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NEXYS 4 DDR FPGA UZERINDE 8-QUBIT
KUANTUM DEVRE SIMULATORU: TASARIM,
IMPLEMENTASYON VE PERFORMANS
ANALIZi

Ahmet GOKCEN!?

1. GIRIS

Kuantum hesaplama, klasik bilgisayar mimarilerinin
temel sinirlarimi agmaya yonelik hizla gelisen bir aragtirma
alanidir. Shor’un asal ¢arpanlara ayirma (Shor, 1997) ve
Grover’in veritabani arama algoritmalar1 (Grover, 1996) gibi
kuantum algoritmalarinin belirli problem smiflarinda {istel
hizlanma sagladig1 teorik olarak ispatlanmis olmakla birlikte, bu
algoritmalarin ¢aligtirilabilecegi fiziksel kuantum donanimi
heniiz olgunlagma siirecindedir.

Gergek kuantum donanimi, siper iletken qubit’lerin
calisabilmesi i¢in milikelvine yakin sicakliklar gerektiren
kriyojenik sistemler, hassas kontrol elektronigi ve giiriltii
yonetim altyapist gibi son derece pahali ve erisimi kisith
bilesenlere ihtiyag duymaktadir. Bu kisitlar g6z Oniine
alindiginda, kuantum algoritmalarinin klasik donanim iizerinde
simiile edilmesi; algoritma gelistirme, dogrulama ve egitim
amagclart bakimindan kritik bir 6neme sahiptir (Nielsen ve
Chuang, 2000).

Alan Programlanabilir Kap1 Dizileri (FPGA), paralel veri
isleme yetenekleri, yeniden yapilandirilabilir mimarileri ve diigiik
guc tiketimleri sayesinde kuantum devre simiilasyonu icin ¢ekici

1 Dog. Dr., Bilgisayar Miihendisligi Boliimii, Iskenderun Teknik Universitesi,

ORCID: 0000-0002-7569-5447.
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bir platform sunmaktadir. Bu ¢alismada, Digilent Nexys 4 DDR
kartinda bulunan Xilinx Artix-7 (XC7A100T) FPGA(Digilent
Inc., 2016) Uzerine 8-qubit kuantum devre simulatéri implement
edilmekte ve performans karakterizasyonu sunulmaktadir.

Calismanin katkilar1 su sekilde 6zetlenebilir: (i) Artix-7
FPGA iizerinde sabit noktali aritmetik kullanan kuantum devre
motoru tasarimi; (ii)) Hadamard, Pauli-X, Pauli-Z ve CNOT
kapilarinin donanim implementasyonu; (iii) CPU ve GPU tabanli
simulatorlerle kapsamli gecikme ve gii¢ karsilastirmasi; (iv)
Tasarimin 6lgeklenebilirlik analizinin sunulmas.

2. ILGILI CALISMALAR

FPGA tabanli kuantum simiilatérlerine yonelik cesitli
calismalar literatiirde yer almaktadir. Pilch ve Dlugopolski
(2019), kuantum kapilarin1 {initer matrisler olarak donanimda
paralel bicimde emiile eden FPGA tabanli bir ger¢ek kuantum
bilgisayar1 Oykiiniiciisii sunmusgtur. Doi ve Takahashi (2016),
CPU ile GPU’yu birlestiren heterojen HPC sistemlerinde 20 qubit
lizeri simiilasyon gergeklestirmis; fakat bu yaklasim yiiksek gii¢
tikketimi ve donanim maliyeti nedeniyle egitim amacli kullanima
uygun degildir.

Aminian vd. (2008), Intel Stratix IV Uzerinde 3-qubit
sistemde T kapisini da iceren kapi kiitiiphanesi sunmus ve %85
kap1 dogrulugu elde etmistir. Ote yandan Altera Quartus 11 tabanli
calismalar (Lee vd., 2016) qubit basina DSP kullanimini optimize
etmeye odaklanmig; ancak sistematik giic karsilagtirmasi
sunmamistir. Khalid vd. (2004), 2—4 qubit araliginda Hadamard
ve CNOT kapilarin1 implement etmis; ancak Pauli kap1 ailesi ve
sabit noktali aritmetik optimizasyonunu kapsam diginda
birakmistir. Bu ¢alisma, diisik maliyetli Nexys 4 DDR
platformunu hedefleyerek s6z konusu boslugu doldurmakta; 8-
qubit diizeyinde kapsamli bir gii¢/gecikme profili ortaya
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koymakta ve Olgeklenebilirlik sinirlarin1  deneysel olarak
belirlemektedir.

3. MATERYAL VE YONTEM
3.1. Qubit ve Durum Vektori

Klasik bir bit yalnizca 0 veya 1 degerini alirken, bir qubit
|w) stiperpozisyon prensibine gore her iki degeri es zamanli olarak
temsil edebilir (Nielsen ve Chuang, 2000):

ly)=al0)+pl1), (lal*+|p]?=1) 1)

Denklem (1)’deki a ve B karmasik genlik katsayilaridir. n
qubit’lik bir sistemin tam durumu 2" boyutlu karmasik bir
vektorle ifade edilmektedir. Bu g¢alismada n=8 secildiginden
durum uzayi 28 = 256 karmasik sayidan olugmaktadir.

3.2. Kuantum Kapilan

Kuantum kapilari, durum vektorii iizerine uygulanan
tiniter matrislerdir. Bu ¢alismada implement edilen temel kapilar
ve matris gosterimleri asagida verilmektedir.

Hadamard kapisi (H), bir qubit’i sliperpozisyon durumuna
tasimak i¢in kullanilmakta olup normalizasyon faktorii 1/42 ile
tanimlanan 2x2 iiniter matris denklem (2)’de verilmistir.

H=2x[l 7] @

Pauli-X kapis1 klasik NOT gegidine karsilik gelir ve |0) ile
|1) durumlarini yer degistirir, denklem (3).

=i o ®

Pauli-Z kapisi ise |1) durumuna = faz kaymasi uygular, |0)
durumunu degistirmez, denklem (4).
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b 0

CNOT (Kontrolli-NOT) kapist iki qubit lizerinde ¢alisan
ve kuantum dolaniklig1 olusturmak i¢in kullanilan temel iki-qubit
kapisidir ve denklem (5)’te verilmistir.

1 0 0 0
o 1 0 o0

CNOT—0001 (5)
0 0 1 0

3.3. FPGA’da Sabit Noktalh Karmasik Aritmetik

FPGA’larda kayan noktali birim (FPU) bulunmamakta ya
da DSP tabanli implementasyonu yiiksek kaynak maliyeti
gerektirmektedir. Bu nedenle karmasik genlikler Q1.15
formatinda (1 isaret biti, 15 kesir biti) sabit noktali sayilarla temsil
edilmektedir. Q1.15 formatinda 1 LSB = 275 = 3,05x10°°
¢oziiniirlik elde edilmekte olup bu deger 8-qubit similasyonu
icin yeterli hassasiyeti saglamaktadir. Tek bir Hadamard kapisi
uygulamasi i¢in gereken karmasik ¢carpma iki gergel carpma ve
bir toplama islemine indirgenerek DSP48E1 bloklar1 ile verimli
bigimde gergeklestirilmistir.

4. SISTEM MIMARISI
4.1. Genel Yap1

Simiilator ti¢ ana modiilden olugmaktadir: (1) Durum
vektorii bellegi, (2) Kapi islem birimi ve (3) Olgiim ve dogrulama
modiilii. Nexys 4 DDR kartinin UART arayiizii tizerinden PC ile
haberlesen sistem, Python tabanli bir dogrulama araciyla
karsilastirmali test edilmektedir. Sekil 1’de sistem mimarisinin
blok diyagrami goriilmektedir.



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Akademik Tartismalar

PC / Host
ython - Qiskit dogrulama

! UART
Nexys 4 DDR — Artix-7 XC7A100T

quantum_top.v
Ust seviye - UART kontrold - FSM

l

gate_engine.v
Kapi secim & boru hatti - 3-bit kontrol

= | .

hadamard_unit.v cnot_unit.v fixed_complex_mult.v
H kapist - Q1.15 CNOT - Pauli-X/Z Karmasik carpici - DSF
= —
\\ lv .—///

state_memory.v ER
Gift port BRAM : 16 x 32-bit karmasik genlik =

Olgim DSP48E1
ve dogrulama 48 blok - %20

125 MHz - LUT %7.,6 - BRAM %10,4 - FF %2,4

Sekil 1. Sistem Mimarisi Blok Diyagram (RTL Gosterimi)
4.2. Durum Vektorii Bellegi

8-qubit sisteminin 256 karmasik genligi, her biri 32 bit
genisliginde (16 bit gergcek + 16 bit sanal kisim) dort adet Xilinx
Block RAM (BRAM) blogunda saklanmaktadir. D6rt BRAM
blogunun kullanilmasinin nedeni, ¢ift portlu erisim ile es zamanl
okuma/yazma destegi ve kapi islem biriminin paralel veri yolu
gereksinimlerini karsilamaktir; toplam veri kapasitesi 256 x 32
bit =1 KB olmasina karsin bant genisligi optimizasyonu amaciyla
veriler dort ayr1 bloga dagitilmigtir. Tablo 1°deki 28 BRAM blogu
degeri, durum vektorii bellegine ek olarak boru hatti ara bellekleri
ve UART veri tamponlarin1 da kapsamaktadir.

4.3. Kapi islem Birimi

Kap1 islem birimi, 256 boyutlu durum vektorii tizerinde
tek-qubit kapilar1 igin blok-kdsegen (block-diagonal) dontigiimler
kullanacak  sekilde boru hatti (pipeline) mimarisinde
tasarlanmistir. Bu yaklasim matematiksel olarak 256x256 {initer
doniistime esdegerdir ancak hesaplama yukuni 6nemli 6lglde
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azaltir. Hadamard kapisi tek qubit’e uygulandiginda 128x128’lik
blok kdsegen matris yapisindan yararlanilarak hesaplama iki
karmasik carpma ve iki toplama islemine indirgenmistir. Bu
optimizasyon sayesinde DSP48E1 blok sayist 96 ile smirh
tutulabilmistir.

CNOT kapist implementasyonunda kontrol ve hedef qubit
konumlar1 ¢alisma zamaninda yapilandirilabilmektedir. Kontrol
qubit’i |1) durumundayken hedef qubit’in genligi degistirilerek
durum vektorinan ilgili indeks ciftleri takas edilmektedir.

Pauli-X kapisi, tek qubit’e uygulandiginda ilgili genlik
ciftlerini  (J0) ve |1) genlikleri) dogrudan takas ederek
gergeklestirilmistir; herhangi bir carpma gerektirmediginden bu
islem tek bir saat ¢evriminde tamamlanmakta ve ek DSP48E1
blogu kullanmamaktadir. Pauli-Z kapist ise |1) durumuna karsilik
gelen genligin isaretini signed negasyon ile tersine g¢evirerek
gerceklestirilmistir; normalize kuantum durumlarinda genlik
biiylikliigii daima 1,0’dan kiigiik oldugundan QI1.15 ikiye
timleyen tagmasi olusmamaktadir. Bu islem de tek saat
cevriminde ger¢eklesmektedir.

Kapi se¢imi gate engine.v i¢indeki 3 bitlik kontrol sinyali
ile gergeklestirilmekte, hangi qubit ¢iftinin kontrol-hedef rollinl
iistlenecegi ise calisma zamaninda UART iizerinden iletilen
parametre ile belirlenmektedir.

4.4. Verilog Kod Yapisi
Ana modiiller su sekilde organize edilmistir:

« quantum_top.v — Ust seviye baglanti ve UART
kontrolu

« state_ memory.v — BRAM tabanli durum vektorii
bellegi
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+ gate_engine.v — Kapi1 uygulama boru hatt1 (H, X, Z,
CNOT segimi)

« hadamard_unit.v — H kapis1 sabit noktali hesaplama
birimi

«  pauli_x_unit.v — Pauli-X kapis1 genlik takas birimi

« pauli_z_unitv — Pauli-Z kapis1 faz isaret ters
cevirme birimi

«  cnot_unit.v — CNOT kapis1 kontrol mantig1

« fixed_complex_multv — QI1.15 formatinda
karmasik carpici

Asagida hadamard unit.v modiliiniin temel bdliimi
verilmektedir. Orijinal tasarimdaki port qubit sinyali artik
gate engine.v tarafindan yoOnetilmekte; modiil yalnizca
hesaplama mantigin1 igermektedir:

modulle hadamard_unit (
input wire clk, rst,
input wire [15:0] a_re, a_im,
input wire [15:0] b_re, b_im,
output reg [15:0] outO_re, outO_im,
output reg [15:0] outl_re, outl_im

localparam signed [15:0] INV_SQRT2 = 16"h5A83;

wire signed [16:0] sum_re = {a_re[l5],a _re} +
{b_re[15].,b_re};

wire signed [16:0] diff_re = {a re[l5],a re} -
{b_re[15],b_re};

wire signed [16:0] sum_im = {a_im[15],a_im} +
{b_im[15],b_im};

wire signed [16:0] diff_im = {a_im[15],a_ im} -
{b_im[15],b_im};
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wire signed [31:0] pO_re = INV_SQRT2 *
$signed(sum_re[16:1]);

wire signed [31:0] pO_im = INV_SQRT2 *
$signed(sum_im[16:1]);

wire signed [31:0] pl_re = INV_SQRT2 *
$signed(diff_re[16:1]);

wire signed [31:0] pl_im = INV_SQRT2 *

$signed(diff_im[16:1]);
always @(posedge clk) begin
if (rst) begin

outO_re<=0; outO_im<=0; outl_re<=0;
outl im<=0;

end else begin

outO_re <= pO0_re[30:15]

+

pO_re[14];
outO_im <= pO0_im[30:15] + pO_im[14];
outl re <= pl_re[30:15] + pl_re[14];
outl_im <= pl_im[30:15]

+

pl_im[14];
end
end
endmodule
Asagida pauli_z unit.v modiliiniin temel
verilmektedir:
module pauli_z_unit (
input wire clk, rst,
input wire signed [15:0] b_re, b_im,
output reg signed [15:0] out_re, out_im
)
always @(posedge clk) begin
if (rst) begin
out_re <= 0; out_im <= 0;
end else begin

out re <= -b_re;

boliimii
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out_im <= -b_im;
end
end

endmodule

fixed complex mult.v modiilii, bir karmasik c¢arpma
islemini dort DSP48E1 bloguna eslestirmekte; (at+jb)(ctjd) =
(ac—bd) + j(ad+bc) bagintis1 Vivado sentez araci tarafindan
otomatik olarak atanmaktadir.

5. UYGULAMA VE SONUCLAR
5.1. Dogrulama Metodolojisi

Tasarimin islevsel dogrulugu iki asamada
gergeklestirilmistir. [lk asamada Vivado Simulator ile tiim kapilar
(H, X, Z, CNOT) i¢in kapsamli RTL simiilasyonu yapilmis;
200’den fazla test vektorii uygulanmistir. Bell durumu (|®+) =
(|00)+|11))\2) ve Greenberger-Horne-Zeilinger (GHZ) durumu
gibi bilinen kuantum durumlar referans alinarak dogruluk
onaylanmistir. Kod kapsami (code coverage) analizi, dal kapsami
bakimindan %94 orani ile tamamlanmistir.

Ikinci asamada fiziksel kart iizerinde UART iizerinden
Python tabanli Qiskit simiilatoriiyle (IBM Quantum Team, 2021)
karsilagtirmali test yapilmis; Q1.15 sayisal kesinliginin getirdigi
+0,003 hata pay1 i¢inde tiim sonuglarin Ortlistigli gorilmiistiir.
Her test senaryosu 50 kez tekrarlanmis ve sonuglarin
tekrarlanabilirligi dogrulanmistir. 50 kapili zincirleme devrelerde
ise birikimli yuvarlama hatast kapt basina ortalama ~107*
diizeyinde O6l¢iilmiis olup bu oran Q1.15 formatinin teorik
smirtyla (271 = 3,05x107° ¢ozlinlrltk) uyumludur.

5.2. Kaynak Kullanimi

Vivado Implementasyon Raporu’ndan elde edilen kaynak
kullanim degerleri Tablo 1’de sunulmaktadir.
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Tablo 1. Nexys 4 DDR (Artix-7 XC7A100T) Kaynak Kullanim

Ozeti
Kaynak Kullanilan = Mevcut (Nexys 4)  Kullanim (%)
LUT (Look-Up Table) 9.640 63.400 %15,2
FF (Flip-Flop) 6.208 126.800 %4,9
DSP48E1 96 240 %40,0
BRAM (36Kb) 28 135 %20,7

DSP48E1 kullaniminin (%40) diger kaynaklara kiyasla
gorece yiiksek olmasi, karmasik sabit noktali carpma iglemlerinin
yogunlugundan kaynaklanmaktadir. Blok kosegen
optimizasyonu sayesinde qubit sayist iki katina ¢iktiginda
DSP48E1 ihtiyact da yaklagik iki katina ¢gikmaktadir; bu iligkiyle
10-qubit sistemde kullanim ~%80’e ulasarak Artix-7’nin pratik
sinirini belirleyecektir.

5.3. Performans Karsilastirmasi

FPGA implementasyonunun gecikme ve gug¢ tiketimi
degerleri, esdeger Python/NumPy (Intel Core i7-11700) ve
CUDA (NVIDIA RTX 3060) implementasyonlartyla
Olciilmiistir. CPU gecikme Ol¢iimleri cProfiler ile 1000
iterasyonun ortalamasi alinarak elde edilmistir. GPU o6lgimleri
CUDA Events API kullanilarak gerceklestirilmis; bellek aktarim
siireleri hem dahil hem hari¢ olarak ayrica Olgiilmiistiir (Tablo
2’deki degerler bellek aktarimi dahil durumdadir). FPGA gii¢
tiketimi Vivado Power Analyzer ile sentez sonrasi tahmin
edilmis; kart tizerindeki dogrudan ol¢timle +0,1 W dogruluk
icinde dogrulanmistir. Sonuglar Tablo 2’de karsilastirilmaktadir.

10
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Tablo 2. Platform Karsilastirmasi: Gecikme, Gii¢ Tiiketimi ve

Bellek Kullanimi
Parametre FPGA CPU (Intel GPU FPGA/CPU
(Nexys 4 i7-11700) (NVIDIA RTX Farki
DDR) 3060)

Qubit Aralig1 4-10 4-25 4-28 —
Hadamard 8ns ~250 ns ~40 ns 31x
Gecikmesi
CNOT 10 ns ~300 ns ~50 ns 30x
Gecikmesi
Gl Tuketimi ~15W ~65 W ~115W 43x daha az
8-qubit 1 KB ~4 KB ~2 KBVRAM  4x verimli
Bellek BRAM RAM

Tablodaki degerler, FPGA’nin Hadamard kapist gecikme
metriginde CPU’ya kiyasla 31 katlik istlinliigiinii net bi¢imde
ortaya koymaktadir. Gii¢ verimliligi agisindan ise FPGA 1,5 W
ile CPU’nun 65 W’min ¢ok altinda kalmaktadir. GPU bellek
aktarim yiikii dahil edildiginde 8-qubit boyutundaki gorevlerde
FPGA’nin gerisinde kalmaktadir; yalnizca hesaplama siiresi
degerlendirildiginde GPU yaklagik 12 ns degeriyle FPGA’ya
yakin performans sergilemektedir. Ancak gii¢ verimliligi
acisindan FPGA belirgin istlinliglinii korumaktadir. Platform
karsilastirmalar1 Sekil 2’de ayrica gorsel hale getirilmistir.

GPU [ dab

Sekil 2. FPGA, CPU ve GPU Platformlarinin Gecikme, Giic
Tiiketimi ve Bellek Kullanimi Karsilastirmasi

11
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6. TARTISMA

Mevcut implementasyon 8 qubit lizerinde ¢aligmakta olup
Olceklenebilirligin temel kisitlayicist DSP48E1 kullanimidir. 8-
qubit sisteminde DSP48E1 kullanimi %40 diizeyindedir. 10-qubit
sistemin durum vektorii 2'° x 4 bayt =4 KB bellek gerektirmekte;
bu deger Nexys 4 DDR’1n toplam BRAM kapasitesi olan 135 x
36 Kb = 607 KB i¢inde rahatlikla kalmaktadir. Bununla birlikte,
kap1 islem birimindeki hesaplama yiikii ek DSP48E1 bloklari
gerektireceginden 10 qubit civarinda pratik bir st smir
olusturmaktadir.

Toffoli (CCX) ve Phase (P) kapilart mevcut mimariyle
uyumludur; ancak Toffoli kapis1 8x8 iiniter matris igerdiginden
kap1 islem biriminde dort ek DSP48E1 blogu ve bir ek boru hatti
asamasi1 gerektirmektedir. Bu ek yiik, mevcut DSP48E1 biitgesi
(%40) g6z o6ninde bulunduruldugunda Artix-7 kapasitesi
dahilinde kalmakla birlikte deneysel dogrulamasi gelecek
caligsmalara birakilmistir.

Q1.15 formati, 1 LSB = 27'° = 3,05x10~° ¢oziiniirlik
sunmaktadir. Cok-adimli devre yiiriitmelerinde yuvarlama
hatalar1 birikebilmekte ve 50 kapili devrelerde kap1 bagina ~10~*
diizeyine ulagmaktadir; 50 kap1 i¢in birikimli hata ise ~5%1073
mertebesindedir. Bell durumu olusturma deneyi (H + CNOT =2
kap1) sonucunda |00) ve |11) genliklerinin beklenen 1N2~0,7071
degerinden maksimum 0,0008 oraninda saptig1 gézlemlenmistir.
Daha ylksek hassasiyet gerektiren uygulamalar icin Q2.29 veya
IEEE 754 tek duyarlikli kayan nokta formatina gecis
arastirilabilir; ancak bu degisiklik DSP48E1 kullanimini yaklagik
iki katina ¢ikaracaktir.

Normalizasyon korunumu (3 |oi]> = 1) a¢isindan, Q1.15
yuvarlama hatalar1 birikimli olarak olasilik toplaminda kiiciik
sapmalar olusturabilmektedir. Bell durumu dogrulama deneyinde
Ol¢iilen maksimum sapma 0,0008 diizeyinde olup bu deger 2
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kapilik devre icin kabul edilebilir siirlar igindedir. Bununla
birlikte, uzun devre zincirlerinde normalizasyon biitiinliigiinii
korumak amaciyla periyodik yeniden normalizasyon (re-
normalization) adimlarinin eklenmesi gelecek ¢alismalarda
degerlendirilebilir.

Boliim 5.3’te sunulan gecikme degerlerinin yalnizca kapi
hesaplama stiresini kapsadigt ve UART haberlesme yiikiinii
icermedigi belirtilmelidir. 115200 baud hizindaki UART
arayuzu, tek bir 32-bit parametre paketinin iletimi i¢in yaklasik
3,5 ps ek gecikme getirmektedir. Bu durum, sistem diizeyinde
uctan uca gecikme Ol¢limleri agisindan 6nemli bir etkendir ve
uygulamaya 6zel bant genisligi gereksinimleri degerlendirilirken
g6z oniinde bulundurulmalidir.

7. SONUC

Bu ¢alismada, Nexys 4 DDR FPGA kart1 {izerinde 8-qubit
kuantum devre simiilatorii basartyla implement edilmis ve
kapsamli bi¢gimde karakterize edilmistir. Tasarim, sabit noktali
aritmetik kullanarak Hadamard, Pauli-X, Pauli-Z ve CNOT
kapilarin1 810 ns gecikme araliginda gergeklestirmekte; LUT
kullanimin Artix-7 kapasitesinin %15,2’si, en yogun kaynak olan
DSP48E1 kullanimini ise %40°1 ile sinirli tutmaktadir.

Kargilagtirmal1 6lgiimler, FPGA’nin Hadamard gecikmesi
acisindan CPU’ya 31 kat, CNOT gecikmesi agisindan 30 kat ve
giic tiiketimi acisindan 43 kat {istiin  oldugunu ortaya
koymaktadir. Bu sonuglar, FPGA platformlarinin hem akademik
aragtirma hem de ger¢ek kuantum sistemleri igin kontrol
elektronigi gelistirme baglaminda degerli bir ara¢ oldugunu giiglii
bicimde desteklemektedir. Diisiik maliyet ve erisilebilir
gelistirme ortami1 goz Oniine alindiginda, Nexys 4 DDR tabanli bu
sistem Ozellikle kuantum hesaplama egitimi ve ilk-asama
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algoritma dogrulamasi i¢in uygun bir baslangic platformu
sunmaktadir.
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RUZGAR ENERJISI URETIM TAHMININDE
HIBRIT DERIN OGRENME VE BOOSTING
YAKLASIMI

Tuba TANYILDIZI AGIR!

1. GIRIS

Son yillarda kiiresel Olcekte enerji talebi, niifus artis,
sanayi faaliyetlerinin genislemesi ve kentlesmenin hiz
kazanmasiyla birlikte 6nemli Gl¢iide artis gostermistir. Enerjiye
erisimin temel bilesenlerinden biri olan elektrik arzi, bireylerin ve
kurumlarin giinliik faaliyetlerini siirdiirebilmesi acgisindan kritik
bir 6neme sahiptir. Hane halklarinin, ticari isletmelerin ve kamu
hizmetlerinin isleyisi icin ekonomik ve kesintisiz elektrik temini
gereklidir.  Iletisimden  1sinmaya, gida  hazirlamadan
iklimlendirmeye, aydinlatmadan saglik ve egitim hizmetlerine
kadar modern yasamin pek ¢ok alant dogrudan elektrik
kullanimina dayanmaktadir. Elektrik hizmetlerinin yaygin ve
giivenilir  bicimde  sunulmasi, yasam  standartlarinin
yukselmesine, cevresel siirdiiriilebilirligin desteklenmesine ve
bilgiye erisimin artmasina katki saglamaktadir. Buna karsin,
saglanan onemli gelismelere ragmen kiiresel Olgekte genis bir
nifus kesimi, kesintisiz, guvenilir ve uygun maliyetli elektrik
hizmetlerine erisim imkanindan halen yoksun bulunmaktadir.
Ozellikle gelismekte olan iilkelerde, kirsal bolgelerde ve cografi
olarak erisimi zor yerlesimlerde; yetersiz altyapi, yliksek yatirim
maliyetleri ve fiziki engeller elektrik erisimini siirlayan baslica
faktorler arasmda yer almaktadir. Elektrige erisimin

1 Dog. Dr., Batman Universitesi, Teknik Bilimler Meslek Yiiksekokulu, Elektronik
ve otomasyon b&limi, ORCID: 0009-0002-5982-690X.
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genisletilmesine yonelik politikalar, genellikle iletim ve dagitim
aglarinin  gelistirilmesi, yenilenebilir enerji yatirimlarinin
artiritlmasi, enerji verimliliginin tesvik edilmesi ve merkezi
sebekeye bagli olmayan ¢oziimlerin desteklenmesi gibi ¢ok
boyutlu stratejileri icermektedirfNwagu ve ark.,2025]. Bu
cercevede, cevreye daha az zarar veren bir secenek olarak 6ne
cikan yenilenebilir enerji kaynaklarina yonelim, kiiresel dlgekte
bir doniisiim siireci olarak benimsenmistir. S6z konusu doniisiim,
tilkelerin diislik karbon salimima dayali enerji sistemlerine gegisi
hizlandirma ve iklim degisikligiyle miicadeleye yonelik
uluslararasi girisimlere uyum saglama cabalariyla daha belirgin
hale gelmektedir. Bu dogrultuda, enerji sistemlerinin karbon
notrliigiine ulasmasini hedefleyen yapisal degisim siireci giderek
ivme kazanmaktadir [Bin Abu Sofian ve ark.,2024].Fosil
yakitlarin yogun bicimde kullanimi; sera gazi emisyonlarinin
artmasina, kiiresel sicakliklarin yiikselmesine, asir1 meteorolojik
olaylarin siklasmasina ve gida arz giivenliginin zayiflamasina yol
acmaktadir. Bu olumsuzluklar, enerji politikalarinda doniistimii
zorunlu kilmig ve bir¢ok iilke fosil temelli sistemlerden
uzaklagarak yenilenebilir enerji kaynaklarina yonelmeye
baglamistir]Bin Abu Sofian ve ark.,2022]. Riizgar enerjisi,
yenilenebilir enerji sistemleri igerisinde 6nemli bir yer tutmakta
olup sahip oldugu yiiksek potansiyel nedeniyle iizerinde yogun
bicimde calisilmasi gereken bir alan olarak degerlendirilmektedir.
Riizgar kaynaginin hemen her cografyada bulunabilmesi ve
tirbinlerin hem kara hem de deniz ortamlarinda kurulabilmesi, bu
enerji tlirlinlin yayginlasmasini kolaylastiran baslica unsurlar
arasinda yer almaktadir. Kiiresel 6l¢ekte degerlendirildiginde,
rlzgar enerjisinin yenilenebilir enerji tuketimi icerisindeki
payimin oldukga yiiksek oldugu ve giines enerjisine kiyasla daha
genis bir kullanim alanma sahip bulundugu goriilmektedir.
Riizgar enerjisinin 6ne ¢ikmasinda, diisitk maliyetlerle yiiksek
miktarda enerji iiretme kapasitesi 6nemli bir rol oynamaktadir.
Rizgéar santralleri, birincil kaynak olarak riizgari kullanmakta ve

18



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Akademik Tartismalar

dogrudan Kkirletici emisyon tiretmemeleri bakimmdan cevresel
acidan avantaj saglamaktadir. Bununla birlikte, bu sistemlerin
ekosistem tizerindeki etkileri ¢ogu zaman yeterince dikkate
alinmamaktadir. Fosil yakit temelli enerji kaynaklarinin yerini
rizgar enerjisinin almasi, genel olarak cevresel gostergelerin
tyilesmesine katki saglamaktadir. Ancak bu olumlu etkinin
diizeyi, ilgili bdlgenin enerji bilesimi ve kaynak cesitliligi gibi
faktorlere bagh olarak degiskenlik gostermektedir [Chang ve
ark.,2022].Bununla birlikte, riizgar enerjisinin tiretim siirekliligi,
depolama imkanlar1 ve iletim altyapis1 bakimindan gesitli teknik
sinirhiliklar1  bulunmaktadir. Ozellikle orta ve diisiik gelir
dizeyine sahip (Ulkelerde, tlrbin teknolojilerinin yeterince
gelismemis olmas1 bu alandaki verimliligi kisitlayan énemli bir
faktordiir. Ayrica riizgar enerjisi sistemleri; akustik rahatsizlik,
kus popiilasyonlar1 {izerindeki olas1 etkiler ve gorsel cevreye
yonelik miidahaleler gibi ¢evresel ve toplumsal tartigmalar1 da
beraberinde getirmektedir. Bu nedenle, riizgar enerjisinin
yayginlagtirilmasinda teknik, ekonomik ve ekolojik boyutlarin

biitlinciil bir yaklasimla ele alinmas1 gerekmektedir[Msigwa ve
ar.,2022].

2. METHOD VE METODOLOJi
2.1. LSTM

Yinelemeli sinir aglari (RNN), ardisik veriyi isleyebilme
kapasitesiyle dikkat ¢eker. Bu yapilarda, her zaman adiminda
elde edilen bilgi, gizli katmanlar araciligiyla sonraki adima
aktarilir ve boylece dongiisel bir yapt meydana gelir. S6z konusu
mekanizma, ge¢misten gelen bilginin korunmasina olanak
tantyarak modelin 6grenme ve soyutlama performansini artirir.
Ancak, uzun diziler s6z konusu oldugunda geri yayilim siirecinde
ortaya ¢ikan gradyan sonlimlenmesi problemi, bu yapilarin
etkinligini  sinirlandirmaktadir.  Bu soruna ¢6zim olarak
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gelistirilen LSTM mimarisi, daha karmasik parametre yapilarin
isleyebilme yetenegiyle oOne ¢ikar. LSTM, katmanlarinda
dogrusal olmayan aktivasyon fonksiyonlar1 kullanarak bilginin
uzun siire korunmasii miimkiin kilar. Bu o6zelligi sayesinde
Ozellikle zaman serisi analizlerinde yaygmn bigimde tercih
edilmektedir. Sekil 1’de LSTM modelin mimarisi sunuldu.
LSTM yapist ii¢ temel kapidan olusmaktadir: unutma kapaisi, giris
kapis1 ve ¢ikis kapisi[Tanyildiz1 Agir,2024].

Forget gate Input gate Output gate

G

i
() © g
he
> >
T Input x;

Sekil 1. LSTM mimarisi
2.2. LSBoost

Boosting, Onyargi ve varyans bilesenlerini azaltabilme
kapasitesine sahip denetimli 6grenme yontemlerinden biridir. Bu
yaklasim, zayif 6grenicileri bir araya getirerek giiclii bir 6grenici
olusturmay1 amaclar. Zayif 6grenici, gercek smiflandirma ile
yalnizca smirli diizeyde iligki kurabilen bir model iken, giiclii
Ogrenici bu iliskiyi yiiksek dogrulukla temsil edebilmektedir.
Boosting yonteminin temel mantigi, 6grenicilerin ardisik bigimde
egitilmesine dayanir; her bir yeni model, kendisinden onceki
modelin hatalarin1 telafi etmeye odaklanir. Bu siireg, model
performansinin kademeli olarak iyilestirilmesini saglar. Cesitli
problem tiirlerinde yiiksek dogruluk oranlar1 sunabilmesi
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nedeniyle boosting, hem regresyon hem de smiflandirma
alanlarinda yaygin olarak tercih edilen etkili teknikler arasinda
yer  almaktadir.  AdaBoost, LogitBoost, GentleBoost,
RobustBoost, LPBoost, TotalBoost ve RUSBoost gibi ¢cok sayida
artirma (boosting) algoritmas1 literatiirde yer almaktadir. Bu
yontemler, zayif Ogrenicilerin ardisik bicimde birlestirilmesi
yoluyla model performansini iyilestirmeyi hedefleyen farkl
yaklasimlar sunmakta olup, her biri belirli varsayimlar ve
optimizasyon stratejileri cercevesinde gelistirilmistir[Su ve
ark.,2019]. LSBoost, 0zellikle regresyon problemlerine yonelik
gelistirilmis bir artirma yontemidir. Bu yaklasimda, zayif
regresOrlerden olusan bir model toplulugu, ortalama karesel
hatayr minimize edecek sekilde ardisik olarak gtincellenir. Her
iterasyonda, gergek hedef deger y; ile mevcut model ¢iktis1 F(x;)
arasindaki farktan elde edilen artik degerler kullanilarak yeni bir
zayif 6grenici egitilmektedir. Burada F(x;), ilgili gbzlem x; igin
daha 6nce olusturulmus tiim zayif modellerin birlesik tahminini
ifade eder.S6z konusu yinelemeli gtincelleme sureci, modelin
tahmin performansini asamali bigimde artirmaktadir. LSBoost
algoritmasina ait sozde kod ise Algoritma 1’de sunulmaktadir.
LSBoost, topluluk 6grenmesi g¢ercevesinde ¢ok sayida zayif
modeli bir araya getirerek daha yetkin bir 6grenme yapisi insa
etmektedir. Bu yaklasim, tahmin hatalarinin diistirtilmesine ve
genel dogruluk diizeyinin yiikseltilmesine olanak tanimaktadir.
Ayni zamanda LSBoost, yanllik ve varyans arasinda uygun bir
denge kurarak asir1 Ogrenme riskini azaltmakta ve bdylece
modelin  yeni veri setlerine karsi  genellenebilirligini
artirmaktadir. Bununla birlikte, LSBoost karmasik ve dogrusal
olmayan oruntilerin temsilinde etkili bir yontem olarak 6ne
cikmakta; aykiri gozlemler ile veri igindeki rastlantisal
dalgalanmalara kars1i daha direngli bir yapi1 sergilemektedir.
Ayrica, degiskenler arasindaki oOrtiik iliskileri onceden agikca
tanimlamaya ihtiya¢ duymadan ortaya koyabilme yetenegine
sahiptir. Tim bu nitelikler birlikte degerlendirildiginde,
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LSBoost’un gii¢lii ve etkin bir modelleme yaklasimi olarak 6ne

¢ikmasinin temel nedenleri daha agik bigimde anlagilmaktadir[Du
ve ark.,2025].

Define x; and y; as the ith training sample of known (x, y) — values
and M as the number of iterations

; - n ) . y—F)?
Define the training set {[x,. Yi‘.};=,"" loss function as L(y, F) = T and F,(x)
Define h(x; a) as a small regression tree of input x parameterized by a = {uy, a3, .. },
The splitting variables, split locations, and terminal node means serve as the regression fun

Initialization: Fy(x) =¥

form = 1to M, do
Vi=¥i—=Fn-1(x) for i=12,...N
(P @) = argming T, [# = ph(x;; )
Fm(%) = Fppey (%) + prh(%; aty)

end

Sekil 2. LSBoost sozde kod
2.3. Hibrit LSTM-LSBoost

Bu calismada riizgar enerjisini 10 dakika araliklar ile
tahmin ~ etmek icin  hibrit LSTM-LSBoost = model
kullanildi.Modellerin performansini karsilagtirmak i¢in LSTM ve
LSBoost model kullanildi. Bu ¢aligmada riizgar santrali giiciiniin
tahmini icin sistematik bir modelleme siireci izlenmistir. lk
asamada zaman, riizgar hizi, riizgar yonii ve teorik gii¢ egrisi gibi
degiskenleri iceren giris veri seti olusturulmustur. Elde edilen
veriler, model performansini artirmak amaciyla veri 6n isleme ve
normalizasyon adimlarindan gegirilmistir. Ardindan, modelin en
uygun parametrelerle caligmasini saglamak i¢in LSBoost yontemi
ile hiperparametre optimizasyonu gergeklestirilmistir. Optimize
edilen parametreler kullanilarak LSTM modeli kurulmus ve veri
seti %70 egitim ve %30 test verisi olacak sekilde ikiye ayrilmigtir.
Hibrit LSTM-LSBoost modelin basaris1t MSE, RMSE, NRMSE,
MAPE ve R? gibi performans metrikleri ile degerlendirilmistir.
Son asamada ise gelistirilen model kullanilarak riizgar santralinin
gii¢ liretimi tahmin edilmistir.
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3. SONUC VE ONERILER

Bu calismada, riizgar giicii verileri 10 dakikalik zaman
araliklariyla analiz edilerek LSTM, LSBoost ve hibrit LSTM-
LSBoost modelleri kullanilmig ve bu modellerin tahmin
performanslar karsilastirilmistir. Tablo 1’de modellerin egitim
icin performanslar1 verildi. Tablo 1 incelendiginde, modellerin
egitim verisi ilizerindeki performanslar1 karsilagtirmali olarak
degerlendirildiginde en basarili sonucun hibrit LSTM-LSBoost
modeline ait oldugu  goriilmektedir. Hibrit modelin
MSE,RMSE,NRMSE ve MAPE sira ile 3.1971e-04, 0.0179,
0.0190 ve 2.4977 idi. MAPE degerinin en diislik seviyede olmasi,
modelin tahmin dogrulugunun yiiksek oldugunu ortaya
koymaktadir. Bununla birlikte R? degerinin 0.97 olmasi, hibrit
modelin veri setindeki degiskenligi biiyiik oranda agikladigim
gostermektedir. LSBoost modeli, LSTM modeline kiyasla daha
iyi performans sergilemis olup daha diisiik hata metrikleri ve daha
ylksek R? degeri ile dikkat ¢ekmektedir. Buna karsin LSTM
modelinin hata degerlerinin daha yiiksek ve aciklayicilik giliciiniin
daha  distik  oldugu  goriilmektedir.  Genel  olarak
degerlendirildiginde, hibrit modelin hem hata minimizasyonu
hem de model dogrulugu agisindan diger modellere gore daha
iistliin performans sergiledigi sonucuna ulagilmaktadir.

Tablo 2 incelendiginde, modellerin test verisi lizerindeki
performanslart  degerlendirildiginde hibrit LSTM-LSBoost
modelinin en basarili sonuglar1 verdigi goriilmektedir. Hibrit
modelin MSE,RMSENRMSE ve MAPE sirasiyla 1.5479¢-04,
0.0124,0.0218 ve 1.8186 idi. R? degerinin 0.984 olmasi ise hibrit
modelin veri setindeki degiskenligi biiyiik oOlciide agikladigimi
gostermektedir. LSBoost modeli, LSTM modeline kiyasla daha
iyl performans sergilemis olsa da hibrit modelin gerisinde
kalmistir. LSTM modelinin ise daha yiiksek hata metrikleri ve
daha diisiik aciklayicilik giicii ile diger modellere gore daha zayif
performans  gosterdigi  goriilmektedir. Genel  olarak

23



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Akademik Tartismalar

degerlendirildiginde, hibrit LSTM-LSBoost modelinin test verisi
tizerinde de en yiiksek performansi saglayarak en giivenilir model
oldugu sonucuna ulagilmaktadir.

Hibrit LSTM-LSBoost modelinin  riizgar enerjisi
tahmininde etkin ve yliksek dogruluk saglayan bir yaklagim
olarak kullanilabilecegi ve oOzellikle kisa vadeli riizgar giicii
tahmin problemlerinde alternatif bir yontem olarak Onerildigi
ifade edilebilir. Bu model elektrik sebekelerinin yonetiminde,
enerji piyasalarma yonelik tahmin siireclerinde, riizgar
santrallerinin isletilmesinde ve akilli sebeke teknolojilerinde
karar destek araci olarak kullanilabilinir.

Tablo 1.Modellerin egitim i¢in performans metrikleri

Model MSE RMSE NRMSE MAPE R?
LSTM 0.0013 0.0359 0.0381 5.8362 | 0.892
LSBoost 8.2803e-04 0.0288 0.0306 49112 | 093
Hibrit LSTM- 3.1971e-04 0.01790 0.0190 24977 | 097
LSBoost modeli

Tablo 2. Modellerin test icin performans metrikleri

Model MSE RMSE | NRMSE | MAPE R?
LSTM 3.6132e-04 | 0.0190 | 0.0333 | 2.9715 | 0.963
LSBoost 5.5565e-04 | 0.0236 | 0.0413 | 3.7434 | 0.944
Hibrit LSTM-LSBoost 1.5479e-04 | 0.0124 | 0.0218 | 1.8186 | 0.984
modeli
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CiLT LEZYONLARININ YAPAY ZEKA ILE
TESPiTi: GUNCEL YAKLASIMLAR, KLINIK
GUVENILIRLIK VE SINIRLILIKLAR

Rukiye UZUN ARSLAN?

1. GIRIS

Cilt lezyonlari; derinin renk, sekil, ylizey yapisi, sinir
diizeni, kabariklik, pigment dagilimi1 veya vaskiiler goriiniim
bakimindan normal deri dokusundan ayrilan lokal ya da yaygin
degisiklikler olarak tanimlanmaktadir. Bu lezyonlar, benign
nevislerden premalign aktinik keratozlara ve malign melanom ya
da bazal hiicreli karsinom gibi kanser6z yapilara kadar genis bir
klinik yelpazede degerlendirilmektedir (Christie-Nguyen vd.,
2025). Dermatolojik pratikte temel sorun, gorsel olarak birbirine
benzeyen benign ve malign lezyonlarin dogru bicimde ayirt
edilebilmesidir. Ozellikle melanom gibi agresif seyirli cilt
kanserlerinde erken tani, prognoz ve tedavi basarisi agisindan
belirleyici 6neme sahiptir (Naseri vd., 2025; Caraviello vd.,
2025). Bu nedenle cilt lezyonlarinin giivenilir bigimde
degerlendirilmesi, dermatolojik muayenenin yani sira erken tani
yaklasimlar1 ve klinik karar destek sistemleri agisindan da dnem
tasimaktadir (Dinnes vd., 2018; Mevorach vd., 2025).

Cilt kanserinin kiiresel hastalik yiikii bu gereksinimi daha
da belirginlestirmektedir. Uluslararas1 Kanser Aragtirmalar
Ajans1 verilerine gore 2022 yilinda diinya genelinde 1,5
milyondan fazla yeni cilt kanseri olgusu tahmin edilmis; ayn1 yil
yaklagik 330.000 yeni melanom olgusu ve 60.000 melanom

1 Dog. Dr., Zonguldak Biilent Ecevit Universitesi, Miihendislik Fakiiltesi, Elektrik-
Elektronik Miihendisligi Boliimii, ORCID: 0000-0002-2082-8695.

27



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Akademik Tartismalar

iligkili 6liim bildirilmistir. Bu durum, cilt kanserinin yalnizca
bireysel hasta yonetimi agisindan degil, halk sagligi, tarama
stratejileri ve saglik sistemleri iizerindeki yiik bakimindan da
onemli bir problem oldugunu gostermektedir. Ayrica giincel
epidemiyolojik ¢alismalar, kutanéz melanom olgularinin 6nemli
bir boliimiiniin ultraviyole radyasyon maruziyetiyle iliskili
oldugunu ortaya koymakta; bu da onlenebilir risk faktorlerinin
azaltilmasi1 ve erken tan1 olanaklarinin giiclendirilmesi gerektigini
gostermektedir (IARC, 2024, Langselius vd., 2025).

Cilt lezyonlarmin degerlendirilmesinde klinik muayene,
dermoskopi ve dijital goruntileme ydntemleri énemli rol
oynamaktadir. Dermoskopi; pigment agi, globiil, streak,
regresyon alani, mavi-beyaz Ortii ve vaskiiler yapr gibi c¢iplak
go6zle gorilemeyen morfolojik 6zelliklerin incelenmesine olanak
saglar. Bununla birlikte dermoskopik yorumlama; hekimin
deneyimi, goruntu kalitesi, lezyon tipi, deri tonu, anatomik bolge
ve Kklinik baglama gore degisebilmektedir. Bu nedenle tanisal
Oznelligi azaltabilecek, goriintli 6zelliklerini nicel olarak analiz
edebilecek ve klinisyene destekleyici ikinci goriis sunabilecek
bilgisayar destekli yaklagimlara ihtiyag duyulmaktadir (Dinnes
vd., 2018).

Bu noktada yapay zeka (YZ) ve o6zellikle derin 6grenme
(DO) yontemleri, dermatolojik goriintii analizinde &ne ¢ikan
arastirma alanlarindan biri haline gelmistir (Zbrzezny vd., 2025;
Vieira vd., 2025). Geleneksel makine o6grenmesi (MO)
yaklagimlar1 ¢ogunlukla renk, doku, sinir diizensizligi, asimetri
ve sekil gibi elle ¢ikarilmis 6zelliklere dayanirken; DO modelleri
goriintiilerden ayurt edici Ozellikleri dogrudan o6grenebilme
kapasitesine sahiptir (Esteva vd., 2017). Evrisimsel sinir aglari,
lezyon goruntulerindeki diisiik seviyeli kenar ve renk
ozelliklerinden baglayarak daha karmagik morfolojik Oriintiilere
kadar hiyerarsik temsiller olusturabilmektedir. Esteva vd. (2017),
derin evrisimsel sinir aglarmin goriintii pikselleri ve hastalik
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etiketleri {lizerinden ucgtan uca egitilebildigini ve cilt kanseri
smiflandirmasinda dermatologlarla karsilastirilabilir performans
gosterebildigini  gostermistir.  Ancak bu sistemlerin  klinik
kullanima aktarilabilmesi yalnizca yiliksek dogruluk degerlerine
baglh degildir; genellenebilirlik, siif dengesizligi, deri tonu ve
veri seti yanliligi, agiklanabilirlik, dis dogrulama ve klinik is
akiglarma uyum gibi konularin da birlikte degerlendirilmesi
gerekmektedir (Tjiu vd., 2025; Gordon vd., 2024; Weir vd.,
2025).

Bu calismada, cilt lezyonlarmin YZ ve DO yéntemleriyle
tespitine  yonelik  giincel  yaklasimlarim  genel  bir
degerlendirmesinin sunulmasi amaclanmaktadir. Bu kapsamda
cilt lezyonlarmin klinik ozellikleri, dermatolojik goriintiileme
yontemleri, kullanilan veri setleri, goriintii 6n isleme adimlari,
ESA, transfer 6grenme modelleri, Vision Transformer tabanli
yaklasimlar, hibrit mimariler ve performans degerlendirme
oOlgiitleri ele alinmaktadir. Ayrica agiklanabilir yapay zeka, model
giivenilirligi, veri seti yanliligi, etik ve hukuki boyutlar ile klinik
uygulamaya aktarim siirecinde karsilagilan temel sinirliliklar
tartisilmaktadir. Bu yoniiyle calisma, YZ tabanli yontemlerin
dermatolojik goriintii analizindeki mevcut kullanim alanlarini,
potansiyel katkilarin1 ve dikkatle degerlendirilmesi gereken
smirhiliklarimi ortaya koymay1 hedeflemektedir.

2. MATERYAL VE YONTEM

Cilt lezyonlarinin YZ tabanl yontemlerle
degerlendirilmesinde, lezyon tiirlerinin klinik 6zellikleri ve
kullanilan gériintiileme yontemleri dogru tanimlanmalidir. Clinkii
modellerin morfolojik orilintiileri 6grenme siireci, lezyonlarin
klinik ve gorsel ozellikleriyle dogrudan iliskilidir. Bu nedenle
temel lezyon gruplarinin agiklanmasi, siniflandirma sonuglarinin
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klinik baglamda daha dogru yorumlanmasma katki saglar.
Baslica lezyon tiirlerinin genel 6zellikleri Tablo 1°de verilmistir.

Tablo 1. Cilt lezyonu turlerinin genel 6zellikleri

Lezyon turu Klinik simif Temel ozellikler

Melanosit kokenli, agresif seyirli

Melanom Malign .
malign lezyon

Bazal hucreli . Sik goriilen, ¢ogunlukla lokal
. Malign ; : J ol
karsinom invaziv deri timori

Ultraviyole hasarryla iligkili

Aktinik keratoz Premalign :
premalign lezyon

Genellikle simetrik ve homojen

Melanositik neviis Benign . o
pigmentli benign lezyon

Benign keratoz
benzeri lezyonlar

Seboreik keratoz ve solar lentigo

Benign gibi keratotik lezyonlar

Damar kaynakli, kirmizi-mor

Vaskiler lezyonlar Benign .
y g renkli lezyonlar

Sert kivamli, fibroblastik kékenli
benign lezyon

Dermatofibrom Benign

Tabloda verilen Ozellikler tanisal agidan yol gosterici
olmakla birlikte kesin tan1 i¢in yeterli degildir. Lezyonun
gOriiniimii; hastanin klinik oykiisii, deri tipi, anatomik yerlesimi
ve zaman icindeki degisimiyle birlikte degerlendirilmelidir.
Siipheli olgularda histopatolojik inceleme dnemini korumaktadir.
Bu nedenle YZ tabanli sistemler, tanimin yerine ge¢en bagimsiz
araglar degil, klinik degerlendirmeyi destekleyen yardimei
sistemler olarak ele alinmalidir (Dinnes vd., 2018; Tun vd.,
2025).

Cilt lezyonlarmin analizinde klinik ve dermoskopik
goriintiiler yaygin olarak kullanilmaktadir. Klinik goriintiiler
standart kameralarla elde edilir ve gergek klinik ortami yansitir;
ancak 1sik kosullari, kamera acisi, ¢Oziiniirliik, deri tonu,
anatomik bolge ve kil varligi gibi degiskenlerden etkilenebilir.
Dermoskopik  goriintiiler ise lezyonun Dbiyiitiilmiis ve
aydnlatilmis gOriiniimiinii  saglayarak pigment agi, globiil,
regresyon alani, mavi-beyaz ortii ve vaskiiler yapilar gibi daha
ayrintili morfolojik &zelliklerin incelenmesine olanak verir.
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Dermoskopinin deneyimli klinisyenler tarafindan kullanildiginda
melanom tanisinda dogrulugu artirabildigi bildirilmektedir
(Dinnes vd., 2018).

Bununla birlikte, her iki goriintiileme yaklasimi da veri
kalitesi, simif dengesizligi, etiket giivenilirligi, cihaz farkliliklar
ve hasta ¢esitliliginden etkilenebilir. Bu nedenle YZ tabanl cilt
lezyonu c¢aligmalarinda model mimarisinin yani sira goriintiileme
yontemi ve veri setinin yapisi da dikkate almmalidir.

3. CILT LEZYONU VERIi SETLERI

Cilt lezyonu siniflandirma ¢alismalarinda kullanilan veri
setleri; gorlintii tiirli, 6rnek sayisi, sinif yapisi, anotasyon bi¢imi
ve Kklinik cesitlilik acisindan farkhilik gostermektedir. Bu
farkliliklar, ~ modellerin ~ egitim  siirecini,  performans
degerlendirmesini ve klinik genellenebilirligini  dogrudan
etkileyebilmektedir. Yaygmn kullanilan veri setlerinin genel
Ozellikleri Tablo 2’de 6zetlenmistir.

Veri seti secimi, model basarisinin yorumlanmasinda
kritik 6neme sahiptir. Tek bir veri setinde yiliksek dogruluk elde
edilmesi, modelin farkli klinik merkezlerde, farkli cihazlarla
alinmis goriintiilerde veya farkli deri tonlarinda ayni performansi
gosterecegi  anlamimna gelmez. Bu nedenle cilt lezyonu
siiflandirma calismalarinda smif dengesizligi, hasta diizeyinde
veri ayrimi, dis dogrulama ve farkli klinik popiilasyonlarda test
etme siirecleri mutlaka dikkate alinmalidir (Tschandl vd., 2018;
Mendonga vd., 2013; Cassidy vd., 2022; Daneshjou vd., 2022).
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Tablo 2. Cilt lezyonu siniflandirmada kullamlan bashca veri

setleri

Veri seti Temel ozellik Simirhik

HAMZ10000 | 10.015 dermoskopik goruntl | Simf dengesizligi
iceren ¢ok kaynakli agik veri | belirgindir.
setidir.

ISIC Farkli koleksiyonlardan olusan | Koleksiyonlar arasinda

Archive genis Olcekli acik cilt goriintiisii | etiket ve goéruntd
arsividir. standard1 degisebilir.

PH2 200 dermoskopik goriintii ve | Omek sayis1 DO igin
segmentasyon bilgisi igerir. sinirhdir.

Derm7pt Klinik, dermoskopik goriinti ve | Eksik veri ve modalite
hasta meta verilerini iceren | farkliliklar1 modellemeyi
multimodal veri setidir. zorlagtirabilir.

4. CILT LEZYONLARININ TESPIiTINDE YZ VE
DO YAKLASIMLARI

Cilt lezyonlarmin goriintii tabanli degerlendirilmesinde
YZ yontemleri, tanisal dogrulugu artirma, gozlemciye bagh
degiskenligi azaltma ve klinik karar siireglerini destekleme
amactyla yaygin bigimde kullanilmaktadir. ilk g¢aligmalar
cogunlukla klasik goriintii isleme ve MO yaklagimlarma
dayanmus; bu siiregte renk, doku, sekil, asimetri, sinir diizensizligi
ve cap gibi el yapmmi Ozellikler cikarilarak destek vektor
makineleri, k-en yakin komsu, karar agaglari, yapay sinir aglari
ve rastgele orman gibi siniflandiricilarla degerlendirilmistir. Bu
yontemler kontrollii veri setlerinde yararli sonuglar verebilse de
basarilar1 biiylik Ol¢lide aragtirmaci tarafindan belirlenen
Ozelliklerin kalitesine baglh kalmistir (Tajeddin vd., 2018;
Kassem vd., 2021).

DO yontemleri, 6zellikle ESA, cilt lezyonu analizinde
onemli bir dontligiim saglamistir. Bu modeller, goriintiilerden ayirt
edici Ozellikleri Onceden tanimlamaya gerek kalmadan
ogrenebilmekte ve diisiik seviyeli kenar-renk oriintulerinden daha
karmasik morfolojik yapilara kadar hiyerarsik temsiller
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olusturabilmektedir (Esteva vd., 2017; Wu vd., 2022). Esteva vd.
(2017), derin evrisimsel sinir aglarinin dermatolojik goriintiiler
tizerinden ucgtan uca egitilebildigini ve baz1 cilt kanseri
simiflandirma gorevlerinde dermatologlarla karsilastirilabilir
sonuclar tiretebildigini gostermistir. Ancak bu modellerin klinik
degeri yalnizca dogruluk oranlariyla degil; veri seti cesitliligi,
hasta temsiliyeti, dig dogrulama ve farkli klinik kosullardaki
kararlilik ile birlikte degerlendirilmelidir (Esteva vd., 2017,
Brinker vd., 2019).

Sl 6rnek sayisina sahip tibbi goriintii veri setlerinde
transfer 6grenme yaygin olarak kullanilmaktadir. Bu yaklasimda,
biiyiik veri setlerinde onceden egitilmis modeller cilt lezyonu
goriintillerine  uyarlanarak daha etkili ozellik 6grenimi
saglanmaktadir. Bununla birlikte, transfer 6grenme sonuglari
yorumlanirken simnif dengesizligi, veri artirma, hasta diizeyinde
veri ayrimi ve dis dogrulama siiregleri dikkate alinmalidir (Wu
vd., 2022; Debelee vd., 2023).

Son yillarda Vision Transformer ve hibrit evrigimsel sinir
agi-Transformer modelleri de dermatolojik goriinti analizinde
kullanilmaya baslanmistir. Bu modeller, goriintiiyii kiiciik yama
dizileri halinde isleyerek lezyon bdlgeleri arasindaki iligkileri
degerlendirebilmekte ve daha genis baglamsal bilgi
yakalayabilmektedir (Dosovitskiy vd., 2021; Xin vd., 2022).
Ancak bu modeller genellikle daha fazla veri, yiiksek hesaplama
giicii ve dikkatli diizenlilestirme gerektirir. Bu nedenle kiiciik,
dengesiz veya tek merkezli veri setlerinde elde edilen yiksek
basarilar dis dogrulama yapilmadan genellenebilir kabul
edilmemelidir (Cassidy vd., 2022; Daneshjou vd., 2022).
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5. VERI ON ISLEME VE GORUNTU
HAZIRLAMA YAKLASIMLARI

Cilt lezyonu smiflandirma c¢alismalarinda goriintiilerin
dogrudan modele verilmesi ¢ogu zaman yeterli degildir.
Dermoskopik ve klinik goriintiiler; ¢6ziiniirliik, aydinlatma,
kamera agi1s1, kil varligi, cetvel isaretleri, yansima, golgelenme ve
arka plan farkliliklarindan etkilenebilir. Bu durum, modelin
gercek lezyon Ozellikleri yerine goriintilleme kosullarma veya
artefaktlara odaklanmasina yol acgabilir. Bu nedenle 6n isleme
adimlar1 model basaris1 ve genellenebilirlik agisindan 6nemlidir
(Shorten ve Khoshgoftaar, 2019).

Yeniden boyutlandirma ve normalizasyon, goriintiilerin
modele uygun ortak bir formata getirilmesini saglar. Ancak asir1
kiigtiltme, lezyon sinir1, pigment dagilimi ve vaskiiler yapilar gibi
tanisal ayrintilarin kaybma neden olabilir. Veri artirma ise
dondirme, cevirme, yakinlastirma, parlaklik-kontrast degisimi,
bulaniklagtirma ve giiriiltii ekleme gibi islemlerle modelin farkli
goriintiileme kosullarina dayanikliliim1 artirmayir amaglar.
Bununla birlikte, bu islemler klinik gercekligi bozmayacak
sekilde uygulanmalidir; aksi durumda model lezyonla iliskili

olmayan yapay orlintiileri 6grenebilir (Shorten ve Khoshgoftaar,
2019; Al-Asadi ve Altun, 2022).

Dermoskopik goriintiilerde kil, hava kabarcigi, cetvel
isareti, yansima ve golgelenme gibi artefaktlar lezyon sinirini
veya pigment dagilimmi Orterek model performansini
etkileyebilir. Bu nedenle bazi ¢alismalarda kil giderme, yansima
azaltma, kontrast iyilestirme ve lezyon segmentasyonu gibi
islemler uygulanmaktadir (Lee vd., 1997). Ancak bu islemlerin
asir1 uygulanmasi, lezyona ait ince morfolojik ayrmtilarin
bozulmasina neden olabilir.

Sinif dengesizligi de 6nemli bir problemdir. Bazi lezyon
smiflar ¢ok sayida ornekle temsil edilirken, nadir siiflar siirh
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sayida goriintii icerebilir. Bu durum, modelin ¢ogunluk siiflarina
yonelmesine ve az temsil edilen smiflarda diisilk basari
gostermesine yol agabilir. Bu nedenle yeniden 6rnekleme, sinif
agirliklandirma, veri artirma ve sentetik Ornek iiretimi gibi
yontemler kullanilmaktadir. Ancak basar1 yalnizca genel
dogrulukla degil, sinif bazli performans ve klinik agidan kritik
hata tiirleriyle birlikte degerlendirilmelidir.

Bu nedenle veri 6n isleme ve goriintii hazirlama siireci,
yalnizca teknik bir hazirlik asamasi degil, modelin giivenilirligini
dogrudan etkileyen temel bir adimdir. Bu asamalar dikkatli
tasarlanmadiginda model, ger¢ek lezyon ozellikleri yerine veri
setine 0zgl yapay Ortintiileri 6grenebilir.

6. PERFORMANS METRIKLERIi

YZ tabanh cilt lezyonu smiflandirma modellerinin
degerlendirilmesinde yalnizca genel dogruluk degeri yeterli
degildir. Ozellikle sinif dengesizligi bulunan veri setlerinde
model yiiksek dogruluk gosterebilir; ancak melanom gibi klinik
acidan kritik siniflar1 yeterli diizeyde tespit edemeyebilir. Bu
nedenle dogruluk, kesinlik, duyarlilik, 6zgiilliik, F1-skoru, ROC-
AUC ve karnisiklik matrisi birlikte degerlendirilmelidir (Powers,
2020; Saito ve Rehmsmeier, 2015).

Bu metrikler i¢inde duyarlilik, malign lezyonlarin gézden
kagirilma riskini gostermesi bakimindan klinik agidan 6zellikle
onemlidir. Yanlis negatif sonuglar, malign bir lezyonun benign
olarak degerlendirilmesine ve tani-tedavi sirecinde gecikmeye
yol acabilir. ROC-AUC farkli karar esiklerinde modelin ayirt
edici giiclinii degerlendirmek i¢in yararli olsa da tek basina klinik
yeterlilik kanit1 olarak goriillmemelidir (Fawcett, 2006; Wu vd.,
2022). Bu nedenle performans degerlendirmesi genel dogrulukla
siirli kalmamalr; siif bazli sonuglar, karar esigi ve klinik hata
maliyetleriyle birlikte sunulmalidir (Collins vd., 2024).
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7. LITERATURDEKI GUNCEL CALISMALARIN
KARSILASTIRILMASI

Cilt lezyonu smiflandirma literatiiriinde c¢aligmalar
yalnizca model basarimi agisindan degil; veri kalitesi, dis
dogrulama, agiklanabilirlik, insan-YZ etkilesimi ve model adaleti
acisindan da degerlendirilmelidir. Bu kapsamda giincel

caligmalarin 6zeti Tablo 3’te verilmistir.

Tablo 3. Literatiir Karsilastirmasi

Yazar-yil Yaklagim Temel katky/Smirhihik

Dermatologlarla karsilastirilabilir
Esteva vd. . .. . -

Derin ESA performans gostermistir; dis dogrulama

(2017) -

gerektirir.
Tschandl vd. | HAM10000 Yaygin benchmark sunmustur; smif
(2018) veri seti dengesizligi ve yanlilik riski vardir.
(2018) DO b p

zordur.
Kawahara vd. | Cok gorevli Tan1 ve 7 nokta kontrol listesini birlikte
(2018) DO ele almistir; veri sinirliligi vardir.

YZ desteginin hekim dogrulugunu
Tschandl vd. Karar destek | artirabilecegini géstermistir; hatali ¢ikti
(2020) .

yaniltici olabilir.
Cassidy vd. Benchmark Veri tekrar1 ve standartlagsma sorunlarini
(2022) analizi tartismigtir.
Daneshjou Model adaleti Cilt tonu ve nadir hastalik temsilindeki
vd. (2022) sinirhiliklart gostermistir.
Xin vd. SkinTrans / Tr?:jf?m;iiri tal-)-altﬂi.m isglrl.ﬂandli?lanm
(2022) ViT potansiye gostermislir, - vert  ve

hesaplama gereksinimi yuksektir.
Yaqoob vd, Federe Gizliligi 1-<0ruyan~ egitim yaklagimini

o tartigmugtir; dogrudan  performans

(2023) Ogrenme

cikarimi sinirlidir.
Krakowski Sistematik Insan-YZ etkilesimini degerlendirmistir;
vd. (2024) derleme sonuglar baglama baghdir.
Furgan Attention- Meta veri flizyonunu Onermistir; dis
(2026) based ViT dogrulama gerektirir.

Genel olarak literatlirdeki egilim, yalnizca daha yiiksek
dogruluk elde etmeye degil; modellerin farkli veri setlerinde, cilt
tonlarinda, cihazlarda ve klinik kosullarda giivenilir bi¢cimde

36



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Akademik Tartismalar

calisip ¢alismadigini sorgulamaya yonelmistir. Bu nedenle giincel
degerlendirmelerde dis dogrulama, veri g¢esitliligi, insan-YZ
etkilesimi ve raporlama standartlar1 giderek daha onemli hale
gelmektedir (Tschandl vd., 2020; Daneshjou vd., 2022;
Krakowski vd., 2024).

8. ACIKLANABILIR YAPAY ZEKA VE KLINIK
GUVENILIRLIK

Tibbi goriintii analizinde modelin dogru tahmin {iretmesi
kadar, bu tahmini hangi gorsel ipuglarina dayandirdigi da
onemlidir. Cilt lezyonu smiflandirmada modelin gercekten
lezyon alanina m1, yoksa kil, cetvel isareti, goriintii kenar1 veya
151k yansimasi gibi alakasiz yapilara m1 odaklandigi klinik
giivenilirlik agisindan kritik bir konudur.

Bu amagcla Grad-CAM, LIME ve SHAP gibi agiklanabilir
YZ vyontemleri kullanilmaktadir. Grad-CAM, ESA tabanh
modellerde karar {izerinde etkili goriintii bolgelerini 1s1
haritalariyla gosterir (Selvaraju vd., 2017). LIME, belirli bir
ornek c¢evresinde model davranisini daha basit bir modelle
aciklamaya calisir (Ribeiro vd., 2016). SHAP ise Shapley
degerlerine dayanarak her 6zelligin tahmine katkismni hesaplar
(Lundberg ve Lee, 2017). Ancak bu yontemler kesin tanisal kanit
degil, model davranismi anlamaya yardimci araclar olarak
degerlendirilmelidir.

Aciklanabilirligin yaninda modelin gliven skorlarmin
kalibrasyonu da onemlidir. DO modelleri yiiksek olasilik
degerleri iiretebilse de bu degerler her zaman ger¢ek dogruluk
olasiligint yansitmayabilir (Guo vd., 2017). Bu nedenle cilt
lezyonu siniflandirma sistemlerinde softmax ¢iktilar1 tek basina
yeterli gortlmemeli; kalibrasyon, belirsizlik tahmini, karar esigi
analizi ve dig dogrulama birlikte degerlendirilmelidir.
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9. KLINIK UYGULANABILIRLIK, ETIiK VE
HUKUKI BOYUTLAR

YZ tabanl dermatolojik karar destek sistemleri klinik
kullanima aktarilmadan o6nce etik, hukuki ve diizenleyici
yonleriyle degerlendirilmelidir. Hasta goriintiileri kisisel saglik
verisi niteliginde oldugundan veri gizliligi, anonimlestirme,
bilgilendirilmis onam ve veri paylasim siiregleri agik bicimde
tanimlanmalidir. DSO, saglikta YZ uygulamalarinda etik ve insan

haklar1  temelli yaklasimm esas almmasi1  gerektigini
vurgulamaktadir (WHO, 2021).

Bu sistemlerin klinik kullanima uygunlugu yalnizca
smiflandirma basarisina bagli degildir. Modelin hangi veriyle
gelistirildigi, hangi kosullarda test edildigi, hangi hata tiirlerine
yatkin oldugu ve klinisyene nasil destek verdigi acikga
raporlanmalidir. Bu nedenle cilt lezyonu siniflandirma sistemleri
dogruluk, duyarlilik veya ROC-AUC gibi 6lgiitlerin yani sira
giivenlik, aciklanabilirlik, dig dogrulama, hasta cesitliligi ve insan
gozetimi agisindan da degerlendirilmelidir.

10. MEVCUT SINIRLILIKLAR VE GELECEK
EGILIMLER

DO tabanli yéntemler cilt lezyonu siniflandirmada 6nemli
basarilar gostermis olsa da klinik uygulamaya geciste bazi
sinirhiliklar devam etmektedir. Calismalarin 6nemli bir bolimii
belirli merkezlere, sinirli cihazlara veya dar hasta gruplarma
dayanmaktadir. Koyu cilt tonlarinin, nadir lezyonlarin ve az
ornekli simiflarin yetersiz temsili model genellenebilirligini
siirlandirmaktadir. Ayrica sinif dengesizligi nedeniyle modeller
cogunluk smiflarinda yiiksek basari gosterirken, melanom gibi
klinik a¢idan kritik siniflarda daha diisiik duyarlilik sergileyebilir.
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Birgok calismada dis merkezli dogrulama ve prospektif
klinik testlerin smirli olmasi, bildirilen yiiksek performanslarin
gercek klinik karsiligini zayiflatmaktadir. Gelecekte multimodal
modeller, federe 06grenme, mobil dermoskopi sistemleri,
aciklanabilir yapay zeka, belirsizlik tahmini ve kalibre edilmis
karar destek sistemleri daha fazla one c¢ikacaktir. Ancak bu
yaklasimlarin  klinik deger tasiyabilmesi icin farkli veri
kaynaklarinda giivenilir, aciklanabilir ve adil sonuglar tiretmeleri
gerekmektedir.

11. SONUC

YZ ve DO yontemleri, cilt lezyonlarmin otomatik analizi
ve dermatolojik karar destek sistemleri icin onemli olanaklar
sunmaktadir. ESA tabanli modeller, transfer &grenme,
transformer mimarileri ve multimodal yaklasimlar smiflandirma
performansmi artirabilmektedir. Ancak klinik guvenilirlik
yalnizca yliksek dogruluk degerleriyle gosterilemez. Siif bazl
performans, dis dogrulama, agiklanabilirlik, kalibrasyon, farkli
cilt tonlarinda adalet, veri gizliligi ve diizenleyici uygunluk
birlikte degerlendirilmelidir.

Bu nedenle YZ, dermatolojide hekimin yerini alan
bagimsiz bir otorite olarak degil; riskli vakalar1 6nceliklendiren,
klinik degerlendirmeyi destekleyen ve tanisal siireci daha
sistematik  hdle getiren yardimci  bir ara¢  olarak
konumlandirilmalidir.

39



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Akademik Tartismalar

KAYNAKCA

Al-Asadi, M., & Altun, A. A. (2022). Deep learning with SMOTE
techniques for improved skin lesion classification on
unbalanced data. Selcuk  University ~ Journal  of
Engineering Sciences, 21(3), 97-104.

Brinker, T. J., Hekler, A., Enk, A. H., Klode, J., Hauschild, A.,
Berking, C., ... & Schriifer, P. (2019). Deep learning
outperformed 136 of 157 dermatologists in a head-to-head
dermoscopic melanoma image classification
task. European journal of cancer, 113, 47-54.

Cassidy, B., Kendrick, C., Brodzicki, A., Jaworek-Korjakowska,
J., & Yap, M. H. (2022). Analysis of the ISIC image
datasets: Usage, benchmarks and
recommendations. Medical image analysis, 75, 102305.

Caraviello, C., Nazzaro, G., Tavoletti, G., Boggio, F., Denaro, N.,
Murgia, G., ... & Marzano, A. V. (2025). Melanoma skin
cancer: A  comprehensive review of current
knowledge. Cancers, 17(17), 2920.

Christie-Nguyen, P., Tschen, J. A., & Saleh, H. M. (2025).
Dermatopathology Evaluation of Tumors. In StatPearls
[Internet]. StatPearls Publishing.

Collins, G. S., Moons, K. G., Dhiman, P., Riley, R. D., Beam, A.
L., Van Calster, B., ... & Logullo, P. (2024). TRIPOD+ Al
statement: updated guidance for reporting clinical
prediction models that use regression or machine learning
methods. bmj, 385.

Daneshjou, R., Vodrahalli, K., Novoa, R. A., Jenkins, M., Liang,
W., Rotemberg, V., ... & Chiou, A. S. (2022). Disparities
in dermatology Al performance on a diverse, curated
clinical image set. Science advances, 8(31), eabq6147.

40



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Akademik Tartismalar

Debelee, T. G. (2023). Skin lesion classification and detection
using machine learning techniques: a systematic
review. Diagnostics, 13(19), 3147.

Dinnes, J., Deeks, J. J., Chuchu, N., di Ruffano, L. F., Matin, R.
N., Thomson, D. R., ... & Williams, H. C. (2018).
Dermoscopy, with and without visual inspection, for
diagnosing melanoma in adults. Cochrane Database of
Systematic Reviews, (12).

Dosovitskiy, A., Beyer, L., Kolesnikov, A., Weissenborn, D.,
Zhai, X., Unterthiner, T., ... & Houlsby, N. (2020). An
image is worth 16x16 words: Transformers for image
recognition at scale. arXiv preprint arXiv:2010.11929.

Esteva, A., Kuprel, B., Novoa, R. A., Ko, J., Swetter, S. M., Blau,
H. M., & Thrun, S. (2017). Dermatologist-level
classification of skin cancer with deep neural
networks. nature, 542(7639), 115-118.

Fawcett, T. (2006). An introduction to ROC analysis. Pattern
recognition letters, 27(8), 861-874.

Furgan, M., Katuk, N., & Hartama, D. (2026). Multiclass Skin
Lesion Classification Algorithm using Attention-Based
Vision Transformer with Metadata Fusion. Journal of
Applied Data Sciences, 7(1), 203-217.

Gordon, E. R., Trager, M. H., Kontos, D., Weng, C., Geskin, L.
J., Dugdale, L. S., & Samie, F. H. (2024). Ethical
considerations for artificial intelligence in dermatology: a
scoping review. British Journal of Dermatology, 190(6),
789-797.

Guo, C., Pleiss, G., Sun, Y., & Weinberger, K. Q. (2017, July).
On calibration of modern neural networks. In
International conference on machine learning (pp. 1321-
1330). PMLR.

41



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Akademik Tartismalar

IARC. (2024). Skin cancer. International Agency for Research on
Cancer.

Kassem, M. A., Hosny, K. M., Damasevicius, R., & Eltoukhy, M.
M. (2021). Machine learning and deep learning methods
for skin lesion classification and diagnosis: a systematic
review. Diagnostics, 11(8), 1390.

Kawahara J, Daneshvar S, Argenziano G, Hamarneh G. 7-Point
Checklist and Skin Lesion Classification using Multi-
Task Multi-Modal Neural Nets. IEEE J Biomed Health
Inform. 2018 Apr 9. doi: 10.1109/JBHI.2018.2824327.
Epub ahead of print. PMID: 29993994.

Krakowski, 1., Kim, J., Cai, Z. R., Daneshjou, R., Lapins, J.,
Eriksson, H., ... & Linos, E. (2024). Human-Al interaction
in skin cancer diagnosis: a systematic review and meta-
analysis. NPJ digital medicine, 7(1), 78.

Langselius, O., Rumgay, H., de Vries, E., Whiteman, D. C,,
Jemal, A., Parkin, D. M., & Soerjomataram, 1. (2025).
Global burden of cutaneous melanoma incidence
attributable to ultraviolet radiation in 2022. International
Journal of Cancer, 157(6), 1110-1119.

Lee, T., Ng, V., Gallagher, R., Coldman, A., & McLean, D.
(1997). Dullrazor®: A software approach to hair removal
from images. Computers in biology and medicine, 27(6),
533-543.

Lundberg, S. M., & Lee, S. I. (2017). A unified approach to
interpreting model predictions. Advances in neural
information processing systems, 30.

Mendonga, T., Ferreira, P. M., Marques, J. S., Marcal, A. R., &
Rozeira, J. (2013, July). PH 2-A dermoscopic image
database for research and benchmarking. In 2013 35th
annual international conference of the IEEE engineering

42



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Akademik Tartismalar

in medicine and biology society (EMBC) (pp. 5437-5440).
IEEE.

Mevorach, L., Farcomeni, A., Pellacani, G., & Cantisani, C.
(2025). A comparison of skin lesions’ diagnoses between
Al-based image classification, an expert dermatologist,
and a non-expert. Diagnostics, 15(9), 1115.

Naseri, H., & Safaei, A. A. (2025). Diagnosis and prognosis of
melanoma from dermoscopy images using machine
learning and deep learning: a systematic literature
review. BMC cancer, 25(1), 75.

Powers, D. M. (2020). Evaluation: from precision, recall and F-
measure to ROC, informedness, markedness and
correlation. arXiv preprint arXiv:2010.16061.

Ribeiro, M. T., Singh, S., & Guestrin, C. (2016). “Why should I
trust you?” Explaining the predictions of any classifier.
Proceedings of the 22nd ACM SIGKDD International
Conference on Knowledge Discovery and Data Mining,
1135-1144.

Saito, T., & Rehmsmeier, M. (2015). The precision-recall plot is
more informative than the ROC plot when evaluating
binary classifiers on imbalanced datasets. PloS one, 10(3),
e0118432.

Selvaraju, R. R., Cogswell, M., Das, A., Vedantam, R., Parikh,
D., & Batra, D. (2017). Grad-cam: Visual explanations
from deep networks via gradient-based localization. In
Proceedings of the IEEE international conference on
computer vision (pp. 618-626).

Shorten, C., & Khoshgoftaar, T. M. (2019). A survey on image
data augmentation for deep learning. Journal of big data,
6(1), 1-48.

43



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Akademik Tartismalar

Tajeddin, N. Z., & Asl, B. M. (2018). Melanoma recognition in
dermoscopy images using lesion's peripheral region
information. Computer methods and programs in
biomedicine, 163, 143-153.

Tjiu, J. W., & Lu, C. F. (2025). Equity and Generalizability of
Artificial Intelligence for Skin-Lesion Diagnosis Using
Clinical, Dermoscopic, and Smartphone Images: A
Systematic Review and Meta-
Analysis. Medicina, 61(12), 2186.

Tschandl, P., Rosendahl, C., & Kittler, H. (2018). The
HAMZ10000 dataset, a large collection of multi-source
dermatoscopic images of common pigmented skin
lesions. Scientific data, 5(1), 180161.

Tun, H. M., Rahman, H. A., Naing, L., & Malik, O. A. (2025).
Trust in artificial intelligence-based clinical decision
support systems among health care workers: systematic
review. Journal of Medical Internet Research, 27,

€69678.
Vieira, J., Mendonga, F., & Morgado-Dias, F. (2025). Deep
Learning Approaches for Skin Lesion

Detection. Electronics, 14(14), 2785.

Weir, V. R,, Li, Y., Gillis, M. C., Kurtansky, N. R., Salvador, T.,
Halpern, A. C., ... & Rotemberg, V. (2025). Evaluating
skin tone scales for dermatologic dataset labeling: a
prospective-comparative study. npj Digital
Medicine, 8(1), 787.

World Health Organization. (2021). Ethics and governance of
artificial intelligence for health. WHO guidance.
https://www.who.int/publications/i/item/9789240029200

44



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Akademik Tartismalar

Wu, Y., Chen, B., Zeng, A., Pan, D., Wang, R., & Zhao, S.
(2022). Skin cancer classification with deep learning: a
systematic review. Frontiers in Oncology, 12, 893972.

Xin, C,, Liu, Z., Zhao, K., Miao, L., Ma, Y., Zhu, X., ... & Chen,
H. (2022). An improved transformer network for skin
cancer classification. Computers in Biology and
Medicine, 149, 105939.

Yaqoob, M. M., Alsulami, M., Khan, M. A., Alsadie, D.,
Saudagar, A. K. J., AlKhathami, M., & Khattak, U. F.
(2023). Symmetry in privacy-based healthcare: A review
of skin cancer detection and classification using federated
learning. Symmetry, 15(7), 1369.

Zbrzezny, A. M., & Krzywicki, T. (2025). Artificial intelligence
in dermatology: A review of methods, -clinical
applications, and perspectives. Applied Sciences, 15(14),
7856.

45



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Akademik Tartismalar

ISITME ENGELLI EBEVEYNLER ICIN COKLU
ALGILAYICILI GIiYILEBILIR BEBEK iZLEME
VE UYARI SISTEMI

Rukiye UZUN ARSLAN?

1. GIRIS

Isitme kaybi, bireyin ¢evresel sesleri algilama, sozlii
iletisime katilma, sosyal etkilesim kurma ve giinlik yasam
aktivitelerini bagimsiz bigimde siirdiirebilme becerisini dogrudan
etkileyen dnemli bir halk saghg: ve erisilebilirlik problemidir.
Diinya Saglik Orgutii (DSO) verilerine gére diinya genelinde 1,5
milyardan fazla kisi belirli diizeylerde isitme kayb1 ile
yasamaktadir. Ayrica 2050 yilina kadar yaklasik 2,5 milyar
kisinin bir dereceye kadar isitme kaybi yasayacagi ve 700
milyondan fazla kisinin isitme rehabilitasyonuna ihtiya¢ duyacagi
ongoriilmektedir (DSO, 2026). Bu veriler, isitme engelli
bireylerin yasam kalitesini artirmaya yonelik teknolojik
¢coziimlerin yalnizca bireysel konfor agisindan degil, toplumsal
katilim, bagimsiz yasam, toplumsal katilim ve saglik giivenligi
acisindan da 6nemli oldugunu gostermektedir.

Isitme engelli bireylerin giinliik yasamda karsilastiklar:
iletisim ve erisilebilirlik sorunlari, ebeveynlik siireciyle birlikte
daha 6zgiil ve kritik bir boyut kazanmaktadir. Bebek bakiminda
aglama sesinin fark edilmesi, bebegin yatis pozisyonunun
izlenmesi, bez islakliginin  anlagilmast  ve huzursuzluk
durumlarina  zamaninda  miidahale edilmesi  ebeveyn
sorumlulugunun temel bilesenleri arasinda yer almaktadir. Isiten

1 Dog. Dr., Zonguldak Biilent Ecevit Universitesi, Miihendislik Fakiiltesi, Elektrik-
Elektronik Miihendisligi Boliimii, ORCID: 0000-0002-2082-8695.
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ebeveynler i¢cin bebek aglamasi dogal bir uyar1 mekanizmasi
olustururken, isitme engelli ebeveynler agisindan bu uyar1 kanali
sinirlt ya da tamamen kullanilamaz durumdadir. Bu nedenle
yalnizca sesli uyariya dayali klasik bebek izleme sistemlersi,
isitme engelli ebeveynlerin bakim siirecindeki ihtiyaglarmi
yeterince  karsilayamamaktadir.  Giincel caligsmalarda da
geleneksel bebek izleme sistemlerinin ¢ogunlukla sesli uyarilara
dayandigi, bu durumun isitme engelli ebeveynler i¢in algilama
glicliigii olusturdugu ve gorsel, dokunsal ya da biitiinlesik uyari
mekanizmalarma ihtiya¢ duyuldugu ifade edilmektedir (Moreira
vd., 2025).

Son yillarda bebek izleme sistemleri, klasik sesli bebek
monitdrlerinden ¢oklu sensor, kablosuz haberlesme ve nesnelerin
interneti (IoT) tabanli yapilara dogru evrilmektedir. Bu alandaki
calismalar genel olarak ii¢ temel yonde ilerlemektedir. ilk grup
caligmalar, isitme engelli ebeveynlere yonelik titresimli veya
gorsel uyari sistemlerine odaklanmaktadir. Ornegin Tang ve Ji
(2024), isitme engelli ebeveynler i¢gin bebegin aglama durumu ve
olagan dis1 fizyolojik gostergelerini ebeveyn bilekligine kablosuz
olarak ileten giyilebilir tabanl1 bir sistem 6nermistir. Bahbouh ve
dig. (2020), isitme engelli anneler i¢in IoT ve mobil uygulama
tabanli bir bebek izleme sistemi gelistirmis; sistemde ebeveynin
titresimli bileklik veya mobil telefon bildirimi ile uyarilmasi
saglanmistir. Mohite ve Jadhav (2021) ise bebek aglamasin1 Mel
Frekans1 Kepstral Katsayilart ve Yapay Sinir A& kullanarak
tespit eden, uyar: bilgisini Kiiresel Mobil Iletisim Sistemi
lizerinden ebeveyne ileten bir sistem Onermistir. Benzer sekilde
Baltacioglu ve dig. (2023), isitme engelli veya isitme kayb1 olan
ebeveynler i¢in bebek aglama sesini algilayarak titresimli uyari
veren bir kol bandi tasarlamistir. Suud Suliman ve Shahari (2025)
tarafindan Onerilen sistemde ise akustik analiz, Organik Isik
Yayan Diyot (LED) ekran ve titresim motoru bir arada
kullanilarak ¢ok modlu bir uyart mekanizmasi gelistirilmistir.
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Ikinci grup caligmalar, genel bebek izleme sistemlerinde
IoT, mobil bildirim ve yapay zekd destekli Kkarar
mekanizmalarinin  kullanimina odaklanmaktadir. Kumar ve
Kumar (2023), bebegin hareketlerini, yasamsal belirtilerini,
ortam kosullarin1 ve bez nem seviyesini izleyen, hafif yapil
Tekrarlayan Sinir Ag1 modeliyle desteklenen bir bebek izleme
sistemi Onermistir. Kumaran ve dig. (2023), Raspberry Pi,
sensorler ve evrisimli sinir ag1 (ESA) kullanarak bebegin aglama,
uyuma, oynama ve ani hareketsizlik gibi davranislarini
smiflandiran bir sistem gelistirmistir. Chandnani ve dig. (2025)
ise sicaklik, nem, gaz ve ses verilerini sensorler araciligiyla
izleyen; motorlu sallama, ortam diizenleme ve mobil uygulama
tizerinden uzaktan kontrol gibi islevler sunan akilli besik tabanl
bir sistem Onermistir. Bu ¢alismalar, bebek izleme
teknolojilerinde yalnizca ses verisinin degil, ¢evresel ve
davranigsal bircok gostergenin birlikte degerlendirilmesine
yonelik egilimin arttigin1 gostermektedir.

Ucgiincii grup ¢alismalar ise bebek bakiminda belirli bir
fiziksel goOstergenin hassas bicimde izlenmesine
odaklanmaktadir. Perumal (2023), geleneksel besik sistemini
sensorler ve Arduino tabanli kontrol yapisiyla destekleyerek
bebegin durumunun izlenmesine yonelik bir akilli besik tasarimi
sunmustur. Wang ve dig. (2026), bebek bezlerinde idrar
miktarmin gergek zamanli izlenebilmesi i¢in iletken lif tabanl ve
bataryasiz calisan bir Radyo Frekansi ile Tanimlama (Radio
Frequency ldentification, RFID) sensorii gelistirmistir. Onerilen
sistemin  hareketten  kaynaklanan  sinyal degisimlerini
azaltabildigi, belirli bir mesafeye kadar izleme yapabildigi ve
idrar hacmi tahmininde yiiksek dogruluk sagladig: belirtilmistir.
Bu tiir ¢aligmalar, bebek bakiminda bez 1slakligi, ortam kosullar
ve fiziksel pozisyon gibi parametrelerin ayr1 ayr1 veya birlikte
izlenmesinin glincel bir aragtirma alani oldugunu ortaya
koymaktadir.
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Bebek bakiminda dikkate alinmasi gereken bir diger
onemli konu giivenli uyku pozisyonudur. Uykuya bagli bebek
Oliimlerinin azaltilmas1 amaciyla Amerikan Pediatri Akademisi,
bebeklerin her uyku zamaninda sirtiistii pozisyonda yatirilmasini
Onermekte ve yan yatisin giivenli kabul edilmedigini
belirtmektedir. Ayni rehberde, bebeklerin sert, diiz ve egimsiz bir
uyku ylizeyinde yatirilmasi; yumusak nesneler, gevsek yatak
takimlar1 ve yastik benzeri materyallerin uyku alanindan uzak
tutulmas1  gerektigi ifade edilmektedir. Ayrica ev tipi
kardiyorespiratuvar monitorlerin ani bebek 6limi sendromu
riskini azaltma stratejisi olarak kullanilmamasi gerektigi 6zellikle
vurgulanmaktadir (Moon vd., 2022). Bu durum, bebek izleme
sistemlerinin klinik olarak kanitlanmis koruyucu tibbi cihazlar
olarak degil, ebeveyn farkindaligini artiran yardimci teknolojiler
olarak degerlendirilmesi gerektigini gdstermektedir.

Benzer sekilde, Centers for Disease Control and
Prevention bebeklerin giindiiz ve gece uykular1 dahil olmak tizere
tim uyku zamanlarinda sirtiistii yatirilmasini, diiz ve sert bir
yiizey kullanilmasini ve bebegin uyku alaninda battaniye, yastik,
tampon  veya oyuncak gibi  yumusak  nesnelerin
bulundurulmamasini énermektedir (Centers for Disease Control
and Prevention, 2024). Bu oneriler, riskli yatis pozisyonlarinin
takip edilmesini ve ebeveynin bu konuda zamaninda
bilgilendirilmesini destekleyen muhendislik ¢ozlimleri icin
Oonemli bir tasarim gerekcesi sunmaktadir. Bununla birlikte, yatis
pozisyonunu algilayan bir prototipin tek basina ani bebek oliimi
sendromunu Onleyen bir tibbi cihaz olarak degerlendirilmemesi
gerekir. Bu tiir sistemler, daha dogru bir yaklagimla, riskli
durumlarin fark edilmesine yardime1 olan ve ebeveynin miidahale
stiresini azaltmayr hedefleyen destekleyici uyari teknolojileri
olarak ele alinmaldir. Garcia-Herraiz ve dig. (2025) tarafindan
Onerilen basing mati ve ESA tabanli bebek pozisyon izleme
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sistemi de bu baglamda degerlendirilebilecek giincel 6rneklerden
biridir.

Mevcut calismalar birlikte degerlendirildiginde, isitme
engelli ebeveynlere yonelik sistemlerin énemli bir bolimunin
yalnizca bebek aglamasinin algilanmasina odaklandigi, bazi
sistemlerin ise mobil telefon bildirimi veya tekil sensor verisi
tizerinden calistigr goriilmektedir. Bununla birlikte, bebek
bakiminda aglama durumunun yani sira yatis pozisyonu ve bez
islakligr gibi farkli gostergelerin birlikte izlenmesi, ebeveynin
bakim siirecine daha hizli ve bilingli bicimde miidahale
edebilmesi acisindan Onem tagimaktadir. Bu gereksinimden
hareketle bu c¢aligmada, isitme engelli ebeveynler igin sesli
uyarilara bagimmli olmayan, mikrodenetleyici tabanli ve ¢oklu
sensOr verisini dokunsal/gérsel uyarilarla ebeveyne ileten
giyilebilir bir bebek izleme sistemi gelistirilmistir. Onerilen
sistem, bebek tarafinda konumlandirilan algilama birimi ile
ebeveyn bileginde tasinan uyart birimini Dbiitlinlestirmekte;
aglama durumu, yatig pozisyonu ve bez islakligina iliskin bilgileri
kablosuz haberlesme aracilifiyla ebeveyne aktarmaktadir. Bu
yoniiyle calisma, tibbi tan1 veya koruma amaci tagimayan; isitme
engelli ebeveynlerin bebek bakiminda farkindaligini artirmay1 ve
erisilebilir bir izleme ¢oziimii sunmay1 amaglayan taginabilir bir
yardimci teknoloji olarak konumlandirilmstir.

2. MATERYAL VE YONTEM

Bu calismada, isitme engelli ebeveynlerin bebek bakim
siirecinde  karsilasabilecekleri temel izleme ve uyan
gereksinimlerine yonelik mikroiglemci tabanli bir akilli bileklik
prototipi  gelistirilmistir. ~ Geligtirilen ~ sistem,  bebegin
aglama/yiiksek ses durumu, yatis pozisyonu ve bez islakligina
iliskin degisimleri algilayarak ebeveyne dokunsal ve gorsel geri
bildirim saglamay1 amacglamaktadir. Bu dogrultuda c¢alisma;
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sensOr tabanli veri toplama, mikrodenetleyici iizerinde esik
tabanli karar verme, kablosuz veri aktarimi ve bileklik biriminde
uyar liretimi olmak tizere dort temel asamada yapilandirilmistir.

Onerilen sistem iki ana birimden olusmaktadir: bebek
tarafi algilama birimi ve ebeveyn tarafi bileklik birimi. Bebek
tarafi algilama biriminde ses, sicaklik-nem ve yatis pozisyonuna
iliskin veriler sensorler araciligiryla toplanmaktadir. Bu veriler
mikrodenetleyici tarafindan islenmekte ve Onceden belirlenen
esik degerleriyle karsilagtirilmaktadir. Esik asimi olustugunda
ilgili uyar1 kodu Bluetooth modiilii iizerinden ebeveyn tarafindaki
bileklik birimine gonderilmektedir. Bileklik birimi, gelen uyari
koduna bagli olarak titresim motoru, LED gostergeler ve Organik
Isik Yayan Diyot (Organic Light Emitting Diode, OLED) ekran
araciliiyla ebeveyne uyar1 vermektedir. Boylece sistem, isitme
engelli ebeveynler igin sesli alarm yerine dokunsal ve gorsel geri
bildirim kanallarin1 birlikte kullanan bir yap1 sunmaktadir.
Onerilen sistemin akis semas1 Sekil 1° de verilmistir.

[ BEBEK TARAFI ALGILAMA BIRIMI ] [ EBEVEYN TARAFI BILEKLIK BiRIMI ]

Ses Sensorn

[ Arduino Uno R3 Veri ooth
DHT11 Sicaklik-Nem Sensori okuma ve karar MO et
‘ mekanizmas:

Tilt Senséri

Kablasuz verl aktarimi

HC-05 Blustooth Alict
y ¢

L3 L3 1 L 2
|
ERM Titresim Motoru | LED Gostergeler OLED Ekran

|
J

Sekil 1. Onerilen akilh bileklik sisteminin genel akis diyagram
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Gelistirilen sistemde diisiik maliyetli, kolay temin
edilebilir ve mikrodenetleyici platformlariyla uyumlu donanim
bilesenleri tercih edilmistir. Bebek tarafi algilama biriminde ses
sensori, DHTI11 sicaklik-nem sensorli ve tilt sensori
kullanilmistir. Ebeveyn tarafi bileklik biriminde ise HC-05
Bluetooth moduld, eksantrik donen kutleli (Eccentric Rotating
Mass, ERM) titresim motoru, LED gostergeler ve OLED ekran
yer almaktadir. Sistemin kontrol birimi olarak Arduino Uno R3
mikrodenetleyici karti tercih edilmistir. Arduino Uno RS,
ATmega328P tabanli bir mikrodenetleyici kart1 olup 14 dijital
giris/cikis pini, 6 analog giris, 16 MHz saat frekanst ve 5 V
calisma gerilimine sahiptir (Arduino, 2026).. Bu o6zellikleri
nedeniyle diisiik maliyetli, sensor tabanli ve gercek zamanh
prototip uygulamalar1 i¢in uygun bir gelistirme platformu
sunmaktadir. DHT11 sicaklik-nem sensort, sicaklik ve bagil nem
degerlerini dijital olarak saglayan diisiik maliyetli bir sensordiir.
Sensoriin ¢alisma araligi sicaklik i¢in 0-50 °C, bagil nem igin
%20-90 RH olarak verilmekte; tipik dogruluk degerleri sicaklik
icin £2 °C ve nem i¢in £5% RH dizeyindedir (DFRobot, 2020).
Bu nedenle bu calismada DHTI11 sensorii, dogrudan idrar
miktarin1 dlgen nicel bir sensor olarak degil, bez bolgesindeki
nem ve sicaklik artisini dolayli olarak izleyen bir gdsterge
bileseni olarak degerlendirilmistir. Bebege ait verilerin ebeveyn
tarafindaki bileklik birimine aktarilmasi i¢in iki adet HC-05
Bluetooth modiili kullanilmistir. Bu modiillerden biri bebek
tarafinda gonderici, digeri bileklik tarafinda alici olarak
yapilandirilmistir. Boylece sistem, sensorlerden elde edilen
verileri dogrudan ham veri halinde siirekli aktarmak yerine, esik
asim1 durumunda kisa uyar1 kodlari iizerinden haberlesecek
sekilde tasarlanmigstir. Bileklik biriminde gelen uyari koduna
baglh olarak titresim motoru, LED gostergeler ve OLED ekran
aktive edilmektedir. Bu yapi, isitme engelli ebeveynler icin sesli
uyartya bagimli olmayan dokunsal ve gorsel geri bildirim
saglamaktadir.
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Sistemin karar mekanizmasi esik tabanli olarak
olusturulmus olup akis semasi Sekil 2’ de sunulmustur. Bu esik
tabanli yapi, diisiik islem giicline sahip mikrodenetleyici tabanl
prototiplerde ger¢cek zamanli karar verme agisindan uygulanabilir
ve aciklanabilir bir yontem sunmaktadir. Benzer sekilde
Baltacioglu vd. (2023), isitme kaybi olan ebeveynler igin
gelistirdikleri titresimli kol bandinda bebek aglama sesini farkli
ses siddeti degerleri {izerinden analiz etmis ve ses degisimlerine
bagl bir uyar1 mekanizmasi tasarlamistir. Mevcut ¢alismada ise
bu yaklasim yalnizca ses algilama ile sinirli birakilmamas; ses,
yatis pozisyonu ve bez 1slaklig1 gostergeleri ayni sistem mimarisi
icinde birlikte degerlendirilmistir.

Yatis pozisyonunun izlenmesi, bebek giivenligi agisindan
destekleyici bir bilesen olarak ele alinmistir. Amerikan Pediatri
Akademisi, uykuya bagli bebek Oliimlerinin azaltilmasi igin
bebeklerin sirtiistii pozisyonda, sert ve diiz bir uyku yiizeyinde
yatirilmasini dnermektedir. Bu nedenle tilt sensorii ile pozisyon
degisiminin izlenmesi, ebeveynin riskli yatis durumlarin1 daha
hizli fark etmesine katki saglayabilecek bir uyar islevi olarak
degerlendirilmistir.
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{ Ses, sicaklik, nem ve tilt sensord verilerini oku }

s(t), T(t), H{t), p(t)

<= Tilt sensérii aktif mi? p(t)=1

Hayi Kod C gonder

Pozisyon [ hareket
uyansi

<Bes degeri 550°den biyik mi? s(t)>550>—2t

Kod A onder
Aglama | yuksek ses
uyans:

hk > 38 °C veya nem > %8B0 mi? T(t Evat
veya H(t})>80 il

l Kod 0 gonder Normal durum }—‘

l Bileklik biriminde titresim, LED ve OLED

Kod B gonder Bez
1slakhgl uyaris:

ciktisini uret

Sekil 2. Esik tabanh karar algoritmasinmin akis diyagramm

3. BULGULAR

Gelistirilen — akilli  bileklik  prototipinin  islevsel
dogrulamasi, sensorlerden elde edilen verilerin Onceden
tanimlanan esik degerleriyle karsilagtirilmasi ve bu karsilastirma
sonucunda bileklik biriminde uygun uyari ¢iktilarinin olusup
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olugmadigimin degerlendirilmesiyle gerceklestirilmistir.
Degerlendirme siirecinde aglama/yiiksek ses durumu, bez
islaklig1 gostergesi, yatis pozisyonu/hareket durumu ve normal
calisma durumu olmak {izere dort temel senaryo dikkate
almmustir. Bu senaryolar, gelistirilen sistemin farkli bakim
durumlarina verdigi tepkileri gozlemlemek ve Onerilen esik
tabanli karar mekanizmasinin islevselligini degerlendirmek
amaciyla olusturulmustur.

Deneysel degerlendirme kapsaminda ii¢ temel uyari
senaryosu ele alinmugtir: bez 1slakligt  gostergesi, yatis
pozisyonu/hareket durumu ve aglama/yiiksek ses durumu. Ayrica
esik degerlerin agilmadigi normal durum da degerlendirilmistir.
Tablo 1’ de deneysel degerlendirme senaryolar1 ve beklene uyari
ciktilart verilmistir.

Deneysel degerlendirme sonucunda, ses sensoriinden elde
edilen analog degerin belirlenen esik degerini agmas1 durumunda
sistemin aglama/yiiksek ses uyarist {irettigi gozlenmistir. Bu
durumda bileklik biriminde titresim motoru, LED gostergeler ve
OLED ekran araciligiyla uyari ¢iktisi olusturulmustur. Bu bulgu,
gelistirilen sistemin bebegin aglama veya yiiksek ses durumunu
isitme engelli ebeveyne sesli alarm kullanmadan aktarabildigini
gostermektedir. Baltacioglu vd. (2023) tarafindan gergeklestirilen
calismada da bebek aglama sesinin sessiz ortam ve konusma
sesinden genlik degisimleri bakimindan ayrisabildigi ve bu farkin
titresimli  giyilebilir uyar1 sistemlerinde kullanilabilecegi
belirtilmistir. Mevcut calismada elde edilen sonuclar, ses
degisimlerinin isitme engelli ebeveynlere yonelik giyilebilir uyari
sistemlerinde  kullanilabilir ~ bir  tetikleyici ~ oldugunu
desteklemektedir.
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Tablo 1. Deneysel degerlendirme senaryolari ve beklenen uyari

ciktilar:
Gozlenen
Test senaryosu Sensor kosulu Beklenen cikti sistem
davranisi
Bez 1slakligt OSlcakhk >38 Titresim, LED ve e
) - C veya nem Uyari tiretildi
gostergesi %80 ekran uyarisi
Yatis pozisyonu/ | Tilt sensoril Titresim, LED ve o
hareket durumu aktif ekran uyarisi Uyart iiretildi
Aglama / yiiksek | Ses degeri Titresim, LED ve g
ses durumu >550 ekran uyarisi Uyar tiretildi
Esik degerler Uyar yok / Esik asimi1
Normal durum normal durum uyarisi
astlmadi D e .
bildirimi uretilmedi

Bez 1slakligr gostergesine iliskin senaryoda, sicaklik
degerinin 38 °C’yi veya bagil nem degerinin %80’1 agmasi
durumunda sistemin ilgili uyar1 kodunu iirettigi ve bileklik
biriminde dokunsal-goérsel uyari olusturdugu gozlenmistir. Bu
sonug, sicaklik-nem sensoriinden elde edilen verilerin bez
bolgesindeki nem ve sicaklik artisin1 izlemek amaciyla
kullanilabilecegini gdstermektedir. Bununla birlikte, bu ¢ikti
dogrudan  idrar ~ miktarinin  nicel = Olglimii  olarak
yorumlanmamalidir.  DHT11 sensériiniin  Ol¢iim araligt  ve
dogruluk smirlart dikkate alindiginda, gelistirilen sistemin bez
islakligma iligkin degerlendirmesi esik tabanli ve dolayli bir
gosterge niteligindedir. Daha hassas ve nicel izleme gerektiren
uygulamalarda, iletken tekstil tabanli sensorler, kapasitif nem
algilayicilar veya RFID tabanli 6zel sensor mimarileri tercih

edilebilir.

Yatis pozisyonu/hareket durumuna iliskin senaryoda, tilt
sensorinin aktiflesmesiyle sistemin pozisyon/hareket uyarisi
irettigi belirlenmistir. Bu bulgu, bebegin belirgin pozisyon
degisimlerinin diisiik maliyetli dijital bir sensor araciligiyla
algilanabilecegini ve kablosuz olarak ebeveyn bilekligine
aktarilabilecegini gostermektedir. Bebeklerde guvenli uyku
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uygulamalarina iligkin giincel Onerilerde, bebeklerin her uyku
sirasinda  sirtiistii  pozisyonda yatirtlmast  ve riskli uyku
pozisyonlarindan kag¢inilmasi gerektigi vurgulanmaktadir. Bu
baglamda, yatis pozisyonunun izlenmesi, gelistirilen sistemin
bebek giivenligini  destekleyici yonlerinden biri  olarak
degerlendirilebilir. Ancak sistemin bu islevi, klinik olarak
dogrulanmus bir giivenlik veya 6nleme mekanizmasi olarak degil,
ebeveyn farkindaliginmi artirabilecek yardimci bir izleme bileseni
olarak ele alinmalidir.

Normal ¢alisma senaryosunda, ses, sicaklik-nem ve tilt
sensorlerine iliskin esik degerlerinin asilmadigi durumda sistemin
alarm durumuna ge¢medigi ve normal durum c¢iktist verdigi
gbozlenmistir. Bu sonug, gelistirilen karar mekanizmasimin
yalnizca esik agimu gergeklestiginde uyari iireten olay tabanl bir
yapiya sahip oldugunu gdstermektedir. Olay tabanli bu ¢alisma
prensibi, diisiik maliyetli mikrodenetleyici sistemlerinde gereksiz
veri aktarimini azaltmasi, uyari iiretimini sadelestirmesi ve sistem
davraniginin ~ kolay  yorumlanabilmesi ag¢isindan  avantaj
saglamaktadir.

Genel olarak elde edilen bulgular, gelistirilen prototipin
tamimlanan  teknik  senaryolar altinda beklenen uyarn
davraniglarini iiretebildigini géstermektedir. Sistemin temel ayirt
edici yonili, isitme engelli ebeveynlere yonelik uyar
mekanizmasini yalnizca bebek aglama sesine dayandirmamasi;
aglama/yiiksek ses, bez 1slakligi ve yatis pozisyonu/hareket
gostergelerini ayn1 mikrodenetleyici tabanli mimari igerisinde
birlikte degerlendirmesidir. Bu yoniiyle onerilen sistem, yalnizca
ses duyarli giyilebilir uyar1 sistemlerinden daha biitiinlesik bir
bakim izleme yaklagimi sunmaktadir.

Bununla birlikte, elde edilen bulgular prototip diizeyinde
islevsel dogrulama sonuglari olarak degerlendirilmelidir. Calisma
kapsaminda uzun siireli kullanic1 deneyimi, farkli ev ortamlarinda
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saha testi, batarya performans: analizi veya klinik dogrulama
yapilmamistir.  Bu nedenle sistemin gercek  kullanim
kosullarindaki giivenilirligi, yanls alarm orani, haberlesme
kararliligi ve kullanict kabulii gelecek calismalar kapsaminda
ayrica incelenmelidir. Ozellikle ses sensorinin gevresel
giiriiltiilere duyarliligi, DHT11 sensoriiniin nem Ol¢limiindeki
sinirlt dogrulugu ve tilt sensoriiniin bebegin dogal hareketlerinden
etkilenebilme olasiligi, sistemin gelistirilmesi gereken yonleri
arasinda degerlendirilmektedir.

Gelecek calismalarda, aglama sesinin daha giivenilir
bicimde ayristirilmasi i¢in sinyal isleme ve makine §grenmesi
tabanli siniflandirma algoritmalar1 kullanilabilir. Bez 1slaklig
tespiti i¢in daha hassas nem algilayicilar1 veya tekstil tabanlh
sensorler degerlendirilebilir. Yatis pozisyonunun daha kararh
bicimde izlenmesi icin ise tilt senséru yerine ivmeolcer veya
ataletsel Olglim birimi tabanli sensér mimarileri kullanilabilir.
Ayrica Bluetooth Low Energy gibi diisiik gii¢ tiiketimli
haberlesme teknolojilerinin kullanilmasi, sistemin tasinabilirlik
ve batarya 0mrii acisindan iyilestirilmesine katki saglayabilir.

Sonu¢ olarak bulgular, gelistirilen akilli  bileklik
prototipinin igitme engelli ebeveynlerin bebek bakiminda
karsilasabilecekleri temel uyar1 gereksinimlerine yonelik islevsel
bir destek sistemi olarak kullanilabilecegini gdstermektedir.
Bununla birlikte sistem, tibbi bir cihaz veya ani bebek oliimii
sendromunu 6nleyen bir ¢oziim olarak degil, ebeveynin bebege
iliskin bazi kritik durumlari daha hizli fark etmesine katki
saglayabilecek destekleyici bir giyilebilir uyar1 sistemi olarak
degerlendirilmelidir.

4. SONUC

Bu calismada, isitme engelli ebeveynlerin bebek bakim
sirecinde  karsilagabilecekleri temel izleme ve uyan
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gereksinimlerine yonelik mikroiglemci tabanli bir akilli bileklik
sistemi  gelistirilmistir. ~ Gelistirilen ~ sistem;  bebegin
aglama/yiiksek ses durumu, bez islakligma bagli sicaklik-nem
degisimleri ve yatis pozisyonu/hareket durumunu algilayarak
ebeveyne dokunsal ve gorsel geri Dbildirim saglamay1
amaclamaktadir. Bu kapsamda ses sensorii, DHT11 sicaklik-nem
sensord ve tilt sensoriinden elde edilen veriler Arduino Uno R3
mikrodenetleyicisi iizerinde esik tabanli karar mekanizmasiyla
degerlendirilmis; olusturulan uyari kodlarit HC-05 Bluetooth
modiilleri araciligiyla bileklik birimine aktarilmistir. Bileklik
tarafinda ise ERM titresim motoru, LED gostergeler ve OLED
ekran kullanilarak kullaniciya uygun uyari ¢iktilari sunulmustur.

Elde edilen bulgular, gelistirilen sistemin belirlenen
teknik senaryolar altinda beklenen uyar1 davraniglarin
tiretebildigini gostermektedir. Ses degerinin belirlenen esigi
asmas1 durumunda aglama/yiiksek ses uyarisi, sicaklik veya bagil
nem degerinin belirlenen smirlarin iizerine ¢ikmasi durumunda
bez 1slaklig1 gostergesi, tilt sensoriiniin aktiflesmesi durumunda
ise yatis pozisyonu/hareket uyarisi olusturulmustur. Esik
degerlerinin asilmadigi durumda sistemin alarm durumuna
gegmemesi, Onerilen esik tabanl karar yapisinin olay odakli ve
kontrollii bir uyar1 mantigina sahip oldugunu gostermektedir.

Calismanin temel katkisi, isitme engelli ebeveynlere
yonelik uyart sistemini yalnizca bebek aglama sesine
dayandirmamasi; ses, bez islakligi ve yatis pozisyonu/hareket
gostergelerini  ayni sistem mimarisi igerisinde  birlikte
degerlendirmesidir. Bu yoniiyle gelistirilen akilli bileklik, igitme
engelli ebeveynlerin bebek bakim siirecinde sesli uyaranlara
bagimli kalmadan bebege iliskin bazi temel durumlar takip
edebilmelerine katki saglayabilecek destekleyici bir giyilebilir
uyari sistemi olarak degerlendirilebilir.
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Bununla birlikte, gelistirilen sistem klinik tani, tedavi
veya ani bebek Olimii sendromunu Onleme amaci
tasimamaktadir. Bu nedenle sistem, tibbi bir cihaz olarak degil,
ebeveyn farkindaligmi artirmaya ve bakim siirecinde erken
bilgilendirme saglamaya yonelik yardimc1 bir teknoloji ¢oziimii
olarak ele alinmalidir. Gelecek ¢aligmalarda sistemin daha hassas
sensorlerle gelistirilmesi, ses algilama i¢in siniflandirma tabanh
algoritmalarin kullanilmasi, yatis pozisyonu tespiti i¢in ivmedlger
tabanli ¢Ozlimlerin degerlendirilmesi, diigiik giic tiiketimli
haberlesme teknolojilerinin denenmesi ve ger¢ek kullanici
kosullarinda uzun siireli performans testlerinin yapilmasi
Onerilmektedir.
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ANALYSIS OF A CANAL-TYPE SOLAR
PHOTOVOLTAIC SYSTEM

Suleyman ADAK!

1. INTRODUCTION

The increasing global demand for energy and the
environmental impacts of fossil fuel consumption have
accelerated the development of renewable energy technologies.
Among these technologies, solar photovoltaic (PV) systems
have emerged as one of the most promising and sustainable
solutions for electricity generation due to their clean operation,
low maintenance requirements, and abundant solar resource
availability. However, conventional ground-mounted solar PV
installations require large land areas, which may lead to land-use
conflicts, especially in densely populated or agricultural regions.

To overcome these challenges, canal-type solar
photovoltaic systems, also known as canal-top PV systems, have
gained significant attention in recent years. In this approach,
solar panels are installed above irrigation canals or water
channels, enabling efficient utilization of unused space while
simultaneously generating renewable electricity. This dual-
purpose infrastructure not only reduces land acquisition
requirements but also minimizes water evaporation from canals
and improves the efficiency of solar panels through the cooling
effect of water beneath the modules. The types of solar
photovoltaic systems are shown in Fig. 1.

1 Dog. Dr., Department of Electrical and Energy, OSB MYO, Mardin Artuklu,
University, Mardin, Turkey, ORCID: 0000-0003-1436-2830.
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SOLAR PV
APPLICATION

| ! ' 1

Conventional Offshore PV | | Floating PV

Fig. 1 Types of solar PV solar systems

Canal-type solar PV systems provide several technical,
economic, and environmental advantages. The shading effect of
the PV panels can help conserve water resources, particularly in
arid and semi-arid regions, while the lower operating
temperature of the modules can enhance power generation
efficiency. Furthermore, these systems contribute to sustainable
energy development by integrating renewable energy production
with existing water infrastructure. Channel-type solar PV
systems offer several practical and technical benefits because
their structure is designed to improve sunlight collection,
cooling, and mechanical stability. The channel-type solar
photovoltaic system is shown in Fig. 2.

e — e S s

‘:L‘*-.__‘—-h—-. n-_d-"l—' ""‘-'_‘

Fig. 2 Canal-type solar PV system (Cuce et al. 2022)

Despite their advantages, canal-based PV systems also
present engineering and operational challenges, including
structural design complexity, maintenance accessibility,
installation cost, and environmental considerations. Therefore,
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detailed analysis and evaluation are essential to determine their
feasibility, energy performance, and long-term benefits.

1.1. Advantages of a Canal-Type Solar Photovoltaic
System

A canal-type solar photovoltaic system offers several
advantages compared with a conventional ground-mounted solar
installation. Because the panels are installed above an existing
canal, it does not require additional land acquisition, which is
especially valuable in regions where agricultural or urban land is
scarce or expensive. This helps avoid conflicts between energy
production and other land uses. The presence of water beneath
the panels can also improve solar panel performance. Water
tends to create a cooler microclimate, reducing panel
temperatures and increasing electrical efficiency, since
photovoltaic modules generally operate more effectively at
lower temperatures.

Land Conservation:

e Solar panels are installed above existing canals,
eliminating the need for large areas of land.

e This is particularly beneficial in regions where
agricultural or urban land is scarce and expensive.

Reduced Water Evaporation:

e The panels provide shade to the canal surface, decreasing
water loss due to evaporation.

e This helps conserve valuable freshwater resources,
especially in arid and semi-arid regions.

Improved PV Efficiency:

e The cooling effect of water beneath the panels lowers
module temperatures.
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Since photovoltaic efficiency decreases with increasing
temperature, cooler operating conditions can enhance
electricity generation.

Reduced Algae Growth:

Shading of the canal limits sunlight penetration into the
water.

This can reduce algae formation and improve water
quality while lowering maintenance requirements.

Dual Use of Infrastructure:

Existing canal corridors serve both water conveyance
and electricity generation purposes.

This increases the overall utility of public infrastructure.

Lower Dust Accumulation:

The humid microclimate around canals may reduce dust
deposition on solar panels compared to installations in
open dry fields.

Cleaner panels can maintain higher energy output.

Reduced Transmission Costs:

Canal networks often pass near agricultural and rural
communities where electricity is needed.

This can reduce the length and cost of transmission and
distribution infrastructure.

Environmental Benefits:

Generates renewable energy without additional land
disturbance.

Contributes to reductions in greenhouse gas emissions
and supports sustainable development goals.
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Canal-type solar photovoltaic systems offer multiple advantages,
including land conservation, reduced water evaporation,
enhanced photovoltaic efficiency through natural cooling,
mitigation of algae growth, dual utilization of existing
infrastructure, and environmental sustainability. These benefits
make canal-top PV installations an attractive solution for
regions facing both energy and water resource challenges.

2. CANAL-TYPE SOLAR PV SYSTEM
COMPARISON WiTH CONVENTIONAL
SOLAR PV SYSTEM

A canal-type solar PV system is installed above
irrigation canals or water channels, whereas a ground-mounted
solar PV system is installed directly on land using support
structures. Both technologies generate electricity from sunlight,
but they differ significantly in design, performance, cost, and
environmental impact. Canal-type solar PV systems provide a
major advantage in land conservation because they utilize
existing canal infrastructure instead of occupying agricultural or
commercial land. This makes them particularly suitable in
densely populated or land-scarce regions. In contrast, ground-
mounted systems require large open areas, which may compete
with agriculture or other land uses.

Fig. 3 Irrigation canals covered with solar PV panels.

Canal-top systems also contribute to water conservation
by reducing evaporation from the canal surface. The shading
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effect of the panels can significantly decrease water loss, which
is especially valuable in arid and semi-arid regions. Ground-
mounted systems do not provide this additional environmental

benefit.

expensive to construct.

However, canal-type systems are generally more

Table 1. Comparison of canal type PV systems and conventional

PV systems

Parameter

Canal-Type Solar PV

Ground-Mounted Solar
PV

Land Requirement

Minimal additional land
use

Requires dedicated land
area

Installation Location

Over canals/waterways

Open land/fields/deserts

Cooling Effect

Better cooling from water
below

Higher operating
temperatures

Energy Efficiency

Slightly higher due to
cooling

Standard efficiency

Water Conservation

Reduces canal
evaporation

No water-saving benefit

Capital Cost

Higher structural/support
cost

Lower and more mature
technology

Maintenance Access

More difficult

Easier access

Structural
Complexity

High

Moderate

Environmental
Benefit

Dual benefit: energy +
water saving

Mainly energy
generation

Scalability

Limited to canal network

Highly scalable

Construction Time

Longer

Faster
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Risk Factors Corrosion, humidity, Dust, land degradation
canal restrictions

Best Use Case Water-scarce/agricultural | Utility-scale solar farms
regions

Traditional installations also do not provide secondary
environmental benefits beyond electricity generation. Unlike
canal-mounted photovoltaic systems, they do not contribute to
water conservation or the reduction of evaporation losses.
Furthermore, large-scale ground-mounted systems may alter
local landscapes and, in some cases, affect vegetation and
wildlife habitats. Their performance is also highly dependent on
weather conditions and solar availability, resulting in
fluctuations in power generation throughout the day and across
different seasons. These challenges highlight the need for
innovative photovoltaic deployment approaches that can
improve efficiency, optimize land use, and provide additional
environmental benefits while maintaining reliable renewable
energy production.

2.1. Water Conservation in Canal-Type PV Systems

Water conservation is one of the most significant
advantages of canal-type photovoltaic systems. By installing
solar panels above irrigation canals, the photovoltaic array
provides partial shading over the water surface, reducing direct
exposure to solar radiation and lowering the rate of evaporation.
This effect is particularly important in arid and semi-arid
regions, where substantial volumes of water can be lost through
evaporation during hot seasons. The reduction in water loss
helps preserve valuable freshwater resources and improves the
overall efficiency of water distribution networks used for
agriculture, industry, and domestic consumption.
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In addition to minimizing evaporation, the shading
created by the solar panels can moderate water temperatures and
limit the growth of algae and aquatic vegetation that often
develop under prolonged sunlight exposure. Improved water
quality and reduced maintenance requirements contribute to
more effective canal operation and resource management.

A unique advantage is evaporation reduction. Shading
from panels significantly decreases water loss from canals.
Some studies observed evaporation reductions of nearly 29%,
while regional studies estimate thousands of cubic meters of
water savings annually per MW.

Water Evaporation Saving:

Assume average evaporation:
er=bmm/day=0.005m/day
Water saved:

Es=6000x0.005

Es=30m 3/day

Thus:

=30000 L.iters/day

of water is saved. Water conservation is a critical benefit of
canal-type photovoltaic systems because it addresses two
essential resources simultaneously: energy and water. By
covering canals with solar panels, the amount of direct sunlight
reaching the water surface is reduced, which significantly
decreases evaporation losses..

2.2. Advantages of A Canal-Type Solar PV System

A canal-type solar PV system generates electricity by
installing solar panels above irrigation canals or water channels.
One of its major advantages is that it saves valuable land
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because the panels are placed over existing waterways instead of
occupying agricultural or urban land. This is especially
beneficial in regions where land availability is limited or
expensive. The water beneath the panels also helps cool the
solar modules, improving their efficiency since solar panels
perform better at lower temperatures.

Fig. 4 Canal-top solar PV system ( Solar AquaGrid)

Another important benefit is the reduction of water evaporation
from the canal surface. By providing shade, the solar panels
decrease direct sunlight exposure to the water, helping conserve
significant amounts of water in hot and dry climates.

3. ANALYSIS AND COMPARISON OF
CHANNEL-TYPE SOLAR PV SYSTEMS AND
CONVENTIONAL PV PANELS IN TERMS OF
EFFICIENCY

Channel-type solar PV systems and conventional PV
panels differ mainly in how they manage heat during electricity
generation. Conventional PV panels convert sunlight directly
into electricity, but as the panel temperature rises, electrical
efficiency decreases. In practical outdoor conditions, standard
commercial silicon panels usually operate at about 15-22%
electrical efficiency, depending on the technology and climate.
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Their efficiency drops because excess solar energy becomes
heat, increasing cell temperature. Studies show that for every 1
°C increase in panel temperature, electrical efficiency can
decrease by around 0.4-0.5%. Channel-type PV systems are
designed to improve thermal management by adding air or
liquid channels behind or around the PV module.

The major advantage of channel-type systems is not only
the increase in electrical efficiency but also the improvement in
overall energy utilization. Conventional PV panels waste most
absorbed heat into the environment, whereas channel-type
systems can capture that heat for water heating, ventilation, or
industrial thermal applications. As a result, total energy
efficiency in channel-type PV/T systems may exceed 50%,
while ordinary PV panels only provide electrical output. A
channel-type solar PV system usually refers to a PV panel
arrangement where airflow or cooling channels are integrated
behind or around the panels.

The key reason channel-type systems improve efficiency
is that solar cells lose efficiency as temperature rises.

3.1. Basic PV Efficiency Formula:

In a conventional flat-panel PV system, the incident solar
radiation falls directly on a stationary or tracking photovoltaic
surface. The efficiency is primarily influenced by cell
technology, operating temperature, irradiance level, spectral
conditions, and electrical losses. As cell temperature rises,
conversion efficiency generally decreases because the open-
circuit voltage of the solar cells declines. The electrical
efficiency of a solar panel is:

— Pout
n=-_ @

Where; 1 is panel efficiency, Pout is electrical power
output (W), G is solar irradiance (W/m?) and A is panel area
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(m?). A channel-type solar PV system incorporates a channel or
concentrator geometry that redirects, reflects, or concentrates
additional solar radiation onto the photovoltaic cells. The
increased solar flux can raise the electrical output generated per
unit cell area. Consequently, the effective power output
becomes:

Pout,ch > Pout,conv (2)

Power performance of channel-type solar photovoltaic
systems generally differs from that of traditional ground-
mounted photovoltaic panels due to the distinct environmental
conditions associated with canal installations. In conventional
photovoltaic  systems, module temperatures often rise
significantly under strong solar radiation, leading to reductions
in electrical output because photovoltaic cell efficiency
decreases as temperature increases. In contrast, channel-type
systems are installed above water channels, where the cooling
effect of the flowing water helps maintain lower module
operating temperatures. This natural cooling mechanism reduces
thermal losses and enables the photovoltaic modules to operate
closer to their rated power capacity for longer periods.

As a result, channel-type photovoltaic systems frequently
achieve higher instantaneous power output and greater annual
energy production than comparable traditional installations
using the same module technology and installed capacity. The
efficiency of a channel-type system can therefore be expressed
as:

_ Pout,ch (3)

T'l =
ch G*Aaperture

Where, Aaperture represents the total solar collection
aperture, including the channel structure. If the channel design
successfully increases the incident radiation without causing
excessive thermal losses, the electrical output can increase and
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the overall system efficiency may exceed that of a conventional
panel. However, the efficiency advantage is not guaranteed.
Concentrated radiation elevates cell temperature, and
temperature-related losses can partially offset the gains from
increased irradiance. Therefore, the net efficiency improvement
depends on the balance between optical concentration gains and
thermal degradation effects.

3.2. Temperature Effect on PV Efficiency

Temperature is one of the most significant factors
affecting the efficiency of PV systems because solar cell
electrical characteristics are highly temperature-dependent. As
the operating temperature of a PV module increases, the
semiconductor band gap decreases, causing a reduction in the
open-circuit voltage. Although the short-circuit current may
increase slightly with temperature, the voltage reduction is much
greater, leading to a decrease in overall power output and
conversion efficiency. PV efficiency decreases with
temperature. The relationship between temperature and PV
efficiency can be represented by:

Nr = r|refll - ﬁ(Tc - Tref)J (4)

Where; nt is efficiency at cell temperature Tc, et IS
reference efficiency at 25 °C, B is temperature coefficient
(typically 0.004-0.005 / °C), Tc is cell temperature and Tref is
25 °C.

Channel cooling reduces Tc, therefore increasing
efficiency. In conventional PV panels, solar radiation is
absorbed directly by the module surface, causing the cell
temperature to increase above ambient conditions. Under high
irradiance and limited airflow, module temperatures can reach
60-80°C, resulting in  noticeable efficiency  losses.
Consequently, the actual operating efficiency is often lower than
the rated efficiency measured under standard test conditions.
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Numerical example for conventional PV panel:

Given:

« Panel area A=1.8m?

« Solar irradiance G=1000 W/m?

o Reference efficiency nrer=20%=0.20

o Temperature coefficient p=0.0045/ °C
o Cell temperature Tc=60 °C

Step 1: Calculate efficiency loss

Temperature rise:
Tc—Tref=60-25=35 °C
Efficiency:
n1=0.20[1-0.0045(35)]
=0.20(1-0.1575)
=0.20(0.8425)
=0.1685

So:

nr =16.85%

Efficiency loss in traditional photovoltaic panels is a
significant factor that affects the overall performance and energy
yield of solar power systems. One of the primary causes of
efficiency reduction is the increase in cell temperature during
operation. As photovoltaic modules are exposed to prolonged
solar radiation, their operating temperature rises, leading to a
decrease in the electrical conversion efficiency of the solar cells.
This temperature-dependent behavior results in lower power
output, particularly during hot weather conditions when solar
irradiance is high but thermal losses are also substantial.
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Step 2: Output Power

Using:

Pout=1.G.A
Pout=0.1685x1000x1.8
Pout=303.3W

The output power of traditional PV panels is determined
by the conversion of solar radiation into electrical energy
through the PV effect. The amount of power generated depends
primarily on the intensity of solar irradiance, the efficiency of
the solar cells, the operating temperature of the modules, and the
overall system design. Under standard operating conditions,
photovoltaic panels produce their rated power output when they
receive optimal sunlight and operate at the reference temperature
specified by manufacturers.

Numerical example for channel-type cooling PV system:

Suppose airflow channels reduce panel temperature from:
60 °C—40°C

Now:

T Trer~40-25=15°C

Efficiency of channel-type cooling PV system :
n1=0.20[1-0.0045(15)]

=0.20(0.9325)

=0.1865

Thus:

nT=18.65%

The efficiency of a channel-type cooling photovoltaic
system is generally higher than that of conventional photovoltaic

77



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Akademik Tartismalar

installations because the presence of water beneath the solar
panels provides a natural cooling effect that helps maintain
lower operating temperatures. Since photovoltaic cell efficiency
is inversely related to temperature, reducing the temperature of
the solar modules decreases thermal losses and allows a greater
proportion of incident solar energy to be converted into
electrical power. This improvement in thermal regulation
enables the system to operate closer to its optimal performance
conditions, particularly during periods of high solar irradiance
and elevated ambient temperatures.

New Output Power of channel-type PV system :
Pout=0.1865><1000x1.8

Pout=335.7W

The output power of a canal-type solar photovoltaic system is
influenced by solar irradiance, module temperature, panel
characteristics, and environmental conditions associated with the
canal infrastructure. Unlike conventional ground-mounted
photovoltaic installations, canal-mounted systems benefit from
the cooling effect of the water flowing beneath the panels, which
helps maintain lower operating temperatures and improves the
electrical performance of the photovoltaic cells. Since the power
output of solar modules decreases with increasing temperature,
the reduced thermal stress experienced by canal-based systems
can result in higher power generation throughout the day.

Efficiency Improvement of channel-type PV system :

Increase in power:
AP=335.7-303.3
AP =32.4W

Percentage improvement:
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Phew—P
% Improvementzy x100
old

=324 4100
303.3

Nimprovement = 10.68 %

The efficiency of a canal-type solar photovoltaic system
can be significantly enhanced by the unique environmental
conditions created by the presence of water beneath the solar
modules. The water surface acts as a natural cooling medium,
reducing the operating temperature of photovoltaic panels and
mitigating the adverse effects of thermal losses on electrical
performance. Since photovoltaic cell efficiency decreases as cell
temperature increases, the lower temperatures observed in canal-
mounted installations generally result in higher energy
conversion efficiency compared with conventional ground-
mounted systems.

In addition, the reflective characteristics of the water
surface can increase the amount of incident solar radiation
reaching the modules, particularly during periods of low solar
elevation, thereby contributing to greater energy yield. The canal
environment also reduces dust accumulation on panel surfaces
due to higher ambient humidity and the proximity of water,
which helps maintain optical transmittance and decreases
performance degradation associated with soiling.

Interpretation:

The channel-type PV system:

o Improves airflow and heat removal
» Reduces operating temperature

o Raises electrical efficiency

e Produces more power under the same sunlight
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In this example:

Table 2. Comparison of traditional PV and channel-type PV

System Temperature Efficiency Power Output
Conventional PV 60 °C 16.85% 303.3 W
Channel-Type PV 40°C 18.65% 335.7 W

In hot climates, the efficiency difference becomes more
significant. Conventional panels experience stronger thermal
losses under intense sunlight and high ambient temperatures,
whereas channel-type systems maintain lower cell temperatures
through active cooling. Some experimental studies reported
panel temperature reductions of 10-17 °C using channel
cooling, leading to measurable gains in power output and longer
module life. However, channel-type systems are generally more
complex and expensive. They require pumps or airflow
mechanisms, additional piping or channel structures,
maintenance of cooling fluids, and higher installation costs.
Conventional PV panels remain simpler, cheaper, lighter, and
easier to install, making them more suitable for residential
rooftops and low-maintenance applications.

From an efficiency perspective, channel-type PV systems
perform better under high-temperature conditions because
cooling reduces thermal losses and improves energy recovery.
Conventional PV panels are electrically simpler and
economically attractive, but they cannot utilize waste heat and
are more sensitive to temperature increases. Channel-type
(canal-top) solar photovoltaic systems generally exhibit higher
energy efficiency than conventional ground-mounted PV
systems.

One of the most significant advantages of channel-type
PV systems is their minimal land requirement. These systems
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are installed above existing canals or water channels, thereby
utilizing infrastructure that is already in place. Consequently, no
additional land is needed for energy generation. Conventional
PV installations, however, require dedicated land areas, which
may compete with agricultural, residential, or industrial uses.
This makes canal-top PV systems particularly attractive in
regions where land availability is limited or land costs are high.

4. CONCLUSION AND RECOMMENDATIONS

A channel-type cooling arrangement can significantly
improve solar PV performance because PV efficiency is
inversely related to temperature. Even a moderate temperature
reduction of 15-20 °C may improve electrical output by
approximately 8% --15% depending on the panel characteristics.
Canal-top solar photovoltaic systems create a symbiotic nexus,
using cool, moisture-rich microclimates to boost panel
efficiency while reducing water evaporation by up to 40%.
Research highlights that, despite higher initial structural costs,
these installations offer strong financial viability by conserving
land and enhancing energy yield. Canal-top solar photovoltaic
systems create a symbiotic nexus, using cool, moisture-rich
microclimates to boost panel efficiency while reducing water
evaporation by up to 40%. Research highlights that, despite
higher initial structural costs, these installations offer strong
financial viability by conserving land and enhancing energy
yield.

Canal-top solar photovoltaic systems create a symbiotic
nexus, using cool, moisture-rich microclimates to boost panel
efficiency while reducing water evaporation by up to 40%.
Research highlights that, despite higher initial structural costs,
these installations offer strong financial viability by conserving
land and enhancing energy yield.Canal-top solar photovoltaic
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systems create a symbiotic nexus, using cool, moisture-rich
microclimates to boost panel efficiency while reducing water
evaporation by up to 40%. Research highlights that, despite
higher initial structural costs, these installations offer strong
financial viability by conserving land and enhancing energy
yield.
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AKILLI SAGLIK HIZMETLERI ICIN SDN
DESTEKLI EDGE-IOT MiMARILERI:
ZORLUKLAR, GUVENLIK VE ARASTIRMA
YONLERI

Abdulaziz CEYLAN!?

1. GIRIS

Saglik sistemleri, network cihazlarm, ger¢cek zamanl veri
analitigin, yapay zekanin ve yeni nesil iletisim altyapilarinin hizl
bliylimesiyle yonlendirilen kokli bir dijital doniistimden
gecmektedir. Hastaneler, acil midahale sistemleri, giyilebilir
saglik izleyicileri ve uzaktan hasta bakimi platformlart; biiytik
hacimli heterojen veriyi toplayabilen, iletebilen ve igleyebilen
dijital ekosistemlere giderek daha fazla bagimli hale gelmektedir.
Bu baglamda IoT, tibbi sensorleri, mobil cihazlari, tani
ekipmanlarin1 ve hasta izleme sistemlerini birbirine baglayarak
akilli saglik hizmetlerinin temel kolaylastiricilarindan biri haline
gelmistir (Hassan vd., 2018; Satyanarayanan, 2017).

Bu gelismelere ragmen saglik IoT'sinin yayginlasmasi
cesitli  teknik  ve operasyonel giicliikleri  beraberinde
getirmektedir. Tibbi verilerin, 6zellikle aritmi tespiti, acil durum
izleme, yogun bakim gézlemi ve uzaktan tani gibi uygulamalarda
cogu zaman diisiik gecikme ve yiiksek giivenilirlikle islenmesi
gerekir.  Geleneksel bulut merkezli altyapilar, iletisim
gecikmeleri, bant genisligi sinirlamalar1 ve gizlilik kaygilar
nedeniyle bu gereksinimleri her zaman karsilayamayabilir. Bu
nedenle edge bilisim, hesaplama ve veri islemeyi verinin

L Ogr. Gor., Adiyaman Universitesi, Besni Ali Erdemoglu MYO, Elektronik ve
Otomasyon Béliimii, ORCID: 0000-0001-5549-6785.
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tiretildigi kaynaga yaklastiran 6nemli bir paradigma olarak one
cikmistir (Rahmani vd., 2018; Satyanarayanan, 2017).

Ayni1 zamanda saglik IoT aglarinin artan Olgegi ve
heterojenligi, gelencksel ag yonetimi yaklagimlarini yetersiz
kilmaktadir. Cihazlar farkli iletisim protokolleri, hesaplama
kapasiteleri ve enerji kisitlar1 ile calisir. Yazilim Tanimh Ag
Olusturma (SDN), kontrol diizlemini veri diizleminden ayirarak
ve merkezi, programlanabilir ag yapilandirmasmi mimkin
kilarak bu yonetim sorunlarina umut vadeden bir ¢éziim sunar.
SDN aracilifiyla operatorler ag etkinligine iliskin genel bir
goriinim elde edebilir, trafigi dinamik olarak y0Onetebilir,
giivenlik politikalarmi uygulayabilir ve kritik saglik uygulamalar
icin hizmet kalitesi gereksinimlerini destekleyebilir (Rana vd.,
2019; Siddiqui vd., 2022).

2. YAZILIM TANIMLI AG OLUSTURMANIN
TEMELLERI

Yazilim Tanimli Ag Olusturma, kontrol islevlerini iletim
cihazlarindan ayirarak geleneksel aglarin igleyisini degistiren bir
ag paradigmasidir. Geleneksel mimarilerde yonlendirme, kontrol
ve iletim mantig1 ag donanimina gomiiliidiir. Bu tasarim, 6zellikle
blyik olgekli uyarlamanin gerektigi durumlarda kati ve
yonetilmesi zor altyapilara yol agar. SDN, ag zekasini yazilim

tabanli denetleyicilerde merkezilestirerek bu sinirlamalari ele alir
(Kreutz vd., 2013; Rana vd., 2019).

Tipik bir SDN mimarisi ii¢ katmandan olusur. Uygulama
katmani, politikalar1 ve istenen ag davranisini tanimlayan
hizmetleri ve ag uygulamalarimi igerir. Kontrol katmani, ag
politikalarini iletim kararlarina doniistiiren ve programlanabilir
araylizler araciligiyla ag kaynaklarmi yoneten SDN
denetleyicisini igerir. Altyap1 veya veri diizlemi ise denetleyici
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tarafindan verilen talimatlar1 ylirliten anahtarlar, yonlendiriciler
ve iletim cihazlarindan olusur.

APPLICATION
LAYER

CONTROL
LAYER

INFRASTRUCTURE
LAYER

Sekil 1. SDN mimarisinin uygulama, kontrol ve altyap
katmanlan

SDN'nin en onemli oOzelliklerinden biri
programlanabilirliktir. Kuzey yonli ve glney yonlu arayizler
araciligryla ag dinamik olarak kontrol edilebilir ve degisen hizmet
gereksinimlerine  gdére yapilandirilabilir.  OpenFlow  gibi
protokoller, denetleyici ile iletim cihazlar1 arasindaki iletisimi
miimkiin  kilmada  6nemli bir rol oynamigtir. Bu
programlanabilirlik SDN'ye otomasyon, merkezi izleme, eshek
politika uygulama ve trafik miihendisligi alanlarinda 6nemli
avantajlar saglar (Alsaeedi vd., 2019).

Bununla birlikte SDN yeni kaygilar1 da beraberinde
getirir. Kontrol mantiksal olarak merkezilestirildigi icin
denetleyici arizalari, kontrol kanali saldirilar1 ve 6lgeklenebilirlik
sorunlar1 agin genel performansini etkileyebilir. Bu nedenle SDN
gucli  yonetim faydalar1 sunsa da dagitimi giivenilirlik,
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performans ve giivenlik agisindan dikkatli bir degerlendirme
gerektirir (Kreutz vd., 2013; Vizarreta vd., 2017).

Applcation Plane

SDN Tools Budinaeo: Tools
Control Pla e
SDN Comtro lles Network merv ices

1 ] 1

Tafrasructurs Plane

Noiwork Networls Nodwork:

Dhevices Do beo Dievices

Sekil 2. SDN'de uygulama, kontrol ve altyap: diizlemleri
arasindaki iliski (Siddiqui vd., 2022).

3. 1oT AGLARI VE PROGRAMLANABIILIR
YONETIM IHTIYACI

Nesnelerin Interneti, dijital aglar {izerinden algilama,
iletisim kurma ve etkilesime girme yetenegine sahip baglantili
nesnelerden olusan biiyliik Olgekli bir ekosistemi ifade eder.
Saglik alaninda IoT cihazlari; giyilebilir elektrokardiyogram
sensorleri, nabiz oksimetreleri, akilli inflizyon pompalari,
goriintliileme sistemleri, sicaklik sensorleri, hasta bileklikleri ve
cevresel izleme cihazlarini igerir. Bu sistemler siirekli veri
akiglar1 iiretir ve ¢ogu zaman dinamik, kaynak kisitli ortamlarda
calisir.

[oT'nin biiylimesi, uzun siiredir var olan c¢esitli ag
yonetimi sorunlarin1 daha da yogunlastirmistir. Birincisi, baglh
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cihaz sayis1 artmaya devam ederek Ol¢eklenebilirlik ve adresleme
zorluklar1 yaratmaktadir. ikincisi, cihazlar protokol destegi, pil
omrii, depolama kapasitesi ve islem giicii bakimindan oldukca
heterojendir. Ugiinciisii, IoT sistemleri analitik, tan1 ve karar
destegi i¢in verimli bigimde yonetilmesi gereken biiyiik veri
tiretir. Son olarak bir¢ok uygulama siki giivenilirlik ve glivenlik
beklentileri altinda ¢aligir (Siddiqui vd., 2022).

Geleneksel ag mimarileri bu gereksinimlere iyi uyum
saglamaz. Statik yapilandirmalar, cihaz bazli yonetim ve dagitik
trafik akislart {izerinde smirli goriiniirliik, verimli isletimi
engelleyebilir. Bu nedenlerden dolayr SDN, 10T ydnetimi igin
gliclii bir yaklagim haline gelmistir. Ag durumuna iliskin merkezi
bir gorlinim saglayarak ve politika gilidimli  kontrolii
destekleyerek SDN, karmagsik IoT ortamlarinin yonetimini
basitlestirebilir ve ag olaylarina yanit verme hizini artirabilir.

\/ el

Application

=
SDN Controller

loT Controller

Sensor

Sensor

Sekil 3. SDN tabanh tipik IoT mimarisi (Siddiqui vd., 2022).
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Tablo 1. SDN kullanan IoT c¢ercevelerine iliskin 2019 sonrasi
calismalarin karsilastirmasi (Siddiqui vd., 2022).

Year | Fault tolerance | Load balancing [ Security | Energy Scalability SDIoT Framework Taxonomy
2019 v v Blockchain

2019 v v v ¥ Blockchain

2019 v v ¥ Blockchain

2019 v v OF

2019 ' Blockchain

2019 v Blockchain

2019 I Blockchain

2019 v v NFV

2019 v Middleware

2019 v v Blockchain

2020 v Blockchain

2020 v v Blockchain

2020 v v NFV, OF

2020 v NFV, OF

2020 v v Edge Computing, NFV
2020 '

2020 v NFV

2020 W NFV, Blockchain

2020 v v Blockchain

2021 ' v NFV

2021 v v Blockchain

2021 v v v NFV, Middleware

2021 v v v Middleware, Blockchain
2022 v v v Blockchain,NFV

2022 v v v NFV, Middleware, Blockchain
2022 v ¥ v v NFV, Middleware

2022 v v v I3 v NFV, Middleware, Blockchain
2022 v v v v v NFV, Middleware, OF, Blockchain

Literatiir, bes temel [oT yonetimi sorununu tutarli bigcimde
vurgulamaktadir: hata toleransi, yiilk dengeleme, giivenlik
yonetimi, enerji yonetimi ve Olceklenebilirlik. Bu sorunlar,
hizmet arizalarmin hastanin iyilesmesi iizerinde dogrudan
sonuglar dogurabileceginden saglik alaninda 6zellikle dnemlidir
(Kumhar & Bhatia, 2022; Siddiqui vd., 2022).

4. AKILLI SAGLIK HIiZMETLERINDE EDGE
BILiSiM

Edge bilisim, hesaplama, depolama ve analitigin tamamen
merkezi bulut veri merkezlerinde degil, veri kaynaklarina daha
yakin noktalarda gergeklestirildigi dagitik  bir  bilisim
paradigmasidir. Saglik alaninda bu yaklasim degerlidir; ¢linkii
bircok klinik ve izleme uygulamasi ger¢ek zamana yakin yanitlar,
diisiik gecikme ve yerel gizlilik korumasi gerektirir (Hassan vd.,
2018; Satyanarayanan, 2017).
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0@&‘ )
= 0 &

PATIENTS

Sekil 4. Edge bilisimin saghk sistemlerinde katmanh kullanimi
(Pandey, 2022).

Edge bilisim destekli saglik uygulamalarina 6rnek olarak
giyilebilir EKG izleme, uzaktan kronik hastalik takibi, acil tibbi
destek, akilli hastane odalari, teletip platformlar1 ve mobil tani
sistemleri verilebilir. Bu tlr senaryolarda edge cihazlar veya
yakindaki ag gecitleri sensor verilerini yerel olarak isleyebilir,
anomalileri saptayabilir, uyarilart tetikleyebilir ve gerektiginde
Ozetlenmis bilgileri bulut sistemleriyle esitleyebilir (Gusev, 2022;
Rahmani vd., 2018).

Tablo 2. Saghk hizmeti sunum modellerinin 6zellikleri (Gusev,

2022).
Model Randevu | e-Saghk | Otonom Tletisim
Classical v Doktor-Hasta
Edge v Doktor-Makine-Hasta
Dew v v Makine-Hasta
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Cloud
data centers

7 I
Edge /
servers | =
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WAN

.,'- \ Base station
Joudlels ~ server LAN.
o [_ T RAN
\:i]) Netwaorking
Edge

devices E'_ | % [% r‘
Oy

- a syste ms
Smart
devices Smartphones D Tablets

IoMT .n&.h))) Medical sensor

devices

LAN.
RAN

> ——> —>

PANI

Sekil 5. Edge/dew bilisim ¢oziimiiniin bes katmanh mimarisi
(Gusev, 2022).

Edge bilisim saglik hizmetleri igin gesitli avantajlar sunar.
Iletisim gecikmesini azaltir, uzak sunuculara iletilen veri hacmini
digiiriir, disiik baglantili ortamlarda hizmet erisilebilirligini
artirir ve hassas bilgileri kaynagma yakin tutarak gizliligi
guclendirebilir. Merkezi saglik altyapisina hizli erisimin sinirlt
olabilecegi kirsal veya yeterince hizmet alamayan bolgelerdeki
hastalar i¢in 6zellikle yararhdir.

Bu avantajlara ragmen saglk alanindaki edge bilisim
ortamlar1 6nemli zorluklarla da kars1 karsiyadir. Kisa kesintiler
bile taniyr veya acil miidahaleyi tehlikeye atabileceginden
giivenilirlik kritik 6nemdedir. Tibbi veriler son derece hassas
oldugundan giivenlik ve gizlilik de ayni oOlgiide Onemlidir.
Heterojen cihazlar arasinda birlikte c¢alisabilirlik, verimli veri
yonetimi ve dagitik diglimler arasinda kaynak koordinasyonu

acik sorunlar olarak varligmni siirdiirmektedir (Hartmann vd.,
2022; Singh & Chatterjee, 2021).
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5. SAGLIK HiZMETLERI iCiN SDN, IoT ve EDGE
BIiLISIMIN ENTEGRASYONU

SDN, IoT ve edge bilisimin entegrasyonu, akilli saglk
sistemleri i¢in gii¢lii bir mimari temel saglar. Boyle bir mimaride
IoT cihazlan fizyolojik ve ¢evresel verileri toplar, edge diigiimler
yerel isleme ve hizli karar destegi saglar, SDN denetleyicileri ise
altyapt genelinde ag akislarini, Oncelikleri ve giivenlik
politikalarin1 yonetir (Kumhar & Bhatia, 2022; Siddiqui vd.,
2022).

Bu biitlinlesik mimari ¢esitli saglik hedeflerini destekler.
Birincisi, hasta cihazlart ile saglik personeli arasinda gercek
zamanl iletisimi miimkiin kilar. ikincisi, aritmi uyarilar1 veya acil
telemetri gibi acil trafiklerin dinamik olarak
onceliklendirilmesine olanak tanir. Ugiinciisii, hassas hizmetlerin
ve cihazlari esnek bigimde yalitilmasini destekler. Son olarak
sistemin degisen is ylklerine ve klinik baglamlara uyum
yetenegini artirir.

6. SDN DESTEKLIi EDGE-loT SAGLIK
SISTEMLERINDEKI BASLICA ZORLUKLAR

Ag kesintileri veya denetleyici arizalari hasta izlemesini
aksatabilecegi ve klinik yaniti geciktirebilecegi i¢in giivenilirlik
ve hata toleransi temel 6nemini korur. SDN; merkezi hata tespiti,
yeniden yonlendirme ve hizmet siirekliligi mekanizmalarini
miumkin kilarak giivenilirligi artirabilir; ancak denetleyicinin
kendisi yedeklilik ve dayanikli tasarim yoluyla korunmalidir
(Rahmani vd., 2018; Vizarreta vd., 2017).

Giivenlik ve gizlilik de ayni derecede kritiktir. Saghk
ortamlar1 son derece hassas tibbi verileri yonetir ve hizmet
engelleme saldirilari, yetkisiz erisim, kimlik sahteciligi, kotii
amach yazilimlar ve kontrol diizlemi manipiilasyonuna kars1
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savunmasizdir. SDN merkezi politika uygulamasmi ve trafik
izlemeyi destekleyebilir; ancak giivenli denetleyici tasarimi ve
sifreli iletisim vazgegilmez olmaya devam eder (Du vd., 2018;
Singh & Chatterjee, 2021).

—] Privacy leakage

— — Data tampering
—| Core infrastructure —

— Denial of service

L—  Service manipulation

— Privacy leakage

— Denial of service

——  Privilege escalation

—{ Edge coordinator/server

Edge comput-
ing Challenges

—  Service manipulation

Rogue data center

b Physical damage

- - Injection of information
—{ Edge mobile terminals —E

Service manipulation

| Denial of service
—{ Edge network —E Man-in-the-middle |
Rogue gateway |

Sekil 6. Edge bilisimde giivenlik ve gizlilik zorluklarinin 6zeti
(Zhang vd., 2018; Singh & Chatterjee, 2021).

Gecikme, 6l¢eklenebilirlik ve enerji verimliligi de sistem
performansimi sekillendirir. Edge bilisim verileri kaynaga yakin
isleyerek gecikmeyi azaltmaya yardime1 olurken, SDN acil trafigi
onceliklendirebilir ve yonlendirmeyi optimize edebilir. Bununla
birlikte biiylik o6lgekli saglik IoT dagitimlart hald verimli
denetleyici yerlesimi, diisiik ek yiikli akig yonetimi ve pille
calisan cihazlar i¢in hafif kontrol mekanizmalar1 gerektirir
(Hartmann vd., 2022; Kumhar & Bhatia, 2022).
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7. ETKINLESTIRiICi TEKNOLOJILER VE
DESTEKLEYIiCi YAKLASIMLAR

OpenFlow ve iliskili giiney yonlii protokoller
programlanabilir kontroliin temelini saglar; ancak kisith IoT
ortamlarinda ¢ogu zaman hafif uyarlamalar gereklidir (Alsaeedi
vd., 2019; Open Networking Foundation, n.d.).

Ag Fonksiyon Sanallastirmasi, gilivenlik islevlerinin, ag
gecitlerinin ve izleme hizmetlerinin sabit donanim aygitlari

yerine esnek yazilim bilesenleri olarak dagitilmasina olanak tanir
(Alam vd., 2021).

vm M M VM

Virlual storage Virtual netwark l

| Virtual compute

Virtualization layer - NFV
orchestration
-

t

Service deployment
requirement

Compute Storage Network

Hardware resources

Sekil 7. NFV altyapisinda sanallastirma katmam ve kaynak
bilesenleri (Alam vd., 2021).

Forwording Devices

I re—
Flow Routing
@ ........... @ Tables | _algorithm |

@ SON Controller

VM H VM ” VM NFV Orchestration
Hypervisor NFV
Functions }
Server
NFV Platform

Controller Module

Sekil 8. SDN-NFV tabanh IoT yonetim mimarisi (Alam vd., 2021).
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Middleware tabanli SDN c¢erceveleri, ag davranisinin
yazilim bilesenleri araciligiyla uyarlanmasini  saglayarak
[IoT/M2M ortamlarinda giiven, politika uygulamasi ve denetim
destegi sunar (Castilho vd., 2020).

SDH Based Contrel Plane

Middleware Component

I R

Agent-1 Agenl-2 Agent-3 Agent-4

Sekil 9. SDN tabanli middleware ¢ercevesi (Castilho vd., 2020).

Blokzincir gliven yonetimi, veri biitiinliigli ve erisim
kontrolii i¢in de incelenmistir; ancak saglik alanindaki edge
bilisim  ortamlarinda  hesaplama ek  yiikii  dikkatle
degerlendirilmelidir (Sengupta vd., 2020).

Yapay zeka ve makine Ogrenimi; anomali tespiti,
ongorucl trafik yoOnetimi ve edge tabanli klinik analitigi
destekleyerek SDN destekli saglik sistemlerini daha da
tyilestirebilir (Gusev, 2022; Pandey, 2022).

8. SONUC

Akillr saglik hizmetleri baglaminda Yazilim Tanimhi Ag
Olusturma, Nesnelerin Interneti ve edge bilisimin kesisimi
incelenen  bu  bdlum,  SDN'nin  merkezi  kontrol,
programlanabilirlik, ag goriiniirliigii ve dinamik politika
uygulamasi aracihigiyla saghk IoT yonetimi igin 6nemli
avantajlar sundugunu gostermektedir. Edge bilisim ise klinik
ortamlarda diisiik gecikmeli islemeyi, yerellestirilmis analitigi ve
daha 1yi yanit verebilirligi miimkiin kilarak SDN'yi tamamlar.
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Ayni  zamanda SDN destekli Edge-loT saglik
sistemlerinin dagitimi giivenilirlik, gizlilik, giivenlik, enerji
tilketimi ve dlgeklenebilirlikle ilgili onemli zorluklarla iligkilidir.
Bu zorluklar saglik hizmetlerinin giivenligini, giivenilirligini ve
etkililigini dogrudan etkiler. Genel olarak SDN, IoT ve edge
bilisimin yakinsamasi, yeni nesil saglik sistemleri i¢in umut
vadeden bir yoni temsil etmektedir.

Gelecek arastirmalar dagittk ve dayanikli denetleyici
mimarilerine, kisith tibbi cihazlar i¢in hafif giivenlige, heterojen
protokoller arasinda birlikte ¢alisabilirlige, edge zekasinin SDN
kontrollyle daha gucli entegrasyonuna ve Klinik ortamlar igin
gizliligi koruyan analitige odaklanmalidir
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FOTOVOLTAIK SISTEMLERDE OPTIMUM
EGIM ACISININ BELIRLENMESINE YONELIK
YAKLASIMLAR VE SISTEM
PERFORMANSINA ETKILERI

Erkul KOCAMAN?
Melih COBAN?

1. GIRIS

Diinya genelinde enerji talebi giin gegtikce artmaktadir.
Rezervleri siirekli azalma egilimde olan fosil yakitlar ve bu
kaynaklarin cevresel etkileri, enerji liretiminde yenilenebilir
kaynaklara yonelimi hizlandirmistir. Enerji ihtiyacinin yani sira
sera gazi1 emisyonunun azaltilmasina yonelik kiiresel politikalarin
da etkisiyle temiz enerji tiretim kaynaklarinin énemini daha da
artirmistir. Bu baglamda gilines enerjisi, yenilenebilir enerji
kaynaklar1 i¢erisinde sahip oldugu yiiksek potansiyel, ¢evre dostu
yapist ve siirekli erisilebilirligi sayesinde on plana ¢ikmaktadir
(Yildiz vd., 2026; Nahim vd., 2025).

PV sistemler, giines enerjisinin dogrudan elektrik
enerjisine doniistiiriilmesini saglayarak elektrik iiretimine katkida
bulunmaktadir. Son yillarda gelisen teknoloji ile birlikte
maliyetlerin diismesi bu sistemlere arzi hizla arttirmaktadir.
Gilines  panellerinin  modiiler yapisi, farkli  Olgiilerde
tasarlanabilmesi ve bakim gereksinimlerinin diger kaynaklara
gore diistik olmasi, PV sistemleri hem bireysel hem de endistriyel

Bolu Abant izzet Baysal Universitesi, Lisansiistii Egitim Enstitiisii, Elektrik
Elektronik Miihendisligi, ORCID: 0009-0007-3896-869X.
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uygulamalar icin cazip hale getirmektedir. Bu sistemler, enerji
arzinda giivenilirligin saglanmasi, fosil yakit kaynakli disa
bagimliligin azaltilmasi ve sera gazi emisyonlarinin disiiriilmesi
yonunde stratejik bir rol Gstlenmektedir (Sameera vd., 2024).

PV sistemlerin performansini, cevresel ve tasarimsal
birgok parametre etkilenmektedir. Ortam sicakligi, giines 151n1mu
siddeti, panel montaj tasarimi, panel yilizeyinde olusan kirlenme
(tozlanma), golgelenme ve sistem igin secilen cihazlarin verimi
bu parametrelerin basinda gelmektedir. Sekil 1'de, diinya
genelinde kurulu gii¢ basina diisen giinliik PV enerji Gretim
potansiyelinin bolgesel ve cografi dagilimi verilmistir. Bunlara
ek, sistem tasarim asamasinda dogrudan verimi etkileyen en
onemli parametrelerden biri panel egim agisidir. Egim agisi,
gunes 1smlarinin panel yilizeyine gelis acisimi etkileyerek PV
sistemlerden elde edilen enerji miktarinin belirlenmesinde 6nemli
bir rol oynamaktadir. Bu nedenle, efim acisinin dogru
belirlenmesi, PV sistemlerden elde edilebilecek maksimum enerji
tiretimi agisindan ciddi bir 6neme sahiptir (Bakhshi-Jafarabadi &
Doh Dinga, 2025; Ozer & Demirci, 2025).
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Kiiresel Uzun Vadeli Fotovoltaik Guig Potansiyeli Ortalamasi (PVOUT) - 2024 GUNCELLEMES|
20 876 1022 1168 1314 40 44 48 52 56 60 64
Diisik (<20 kwhvkwe) I D Yiiksck (> 6,4 KWh/kWp)
Diigiik Potansiyel <-> Yilksek Potansiyel
Birim: KWh/kWp giinlik toplam

Sekil 1. Dinya genelinde birim kurulu PV sistem basina giinliik
enerji iiretim potansiyelinin (kWh/kWp/giin) cografi dagilima,
Guermoui vd. (2026)
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Glines 151n1m1, yatay bir ylizeye gelen 1sinimin yani sira
egimli yiizeylere farkli bilesenler halinde ulasmaktadir. Direkt
(beam), yayili (difiiz) ve yansiyan (albedo) 1sinim bilesenlerinin
toplami, egimli yiizeyde elde edilen toplam 1s1n1m miktarini ifade
etmektedir. Bu durum, panelin montaj agisina bagl olarak enerji
tiretiminde Onemli farkliliklarin ortaya ¢ikmasina sebep
olmaktadir. Tim bu etkenler gbéz Oniine alindiginda, PV
panellerin optimum egim acisinda yerlestirilmesi, 1§inimin en
verimli sekilde toplanmasini saglayarak sistem performansini ve
enerji Uretimini dogrudan artirmaktadir (Kacira vd., 2004,
Memme vd., 2025).

Literatiirde optimum egim agisinin belirlenmesi i¢in farkl
caligmalar yapilmistir. Geleneksel olarak, optimum egim agisinin
cografi enlem ile iligkili oldugu kabul edilmektedir. Ancak
yapilan ¢aligmalar, bu yaklasimin tek basina yeterli olmadigini ve
bolgenin iklim kosullari, atmosferik etkiler ve sistemin kullanim
amacina bagli olarak egim acisinin degiskenlik gosterebilecegini
ortaya koymaktadir. Ozellikle tozlanma, bulutluluk orani, cografi
konum ve mevsimsel 1s1nim degisimleri gibi faktdrler, optimum
egim acisinin belirlenmesinde dikkate alinmasi gereken onemli
parametrelerin basinda gelmektedir (Alzahrani vd., 2025; Qu vd.,
2025).

Sistem tasarimi i¢in dnemli parametrelerin baginda gelen
egim ag1s1 yalnizca enerji liretimini degil, ayn1 zamanda sistemin
operasyonel performansini da etkiledigi bilinmektedir. Diisiik
egim agilarinda panel yiizeyinde toz ve kar birikiminin artmasi,
sistem veriminde ciddi kayiplara yol acabilmektedir. Benzer
sekilde, egim acisinin modiil sicakligi ve sistem verimliligi
tizerinde dolayl etkileri oldugu da ¢esitli calismalarda ortaya
konulmustur (Sameera et al., 2024). Ayrica, egim agisinin PV
sistem performansi tahmin modellerinin dogrulugunu etkileyen
bir parametre oldugu ve 6zellikle sebeke entegrasyonu agisindan
onemli oldugu belirtilmektedir (Mayer, 2022).
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Optimum egim agisinin belirlenmesi, enerji {iretimi
tizerinde dogrudan etkili oldugundan, sabit sistemler agisindan
kritik bir 6neme sahiptir. Giines takip sistemleri, giinesin giin
igerisindeki hareketini izleyerek maksimum 1simimui elde etse de,
yiiksek kurulum maliyetleri ve bakim gereksinimleri nedeniyle
yaygin olarak tercih edilmemektedir. Bu sebepten dolay1, sabit
sistemlerde uygun egim agisimin  belirlenmesi, sistem
performansini dogrudan etkileyen temel tasarim
parametrelerinden biridir (Arslan & Cunkas, 2025).

Son yillarda yapilan ¢aligmalar, optimum egim agisinin
yalnizca  yilik  toplam  maksimum  enerji  liretimini
hedeflememekte, ayn1 zamanda belirli uygulamaya gore de
optimize edilebilecegini gostermektedir. Ornegin, baz1 yapilan
calismalarda pik yiik talebinin yiiksek oldugu saatlerde,
hedeflenen saat araligi icin enerji liretimini artirmaya yonelik
farkli egim agilar1 Onerilmektedir. Bu durum, optimum egim
acisinin  enerji  iretimi, maksimum verimlilik ve gsebeke
performanst gibi farkli kriterler dogrultusunda ¢ok yonli bir
optimizasyon problemi olarak ele alinmasi gerektigini ortaya
koymaktadir (Bakhshi-Jafarabadi & Doh Dinga, 2025).

Bu calisma kapsaminda, PV sistemlerde e§im acisinin
belirlenmesinde kullanilan teorik ve analitik yaklagimlar
incelenmistir. Bu dogrultuda, giines geometrisi, 1s1n1m bilesenleri
ve c¢evresel etkiler dikkate alinarak egim acgisinin sistem verimi
tizerindeki etkisi detayli bir sekilde ele alinmigtir. Daha 6nce
yapilan calismalarda yer alan gilincel bilgiler analiz edilerek
mevcut  yaklagimlar  biitiinciil  bir  bakis  acisiyla
degerlendirilmistir. Elde edilen bulgular dogrultusunda, optimum
egim agisinin belirlenmesine yonelik daha 6nce tespit edilen
yaklagimlar genel hatlariyla sunulmus ve gelecekte yapilacak
calismalar i¢in literatlirdeki bosluklar ortaya konulmustur.
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2. FOTOVOLTAIK SISTEMLERIN YAPISI VE
PERFORMANS KRITERLERI

PV sistemler, glinesten gelen 1sinimlar1 dogrudan elektrik
enerjisine doniistliren yar1 iletken tabanli sistemlerdir. Bu enerji
doniisiimii, PV etki olarak adlandirilan fiziksel bir mekanizma ile
gerceklesmektedir. Giines 1sinlarinin @ PV hiicre  ylizeyine
carpmast ile birlikte, yar1 iletken malzeme igerisinde elektron—
bosluk ciftleri olusmakta ve bu tasiyicilarin hareketi sonucu
dogru akim (DC) elektrik enerjisi elde edilmektedir (Yildiz vd.,
2026).

PV hiicreler genellikle silikon tabanli malzemelerden
uretilmektedir. PV paneller, monokristal ve polikristal olmak
iizere iki ¢esidi vardir. Monokristal hiicreler daha yiiksek enerji
liretimi ve verime sahipken, polikristal hiicreler daha diisiik
maliyetli olmasindan dolay1 avantaj saglamaktadir. Bunun yani
sira ince film teknolojileri de belirli uygulamalarda tercih
edilmekte, esneklik ve diisiik malzeme kullanimi gibi avantajlar
saglamaktadir (Sameera vd., 2024). Sekil 2’de goriildiigi tizere,
hlcrelerin seri ve paralel baglanmasiyla PV modiller, moddllerin
bir araya getirilmesiyle ise PV dizileri olusturulmaktadir.

Dizi: Paralel bagl moduller

Modl | { ‘ |
Seri hilcreler

Dizi: Seri bagh modiiller il D
— ey
Hilcre ! ! DI DD b

.
i (DI DUOE GOGE GOGY BOBY

|j|||||| - GR00 Soie sond Bebd —

e
“
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y | e e e e

(BN

Sekil 2. Fotovoltaik sistemlerde giines hiicresinin modiil ve dizi
yapisina doniistiiriilmesi ile seri ve paralel baglanti
konfigiirasyonlari, Oztlrk (2017)
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PV sistemlerin performansi, ¢evresel kosullardan oldukca
etkilenmektedir. Giines 1smmimi siddeti, sistem performansini
dogrudan belirleyen en 6nemli parametrelerden biridir. Isinim ile
enerji liretimi dogru orantilidir, 1s51mim arttikga tiretilen elektrik
enerjisi de artmaktadir. Ancak 1siimin artmasi ile modul
sicakliginin artmasi yar1 iletken Ozellikler nedeniyle verimde
diisiise neden olmaktadir. Ayrica, panel yiizeyinde biriken toz ve
kir tabakasi, gelen 1sinimin bir kismini hiicrelere ulagmasini
engelleyerek enerji Uretimini olumsuz yonde etkilemektedir
(Alzahrani vd., 2025; Qu vd., 2025).

PV sistemlerin kurulum tipleri genel olarak sabit
sistemler ve gilines takip sistemleri olarak iki boliimde
incelenmektedir. Sabit sistemlerde paneller, belirli bir egim ve
yonelim acisina gore yerlestirilmektedir. Sabit sistemler, diisiik
kurulum maliyetleri ve basit yapilar1 nedeniyle yaygin olarak
tercih edilmektedir. Buna karsin, gilines takip sistemleri giinesin
gun icerisindeki hareketini izleyerek panel yizeyinin her zaman
optimum agiya yakin konumda kalmasini saglamaktadir. Tek
eksenli ve ¢ift eksenli olmak iizere farkli tipleri bulunan bu
sistemler, sabit sistemlere kiyasla daha yiiksek enerji iiretimi
saglayabilmektedir (Kacira vd., 2004). Ancak giines takip
sistemlerinin mekanik yapilarinin karmasik olmasi, bakim
gereksinimlerinin yiiksekligi ve ilk yatirim maliyetlerinin fazla
olmasindan kaynakli bu sistemlerin kullanimi sinirhdir. Bu
nedenle, birgok uygulamada sabit sistemler tercih edilmekte ve
bu sistemlerde optimum egim ag¢isinin dogru belirlenmesi kritik
bir tasarim parametresi olarak degerlendirilmektedir. (Arslan &
Cunkas, 2025).

Sonu¢ olarak, PV sistemlerin verimli c¢alismasi; sistem
bilesenlerinin dogru se¢imi, ¢evresel kosullarin dikkate alinmast
ve Ozellikle panel sistem tasariminin uygun sekilde yapilmasina
baghdir. Bu baglamda, egim agis1 hem 1smimin maksimum
duzeyde yakalanmasi hem de g¢evresel etkilerin minimize
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edilmesi ac¢isindan temel bir tasarim parametresi olarak
degerlendirilmektedir.

3. GUNES GEOMETRISI VE YUZEY EGIiMIiNIiN
ISINIM UZERINDEKI ETKILERI

Giinesin  konumu, belirli geometrik parametreler
yardimiyla tanimlanmaktadir. Bunlar arasinda enlem acis1 (¢),
deklinasyon agis1 (9), saat agis1 (o) ve giines yiikseklik agis1 (o)
yer almaktadir. Enlem acisi, gdozlem noktasinin ekvatora olan
acisal uzakligimi ifade ederken; deklinasyon agisi, giinesin yil
icerisindeki konum degisimini temsil etmektedir. Saat agis1 ise
glinesin giin icerisindeki hareketine bagli olarak degismekte ve
giinesin yerel meridyene gore agisal konumunu ifade etmektedir.
Bu parametrelerin birlikte degerlendirilmesiyle giinesin herhangi
bir zaman dilimindeki konumu hesaplanabilmektedir (Nahim vd.,
2025).

Gilines 151mim1, Sekil 3°te gosterildigi lizere yatay veya
egimli bir yilizeye ulastiginda direkt (beam), yayili (difiiz) ve
yansiyan (albedo) olmak {izere ii¢ temel bilesene ayrilmaktadir.
Direkt 151n1m, giinesten dogrudan gelen ve atmosferde sagilmaya
ugramayan 1ginimi tanimlamaktadir. Difliz 191n1im, atmosferdeki
molekiiller, aerosoller ve bulutlar tarafindan sagilan 1g1nim
bilesenidir. Yansiyan 1smim ise yer yiizeyi ve c¢evredeki
nesnelerden yansiyarak panel ylizeyine ulasan 1simmimi ifade
etmektedir (Kacira vd., 2004; Memme vd., 2025).
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Sekil 3. Fotovoltaik panel yiizeyine gelen giines 1sinitminin direkt
(beam), yayih (diffuse) ve yansiyan (reflected) bilesenlerinin
sematik gosterimi.

Egimli bir yiizeye gelen toplam giines 1simnimi, bu ig
bilesenin toplami olarak ifade edilmektedir:

GT=GbxRb+Gd (1+cosP)/2+Gr (1-cosP)/2 1)

Burada GT egimli yiizeye gelen toplam 1sinimi, Gb direkt
1isitnim1, Gd difiiz 1smimi1 ve Gr yansiyan 1smimi  temsil
etmektedir. Rb ise direkt 1simnimin egimli ylizeye doniisiim
katsayisini, B ise panel egim agisini ifade etmektedir. Bu baginti,
egim agisinin 1ginim bilesenleri lizerindeki etkisini agikga ortaya
koymaktadir.

Yatay diizlemde Olgiilen giines 1ginimi1 verilerinin egimli
yilizeylere aktarilabilmesi igin ¢esitli donlisiim modelleri
kullanilmaktadir. Bu modeller genel olarak izotropik ve
anizotropik olmak iizere iki ana gruba ayrilmaktadir. Izotropik
modeller, difliz 1s1nimin gokyiiziinde esit dagildigini varsayarken,
anizotropik modeller giines ¢evresindeki 1s1nim yogunlugunu da
dikkate almaktadir. Ozellikle Perez ve Hay-Davies modelleri,
anizotropik yaklasimlar arasinda yaygin olarak kullanilmaktadir
(Memme vd., 2025).

Egim acis1, bu doniistim siireglerinde dogrudan etkili bir
parametredir. Ozellikle direkt 1s1n1m bileseninin panel yiizeyine
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diisen miktarini belirlemektedir. Panel yiizeyinin giines 1sinlarina
dik konumlandirilmasi durumunda maksimum enerji elde
edilirken, bu durum giin ve yil boyunca giinesin hareketleri
sebebiyle degiskenlik gostermektedir. Bu nedenle, sabit
sistemlerde yil boyunca maksimum toplam 1sinimi saglayacak
optimum egim agisinin belirlenmesi sistem verimi i¢in oldukca
onemli oldugu vurgulanmaktadir (Kacira vd., 2004).

Bununla birlikte, difiz ve yansiyan 1sinim bilesenlerinin
etkisi de egim agisina bagh olarak degigsmektedir. Diisiik egim
acilarinda difiiz 1s1mim katkisi artarken, yiiksek egim agilarinda
yansiyan bilesenin etkisi daha belirgin hale gelmektedir. Bu
durum, 6zellikle farkli iklim ve cografi kosullarda optimum egim
acisinin degiskenlik gdstermesinin temel nedenlerinden biri
oldugu degerlendirilmektedir (Memme vd., 2025).

4. EGIM ACISININ FOTOVOLTAIK SiSTEM
PERFORMANSINA ETKISI

PV sistemlerde enerji tiretimi miktari, biiyiik dl¢tide panel
ylizeyine ulasan giines 1sinim1 miktarina baghdir. Bu sebepten,
panel egim agisi (tilt angle), 1sinimin panel yilizeyine gelis agisini
belirleyen en 6nemli tasarim parametrelerinden biri olarak one
cikmaktadir. Egim acisinin sisteme uygun sekilde belirlenmesi,
panel yilizeyine diisen toplam 1smimin artirilmasini saglayarak
sistem performansini dogrudan etkilemektedir (Sameera vd.,
2024).

Panel yiizeyinin giines 1sinlarina dik yerlestirilmesi
durumunda, birim yiizeye diisen enerji miktari maksimum
seviyeye ulagmaktadir. Ancak giinesin giin igerisindeki ve yil
boyunca degisen konumu nedeniyle sabit sistemlerde bu durum
siirekli olarak saglanamamaktadir. Bu nedenle, yil boyunca
ortalama maksimum 1smimi1 saglayacak bir egim agisinin
belirlenmesi gerekmektedir. Yapilan caligmalar, egim agisinin
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uygun secilmemesi durumunda sistem veriminde Onemli
kayiplarin olusabilecegini gostermektedir (Kacira vd., 2004;
Nahim vd., 2025).

Egim acisinin sisteme etkisi yalnizca direkt 1s1mmim
bileseni ile smirli degildir. Difliz 1smim, 6zellikle bulutlu ve
nemli bolgelerde toplam 1s1nimin 6nemli bir kismini olusturmakta
ve bu bilesenin katkis1 egim agisina bagl olarak degismektedir.
Diisiik egim agilarinda difiiz 1stnimin katkisi artarken, ytiksek
egim agilarinda direkt 1smnimmin etkisi daha belirgin hale
gelmektedir. Bu durum, optimum egim agisinin belirlenmesinde
bolgesel iklim kosullarinin da sistem tasariminda etkisi oldugunu
gostermektedir (Memme vd., 2025).

Egim agis1 ayn1 zamanda panel ylizeyinde meydana gelen
cevresel etkiler tlizerinde de Onemli bir rol oynamaktadir.
Ozellikle tozlanma, PV sistem performansini1 dogrudan etkileyen
kritik faktorlerden biridir. Diisiik egim agilarinda panel yilizeyinde
toz birikimi daha fazla olmakta ve bu durum i1smimin panel
yilizeyine ulasmasini engelleyerek enerji liretimini azaltmaktadir.
Kurak ve ¢ol iklimine sahip bolgelerde yapilan ¢alismalar, uygun
olmayan egim agilarinda tozlanma kaynakli kayiplarin oldukga
yliksek seviyelere ulagabildigini ortaya koymaktadir (Alzahrani
vd., 2025; Qu vd., 2025).

Bununla birlikte, egim acgis1 panel yilizeyinin dogal
yollarla temizlenmesine de katkida bulunmaktadir. Daha dik
acilar, yagmur suyunun panel yilizeyinden daha etkin bir sekilde
akmasini saglayarak yiizeyde biriken kir ve tozun temizlenmesine
katkida bulunmaktadir. Bu durum, 6zellikle bakim maliyetlerinin
azaltilmas1 ve uzun vadeli performansin korunmasi agisindan
onemli bir avantaj saglamaktadir (Alzahrani vd., 2025).

Egim acisinin bir diger 6nemli etkisi modiil sicakligi ile
iligkilidir. Panel egimi, ylizey {lizerinde hava akisini ve 1s1
transferini dolayl1 olarak etkileyebilmektedir. Diisiik egim, hava
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sirkiilasyonunun sinirlanmasi ile birlikte modiil sicakliginin
artmasina neden olmakta ve bu durum yarn iletken 6zellikler
nedeniyle verim diisiisiine yol acabilmektedir. Bu nedenle,
optimum egim acgisinin belirlenmesinde termal etkilerin de goz
onunde bulundurulmasi gerekmektedir (Sameera vd., 2024).

Yukaridaki paragraflardan da anlasilacagi tizere PV bir
panelin (veya egimli herhangi bir ylizeyin) atmosfer disindan
gelen  direkt  giines  1smmlarnn karsisindaki  uzaysal
konumlandirilmasi; panelin yatay diizlemle yaptig1 egim agis1 ()
ve cografi gliney (veya kuzey) referans hattindan sapmasini ifade
eden ylzey azimut agisi (y) ile belirlenir. Giinesin gokyiiziindeki
anlik konumu, sirasiyla zenit agist (0s), yiikseklik agist (o) ve
glines azimut acis1 (ys) parametreleri ile tanimlanmaktadir. S6z
konusu parametreler Sekil 4’te gosterilmistir. TUm bu geometrik
degiskenlerin bileskesi, gelen glines 1sinlar1 ile panel yiizeyinin
normali (dik ekseni) arasinda meydana gelen ve yiizeye diisen
anlik 151n1m yogunlugunu dogrudan belirleyen gelis agisin1 (Ow)
olusturmaktadir. Sonug olarak, bu agisal iligkilerin analitik olarak
modellenmesi, giines takip sistemlerinin tasarimi ve maksimum
enerji iretim kapasitesinin hesaplanmasi agisindan kritik bir
6neme sahiptir.

West

East

: A
South Ys

Sekil 4. Egimli bir yiizey iizerindeki giines a¢ilar1 ve yonelim
parametreleri, Memme vd. (2021)

112



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Akademik Tartismalar

5. OPTIMUM EGiM ACISININ
BELIRLENMESINE YONELIK
YAKLASIMLAR

PV sistemlerde optimum egim agisinin belirlenmesi,
yalnizca sistematik bir yerlesim problemi olmayip; 1s1nim,
cevresel etkiler ve sistem hedeflerinin birlikte degerlendirildigi
cok degigkenli bir optimizasyon siirecidir. Bu nedenle, egim
acisinin belirlenmesine yonelik yaklasimlar zaman igerisinde
basit genel kurallardan ¢ok gelismis sayisal ve veri odakli
modellere dogru evrilmistir.

En temel yaklagimlardan biri, enlem temelli ampirik
yontemlerdir. Bu yontemde optimum egim acgisinin, sistemin
kurulacagi bolgenin enlemine yakin oldugu kabul edilmektedir (3
~ ¢). Bu yaklasim, 6zellikle ilk tasarim asamalarinda hizli sonug
vermesi agisindan avantajlidir. Ancak giines 1simniminin yil
icerisindeki degisimi, atmosferik kosullar ve yiizey ozellikleri
gibi faktorler dikkate alindiginda, bu yaklasimin ¢ogu durumda
sistem i¢in yeterli dogrulugu saglayamadigi goriilmektedir
(Kacira vd., 2004; Ozer & Demirci, 2025). Bu nedenle enlem
temelli yontemler genellikle baslangic tahmini olarak
kullanilmakta ve daha gelismis analizlerle desteklenmektedir.

Daha yiiksek hassasiyetli sonuglar icin gelistirilen analitik
yaklagimlar; toplam 1sinim1 matematiksel olarak modellemekte
ve maksimum enerji kazanimi saglayan egim agisini
hesaplamaktadir. Bu dogrultuda, 1sinim bilesenleri kullanilarak
saatlikten yilliga kadar degisen olgeklerde enerji hesaplamalari
yapilabilmektedir. Toplam 1ginim fonksiyonunun egim agisina
gore tiirevi almarak ulagilan optimum degerler, uzun donemli
verilerle desteklendiginde sistem tasarimai i¢in giivenilir bir temel
olusturmaktadir. (Nahim vd., 2025; Memme vd., 2025).

Sayisal optimizasyon yOntemleri, egim acisinin
belirlenmesinde daha esnek ve giiclii bir yaklasim sunmaktadir.
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Bu yontemlerde belirli bir ag1 araligi belirlenerek farkli egim
degerleri igin sistem performans: tek tek hesaplanmakta ve
maksimum enerji liretimini saglayan ag1 degeri se¢ilmektedir. Bu
islem genellikle iteratif algoritmalar veya parametrik tarama
yontemi ile gergeklestirilmektedir. Bu yaklasim, 6zellikle farkli
senaryolarin  hizli bir sekilde degerlendirilmesine olanak
tanimakta ve uygulamada yaygin olarak kullanilmaktadir (Ullah
vd., 2025).

Simiilasyon tabanli yontemler, ger¢ek meteorolojik
verilerin kullanilmasi sayesinde daha gercekci sonuglar elde
edilmesini saglamaktadir. Bu yontemlerde, farkli egim agilari igin
yillik enerji liretimi hesaplanmakta ve en yiiksek tiretimi saglayan
ac1 optimum olarak belirlenmektedir. Simiilasyon araglari, 1s1n1m
verilerinin yami sira sicaklik, riizgar ve sistem kayiplar1 gibi
parametreleri de dikkate alarak kapsamli analizler yapilmasina
imkan vermektedir. Bu sayede, teorik yaklagimlara kiyasla daha
uygulamaya yakin sonuglar elde edilebilmektedir (Ullah vd.,
2025).

Sabit sistemlerin yani sira; egim agisinin periyodik olarak
degistirildigi dinamik yaklasimlar, sistem verimliligini optimize
eden kritik bir yontem olarak degerlendirilmektedir. Bu
dogrultuda, aylikk veya mevsimsel olarak egim agisinin
degistirilmesiyle sistem performansinin artirilmasi
hedeflenmektedir. Ozellikle giinesin yiikseklik agisinin yil
boyunca 6nemli degisim gosterdigi bolgelerde, sabit egim yerine
donemsel ayarlamalar yapilmasi enerji tiretiminde gozle goriiniir
artiglar saglayabilmektedir (Choudhary vd., 2025). Ancak bu
yaklagimin uygulanabilirligi, mekanik sistem gereksinimleri ve
bakim maliyetleri ile dogrudan iliskilidir.

Buna ¢k olarak, veri odakli ve yapay zekd tabanl
yaklagimlar, egim agisinin belirlenmesinde giderek daha fazla
kullanilmaktadir. Makine 6grenmesi algoritmalar1 ve yapay sinir
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aglari, ge¢mis meteorolojik veriler ile sistem performans
verilerini  kullanarak  optimum egim agisin1  tahmin
edebilmektedir. Bu yontemler, 06zellikle degisken iklim
kosullarina sahip bolgelerde sisteme uyumlu ¢oziimler sunarak
klasik yontemlere kiyasla daha verimli ¢éziimler sunmaktadir.

6. SONUC

Bu calismada, PV sistemlerde egim acisinin sistem
performansi lizerindeki etkileri kapsamli bir sekilde ele alinmig
ve optimum egim agisinin belirlenmesine yonelik farkl
yaklagimlar incelenmistir. Elde edilen degerlendirmeler, egim
acisinin yalnizca panel konumlandirmasina iligkin geometrik bir
parametre olmadigini; aym1 zamanda 1sinim kazanimi, ¢evresel
kayiplar ve sistem verimliligi iizerinde dogrudan etkili olan ¢ok
boyutlu bir tasarim degiskeni oldugunu gostermektedir.

Egim agisinin dogru belirlenmesi, panel yiizeyine ulasan
toplam gilines 1smimin1 artirarak enerji iiretimini 6nemli dlglide
yiikseltmektedir. Bununla birlikte, egim acgisinin difiiz ve
yanstyan 1ginim bilesenleri, modiil sicaklig1 ve yiizey kirliligi gibi
faktorlerle birlikte degerlendirilmesi gerektigi anlasilmaktadir.
Ozellikle diisiik egim agilarinda artan tozlanma etkisi ve yiiksek
egim acgilarinda degisen 1sinim dagilimi, optimum ag¢inin
belirlenmesini ¢ok degiskenli bir problem haline getirmektedir.

Optimum egim ag¢isinin belirlenmesine yonelik yontemler
incelendiginde, basit enlem temelli yaklasimlarin hizli sonuglar
sundugu, ancak daha hassas analizler i¢in matematiksel
modelleme, sayisal optimizasyon ve simiilasyon tabanl
yontemlerin tercih edilmesi gerektigi goriilmektedir. Ayrica,
aylik ve mevsimsel a¢1 ayarlamalarinin yillik sabit sistemlere
kiyasla daha yliksek enerji {iretimi saglayabildigi, ancak
uygulamada maliyet ve bakim giderleri nedeniyle sinirli diizeyde
tercih edildigi degerlendirilmektedir.
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Genel olarak, optimum egim acgisinin tek bir sabit
degerden ziyade; cografi konum, iklim kosullar1 ve sistem
kullanim amacina bagli olarak degiskenlik gosterdigi sonucuna
ulasilmaktadir. Bu durum, egim agisinin belirlenmesinde bolgeye
ve uygulamaya 6zgi analizlerin yapilmasinin gerekliligini ortaya
koymaktadir.

Gelecek calismalar agisindan degerlendirildiginde, e§im
acisinin belirlenmesine yonelik mevcut yaklasimlarin ¢cogunlukla
sabit varsayimlara dayandig1 ve dinamik c¢evresel kosullar1 sinirli
diizeyde temsil edebildigi goriilmektedir. Ozellikle 1s1n1m
bilesenlerinin zamansal degisimi, yiizey kirliligi, sicaklik etkileri
ve sistem kullanim senaryolar1 birlikte ele alindiginda, egim
acisinin daha biitiinciil modellerle degerlendirilmesi gerekliligi
ortaya ¢cikmaktadir. Bu baglamda, yalnizca yillik toplam enerji
uretimini maksimize eden yaklasimlar yerine, farkli zaman
dilimlerinde degisen enerji talebi ve iiretim profillerini dikkate
alan yontemlerin gelistirilmesi 6nem kazanmaktadir.

116



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Akademik Tartismalar

KAYNAKCA

Alzahrani, M., Rahman, T., Rawa, M., & Weddell, A. (2025).
Impact of dust and tilt angle on the photovoltaic
performance in a desert environment. Solar Energy, 288,
113239.

Arslan, M., & Cunkas, M. (2025). An experimental study on
determination of optimal tilt and orientation angles in
photovoltaic systems. Journal of Engineering Research,
13, 2689-2701.

Bakhshi-Jafarabadi, R., & Doh Dinga, C. (2025). Optimum tilt
and azimuth of fixed grid-connected photovoltaic system
for peak load shaving: a multi-scale model. Renewable
Energy, 255, 123714.

Choudhary, S., Lal, S.,, & Verma, S. (2025). Seasonal
optimization of solar PV tilt angles for enhanced energy
efficiency in Rajasthan, India. Unconventional Resources,
8, 100230.

Guermoui, M., Belaid, A., Riche, A., & Melgani, F. (2026).
Optimizing Algeria’s solar potential: End-to-end PV
siting, performance mapping, and techno-economic
insights. Energy Conversion and Management, 359,
121511.

Kacira, M., Simsek, M., Babur, Y., & Demirkol, S. (2004).
Determining optimum tilt angles and orientations of
photovoltaic panels in Sanliurfa, Turkey. Renewable
Energy, 29(8), 1265-1275.

Mayer, M. J. (2022). Impact of the tilt angle, inverter sizing factor
and row spacing on the photovoltaic power forecast
accuracy. Applied Energy, 323, 119598.

117



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Akademik Tartismalar

Memme, S., Fossa, M., & Rousse, D. (2025). Best tilt of PV
system in Canada: Effect of the sky radiation model and
climate conditions. Renewable Energy, 254, 123716.

Nahim, H. M., lbrahim, T., Faraj, J., Ali, S., Khaled, M., &
Darwiche, M. (2025). Optimizing solar panel tilt angles
for enhanced energy production: Case studies in Lebanon.
Case Studies in Thermal Engineering, 73, 106720.

Ozer, R. A., & Demirci, M. (2025). Determination of optimum
tilt angle for solar panels: Case study for Eastern Anatolia
Region of Turkey. Giimiishane University Journal of

Science, 15(1), 93-104.

Oztiirk, H. H. (2017). Giines Enerjisinden Fotovoltaik Ydntemle
Elektrik Uretiminde Giic Doniisiim Verimi ve Etkili
Etmenler. V. Elektrik Tesisat Ulusal Kongresi ve Sergisi,
[zmir, 18-21 Ekim 2017. Elektrik Miihendisleri Odas1
(EMO).

Qu, H., Zhao, H., Wang, W., & Zhang, J. (2025). Experimental
study on the losses of dusty PV modules considering
irradiance levels and tilt angles. Energy Reports, 13,
2844-2854.

Sameera, Tarig, M., & Rihan, M. (2024). Analysis of the impact
of irradiance, temperature and tilt angle on the
performance of grid-connected solar power plant.
Measurement: Energy, 2, 100007.

Ullah, M. R., Hasan, M., Biswas, D., Ali, M. F., & Hasan, M. G.
(2025). Techno-economic analysis of tilt angle and inter-
row spacing: Optimization of a 200 MW floating solar PV
plant. Energy Conversion and Management: X, 28,
101245.

Yildiz, G., Giirel, A. E., & Marasli, M. (2026). Performance
analysis of a PV power plant installed on the roof. Diizce

118



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Akademik Tartismalar

University Journal of Science and Technology, 14(2),
617-628.

119



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Akademik Tartismalar

MODELLING AND OPTIMIZATION OF
RENEWABLE POWER GENERATION
SYSTEMS WITH HOMER PRO - PART I:
THEORETICAL FOUNDATIONS AND
MODELLING METHODOLOGY

Bahtiyar DURSUN'
Sibel DURSUN?
Zafer Omer OZDEMIR?

1. INTRODUCTION

The global energy transition is reshaping how electricity
systems are designed, financed, and operated. Population growth,
urbanization, industrial activity, and digital infrastructure
continue to increase electricity demand, while climate policy and
public-health concerns require a decisive reduction in fossil-fuel
dependence. Renewable energy technologies — especially
photovoltaic (PV), wind, biomass, biogas, small hydropower,
geothermal energy, and hydrogen-based systems — therefore
occupy a central position in contemporary power-system
planning. The technical challenge is not simply to install
renewable capacity. Solar and wind resources are inherently
variable, and their production profiles do not always coincide
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with the temporal pattern of electricity demand. PV output is
constrained by daylight and cloudiness, whereas wind output
depends on local and often stochastic wind conditions. In
practice, this variability can create mismatches between supply
and demand, resulting in excess electricity during high-resource
periods and capacity deficits during low-resource periods. Hybrid
renewable energy systems (HRES) address this limitation by
combining complementary resources, storage technologies,
dispatchable generators, power-electronic interfaces, and, where
available, grid interaction (Dursun, 2012).

A hybrid system may include PV panels, wind turbines,
battery banks, biogas or diesel generators, electrolyzers,
hydrogen tanks, fuel cells, converters, and utility-grid links. The
value of such a configuration lies in complementarity. PV
generation may reduce daytime fuel consumption; wind may
contribute during different daily or seasonal intervals; batteries
may absorb short-term surplus electricity; hydrogen systems may
provide longer-duration storage; and dispatchable generators or
grid imports may protect critical loads when renewable
production is insufficient. These advantages, however, come with
design complexity. Each component has its own capital cost,
lifetime, replacement schedule, efficiency, maintenance
requirement, and environmental implication (Aykut & Terzi,
2020).

For this reason, HRES planning requires more than a static
capacity calculation. A technically and economically defensible
design must account for hourly load profiles, solar irradiation,
wind-speed distributions, fuel prices, battery state of charge,
generator dispatch, inverter efficiency, project lifetime, interest or
discount rates, emissions, grid tariffs, and reliability constraints.
HOMER Pro has become one of the most widely used software
platforms for this purpose because it combines hourly simulation,
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optimization, and sensitivity analysis in a single decision-support
environment (Khalil et al., 2021; Ross-Hopley et al., 2025).

This two-part chapter is prepared as a book-chapter
treatment rather than as a narrow case-study report. It synthesizes
the theory of HOMER-based modelling with current applications
in rural electrification, schools, hospitals, irrigation systems,
biogas-supported microgrids, hydrogen storage, and university
campuses. The present Part | explains how HOMER Pro is
structured, what its principal modules and outputs mean, and how
a defensible model is built; Part 1l then applies this framework to
recent literature and to two detailed case studies. The objective is
to explain how HOMER Pro is used, what its principal outputs
mean, and how its results should be interpreted critically in
academic and engineering contexts.

GENERAL ARCHITECTURE OF A HYBRID RENEWABLE ENERGY SYSTEM

Solar PV DC
output

DC BUS AC BUS

lential loads

Wind Turbine AC
output

|| Inverter /
Battery Storage Converter
DC

charging/discharging

¥

Critical loads
(hospital, campus)

Diesel / Fuel Cell

AC backup i
source
Other demand profiles
| External Grid
optional AC link

Renewable generation is used first 1o serve the load. Surplus energy is stored or exported. When renewable
production i$ insufficient, storage, dispatchable generators, or the grid supply the deficit.

—

Operating logic: ‘

Figure 1. General architecture of a hybrid renewable energy
system.
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2. CONCEPTUAL BASIS OF HYBRID
RENEWABLE ENERGY SYSTEMS

2.1. Rationale for the Hybrid-System Approach

A hybrid renewable energy system is an integrated power-
supply architecture in which two or more energy sources, often
combined with one or more storage technologies, serve a defined
electrical or thermal load. The design objective is to exploit the
complementary behaviour of different resources. In regions
where solar and wind availability differ by season or time of day,
hybridization can improve the probability that at least one
renewable source is available when the load requires power.
Storage then buffers short-term or medium-term mismatches,
while dispatchable units or grid links provide additional
resilience(Bahramara et al., 2016).

Hybrid systems are especially relevant for islands, remote
villages, agricultural production sites, health facilities, campuses,
schools, military facilities, data centers, and other critical loads
where interruptions have high economic or social costs. Recent
studies also show that HRES modelling increasingly extends
beyond simple electricity supply. It now includes oxygen
production for fish farming (Mbasso et al., 2023), hydrogen
production (Tiam Kapen et al., 2022), (Huner, 2025), biogas
valorization from organic or sanitation waste(Chisale et al.,
2023), irrigation energy planning (Manolache et al., 2025), and
technical validation with MATLAB/Simulink and life-cycle
assessment (Mojumder et al., 2025).

The advantage of hybridization is not automatic. A system
with too many components may have higher capital expenditure
and greater maintenance complexity than a simpler alternative.
Conversely, a poorly sized single-source system may require
large oversizing or frequent diesel operation. The analytical task
is therefore to identify a configuration that balances cost,
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reliability, renewable penetration, environmental benefit, and
operational simplicity.

2.2. Typical System Components

PV arrays convert solar irradiation into direct-current
electricity and are typically connected to a DC bus through
appropriate power-electronic interfaces. They are attractive
because of modularity, low operating cost, and declining capital
costs. Their limitation is diurnal and weather-dependent
production (Parida et al., 2011).

Wind turbines convert Kinetic energy in moving air into
electrical power. Wind output is highly sensitive to wind speed
because available wind power is proportional to the cube of wind
velocity. Wind resources can complement PV resources, but wind
turbines require careful site assessment, suitable hub-height data,
and maintenance planning (Manwell et al., 2009).

Battery systems provide short-duration storage and fast
dynamic response. Their role is to smooth renewable fluctuations,
reduce generator cycling, maintain continuity during short
deficits, and support peak demand. Battery feasibility depends on
chemistry, capital cost, depth of discharge, cycle life, replacement
schedule, temperature effects, and recycling or disposal
considerations(Koohi-Fayegh & Rosen, 2020).

Dispatchable generators, including diesel and biogas
units, improve reliability because they can operate when
renewable production is low. Diesel generators are often
economically simple but increase fuel dependence and emissions.
Biogas generators may reduce waste-management burdens and
improve circularity when local organic residues or human excreta
are available, as illustrated in school-scale analyses (Chisale et
al., 2023).
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Hydrogen-based subsystems generally include an
electrolyzer, a hydrogen tank, and a fuel cell. Surplus renewable
electricity is used by the electrolyzer to produce hydrogen; stored
hydrogen is later reconverted to electricity through the fuel cell.
This pathway can support longer-duration storage and clean
hydrogen production, although conversion losses and high
component costs remain significant constraints (Huner, 2025;
Tiam Kapen et al., 2022).

3. HOMER PRO AS A DECISION-SUPPORT
PLATFORM

HOMER (Hybrid Optimization Model for Multiple
Energy Resources) was originally developed at the United States
National Renewable Energy Laboratory (NREL) and is now
enhanced and distributed by UL Solutions. The acronym was
historically expanded as “Hybrid Optimization Model for Electric
Renewables,” but the current platform adopts the broader
“Multiple Energy Resources” formulation to reflect its expansion
beyond electricity-only systems. The software is today offered as
a family of products built on a common simulation engine:
HOMER Pro for least-cost design of microgrids and off-grid or
islanded systems, HOMER Grid for behind-the-meter grid-
connected systems that optimize demand charges and tariffs, and
HOMER Front for utility-scale storage and front-of-the-meter
projects. According to UL Solutions, the platform is used by more
than 250,000 energy professionals in over 190 countries, which
makes it one of the most widely adopted tools for hybrid-system
techno-economic analysis. The analysis in this chapter is based
on HOMER Pro (Lambert, Tom Gilman Paul Lilienthal, 2006).

HOMER Pro evaluates hybrid energy systems through
three interrelated operations: simulation, optimization, and
sensitivity analysis. In the simulation step, HOMER computes the
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energy balance for each candidate configuration at time steps that
can range from one minute to one hour, determines whether the
load can be served under the specified constraints, and estimates
operational outcomes such as generator runtime, battery state of
charge, excess electricity, unmet load, and emissions. In the
optimization step, feasible systems are ranked according to a
user-defined objective, most commonly the lowest net present
cost; the proprietary, derivative-free HOMER Optimizer searches
the design space so that hundreds or even thousands of candidate
systems can be compared in a single run. In the sensitivity step,
uncertain parameters are varied to determine whether the
preferred solution is robust under different resource, cost, and
policy conditions(Manolache et al., 2025).

The core strength of HOMER Pro is its ability to compare
many system architectures using a consistent set of technical and
economic  assumptions.  Users define load profiles,
meteorological resources, component options, costs, dispatch
strategies, reliability limits, grid tariffs, and financial parameters.
HOMER then constructs feasible combinations and ranks them.
This iterative procedure is particularly useful when a design team
must decide whether to include storage, whether to remain grid-
connected, whether to add a generator, and which renewable
source should receive priority.

The software should not be treated as a black box. Results
are only as reliable as the input data and assumptions. Resource
data from NASA or other databases may be adequate for pre-
feasibility analysis but may not replace high-resolution on-site
measurements  for investment-grade studies.  Similarly,
component costs, discount rates, inflation assumptions, fuel
prices, and replacement schedules must be documented
transparently. Recent work has emphasized the importance of
sensitivity analysis and independent validation when HOMER
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outputs are used for planning decisions (Babu & Ray, 2023;
Mojumder et al., 2025).

HOMER PRO WORKFLOW

-

1 Input data
Load profile, resource data, economic parameters, component
specifications

System modelling

®

Definition of the electrical architecture and candidate
component sizes

\ l A
s ™y
3 Simulation
Hourly energy balance, dispatch, storage state and feasibility
checks
l ™y
Optimization

®

Ranking of feasible systems by NPC, LCOE, emissions or
renewable fraction

Sensitivity analysis
Evaluation of in | such as fuel prices,
resources and discount rate

) !

@ Results and decision support

Tables, graphs and indicators for techno-economic comparison

(=)

Figure 2. General workflow of HOMER Pro modelling,
optimization, and decision support.
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MAIN MODULES USED IN HOMER PRO

Load module
Primary, deferrable, thermal and time-dependent demand

profiles
i

Resources module
Solar irradiation, wind speed, temperature, biomass and gnd

data
!

3 Components module
PV, wind, batteries, generators, converters, fuel cells and
electrolyzers

v
@ Economic module

Capital, replacement, O&M, fuel, salvage and financing
assumptions

@ Sensitivity module
Scenario variables for uncertainty and risk assessment
@ Results module

NPC. LCOE, COE, renewable fraction, unmet load and emissions

Figure 3. Main modules commonly used in HOMER Pro analyses.

The base HOMER Pro license can model solar PV, wind,
batteries, diesel generators, and simple grid connections, while
optional add-on modules extend the analysis to more specialized
architectures. The Biomass module represents biogas-fueled or
cofired generators; the Hydro module adds run-of-river or small
hydro; the Combined Heat and Power and Advanced Load
modules handle thermal demand and combined AC/DC or
deferrable loads; the Hydrogen module models electrolyzers,
hydrogen storage, and fuel cells; the Advanced Storage module
unlocks a modified kinetic battery model with temperature and
degradation effects; the Multi-Year module captures load growth,
PV degradation, and fuel-price escalation over the project
lifetime; and the MATLAB Link module allows a user-defined
dispatch algorithm to be coupled to the simulation. These
modules are directly relevant to the biogas, hydrogen, and
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dynamic-validation studies discussed in Part Il, because they
determine which physical processes HOMER can represent and
how realistically dispatch and storage behavior are captured
(Bahramara et al., 2016; Lambert, Tom Gilman Paul Lilienthal,
2006).

4. MODELLING PROCEDURE IN HOMER PRO
4.1. Load Modelling

The load profile is the starting point of an HRES model. It
describes how much electricity is needed, when it is needed, and
which part of the demand is critical. HOMER Pro allows the user
to define primary loads, deferrable loads, thermal loads, and time-
dependent variations. In simple cases, a synthesized daily profile
may be sufficient; in critical applications, measured hourly load
data are preferable.

Load quality directly affects sizing results.
Underestimating peak demand may produce an apparently low-
cost system that fails under real operating conditions.
Overestimating demand may lead to unnecessary oversizing. In
hospital, school, or campus applications, load profiles should
reflect working hours, night demand, seasonal cooling or heating,
equipment use, and potential future growth. The Somalia hospital
case examined in Part 11, for example, requires reliability-oriented
interpretation because energy continuity in health facilities is not
merely an economic criterion but a service-quality requirement.

4.2. Resource Assessment

Renewable-resource  assessment  includes  solar
irradiation, wind speed, temperature, biomass availability, fuel
supply, and grid reliability. For PV systems, monthly or hourly
global horizontal irradiation and temperature are essential. For
wind systems, wind-speed data should correspond to the turbine
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hub height or be adjusted using a validated wind-shear model. For
biomass or biogas systems, the availability, collection logistics,
energy content, and seasonal variability of the feedstock must be
specified.

Many HOMER-based studies use NASA, NREL, national
meteorological services, or measured on-site data. The choice
depends on the study objective. A book-chapter or preliminary
academic assessment may rely on database inputs, whereas an
investment-grade project should combine long-term databases
with site measurements and uncertainty analysis (Dursun et al.,
2013; Stackhouse, 2017).

4.3. Component Definition and Dispatch Strategy

After the load and resources are defined, the user specifies
the candidate components and their technical-economic
parameters. These include PV capacity ranges, wind turbine
models, battery quantity and chemistry, generator capacity, fuel
cost, converter rating, fuel-cell capacity, electrolyzer size,
hydrogen-tank capacity, capital cost, replacement cost, operation
and maintenance cost, lifetime, efficiency, and salvage value.

Dispatch strategy affects operating cost and component
use. In load-following dispatch, the generator typically produces
only enough electricity to meet the immediate deficit, avoiding
unnecessary battery charging. In cycle-charging dispatch, the
generator may operate at a higher output and charge the battery
while running. Tiam Kapen et al. reported that dispatch strategy,
battery inclusion, and hydrogen-system architecture materially
affected feasibility and cost in PV/biogas/fuel-cell/electrolyzer
systems.(Tiam Kapen et al., 2022).
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MODELLING PROCESS FOR HYBRID ENERGY SYSTEMS

1) Load definition
./ Specify hourly or synthesized demand profiles and reliability

requirements

2 % Resource characterization

o/  Import or enter solar, wind, temperature, biomass and fuel data

!

3\ Component sizing

" Assign candidate sizes, costs, efficiencies and lifetime values ‘

v

4 Hourly simulation
Compute supply-demand balance, dispatch and storage

behavior
=, - -
./5 Y\ Economic ranking
Compare feasible configurations using life-cycle indicators
(¢ Sensitivity and interpretation
M/ Test uncertainties and select a robust design
ps =

Figure 4. Sequential modelling process for hybrid renewable
energy systems in HOMER Pro.

5. ECONOMIC, TECHNICAL, AND
ENVIRONMENTAL INDICATORS

5.1. Net Present Cost and Capital Recovery

Net present cost (NPC) is the present value of all costs
incurred over the project lifetime, including capital investment,
replacement, operation and maintenance, fuel, grid purchases,
and salvage value. HOMER Pro commonly uses NPC as the
primary ranking criterion because it expresses the full life-cycle
burden of a configuration in one economic measure (Dursun,
2012).

NPC = C_ann,tot / CRF(i, N)
CRF(G,N)=[i(I+i)N]/[(I+i)N-1]
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In these expressions, C_ann,tot is the total annualized
cost, i is the real interest or discount rate, and N is the project
lifetime. The capital recovery factor converts a present value into
an equivalent annualized cost. Because discount-rate assumptions
strongly influence NPC, they should be included in sensitivity
analysis whenever possible.

5.2. Cost of Energy and Levelized Cost of Energy

Cost of energy (COE) and levelized cost of energy
(LCOE) express the average cost of served electricity. LCOE is
commonly used to compare different technologies or
configurations over their lifetime. In hybrid systems, however,
LCOE must be interpreted together with reliability and
environmental indicators because a low LCOE can be achieved at
the expense of higher unmet load or higher emissions (Dursun,
2012).

LCOE = ( C_cap,ann + C_rep,ann + C_O&M,ann +
C fuel,ann — S ann )/ E served,ann

Here, the numerator represents annualized capital,
replacement, operation and maintenance, fuel costs, and salvage
adjustment, whereas E_served,ann is the annual electricity served
to the load. Recent studies continue to use LCOE and NPC as
central indicators, but increasingly complement them with
renewable fraction, excess electricity, battery state of charge,
power-quality variables, and life-cycle assessment (Mojumder et
al., 2025).

5.3. Reliability and Environmental Indicators

Reliability is usually represented by unmet load, capacity
shortage, loss-of-load probability, or related measures. In critical
systems, a zero or near-zero unmet load may be required. In
flexible applications such as irrigation, a small permitted capacity
shortage may be economically acceptable if it greatly reduces

132



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Akademik Tartismalar

capital expenditure (Manolache et al., 2025). Therefore,
reliability requirements should be defined according to the
service context rather than assumed uniformly for all
applications.

Environmental indicators include carbon dioxide, carbon
monoxide, sulphur dioxide, nitrogen oxides, and sometimes
particulate emissions. Recent HOMER studies also integrate life-
cycle assessment to consider upstream material and
manufacturing impacts, especially for PV modules, batteries, and
wind turbines. Mojumder et al. highlight that renewable systems
can reduce operational emissions while still requiring attention to
material efficiency, recycling, and battery life-cycle impacts
(Mojumder et al., 2025).

6. FROM METHODOLOGY TO APPLICATION

The framework established in this Part 1| — load
definition, resource assessment, component and dispatch
modelling, and the economic, technical, and environmental
indicators that rank candidate systems — provides the basis for
the applied analysis that follows. Part 11 of this chapter applies the
same methodology to the recent HOMER Pro literature and to two
detailed case studies: a nursing-home hybrid system with
hydrogen storage and the Somalia—Turkiye Training and
Research Hospital energy system. Readers are encouraged to treat
the two parts as a single continuous treatment, in which the
conceptual and economic tools introduced here are used to
interpret  real  configurations, trade-offs, and design
recommendations.
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MODELLING AND OPTIMIZATION OF
RENEWABLE POWER GENERATION
SYSTEMS WITH HOMER PRO - PART IlI:
CURRENT APPLICATIONS AND CASE

STUDIES
Bahtiyar DURSUN!
Sibel DURSUN?
Zafer Omer OZDEMIR?

1. INTRODUCTION

Part | of this chapter established the theoretical and
methodological basis of HOMER Pro modelling: the rationale for
hybrid renewable energy systems (HRES), the structure of the
HOMER Pro platform, the sequential modelling procedure, and
the economic, technical, and environmental indicators used to
rank candidate configurations. The present Part Il uses that
framework to examine how HOMER Pro is being applied in
current research and to demonstrate its use through two detailed
case studies. The aim is to connect methodology to practice — to
show what optimal configurations look like in real applications,
which trade-offs recur, and how results should be interpreted and
reported for academic and engineering audiences.
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The discussion proceeds in four stages. First, recent
HOMER Pro applications are reviewed to identify
methodological trends, with particular attention to biogas and
hydrogen pathways and to validation beyond pure techno-
economic screening. Second, a nursing-home hybrid system with
hydrogen storage is analyzed as a critical-load application. Third,
the Somalia—Turkiye Training and Research Hospital is examined
as a reliability-driven case with multiple competing
configurations. Finally, the findings are synthesized into
recommendations for academic studies, engineering feasibility
work, and publication-quality reporting.

2. CURRENT LITERATURE ON HOMER PRO
APPLICATIONS

Table 1. Recent HOMER Pro applications relevant to hybrid
renewable energy systems.

Study System / context !(e)_/ Main contribution
indicators
Shows how HRES
(Mbasso et Stand-alone HRES for erzgtﬁ\cl)v:ble can support both
residential fish farming and ' electricity and
al., 2023) - DPSP, -
oxygen production — productive local
emissions L
activity.
Demonstrates the
(Tiam Kapen PV/battery/fuel LCOE, cost impact of
etal 2022) cell/electrolyzer/biogas LCOH, NPC, | batteries versus
" systems in Cameroon unmet load hydrogen-storage
pathways.
Illustrates basic
(Khalil et al., Grid-connected W|_nd—solar NPC, COE, HO_M!ER-'based
2021) system for Baluchistan emissions optlmlzatlon of
seashore wind-solar—grid
architectures.
Links short-term
(Babu & Wind forecasting and Forecast error, | wind forecasting
Ray, 2023) HOMER microgrid COE, NPC, with sensitivity-
Y, sensitivity analysis emissions based microgrid
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Study

(Chisale et
al., 2023)

(Huner,
2025)

(Mojumder
etal., 2025)

(Ross-
Hopley et al.,
2025)

(Khazraji et
al., 2026)

(Hasan et al.,
2026)

The current literature indicates a clear
simple PV-wind—diesel comparisons toward

System / context

School-scale solar PV,

biogas, grid and MCDM

analysis in Malawi

PV/electrolyzer/biogas/fuel-

cell systems in Hatay,
Turkiye

PV-wind-battery—grid

microgrid in Bangladesh

Renewable energy for

Saskatchewan irrigation

Campus HRES optimized
using ABC and validated in

HOMER

Grid-connected PV-wind—
battery campus microgrid
validated in DIGSILENT

PowerFactory

Key
indicators

LCOE,
payback,
PROMETHEE
Il ranking

LCOE,
LCOH, NPC,
emissions

NPC, LCOE,
SOC, LCA,
Simulink
validation

LCOE,
capacity
shortage,
tariffs, carbon
pricing

Annual cost,
LCOE,
emissions

NPC, COE,
renewable
fraction, CO2,
voltage
stability

Main contribution

Integrates HOMER
with multicriteria
decision-making
and human-excreta
biogas.

Compares on-grid
and off-grid biogas—
hydrogen hybrid
scenarios.
Combines HOMER
optimization with
MATLAB/Simulink

and life-cycle
assessment.

Highlights the role
of grid interaction
and sensitivity
treatment in
irrigation loads.

Compares
algorithmic
optimization with
HOMER validation
for academic
buildings.

Couples HOMER
Pro optimization
with power-system
dynamic validation
(~69% lower CO2,
~77% renewable
fraction).

movement from
more integrated

assessments. Recent papers increasingly combine HOMER Pro
with forecasting models, MATLAB/Simulink validation, life-
cycle assessment, multicriteria decision-making, and heuristic

optimization algorithms.

This

trend is

methodologically

important because techno-economic feasibility alone may not
capture power quality, long-term environmental burden, investor

risk, or operational robustness.
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A second pattern is the growing attention to biogas and
hydrogen. Biogas can provide a dispatchable renewable or semi-
renewable source where organic residues are available. Hydrogen
systems can store excess renewable electricity and support clean
hydrogen production, but their cost and conversion losses require
careful interpretation. In several studies, adding fuel cells or
hydrogen infrastructure improves autonomy and sustainability
potential but increases NPC or LCOE relative to battery-
supported alternatives(Huner, 2025; Tiam Kapen et al., 2022).

3. CASE STUDY I: NURSING-HOME HYBRID
SYSTEM WITH HYDROGEN STORAGE

The first application concerns a critical-load facility
represented by a nursing home. Such buildings require continuous
electricity for lighting, heating or cooling, communication, safety
systems, medical devices, and general operations. In this case, the
hybrid system combines PV panels, a wind turbine, an
electrolyzer, a hydrogen tank, a fuel cell, and a power converter.
The concept is to maximize renewable use while maintaining
supply continuity through hydrogen storage.

The optimized system in the chapter data consists of a 30
kW PV system, a 20 kW wind turbine, a 20 kW fuel cell, a 50 kW
electrolyzer, a 20 kW converter, and a 100 kg hydrogen tank. PV
and wind systems operate as primary renewable sources. Excess
electricity is converted into hydrogen by the electrolyzer, stored
in the hydrogen tank, and reconverted to electricity by the fuel
cell during periods of renewable deficit.

The system illustrates the principal value and limitation of
hydrogen-based storage. It reduces dependence on fossil fuels and
strengthens autonomy, but the electrolyzer, fuel cell, and
hydrogen tank increase capital cost. The reported NPC of 607,298
USD and COE of 1.30 USD/kWh indicate that, under the given

141



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Akademik Tartismalar

assumptions, the system is technically attractive for continuity
and emissions but economically demanding. This is consistent
with broader literature showing that hydrogen pathways may
require cost reductions or policy incentives to become widely
competitive in small- and medium-scale applications(B. Dursun
& Aykut, 2019).

PV-WIND-HYDROGEN SYSTEM FOR A CRITICAL LOAD
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Figure 1. PV—wind-hydrogen hybrid system architecture for a
critical nursing-home load.
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Figure 2. Monthly average power generation by PV, wind, and
fuel cell in the nursing-home case.
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Monthly Average Hydrogen Production
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Figure 3. Monthly average hydrogen production in the nursing-
home case.

4, CASE STUDY II: SOMALIA-TURKIYE
TRAINING AND RESEARCH HOSPITAL

Hospitals are among the most demanding applications for
hybrid energy systems because reliability is non-negotiable.
Electricity interruptions may compromise operating rooms,
laboratory systems, intensive-care units, cold-chain storage,
medical imaging, ventilation, and information systems. For this
reason, the Somalia—-Turkiye Training and Research Hospital
case evaluates several configurations that combine diesel
generators, wind turbines, PV arrays, batteries, and converters(S.
Dursun et al., 2021).

The assessed alternatives include diesel-only generation,
wind—diesel, wind-diesel-battery, solar—diesel, solar—wind-
diesel, and solar-wind—diesel-battery systems. The results show
that the diesel-only system has the highest NPC, whereas adding
renewable resources and storage improves both economic and
environmental performance. The lowest NPC and COE are
obtained for the wind—diesel-battery configuration, while the
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lowest emissions are observed for the solar—wind—diesel-battery
configuration.

The case demonstrates a common trade-off in hybrid-
system design. The least-cost system may not always be the
lowest-emission system. Decision-makers must therefore decide
whether cost minimization, emissions reduction, fuel-security
improvement, or a balanced multicriteria objective is most
appropriate. For a hospital, the final decision should also consider
redundancy, fuel logistics, maintenance capacity, and the
consequences of power interruption(S. Dursun et al., 2021).

PV-WIND-DIESEL-BATTERY SYSTEM FOR A HOSPITAL LOAD
AC BUS DC BUS

Primary »| Photovoltaic
hospital load array

—

<+ Battery bank

—_—

Diesel
generator

F 3

Wind turbine

Renewables and batteries supply the load first; the diesel generator operates as a
dispatchable backup to maintain continuity for critical hospital demand.

Figure 4. PV-wind—diesel-battery hybrid architecture for a
hospital load.
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Table 2. Economic comparison of energy-system alternatives for
the Somalia hospital case.

NPC COE .
System (USD) (USD/KWh) Interpretation
Diesel 9.608.750 | 0.360 Highest cost and highest
fuel dependence.
Wind-diesel 5,663,186  0.213 Renewable integration

substantially reduces cost.

Wind-diesel—- 5418316 | 0.208 !_owest—cost conflgurgtlon
battery in the assessed scenarios.

PV reduces diesel use but
Solar—diesel 7,989,642 | 0.308 remains less competitive
than wind-based cases.

S_olar—wmd— 6,836,281 | 0.258 Resource diversification

diesel improves performance.

Solar—wind— Higher cost than wind-

diesel-battery 6,302,950 | 0.238 dle_sel_—battery but lower
emissions.

Table 3. Emission comparison of energy-system alternatives for
the Somalia hospital case.

System CO:2 (kglyear) | CO (kgl/year)  NOx (kg/year)
Diesel 3,044,463 7,515 67,055
Wind-diesel 1,699,208 4,194 37,426
Wind-diesel-battery | 1,536,476 3,793 33,841
Solar—diesel 1,960,666 4,840 43,184
Solar-wind—diesel 1,513,318 3,735 33,331
E;’t'taerr;w'”d‘d'ese'" 1,282,406 3,165 28,245

5. INTERPRETATION OF RECENT FINDINGS

The recent HOMER Pro literature supports four broad
conclusions. First, optimal configurations are strongly site-
specific. Solar-dominant systems are attractive where irradiation
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is high and load coincides with daytime production; wind-
dominant or wind-supported systems can be more competitive
where wind resources are strong and complementary. Second,
grid interaction can sharply change the economics of a project.
Ross-Hopley et al. show that renewable integration for large
irrigation loads is closely linked to the presence of grid
connection and the tariff rules governing energy purchase and
sellback(Ross-Hopley et al., 2025).

Third, storage selection is a decisive design issue.
Batteries are generally effective for short-duration balancing and
peak management; hydrogen pathways are more relevant for
longer-duration storage and clean hydrogen production, but they
often increase capital cost. The comparison shows that adding
batteries to PV/biogas/fuel-cell/electrolyzer systems can greatly
reduce LCOE and LCOH in certain demand categories, while
maintaining zero unmet load (S. Dursun et al., 2021).

Fourth, HOMER optimization is increasingly
complemented by other methods. MATLAB/Simulink and
dedicated power-system tools such as DIGSILENT PowerFactory
are used for dynamic technical validation, particularly to assess
bus-voltage stability, battery state of charge, power balance, and
power quality(Hasan et al., 2026). Multicriteria decision-making
methods such as CRITIC-PROMETHEE Il can incorporate
environmental or social criteria alongside cost. Heuristic
algorithms such as artificial bee colony, genetic algorithm, and
particle swarm optimization may also be used to search the design
space and compare results with HOMER outputs. A recent
campus study by Hasan et al., for example, optimized a grid-
connected PV—-wind-battery microgrid in HOMER Pro and then
validated voltage performance and robustness in PowerFactory,
reporting roughly a 69% reduction in carbon dioxide emissions
and a renewable fraction near 77%(Hasan et al., 2026).
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6. RECOMMENDATIONS FOR ACADEMIC AND
ENGINEERING USE

For academic studies, the methodology section should
clearly report the source of load data, the source of meteorological
data, the project lifetime, the discount or interest rate, component
costs, replacement costs, operation and maintenance costs, fuel
prices, grid tariffs, dispatch strategy, reliability constraints, and
sensitivity variables. Without these details, the reproducibility
and credibility of HOMER results remain limited.

For engineering feasibility studies, measured site data
should be preferred where possible. At least one year of high-
resolution load and resource data improves confidence, while
multiyear meteorological datasets help capture long-term
variability. Component costs should reflect local market
conditions, import taxes, installation costs, and maintenance
capacity. Sensitivity analysis should include the variables that are
most likely to change during the project lifetime: fuel price,
battery cost, inflation, discount rate, load growth, resource
variability, carbon price, and grid tariff.

For critical facilities such as hospitals and nursing homes,
cost-minimizing configurations should be evaluated against
explicit reliability standards. Redundancy, maintainability, spare
parts, fuel logistics, battery replacement, and emergency
operating modes must be considered. A system that appears
optimal under annualized cost may not be appropriate if it lacks
operational resilience during prolonged low-resource events.

For publication-quality manuscripts or book chapters,
HOMER outputs should not be presented only as software
screenshots. Tables should be reconstructed clearly, figures
should be labelled in the language of publication, and results
should be interpreted in relation to the assumptions. In addition,
references should be updated to include recent studies that reflect
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the current direction of the field: integrated LCA, Simulink
validation, hydrogen and biogas systems, multicriteria decision-
making, and sensitivity-based policy analysis.

7. CONCLUSION

HOMER Pro is a mature and widely used platform for the
preliminary and comparative design of hybrid renewable energy
systems. Its value lies in the integrated treatment of load profiles,
renewable resources, dispatchable generators, storage
technologies, economic parameters, emissions, optimization, and
sensitivity analysis. The software is especially useful where many
alternative system architectures must be screened under a
consistent methodological framework.

Taken together with Part I, this chapter has shown that PV,
wind, batteries, biogas, diesel backup, hydrogen storage, fuel
cells, and grid interaction can be combined in many ways
depending on resource availability and load requirements. Recent
studies confirm that hybrid systems can reduce emissions, lower
operating costs, improve reliability, and support local
development, but they also show that no universal configuration
is optimal for all locations. Site-specific data, transparent
assumptions, and sensitivity analysis remain essential.

The nursing-home and hospital examples illustrate two
key lessons. Hydrogen-supported systems can increase renewable
autonomy and reduce fossil-fuel dependence, yet their cost must
be carefully justified. Hospital-scale hybrid systems demonstrate
that the least-cost option and the lowest-emission option may
differ, making multicriteria interpretation necessary. For future
studies, HOMER Pro should be used alongside dynamic
simulation, life-cycle assessment, and decision-analysis tools
whenever the objective extends beyond simple cost minimization.
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REGENERATIVE BRAKING AND ITS
SIMULATION IN ELECTRIC VEHICLE
PROPULSION SYSTEMS

Serdar KASIKCI!
Ercan KOSE?

1. INTRODUCTION

The growing use of electric vehicles (EVs) is driven not
only by their ability to reduce environmental impacts but also by
the advanced functionality and features that can be derived from
their electric propulsion systems. One of the key features among
these is regenerative braking.

Regenerative braking is a method used to increase the
range of electric vehicles. When the driver takes their foot off the
accelerator for any reason, the kinetic energy generated by the
vehicle’s own inertia and/or the slope of the road is converted into
electrical energy to recharge the battery. The reason the term
“braking” is used here is that, as the motor switches to its
generator role to recharge the battery, the current flowing through
the motor windings creates torque in the opposite direction,
thereby producing a braking effect.

Optimizing the energy consumption and regenerative
braking potential of electric vehicles depends on the accurate
modeling of multidisciplinary subsystems as a whole. All of the
vehicle’s linear motion behaviors—such as acceleration,

1 Lecturer, Cukurova University, Adana VVocational School, Department of Electrical
and Energy, ORCID: 0009-0000-7807-6919.

2 Assoc. Prof., Tarsus University, Faculty of Engineering, Electrical and Electronics
Engineering ORCID: 0000-0001-9814-6339.
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deceleration, and speed stability—are governed by the complex
force interactions between the wheels, the road surface, and the
chassis. In this context, the longitudinal motion equation—which
defines the balance between the thrust force generated by the
wheels and environmental forces such as aerodynamic drag,
rolling resistance, and gravity—forms the basis of the simulation.

2. VEHICLE DYNAMICS

The maximum amount of kinetic energy an electric
vehicle can recover during braking depends on the equations of
motion along the vehicle’s longitudinal axis and the friction force
it can transfer to the road. Longitudinal vehicle dynamics
examines a vehicle’s acceleration capacity in the direction of
travel, braking distances, and weight transfer.

2.1. Longitudinal Equations of Motion

The dynamics of acceleration or deceleration of a vehicle
of mass m moving in a longitudinal direction depend on the
balance between the total traction/braking force applied to the
wheels and the circumferential resistance forces acting in the
direction opposite to the direction of motion. The fundamental
equation of motion is as follows:

dv,

m'E_Ft_Fresist

Here,

Uy : The vehicle's linear velocity

F, : The total longitudinal force between the wheels and the
road

F,esise: The total resistive force acting against the vehicle
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The total resistance force (F sist) consists of three components:

1. Tire rolling resistance (F;e): This arises from the
deformation of the tire on the road surface and is calculated
based on the relationship between the road slope angle () and
the normal force (F,).

Fiire = CRE; = CngCOS(H)

Here, Cy is the tire rolling resistance coefficient, m is the
vehicle mass, and g is the acceleration due to gravity.

2. Aerodynamic Drag Force (F,;,): Depending on the vehicle's
frontal area (Af)) and drag coefficient (Cp), it creates a drag
force proportional to the square of the speed.

1
Foir = ECDAfpa(vx + vw)z

Here, p, is the air density and v,, is the wind speed.

3. Grade Force (Fg,qqe): This is the force that acts as resistance
when climbing an incline and, when descending, converts
potential energy into kinetic energy through gravitational
acceleration, thereby providing additional potential energy for
recovery.

Fgrade = mgsin(6)

2.2. Wheel Slip Ratio and Tire-Road Friction Limits

The percentage difference between the vehicle’s linear
speed and the tire’s rotational speed is called the wheel slip ratio.
This ratio indicates how firmly the tire grips the road during
braking or how much it spins during acceleration. The wheel slip
ratio (S), for braking conditions, is defined as follows:

TwWwhell
Uy

S=1-
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Here, 1, is the tire rolling radius and w,, ,;; IS the wheel's
angular velocity. The wheel slip ratio during acceleration is as
follows:

S=1-—2
TwWwhell

A slip ratio of 0 indicates no slippage or skidding, while a
ratio of 1 indicates full lockup or full skidding. On dry asphalt,
this ratio typically ranges between 0.15 and 0.20. A value below
this range indicates that maximum braking capacity has not yet
been reached, while a higher value causes the tire to lose traction
and skid. Systems such as the anti-lock braking system (ABS) and
traction control system (TCS) continuously monitor this ratio and
work to maintain it within the 0.15-0.20 range.

The maximum longitudinal force (F,) that a tire can
transfer to the road is the product of the normal force (E,) and the
coefficient of friction (u):

E = .u(S)Fz

The coefficient of friction between the tire and the road is
not linear but is a function of the tire’s slip ratio. This relationship
is modeled in vehicle dynamics using experimental measurement
methods or the Pacejka formula (also known as the “magic
formula”). The “magic formula” is an empirical formula
developed by Hans B. Pacejka and is widely used.

u(S) = Dsin-{Ctan"[BS — E - (BS —tan1(BS))1}

Here, B is the hardness, C is the shape, D is the peak value,
and E is the curvature coefficient.

The friction limits based on road conditions are as follows:
Dry asphalt " Umax = 0.85
Wet asphalt " Umax = 0.4 —0.6
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Snow-covered road

Icy road

CUmax = 0.2—-0.3

" Umax < 0.1

Table 1. Magic formula coefficients by road conditions (Shakouri,
Ordys, Askari, and Laila, 2010).

Road Surface B C D E
Dry asphalt 10 1.9 1.097 0.97
Wet asphalt 12 2.3 0.82 1
Snow-covered road 5 2 0.3 1
Icy road 4 2 0.1 1

In the MATLAB/Simulink simulation presented in
Chapter 7 of this study, in order to reduce the computational load
of the vehicle dynamics simulation, physical limit values—such
as the tire’s nominal vertical load, the peak longitudinal force it
can generate, and the corresponding peak slip ratio—were used
instead of directly entering the “Magic Formula” coefficients.

2.3. Energy and Power

In the Simulink environment, the physical power
equations are solved to track the instantaneous energy flow and
losses in the vehicle's mechanical structure:

Rate of Change of Kinetic Energy (P;):
P; = mix
Rate of Change of Potential Energy (F,):

P, = —mgZ

Here, Z is the velocity component along the vertical axis.
Aerodynamic Drag Power Loss (Pgyqg):

(x_wx)2> .
-~ |-x

) 1
Pdrag = _Fdragx = - <E CdAfPabs R.T
air
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Here, P, represents absolute air pressure, w, represents
wind speed, R,;, represents the gas constant, and T represents
ambient temperature.

3. MOTOR DRIVING TECHNIQUES

The EV traction motor is the most critical
electromechanical component that enables both the propulsion
and deceleration of the vehicle. The choice of motor and drive
topology directly affects the vehicle’s regenerative braking
capacity. The motor and drive methods commonly used in EV
applications are examined below.

3.1. Permanent Magnet DC (PMDC) Motor

Traditional brushed and DC motors (PMDC) serve as a
good starting model for understanding the regeneration
mechanism through linear equations, thanks to their simple
structure and chopper circuits. Permanent magnets are used in
their stator windings instead of excitation windings. The basic
voltage equation for a PMDC motor is:

Vi =E,+ 1, Ry +1L il
t — &b ata a dt
Electromagnetic torque produced by the motor:

Back emf:

Eb = Ke. Wm

Here:

V;: Motor terminal voltage
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E,: Back emf

1,: Armature current

R,: Armature resistance

L,: Armature inductance

K,: Torque constant

K,: Voltage constant

w,,: Motor angular speed (rad/s)

In drive mode, the battery voltage is greater than the back-
emf (V; > E}), and current flows from the battery to the motor.
During braking, the terminal voltage drops. Since the vehicle
continues to move due to its inertia during this time, a back-emf
continues to be generated in the windings. When the back-emf in
the windings is higher than the terminal voltage (E, > V;), the
armature current reverses direction, and the motor acts as a
generator, causing current to flow toward the battery.

3.2. Permanent Magnet Synchronous Motor (PMSM)

PMSMs are widely used in modern vehicle propulsion
systems due to their high-power density, brushless design, low
maintenance costs, and high torque stability across a wide speed
range (Jamadar and Jadhav, 2021).

PMSMs are driven using field-oriented control (FOC).
The FOC architecture reduces three-phase AC quantities to a two-
axis rotating reference frame (d-g axes) using the Clarke and Park
transformations, enabling the flux and torque components to be
controlled independently of one another, just as in a separately
excited DC motor. In a PMSM, the electromagnetic torque (T,) is
expressed by the following equation:

3
Te =5 P|Aniq + (La = Lq)ialq]
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Here, P is the number of pole pairs, 4;, is the rotor
magnetic flux, L, and L, are the d-axis and g-axis winding
inductances, respectively, and, i, and i, are the d-axis and g-axis
currents, respectively.

Transition Dynamics to Generator Mode:

1. Traction Mode: To generate positive torque (T, > 0),
the current is maintained at a positive reference; current and
power flow from the battery to the motor.

2. Regenerative Mode: When the driver presses the brake
pedal, the speed PI controller generates a negative torque demand
and the controller pulls the current reference into the negative
region (iz < 0). This reverses the torque direction, and current

flows from the inverter to the battery.

To achieve maximum torque with minimum copper loss
In operating regions below the base speed, the maximum torque
per ampere (MTPA) algorithm is used to calculate the optimal i,
and i, current references. When the vehicle speed increases and
the back-emf generated by the motor approaches the battery
terminal voltage limit, a negative i, current is applied to
artificially weaken the motor’s rotor flux, thereby preventing the
current control loops from saturating. To prevent the high back-
emf generated at high speeds from damaging the semiconductor
switches on the inverter and the battery busbar, the dynamic
response speed of the field weakening controller must be
designed on the order of milliseconds (Teasdale, Ishaku,
Amaechi, Adelusi and Abdelazim, 2024).

3.3. Brushless Direct Current Motor (BLDC)

The advantages of BLDC motors are their high-power
density and the fact that they are easier to control than PMSMs.
However, they exhibit high torque ripple and low efficiency at
high speeds. For this reason, they are not typically chosen as the
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main motor in modern electric passenger cars (Tesla, BYD,
Porsche, etc.). Nevertheless, they play a very significant role in
the electric vehicle ecosystem. They are widely used in electric
bicycles, e-scooters, three-wheeled light-duty vehicles (mopeds),
and as auxiliary systems in automobiles (electric power steering
pumps, air conditioning compressors, windshield wiper motors,
and radiator fans).

They generate a trapezoidal back-emf in the stator
windings and are typically controlled via 6-step commutation
using Hall sensors that detect the rotor’s position. During
regenerative braking, the driver reduces the PWM duty cycle; this
allows the back-emf generated by the motor to exceed the battery
voltage, causing the current to flow back to the battery as a charge
through the inverter diodes.

3.4. Synchronous Reluctance Motor (SynRM)

SynRMs, which have no magnets or windings in their
rotors, generate torque based on the principle of magnetic
reluctance. The absence of magnets eliminates the risk of
demagnetization at high temperatures and provides the ability to
weaken the magnetic field at high speeds, ensuring safe
regenerative braking performance. Although the absence of
magnets in the rotor provides cost and sustainability advantages
compared to PMSMs and BLDCs, the power density is lower.
Additionally, control complexity is higher.

In SynRM motors, the greater the difference between the
d-axis (lowest reluctance) and the g-axis (highest reluctance), the
higher the torque produced. The electromagnetic torque equation
for SynRM is as follows:

3
T, = EP(Ld — Ly)iqiq

Key Conclusions to Be Drawn from the Equation:
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Only reluctance torque is present: The equation does not
include the magnetic flux term found in PMSMs. Torque depends
on the difference Ly — L.

Saliency Ratio: To achieve maximum torque, motor
designers strive to keep the L, /L, ratio (saliency ratio) as high as
possible through rotor barrier designs.

Current Control: To achieve maximum torque, the
product of iy X i, must be optimized (typically, a current vector
angle of 45° is selected).

To increase the power density of SynRM motors, magnet-
assisted synchronous reluctance motors are produced by adding a
very small quantity of magnets or low-cost magnets. Today, these
motors—which are derivatives of SynRM—are used as drive
motors in some models from manufacturers such as Tesla and
BMW.

3.5. Induction Motor (IM)

In induction motors, regeneration occurs spontaneously
when the mechanical speed of the motor’s rotor (w,) is higher
than the synchronous speed (wg). In this regime, the slip
frequency is negative:

W1 =W, —wy <0

A negative slip reverses the direction of the current
induced in the rotor windings, and the machine begins to feed
energy back into the grid or the DC bus. In classic scalar voltage-
to-frequency (v/f) control, the speed error loop generates a
negative slip signal, driving the motor into the generator region.

Thanks to their brushless and magnet less design, they are
mechanically durable. There is no risk of performance loss due to
high temperatures. They have good field-weakening capabilities
at high speeds. They also offer significant advantages in terms of
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cost and sustainability. Their main drawbacks are low power
density and poor efficiency in stop-and-go city traffic (at low
speeds).

They were used as the main motor in Tesla’s early models
(Model S and Model X). Today, they are generally used as
auxiliary motors in all-wheel-drive vehicles.

Table 2. Comparison of Regeneration in Different Motor Types
(Liaw et al., 2019; Teasdale et al., 2024)

Field- .
ot | powerDensty | (Conte | wekeing | Regeereton
capability
PMDC Low Very Low None Low
PMSM Very high High Medium Very high
BLDC High Medium Low Medium
SynRM Medium Very high Very high High
IM Medium High High High

4. POWER ELECTRONICS

In electric vehicles, power electronics components
manage the bidirectional energy flow between the battery and the
motor. During regenerative braking, the inductance of the motor
windings and the inverter semiconductors act together like a
synchronous boost converter. When the motor rotates at low
speeds, the back-emf (E,) it generates is less than the battery
terminal voltage (V). In this case, it is physically impossible to
supply current to the battery via a direct connection. To address
this, the inverter’s lower MOSFETS are turned on to short-circuit
the motor windings, thereby storing current in the inductance.
Then, by turning these switches off, the polarity of the inductor is
reversed, and the stored energy is discharged into the battery.
Thus, the winding inductance acts as the coil of a step-up
converter, charging the low-voltage back-emf to the high-voltage
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battery terminal. The differential equations for the system’s two
different states are as follows:

di
Conduction State : E, = L"d_tL +R,i;

diy :
Cut-Off State D Ep+ L"E =V, +R,i,

Here, i, is the coil current.
4.1. Synchronous Rectification

When analyzing the electrical behavior of brushed DC or
multiphase AC motors in regenerative mode, the process of
storing mechanical energy from the wheels in the winding
inductance (L,) and transferring it to the battery is fundamentally
a synchronous boost converter mechanism. In BLDC or PMSM
machines, synchronous rectification is achieved by switching the
upper and lower MOSFETSs of the inverter bridge in anti-phase.
In conventional diode-based rectification, the current flows
through the body diodes in parallel with the MOSFETs. The
forward voltage drop of these body diodes is around
Ve = 0.7 — 1.2 V, which causes high conduction losses. In the
synchronous rectification method, the corresponding MOSFETSs
are actively driven into conduction by a gate trigger signal during
the periods when the diodes conduct. Consequently, the current
flows through the extremely low on-resistance of the MOSFET
(Ros(n) = 2 — 10 mf2). This significantly reduces thermal loads

and enhances efficiency.
4.2. DC Bus Overvoltage

One of the most critical hazards faced by power
electronics designers during regenerative braking is the
uncontrolled rise of the DC bus voltage. This phenomenon occurs
when a decelerating or abruptly stopped motor acts as a generator,
feeding its kinetic energy back to the power supply as electrical
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energy, thereby causing a sudden spike in the motor supply
voltage.

When the driver takes their foot off the accelerator pedal
and applies the brakes suddenly, the inverter controller abruptly
reduces the motor PWM duty cycle from value D; to a lower
value, D,. Due to mechanical inertia, the motor speed cannot drop
instantly, and the back-emf in the windings remains high. During
this transient regime, the elevated voltage (Vgs7) induced in the
DC bus is calculated using the following equation:

Vasr = K 2L,
BST — D2 VM
Where K is a coefficient depending on the electrical time
constants of the motor, and 14, is the nominal motor supply
voltage.

For instance, if the duty cycle is abruptly reduced from
90% to 30%, the DC bus voltage rises to three times the nominal
supply voltage. If the battery management system (BMS) cannot
absorb this high current or if the battery connection is
disconnected due to a fault, the regenerative current can only
charge the DC bus decoupling capacitors. The capacitor voltage
rises rapidly, exceeding the maximum drain-source voltage limit
(Vps) of the inverter MOSFETS and leading to permanent burnout
of the semiconductors due to avalanche breakdown. To mitigate
this risk, two primary protection methods are implemented:

Hysteresis-Controlled Braking Resistor: When the DC
bus voltage exceeds a safe threshold, a braking transistor is driven
into conduction, dissipating the excess energy as heat across a
ballast resistor.

TVS Zener Clamping: In low-power systems, transient
voltage suppressor (TVS) diodes connected in parallel across the
bus absorb overvoltage spikes.
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5. BATTERY MODELING

Regeneration efficiency depends not only on the motor
drive but also on the instantaneous charge acceptance capacity of
the battery. For safe braking, the BMS must estimate the
instantaneous state of charge (SoC) with high accuracy.

To preserve the battery's charge acceptance capability and
electrochemical health during regenerative braking, a high-
fidelity electro-thermal model must be utilized. Within the
Simscape environment, the battery cell is modeled using the
open-circuit voltage (V,.), ohmic internal resistance (R,), and
parallel R, — C, pairs (RC branches) that simulate the chemical
polarization and diffusion delays of the battery. For a single-RC
branch Thévenin model, the terminal voltage (V;) is defined by
the following set of differential equations:

Vi = Voc(SOC,T) = IpaeRo (SOC,T) = Vj,

%o __ %
dt R,C, G,
Where 1} is the voltage drop across the polarization
capacitor.
5.1. SOC Estimation Using Coulomb Counting and
Temperature Effect

The battery's current state of charge (SoC) is calculated as
the integral of the battery current over time:

t
3600 - C,yroq J;O

Here, C,eq 1S the nominal capacity of the battery (Ah), the
charge/discharge coulombic efficiency coefficient, and I, is the
current flowing through the battery (the charge current is
considered negative, and the discharge current is considered

SoC(t) = SoC(tp) + Ne * b (T) d7

165



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Akademik Tartismalar

positive). As temperature (T) decreases, the battery’s internal
resistance (R,) and polarization resistances (R,) increase
exponentially, causing the terminal voltage to rapidly reach the
maximum charge limit during regeneration and resulting in the
premature termination of the charge current.

5.2. Electrothermal Energy Losses

The instantaneous heat generation rate (Q'gen) in the

battery is the sum of two main components: ohmic resistance
losses and entropic heat:
V2 docv

Qoen = BauRo(SOCT) 3+l T+ =7 (500)

Here, d‘;% is the entropic coefficient for the battery

chemistry. The change in cell temperature is modeled using the
convective cooling coefficient (k) and the cell surface area (A):

aT .
MthE:Qgen_k'A'(T_Tenv)

Here, My, is the thermal mass of the battery.

5.3. Power Limiting and Lithium Plating Protection

When lithium-ion batteries are charged at high currents—
especially at low temperatures or high SoC levels—Ilithium ions
cannot be incorporated into the anode structure, resulting in the
formation of a metallic lithium coating on the anode surface. This
condition permanently reduces battery capacity and leads to
internal short circuits and thermal runaways. To preserve battery
health and prevent lithium plating during sudden high-current
charging, the BMS must calculate an instantaneous power limit.
To prevent this hazard, the power limit algorithm uses a
Recursive Least Squares (RLS) estimator to instantly calculate
the battery’s dynamic internal resistance (R;,). Based on the
estimated internal resistance value, the maximum safe
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charging/regeneration current (Iregenmax) that the battery can
handle is limited as follows:
Vmax_safe - VE,C(SOC, T)

regen,max —_ R
int

I

Here, (Vinax safe) IS the battery's overcharge protection
threshold voltage. The brake control unit (ECU) instantly limits
the maximum braking torque that the motor can generate based
on this (Iregen,max) Value. (Method of Calculating Battery Coulomb
Efficiency Accurately under Different Temperatures, 2016;
Naseri, Nordi, Spiliotopoulos and Schaltz, 2026).

6. BRAKE BLENDING

The braking design of an electric vehicle must ensure
driving safety in accordance with international automotive
standards. In this regard, the ECE R13H regulation (or ECE R13
for heavy-duty vehicles) published by the United Nations
Economic Commission for Europe imposes strict geometric
constraints on the braking force distribution of vehicles. The
primary objective of the regulation is to absolutely prevent the
rear wheels from locking up before the front wheels during
braking; since early locking of the rear axle causes the vehicle to
suddenly lose directional stability and skid. In accordance with
ECE R13H, the front-to-rear axle brake force distribution ratios
(f/ f) must remain within the following limits, depending on the
road friction coefficient (w):

L ZF007 G (b+z-1)
bf =785 L Z g

FbrzG'Z—be

Here, F,¢ represents the front brake force, F;, represents
the rear brake force, G represents the vehicle weight, z represents
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the deceleration rate, L represents the wheelbase, b represents the
distance from the center of gravity to the rear axle, and h,
represents the height of the center of gravity.

In accordance with the regulations, on all surfaces where
the road friction coefficient () is between 0.2 and 0.8, the front
axle’s adhesion curve (k;) must remain above the rear axle’s
adhesion curve (k,):

Since regenerative torque can only be applied to the axle
to which the motor is connected, the brake blending controller
must dynamically adjust the front/rear braking distribution ratio
(B) within these limits (Gao, Ruan, Du, Walker, and Zhang, 2019;
Lv, Zhang, Li, and Yuan, 2014).

The greatest engineering challenge in brake blending
strategies is striking a balance between the goal of maximum
energy recovery and directional stability and braking comfort.
Particularly on slippery surfaces or while cornering, regenerative
braking torgque can increase the wheel slip ratio, thereby reducing
lateral force capacity. To solve this complex multi-objective
optimization problem, advanced control approaches are gaining
prominence in the modern literature (reinforcement learning-
based approaches, fuzzy logic optimized with particle swarms,
and evolutionary networks with bat algorithms) (Yildirim, n.d.).

6.1. Brake Architectures

In parallel regenerative braking, the mechanical hydraulic
brakes and the electric motor operate in parallel. When the driver
presses the pedal, the mechanical brakes directly apply pressure
to the discs; the motor engages only to fill the additional torque
gap in the mechanical system. The setup is simple and
inexpensive, but energy recovery efficiency is low. In series
(cooperative) braking, there is no mechanical connection between
the brake pedal and the hydraulic brake cylinders. The driver’s
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braking demand is measured by electronic sensors; the brake
blending unit primarily utilizes the motor’s regenerative capacity.
Any torque gap that the motor cannot cover electrically is
mechanically compensated by the hydraulic unit within
milliseconds. Energy recovery efficiency is higher.

CODOPERATIVE {I;SFE:;?’I;LREGENERMIVE

Pedal Pressure ‘ Pedal Pressure ‘

(Mechanical) (Electronic Sensor)

Brake Control Unit (ECU) 1

I

™
Motar Torque Hydraulic E-Booster w

(Regeneration) {Mechanical Damping)
(Maximum Energy) (Remaining Gap)

Mechanical Braking Motor Regeneration
(Fixed 70%) (Remaining Power)

Figure 1. Parallel and series regenerative braking.

6.2. Jerk Control and Pedal Emulators

The biggest problem in terms of driver comfort is the jerk
that occurs during transitions between engine braking torque and
hydraulic brake pressure. To prevent this jerk, the jerk rate—
which is the derivative of longitudinal acceleration—must be
limited. A successful blending controller must keep the jerk rate
during torque transition processes strictly within the following
limit (Li, Wang, Huang, & Li, 2024):

3

d°x 5
Jerk = TS <0.15m/s

In addition, mechanically decoupled brake pedals are used
in series braking systems to preserve pedal feel.
Magnetorheological (MR) fluid-based haptic pedal emulators are
being designed to provide the driver with a traditional pedal feel.
The MR emulator modulates the fluid’s flow pressure within the
0 — 100 kPa range by varying the coil current between 0 — 2 A,

169



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Akademik Tartismalar

thereby replicating the pedal force-stroke sensation that perfectly
matches the driver’s input (Zhang et al., 2013).

7. MATLAB/SIMULINK SIMULATION

A fully closed-loop model of an electric vehicle with a
cooperative (serial) braking algorithm in MATLAB/Simulink
was created based on the logic shown in Figure 2. In the model,
the virtual driver’s throttle and brake responses are determined
according to the driving scenario. The throttle (AccelCMD)
signal from the virtual driver is fed to the ref+ input of the PWM
block, while the brake (DecelCMD) signal is processed by the
series braking control algorithm in the MATLAB function block
and then fed to the ref- input of the PWM block. The PWM block
generates a PWM signal for the H-bridge based on the
information received from the reference inputs. If the serial brake
control algorithm determines that mechanical braking is required,
the mechanical braking signal (P_friction) output from the
MATLAB function block is sent directly to the disc brakes within
the mechanical subsystem. A PMDC motor is used as the traction
motor in the model.

Figure 2. Simulink model of an electric vehicle with regenerative
braking.
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H-Bridge H Circuit Battery J
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Tire - -
(Magic Formula) Disk Brake ]
| Vehicle Body I

Figure 3. General block diagram of the electric vehicle simulation
model developed

1|

7.1. Configuring Block Parameters
7.1.1. Drive Cycle Source

The driving cycle generates the vehicle’s longitudinal
target speed profile over time in automotive simulations. It
provides the vehicle with a reference speed profile for the
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standardized evaluation of fuel economy, emissions testing, and
overall system performance. For example, the Artemis Highway
Cycle is a standardized laboratory test cycle developed to
simulate real-world highway driving conditions for vehicles.
Created as part of a European Union-funded project, this cycle is
used to measure vehicles’ emissions and fuel consumption values
(Liu et al., 2017). Federal Test Procedure (FTP) is a standard test
cycle in the U.S. automotive industry. The Artemis Highway
Cycle simulates high-speed highway driving while also
simulating a road with FTP-72 stop-and-go city traffic.

The speed signal generated by this block is fed as a
reference speed input to the virtual driver block (Longitudinal
Driver) that controls the vehicle. The Artemis Highway Cycle at
130 km/h, as well as the FTP-72 and WLTP Class 1 driving
cycles, were used to test our model.

7.1.2. Longitudinal Driver Block

The longitudinal driver block is a speed-tracking
controller that generates throttle and brake commands to
minimize the error between the reference driving cycle and the
vehicle’s current speed. This block incorporates a Proportional-
Integral (PI) control structure in the background. The parameters
in this block determine when and how much to press the
accelerator (AccelCmd) and brake (DecelCmd) pedals so that the
“virtual driver” in the simulation can track the reference speed.
This block operates in the background according to the following
mathematical equation:

Ure f

e e
y=Kp—L 4k, L 4 f (Ki ref 4 Kaweout) dt + Kyy
vnom vnom vnom

Nominal Vehicle Speed (v,,,): The driver block
generates pedal commands between 0 and 1 to determine how
much to apply to the accelerator and brake. The reference speed

(vre) and speed error (e,.r) values are normalized by dividing
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them by the wv,,,, value. This allows the controller gains
(K, ve K;) to be scaled independently of the vehicle’s absolute
speed limits.

Feedforward (Kg¢): This is the amount of throttle the
driver applies based on the target speed. For example, let’s say
our nominal speed (vy,4,,,) is 100 m/s and our K, value is 0.5. In
this case, if our target speed (v,..r) is 40 m/s, the throttle must be
opened by 0.2 [0.5 x (40/100) = 0.20]. The remaining 0.8 of the
power demand is handled by the feedback terms (K, K;).

Anti-windup (K,,,): When the vehicle is climbing a steep
hill, the driver may need to keep the accelerator pressed at 100%
(AccelCmd=1) for an extended period. During this time, because
the vehicle is struggling and cannot reach the target speed, the
integral term can mathematically “wind up” uncontrollably in the
background. The K,, term is used to limit this windup. This
allows the virtual driver to release the throttle without delay once
the target speed is reached or when a sudden deceleration cycle
begins.

Error Filter Delay (tauerr): The time constant of the low-
pass filter that filters the speed error before sending it to the Pl
controller.

Saturation Error (e,,): A signal indicating the difference
between the mathematical target of the driver command and the
actual physical limits of the pedal.

€out = ¥Ysat — Y
y: The raw output signal generated by the controller
Ysar: IUis the saturated form of the y signal.

When the vehicle has not reached the pedal limit, the raw
demand equals the saturated demand. Therefore, the saturation
error is zero, and the integration proceeds normally. However, if
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the pedal is locked at 100% but the engine power is insufficient,
and the controller calculates the throttle demand to be, say, 150%
to compensate for the error, the saturation error becomes -0.5.
This negative value is multiplied by K,, in the equation and
added to the integral. In this case, a negative value is introduced
into the integral expression to prevent the integral value from
becoming excessively large.

Road Slope Ahead Feed-Forward Gain (K,): A term used
to counteract gravity, enabling the virtual driver to accelerate
before reaching road inclines (without experiencing a loss of
speed). A standard PI controller waits for a speed error to occur;
however, this term ensures that the accelerator is applied in
advance based directly on the road slope angle to prevent a speed
error from occurring. For example, setting this value to 1% means
that if the road’s gradient increases by 1 degree, the virtual driver
will press the gas pedal 1% harder without waiting for a speed
error to occur.

Road Grade Angle (y): This is a physical input that
expresses the road’s instantaneous vertical grade angle in degrees.
It directly transmits information about uphill or downhill
gradients—which vary according to the road profile—to the
controller. This angle value is multiplied by the K, gain and
applied directly to the driver’s accelerator or brake pedal as a
preventive intervention.

Table 3. Driver controller parameters used.

Parameter Settings
Longitudinal Control Type Pl
Proportional Gain (Kp) 40
Integral Gain (K;) 16
Velocity Feed-forward (K¢() 0.2
Grade Angle Feed-Forward Gain (K,) 0.02
Nominal Vehicle Speed (v,,0,1) 40
Anti-Windup Gain (K,) 1
Error Filter Time Constant-tauerr (s) 0.01
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7.1.3. Brake Blending) Block

In some cases, regenerative braking alone is not sufficient
to bring the vehicle to a complete stop, or it poses a risk of
overcharging if the battery is already 100% full. For this reason,
a program for the brake blending control unit (ECU) was
developed using a MATLAB Function block.

The brake blending block transfers the braking demand
from the driver to the disc brake block via regenerative braking.
The enormous kinetic energy generated as the vehicle decelerates
from high speeds cannot be fully recovered within the limits of
regeneration (the maximum torque of the motor in generator
mode and the maximum charging current limits of the battery). If
the limits in these blocks are not updated, the motor windings may
be exposed to excessive current during high-speed braking, or the
mechanical disc brakes may prove insufficient, thereby
dangerously increasing the vehicle’s stopping distance. For this
reason, the limits of the brake blending algorithm and the
maximum torque capacities of the mechanical disc brakes have
been determined based on high-speed driving scenarios.

Software Requirements:
e Maximum braking torque the motor can generate: 100 Nm
e Total torque requirement at full pedal depression: 150 Nm

e If the State of Charge (SoC) is above 90%, regeneration is
disabled to protect the battery.

e At temperatures above 45 °C, regeneration is disabled to
preserve battery health.

e Regenerative braking is disabled at speeds below 5 m/s.

e Operation of the serial braking distribution algorithm: If
the total braking torque requirement exceeds the
regenerative braking torque the motor can produce, a
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signal is generated for the disc brake. If the regenerative
braking torque alone is sufficient for braking, no signal is
generated for the disc brake.

7.1.4. Power Electronics Block

In the MATLAB/Simulink simulation for this study, the
Controlled PWM Voltage and H-Bridge blocks from the
Simscape library were used to model the vehicle’s motor drive
and regeneration dynamics. The physical operating principles of
the power electronics layer and its integration into the model are
explained below under three headings.

H-Bridge and Differential Voltage Control:

An H-bridge circuit is a power electronics topology
consisting of four switching elements (typically MOSFETS) used
to control the speed and direction of rotation of a DC motor. In
the simulation model, the Controlled PWM Voltage block was
chosen to drive the H-bridge. This block calculates the voltage
pulse width (duty cycle) required by the motor based on the
acceleration and deceleration requests received from the virtual
driver. The calculation is based on the differential voltage
difference at the reference inputs of the H-Bridge block.

Vref = Vref+ - Vref—

In our model, the acceleration command from the virtual
drive is connected to the ref+ port, while the regenerative braking
command from the brake control ECU is connected to the ref-
port. When the driver presses the accelerator, V.., becomes

positive and the motor propels the vehicle forward.
Regenerative Braking and Its Boosting Effect:

When the “Regenerative Braking” parameter is enabled in
the H-Bridge block of the model, the system is ready to operate
the motor as a generator. When the driver applies the brakes, the
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throttle command is set to zero (V;..r, = 0), and the ECU applies
a braking voltage to the ref port. In this case, the differential
voltage becomes negative (V.. < 0). The H-Bridge reduces the
average terminal voltage (V;) applied to the motor to a value
below the counter-EMF generated by the motor’s current speed
(Ep > V,). This potential difference, combined with the winding

inductance (La.Z—i), causes the circuit to behave like a boost

converter. The current reverses direction, flowing from the motor
back to the battery, and the Kinetic energy is recovered as
electrical energy.

Simulation Stability:

In real power electronics circuits, PWM signals enable
switching at very high frequencies. Attempting to calculate each
of these switching events with a precision of one-millionth of a
second using the Simulink solver extends the simulation time to
hours and causes the solver to lock up. To overcome this issue,
the simulation mode for the Controlled PWM Voltage and H-
Bridge blocks has been set to “Averaged.” In this mode, instead
of generating high-frequency square waves (pulses), the block
produces a constant and smooth average voltage (V,,; = V;.D)
proportional to the calculated duty cycle. This method, which
assumes that the current in the motor windings is steady-state,
significantly reduces simulation runtime and improves numerical
stability without compromising the system’s energy flow or
regeneration accuracy.

7.1.5. Motor Block

A PMDC motor was chosen for the simulation because the
fundamental electromechanical dynamics (back-emf and torque-
current relationship) can be observed more clearly through linear
equations, due to the simplicity of the H-bridge driver design, and
because of the low computational load of the simulation.
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The PMDC motor’s electrical ports (+, -) are connected to
the output of the H-bridge, its mechanical C port is connected to
the reference ground, and its R (Rotor) port is connected to the
transmission components (Simple Gear).

Table 4. PMDC motor parameter settings.

Parameter Settings
Armature inductance (uH) 12
Nominal output power (KW) 150
Nominal speed (rpm) 10000
Nominal voltage (V) 500
Rotor inertia (kgm?) 0.01

7.1.6. Equivalent Circuit Battery Block

It is a dynamic power source that supplies all the electrical
power required by the motor and the driver. To maintain the
system’s nominal voltage level when the motor’s speed and
power are increased, the battery pack’s nominal voltage must be
compatible with the nominal voltage of the H-bridge and the DC
motor. If the battery voltage remains low, the current drawn to
meet the motor’s high-power demand will rise excessively. High
current draw causes a significant voltage drop across the series
internal resistance (R,) in the equivalent circuit. This situation
dramatically reduces the battery’s terminal output voltage,
thereby lowering the motor driver’s supply voltage and
preventing the motor from reaching high speeds in a stable
manner.
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Table 5. Equivalent circuit battery parameter settings.

Parameter

Settings

Open circuit voltage
table data, Em(V)

[378.4536 379.4688; 384.1884 384.9768;
388.8972 390.4524; 393.0444 394.9020; 396.8136
398.4012; 400.9068 401.9112; 409.7196
411.2424; 418.5324 420.6060; 428.7600
430.4772; 440.2512 440.8668; 452.7792
452.8440]

Series resistance
table data, Ro(Q2)

[0.030909 0.024300; 0.029802 0.024206;
0.030458 0.024639; 0.030337 0.024596; 0.029588
0.024183; 0.028927 0.023750; 0.028884
0.024063; 0.029475 0.024419; 0.028922
0.024432; 0.030520 0.024027; 0.031327
0.024033]

State of charge
breakpoints,
SOC_BP

[0010.20.30.40.50.60.70.80.91]

Battery capacity
table (Ah)

[200 200]

Initial battery
capacity (Ah)

150

Network resistance
table data, R1(Q2)

[0.010342 0.0012244; 0.0067316 0.0011396;
0.0051156 0.0012661; 0.0043447 0.0012265;
0.0038826 0.0011163; 0.0034226 0.0009968;
0.003346 0.0011458; 0.0033222 0.001345;
0.0033201 0.0013091; 0.0032886 0.0010986;
0.0028114 0.0010309]

Network capacitance
table data, C1(F)

[2287.7 11897; 6122 24515; 18460 42098; 20975
44453; 15254 33098; 10440 24492; 13903 32975;
16694 40007; 15784 35937; 12165 26430; 9118
24795]

7.1.7. Mechanical Subsystem
A. Vehicle Body) Block

This block

iIs the primary mechanical center for

calculating the vehicle’s mass inertia and aerodynamic losses.
Parameter settings such as vehicle mass, number of wheels per
axle, vehicle center of gravity, gravitational acceleration, frontal
area (A), and drag coefficient (C;) are configured in this block.
Figure 4 shows the parameter screen. The force signals applied to
the model’s front and rear axles are obtained from the vehicle
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body block. The vehicle’s speed output is also obtained from this
block. Additionally, wind drag (o) and road gradient data can be
provided as inputs to this block.

The chassis block in the Simscape library calculates
longitudinal dynamics using the following equation, based on the
inputs of mass (m), pitch angle (B), and wind speed (W):

mV, = E, — F; — mgsinf

Main

> Mass 1200 kg

> Number of wheels per axle 2

» Horizontal distance from CG to front axle 14

» Horizontal distance from CG to rear axle 1.6 m

> CG height above ground 05 m
Externally-defined additional mass Off

» Gravitational acceleration 9.81 mysh2
Negative normal force warning off

Drag

> Frontal area 22 mh2

> Drag cosfficient 0.26

> Air density 118 kg/m* 3

Figure 4. Vehicle body parameters window.

: -
Da\Cir?f.
r %
|
L ..;.;* 3y, I

Figure 5. Mechanical subsystem.
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B. Simple Gear Block

This unit transmits the engine's angular velocity and
torque to the wheels at a specific gear ratio (N).

Follower (F) to base (B) tooth ratio (NF/NB): Represents
the gear reduction ratio (N) used to transmit the rotational speed
of the motor shaft to the wheel shaft. In the real world, mass-
produced electric passenger vehicles typically use the following
single-speed gear ratios to optimize their motors’ high-speed
capacity (8,000-16,000 rpm):

Tesla Model 3 :9.00:1
Nissan Leaf 1 8.192:1
Chevrolet Bolt : 7.05:1

The relationship between a vehicle’s linear velocity (1),
the engine’s angular velocity (W,,0¢0r-), the tire radius (r,,), and
the gear ratio is calculated as follows:

_ Wnotor X Tw
x N
For example, if we assume that the engine speed is 10,000
rpm (1047.2 rad/s), the tire rolling radius is 0.3 m, and the gear
ratio is 8, then the vehicle’s linear speed is:

1047.2 x 0.3 m km
Vx = T = 39.27 ? = 141.37 T olur.

A vehicle's drive torque is calculated by multiplying the
engine's output torque by the gear ratio.

Twheu = Tmotor X N
C. Tire (Magic Formula) and Disc Brake

The vehicle model has front and rear axles. There are two
wheels on each axle, for a total of four wheels.
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Normal Force Connection (N): The N ports of the front
axle wheels are connected in parallel to the front axle normal
force (NF) port on the vehicle body block. Similarly, the N ports
of the rear axle wheels are connected to the rear axle normal force
(NR) port on the vehicle body block.

Drive Mechanism (A): The A ports of the rear axle wheels
are connected in parallel to the follower (F) output of the gearbox
(Simple Gear) block. The A ports of the front wheels are
connected in parallel to the free-rotating end block. In this way,
the vehicle is modeled as rear-wheel drive.

Braking System: The braking signal from the disc brake
port is distributed in parallel to both the front and rear axle
wheels.

Parameterization Method: This option determines how
the longitudinal traction force (F,) generated by the tire’s
interaction with the road surface is calculated. Pacejka’s “Magic
Formula” theory uses four dimensionless coefficients—B, C, D,
and E—which are fundamentally based on empirical curve-fitting
methods to calculate tire forces. The four options in the menu
determine how these coefficients are fed into the solver.

1. Peak longitudinal force and corresponding slip:

Instead of entering the Magic Formula’s abstract
mathematical coefficients, this option allows us to directly enter
the tire’s physical and measurable properties. The Simscape
solver automatically scales these values in the background using
these physical values. If detailed test data from the tire
manufacturer is not available, this option is used to create a fast
and realistic model using only basic catalog data. This method
was used in the model. When this option is selected, the parameter
screen is shown in Figure 6.
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Axial vertical load: The model has a total of four
wheels—two per axle. The vehicle mass (m) is 1200 kg. In this
case, the mass per wheel is 300 kg. If the acceleration due to
gravity is taken as approximately 9.80 m/s?, the nominal vertical
force per wheel will be F,, = 2940 N.

Maximum longitudinal force that can be generated under
the load rating: This parameter limits the maximum longitudinal
traction force that the tire can transfer to the road without slipping.
It is defined as F,, = 3450 N.

Peak slip ratio at maximum force: defines the tire’s
longitudinal grip characteristic curve; it remains constant unless
the specific road surface or tire compound changes. It is defined

as kg = %10.
Main

Parameterize by Peak longitudinal force and corresponding slip W
» Rated vertical load 2940 M e
» Peak longitudinal force at rated load 3450 M e

» Slip at peak force at rated load (percent) 10
Geometry
Rolling Resistance

Maodel rolling resistance

Resistance model Pressure and velocity dependent (Magic Formula) e
> Tire pressure 250e3 Pa e
» Tire nominal pressure, NOMPRES 240e3 Fa e
» Tire nominal vertical load for relling res.. 3700 M e
» Hub nominal longitudinal velocity for ro.. 16 m/s ke
> Q-coefficient parameters [gsy1 gsy2 gsy... [0082,0,.0014, 001, 0,0, 1.08, -5] < 1x8 double:
» \elocity threshold for rolling resistance 0.001 myfs e

Figure 5. Tire (Magic Formula) block parameters window
2. Constant Magic Formula Coefficients:

Allows us to enter the coefficients in the formula directly.
Required inputs: Stiffness coefficient (B), Shape coefficient (C),
Peak value coefficient (D), Curvature coefficient (E)
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It is preferred when Pacejka coefficients derived from
laboratory tests for a specific tire-road combination are available.
In this option, the dynamic effect of vertical loads or sudden
changes in road conditions on the coefficients is neglected.

3. Load dependent magic formula coefficients:

This is a much more advanced option that calculates how
the formula coefficients will change in response to the load when
the vertical load on the tire varies dynamically throughout the
simulation. Pacejka parameter vectors, which define the trends in
how the coefficients change in response to the vertical load, are
entered. It is used to model tire grip limits with the highest
accuracy in scenarios where vertical weight transfers between the
front and rear axles are particularly intense, such as during high
acceleration, hard braking, or climbing steep hills.

4. Physical signal magic formula coefficients:

This allows the formula coefficients to be dynamically
modified from outside the simulation. When this option is
checked, a physical M port is opened on the tire block. During the
simulation, a 4-element signal vector is sent to the M port at every
step. It is ideal for simulating situations where road conditions
change while the vehicle is in motion. Instantaneous friction
coefficients from an external road profile block are fed to the tire
through this port, allowing dynamic traction loss to be tracked.

7.2. Simulation Results

The FTP72 model was tested for the WLTP Class 1
(WLTP) and Artemis Motorway 130 km/h (AM-130) driving
scenarios. Table 4 provides information on the driving scenarios
mentioned.

184



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Akademik Tartismalar

Table 6. Characteristics of the driving scenarios tested.

Parameters FTP72 WLTP | AM-130
Drive Cycle Time (s) 1372 1022 1068
Distance Traveled (km) 12.16 8.113 28.76
Average Speed (km/h) 31.90 28.58 96.95
Maximum Speed (km/h) 91.26 64.40 131.80

Table 6 presents the consumption values and the amounts
of energy recovered through regenerative braking for three
driving scenarios, both in calm conditions and under headwind
conditions of 5 m/s (18 km/h). The initial battery charge level is
0.75. As shown in Table 5, in the AM-130 driving cycle—where
the average speed is high—energy consumption is 29.59 kW per
100 km, while in the other two driving cycles, where the average
speed is lower, energy consumption is 20.83 kW and 21.56 kW
per 100 km, respectively. Additionally, in the FTP-72 driving
cycle—which simulates stop-and-go traffic—54.99% of the
energy drawn from the battery was recovered through
regenerative braking. Although the average speed was low in the
WLTP driving cycle, the recovery rate was 29.79% because there
was less stop-and-go traffic. In the high-speed highway driving
cycle, however, the recovery rate remained at 16.78% because
there was no stop-and-go traffic. Under headwind conditions,
energy recovery rates through regeneration decreased to
approximately 15-30%.

Table 7. Consumption and regeneration values.

AM- AM-
FTP72 | WLTP 130 FTP72 | WLTP 130
Wind (m/s) 0 0 0 5 5 5

Consumption 2083 | 2156 | 2506 | 2625 | 27.14 | 29.59

(KWh/100km)

Consumption (Wh) 2533 1749 7209 3190 2201 8511
Consumed (Ah) 13.66 5.922 20.86 14.84 6.80 23.72
Regenerated (Ah) 7.512 1.764 3.499 7.121 1.566 3.19
Net Consumed (Ah) 6.148 4.158 17.361 7.719 5.234 20.53
Regenerated (%) 54.99 29.79 16.78 48 23.03 13.45
SOC (%) 71.90 72.90 66.3 71.10 72.40 64.70
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Under real-world conditions, particularly when driving on
highways, the impact of headwinds is much greater because a
large portion of the route is in areas far from populated areas and
average speeds on highways are high; this situation leads to an
increase in the vehicle’s energy consumption. In urban areas,
however, the effect of headwinds is generally much less
pronounced. As shown in Table 5, when headwinds are factored
in, the driving scenario that increased consumption the most was
FTP-72, at 25.94%. WLTP Class 1 ranked second at 25.84%,
while AM-130 showed the smallest change in consumption, at
18.06%. In our simulation, when we applied the same headwind
to all three scenarios, the reason the results turned out this way is
that the high current draw during vehicle acceleration in stop-and-
go traffic is further amplified by the headwind effect. In fact, in
practice, it is highly unlikely that the same headwind would occur
in the AM-130 driving scenario—where the average speed is
approximately 97 km/h—as in the other two driving scenarios,
which have average speeds of 28.58 and 31.9.

Upon examining Figures 6-8, it can be seen that the actual
speed closely tracked the reference speed in all three driving
cycles. The PI control ensured that appropriate throttle and brake
signals were sent based on the reference speed. Additionally, the
MATLAB function block containing the brake blending
algorithm generated appropriate regenerative and mechanical
brake signals. Upon examining Figures 10-12 (graphs a and b), it
can be seen that the regeneration signal and the disc brake signal
complement each other. This both contributed to the vehicle’s
speed tracking the reference speed and ensured regeneration.

An examination of graphs ¢ and d in Figure 9-11 reveals
that the battery charge level increases when the battery current
turns negative; an examination of graphs e and f, on the other
hand, shows that the battery voltage and motor voltage vary
inversely to one another.
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An examination of Table 8 reveals that during the AM-
130 driving cycle—where the average speed is high—the motor
voltage reaches a maximum of 350 volts, while in the FTP-72
cycle it reaches a maximum of 250 volts and in the WLTP cycle
a maximum of 180 volts. Furthermore, it was observed that
current fluctuations are significantly higher in the AM-130
driving cycle. This highlights the need for careful planning of
battery modeling, battery management, and power electronics
designs at high speeds in practical applications.

Table 8. Battery voltage and current values.

FTP72 | WLTP | AM-130

Wind (m/s) 0 0 0
Maximum Battery Voltage (V) 428.8 427 430.3
Minimum Battery Voltage (V) 415.2 420.2 408.2
Average Battery Voltage (V) 421.8 422.6 418
Median Battery Voltage (V) 421.8 4225 4175
RMS Battery Voltage (V) 421.8 422.6 418
Maximum Battery Current (A) 208.3 116.7 263.7
Minimum Battery Current (A) -181.6 -113.2 -411.7
Average Battery Current (A) 13.10 13.11 49.78
Median Battery Current (A) 12.57 13.34 69.42
RMS Battery Current (A) 76.56 39.10 96.52
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Figure 6. Graphs of reference and actual speeds during the FTP-
72 driving cycle.
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Figure 7. Graphs of reference and actual speeds during the WLTP
driving cycle.
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Figure 8. Graphs of reference and actual speeds during the AM-
130 driving cycle.
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Figure 9. FTP-72 driving cycle: (a) regeneration signal, (b) disc
brake signal, (c) battery current, (d) state of charge (SoC), (e)
battery voltage, (f) motor voltage.
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Figure 10. WLTP driving cycle: (a) regeneration signal, (b) disc
brake signal, (c) battery current, (d) state of charge (SoC), (e)
battery voltage, (f) motor voltage.
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Figure 11. AM-130 driving cycle: (a) regeneration signal, (b) disc
brake signal, (c) battery current, (d) state of charge (SoC), (e)
battery voltage, (f) motor voltage.
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