AK{-\DEMiK PERSPEKTiFTlg.N ELEK.TR.iK:
ELEKTRONIK VE HABERLESME MUHENDISLIGI

Edit6r: Dr.Ogr.Uyesi Siileyman ADAK

yaz

yayinlari




Akademik Perspektiften Elektrik-
Elektronik ve Haberlesme Miithendisligi

Editor
Dr.Ogr.Uyesi Siileyman ADAK

yaz

yayinlari

2025



yaz

yayinlari

Akademik Perspektiften Elektrik-
Elektronik ve Haberlesme Miihendisligi

Editor: Dr.Ogr.Uyesi Siileyman ADAK

© YAZ Yayinlari

Bu kitabin her tiirli yaym hakki Yaz Yayinlari’na
aittir, tim haklar1 saklidir. Kitabin tamami ya da
bir kismi 5846 sayili Kanun’un hilkkiimlerine gore,
kitabi  yaymlayan firmanin Onceden izni
alinmaksizin elektronik, mekanik, fotokopi ya da
herhangi bir kayit sistemiyle c¢ogaltilamaz,
yayinlanamaz, depolanamaz.

E_ISBN 978-625-5596-69-7
Haziran 2025 — Afyonkarahisar

Dizgi/Mizanpaj: YAZ Yayinlar
Kapak Tasarim: YAZ Yayinlar

YAZ Yaylari. Yaymer Sertifika No: 73086

M.ihtisas OSB Mah. 4A Cad. No:3/3
Iscehisar/AFYONKARAHISAR

www.yazyayinlari.com
yazyayinlari@gmail.com

info@yazyayinlari.com



ICINDEKILER

Kurumsal Duizeyde DevOps Kultirinin Entegrasyonu ve
Altyap1 Otomasyonunun Modernizasyonu...................... 1
Bayraktar KARAGOZ, Umit Cigdem TURHAL

Erzincan ili i¢cin Drone ile Hava Kirliliginin Olciilmesi ve
Haritalanmast ............cccooviiiiiin i 22
Naci ARSLANOGLU, Cagri ALTINTASI

Power Quality and Harmonic Distortions in
Grid-Connected Rooftop Solar PV System...................... 43
Suleyman ADAK

Simulation and Optimization of a Renewable Hydrogen-
Based Standalone Power System .........cccccceevvveevieveceene. 83
Batin DEMIRCAN



"Bu kitapta yer alan boltimlerde kullanilan kaynakiarin, goriislerin,
bulgularin, sonuglarn, tablo, sekil, resim ve her tiirlii icerigin
sorumlulugu yazar veya yazarlarina ait olup ulusal ve uluslararast
telif haklarina konu olabilecek mali ve hukuki sorumluluk da
yazarlara aittir."



Akademik Perspektiften Elektrik-Elektronik ve Haberlesme Miihendisligi

KURUMSAL DUZEYDE DEVOPS
KULTURUNUN ENTEGRASYONU VE ALTYAPI
OTOMASYONUNUN MODERNIZASYONU!

Bayraktar KARAGOZ?
Umit Cigdem TURHAL?

1. GIRIS

Giliniimlizde kurumlarin rekabet giiciinii siirdiirebilmesi,
teknolojik degisimlere hizli uyum saglama becerilerine baghdir.
Dijital doniisiim, yalnizca bilgi teknolojileri (IT) altyapisinin
yenilenmesini degil; is siireclerinin yeniden yapilandirilmasini
ve cevik organizasyonel yapilarin kurulmasini da gerektirir.
Yazilim sistemleri bu doniisiimiin merkezinde yer almakta;
otomasyon, ceviklik ve entegrasyon odakli yeni yazilim
gelistirme yontemlerini beraberinde getirmektedir.

Geleneksel yazilim modelleri hiyerarsik  yapilar
nedeniyle esnek degildir ve degisen ihtiyaglara yeterince hizl
yanit veremez. Ayrica gelistirici ve operasyon ekiplerinin ayri
calismasi, iletisim eksikliklerine ve sistem siirekliligini tehdit
eden sorunlara yol acar. Bu sorunlar1 agmak amaciyla gelistirilen
DevOps yaklasimi, yazilim gelistirme ve operasyon siire¢lerini
entegre ederek is birligini, otomasyonu ve hizli teslimati

1 Bu kitap béliimii Bilecik Seyh Edebali Universitesi (BSEU) Lisansiistii Egitim
Enstitisu Elektrik-Elektronik Miihendisligi Anabilim Dali’nda yapilmis olan tez
¢alismasindan tiretilmistir.

Bilecik Seyh Edebali Universitesi, Lisansiisti Egitim Enstitiisii, Elektrik-
Elektronik Miihendisligi Anabilim Dali, 5740301@ogrenci.bilecik.edu.tr,
ORCID:0009-0006-5391-3382

3 Dog. Dr, Bilecik Seyh Edebali Universitesi, Miihendislik Fakiiltesi, Elektrik-
Elektronik Miihendisligi Boliimii, ucigdem.turhal@bilecik.edu.tr, ORCID:0000-
0003-2387-1637
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mimkiin kilar (Istifarulah ve Tiaharyadini, 2023). DevOps,
yazilim yasam dongiisiindeki tiim aktorler arasinda stirekli
iletisim ve geri bildirim saglayarak gilivenilir ve siirdiiriilebilir
bir gelistirme ortami1 sunar.

DevOps’un uygulanabilirligini somutlastiran en 6nemli
unsurlardan biri, yazilim gelistirme siirecini dongiisel ve
otomasyona dayali bir yapida tanimlayan DevOps yasam
dongusudur (Sekil 1.1). Bu yagsam dongiisii; planlama, kodlama,
olusturma (build), test etme, yayinlama (release), dagitim
(deploy), isletme (operate) ve izleme (monitor) gibi sekiz temel
asamadan olusur. DevOps yasam dongiisii, yazilim projelerinin
fikir asamasindaki planlama ve tasarimdan baglayarak, kod
gelistirme ve siirim yonetimi siireclerine; ardindan otomatik
testler, siirekli entegrasyon (CI) ve konteyner tabanli paketleme
adimlarina gegisi kapsayan bir akis sunar (Alhamidi, 2017). Her
bir asamada otomasyon boru hatlar1 (pipeline) devreye girerek
kod degisikliklerinin hizlica derlenmesi, test edilmesi ve bir
sonraki ortama taginmasi saglanir. Onaylanan siiriimler, siirekli
dagitim (CD) mekanizmalariyla giivenli ve tekrarlanabilir
sekilde canli ortama aktarilir. Bu siirecte canliya gegen
uygulamalar; performans, erisilebilirlik ve giivenlik metrikleri
acisindan kesintisiz olarak izlenir. izleme sonucunda elde edilen
veriler, geri bildirim déngusuyle bir sonraki planlama evresine
taginir. Bu yap1, yalnizca yazilimin daha hizli ve hatasiz sekilde
tiretime alinmasint degil; ayn1 zamanda sistem kararliliginin
saglanmasini, kullanict  memnuniyetinin ~ artirillmasin1 ~ ve
organizasyonel c¢evikligin silirekli desteklenmesini miimkiin
kilar.

Bu baglamda DevOps’un yalnizca bir teknoloji
yaklagimi degil, ayn1 zamanda organizasyonel doniisiim aract
oldugu kabul edilmektedir. Giiniimiiz dijital ekonomisinde,
kurumsal 6lgekli yazilim gelistirme ve IT operasyonlar1 sadece
teknik yeterlilikle degil; ayni zamanda ¢evik is kiiltliriiniin
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kuruma  entegre  edilmesiyle  siirdiiriilebilir ~ basariya
ulagabilmektedir. Bu kiiltiirel doniisiimiin basarisi, genellikle
altyap1r otomasyon siireclerinin modernizasyonu ile dogrudan
iliskilidir. Infrastructure as Code (IaC) gibi yaklagimlar
sayesinde altyapi; tanimlanabilir, versiyonlanabilir  ve
tekrarlanabilir  hale gelirken, sistemlerin  esnekligi ve
Olceklenebilirligi  6nemli Olglide artmaktadir. Dolayisiyla,
kurumsal yapilarda DevOps’un etkili entegrasyonu, ancak
altyapi stireclerinin otomasyon odakl1 yeniden
yapilandirilmasiyla miimkiin hale gelmektedir.

EREE

Sekil 1.1. DevOps Yasam Dongiisii

CI, CD, otomatik testler ve izleme araglart gibi
bilesenlerle desteklenen DevOps, dijital doniisiim hedeflerine
ulagmak isteyen kurumlar i¢in stratejik bir zorunluluk héline
gelmistir (Kim vd., 2016).

1.1. DevOpsBilesenleri, Araclar: ve Uzantilar:

DevOps yaklagiminin temelini olusturan dort ana teknik
bilesen; CI, CD, altyapt otomasyonu ve izleme-g0zleme
strecleridir (Sekil 1.2).

Cl, gelistiricilerin yaptig1 kod degisikliklerinin merkezi
bir siiriim kontrol sistemine sik araliklarla entegre edilmesini ve
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her entegrasyonun otomatik testlerle dogrulanmasini saglar;
boylece hatalar erken tespit edilerek gelistirme siirecinin
stirekliligi korunur. Bu siireci takip eden CD agsamasinda, testleri
basariyla gegen kod her an dagitima hazir olacak sekilde
paketlenir ve iiretim ortamina gec¢is i¢cin manuel miidahaleye
gerek kalmaksizin teslimata uygun bigcimde bekletilir. Dagitim
stirecinin bu denli otomatik ve glvenilir hale gelebilmesi, buyuk
Ol¢iide altyapinin laC yaklagimiyla tanimlanarak otomatik
yonetilmesini miimkiin kilan altyapi otomasyonuna dayanir. Bu
yaklagim, sistem kaynaklarmin tutarl, tekrarlanabilir ve
versiyonlanabilir olmasin1 saglar. Tiim bu siireglerin giivenli ve
saglikli ilerleyebilmesi ise izleme ve gézleme mekanizmalar ile
desteklenir; sistem performansi, kaynak kullanimi ve hata
oranlar1 siirekli takip edilir, elde edilen veriler analiz edilerek
sistem davraniglar1 hakkinda i¢gérii retilir ve olast sorunlara
erken miidahale imkani saglanir.

o Surekli Siuirekli Altyapi Otomayso-
Kod Gelistirme H Entegrasyon (C]H Teslimat (CD) H nuu

+ Kod entegrasyonu + Dagitima hazir Siirekli sistem
» Otomatik test * Yaziim paketi analizi &
geri bildirim

Izleme & Gozleme
(Monitoring & Obs.)

Siirekli sistem analizi

C & geri bildirim )

Sekil 1.2. DevOps Temel Bilesenleri

DevOps uygulamalarinin etkin ve siirdiiriilebilir bir
sekilde yiriitiilmesi, kapsamli bir ara¢c ekosistemiyle
desteklenmektedir. Bu araglar, yazilim gelistirme siirecinin her
asamasinda otomasyonu, seffaflifi ve izlenebilirligi artirarak
DevOps’un teknik altyapisini olusturur. CI/CD siireclerinde en
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cok tercih edilen araglar arasinda Tekton, Jenkins, GitLab CI,
CircleCIl ve ArgoCD yer almaktadir. Bu araglar sayesinde kod
entegrasyonu, test otomasyonu ve dagitim adimlar belirli
tetikleyicilerle ~ baslatilarak ~ yazilimin  siirekli  olarak
giincellenmesi saglamir. Ozellikle Jenkins ve Tekton, moduler
yapist ve genis eklenti destegi ile kurumsal diizeyde
Ozellestirilmis  CI/CD  hatlar1  olusturulmasina  imkan
tanimaktadir.

DevOps’un temel bilesenlerinden biri olan konteyner
teknolojileri, uygulamalarin taginabilirligini ve ortamdan
bagimsiz calismasini kolaylagtirmaktadir. Bu alanda 6ne ¢ikan
araclardan Docker, uygulamalarin tiim bagimliliklariyla birlikte
konteyner i¢inde g¢alismasini saglarken, Kubernetes bu
konteynerlerin 6l¢eklendirilmesi, dagitilmast ve yonetilmesini
listlenmektedir.  Kubernetes’in ~ sundugu  otomatik  yiik
dengeleme, yeniden baslatma ve kendi kendini iyilestirme gibi
yetenekler, biiylik Olgekli sistemlerde kararliligi artirmakta ve
operasyonel ylikil azaltmaktadir.

izleme ve analiz siirecleri ise sistemin performansim
gercek zamanli olarak izlemeye ve potansiyel sorunlar1 6nceden
belirlemeye olanak tanir. Bu amagla kullanilan araglar arasinda
Prometheus ve Grafana on plana g¢ikmaktadir. Prometheus,
zaman serisi verilerini toplayarak sistemin kaynak kullanimini
izlerken; Grafana, bu verileri anlamli paneller ve grafikler
halinde sunarak operasyonel ekiplerin sistem durumu hakkinda
anlik i¢goriiler elde etmesini saglar. Bu araglar, hata tespiti,
kapasite planlamasi ve hizmet diizeyi anlasmalarinin (SLA)
takibi acisindan kritik rol oynamaktadir.

DevOps’un evrilmesiyle birlikte glvenlik, operasyonel
zekad ve surim yonetimi surecleri de daha derin entegrasyon
gerektiren alanlara doniigmiistiir. Bu baglamda ortaya c¢ikan
DevSecOps  yaklasimi, giivenlik  kontrollerinin  yazilim
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gelistirme yasam dongiisliniin (SDLC) her asamasina entegre
edilmesini hedefler. Geleneksel olarak siirecin sonuna birakilan
giivenlik testleri, DevSecOps sayesinde otomatiklestirilmis
araclarla stirekli olarak yiiriitiilir. Bu alanda 6ne ¢ikan araglar
arasinda SonarQube, kod kalitesini ve giivenlik agiklarini analiz
ederken; Clairve AquaSecurity, agik kaynak kiitiiphaneler ve
konteyner giivenligi i¢in otomatik tarama ve raporlama islevleri
sunar. Bu araglar, sadece uygulama katmanini degil, aym
zamanda yapilandirma dosyalarim1 ve altyapi tanimlarmi da
analiz ederek genis kapsamli bir giivenlik saglar.

Ote yandan, GitOps yaklasimi, Git deposunu hem kodun
hem de altyapinin “tek dogruluk kaynagi (singlesource of truth)”
olarak  konumlandirir. Bu modelde, Kubernetes gibi
orkestrasyon sistemleri, dogrudan Git deposundaki manifest
dosyalarina gore sistem durumunu senkronize eder. GitOps’un
temel araglarindan biri olan ArgoCD, Git tabanli dagitim
stireclerini gercek zamanli izleyerek siirlim geri alma, fark
analizi ve erigim denetimi gibi islevleri otomatiklestirir. GitOps,
dagitim siireglerinde hem seffafligi artirmakta hem de manuel
miidahaleye  gerek  birakmaksizin  sistem  tutarliligini
saglamaktadir.

Bunun yan1 sira AlOps (Artificiallntelligencefor 1T
Operations), DevOps ortamlarinda tiretilen biiyiik hacimli sistem
verilerinin yapay zeka ve makine 6grenmesi teknikleriyle analiz
edilmesini amagclar. AIOps araglari, sistem loglarini, performans
metriklerini  ve kullanici  etkilesimlerini analiz  ederek
anormallikleri tespit eder, otomatik kok neden analizi
(rootcauseanalysis) gergeklestirir ve bazi durumlarda 6ngoriiye
dayali aksiyonlar alir. Bu kapsamda Moogsoft, Dynatrace ve
Splunk ITSI, AIOps uygulamalart arasinda en bilinen
cozimlerden olup, operasyon ekiplerine proaktif mudahale ve
karar destek sistemi sunmaktadir.
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2. KURUMSAL UYGULAMALARDA DEVOPS
TEMEL PRENSIPLERINE BAKIS

Kurumsal organizasyonlarda DevOps doniisiimii, teknik
araclarin ve otomasyonun Otesinde, koklii bir kiiltiirel degisimi
gerektirmektedir. Forsgren ve digerleri (2018)'nin arastirmalari,
basarili DevOps uygulamalarinin temelinde yatan en Onemli
faktoriin organizasyonel kiiltiir oldugunu ortaya koymaktadir.
Bu kiiltiirel doniisiim; ekipler arasi is birligi, siirekli 6grenme,
deneyimleme ve hata toleransi gibi temel degerleri igermektedir.
Ozellikle, PuppetLabs'inState of DevOps Report 2021 raporuna
gore, gucli bir DevOps kiiltiiriine sahip organizasyonlarin
yazilm  dagitim  siirelerini %96’ya  varan  oranlarda
azaltabildikleri ve degisiklik basar1 oranlarim1 %80’in {izerine
cikarabildikleri gozlemlenmistir.

Modern yazilim gelistirme siire¢lerinde  DevOps
uygulamalar;; CI/CD gibi otomasyona dayali pratikleri,
altyapmin  kod olarak yonetimini laC ve mikroservis
mimarilerini icermektedir. Humble ve Farley (2010)'e gore bu
pratikler, organizasyonlarin daha hizli, gilivenilir ve
ongoriilebilir yazilim teslimati yapmalarin1 saglamaktadir.
Bununla birlikte, Lwakatare ve digerleri (2019) tarafindan
vurgulandigi  tlizere, bu teknik  pratiklerin = basarisi,
organizasyonun DevOps Kkiiltliriinii ne o6lglide benimsedigiyle
dogrudan iliskilidir.

Bu baglamda kurumsal diizeyde DevOps’un basariyla
uygulanabilmesi, yalnizca teknik altyapinin degil; ayn1 zamanda
ekip yapilanmasinin ve siire¢ yonetiminin de DevOps ilkeleri
dogrultusunda yeniden sekillendirilmesini gerektirir. DevOps’un
temel prensipleri; is birligi, otomasyon, stirekli geri bildirim,
Olciilebilirlik, paylasilan sorumluluk ve siirekli iyilestirme
basliklar1 altinda toplanabilir. Bu ilkeler, yazilim gelistirme ve
operasyon ekipleri arasindaki yapay sinirlarin kaldirilmasini ve
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siirecler arasi etkilesimin artirilmasini hedefler. Is birligi odakli
bu yapi, silo mantiginin yerini seffaflik ve ortak hedefe
yonelimle degistirirken; otomasyon, hiz ve dogruluk kazandirir.
Stirekli geri bildirim mekanizmalar1 sayesinde sistem kararlilig
korunur, kullanict odaklilik artar. Ayrica tiim ekiplerin yazilim
kalitesi ve sistem siirekliligi iizerinde ortak sorumluluk tasimasi
tesvik edilir. Bu yapi, Ozellikle siirekli gelisimi ve
organizasyonel c¢evikligi tesvik eden kiiltiirlerde siirdiiriilebilir
basar1 saglar.

DevOps'un kurumsal uygulamalardaki 6nemi, dijital
doniisiim siirecinin hizlanmasiyla birlikte daha da artmigtir.
Gartner'in (2023) arastirmasina gore, Fortune 500 sirketlerinin
%75’i DevOps pratiklerini kurumsal stratejilerinin merkezine
yerlestirmis durumdadir. Bu doniisiim, organizasyonlarin sadece
teknolojik altyapilarin1 degil, ayn1 zamanda is yapis sekillerini
ve organizasyonel kultirlerini de derinden etkilemektedir. Willis
ve Edwards (2022)in  ¢alismasi, basarili  DevOps
implementasyonlarinin organizasyonlarda inovasyon kulturini
giiclendirdigini  ve ¢alisan  memnuniyetini  artirdigini
gostermektedir.

Kurumsal  uygulamalarda  DevOps  adaptasyonu,
beraberinde bir dizi zorlugu da getirmektedir. Ozellikle biiyiik
Olcekli organizasyonlarda mevcut siireclerin ve kiiltiirel yapinin
degisimi 6nemli bir miicadele alan1 olusturmaktadir. Rodriguez
ve digerleri (2020)'nin arastirmasi, kurumsal DevOps
doniigiimlerinde karsilagilan en biiyiik zorluklarin basinda
degisim direnci, teknik bor¢ yoOnetimi ve Ol¢eklenebilirlik
konularimin geldigini ortaya koymaktadir. Bu zorluklarin
istesinden gelmek ic¢in organizasyonlarin sistematik bir
yaklagim benimsemeleri ve degisim yOnetimi siireclerini etkin
bir sekilde yiiriitmeleri gerekmektedir.
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DevOps'un sundugu deger onerisi, modern is diinyasinin
temel gereksinimlerini karsilamada kritik Oneme sahiptir.
Stirekli entegrasyon ve teslimat pratikleri, organizasyonlarin
pazar degisimlerine hizli yanit verebilmelerini saglarken;
otomasyon ve standardizasyon uygulamalari operasyonel
verimliligi artirmaktadir. Sharma ve Coyne (2021)'nin ¢aligmasi,
DevOps olgunluk seviyesi yliksek organizasyonlarin, rakiplerine
kiyasla %200’e varan oranlarda daha hizli yenilik yapabildigini
ve misteri memnuniyetinde Onemli artiglar sagladigini
gostermektedir.

Giivenlik perspektifinden bakildiginda ise DevOps'un
"DevSecOps" evrimiyle birlikte giivenlik pratiklerinin yazilim
gelistirme yasam dongiisiine entegre edilmesi biiylik Onem
kazanmigtir. Bass ve digerleri (2021)nin aragtirmasi, giivenlik
kontrollerinin ~ otomatiklestirilmesi  ve  siirekli  izleme
pratiklerinin, organizasyonlarin  giivenlik agiklarmi %70
oraninda azaltabildigini gostermektedir. Bu entegrasyon,
modern kurumsal uygulamalarin karsi karsiya kaldigi siber
giivenlik tehditlerinin  proaktif bir sekilde yoOnetilmesini
saglamaktadir.

3. KURUMSAL DEVOPS DONUSUMUNE ILISKIN
BiR UYGULAMA VE DEGERLENDIRME

Kurumsal yapilarda DevOps Kkiiltiiriine gecis, mevcut
sistemin analizini, eksikliklerin belirlenmesini ve kuruma 6zel
¢Oziim Onerilerinin gelistirilmesini igeren biitlinciil bir doniigiim
stirecidir. Bu boliimde, DevOps entegrasyonunun baglangig
asamasinda mevcut yapmin durumu ve gecis Oncesi karsilasilan
sorunlar ele alinmakta; DevOps altyapisina gegmek isteyen
kurumlar icin rehber niteliginde bir model sunulmaktadir.

Kurum genelinde konteyner ve kiime yonetimi
teknolojileri aktif olarak kullanilmamaktadir. Oysa konteyner



Akademik Perspektiften Elektrik-Elektronik ve Haberlesme Miihendisligi

mimarisi, farkli ortamlarda tutarli sekilde
calismasin1 saglayarak gelistirme siireclerinde ¢eviklik ve hiz
kazandirir. Bazi uygulamalar test ortaminda Docker ile ¢aligsa
da, bu mimari heniiz kurum genelinde yayginlagmamustir.

yazilimlarin

Sekil 3.1°den goriildiigii iizere, kurum igerisinde canli
CI/CD calisgan  bir  uygulama
bulunmamaktadir. Oysa bir DevOps altyapisinda CI/CD
stireclerinin kurulmus olmas1 kritik O6neme sahiptir. Siirekli

sistemde surecinde

entegrasyon ve silirekli dagitim siiregleri, giiniimiiz yazilim
diinyasinda kalitesinin,
stirdiiriilebilirliginin saglanmasinda temel rol oynamaktadir.

yazilim giivenliginin ve

Kurumda statik kod analizi i¢in Fortify kullanilmakta
olup, pipeline entegrasyonu ile yeni bir araca daha ihtiyac
duyulmaktadir. Ayrica kurum genelinde merkezi bir loglama
altyapis1 bulunmamaktadir. Uygulama loglarinin yeterli diizeyde
almamamasi, performans ve hata takibini zorlastirmakta; bu
durum, sistemlerde yasanan sorunlarin kaynaginin tespitini
giiclestirmektedir. Bu nedenle kapsamli bir izleme ve merkezi
loglama altyapisinin kurulmasi gerekmektedir.

Tespit Edilen Sorun Sorunun Kaynagi

Java Versiyonunun Gldncel Olmamasi Java 8 destedi yakinda sonlanacak

Loglama ve Izleme Eksikligi hata durumlarnin analiz edilmesi ve genel
akisin takibi acisindan kritik Sneme

sahiptir

Veritabam Degisikliklerine Yénelik Versiyon
Kontrol Eksikligi

Veritabam Devops sirecine entegre degil

Kod Kalite Analizi Eksikligi Fortify, daha gok glvenlik katmanina

odaklamr.

CIfCD Sareci Eksikligi Uygulamalarda CI/CD sureci yoktur

Standart Yazimsal Cézimlerin Eksikligi

REST APl'lar igin Standart Eksikligi

igerik Yénetimi (Content Manager)
olamamasi

Uygulama Testlerinin Ekslikligi

bir standard olmamasi benzer iglere her
projede efor harcanmasina sebep
olmaktadir.

Rest APl'lan igin Daire Bagkanhklan
genelinde bir standart yok

dosya ylkleme ihtiyaclan igin dosya
sunucularn kullamimaktadir.

uygulamalarda birim test, entegrasyon
testi gibi testler bulunmamaktadir

Sekil 3.1. DevOpsa gegis siirecinde tespit edilen sorun ve kaynagi
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Mevcut  uygulamalarin ¢ogu  web  uygulama
sunucularinda (WAS) calismakta, bu da yiiksek maliyet ve eski
Java siirimlerine bagimlilik yaratmaktadir. Daha esnek ve
giincel bir yap1 i¢in sunucu altyapisinin yeniden diizenlenmesi
onerilmektedir. Kurumda test sirecleri yetersizdir; oysa CI/CD
hatlarinda sagliklt bir dagitim icin testler kritik Onemdedir.
Ayrica merkezi bir depolama altyapisinin bulunmamasi, sistem
bilesenlerinin yonetimini ve glivenligini zorlastirmaktadir.

Yukarida belirtilen DevOps’a gecisle ilgili eksikliklere
ek olarak, Sekil 3.1’de goriilen yazilima ilisgkin bazi
standartizasyon siireglerinin de DevOps altyapisi kurulurken
entegre edilmesinin siirecleri  kolaylastirdigi ve yazilim
ekiplerinin DevOps kiiltliriine adaptasyonunu destekledigi
gbzlemlenmistir.

3.1. Ornek Kurumsal DevOps Doniisiim Senaryosu

Senaryo kapsaminda, geleneksel yazilim gelistirme ve
dagitim siireglerine sahip bir kamu kurumunun, mevcut IT
altyapisint DevOps prensiplerine uygun héle getirme siireci ele
almmigtir. Kurumun ilk agamada karsilastigi temel zorluklar
sunlardir:

e Gelistirme ve operasyon ekipleri arasinda iletisim
eksikligi,
e Dagitimlarin manuel yapilmasi nedeniyle yiiksek hata
orant,
e Geribildirim mekanizmalarimin eksikligi,
e Altyap1 konfigiirasyonlarinin dokiimante edilmemesi.
Doniisiim siireci ti¢ faza ayrilmigtir (Sekil 3.2):

1. Planlama ve Kiiltiirel Hazirlik:Ekipler aras1 ortak hedef
tanimi, egitimler ve is birligi kiiltiirlinlin olusturulmasi.

2. Teknik Doniistim:

11
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e Tekton ile CI siireglerinin kurulmasi,

e SonarQube ve Clair ile otomatik testlerin
entegrasyonu,

o Docker ile uygulama konteynerlestirme,
o Kubernetes ile uygulama orkestrasyonu,

o Prometheus, Grafana ve Jeager ile sistem izleme
altyapisinin kurulmasi.

3. Operasyonel Otomasyon:

e« Webhook ve trigger(tetikleyiciler) ile kod
degisikliklerinde altyapinin otomatik ¢aligmast,

e ArgoCD ile GitOps tabanl dagitim siireclerinin
baglatilmasi,

e Vault ile giivenli yapilandirma yonetimi.

Doéntisiim sonucunda, uygulama dagitim stireleri %85
oraninda azalmis, hata orami belirgin sekilde diismiis ve geri
bildirim siireleri 6nemli OSlgiide kisalmistir. Kurum, manuel
stireclerin otomasyona gecirilmesiyle birlikte yazilim gelistirme
verimliligini artirmig, operasyonel yiikii azaltmis ve kurumsal
cevikligi giiclendirmistir.

Sekil 3.2. DevOps doniisiim yolculugu

12
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4. DEVOPS METODOLOJISININ
UYGULANMASI, DEVOPS KULTURUNUN
BENIMSENMESIi VE DEGERLENDIRILMESI

Bu béliimde, kurumda DevOps altyapisinin uygulanisi,
CI/CD siireglerinin isleyisi, kullanilan araglar, DevSecOps
entegrasyonu ve DevOps Kkiiltiiriiniin yayginlastirilmas1 ele
alinmaktadir. Mevcut projede, manuel siireclerin otomasyona
gecirilmesi  ve  DevOps  prensiplerinin  benimsenmesi
amaclanmaktadir.

Kurulan yapida GitLab, kod yonetimi ve otomatik
pipeline tetikleyici olarak merkezde yer almaktadir. Tekton ile
olusturulan pipeline; Maven ile derleme, SonarQube ile kod
analizi ve Kaniko ile konteyner imaji olusturma adimlarini
icermektedir. Olusan imajlar Quay’e aktarilmakta ve Clair ile
giivenlik taramasindan gecirilmektedir.

4.1. Devops Siireclerinde Altyap1 Otomatizasyonu

DevOps uygulamalarinda altyapt otomasyonu, yazilim
gelistirme ve dagitim siireclerinin  hizlandirilmasinda, insan
hatalariin azaltilmasinda ve tekrarlayan iglemlerin giivenilir
bicimde ydritilmesinde kritik bir rol Ustlenir. Ebert ve digerleri
(2016), "DevOps uygulamalarinda altyapt otomasyonu,
tekrarlanabilir ve giivenilir dagitim siire¢lerinin anahtaridir”
sonucuna  varmuglardir.  Bu  kapsamda  Tekton-GitLab
entegrasyonu, DevOps altyapisinda tam otomatik bir is akisi
sunarak onemli bir ornek teskil eder. Benzer sekilde kurumlar,
GitLab-Jira gibi araglar arasinda da otomasyon temelli
baglantilar  kurgulayarak siireglerini  ugtan uca entegre
edebilirler.

Tekton, Kubernetes iizerinde calisan ag¢ik kaynakli bir
CI/CD framework’li olup, siirekli entegrasyon asamasinda etkin
bicimde kullanilirken; GitLab, kod yoOnetimi, siiriim takibi ve
proje organizasyonu i¢in merkezi bir platform islevi goriir. Bu
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iki sistem arasindaki otomatik veri akist webhook’lar
araciligiyla saglanir; O0rnegin bir merge istegi (mergerequest)
olusturuldugunda GitLab tarafindan tetiklenen webhook,
Tekton’da tanimli pipeline siirecini devreye sokar.

Otomatiklestirilen bu pipeline, Maven ile derleme,
SonarQube ile kod analizi, Kaniko ile konteyner imaj1 olusturma
ve bu imajin Quay gibi bir containerregistry’ye gonderilmesi
gibi adimlardan olusur. Ardindan Argo CD, GitOps prensipleri
cercevesinde Quay’deki yeni slriimii algilar ve Helm
sablonlarin1 kullanarak Kubernetes ortamina parametrik olarak
dagitim1 gerceklestirir. Helm, dagitim yapilandirmalarinin farkl
ortamlar i¢in esnek bigimde uyarlanmasini saglar.

Test ortamlarinda bu is akisi ugtan uca otomatik
ilerlerken, canli sistemlerde giivenlik ve kararlilik gereksinimleri
nedeniyle belirli adimlar manuel onaya tabi tutulur. Uretim
ortamina gegisler genellikle kontrollii sekilde elle tetiklenir ve
bir dizi ek glivenlik dogrulamasiyla desteklenir. Tekton—GitLab
is birligi; test siireclerinde hiz ve dogruluk saglarken, iiretim
sistemlerinde giivenlik ve denetim gereksinimlerini karsilayan
esnek bir altyap1 otomasyonu modelini temsil eder. Bu asamada
Clair arac1 ile giivenlik taramasi gergeklestirilmekte, olasi
aciklar ve bagimlilik sorunlar1 proaktif sekilde tespit
edilmektedir. Izleme ve gdzleme siireclerinde Loki loglarin
toplanmast, Grafana ise gorsellestirme amaciyla
kullanilmaktadir. JeagerAPM uygulama performansini izlerken,
Prometheus ve Alertmanager sistem kaynaklarinin takibi ve
alarm Gretimi icin devreye girmektedir.

Dagitim asamasinda Argo CD ile uygulama Kubernetes
ortamina kontrollii ve otomatik sekilde yerlestirilmektedir. Helm
kullanilarak dagitilan uygulamalar, gerekli bilesenlerle birlikte
paketlenerek kolayca yonetilebilir hale getirilmektedir. Bu yapi,
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GitOps mantigin1 desteklemekte ve uygulama dagitimlarinda
giivenilirlik ve tutarlilik saglamaktadir.

“DevOps kiiltiiriinlin kuruma entegrasyonu sirasinda en
bliylik kazanimlardan biri, gelistirme ve operasyon ekipleri
arasindaki silo yapilariin ortadan kaldirilmasi olmustur”(Gupta
vd., 2024) Proje bazli yaklasimdan iriin bazli yaklasima
gecilmesiyle birlikte ekipler, yazilim yasam dongiisiiniin tim
asamalarinda daha fazla sorumluluk almis, dagitim siklig
artarken hata orami azalmistir. Yapilan i¢ degerlendirmelerde,
yazilim teslim siirelerinde %80'e varan kisalma, sistem
erigilebilirliginde ise %95'in iizerinde siireklilik elde edildigi
raporlanmistir.

Kurum igerisinde DevOps kiltiriinin benimsenmesi igin
cesitli i¢ egitim programlari, rehber dokiimantasyonlar ve teknik
mentorluk faaliyetleri yliriitilmiistiir. Ayrica sistem performansi,
dagitim bagarisi ve kullanicti memnuniyeti gibi gostergeler
periyodik olarak Olgililerek siirekli iyilestirme dongiisi
desteklenmistir.

Bu donilisiim sonucunda, yazilim gelistirme yasam
dongiisiiniin  tiim asamalarinda otomatizasyon saglanmis,
manuel mudahalelerden kaynaklanan hata riskleri minimize
edilmis ve gelistirme siireclerinin verimliligi artirilmistir. Ayrica,
ekipler arasi is birligi gliclenmis ve degisikliklerin canli ortama
aktarilmas1 daha giivenli ve hizli hale gelmistir. Sonug olarak,
DevOps metodolojisinin uygulanmas1 sadece operasyonel
verimlilik agisindan degil; organizasyonel ¢eviklik, kalite
odaklilik ve teknolojiye hizli adaptasyon agisindan da énemli bir
deger yaratmistir. DevSecOps paradigmasi, giivenligi yazilim
gelistirme yasam dongiisii boyunca temel bir bilesen olarak
yerlestirerek, riskleri erken tespit eder ve hizli gelistirme
surecleriyle dengeler (Chittibala, 2023).Oniimiizdeki siiregte, bu
yapmin DevSecOps acisindan var olanlara ek olarak daha
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gelismis giivenlik politikalariyla genisletilmesi ve otomasyon
kapsaminin derinlestirilmesi hedeflenmektedir.

Mevcut yazilim projesinde, gelistirme ve dagitim
siireclerinin modernizasyonu ic¢in kapsamli bir doniisiim
yapilmisti. ~ Su  anda  manuel  yiriitilen  siireclerin
otomatiklestirilmesi ve DevOps pratiklerinin benimsenmesi
hedeflenmektedir. Bu  doniisiimiin ~ temelinde, CI/CD
yaklagiminin uygulanmasi yer almaktadir. CI/CD yontemleri, is
birligi ve otomasyonu tesvik ederek yiiksek kaliteli yazilimin
hizli teslimini saglar; bu sayede gelistirme dongiileri kisalir ve
hata oranlar1 diiser (Gupta vd., 2024).

Kurulan yapida, kaynak kod yonetimi i¢in tercih edilen
GitLab deposu merkezi rol oynayacaktir. Gelistirme ekiplerinin
kod degisiklikleri, otomatik tetiklenen bir pipeline siirecini
baslatacaktir. Bu pipeline't olusturacak Tekton altyapisi,
konteyner tabanli mimarisi sayesinde yiiksek O6l¢eklenebilirlik
ve esneklik sunacaktir (Sekil 4.1). Derleme surecinde Maven
kullanilarak projenin ingas1 gergeklestirilecek, bu asamada birim
testlerin kosturulmas1t ve kod kalitesinin degerlendirilmesi
saglanacaktir. Kod Kkalitesi kontroll icin entegre edilecek
SonarQube araci, yazilim kalite metriklerini analiz ederek
potansiyel sorunlar1 erken agamada tespit edecektir.
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Testler Flpeilne

Task ) Task ) Task sonarqube
Maven - ] -
@ clair - T =
R wrr——
Il Ginvniik Taramalan ma chagturuldu
l el
e/
« QUAY * \ma, bir containes rogistry Grerindetutilmah # [PS— g ;‘*
docker  temwneveperiamei QGO

Sekil 4.1. CI Slireci
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Basarili derleme sonrasinda, uygulamanin konteyner
imaji Kaniko aracilifiyla olusturulacaktir. Uretilen imajlar,
merkezi bir depo olan Quay'de saklanacak ve bu asamada Clair
aract kullanilarak gilivenlik taramasindan gecirilecektir. Bu
tarama, olas1 giivenlik agiklarinin ve bagimlilik sorunlarinin
proaktif olarak belirlenmesini saglayacaktir.

Monitoring kisminda ise Loki, loglarin toplanmasi
amaciyla Grafana ise loglarin goriintiilenmesi ve veri
gorsellestirilmesi  amaciyla  kullanilmasi  planlanmaktadir.
[zleme-takip etme araci olarak JeagerAPM, uyar1 ydneticisi
olarak ise Prometheus kullanilacaktir.

Sekil 4.2 de goriildiigi gibi dagitim asamasinda Argo CD
kullanilarak, uygulamanin Kubernetes ortamina kontrollii ve
otomatik bir sekilde yerlestirilmesi gergeklestirilecektir.
Uygulamalar Helm adi verilen paket yoneticisi vasitasiyla
dagitilacaktir. Uygulamanin clusterda ¢alisabilmesi icin gerekli
olan tiim bilesenleri bir paket haline getirir ve bu sekilde
kolayca ve denetlenebilir ve GitOps mantigin1 destekler sekilde
imaj1 dagitir. Bu yaklasim, uygulama dagitimlarinin tutarli ve
giivenilir bir sekilde yapilmasini garanti altina alacaktir.

B /

Sekil 4.2. CD Siireci
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Bu donilisiim sonucunda, yazilim gelistirme yasam
dongilisiiniin  tim asamalarinda otomatizasyon saglanacak,
manuel mudahalelerden kaynaklanan hata riskleri minimize
edilecek ve gelistirme siireglerinin verimliligi artirilacaktr.
Ayrica, ekipler arasi igbirligi gliglenecek ve degisikliklerin canli
ortama aktarilmasi daha giivenli ve hizli hale gelecektir.

5. SONUC

Bu ¢alisma, DevOps metodolojisinin kurumsal diizeyde
entegrasyonunu hem teorik hem de pratik yonleriyle ele almigtir.
DevOps yasam dongiisiiniin tiim asamalart detayli bicimde
incelenmis; Ozellikle CI ve CD siireglerinin yazilim kalitesi,
ceviklik ve teslim siiresine etkileri vurgulanmistir.

Kurum i¢inde Tekton, GitLab, Argo CD gibi agik kaynak
araclarla kurulan otomatik pipeline yapisi sayesinde manuel
islemler en aza indirilmis, yazilim siirecleri hizlanmis ve kalite
kontrolleri giivenilir hale getirilmistir. Tiim bilesenlerin uyumlu
ve maliyetsiz olmasi, kamu kurumlar1 ve sinirh biitceye sahip
organizasyonlar i¢in uygulanabilir bir model sunmaktadir.

Aragtirma bulgularina gore DevOps’un basarisi ii¢ temel
faktore baghdir:

1. Kiiltiirel doniisiim: Ekipler arasi is birligi ve sorumluluk
paylasimi,
2. Sure¢ otomasyonu: Hatalarin azaltilmasi ve verimliligin

artirilmasi,

3. Teknolojik altyapi: Modern, entegre araglarin etkin
kullanimu.

Sonug olarak, DevOps yalnizca teknik bir model degil;
kurum genelinde verimlilik, kalite ve stirdiiriilebilir doniistim
saglayan stratejik bir yaklagimdir. Gelecekte, 0Ozellikle
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KOBI'lerde ve buyik kurumlarda DevOps etkinliginin ve
DevSecOps  uygulamalarinin  yayginlastirilmas:  iizerine
caligmalar yapilmasi 6nerilmektedir.
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ERZINCAN ILI ICIN DRONE iLE HAVA
KIiRLILiGININ OLCULMESI VE
HARITALANMASI?

Naci ARSLANOGLU?
Cagr1 ALTINTASI?

1. GIRIS
1.1. Problem Durumu

Hava kirliligi, hizli kentlesme, sanayilesme ve artan enerji
tiketimi nedeniyle gunimizde 6nemli bir ¢evre sorunu haline
gelmistir. Bu durum, yalmizca dogay1 degil, insan sagligini da
ciddi sekilde tehdit etmektedir. Arastirmalar, kirli havanin
solunum yolu enfeksiyonlari, astim, bronsit ve kalp-damar
hastaliklar1 gibi saglik sorunlarina yol a¢tigimi gostermektedir
(Brunekreef & Holgate, 2002; Pope & Dockery, 2006). Ozon ve
partikiil madde gibi kirleticilerin atmosferdeki yiliksek yogunlugu,
kiiresel iklim degisiklikleri ve ekosistem bozulmalar1 gibi
sonuclara neden olmaktadir (IPCC, 2014; Likens & Bormann,
1974).

Tirkiye’de  ozellikle biiyiiksehirlerde ve  sanayi
bolgelerinde hava kirliligi ciddi bir ¢evresel ve toplumsal sorun
olarak One c¢ikmaktadir. Bu kapsamda kurulan Ulusal Hava
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Kalitesi Izleme Ag1 (UHKIA), sabit istasyonlar araciligiyla cesitli
bolgelerde veri toplamakta ve kamuoyuyla paylasmaktadir (T.C.
Cevre, Sehircilik ve Iklim Degisikligi Bakanligi, 2024). Ancak bu
sabit istasyonlar, yalnizca belirli noktalarda 6lgiim yaptigi icin
kirleticilerin mekansal ve zamansal degisimini yeterince
yansitamamaktadir (Kumar vd., 2015). Ozellikle Erzincan gibi
dar vadilerle cevrili sehirlerde bu smirlilik daha belirgin hale
gelmektedir. Topografyanin etkisiyle kirleticiler atmosferde
yayilmakta zorlanmakta ve baz1 bolgelerde birikme yapmaktadir.

Bu baglamda, hava kalitesini daha detayli ve dinamik
sekilde Olgebilecek sistemlere ihtiyag duyulmaktadir. Son
yillarda, diisiik maliyetli sensorlerle donatilmis insansiz hava
araclar1 (IHA’lar), bu ihtiyaca etkili ¢dziimler sunmaktadir. Bu
sistemler, farkli ylksekliklerden ve noktalardan veri toplayabilme
ozelligi sayesinde Kkirleticilerin ii¢ boyutlu dagiliminin
izlenmesine ve yerel Olgekte hava kirliligi haritalarinin

olusturulmasina olanak saglamaktadir (Villa vd., 2016; Jorimana
vd., 2020).

1.2. Arastirmanin Amaci

Bu caligmanin amaci, diisiik maliyetli cevresel sensorlerin
IHA sistemine entegre edilerek Erzincan ilinde hava kalitesinin
Ol¢iilmesi ve elde edilen verilerin Cografi Bilgi Sistemleri (CBS)
kullanilarak haritalanmasidir. Bu sistem, sabit istasyonlarin
sinirlamalarini asarak farkli yiikseklik ve konumlardan olgiim
yapilmasini saglamay1 hedeflemektedir.

Sicaklik, nem, karbon monoksit (CO), ozon (Os) ve
partikiil madde (PM..s) gibi temel hava kalitesi parametreleri,
DHT11, MQ-7, MQ-135, MQ-131 ve GP2Y1010AUOF gibi
sensorlerle Olciilecektir. Gelistirilen sensor modiilii, uygun bir
drone platformuna entegre edilerek farkli bolgelerden veri
toplanacaktir.
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Toplanan veriler zamansal ve mekansal olarak analiz
edilip tablo, grafik ve harita formatinda sunulacaktir. Bu sayede
Erzincan’daki kirletici kaynaklar ve dagilimlar tespit edilecek;
hava  kirliliginin  insan  saghgi  iizerindeki  etkileri
degerlendirilecektir. Bu sistemin uygulanabilirligi, geleneksel
yontemlerle karsilastirilarak ortaya konacaktir.

1.3. Arastirmanin Kapsam

Bu tez caligmasi, yalnizca atmosferik gazlar ve partikiil
maddelere odaklanmaktadir. Toprak, su veya giiriiltii gibi diger
cevresel parametreler kapsam dis1 birakilmistir. Olgiimler,
Erzincan il merkezinde belirli zaman dilimlerinde ve farkli
yuksekliklerde yapilacaktir.

IHA wucuslar1 meteorolojik kosullar dikkate almarak
planlanacak; sensorlerden elde edilen wveriler alict birim
araciligiyla dijital ortama aktarilacaktir. Veriler Microsoft Excel
ortaminda analiz edilerek tablolar, grafikler ve haritalar
olusturulacaktir.

1.4. Arastirmanin Onemi

Bu ¢alisma, yiiksek maliyetli sabit sistemlerin yerine daha
tasinabilir, ekonomik ve esnek bir alternatif sunmaktadir. [HA lar
sayesinde genis alanlarda kisa siirede veri toplanabilmekte, farkl
yiiksekliklerden 6l¢iim yapilabilmektedir (Hassan vd., 2023).

Elde edilen veriler, hem akademik calismalarda hem de
belediyeler, ¢evre birimleri ve saglik kuruluglar1 gibi kurumlarin
karar alma siireglerinde kullanilabilir. Ayrica, bu model afet
sonrast hava kalitesi izleme, sanayi bolgelerinde kontrol veya
sehir i¢i sicaklik analizi gibi farkli alanlara da uyarlanabilir.
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1.5. Varsayimlar

Bu calismada asagidaki varsayimlar temel alinmistir:

Kullanilan sensorlerin dogru kalibre edildigi ve
giivenilir veri sagladigi,

IHA sisteminin ugus kararhiligi ve veri iletimi
acisindan Slgiimleri aksatmadig,

Meteorolojik kosullarin olglimleri tolere edilebilir
diizeyde etkiledigi,

Analizde kullanilan yazilim ve yontemlerin bilimsel
olarak gegerli oldugu.

1.6. Arastirmanin Sinirhhiklar:

Bu arastirma, bazi yontemsel ve uygulamaya doniik
sinirliliklart igermektedir:

Sensér Hassasiyeti: Kullanilan diisilk maliyetli
sensorlerin ~ (DHT11, MQ  serisi,  Sharp
GP2Y1010AUOF) dogrulugu, laboratuvar tipi
referans cihazlara gore daha diisiiktiir. Bu durum,
Ol¢lim sonuglarinda sapmalara neden olabilir.

Hava Kosullari: IHA ucuslari, riizgar ve yagis gibi
hava kosullarindan etkilenebilmektedir. Bu da veri
toplamada aksamalara ve kalite diisiislerine yol
acabilir.

Sinirh Cografi Alan: Calisma yalnizca Erzincan il
merkeziyle sinirhidir. Bu nedenle sonuglarin farkli
bolgelere genellenmesi dikkatle degerlendirilmelidir.

Kisith Kirletici Tiirii: Kullanilan sensorler sadece
belirli gaz ve partikil maddeleri Olcebilmektedir.
Diger kirleticiler bu c¢alismanin kapsami disinda
kalmaktadir.
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e Mekansal Coézunurluk: CBS  analizlerinin
dogrulugu, 6l¢iim noktalarinin sayis1 ve dagilimina
baghidir. Olgiim noktalarmim seyrek olmasi, bazi
alanlarda detayl analiz yapmay1 zorlastirabilir.

2. INSANSIZ HAVA ARACLARI (iHA) VE
CEVRESEL iZLEME UYGULAMALARI

Insansiz hava araclari (IHA’lar), baslangigta askeri
amaglarla gelistirilmis olsa da giliniimiizde sivil alanlarda da
yaygin sekilde kullanilmaktadir. Haritalama, tarim, afet yonetimi
ve ¢evresel izleme gibi birgok alanda etkin gorev yapmaktadirlar
(Kahveci & Nazli, 2017). Temel olarak bir ugus platformu ve yer
kontrol istasyonundan olusan IHA sistemleri, insan miidahalesine
ithtiyac¢ duyan operasyonel siireclerle calismaktadir (Cetinkaya &
Kog, 2023).

[HA’larin ilk orneklerinden biri 1916°da gelistirilen
Ruston Proctor Aerial Target olup, 1918 yilinda jiroskop
kontroll “Hewitt-Sperry” ile otomatik ugus sistemine gecilmistir
(Wikipedia, 2016).

2.1. iHA’larin Hava Kalitesi Izlemede Kullanimi

Hava kirliligi, kentlesme ve sanayilesme gibi insan
faaliyetlerine bagli olarak artmakta ve halk sagligi iizerinde ciddi
tehditler olusturmaktadir (WHO, 2021a). Bu kapsamda, hava
kalitesinin dogru, siirekli ve mekansal olarak ayrintili sekilde
izlenmesi biiyilk Onem tagimaktadir. Son yillarda sabit
istasyonlara ek olarak Insansiz Hava Araglari (IHA'lar), farkl
irtifalarda ve erisilmesi zor alanlarda Olgiim yapabilmeleri
sayesinde hava Kkalitesi izlemede etkili bir alternatif haline
gelmistir.
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2.2. Hava Kalitesi ve Olguim Yoéntemleri

Hava kalitesi; PM2.5, Os;, NO2, SO: ve CO gibi
kirleticilerin atmosferdeki yogunlugunu ifade eder ve hem ¢evre
hem insan saghgi icin kritik 6neme sahiptir (WHO, 2021b). Bu
nedenle, dogru ve gilivenilir 6l¢lim yontemleri ¢cevresel yonetimin
temelini olusturur.

2.3. Sabit Istasyonlar

Sabit hava kalitesi izleme istasyonlari, yiiksek dogrulukta
Ol¢iimler saglar; ancak kurulumu maliyetli olup yalnizca sinirl
alanlarda veri sunar (Castell vd., 2017).

2.4. Mobil Olgum Sistemleri

Araclara monte edilen sensorlerle donatilan mobil
sistemler, farkli lokasyonlardan esnek sekilde veri toplayabilir.

Ancak ol¢iim dogrulugu sensor kalitesine baghdir (Apte vd.,
2017).

2.5. THA Destekli Olciim Sistemleri

[HA’lar, sensérlerle donatildiklarinda {ic boyutlu ve
yiiksek ¢Oziiniirliklii hava kalitesi verisi saglayabilen mobil
platformlara doniisiir. Sabit sistemlerle birlikte kullanildiginda
etkili haritalama yapilabilir (Villa vd., 2016).

2.6. Ol¢iim Verilerinin Degerlendirilmesi

Hava Kkalitesi izlemede sabit, mobil ve IHA tabanl
sistemlerin bir arada kullanimi; daha kapsamli, zaman ve mekan
acisindan yiiksek ¢oziiniirliikte veri sunarak etkili bir gevresel
yonetim saglamaktadir.

Elde edilen veriler; haritalar, grafikler ve istatistiksel
analizlerle anlamlandirilir. Ayrica yapay zeka ve makine
o0grenmesi teknikleriyle hava kirliligi tahminleri ve erken uyari
sistemleri gelistirilmektedir (Bai vd., 2022).
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3. ARASTIRMA MODELI VE TASARIMI

Bu arastirma, kesifsel ve uygulamali bir yaklasimla
yapilandirilmistir. Calismada, IHA destekli hava kalitesi izleme
sistemlerinin ¢evresel veri toplama iizerindeki etkinligi
degerlendirilmektedir. Uygulama temelli nicel bir modelleme
benimsenmis; sicaklik, nem, karbonmonoksit (CO), ozon (Os) ve
hava kalitesi (CO2, VOC vb.) gibi cevresel parametreler yerinde
Olciilerek  analiz  edilmistir.  Aragtirma modeli, sistem
miithendisligi ilkeleri dogrultusunda sensor teknolojilerinin mobil
platformlarla entegrasyonu esas alinarak yapilandirilmistir
(Delaney vd., 2021; Karagulian vd., 2019).

3.1. iHA Platformunun Tanitim ve Ozellikleri

Bu bolimde kullanmlan [HA sistemi, cok rotorlu
(quadrotor) yapidaki bir insansiz hava araci lizerine insa edilmis
olup, ¢evresel sensor modiillerinin tasinmasi ve 6l¢iim yapilmasi
amaciyla ozellestirilmistir. Segilen THA modeli, diisiik irtifa
ucuslarina uygun olarak gelistirilmis ve veri aktarimi i¢cin RF
(nRF24L01) iletisim modiiliiyle desteklenmistir. Bu sayede,
gergek zamanli Olgiimler giivenilir bigimde yer istasyonuna
aktarilabilmektedir (Park vd., 2020).

Sekil 3.1. Quadcopter Drone
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3.2. Drone ve Sensor Sisteminde Kullanilan Bilesenler
3.2.1.F450 Drone Govdesi

F450 drone govdesi, dort kollu bir quadcopter yapisina
sahiptir ve genellikle 450 mm c¢apinda olup karbon fiber destekli
plastikten tiretilmistir. Hafifligi ve dayaniklilig1 sayesinde hobi ve
akademik projelerde yaygin olarak kullanilmaktadir (Mellinger
vd., 2012).

3.2.2. Ekranh KK2 Kontrol Karti

KK2 kontrol kart1, ugus stabilitesini saglayan PID temelli
bir denetleyicidir. LCD ekrani sayesinde kullaniciya dogrudan
kalibrasyon ve ayar imkani sunar (Corke, 2017).

3.2.3.Radio Link R9DS Alci

RIODS alici, S-BUS/PPM uyumlu olup diisiik gecikme
siiresi ve uzun menzilli baglantt 6zellikleriyle, 0Ozellikle
profesyonel uzaktan kumanda sistemlerinde tercih edilmektedir
(Zhou vd., 2021).

3.2.4. Emax XA2212 980KV Fir¢asiz Motor

Bu motorlar diisiik kv degerine sahip olduklar1 i¢in yliksek
tork iiretir. Bu da agir yiik tasiyabilen drone uygulamalari igin
idealdir (Mohamed vd., 2015).

3.2.5. Skywalker 30A ESC (Electronic Speed
Controller)

ESC, motorlara iletilen elektrik akimini diizenleyerek
motor hizinin kontroliinii saglar. Skywalker serisi, yiiksek verimli
MOSFET yapast ile dikkat ¢eker (Li & Sun, 2020).

3.2.6.3700mAh 3S 11.1V 30C LiPo Pil

LiPo piller, enerji yogunlugu yiiksek ve hafif yapili
olduklar1 i¢in drone wuygulamalarinda yaygin olarak
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kullanilmaktadir. 30C desarj orani, motorlara hizli gii¢ iletimi
saglar (Yoon & Lee, 2018).

3.2.7.1045 Drone Pervanesi

10x4.5 in¢ Olgiilerindeki bu pervaneler, yiiksek kaldirma
kuvveti saglayarak stabil ugusu destekler. Genellikle karbon
takviyeli naylondan dretilir (Bernard & Kondak, 2009).

3.2.8. RadioLink AT9S Pro Kumanda Sistemi

9 kanalli bu uzaktan kumanda sistemi, diisiik gecikme
stiresi ve genis menzili sayesinde hassas kontrol imkéan1 sunar.
Telemetri destegi ile ugus verilerinin izlenmesine olanak tanir
(Zhou vd., 2021).

3.2.9. FPV (First-Person View) Gozluk ve Kamera Seti

Gergek zamanl goriintii aktarimi saglayarak kullanicinin
dronelar1 gorsel olarak yonlendirmesine olanak tanir. Bu
sistemler genellikle 5.8 GHz frekansinda c¢alisir (Floreano &
Wood, 2015).

3.2.10. Arduino Uno

Arduino Uno, ATmega328P mikrodenetleyiciye dayali
bir gelistirme kartidir. Sensor verilerinin iglenmesi ve kontrol
birimleri ile iletisim kurmak i¢in kullanilir (Banzi & Shiloh,
2014).

3.2.11. Arduino Nano

Uno’ya benzer islevsellige sahip, ancak daha kiiciik
boyutlu bir karttir. Ikincil sensér verilerinin toplanmasi ve
kablosuz modiile aktarimi i¢in idealdir (Monk, 2015).
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3.2.12. NRF24L01 + PA + LNA SMA Anten 2.4 GHz
Kablosuz Haberlesme Modiilii

Bu modiil, ylksek giic ve diisiik giiriiltii amplifikatorii
sayesinde uzun menzilli ve kararli veri iletimi saglar. 2.4 GHz
ISM bandinda ¢alisir (Akyildiz vd., 2002).

3.2.13. DHT11 Sicaklik ve Nem Sensoriu

DHTI11 dijital sensorii, ortam sicakligt ve bagil nem
verilerini 6lgerek seri iletisim yoluyla Arduino’ya aktarir. Diigiik
maliyetiyle yaygin olarak tercih edilir (Patel & Bhatt, 2018).

3.2.14. MQ-135 Hava Kalite Sensoru

Bu sensor, NHs, NOy, alkol, benzen, duman gibi gazlara
duyarhidir ve hava kirliligi diizeyinin 6l¢timiinde kullanilir (Zhou
vd., 2016).

3.2.15. MQ-7 Sensort

Karbon monoksit gazina kars1 yiiksek hassasiyet gosterir.
Isitict ve sensor voltaji arasindaki farklilik sayesinde ppm
cinsinden 6lgtim yapabilir (Han vd., 2017).

3.2.16. MQ-131 Ozon Gaz Sensdru

Ozon gazinin ortamda bulunan yogunlugunu tespit etmek
i¢cin kullanilan bir sensordiir. Yiiksek duyarlilik ve diisiik tepki
stresi ile karakterize edilir (Jiao & Ding, 2020).

3.2.17. GP2Y1010AUOF Sharp Optik Toz Sensort

Bu sensor, optik yansima prensibine gore havadaki toz
pargaciklarmin yogunlugunu dlger. Ozellikle PM2.5 ve PM10
seviyeleri hakkinda bilgi saglar (Chen vd., 2017).

3.2.18. 100 Mikrofarad (uF) Kondansator

NRF24L01 gibi ani akim g¢eken modiillerde, gerilim
diisiisiinii engellemek amaciyla enerji tamponu olarak kullanilir
(Zarghami, 2014).
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3.2.19. Delikli Bakir Plaket

Bilesenlerin lehimlenerek sabitlenmesi ve devrelerin
olusturulmas1 amaciyla kullanilan bir elektronik prototipleme
platformudur (Horowitz & Hill, 2015).

3.2.20. Verici Devresi

Bu caligmada kullanilan verici devresi, Arduino Uno
tabanli olup DHTI1I, MQ-7, MQ-135, MQ-131 ve
GP2Y1010AUOF sensorleriyle sicaklik, nem, gaz ve toz verilerini
toplar. Toplanan veriler, NRF24L01 + PA + LNA modiluyle 2.4
GHz bandinda kablosuz olarak iletilir. Devre, 7.4V Li-Po batarya
ile beslenir ve uygun voltaj regiilasyonlar1 saglanmistir. Sistem,
diisiik enerji tiikketimi ve periyodik 6l¢iim mantigiyla tasarlanmais,
veriler alicida tablo, grafik ve CBS analizleri i¢in kullanilabilir
hale getirilmistir.

NRF24LO01

GPZY1010AL0F

MQL35 MQ13t MQ7 DHTLL

Sekil 3.2. Verici Devresi Sensor Baglantisi
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3.2.21. Alic1 Devresi

Alict devre, Arduino Nano ve NRF24L01 + PA + LNA
modiilii kullanilarak verici birimden gelen cevresel verileri
kablosuz sekilde alir. Devre, PCB iizerine kurularak saglam ve
diizenli bir yap1 elde edilmistir. 10 uF kondansator ile voltaj
dalgalanmalarina karsi stabilizasyon saglanmis, veri alimi igin
manuel bir buton eklenmistir. Alinan veriler seri port tizerinden
bilgisayara aktarilir ve Excel ile CBS ortamlarinda analiz
edilebilir hale getirilir. Bu yapi, tasinabilir ve diisiik maliyetli
hava kalitesi izleme uygulamalar1 i¢in uygundur.

NRF24L02

[Ny ]
[ T= S]]

10UF

[
i

e e e wal e 1M
AR R R R R X RS

ARDUINO NANO
Sekil 3.3. Alic1 Devresi Baglantisi
3.3. Yazilim ve Entegrasyon Siireci

[HA sisteminin yazilmi Arduino IDE ile gelistirilmis
olup, verici birimde sensor verileri toplanarak kablosuz iletilmis,
alict birimde ise veriler Excel iizerinden goriintiilenmistir.
Kalibrasyon ve doniisiim katsayilar1 yazilimda tanimlanarak
Olctim dogrulugu saglanmistir.
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3.4. Veri Toplama, Tablo, Grafik ve Haritalama
Sdreci

Veriler, planli ucus rotalar1 boyunca IHA ile toplanmus;
sicaklik, nem, CO, hava kalitesi, ozon ve partikiil madde degerleri
Olciilmiistiir. Excel'de mahalle bazli tablolar ve grafikler
olusturulmus, Bing Haritalar entegrasyonu ile gorsel haritalar
hazirlanmstir.

4. BULGULAR

Erzincan ilinin 10 mahallesinde (¢ giin boyunca sabah,
0gle ve aksam saatlerinde sicaklik, nem, karbonmonoksit (CO),
hava kalitesi, ozon (Os) ve toz yogunlugu 6l¢iilmiistiir. Bulgular
asagida Ozetlenmistir:

Sekil 4.1. 1.Giin Sabah (08:00-09:30) Ol¢iim Sonuclari1 Tablosu

Sekil 4.2. 1.Giin Sabah (08:00-09:30) Ol¢iim Sonuclar1 Grafigi
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...........

Sekil 4.3. 1.Giin Sabah (08:00-09:30) Olciim Sonuclar1 Haritas:

Sicakhik: Sabah 12-14°C, 6gle 21-25°C, aksam 20-
22 °C araliginda degismistir. En yiiksek sicaklik 25 °C ile
Kizilay ve 6. Sokak Sanayi mahallelerinde 6l¢iilmiistir.

Nem: Sabah saatlerinde %57-64, 6gle %44-51, aksam
%49-55 oranlarinda gézlemlenmistir. Ugiincii giin sabah1
nem daha yuksektir.

Karbonmonoksit (CO): Degerler 3,01-4,52 ppm
arasinda degismistir. En yiiksek deger ikinci giin 6gle
saatlerinde Ergenekon Mahallesi’nde goriilmiistiir.

Hava Kalitesi: Sabah 102-205 ppm, 6gle ve aksam
saatlerinde daha yiiksek seviyelere ulasmistir. En yiiksek
deger 6. Sokak Sanayi Mahallesi’nde sabah saatlerinde
208 ppm olarak dl¢iilmiistiir.

Ozon (0s): 9,9-26,43 pg/m*® araliginda olup sabah
saatlerinde genellikle daha yiliksek bulunmustur. En
yiiksek ozon degeri 26,43 ng/m? ile Kizilay Mahallesi’nde
tespit edilmistir.

Toz Yogunlugu: Sabah 27-46, 6gle 34—-46, aksam 33—
46 pg/m* araligindadir. 6. Sokak Sanayi ve Giilabibey
Mahallesi en yiiksek degerlere sahip bolgeler olmustur.
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5. TARTISMA VE SONUC

Bu ¢aligma kapsaminda, Erzincan ilinde segilen 10 farkl
mahallede ii¢ giin boyunca sabah, 6gle ve aksam saatlerinde
gerceklestirilen hava kalitesi Olc¢limleri, g¢evresel kosullarin
zamana ve mekana bagli olarak nasil degistigini ortaya
koymustur. Gelistirilen IHA tabanli mobil sensor sistemi
sayesinde, sicaklik, nem, karbonmonoksit, genel hava kalitesi,
ozon ve toz partikiil yogunlugu gibi Onemli parametreler
sistematik bigimde izlenmistir.

Elde edilen wveriler, gliniin farkli saatlerinde hava
kalitesinde anlamli degisimlerin yasandigin1  gostermistir.
Ozellikle sabah saatlerinde, insan ve arag hareketliliginin gorece
diisiik oldugu donemlerde hava kalitesi daha iyi seviyelerde
kaydedilmistir. Ogle ve aksam saatlerinde ise yogun insan
faaliyeti ve trafik kaynakli emisyonlar nedeniyle kirletici
seviyelerinde belirgin bir artis gozlemlenmistir. Bu degiskenlik,
hava kalitesinin dinamik bir yapiya sahip oldugunu ve yalnizca
sabit zaman dilimlerinde yapilan Olgimlerin  yetersiz
kalabilecegini gostermektedir.

Mahalleler arasinda yapilan karsilagtirmalarda da dikkate
deger farklar saptanmistir. Sehir merkezine yakin ve yogun
nifuslu mahallelerde Kirletici duizeyleri genel olarak daha yuksek
cikarken, kentsel alanin dis ¢eperinde yer alan ve daha az yogun
yerlesime sahip bolgelerde hava kalitesi nispeten daha iyi
bulunmustur. Bu durum, yerlesim yogunlugu, trafik hacmi ve
bolgedeki endiistriyel faaliyetlerin hava kalitesine dogrudan etkili
oldugunu gostermektedir.

IHA destekli mobil o6lgiim sistemi, geleneksel sabit
istasyonlara kiyasla hem zaman hem de mekan agisindan ¢ok
daha esnek bir Ol¢clim olanagi sunmustur. Bu sistemle farkli
cografi konumlarda, kisa siirelerde ve yiiksek hassasiyetle veri
toplanabilmis; boylece cevresel degiskenliklerin daha ayrintili bir
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bicimde haritalanmast miimkiin olmustur. Ayn1 zamanda elde
edilen verilerin dijital haritalar iizerinde gorsellestirilmesi,
cevresel analizlerin yorumlanabilirligini artirmis ve karar alma
stirecleri acisindan daha islevsel bir veri altyapis1 sunmustur.

Genel olarak  degerlendirildiginde, mobil IHA
sistemlerinin hava kalitesinin izlenmesinde 6nemli avantajlar
sundugu goriilmektedir. Bu tiir teknolojiler, ¢evresel izlemenin
sadece teknik degil aym1 zamanda mekansal stratejilerle
desteklenmesi gerektigini ortaya koymakta; ayni zamanda yerel
yonetimlerin ve ¢evre politikasi gelistiren kurumlarin ihtiyag
duydugu giincel ve alan temelli veri iiretimi agisindan da giiglii
bir potansiyel tasimaktadir. Bu nedenle, benzer sistemlerin farkli
sehirlerde ve daha uzun siireli izleme ¢alismalarinda kullanilmasi,
cevresel surdurulebilirlik hedeflerine katki saglayabilecek 6nemli
bir adimdir.
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POWER QUALITY AND HARMONIC
DISTORTIONS IN GRID-CONNECTED
ROOFTOP SOLAR PV SYSTEM

Suleyman ADAK!

1. INTRODUCTION

Rooftop solar PV systems have emerged as a crucial
component of the global shift towards renewable energy. These
systems enable decentralized power generation by utilizing solar
panels installed on rooftops of residential, commercial, and
industrial buildings. Their ability to generate clean electricity,
reduce dependence on fossil fuels, and contribute to energy cost
savings has made them a popular choice for sustainable energy
solutions. The solar panels used convert sunlight into direct
current (DC) electricity. Inverters then convert DC electricity
into alternating current (AC) for use in electrical systems and
grid integration. Rooftop solar PV systems operate based on the
photovoltaic effect, where solar panels absorb sunlight and
generate electricity. The generated AC power is used by local
loads, and any excess energy is fed into the grid. Benefits of
rooftop solar PV systems reduces dependence on non-renewable
fossil fuels and reduces greenhouse gas emissions and carbon
footprint. Grid-connected rooftop solar PV system and its units
are given in Fig. 1.
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Fig. 1 Grid-connected rooftop solar PV system

Despite their advantages, grid-tied rooftop solar PV
systems also have disadvantages. One of the primary concerns is
their dependence on sunlight, which leads to fluctuations in
power generation due to varying weather conditions, potentially
affecting grid stability.

Additionally, these systems introduce harmonic
distortions and power quality issues, primarily due to the
operation of inverters, which can interfere with the performance
of sensitive electrical equipment and lead to inefficiencies in the
grid. Voltage fluctuations and frequency variations can also
arise, particularly in areas with high solar PV penetration,
posing challenges for grid management. Another limitation is
the lack of energy storage in most grid-tied systems, meaning
they cannot supply power during grid outages, making them less
reliable in blackout situations. Furthermore, the initial
installation costs and maintenance requirements, including
inverter replacements, can be significant. Policy and regulatory
challenges, such as net metering constraints and grid
interconnection standards, may also affect the economic
viability and widespread adoption of these systems.
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This study aims to analyze power quality issues and
harmonic distortions in grid-connected rooftop solar PV
systems. It seeks to identify key challenges related to voltage
fluctuations, frequency variations, and transient disturbances
while assessing the extent of harmonic distortions introduced by
solar inverters. The study investigates the sources of these
distortions and their impact on electrical appliances, distribution
transformers, and overall grid stability. Furthermore, it evaluates
compliance with international power quality standards such as
IEEE 519 and IEC 61000, offering insights into the reliability
and efficiency of solar PV integration.

By exploring various mitigation strategies, including the
use of filters and advanced inverter technologies, the research
aims to provide solutions for minimizing power quality
disturbances. Additionally, it examines the broader impact on
utility grids and end consumers, addressing both technical and
economic aspects.

2. LOSSES IN GRID-CONNECTED ROOFTOP
SOLAR PV SYSTEM

Power quality (PQ) is a critical aspect of grid-connected
rooftop solar PV systems as it ensures stable, reliable, and
efficient operation of both the solar system and the utility grid.
Poor power quality can lead to voltage fluctuations, harmonic
distortions, and frequency variations, which can negatively
impact the grid, electrical appliances, and overall energy
efficiency. Below are key reasons why power quality is crucial
in grid-connected solar systems: A grid-connected rooftop solar
PV system experiences various types of losses that reduce its
overall efficiency and energy output.These losses occur due to
the interaction of sunlight with the PV module surface. Some
sunlight is reflected off the glass surface of the solar panel
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instead of being absorbed. Additionally, accumulation of dust,
bird droppings, and other debris reduces light penetration, high
temperatures decrease the efficiency of PV modules since
silicon-based solar cells experience a drop in voltage with
increasing temperature. Electrical losses are also very important.
These losses are; DC cable losses, inverter Losses, AC cable
losses and harmonic components losses.

2.1. Mismatch Losses in Grid-Connected Rooftop
Solar PV Systems

Mismatching losses in rooftop PV solar systems occur
when there is an imbalance in the performance of individual
solar panels or strings of panels. This can happen due to various
factors, leading to a reduction in the overall efficiency of the
system. Mismatching losses can arise because of the following
reasons. Mismatch losses in grid-connected rooftop solar PV
systems occur due to factors like partial shading, module
degradation, and manufacturing variations, leading to reduced
system efficiency and power output. Occurrence of mismatch
losses in grid-connected rooftop solar PV systems:

e Manufacturing Variability: Even though panels
from the same manufacturer are generally made to
similar specifications, small differences in efficiency,
power output, and other characteristics can still occur
due to manufacturing tolerances.

e Ageing of Panels: Over time, solar panels degrade at
slightly different rates. Panels that are older or have
been exposed to more wear might generate less power
compared to newer ones, causing mismatching losses.

o Shading of panels: If certain panels are partially
shaded due to nearby objects (trees, buildings, etc.),
they will produce less power compared to the rest of
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the array. This leads to a mismatch in power output
across the system.

e« Types of Shading: Even partial shading can
significantly affect performance, and the mismatch
becomes more pronounced in series-connected strings
of solar panels.

e Orientation and Tilt Angle: Variations panels
installed at different angles or orientations (for
example, if some panels are installed on different
parts of the roof) may receive different amounts of
sunlight throughout the day. As a result, their output
will vary, creating mismatching losses.

o Temperature Differences: Temperature variations
between panels can cause mismatching, as solar panel
efficiency decreases with an increase in temperature.
If some panels are exposed to higher temperatures
(e.g., due to roof characteristics), they will produce
less power than others in cooler regions.

e Wiring and Connection Issues: The way panels are
wired together can also cause mismatching. For
example, if one string of panels has a defective or
loose connection, it could limit the current flowing
through the entire string, reducing the overall output.

e Inverter Mismatch:The inverter in a PV system is
designed to convert the DC power generated by the
panels into AC power for use. If the inverter is
oversized or undersized for the array, or if it is not
well matched to the panel characteristics, it can cause
losses. Some systems have multiple inverters, and if
these are not synchronized properly, mismatching
losses can occur.
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e Soiling and Dirt: Dust, dirt, or other debris on the
surface of the panels can create mismatched losses.
Some panels may be cleaner than others due to factors
like wind, rain, or manual cleaning, resulting in lower
performance for the panels that are dirtier.

e Mismatch Between Panel Voltage and Current: If
the current-voltage characteristics (IV curve) of
different panels or strings of panels do not match
closely, this can lead to mismatching losses. In
systems connected in series, the performance of the
string is determined by the weakest panel, so even
small mismatches in voltage and current between
panels can affect overall performance. Mismatching
losses in a rooftop PV system occur when individual
solar panels or strings of panels operate under
different conditions, leading to a reduction in the
overall efficiency and output of the system. Grid
frequency must remain stable (e.g., 50 Hz or 60 Hz,
depending on the region). A mismatch between solar
power generation and load demand can cause
frequency variations. Grid-connected solar systems
must comply with frequency standards to avoid
destabilizing the power system.

e Reduced System Efficiency: A mismatch in current
or voltage between solar panels reduces the total
power output. Mismatching results in less energy
being produced overall. Since PV modules are
connected in series and parallel, a weaker module
(due to shading, dirt, or degradation) can drag down
the performance of the entire string. In a series-
connected system, the weakest panel determines the
current of the entire string, causing significant power
loss. Additionally, parallel mismatches cause
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imbalanced currents, leading to excess heat and
energy wastage.

e Increased Cost: A system with mismatching losses
may require additional components like optimizers or
microinverters to minimize the effects. More frequent
maintenance and early replacement of
underperforming modules may be required. Bypass
diodes might fail prematurely due to excessive current
diversion.

e Reduced Lifespan: Mismatching can sometimes
cause certain panels to work harder than others,
potentially leading to premature failure of certain
components. Mismatched panels can cause localized
overheating, leading to "hot spots” that degrade PV
cells over time. This accelerates module aging and
reduces the overall system lifespan.

e Impact on Power Electronics (Inverter & MPPT):
Mismatched panels create voltage variations that
make it harder for the inverter’s Maximum Power
Point Tracking (MPPT) to optimize energy extraction.
This results in further energy losses and suboptimal
performance.

Minimizing mismatching losses without resorting to
giving away items requires a combination of process
optimization, technology implementation, and strategic
inventory management. By implementing these measures,
businesses can significantly reduce mismatching losses while
maintaining operational efficiency and customer satisfaction.
Solutions to minimize mismatching losses:

e Module-Level Power Electronics (MLPES): Using
microinverters or power optimizers at the module
level can help mitigate mismatching losses. These
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devices optimize the power output of each individual
panel, ensuring that the performance of the entire
system is not limited by weaker or mismatched
panels.

e Careful Panel Selection: Choosing panels with
similar characteristics (e.g., voltage, current, power
rating) can help reduce mismatching.

e Good System Design: Properly planning the layout of
the panels, ensuring good wiring practices, and
avoiding shading can minimize mismatching losses.

e Panel Maintenance: Regular cleaning and
inspections to prevent soiling and check for shading
or connection issues will ensure better system
performance.

e Power Factor Improvement: A poor power factor
(due to reactive power demand) can lead to
inefficiencies in power transmission and higher
energy costs. Modern inverters are designed to
manage reactive power and improve the power factor,
reducing losses and optimizing energy delivery.

2.2. Shading Effect on Rooftop Solar PV System

Shading has a significant impact on the performance of
Rooftop PV system, reducing its efficiency and energy yield.
Even partial shading on a single module can cause a
disproportionate drop in output due to the electrical
characteristics of PV cells and their interconnection within a
system. The shaded panels appear darker, while bright sunlight
illuminates the rest. A power output graph next to the image
shows a drop in efficiency. The illustration can also include
arrows showing how bypass diodes reroute current around
shaded cells. The electrical configuration of the PV array

50



Akademik Perspektiften Elektrik-Elektronik ve Haberlesme Miihendisligi

influences the severity of shading losses. In series-connected
strings, a single shaded module limits the current of the entire
string, significantly decreasing power generation.

Parallel configurations provide better resilience by
allowing shaded modules to operate independently, but they still
experience localized losses. A well-designed Rooftop PV
system minimizes shading by optimizing panel placement, tilt
angles, and spacing to avoid obstructions, particularly during
peak sunlight hours. Additionally, tools like solar path analysis
and shading simulation software help predict and mitigate
potential shading impacts before installation To mitigate
potential shading impacts before installing a rooftop PV solar
system, several steps should be taken during the planning and
design phase to ensure optimal energy production and system
efficiency. Here's a clear explanation in paragraph form:

Before installing a rooftop PV system, it's essential to
conduct a thorough shading analysis to identify any potential
obstructions—such as trees, chimneys, neighboring buildings, or
roof structures—that may cast shadows on the panels throughout
the day and across seasons. This can be done using solar
pathfinder tools, shading simulation software (e.g., PVsyst,
Helioscope), or on-site observations. Once shading risks are
identified, mitigation strategies include optimizing panel
placement to avoid shaded areas, adjusting tilt and orientation,
or choosing alternate roof sections with better solar access.
Additionally, incorporating microinverters or power optimizers
can help minimize energy losses by allowing each panel to
operate independently, reducing the impact of partial shading on
the entire array. Trimming or removing vegetation and avoiding
installation near future obstructions are also effective long-term
strategies. Careful design and proactive planning ensure higher
energy yields and better return on investment. Fig. 2 shows the
image of a rooftop PV solar system where shading occurs.
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Fig. 2. Occurrence of shading in a rooftop solar PV system

When shading occurs, affected cells generate less current
while still experiencing the same voltage as unshaded cells. This
mismatch leads to power losses and potential overheating,
commonly known as hot spots. To mitigate these effects, bypass
diodes are incorporated into modules to allow current to flow
around shaded sections, reducing energy losses. The shading
effect can be categorized into two types: soft shading and hard
shading. Soft shading results from obstructions like clouds or
light vegetation, which reduce irradiance but still allow some
energy generation. Hard shading, such as from buildings or
permanent obstacles, can entirely block light, drastically cutting
output.

Advanced technologies such as Maximum Power Point
Tracking (MPPT), microinverters, and power optimizers help
mitigate shading effects. MPPT dynamically adjusts the system's
operating point to maximize power output under varying
conditions. Microinverters and optimizers improve energy
harvest by allowing individual modules to operate
independently, preventing shading on one module from
impacting the entire array. Understanding shading effects on
rooftop PV system is crucial for maximizing PV system
performance, ensuring reliability, and improving return on
investment. Proper planning, component selection, and shading
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mitigation strategies can significantly enhance overall energy
yield and system longevity. Effects of shading on solar panels:

¢ Reduced Energy Output: Even partial shading on
one panel can reduce the entire system’s efficiency.

e Hot Spots: Shaded areas can create localized heating,
damaging the panel over time.

e Bypass Diodes Activation: Bypass diodes help
minimize shading effects but can still cause power
loss.

e Series Connection Issue: If one panel in a series is
shaded, it affects the output of all connected panels.

These rffrcts can be caused by variations in irradiance,
temperature, shading, manufacturing tolerances, or degradation
rates. Impact of mismatching losses on rooftop solar system. A
rooftop solar array with some panels partially shaded by a
nearby tree or chimney. The shaded panels appear darker, while
bright sunlight illuminates the rest. A power output graph next
to the image shows a drop in efficiency. The illustration can also
include arrows showing how bypass diodes reroute current
around shaded cells.

2.3. Reactive Power Variation Throughout The Day
in Grid-Tied PV Solar System

Reactive power variation in a grid-tied PV solar system
depends on several factors, including solar irradiance, load
demand, inverter control strategies, and grid conditions.
Reactive power in a grid-tied PV solar system fluctuates
throughout the day due to variations in solar irradiance, grid
conditions, and inverter control strategies. Before sunrise, with
no solar generation, the inverter is typically inactive unless
configured for reactive power support. As sunlight increases in
the morning, active power generation starts, and the inverter
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may operate at unity power factor or adjust reactive power
injection based on grid voltage requirements. Around midday,
when solar power generation reaches its peak, the reactive
power behavior depends on grid voltage conditions; the inverter
may absorb or inject reactive power to stabilize voltage. In the
afternoon, as solar irradiance decreases, reactive power
contribution also reduces, gradually transitioning towards grid
dependency.

Grid-tied rooftop PV systems are increasingly being
integrated into power networks to enhance sustainability and
reduce dependence on fossil fuels. However, these systems
introduce variability in active and reactive power, which can
impact grid stability, voltage regulation, and power quality.
Unlike standalone PV systems, grid-connected PV systems can
exchange both active and reactive power with the grid. Effects
of reactive power change on electrical installations

o Voltage Stability: Excessive reactive power
fluctuations can cause voltage instability in
distribution networks.

e Power Factor Correction: PV systems can either
improve or degrade local power factor depending on
inverter settings.

e« Harmonics and Power Quality: Uncontrolled
reactive power can introduce harmonics and
distortions in the grid.

e Transformer and Cable Loading: Variations in
reactive power impact losses and thermal loading of
electrical components.

A graph showing the reactive power variation in a grid-
connected PV solar system throughout the day. The wave-like
shape shows how reactive power increases after sunrise, peaks
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at noon, and decreases towards evening, following solar
irradiance patterns and inverter balancing strategies. The change
of reactive power throughout the day in a grid-connected rooftop
PV system is influenced primarily by variations in solar
irradiance, load demand, and the inverter's control strategy.
During periods of high solar irradiance—typically midday—the
PV system generates maximum active power. If the inverter is
operating in a mode that allows it to control reactive power
(such as Volt-VAR control), it may inject or absorb reactive
power depending on grid voltage conditions and utility
requirements. In the early morning and late afternoon, as solar
generation decreases, the inverter’s reactive power support
capability may reduce as well, since priority is often given to
active power generation. At night, when there's no solar
generation, the inverter may shut down or remain in standby,
providing no reactive power unless specifically designed to do
SO.

In systems where the inverter supports reactive power
compensation independently of active power generation (e.g.,
smart inverters), it may continue to contribute to voltage
regulation even during low or zero PV output. Overall, the
reactive power profile over the day tends to fluctuate, reflecting
both environmental conditions and the operational objectives set
by grid codes or inverter settings. The change of reactive power
throughout the day in a grid-connected rooftop PV system is
given in Fig. 3.
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Fig. 3. Reactive power variation in a grid-tied rooftop PV system

By evening, with diminishing solar generation, the
inverter’s role in reactive power support may continue if
programmed for voltage regulation. At night, with no active
power generation, reactive power demand is primarily met by
the grid. Throughout the day, the variation in reactive power is
shaped by real-time solar availability, load demand, inverter
settings, and grid stability requirements, ensuring efficient
power factor management and voltage control.

Reactive power variation throughout the day in grid-tied
PV solar system, dont giving itemsNReactive power in a grid-
tied PV solar system varies throughout the day due to changes in
solar irradiance, grid voltage, and inverter control strategies.
Before sunrise, there is no solar generation, and the inverter
remains inactive unless configured for reactive power support.
As the sun rises, active power generation starts increasing, and
the inverter may operate at unity power factor or provide
reactive power compensation depending on grid conditions. At
midday, when solar generation peaks, reactive power behavior
depends on grid voltage; if the voltage is high, the inverter may
absorb reactive power, whereas if the voltage is low, it may
inject reactive power. In the afternoon, as solar power declines,
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reactive power contribution gradually reduces. By evening, as
solar irradiance drops further, the inverter may continue to
provide reactive power support if enabled. At night, with no
active power generation, reactive power demand is typically met
by the grid. Throughout the day, reactive power variation is
influenced by inverter settings, grid stability requirements, and
utility regulations, ensuring optimal voltage control and power
factor management.

3. COMPONENT OF GRID-CONNECTED
ROOFTOP SOLAR PV SYSTEMS

A grid-connected rooftop solar PV system consists of
several interconnected components that work together to
generate, convert, and integrate solar power into the utility grid.
At the core of the system are solar PV modules, which capture
sunlight and convert it into direct current (DC) electricity. These
modules are mounted on a sturdy structure designed to optimize
sun exposure and withstand environmental conditions. The DC
electricity generated by the solar panels is then fed into a solar
inverter, which plays a crucial role in converting it into
alternating current (AC) electricity that matches the voltage and
frequency of the grid. This inverter ensures synchronization with
the grid, enabling seamless power flow. A net meter is installed
to measure both the electricity consumed from the grid and the
surplus power exported, facilitating billing under net metering
policies.

To ensure safety and efficiency, the system includes
various protective components such as circuit breakers, surge
protection devices, and an earthing system. These elements
safeguard against voltage spikes, short circuits, and electrical
faults. Additionally, distribution boards are used to manage the
flow of electricity between the solar panels, inverter, and grid
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connection. Cabling and connectors form the balance of the
system, ensuring proper electrical transmission with minimal
losses. In modern installations, a monitoring system may also be
integrated, allowing real-time tracking of power generation and
system performance. The entire setup is connected to the grid
infrastructure, ensuring that excess electricity can be supplied to
the utility network while still allowing the user to draw power
when solar generation is insufficient.

Poor power quality can cause premature wear and
damage to electrical devices, transformers, and industrial
equipment. Maintaining good power quality extends the lifespan
of these assets and reduces maintenance costs. Improved power
quality reduces energy losses, improves efficiency, and
enhances revenue generation from solar power plants. It also
minimizes downtime, ensuring optimal utilization of the
installed solar capacity. Ensuring high power quality in grid-
connected solar systems is essential for system stability,
efficiency, and compliance with regulations. Using advanced
inverters, power conditioning devices, and energy storage
solutions can help maintain PQ and ensure a seamless
integration of renewable energy into the grid. To design a 5 kW
rooftop grid-tied PV solar system, we can follow the same steps
as before but tailored to the specifics of a 5 kW system. A
detailed design guide:

Assess Energy Requirements:

e Determine monthly energy consumption: For a 5
KW system, let's assume you want to cover all or most
of your monthly energy consumption.

o If the system is sized for full coverage, the 5 kW
system will produce approximately 5,000 watts (5
kW) under ideal conditions.

58



Akademik Perspektiften Elektrik-Elektronik ve Haberlesme Miihendisligi

To estimate the energy output, we need to factor in the
average sunlight hours per day. The principle diagram of the
grid-connected rooftop solar photovoltaic system is given in Fig.

Fig. 4. A grid-connected rooftop solar PV system installed on a
residential house

Sample Applicationt:

A 5 kW grid-connected rooftop solar PV system is
installed in a residential area. The system includes a PV inverter
operating at 230V RMS and supplies current to the grid.
However, due to the nonlinear behavior of the inverter, the
output current contains harmonics. The total harmonic distortion
(THD) of the current is to be analyzed.

Table 1. Grid-connected rooftop PV inverter output current and

phase angle
Harmonic Order h Amplitude In (A)
1 (Fundamental) 21.74
3rd Harmonic 3.5
5th Harmonic 2.1
7th Harmonic 1.4

Optimized system design and proper grid integration
strategies also contribute to harmonic reduction. Careful
placement and sizing of rooftop solar PV systems, along with
appropriate grounding and transformer configurations, can help
mitigate harmonic resonance and voltage distortion. Ensuring
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that PV inverters are appropriately rated for the connected load
and synchronized with grid conditions further enhances power
quality.

The output current of a grid-tied rooftop PV inverter
typically contains harmonic components due to the switching
actions of power electronic devices within the inverter. These
harmonics are deviations from the ideal sinusoidal waveform
and can be influenced by factors such as the inverter's control
strategy, pulse-width modulation (PWM) techniques, and the
non-linear interaction with the grid. While the fundamental
frequency aligns with the grid (usually 50 or 60 Hz), higher-
order harmonics—such as the 3rd, 5th, 7th, and beyond—can be
present, potentially leading to power quality issues if not
properly filtered or mitigated. The design of the inverter’s
output filter and compliance with standards like IEEE 519 help
minimize these harmonic distortions and ensure compatibility
with the grid. The harmonic components of the output current of
the grid-tie rooftop PV inverter are given in Fig. 5.

]

Current (A)

1 3 5 7 h
Harmonic order

Fig. 5. Harmonic components of grid-tied rooftop PV inverter
output current

A 5 kW grid-connected rooftop solar PV system is a
great option for homeowners looking to reduce electricity bills
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and utilize renewable energy. Here’s a breakdown of what you
can expect:

a) Solar Potential of the Site:

Roof orientation and tilt: Ensure the roof faces south
in the Northern Hemisphere or north in the Southern
Hemisphere. Aim for a tilt angle of around 30°-40°,
depending on your location.

Roof size: Check available space to fit the necessary
number of panels.

Shading analysis: Make sure there are no significant
obstructions, like trees or nearby buildings, that cause
shading during peak sunlight hours.

b) System Sizing:

For a 5 kW system, let's break down the components:

Calculate daily energy production:

Let's assume you have 5 sunlight hours per day (this is
typical in many locations but could vary by region).

Daily production = System size (kW) x sunlight hours
per day.

Daily energy production (kWh)=5 kW x5 hours/day=2
5 kWh/day. Monthly energy production = 25 kWh/day
x 30 days = 750 kwWh/month (rough estimate).

c) Select Solar Panels:

Panel wattage: Common residential solar panels
range from 250W to 400W. For this example, let’s
assume you are using 400W panels.
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Component Selection for 5 Kw Rooftop Grid-Tied PV Solar
System:

Solar Panels for 5 kW rooftop grid-tied PV solar

e Type: Monocrystalline (higher efficiency) or
Polycrystalline

o Panel Rating: ~400W per panel
Number of Panels: 5,000W / 400W = 12-13 panels

So, we would need 13 panels of 400W each to achieve a
5 kW system.

Inverter Selection for 5 kW rooftop grid-tied PV solar

system:

e Inverter type: Since this is a grid-tied system, you'll
need an inverter that is capable of converting DC to
AC and synchronizing with the utility grid.

e Inverter rating: Typically, you would size the
inverter slightly higher than the system’s rated
capacity, but it’s best to match the inverter’s output to
the system’s size to optimize efficiency. For a 5 kW
system, a 5 kW inverter is appropriate.

Example Summary for a 5 kW Rooftop Grid-Tied System:
-System Size: 5 kW
-Panels: 13 x 400W panels (5,2 kW total)

-Inverter: 5 kW grid-tied inverter
-Energy Production: 750 kWh/month (25 kWh/day)
-Mounting System: Roof-mounted racking

-Environmental Impact: Reduces carbon footprint by
preventing 5-7 tons of CO: emissions per year.
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Rooftop solar PV systems inject power into the grid, and
fluctuations in solar generation due to weather changes can
cause voltage instability. Maintaining voltage within permissible
limits ensures the proper functioning of electrical equipment and
prevents overvoltage or undervoltage conditions. Despite their
advantages, grid-tied rooftop solar PV systems have several
disadvantages:

e Intermittency of solar energy: power generation
depends on weather conditions and time of day.

e Power Quality Issues: Harmonic distortions, voltage
fluctuations, and frequency variations may arise.

e Grid Integration Challenges: Sudden changes in
power generation can affect grid stability.

e Initial Investment Costs: While long-term savings
exist, the upfront installation costs can be high.

Understanding these fundamental aspects of rooftop
solar PV systems is essential for analyzing power quality issues
and harmonic distortions, which can impact system performance
and grid reliability.

4. POWER QUALITY IN GRID-CONNECTED
ROOFTOP SOLAR PV SYSTEMS

Power quality in grid-connected rooftop solar PV
systems refers to the characteristics of electrical power that
determine its suitability for use in consumer and industrial
applications. It encompasses various factors that ensure a stable,
efficient, and reliable power supply without causing
disturbances to the grid or end-user equipment. Power quality is
influenced by voltage levels, frequency stability, harmonics,
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flicker, and other electrical disturbances that can arise due to the
integration of solar PV systems.

Key parameters defining power quality in these systems
include voltage regulation, which ensures that voltage levels
remain within permissible limits to prevent equipment damage
or malfunction. Frequency stability is crucial, as deviations from
the standard grid frequency can lead to inefficiencies and
potential disconnections of the PV system. Harmonic distortion,
caused by the nonlinear operation of inverters, can introduce
unwanted electrical noise that affects both the solar system and
other connected loads. Flicker, or rapid voltage fluctuations,
may result from variations in solar irradiance and inverter
switching operations, causing noticeable light flickering and
potential disruptions in sensitive electronic devices. Power
factor, representing the efficiency of power usage, must also be
maintained within acceptable ranges to optimize energy
transmission and reduce reactive power losses.

Maintaining high power quality in grid-connected solar
PV systems is essential to ensure the smooth operation of the
electrical grid, prevent damage to appliances, and comply with
regulatory standards. hese fluctuations can lead to voltage rises,
especially in low-load conditions, causing potential overvoltage
problems that may trigger inverter disconnection or damage
sensitive appliances. The diagram of the hybrid solar PV system
is as given in Fig 6.
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NET METER

BATTERY HOME

Fig. 6. Principle diagram of hybrid solar PV system

Total harmonic distortion is another concern, primarily
caused by the switching operations of power electronic
inverters. These distortions introduce unwanted high-frequency
components into the grid, affecting the performance of nearby
electrical equipment and increasing power losses. Additionally,
the integration of rooftop solar PV systems can lead to voltage
unbalance, particularly in distribution networks where single-
phase inverters inject varying amounts of power into different
phases, disrupting the balance of the system. Flicker is another
issue, resulting from rapid variations in PV power output due to
cloud movement or inverter operations, leading to noticeable
light flickering and potential discomfort for end users.
Frequency deviations may also occur in weak grids where large-
scale PV penetration influences the overall stability, although
modern grid-tied inverters are designed to mitigate such effects.
Reactive power management poses another challenge, as PV
inverters primarily inject active power while their contribution
to reactive power compensation is limited unless specifically
designed for such functionality.

One major issue is voltage variation, where fluctuations
in solar generation due to cloud cover or shading cause rapid
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changes in voltage levels. If not properly regulated, this can lead
to voltage rise in low-demand scenarios, potentially exceeding
grid limits and causing operational issues. Harmonic distortion
is another concern, as power electronic inverters used in PV
systems generate high-frequency harmonics that can interfere
with grid stability and affect the performance of nearby
electrical devices. The intermittency of solar power also
influences frequency stability, particularly in weak grids with
high PV penetration. Sudden reductions in solar output may
create imbalances between generation and demand, requiring
grid operators to implement additional frequency control
measures. Reactive power management becomes crucial, as
conventional PV systems primarily inject active power while
providing limited support for reactive power compensation,
which is essential for maintaining voltage stability. To mitigate
these impacts, modern PV inverters are equipped with advanced
grid-support functions such as voltage and frequency regulation,
harmonic filtering, and reactive power control. Additionally,
regulatory frameworks and grid codes are evolving to ensure
that rooftop solar PV systems contribute to overall grid stability
rather than introducing new power quality difficulties.

4.1. Analyzing Harmonic Distortions in Grid-
Connected Rooftop Solar PV Systems

Harmonic components In grid-connected rooftop solar
PV systems arise due to nonlinearities in the inverter and
variations in solar irradiance. The harmonic components are
characterized by their amplitude and phase angles, which affect
power quality and system stability. Harmonic distortions in
rooftop solar PV systems arise primarily due to the use of power
electronic inverters that convert DC electricity from solar panels
into AC electricity suitable for grid integration. Unlike
traditional rotating generators, inverters operate through high-
frequency switching techniques, which can introduce non-
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sinusoidal components into the electrical waveform, leading to
harmonic distortions. These distortions are characterized by the
presence of voltage and current waveforms at integer multiples
of the fundamental grid frequency, which can interfere with the
normal operation of electrical equipment and reduce overall
power quality.

The extent of harmonic distortion in a solar PV system
depends on factors such as inverter design, system loading
conditions, and the overall network impedance. Poorly designed
or overloaded inverters may produce excessive harmonic
content, increasing total harmonic distortion (THD) and causing
additional heating in transformers, cables, and other electrical
components. This can lead to reduced efficiency, equipment
malfunctions, and premature aging of sensitive devices
connected to the grid.

Harmonic distortions can also create resonance issues
within the distribution network, amplifying specific frequency
components and leading to voltage instability. In weak grids
with high penetration of solar PV, these distortions may
exacerbate power quality problems and complicate grid
management. To mitigate these effects, modern PV inverters are
designed with advanced harmonic filtering capabilities and must
comply with grid codes that specify acceptable harmonic limits.
Additionally, utilities and system operators implement measures
such as passive and active filters, proper system grounding, and
strategic inverter placement to minimize harmonic interference
and ensure stable grid operation.

Harmonic distortions in grid-connected rooftop solar PV
systems primarily originate from the power electronic inverters
used to convert DC power from solar panels into AC power for
grid integration. These inverters operate using high-frequency
switching techniques, which can introduce non-sinusoidal
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waveforms and contribute to voltage and current harmonics in
the electrical network. The design, quality, and operational
characteristics of the inverter play a significant role in
determining the level of harmonic distortion injected into the
grid. The interaction between the inverter and the grid also
influences harmonic generation. Variations in grid impedance,
network strength, and the presence of other nonlinear loads can
lead to increased harmonic distortion, particularly when multiple
PV systems are installed within the same distribution network.
In weak grids with low short-circuit capacity, harmonic
propagation can be more pronounced, affecting the overall
stability of the power system.

Harmonics in rooftop solar PV systems can have
significant effects on electrical systems, impacting both the
performance of the solar installation and the stability of the grid.
One major consequence is increased heating in electrical
components such as transformers, cables, and switchgear due to
the presence of high-frequency harmonic currents. This excess
heat can lead to reduced efficiency, accelerated insulation
degradation, and a shorter lifespan of equipment. Another effect
is voltage distortion, which can cause malfunctions in sensitive
electronic devices connected to the same distribution network.
Harmonics can interfere with the proper operation of appliances
such as computers, medical equipment, and industrial control
systems, leading to erratic behavior, misoperation, or even
permanent damage.

Inverters in rooftop solar PV systems rely on grid
synchronization to operate effectively, but excessive harmonic
distortion can disrupt this synchronization, potentially causing
inverter disconnections or reduced power output. In weak grids
with high PV penetration, harmonics can exacerbate voltage
instability, leading to fluctuations that affect both consumers and
utility operations. Additionally, harmonics can contribute to
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resonance conditions within the electrical network. When the
frequency of certain harmonic components aligns with the
natural resonant frequency of the system, voltage amplification
can occur, further increasing distortion levels and posing a risk
to the stability of the power system.

4.2. Measurement And Analysis Of Harmonic
Distortions in Rooftop Solar PV Systems

The measurement and analysis of harmonic distortions in
rooftop solar PV systems are crucial for assessing power quality
and ensuring compliance with grid regulations. Harmonic
distortions are typically evaluated using specialized power
quality analyzers, digital oscilloscopes, and advanced
monitoring systems that capture voltage and current waveforms
in real-time. These instruments help detect the presence of
harmonic components, determine their magnitude, and analyze
their impact on the electrical system. In electrical systems with
harmonic distortions, both voltage and current contain harmonic
components in addition to the fundamental component. The total
RMS values are calculated using the Root Sum Square (RSS)
method. The total RMS current (Irms) is given by:

Lms = JI2 4+ 12+ 12 + -+ +I2 (1)

Where; 11 is the fundamental current (at 50 Hz), 12,13
,...,In are the harmonic currents at higher-order frequencies (.,
2nd, 3rd, 5th, etc.). Similarly, the total RMS voltage (Vrms) is
given by:

Vims = V2 + V2 +VE+ - +Y2 (2)

Where; V1 is the fundamental voltage (at 50 Hz), V2, V3
...,Vn are the harmonic voltages. A single-phase grid-connected
rooftop PV inverter generates an AC output that ideally matches
the grid voltage in both frequency and phase. However, in
practice, the output current includes harmonic components due
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to the inverter's switching behavior and control dynamics. These
harmonics are typically odd-numbered, such as the 3rd, 5th, and
7th, and are limited by design and filtering to comply with
standards like IEEE 519 or IEC 61000-3-2, which usually
require the total harmonic distortion of the current (THD-I) to
remain below 5%. The phase angle between the inverter’s
output current and the grid voltage is also a critical parameter.
Ideally, the current is in phase with the voltage (phase angle
near zero), which corresponds to a unity power factor. In
practical scenarios, a slight lead or lag might occur depending
on the inverter’s control strategy or grid support functions like
reactive power compensation. Maintaining minimal harmonic
distortion and a phase angle close to zero ensures efficient
power transfer and compliance with grid codes. A single-phase
grid-connected rooftop PV inverter output harmonics current
and phase angle.

e Grid Frequency: 50 Hz (or 60 Hz in some regions)

e Inverter Rated Power: 3 kW (example)

« Nominal Output Voltage: 230 V (RMS, single-
phase)

Table 2. A single-phase grid-connected rooftop PV inverter output
harmonics current and phase angle

Harmonic Order h | Amplitude 1h (A) Phase angle ¢h (degrees)
1 (Fundamental) 13.04 0

3rd Harmonic 0.45 -120

5th Harmonic 0.32 150

7th Harmonic 0.21 -90

9th Harmonic 0.12 60

Continuous monitoring and periodic analysis are
essential to maintaining power quality and preventing long-term
issues associated with harmonic distortions. In a grid-connected
rooftop PV system, harmonics are generated mainly by the
inverter switching and nonlinear loads. The voltage and current
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waveforms can be expressed using Fourier series, which allows
us to determine the amplitude and phase angles of individual
harmonic components. Thus, the current waveform can be
approximated as:

i(wt) = 13.04sin(wt) + 0.45 sin(Bwt — 120) +
0.32sin(5wt + 150) + 0.21sin(7wt — 90) +
0.12sin (9wt + 60) (3)

Data collected from harmonic measurements are used to
develop mitigation strategies, such as improving inverter
designs, implementing active or passive filters, and optimizing
system grounding. Compliance with grid codes and standards,
such as IEEE 519 and IEC 61000, ensures that rooftop solar PV
systems operate within acceptable harmonic limits, minimizing
their impact on the overall power network. Advanced analysis
techniques, such as Fast Fourier Transform (FFT), are
commonly used to decompose waveforms into their harmonic
components. This enables a detailed understanding of how
different harmonic orders contribute to distortion levels.
Additionally, time-domain and frequency-domain analyses help
identify transient events, resonance conditions, and the potential
amplification of specific harmonics in weak grids. The graph of
Eq (3) isas given in Fig. 7.

15 MNonlinear
waveform

Current (A)

Ird, 5th, Tth and 9th
Harmenic component

100 200 300 400 500 600 700 800
Angle (Degree)

Fig. 7. Grid-tied rooftop PV inverter output current and phase
angles
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The measurement process involves capturing data over a
defined period to account for variations in solar generation and
grid conditions. The THD is a key parameter used to quantify
the overall harmonic content in the system, while individual
harmonic components are analyzed to identify specific
frequency disturbances. Voltage and current waveforms are
examined to assess how harmonics interact with other grid
elements, such as transformers, loads, and distribution lines.
Total Harmonic Distortion (THD) quantifies the extent of
harmonic distortion in a signal relative to its fundamental
component. It is commonly expressed as a percentage and is
calculated separately for voltage and current. For voltage, THD
is given by:

JVf FV2HV2 4+ +V2

THD, = x 100% (4)

1

Where V1 is the fundamental voltage component, and V2,
V3, Va,...,Vn are the harmonic voltage components. For current,
THD is given by:

/If+132+1§+---+1,%
THD; = — % 100% (5)

1

Where 11 is the fundamental voltage component, and 12,
13, 14,...,In are the harmonic current components. These
formulas help evaluate the harmonic content in voltage and
current waveforms, ensuring that power quality remains within
acceptable limits as defined by industry standards. IEEE and
IEC standards provide guidelines for controlling harmonic
distortions in solar PV systems to ensure grid stability and
maintain power quality. The IEEE 519 standard, developed by
the Institute of Electrical and Electronics Engineers, establishes
limits on harmonic voltage and current distortions for different
voltage levels. It specifies maximum allowable total harmonic
distortion (THD) for both current and voltage at the point of
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common coupling (PCC), ensuring that solar PV systems do not
introduce excessive harmonics into the grid. The standard
categorizes acceptable harmonic limits based on system voltage
and short-circuit capacity, helping utilities and system operators
manage harmonic emissions effectively.

The International Electrotechnical Commission (IEC)
has also developed standards relevant to harmonics in solar PV
systems. IEC 61000-3 series addresses limits for harmonic
emissions from electrical equipment, including inverters used in
PV systems. IEC 61000-3-2 and IEC 61000-3-12 define
harmonic limits for low-voltage equipment, ensuring that PV
inverters comply with prescribed distortion levels. IEC 61000-4-
7 provides measurement techniques for harmonics, enabling
accurate assessment of distortion levels in solar PV installations.
Additionally, IEC 61727 outlines grid connection requirements
for PV systems, including harmonic performance criteria to
maintain compatibility with distribution networks.

Field studies conducted on commercial buildings have
assessed the performance of active and passive filtering
techniques in mitigating harmonics generated by rooftop solar
PV systems. Results have indicated that active power filters
provide dynamic compensation for harmonic currents,
effectively reducing THD to within regulatory limits.
Comparative analyses between different filter technologies have
helped in selecting the most suitable approach for minimizing
harmonic interference while ensuring cost-effectiveness.
Overall, case studies highlight the importance of continuous
harmonic monitoring and compliance with IEEE and IEC
standards to ensure that rooftop grid-connected solar PV
systems do not compromise power quality. Advanced inverter
technologies, strategic system design, and effective filtering
solutions have been proven to mitigate harmonic effects and
enhance the stability of distributed solar energy integration.
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The harmonic components of a grid-tied rooftop PV
inverter's output current are crucial for evaluating power quality,
grid compliance, and system efficiency. These harmonics are
primarily caused by inverter switching, nonlinear loads, and grid
interactions. Harmonic sources in grid-connected rooftop solar
PV systems:

a) Common Harmonics in the Inverter Current

Low-order harmonics (2nd, 3rd, 5th, 7th, etc.):
Due to imperfect control algorithms and grid
imbalances.

High-frequency harmonics: Occur near the
switching frequency (e.g., 2-20 kHz, depending on
inverter design).

Interharmonics: Caused by fluctuations in switching
frequency or dynamic loading conditions.

b) Harmonic Standards & Limits

IEEE 1547: Limits the Total Harmonic Distortion
(THD) of current to 5% and sets individual harmonic
limits.

IEC 61000-3-2 / 3-12: Defines harmonic limits for
equipment connected to low-voltage networks.

EN 50160: Specifies voltage harmonic distortion
standards at the point of common coupling (PCC).

c) Mitigation Techniques

Advanced PWM Techniques: Such as Space Vector
PWM (SVPWM) to reduce lower-order harmonics.

LCL Filters: Reduce high-frequency switching
harmonics before feeding power to the grid.
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o Active Filtering: Adaptive control algorithms to
inject compensating currents and cancel out
harmonics.

e Synchronization Improvements: Phase-Locked
Loops (PLL) to align with grid voltage and minimize
harmonics.

d) Harmonic sources in rooftop solar systems

e Pulse-Width Modulation (PWM): Switching at
high frequencies introduces harmonics at multiples
of the switching frequency.

« Nonlinear Characteristics: Semiconductor devices
such as IGBTs and MOSFETSs produce non-sinusoidal
waveforms.

e Grid Impedance and Resonance: The interaction
between the inverter and the grid can amplify specific
harmonics.

e Unbalanced Loads & Grid Distortions: Pre-existing
grid harmonics and load behavior affect the inverter’s
output.

Fundamental voltage (V1) = 230V (RMS). Compute
Total RMS Current. When we use the values of Table 1 in Eq
(1), the following equation is obtained.

Lims = v/ (21.74)2 + (3.5)2 + (2.1)% + (1.4)2
ms = V491.5 = 22.16 A

When we use the values of Table 1 in Eq (5), Total
Harmonic Distortion for current (THD:) is defined as:

V3.52 +2.12 + 1.42
THD, = 7 % 100%

THD, = 19.9%
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is found as. The total RMS current is 22.16A, which is
slightly higher than the fundamental current due to harmonics.
The THD of 19.9% is relatively high. Most grid codes (like
IEEE 519) recommend THD to be below 5% for residential
systems. High THD can lead to overheating of equipment,
reduced efficiency, and possible grid instability.

4.3. Techniques to Reduce Thd in Rooftop Solar PV
Systems

Harmonic elimination in grid-connected rooftop solar PV
systems is essential to improve power quality and ensure
compliance with grid standards. Filters, such as LC passive
filters and active power filters, play a crucial role in reducing
harmonics and improving system efficiency. LC filters help in
attenuating high-frequency harmonics generated by inverters,
ensuring smoother waveform injection into the grid. Proper
tuning of the inductance and capacitance values is necessary to
achieve optimal performance without causing resonance issues.

Active power filters dynamically compensate for
harmonics by injecting counteracting currents using advanced
control techniques. Strategies such as instantaneous reactive
power theory and synchronous reference frame theory enable
effective harmonic cancellation. Optimizing filter parameters
through intelligent algorithms further enhances performance by
minimizing total harmonic distortion.

o Use of filters (LC or active filters)

« Higher quality inverters with better harmonic
suppression

o Proper grounding and shielding of PV components

This numerical example illustrates the impact of
harmonics in a rooftop solar PV system and highlights the need
for proper THD mitigation strategies. Mitigation techniques for
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reducing harmonic distortions in grid-connected rooftop solar
PV systems are essential to maintaining power quality and
ensuring compliance with regulatory standards. One effective
approach involves the use of advanced inverter technologies
equipped with harmonic filtering capabilities. Modern grid-tied
inverters employ pulse-width modulation (PWM) techniques
and improved switching algorithms to minimize the generation
of high-order harmonics. Some inverters also incorporate built-
in active harmonic compensation to reduce distortion at the
point of common coupling (PCC).

5. CONCLUSION

The integration of rooftop solar PV systems into the grid
presents both opportunities and challenges in terms of power
quality. While these systems contribute to decentralized energy
generation and reduced transmission losses, they also introduce
power quality issues, primarily in the form of harmonic
distortions, voltage fluctuations, and reactive power imbalances.
The main source of harmonics in grid-connected PV systems is
the power electronic inverters, which can inject non-sinusoidal
waveforms into the grid, potentially affecting overall system
stability and the performance of connected loads. Proper
harmonic  analysis, continuous monitoring, and the
implementation of advanced mitigation techniques, including
active and passive filters, optimized inverter designs, and
strategic system configurations, can help minimize the adverse
effects of harmonic distortions. Case studies have demonstrated
that effective power quality management in rooftop solar PV
systems requires a combination of regulatory adherence,
technological advancements, and coordinated grid integration
strategies.
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Ultimately, maintaining high power quality in grid-
connected rooftop solar PV systems is crucial for the long-term
sustainability of distributed energy resources. As solar adoption
continues to grow, ongoing research and the development of
innovative solutions will be necessary to mitigate harmonic
distortions and enhance the stability and efficiency of modern
power systems. The steadily declining market prices of
electricity generated from solar PV systems are making solar
energy an increasingly attractive and viable option for
decentralized power generation. As the cost of solar panels,
inverters, and associated system components continues to fall
due to technological advancements, economies of scale, and
supportive policy measures, more residential, commercial, and
industrial users are considering solar PV as a practical energy
solution. This price reduction enhances the economic feasibility
of both rooftop and ground-mounted installations, allowing
users to generate their own electricity, reduce dependency on the
central grid, and potentially lower their energy bills.
Furthermore, decentralized solar systems contribute to improved
energy resilience, reduced transmission losses, and greater grid
stability, especially when combined with energy storage. The
growing affordability of solar PV is thus playing a key role in
accelerating the transition toward a cleaner, more distributed,
and sustainable energy future.
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SIMULATION AND OPTIMIZATION OF A
RENEWABLE HYDROGEN-BASED
STANDALONE POWER SYSTEM

Batin DEMIRCAN1?2

1. INTRODUCTION

In recent years, research efforts on the development of off-
grid hydrogen energy systems integrating photovoltaic (PV)
technology and fuel cells have intensified, with a particular
emphasis on improving energy efficiency, achieving cost
optimization, and meeting sustainability criteria in remote
regions. An increasing number of studies have focused on
enhancing hydrogen production and utilization through the
hybridization of renewable energy sources such as solar and
wind.

In addition to hybrid systems, significant advancements
have been achieved in the implementation of electrolysis-based
hydrogen production technologies. Through the development of
innovative energy management strategies, optimal operational
schemes capable of adapting to the intermittent nature of solar
energy have been established for solar-powered hydrogen
refueling stations. This has enabled the fulfillment of hydrogen
demand, particularly in transportation applications such as
hydrogen fuel cell vehicles (HFCVs) (Xu et al., 2020) . Similarly,
a study conducted by Li et al. emphasized the importance of off-
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grid solar-powered charging stations in establishing the
infrastructure required to serve hydrogen-powered vehicles.
Furthermore, in regions where instantaneous energy demand
exceeds solar generation capacity, the role of hydrogen as a
flexible and long-term energy storage solution is increasingly
recognized (Li et al., 2024).

Ferrario et al. demonstrated that the integration of
hydrogen with solid oxide fuel cells (SOFCs) can enhance the
resilience of rural energy networks, particularly in stationary
combined heat and power systems, owing to their adaptability to
various fuel mixtures (Ferrario et al., 2023). On the other hand,
Schneider et al. emphasized that the deployment of hydrogen
storage systems in Sub-Saharan Africa could improve the
efficiency and sustainability of local energy systems by
maintaining balance during periods of low energy production.
Within the framework of sustainable design, significant progress
has also been made in the sizing and optimization of hybrid
PV/fuel cell systems (Schneider et al., 2023). A study by Rezk et
al. (2020) presented a comprehensive technical and economic
analysis of a hybrid PV/fuel cell system integrated with battery
storage to meet daily load demands. The use of excess energy for
hydrogen production enabled a closed-loop configuration,
thereby minimizing energy waste (Rezk et al., 2020). This
integrated approach not only promotes energy independence in
off-grid communities but also offers sustainable energy solutions
through the optimal utilization of local resources.

Overall, advancements in off-grid hydrogen energy
systems supported by photovoltaic (PV) and fuel cell
technologies have significantly facilitated the transition to
renewable energy. These developments contribute to enhancing
the energy self-sufficiency of rural and remote communities
while supporting global efforts to minimize greenhouse gas
emissions. They reflect a holistic approach aimed at building
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flexible energy systems capable of adapting to the temporal
variability of resource availability and energy demand. Moreover,
recent studies employing the HOMER software have provided
valuable insights into the optimization and feasibility of
hydrogen-based off-grid energy systems.

Yang et al. investigated a PV/wind/fuel cell hybrid system
in China and reported that the efficiency of hydrogen production
is influenced by the interaction between solar and wind energy
sources. The highest efficiency, 53.6%, was achieved in a
biomass-integrated hybrid configuration (Yang et al., 2024b).
Hernandez et al. designed a hydrogen fuel cell-based microgrid
for a rural region in Cuba, demonstrating the system's economic
feasibility (Hernandez et al., 2023). Beitelmal et al. developed a
renewable energy system model using HOMER to meet the
energy demands of a healthcare facility in Libya and emphasized
the software’s effectiveness in emergency infrastructure
scenarios (Beitelmal et al., 2022).

Tay et al. demonstrated that HOMER can successfully
model sustainable and economically viable system configurations
in rural areas (Tay et al., 2022). Oliveira et al. showed that
hydrogen production systems incorporating electrolyzers and
batteries can be efficiently designed and optimized using
HOMER (Oliveira et al., 2024). These studies highlight HOMER
software as an effective and comprehensive analytical tool for the
planning and assessment of hydrogen-based renewable energy
systems. In this context, hydrogen-based stand-alone energy
systems powered by renewable sources emerge as a sustainable
alternative, particularly for off-grid applications.

In this study, a fully renewable system model comprising
photovoltaic (PV) panels, a proton exchange membrane (PEM)
electrolyzer, a hydrogen storage tank, a fuel cell, and lead-acid
batteries was developed and optimized using HOMER Pro

85



Akademik Perspektiften Elektrik-Elektronik ve Haberlesme Miihendisligi

software for the location of Konya, Turkey. The objective of the
study is to evaluate the technical and economic performance of
the system and to analyze the feasibility of implementing a
completely renewable hydrogen production and consumption
system.

2. SYSTEM CONFIGURATION AND
COMPONENTS

The system schematic shown in Figure 1 is designed as a
closed-loop configuration that primarily relies on photovoltaic
(PV)-based energy generation and enables hydrogen production
via electrolysis. The photovoltaic panels, which constitute the
main source of renewable energy in the system, are directly
connected to the direct current (DC) bus and supply electricity.
Surplus energy generated by the PV panels is utilized by the
electrolyzer to produce hydrogen through the electrolysis of
water. The hydrogen produced is stored in the hydrogen tank
integrated into the system and, when required, is converted back
into electricity by the fuel cell to support the electrical load.
A lead-acid battery (1 kWh LA) is employed to mitigate short-
term load fluctuations, serving as a buffer for temporary energy
storage. The system converter facilitates bidirectional power flow
between the alternating current (AC) and DC components,
thereby maintaining system integrity and managing energy
conversion.

The electrical load is defined as having a daily average of 25.00
kWh and a maximum of 4.17 kW, and all system components
have been optimized accordingly.
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Figure 1. Schematic configuration of the proposed off-grid
renewable hydrogen-based energy system

As shown in Figure 1, the system does not include any
fossil fuel-based generator or grid connection; the entire energy
demand is met through solar energy and hydrogen conversion.

2.1. Simulation Parameters

The location and climate data used in the simulation were
selected from the built-in meteorological database of the HOMER
Pro software, with the Konya region—one of the areas in Turkey
with high solar irradiance—being preferred. The simulation
period was set to one year, and calculations were performed with
a time step of 60 minutes. The system control strategy was
defined as the “HOMER Load Following” approach, in which the
fuel cell, acting as a generator, produces energy only in proportion
to the instantaneous load demand, while any surplus energy is
directed to the battery and electrolyzer systems. To ensure an
accurate representation of the system’s energy demand in the
simulation environment, the annual electrical load profile was
meticulously defined and configured on an hourly basis to reflect
both daily and seasonal variations.
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2.2. Daily and Seasonal Load Profile

As shown in Figure 2, the load begins to increase in the
morning hours and reaches its maximum at approximately 1.4 kW
around 18:00. This indicates that the system exhibits a high
energy demand during daylight hours, suggesting a potential
synchronization between energy consumption and PV generation.
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Figure 2. Daily and Seasonal Load Profile

The main load parameters are shown in Table 1. The
scaled daily load was set to 25.00 kwWh, a value that directly
influences the system’s energy generation and storage strategies.
To simulate real-world instantaneous load fluctuations, a 10%
day-to-day variability and a 20% time-step randomness were
applied. The maximum load was defined as 4.17 kW, which
played a critical role in sizing the system components—
particularly the inverter, battery, and fuel cell.
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Table 1. Key Load Parameters

Parameter Value
Average Load (Baseline) 12.06 kWh/day
Scaled Average Load 25.00 kWh/day
Average Power 1.04 kW

Peak Load 4.17 kW

Load Factor 0.25

Timestep 60 minutes
Random Variability (Day-to-day) 10%

Random Variability (Timestep) 20%

Peak Month July

The average load throughout the year is approximately 1.2
kW, exhibiting a relatively uniform distribution across all
months. This indicates that the load does not experience
significant seasonal variations, and thus, the system's energy
generation and storage capacities have been configured to handle
a consistent demand distributed evenly over the entire year.

2.3. Optimization Process

In the HOMER software, the optimization process was
carried out by simulating the system components with various
sizing configurations. In this context, the photovoltaic (PV) panel
capacity was tested within the range of 60 to 72 kW. The
electrolyzer capacity was optimized between 0.5 and 3 kW, while
the fuel cell capacity was fixed at 1.0 kW throughout all
simulations. The hydrogen storage capacity was limited to 30.0
kg, and the number of lead-acid battery strings was varied
between 18 and 20. The objective of this multi-variable
optimization was to identify the most cost-effective and
technically efficient combination that would ensure uninterrupted
off-grid energy supply based entirely on renewable sources.

The optimization parameters for the converter component
are shown in Figure 3. Within this scope, the converter capacity
(kW) was gradually increased from 0 to 3 kW. For each capacity
level, the associated capital cost (Capital $), replacement cost
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(Replacement $), and annual operation and maintenance cost
(O&M $/year) were defined in the HOMER software. In addition,
the inverter and rectifier efficiencies were both set to 95%, and
the converter lifetime was assumed to be 15 years. During
simulations, the converter was allowed to operate in parallel with
the AC generator.

Costs.
Replacement O&M

$ ()
05 §150.00 $125.00 $2.50

1 $300.00 $250.00 $5.00

15 $450.00 $375.00 $7.50

2 $600.00 $500.00 $10.00
25 §750.00 $625.00 $12.50
3 $800.00 $750.00 $15.00
o $0.0 500 $0.0

Click here to add new item

Multiplier: © @) ®©

Inverter Input Rectifier Input

Lifetime (years): 15.00 @ Relative Capacity (%}: | 100.00 @

Efficiency (%): 95.00 @ Efficiency (%): 9500 @

# Parallel with AC generator?

Figure 3. Converter cost parameters and efficiency settings
defined for the optimization process

The cost and capacity optimization settings for the
electrolyzer component are shown in Figure 4. Within this scope,
the capacity values were defined between 1 kW and 3 kW. For a
1 kW electrolyzer, the capital cost was entered as $1,200, the
replacement cost as $1,000, and the annual operation and
maintenance (O&M) cost as $20. Furthermore, the economic
lifetime of the electrolyzer was assumed to be 15 years, and its
efficiency was set at 65%. These parameters were modeled to
analyze the extent to which the excess PV generation could
contribute to the hydrogen production process and to determine
the optimum electrolyzer capacity.
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Figure 4. Cost and capacity optimization settings of the
electrolyzer

The capacity optimization of the hydrogen tank
component is shown in Figure 5. During the simulation process,
two different tank capacities—20 kg and 30 kg—were evaluated.
The capital cost of the hydrogen tank was defined as $5,000,
while the replacement cost and annual operation and maintenance
(O&M) cost were set at $4,000 and $10/year, respectively. To
ensure a more realistic evaluation of system performance, the
relative capacity of the tank was assumed to be 50% of its total
size. These configurations allowed for the analysis of how much
of the produced hydrogen could be stored and the resulting impact
of storage capacity on the overall system economy.

Capacity Optimization

Size (ke)
20
30

Figure 5. Capacity optimization and cost configuration of the
hydrogen tank within the system

The photovoltaic (PV) panel employed in the system
design was modeled using the "Generic flat plate PV"" component
available in HOMER Pro software. The capital cost for 1 KW unit
capacity was defined as $800, with a replacement cost of $700
and an annual operation and maintenance (O&M) cost of
$10/year. The system lifetime was set to 25 years, and a derating
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factor of 80% was assigned to account for performance losses due
to environmental conditions, temperature effects, and system
inefficiencies. The PV panel was configured to be directly
connected to the DC bus, and system sizing was carried out using
HOMER'’s default optimization engine (HOMER Optimizer™).

The lead-acid battery was defined with a nominal voltage
of 12 V and a nominal capacity of 1.0 kWh. Its maximum capacity
was entered as 83.4 Ah, discharge rate as 0.827 1/h, and round-
trip efficiency as 80%. The maximum charge and discharge
currents were set at 1.0 A/h and 24.3 A/h, respectively. In terms
of economic parameters, the capital cost was defined as $400, the
replacement cost as $350, and the annual O&M cost as $5/year.
The battery’s nominal lifetime was specified as 10 years, with a
total throughput capacity of 800 kwh. During the optimization
process, the number of strings was varied between 1 and 18. The
configuration settings used in HOMER for battery sizing are
shown in Figure 6.

Sizing

& HOMER Optimizer™
Search Space

+ Advanced

Upper:

18

Lower:
1

Figure 6. Battery sizing limits defined for the generic 1kWh lead-
acid storage component

In the fuel cell configuration, the “Generic Fuel Cell (size-
your-own)” component was selected. For a nominal capacity of 1
kW, the capital cost was defined as $1,200, the replacement cost
as $1,000, and the annual operation and maintenance (O&M) cost
as $15/hour. The fuel cell was limited to a lifetime of 40,000
hours. Furthermore, the minimum load ratio was set to 0%,
allowing the system to operate even under low-load conditions.
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The “Stored Hydrogen Fuel Price” field was left passive, as
hydrogen production and consumption are managed within the
integrated system cycle. Although the CHP (Combined Heat and
Power) recovery rate was set at 50%, thermal energy use was not
considered in this study. The fuel cell was evaluated purely as an
electricity generation component. The capacity sizing range of the
fuel cell is presented in Figure 7. Within the HOMER
optimization framework, various sizing steps between 0 and 10
kW were analyzed to assess the economic and technical
contributions of the fuel cell under different load scenarios.

Sizing

Size (kW)

Sla[e[H[e [a [ [w[=]=]=

0

Figure 7. Optimization sizing range of the fuel cell
2.4. Expected Outcomes

The primary intended outcomes of this study include the
modeling and optimization of a closed-loop system powered
entirely by renewable energy sources incorporating both
hydrogen production and consumption using HOMER software.
Based on the simulation results, the technical adequacy,
economic sustainability, and energy supply reliability of the
system components were thoroughly evaluated.

In particular, the process of utilizing surplus energy from
photovoltaic (PV) systems for hydrogen production via
electrolysis, and subsequently reintegrating the stored hydrogen
into the system through a fuel cell, was modeled. The contribution
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of this structure to overall system efficiency was analyzed.
Ultimately, the study aims to present concrete findings on how
renewable-based off-grid power systems can play an effective
role in future energy infrastructures.

3. RESULTS

The graph shown in Figure 8 illustrates the comparative
distribution of the system components in terms of Net Present
Cost (NPC) within the established hydrogen-based renewable
energy system. Upon examination, it is evident that the highest
cost is associated with the fuel cell (Generic Fuel Cell)
component. This is primarily due to the high investment and
operational costs of fuel cells used for converting hydrogen into
electrical energy. The cost of photovoltaic (PV) panels ranks
second, which is an expected outcome considering that a
significant portion of the system’s electricity generation relies on
solar power. Energy storage elements such as the hydrogen tank
and battery contribute at comparatively lower levels. The cost
impact of the electrolyzer and system converter components is
observed to be relatively limited. This graph clearly identifies the
key components contributing to the system's economic burden
and highlights critical areas that must be considered during the
optimization process.

§250,000
$200,000
§150,000
£100,000

§50,000

S0 - 5
Generic TkWh Generic Generic flat Generic Fuel Hydrogen Tank System

Lead Acid Electrolyzer plate PV Cell (size-your- Converter
own)

Figure 8. Comparison of Net Present Costs (NPC) of system
components
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Figure 9 presents a detailed analysis of the system’s
annual and monthly electricity production values along with the
load coverage performance. The photovoltaic (PV) panels
generated a total of 105,903 kWh per year, meeting 99.4% of the
system’s total electricity demand. In contrast, the fuel cell (FC)
contributed only 667 kWh, indicating that the system’s energy
demand was met almost entirely by solar power, while the fuel
cell functioned as a backup and supplementary energy source.
The total annual electricity consumption was calculated as 16,279
kWh, of which 53.8% was consumed by AC loads.

The monthly generation profile shows an increase in
production during the summer months (July—August) and a
noticeable decline during the winter months (December—
January), confirming the seasonal variability of PV output due to
solar irradiance fluctuations. The annual excess electricity
production was 89,013 kWh, which corresponds to 83.5% of the
total generated energy. This indicates that the system’s generation
capacity significantly exceeded the load demand, resulting in a
substantial portion of unused energy.

The unmet electrical load ratio was calculated as 4.04%,
while the renewable energy contribution reached 100%.
Furthermore, the system achieved a maximum instantaneous
renewable penetration of 2,597%. These findings clearly
demonstrate the system’s high sustainability level and its
considerable energy generation capacity relative to the load.
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Figure 9. Monthly and annual electrical production, consumption,
and renewable contribution of the system

Figure 10 presents the annual hydrogen production and
consumption values of the system, along with the monthly
average input power to the electrolyzer. Throughout the year, a
total of 124 kg of hydrogen was produced by the electrolyzer, and
nearly all of it (approximately 100%) was consumed by the fuel
cell, which recorded a total hydrogen consumption of 139 kg.
This indicates that the system largely achieved a closed-loop
hydrogen production—consumption balance. It is also noted that
no reformer was utilized in the system configuration.

The chart shows that the monthly power consumption of
the electrolyzer varied between 0.25 kW and 0.38 kW. Hydrogen
production capacity was observed to increase during the summer
months (June-August), which reflects the higher PV generation
during these periods. Conversely, in December and January, the
electrolyzer's power consumption reached its lowest levels,
corresponding to reduced PV output due to limited solar
irradiance during winter.

Additionally, no excess hydrogen accumulation occurred
over the year (0 kg/year), demonstrating that nearly all the
hydrogen produced by the electrolyzer was utilized within the
system. The Levelized Cost of Hydrogen (LCOH) was calculated
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as 207 $/kg, indicating that the system still requires further
economic optimization for improved feasibility.

Figure 10. Annual hydrogen production and consumption values
and monthly average power input to the electrolyzer

Figure 11 presents the key performance parameters of the
fuel cell component along with a heat map illustrating its hourly
power output throughout the year. The fuel cell operated for a
total of 1,087 hours and was activated 397 times over the course
of the year. The calculated capacity factor was 7.61%, indicating
that the system was primarily powered by renewable sources,
with the fuel cell functioning predominantly as a supplementary
energy unit.

Throughout the year, the fuel cell generated 667 kWh of
electricity and consumed 139 kg of hydrogen. Its average
electrical efficiency was calculated as 14.4%, reflecting the
proportion of consumed hydrogen that was successfully
converted into electrical energy. This relatively low efficiency
highlights potential areas for system optimization and
performance enhancement.

The heat map reveals that the fuel cell typically operated
during morning and evening hours, aligning with periods when
battery state-of-charge was low and PV generation was
insufficient. The maximum power output reached 1.00 kW, which
is consistent with the configured system specifications. Notably,
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in the second half of the year, the fuel cell exhibited increased
operational frequency and duration. These findings confirm that
hydrogen was effectively utilized as a balancing component
within the energy system.

Figure 11. Annual operational performance and hourly power
output heat map of the fuel cell unit

Figure 12 comprehensively presents three key parameters
associated with the annual utilization profile of the hydrogen
storage tank. The upper section of the figure includes summary
tables indicating that the tank has a maximum hydrogen storage
capacity of 30.0 kg, corresponding to approximately 1000 kWh
of energy, and providing up to 960 hours of system autonomy
based on hydrogen-supplied energy. The hydrogen content,
initially set at 15.0 kg at the beginning of the year, was completely
depleted by year-end, reaching 0 kg. This indicates that the
system effectively utilized the entire amount of hydrogen
produced throughout the year.

The histogram in the middle section reveals that the
hydrogen tank operated predominantly at low state-of-charge
levels. This suggests that during periods of limited hydrogen
production or high demand, the generated hydrogen was
consumed immediately without being significantly stored.

The bottom section contains a colored heat map
illustrating daily variations in hydrogen levels throughout the
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year. It can be observed that during the middle of the year
(approximately between days 150 and 250), the tank frequently
reached higher fill levels, indicating more efficient storage
utilization during periods of increased hydrogen production. The
monthly box plot located in the lower right of the figure shows
that hydrogen storage levels peaked between July and September,
while a gradual decline occurred during the final quarter of the
year. These results are consistent with the seasonal variability in
PV electricity generation and confirm that hydrogen production
was most effective during the summer months.

Quantity Value | Units Quantity Value| Units|
Hydrogen storage capacity| 300 kg Content at beginning of year 150 kg
Energy storage capacity 1,000 kWh Content at end of year 0 kg
Tank autonomy 960 hr
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Figure 12. Visualization of hydrogen tank dynamics including
capacity, storage behavior, and seasonal variations.

4. CONCLUSION

In this study, a hydrogen-based standalone power system
entirely reliant on renewable energy sources was modeled and
optimized using the HOMER Pro software. Simulation results
revealed that a portion of the surplus energy generated by the
photovoltaic (PV) panels could be utilized for hydrogen
production via electrolysis, and the stored hydrogen could
subsequently be reconverted into electricity through a fuel cell to
support the system load during periods of energy deficit.
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With an annual hydrogen production of 124 kg and a
consumption of 139 kg, the system successfully maintained a
functional hydrogen cycle, demonstrating the potential of
hydrogen to serve as an effective medium for temporary energy
storage. However, the capital and operational costs associated
with the hydrogen infrastructure—particularly the fuel cell and
hydrogen storage tank—constitute a significant portion of the
system’s total cost. The net present cost (NPC) was calculated as
approximately $331,913, and the levelized cost of electricity
(LCOE) as $2.93/kWh, indicating that the system remains in the
early stages of economic viability.

A renewable energy penetration rate of 100% is a
favorable indicator in terms of environmental sustainability.
Nevertheless, the occurrence of excess electricity generation and
unmet load percentages highlights the need for improved energy
management and storage strategies. Future studies should focus
on the co-optimization of battery and hydrogen storage systems,
the development of more dynamic control strategies, and the
feasibility of hybrid storage configurations.

In conclusion, while the results confirm the technical
feasibility of hydrogen-supported, fully renewable off-grid
energy systems, further developments are necessary to enhance
their economic competitiveness.
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