiketici giivenligi gibi
cok boyutlu sorunlar1 da beraberinde getirmektedir. Bu sorunlarin
¢Oziilmesi, siirdiiriilebilir bir yap1 i¢in biitiinciil yaklagimlar1 zorunlu
kilmaktadir.

Cevresel Faydalar

Yashh ve yiiksek emisyonlu araglarin trafikte uzun siire
kalmasi, hava kirliligini artirmakta ve karbon ayak izini
biiytitmektedir. Bu nedenle, ikinci el satis pazarinda ¢evre
dostu wuygulamalarmm benimsenmesi kritik 6nemdedir.
Elektrikli ve diisiik emisyonlu araglara yonelik tesviklerin
artirilmas;, hurda ara¢  doniisim  programlarinin
gii¢lendirilmesi ve araclarin karbon salimi diizeylerine gore
vergilendirilmesi; ¢evresel siirdiiriilebilirlige dogrudan katki
saglayacaktir. Ayrica, araclarin yasam dongiisiine iliskin
verilerin seffaf paylasilmasi, cevresel etkilerin daha iyi
izlenebilmesini miimkiin kilacaktir.

Ekonomik Faydalar

Ikinci el ara¢ pazari, bireylerin ara¢ edinme maliyetlerini
diisiirmesi acisindan ekonomik erisilebilirlik saglar. Ancak
piyasa i¢indeki kayit dist islemler hem vergi kayiplarina
neden olmakta hem de piyasa istikrarini tehdit etmektedir. Bu
nedenle, devletin regiilasyon rolii kritik olup, denetim ve
tesvik mekanizmalarmin birlikte isletilmesi gerekmektedir.
Lisansh isletmelerin  desteklenmesi, kayithh ticaretin
yaygmlastirilmast ve seffaf fiyatlandirma politikalarinin
benimsenmesiyle hem tiiketicinin korunmasi saglanir hem de
ekonomiye giiven artar.
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e Toplumsal Faydalar ve Giivenlik

Araclarin trafik giivenligi ve tiiketici sagligi ile dogrudan
iligkili olmas1 nedeniyle, siirdiiriilebilirlik yalnizca c¢evresel
ya da ekonomik bir mesele degil, ayn1 zamanda bir kamu
saglhigt ve toplumsal giivenlik sorunudur. Ekspertiz
zorunlulugu, garanti uygulamalar1 ve ara¢ ge¢misine dair
seffaf bilgi sistemleri ile tiiketici gliveni artirilmali, aldatici
uygulamalara kars1 caydirict cezalar uygulanmalidir.
Boylece toplumda giivenilir ikinci el ticareti kiiltiiri
olusacak, sosyal adaletin ve bilingli tiikketimin temelleri
giiclendirilecektir.

e Dijjitallesme ve Sistem Entegrasyonu

Stirdiiriilebilir bir pazar yapisinin kurulmasinda dijitallesme
kilit bir rol oynamaktadir. Noterlik islemlerinden ekspertiz
raporlarina, ara¢ gegmisi sorgulamasindan ¢evrim i¢i 6deme
sistemlerine kadar tiim siireglerin entegre ve dijital tabanli
olmasi; islem siirelerini azaltirken, kayit disilig1 da onler.
Ayrica, dijital platformlar iizerinden araglarin emisyon
verileri, yakit tiikketimi ve servis ge¢cmisi gibi bilgiler halka
acik hale getirilerek, karar alma siireclerinde bilgi temelli
tercihler desteklenebilir. Bu sayede ¢evresel kriterler de satin
alma davranislarinda belirleyici hale gelir.

e Cok Paydash Is Birligi

Ikinci el ara¢ satigmin siirdiiriilebilirligi yalnizca kamu
otoritelerinin ¢abalariyla degil, 6zel sektoriin, sivil toplumun
ve tiiketicilerin birlikte hareket etmesiyle miimkiin olacaktur.
Devlet, diizenleyici ve denetleyici roliinii gili¢lendirirken;
ozel sektor, dijitallesmeye ve cevreci ¢Oziimlere yatirim
yapmali; sivil toplum ise tiiketici haklar1 ve ¢evre bilincinin
yaygmlastirilmasinda aktif rol tistlenmelidir. Bu ¢ok paydasl
yapi, silirdiiriilebilir kalkinma hedeflerine ulagsmada ikinci el
otomotiv sektoriinii gliclii bir araca doniistiirebilir.

Sonu¢ olarak, Tiirkiye'de ikinci el ara¢ satiginin
stirdiiriilebilirlige kavusmasi; sadece cevresel faydalar yaratmakla
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kalmayacak, aym zamanda ekonomik adaletin ve tiiketici
giivenliginin saglanmasma katkida bulunacaktir. Gelistirilecek
biitiinciil stratejiler ve ¢ok paydash is birlikleri ile bu pazarin,
strdiiriilebilir kalkinma hedeflerine aktif bi¢cimde katki sunmasi
miimkiindiir.
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CHAPTER 5

SYSTEM-LEVEL ELECTRO-THERMAL
MODELING OF BATTERY ELECTRIC VEHICLES
IN MATLAB/SIMULINK

Tevfik ATAMAN!
Miisliim GUR?

Introduction

The rapid global transition toward electric mobility has
intensified research efforts on improving the performance, safety,
and durability of electric vehicles (EVs). While significant progress
has been achieved in electric drivetrain efficiency and battery energy
density, thermal effects remain one of the most critical limiting
factors in EV operation. Battery packs, electric motors, and power
electronics generate considerable heat during normal operation, fast
charging, and high load driving conditions. If not properly managed,
excessive temperatures can lead to performance degradation,
accelerated aging, and in extreme cases, safety risks such as thermal
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runaway. Consequently, thermal modeling and thermal management
have become indispensable components of modern EV system
design.

Lithium-ion batteries, which dominate the EV market, are
particularly sensitive to temperature variations. Numerous studies
have demonstrated that battery performance strongly depends on
operating temperature, with optimal behavior typically observed in
the range of approximately 15-35 °C. Outside this range,
electrochemical reaction rates are adversely affected: low
temperatures increase internal resistance and reduce available
power, while high temperatures accelerate degradation mechanisms
and compromise safety (Chen et al., 2020; Hannan et al., 2018).
Experimental and simulation-based studies consistently report
reduced capacity, voltage drop, and limited regenerative braking
capability under cold conditions, as well as increased aging rates and
thermal stress under hot environments (Omariba & Jared, 2019;
Folorunso et al., 2024). These findings underline the necessity of
explicitly accounting for thermal behavior when evaluating EV
performance.

Beyond the battery itself, thermal interactions at the system
level further complicate EV operation. Electric motors and inverters
generate losses that contribute to the overall thermal load, and their
waste heat can either exacerbate battery heating in warm conditions
or be exploited to assist battery warm-up in cold climates. Recent
research has highlighted the importance of integrated thermal
management systems that coordinate battery cooling, powertrain
cooling, and, in some cases, cabin heating and cooling (Rahmani et
al., 2025; MathWorks, 2025). Such integrated approaches are
particularly relevant under high ambient temperatures and fast-
charging scenarios, where thermal loads increase sharply and active
cooling becomes unavoidable.

Modeling and simulation play a central role in understanding
these thermal phenomena and evaluating thermal management
strategies. MATLAB/Simulink has emerged as a widely used
platform for EV system modeling due to its flexibility, modularity,
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and strong support for multi-domain simulations. Several studies
have employed MATLAB-based electro-thermal battery models to
investigate temperature-dependent electrical behavior and cooling
strategies (Huria et al., 2012; Omariba & Jared, 2019). These models
commonly adopt lumped-parameter thermal representations that
balance computational efficiency with sufficient accuracy for
system-level analysis. Simulation results from such approaches have
shown good agreement with experimental trends, making them
suitable for early-stage design, control development, and sensitivity
analysis.

Despite this progress, many EV models reported in the
literature still treat thermal effects in a simplified or decoupled
manner, limiting their ability to capture realistic operating
constraints. In particular, studies focusing primarily on range
estimation or energy consumption often assume constant
temperature conditions, thereby neglecting the strong coupling
between electrical loads, heat generation, and thermal management
effort (Paffumi et al., 2018; Dinc & Gokce, 2021). As EVs move
toward higher power densities and faster charging capabilities, this
simplification becomes increasingly inadequate.

Motivated by these gaps, this chapter focuses on the
integration  of  thermal modeling into an  existing
MATLAB/Simulink-based electric vehicle model previously
developed and validated by the author. Unlike purely electrical or
energy-based models, the proposed approach explicitly captures
battery heat generation, thermal inertia, and cooling control effects
within a unified simulation framework. The primary objective is to
demonstrate how thermal modeling enhances the fidelity of EV
simulations and provides deeper insight into battery behavior under
realistic driving and charging scenarios. By embedding thermal
effects directly into the EV model, this work enables systematic
evaluation of ambient temperature influence, fast-charging thermal
stress, and battery thermal management system -effectiveness,
thereby contributing to more robust and realistic EV system analysis.
To evaluate the thermal behavior of the electric vehicle under
realistic operating conditions, a representative drive cycle combining
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urban, rural, and motorway phases was employed, as illustrated in
Figure 1.
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Figure 1: Represantative drive cycle speed profile.
Methodology

Overview of the Electric Vehicle Modeling Framework

The electric vehicle model employed in this study is
implemented in MATLAB/Simulink and builds upon a previously
developed and validated vehicle-level simulation framework. The
base model represents a battery electric vehicle (BEV) architecture
comprising a lithtum-ion battery pack, an electric motor—inverter
unit, vehicle longitudinal dynamics, and a driver model that follows
a prescribed driving cycle. The model is shown in Figure 2. This
modular structure allows individual subsystems to be modified or
extended without affecting the overall simulation integrity, making
it particularly suitable for multi-domain integration such as thermal
modeling.
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Figure 2: Electro-thermal model of the electric vehicle.

Unlike simplified energy-consumption models that assume
constant operating conditions, the present framework explicitly
captures time-dependent electrical loads induced by realistic driving
cycles. The vehicle speed profile is imposed at the driver block, and
the resulting traction power demand propagates through the
powertrain to the battery subsystem. This approach ensures that
battery current, voltage, and state-of-charge (SOC) evolve
dynamically as functions of vehicle operation, thereby providing a
physically consistent basis for thermal analysis. Similar system-level
modeling strategies have been widely adopted in MATLAB-based
EV studies due to their balance between fidelity and computational
efficiency (Huria et al., 2012; Paffumi et al., 2018).

Battery Electrical Model with Temperature Dependency

The battery pack is modeled using an equivalent circuit
model (ECM), consisting of an open-circuit voltage source in series
with an internal resistance and additional RC elements to represent
transient electrochemical behavior. While the base version of the
model assumes temperature-independent parameters, this study
extends the ECM by introducing temperature-dependent electrical
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characteristics, consistent with established electro-thermal modeling
approaches (Omariba & Jared, 2019; Hannan et al., 2018).

Specifically, the internal resistance of the battery is
expressed as a function of temperature, reflecting increased ohmic
losses at low temperatures and reduced resistance at elevated
temperatures. This dependency is implemented using either
analytical expressions or lookup tables derived from experimental
data reported in the literature. As a result, the battery voltage
response and power capability naturally vary with temperature,
allowing the model to reproduce known phenomena such as voltage
sag in cold conditions and increased heat generation under high-load
operation (Chen et al., 2020). Figure 3 illustrates the battery current
and power demand corresponding to the applied drive cycle, which
directly determine the internal heat generation within the battery
cells.
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Figure 3: Battery current and power over the drive cycle.

Lumped-Parameter Battery Thermal Model

To capture the thermal behavior of the battery pack, a
lumped-parameter thermal model is integrated into the electrical
simulation. The battery is treated as a single thermal mass
characterized by an effective heat capacity and a thermal resistance
to the ambient environment. This modeling choice is widely used in
system-level studies due to its simplicity and proven adequacy for
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capturing average battery temperature dynamics (Huria et al., 2012;
Rahmani et al., 2025).

The temporal evolution of the battery temperature is
governed by an energy balance equation, where internally generated
heat is balanced against heat dissipation to the surroundings. Internal
heat generation is primarily attributed to ohmic losses, which are
calculated based on the instantaneous battery current and
temperature-dependent internal resistance. Heat rejection is modeled
as convective heat transfer to the ambient environment through an
equivalent thermal resistance. Ambient temperature is treated as an
external input, enabling the evaluation of different climatic
conditions within the same simulation framework.

This formulation allows the battery temperature to respond
dynamically to changes in driving conditions, charging events, and
environmental parameters. Importantly, the thermal model is
bidirectionally coupled with the electrical model: electrical losses
generate heat, while temperature variations influence electrical
parameters. Such coupling has been identified as essential for
realistic EV simulations in prior studies (Folorunso et al., 2024).

Battery Thermal Management System (BTMS) Representation

To prevent excessive battery temperatures and reflect
practical EV operation, a simplified battery thermal management
system (BTMS) is incorporated into the model. The BTMS is
implemented using a rule-based control strategy that activates
cooling when the battery temperature exceeds a predefined upper
threshold and deactivates it once the temperature falls below a lower
limit, introducing hysteresis into the control logic. This approach
captures the essential behavior of real-world battery cooling systems
while avoiding unnecessary model complexity (Rahmani et al.,
2025).

When cooling is active, the effective thermal resistance
between the battery and the environment is reduced, representing
enhanced heat removal through forced convection or liquid cooling.
Although the cooling system power consumption is not explicitly
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modeled in this study, the impact of cooling on battery temperature
dynamics is fully captured. This abstraction is sufficient for
evaluating thermal safety, temperature regulation effectiveness, and
the influence of cooling strategies on battery operating conditions.
The implemented thermal control strategy is demonstrated in Figure
4, where the cooling command is activated when the battery
temperature exceeds the predefined threshold.
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Figure 4: Cooling control action and battery temperature.

Simulation Scenarios and Operating Conditions

To assess the performance of the integrated electro-thermal
EV model, several simulation scenarios are considered. A
representative driving cycle combining urban, rural, and motorway
phases is used to evaluate thermal response under realistic operating
conditions. In addition, ambient temperature is varied across a wide
range to investigate climate effects on battery temperature evolution,
consistent with previous sensitivity studies (Paffumi et al., 2018).

Fast-charging scenarios are also simulated by imposing high
charging currents corresponding to different C-rates. These
scenarios allow examination of battery temperature rise during
charging and highlight the increasing thermal stress associated with
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aggressive charging strategies, as reported in recent literature (Chen
et al., 2020; Folorunso et al., 2024).

All simulations are executed using MATLAB/Simulink with
time-domain integration, and key outputs such as battery current,
power, SOC, and temperature are logged for post-processing and
visualization. This methodology provides a consistent and extensible
framework for analyzing thermal effects in electric vehicles and
forms the basis for the results and discussion presented in the
subsequent sections.

Results

The electro-thermal behavior of the electric vehicle was first
evaluated under a representative driving cycle combining urban,
rural, and motorway phases. The imposed vehicle speed profile is
illustrated in Figure 1, which reflects realistic variations in speed and
acceleration encountered during typical daily driving. This driving
cycle forms the basis for all subsequent thermal analyses.

The resulting battery current and power demand profiles are
presented in Figure 2. As expected, periods of high acceleration and
high-speed operation lead to increased traction power demand,
which is directly reflected in elevated battery current levels.
Conversely, negative power regions corresponding to regenerative
braking are observed during deceleration phases. These electrical
load variations constitute the primary source of internal heat
generation within the battery and therefore play a critical role in
determining its thermal response.

The battery temperature evolution under nominal ambient
conditions (25 °C) with the thermal management system enabled is
shown in Figure 5. Starting from an initial temperature slightly
above ambient, the battery temperature exhibits a gradual decrease
during low-load phases, followed by a moderate increase during
sustained higher power demand.
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Figure 5: Battery temperature profile (Ambient 25 °C, Cooling
Enabled).

Importantly, the battery temperature remains within a narrow
and safe operating range throughout the entire driving cycle. This
behavior indicates that, under moderate ambient conditions, passive
heat dissipation combined with limited active cooling is sufficient to
maintain thermal stability.

To investigate the impact of environmental conditions,
simulations were repeated for three different ambient temperatures:
—10 °C, 25 °C, and 40 °C. The corresponding battery temperature
profiles are compared in Figure 6.
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Figure 6: Effect of ambient temperature on battery thermal
response.
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At low ambient temperature (—10 ©°C), the battery
temperature decreases significantly during the initial phase of the
drive and remains well below the nominal operating range. This
behavior is associated with increased internal resistance and reduced
electrochemical activity, which can negatively affect available
power and charging capability. In contrast, at high ambient
temperature (40 °C), the battery temperature rises steadily and
reaches substantially higher values compared to the nominal case.
The reduced temperature gradient between the battery and the
environment limits passive heat rejection, making active cooling
increasingly important.

These results clearly demonstrate that ambient temperature
is a dominant external factor influencing battery thermal behavior
and must be explicitly considered in EV simulations.

The interaction between battery temperature and the thermal
management system is illustrated in Figure 7, which presents the
battery temperature alongside the cooling control command. When
the battery temperature exceeds the predefined upper threshold, the
cooling system is activated, resulting in enhanced heat removal and
a noticeable reduction in the temperature rise rate.
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Figure 7: Battery temperature and cooling control action.
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Once the temperature falls below the lower threshold,
cooling is deactivated, preventing unnecessary operation. This
hysteresis-based control strategy successfully limits peak battery
temperature while avoiding excessive control switching. The results
confirm that even a simplified BTMS representation can effectively
regulate battery temperature within safe limits when properly tuned.

In addition to driving scenarios, the thermal effects of fast
charging were evaluated for different charging rates. Figure 8
presents the battery temperature rise during charging at 2C, 3C, and
4C under nominal ambient conditions.
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Figure 8: Battery temperature rise during fast charging.

Results

The results presented in this chapter highlight the critical role
of thermal effects in electric vehicle operation and demonstrate the
added value of integrating thermal modeling into system-level
MATLAB/Simulink simulations. By explicitly coupling electrical
loads with battery temperature dynamics, the proposed electro-
thermal framework provides a more realistic representation of EV
behavior under practical driving and charging conditions.

One of the key observations concerns the strong dependency
of battery thermal behavior on operating conditions imposed by the
driving cycle. As shown in Figures 1 and 3, variations in vehicle
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speed and acceleration directly translate into fluctuations in battery
current and power demand. These electrical load variations are the
primary drivers of internal heat generation within the battery. The
correspondence between high-current events and subsequent
temperature increases confirms that accurate electrical modeling is a
prerequisite for meaningful thermal analysis. Simplified or averaged
load assumptions would fail to capture these transient thermal
effects.

Under nominal ambient conditions, the battery temperature
remains well controlled throughout the driving cycle (Figure 5). This
result indicates that, for moderate climates and typical usage
patterns, passive heat dissipation combined with limited active
cooling may be sufficient to maintain safe battery operation. The
smooth temperature evolution further reflects the large thermal
inertia of the battery pack, which dampens short-duration current
peaks. From a design perspective, this suggests that thermal
management systems can be optimized for average operating
conditions rather than extreme transient events, provided that
adequate safety margins are maintained.

In contrast, the ambient temperature comparison in Figure 6
reveals that environmental conditions constitute one of the most
influential external factors affecting battery thermal performance. At
low ambient temperatures, the battery operates significantly below
its optimal thermal range, which may lead to reduced power
capability and increased electrical losses due to elevated internal
resistance. Conversely, high ambient temperatures severely limit the
battery’s ability to reject heat, causing a pronounced temperature rise
even under identical electrical loading. These findings underscore
the necessity of climate-aware EV design and justify the inclusion of
thermal effects in simulations aimed at global or multi-region
vehicle deployment.

The effectiveness of the implemented battery thermal
management system is demonstrated in Figure 7, where cooling
activation successfully limits peak battery temperature. Although the
BTMS model adopted in this study is intentionally simplified, the
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results show that even a rule-based hysteresis control strategy can
significantly improve thermal stability. This observation is
particularly relevant for early-stage vehicle design, where control
simplicity and computational efficiency are often prioritized. More
advanced control strategies may further enhance performance, but
the present results indicate that first-order thermal control is already
capable of mitigating critical thermal risks.

Fast charging scenarios represent a particularly challenging
operating condition, as evidenced by Figure 8. The rapid temperature
rise observed at higher C-rates confirms that charging current
magnitude is a dominant factor in battery thermal stress. While
moderate charging rates lead to acceptable temperature increases,
aggressive fast charging can push the battery toward critical thermal
limits within a short time frame. This finding aligns with current
industrial practice, where charging power is often dynamically
limited based on battery temperature. The results emphasize that
thermal constraints, rather than electrical limits alone, may
ultimately define feasible fast-charging strategies in real-world
applications.

Finally, it is important to acknowledge the limitations of the
adopted modeling approach. The lumped-parameter thermal
representation assumes spatially uniform battery temperature and
therefore cannot capture local hot spots or cell-to-cell temperature
gradients. While this simplification is acceptable for system-level
analysis and control development, higher-fidelity models may be
required for detailed pack design and safety assessment.
Nevertheless, the strong agreement between observed trends in this
study and those reported in the literature suggests that the proposed
approach offers a robust and practical compromise between model
accuracy and computational efficiency.

Overall, the discussion confirms that thermal modeling is not
merely an auxiliary addition but a fundamental component of
realistic EV simulation. The insights gained from the presented
results demonstrate that neglecting thermal effects can lead to overly
optimistic performance predictions and insufficient thermal safety
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margins, particularly in extreme climates and fast-charging
scenarios.
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