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In this study, the use of polymers and bioactive ceramics together in biomaterials designed for
bone tissue engineering applications was discussed to successfully imitate bone tissue structure.
In this context, as technologies such as three-dimensional printing develop, considering the
advances in the ability to control bone microarchitecture, the effect of these technologies on the
production of bone tissue scaffolds has been examined.
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Figure A. Flowchart of the early key steps in the design of scaffolds.

Purpose: In this study, bone tissue scaffolds structures and their production with 3D printers are
examined. Production techniques with 3D printers were examined and the effects of biomaterials
on the designs of bone tissue scaffolds were discussed.

Theory and Methods: Design effect of bone tissue scaffolds produced with 3D printer is
explained step by step. Firstly, bioactive ceramics, which are widely used as bone tissue scaffolds,
were mentioned, and then 3D printer technology was described as a production technique. After
the requirements for biologically designing a scaffold were laid out, the comparison table of
various 3D printer techniques used to print scaffolding in tissue engineering was examined along
with advantages and disadvantages.

Results: Many production techniques have been used in the design of tissue scaffolds. However,
most of these scaffolds have significant disadvantages with their geometric constraints and / or
material properties of the final textured material. In this context, biological justifications are
added to the design parameters. Considering the chemical structures of bioactive ceramics and
the resulting product and production technology allowed by this material category, experimental
methods can be constructed in the design of different tissue scaffolds because of these constraints.

Conclusion: Bone is a natural composite structure, and materials to be used as tissue scaffolds
should also have biocompatible and mechanically similar properties to bone tissue. New bone
formation has been achieved with the production of composite biomaterials containing natural
and synthetic polymers and bioceramics.

Different methods have been used in the production of bone scaffold according to printing
principles and material types, but with the development of technologies such as three-dimensional
printing, the opportunity to control bone microarchitecture has emerged. 3D printers open up new
possibilities for bone scaffold design, the design process and the test phases.
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Kemik Doku Iskelesi

The design of the bone scaffolds changes and develops with the developing technology and
production methods. Degenerative diseases which are one of the design needs like osteoporosis,
result in bone pathologies such as, degeneration and loss of bone tissue, adversely affecting
quality of life and living standards. Therefore, the development of three-dimensional bioactive
bone tissue scaffolds for bone regeneration come into prominence in tissue engineering. Polymers
and bioactive ceramics are used as biomaterials designed for bone tissue engineering applications
that bone tissue structure can be successfully imitated. Bone tissue scaffolds produced with
hydroxyapatite (HA) and bioactive glasses have a clinical potential for bone regeneration due to
their high biocompatibility and binding properties to bone tissue. However, the mechanical
properties of HA and bioactive glass bone tissue scaffolds, which are designed to be porous like
bone tissue, are not particularly suitable for load bearing applications. HA based composites are
produced by adding secondary phases such as ceramic, metal, polymer, and glass to improve the
mechanical properties. A variety of manufacturing methods such as stereolithography, powder
layered fusion material extrusion, binder jetting and three-dimensional (3D) printing are applied
to fabricate bone tissue scaffolds according to the printing principles and selection of materials.
Conventional methods offer limited control over pore size, geometry, and interdependence for
this production. However, 3D printing technologies have evolved, progress has been recorded in
the ability to control bone micro-architecture.

3B Yazcilarin Kemik Doku iskeleleri Tasarimina Etkisi
Oz

Kemik doku iskelelerinin tasarimi gelisen teknoloji ve iiretim metodlar1 ile degismekte ve
geligmektedir. Tasarim ihtiyaclarindan bir tanesi olan dejeneratif hastaliklar sonucu ortaya gikan
osteoporoz nedeni ile kemik dokusu deformasyonu ve kaybi gibi kemik patolojileri, yasamin
kalitesini ve yasam standartlarini olumsuz etkilemektedir. Bu nedenle kemik rejenerasyonu igin
ti¢ boyutlu biyoaktif kemik doku iskelelerinin gelistirilmesi, doku miihendisligi alaninda biiyiik
onem kazanmustir. Kemik doku yapisinin basarili bir bigimde taklit edilebilmesinde kemik doku
mithendisligi uygulamalart i¢in tasarlanan biyomalzemelerde polimerler ve biyoaktif seramikler
kullanilmaktadirlar. Hidroksiapatit (HA) ve biyoaktif camlar ile {iretilmis kemik doku iskeleleri
yiiksek biyouyumluluga ve kemik dokusuna baglanma 6zelligine sahip oldugundan dolay1 kemik
rejenerasyonu i¢in klinik potansiyele sahiptir. Ancak kemik dokusuna benzer gbzenekli olarak
tasarlanan HA ve biyoaktif cam kemik doku iskelelerin mekanik 6zellikleri 6zellikle yiik tagiyan
uygulamalar i¢in uygun degildir. Mekanik ozellikleri iyilestirmek amaciyla seramik, metal,
polimer ve cam gibi ikincil fazlarin ilavesiyle HA bazli kompozitler iretilmektedir. Kemik
iskelesi tiretiminde baski prensipleri ve malzeme sec¢imine gore stereolitografi, toz tabakali
fiizyon, malzeme ekstriizyonu, binder jetleme ve ii¢ boyutlu (3B) yazici ile sekillendirme gibi
¢esitli yontemler uygulanmaktadir. Geleneksel yontemler; gozenek boyutu, geometrisi ve
birbirine baglilig1 lizerinde smirli kontrol imkani sunmaktadir. Ancak 3B yazic1 teknolojileri
gelistikce, kemik mikro mimarisini kontrol edilebilme becerisinde ilerlemeler kaydedilmistir.
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1. GIRiS INTRODUCTION)

Dejeneratif hastaliklar sonucu ortaya ¢ikan osteoporoz nedeni ile kemik dokusu deformasyonu ve kaybi
gibi kemik patolojileri, yagsamin kalitesini ve yasam standartlarini olumsuz etkilemektedir. Bu nedenle
kemik rejenerasyonu i¢in kemik doku iskelesi temelli doku miihendisligi yaklagimlari biiyiik 6nem
kazanmistir. Kemik doku miihendisligi, fiziksel, kimyasal ve mekaniksel olarak kemik hiicre dig1 matrisini
taklit edebilecek doku iskeleleri ile, viicutta hasarli ya da islev goremeyen kemik dokunun rejenerasyonunu
veya onartmini amaglamaktadir. Makroskobik ve mikroskobik 6lcekte hiyerarsik bir yapiya sahip olan
Kemik dokusu hiicrelerin ve diger organik bilesenlerin yani sira, nano boyuttaki inorganik yapilar olan
hidroksiapatitlerin (HA) kollajen fiberler iizerine yerlesmesi ile olusan dogal bir kompozit yapidir. Doku
iskelesi olarak kullanilacak malzemelerin de biyolojik olarak uyumlu, mekaniksel olarak kemik dokusuna
benzer ozelliklere sahip olmasi ve hiicre adezyonunu ve ¢ogalmasini kolaylagtirmak i¢in birbirine bagh
gozeneklerle yapilanmasi gerekmektedir Arastirmalarda, dogal ve sentetik polimer ve biyoseramiklerin
bulundugu kompozit biyomalzemeler iiretilmis ve yeni kemik olusumunun gerceklesebildigini gosteren
sonuglar elde edilmistir [1-5].

Kemik doku yapisinin basarili bir bigimde taklit edilebilmesi i¢in, kemik doku mithendisligi uygulamalar
icin tasarlanan biyomalzemelerde polimerler ve biyoaktif seramikler bir arada kullanilmaktadirlar.
Biyobozunur 6zellikteki polimerler ii¢ boyutlu yapinin elde edilmesini saglarken, biyoaktif 6zellige sahip
seramikler osteoindiiktif 6zellikleriyle kemik rejenerasyonunu hizlandirirlar [5-7].

Kemik iskelesi {iretiminde baski prensipleri ve malzeme tiirlerine gore stereolitografi (kiitle
polimerizasyonu), toz tabakali fiizyon (lazer sinterleme), malzeme ekstriizyonu (kaynastirilmis biriktirme
imalat1) ve binder jetleme (toz bazli 3BP) gibi cesitli yontemler uygulanmaktadir. Geleneksel yontemler,
gbzenek boyutu, geometrisi ve birbirine baglilig1 iizerinde sinirli kontrol imkani sunmaktadir. Ancak ¢
boyutlu baski gibi teknolojiler gelistikce, kemik mikro mimarisini kontrol edilebilme becerisinde
ilerlemeler kaydedilmistir 8, 9].

2. BIYOAKTIF SERAMIKLER (BIOACTIVE CERAMICS)

Viicudun zarar goren veya islevini yitiren pargalarinin onarimi, yeniden yapilandirilmasi veya yerini almasi
igin Ozel tasarimli seramikler gelistirilmistir. Bu amagla kullanilan seramikler “biyoseramikler” olarak
adlandirilmaktadir. Biyoseramikler, biyoinert (Al.Oz ve ZrO;), biyoaktif (hidroksiapatit ve biyoaktif
camlar) ve biyobozunur (HA ve trikalsiyumfosfat) olmak iizere {i¢ grupta incelenirler. Biyoinert seramikler
doku ile mekanik bag olustururken biyoaktif seramikler doku ve implant arasinda kimyasal bag yaparak
etkilesirler. Biyoaktiflik biyomalzemenin kemige baglanabilme yetenegidir. Biyoaktif seramikler blok,
gozenekli madde ve graniil seklinde iiretilebilirler ve yaygin olarak kemik dolgu malzemesi olarak
kullanilmaktadirlar. Biyobozunur seramikler ise doku ile yer degistirmektedirler [10-12].

Biyoseramikler iskeletteki sert bag dokusunun tamiri veya yenilenmesinde de yaygin olarak
kullanilmaktadir. Bu malzemelere olan gereksinim, 6zellikle ilerleyen yasa bagli olarak ortaya ¢ikmaktadir.
Kemik yogunlugu ve dayaniminin 30 yasindan itibaren azalmasi nedeni ile yaglilarda kemikler ¢ok kirillgan
olur. Bunun sonucunda kemik iireten hiicreler, yani osteoblastlarin yeni kemik {iretiminde ve kemikte
olusan mikro catlaklarin kapanmasindaki itiretkenligi azalmaktadir. Ortalama insan omrii 80 yil olarak
diistiniiliirse, 60 yas civarinda bag dokusu i¢in yedek malzeme gereksinimi baglamakta ve en az 20 yil
boyunca biyoseramiklere ihtiya¢ duyulmaktadir [13].

Biyoseramiklerin kullanimini sinirlayan nedenlerin en 6nemlileri, bazi klinik uygulamalardaki yavas
ilerleyen catlaklar, yorulma ve degisik darbe ve basinglara dayanimlariin 6zellikle yiik tagiyan bolgelerde
yeterli olmamasidir. Bu olumsuzluklar1 6nlemek i¢in kullanilan iki yeni yaklagimdan birisi, biyoaktif
kompozitler, digeri ise biyoaktif seramiklerle yapilan kaplamalardir [11]. Biyoseramikler oksit seramikleri,
kalsiyum fosfat seramikleri ve cam ve cam seramikler olarak {i¢ grupta incelemek miimkiindiir; Oksit
seramikler, inert yapida olan ve oksijen iyonlarinin olusturdugu diizlemde metal iyonlarinin dagilmasi ile
olusan polikristalin seramiklerdir. Oksit seramiklerin Aliimina (Al,O3) ve Zirkonya (ZrO;) olmak iizere iki
onemli ¢esidi bulunmaktadir [14].
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Genel olarak bakildiginda, tek fazli biyoaktif camlar 6érnegin biyocam insan kemigi uygulamalarinda
gerekli mekanik mukavemeti gostermezler. Biyoaktif camlarin en 6nemli 6zelligi ¢ok yiiksek reaksiyon
hizina sahip olup, doku ile hizl1 bir sekilde baglanmay1 saglamasidir. En 6nemli dezavantajlar ise diisiik
mekanik mukavemete ve diisiik kirilma tokluguna sahip olmalaridir [15-17]. Biyoaktif camlar kolay ve seri
iiretim i¢in uygun bir teknik olan geleneksel ergitme yontemi ile iiretilebilirler. Bu yontem ile iiretilmelerine
ragmen her bir iiretim basamaginda hassas davranilmasi gerekmektedir. Bunun sebebi son {irliniin insan
viicudunda kullanilacak olmasidir. Kimyasal kirlenmeler minimuma indirilmeli, oksit malzemeler yiiksek
saflikta secilmeli, silika yiiksek saflikta ve flint kalitesinde olmalidir [ 14, 18].

Biyoaktif camlarin kemik dokusu ile giiclii bag kurabilme yeteneklerinden dolay:r hasar gormiis kemik
dokusunun tamiri ve onariminda kullanimi giin gectik¢e artmaktadir. Biyoaktif camlar fiziksel soliisyona
maruz kaldiklarinda silika gruplarinin bazilar1 kalsiyum, fosfor veya sodyum ile yer degistirebilmektedir
ve ylizeylerinde amorf kalsiyum fosfat tabakasi olusmaktadir. Bu tabaka birkac¢ giin igerisinde kemik
icerisindeki mineral faz ile kimyasal ve fiziksel olarak ayni ve ylizeyler aras1 baglanma i¢in gerekli olan
biyolojik olarak aktif hidroksikarbonatapatit (HCA) tabakasina doniiserek kristallesmektedir. Kemige
baglanma islemi 12 reaksiyon basamagi ile gerceklesmektedir. Ik 5 reaksiyon basamagi dokulara bagl
degildir ve kristalin HCA tabakasinin olugmasi ile sonuglanmaktadir. Daha sonraki basamaklarda ise
implantin kemik dokusuna baglanmasi gerceklesmektedir. Bdylece doku ve implant arasinda kimyasal
baglanma gerceklesmektedir. Aynm1 zamanda viicuda implant olarak uygulanan biyoaktif camlarin
ylizeyinin temas ettigi kemik dokuyu gelistirdigi bilinmektedir [19]. Ayrica in vitro ¢aligmalar biyoaktif
camlarin osteoblast, fibroblast ve endotel hiicrelerinin biiylimelerini ve olgunlagsmalarimi tesvik ettigini
gostermektedir. Yapilan son ¢aligmalarda biyoaktif camlardan agiga ¢ikan iyonlarin osteoblast hiicrelerinde
hiicresel cevapta rol oynayan genleri aktive ederek osteoblast hiicrelerinin ¢ogalmasini ve farklilagmasini
artirdigr tespit edilmistir [14, 20].

Biyoseramiklerin biyolojik ve mekanik 6zellikleri kimyasal kompozisyonlaria ve yapilarina baglhidir ve
bu ozellikleri iiretim yontemi, farkli element katkilar1 ve kompozit yapilar olusturulmasi ile kolaylikla
degistirilebilmektedir. Hidroksiapatit, kirllganlik ve diisiik kirilma toklugundan dolay1r zayif mekanik
ozelliklere sahiptir ve yiik tastyict uygulamalarda kullanimini kisitlamaktadir. HA bazli kompozitler (HA-
alimina, HA-zirkonya, HA-visker ve HA-biyocam) mekanik ozellikleri iyilestirmek amaciyla seramik,
metal, visker gibi ikincil fazlarin ilavesiyle tiretilmektedir [9, 14, 21].

Batra ve Kapoor (2010), tarafindan yapilan ¢alismada cam takviyeli hidroksiapatit kompozitlerin mekanik
ozellikleri incelenmis ve agirlik¢a %10 cam ilaveli kompozitlerin HA’dan daha iyi basma mukavemeti ve
sertlik degerlerine sahip oldugu gortlmiistiir [22]. Goller ve ark. (2003) tarafindan yapilan ¢alismada ise
HA’nin farkli sinterleme sicakliklarinda agirlikga %5 ve %10 biyocam takviyesi ile mekanik 6zelliklerin
iyilestirilmesi arastirilmig ve biyocam takviyeli camlarda daha iyi mekanik &zellikler saptanmustir [23].

3. UC BOYUTLU YAZICI TEKNOLOJISI (3D PRINTER TECHNOLOGY)

3B yazici teknolojisi, otomotiv ve havacilik endiistrilerinde otomobil ve ucak pargalarinin prototiplerini
iiretmek icin, mimarlik diinyasinda yapisal modellerin basilmasi ig¢in, tiiketici iiriinleri endiistrisinde
prototip gelistirme i¢in kullanilmaktadir [24]. Bu ger¢evede tibbi uygulamalar igin de 3B baski teknolojisi
hizlica gelismekte ve saglik hizmetlerinde oldukea etkili degisimlere yol agmaktadir. Hem giintimiizdeki
kullanim alanlar1 hem de gelecekteki potansiyel asamalar i¢in 3B yazici, kisiye 0zel protezlerin,
implantlarin ve anatomik modellerin olusturulmasi, ilag dozaj formlarinin yapilandirilmasi, uygulanmasi
ve kesifleri ile ilgili farmasdtik arastirmalarda doku ve organ tiretimi dahil olmak tizere ¢esitli genislikteki
imkanlara olanak saglamaktadir [25]. Biyoseramik malzeme, kusurlu dokular i¢in kemik doku iskelelerin
iiretiminde kullanilmaktadir. Kemik dokusu miihendisligi i¢in en kritik adimlardan biri iiretimdir. 3B baska,
kemik doku iskelesi insasi igin yiiksek kontrol edilebilirlik ve tasarim bagimsizligi nedeniyle 6zel tasarim
iskele imalat1 i¢in tercih edilen bir iiretim tekniktir [8].

Ideal bir doku iskelesine ait tiim faktorler belli olsa da biyomalzeme sec¢imi ve ii¢ boyutlu sekillerin
Ozgiilliigi ile ilgili zorluklar devam etmektedir [26]. Yaygin olarak kullanilan biyomalzemeler; polimerler
(sentetik ve dogal), seramikler ve metallerdir [9, 11, 21]. Her biyomalzemenin spesifik malzeme ve
mekanik 6zellikleri, isleme-iiretim yontemleri, kimyasal 6zellikleri, hiicre-malzeme etkilesimleri ve cesitli
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etik onay mekanizmalar1 vardir [26]. 3B doku iskelelerin imalatinda birgok ¢esit teknik kullanilmigtir. Bu
teknikler; miirekkep piiskiirtmeli 3B yazici, biyoyazici, erimis birikimi modelleme (FDM), segici lazer
sinterleme (SLS), stereolitografi (SLA), elektrospinning, dolayli 3B baski, lamine nesne imalati (LOM) ve
ekstriizyon bazli 3B baskidir [9, 24, 27].

Genel olarak, geleneksel teknikler kullanilarak hassas kontrol ile karmasik iskele mikro mimarileri
olusturmak zordur. Bununla birlikte, bilgisayar destekli tasarimin 3B baski teknolojisi ile baskinin kemik
dokusu miihendisligine entegrasyonu, doku iskelelerinin verimliligini ve yapilarindaki gézenekli doku
olusumlarim biiyiik dlciide arttirmustir [9]. Ote yandan, anatomik olarak dogru cerrahi modellerin {iretimi,
hastaya 6zgii geometrilere gore tasarlanan doku iskelelerinin gelistirilmesine zemin hazirlamistir. Ug
boyutlu tiretimi igeren teknolojiler, i¢ gézenek mimarileri iceren karmasik geometrilere sahip gézenekli
yap1 iskelelerinin iiretimine izin veren gézenekli malzemelerin imal edilmesini 6n plana ¢ikartmistir [28].

Seramik malzeme kullanarak ii¢ boyutlu baski yapmay1 saglayan ekstriizyon bazli 3B baski teknolojisi bu
tip olanaklar1 saglayan iiretim yapilarindan biridir. Seramik hammaddeden hazirlanan ve {i¢ boyutlu ve
gozenekli bir mimari tasarimini saglayan bu yap1 kimyasallar ve organik baglayicilar araciligiyla caligir
[28]. Katmanlar halinde montaj teknigi olarak dogrudan miirekkep yazma, yapilar1 polimerik, sol-jel ve
seramik miirekkepleri iceren malzemelerle imal etmek i¢in kullanilmistir. Teknik, yapis1 bir bilgisayar
tasarimini izleyen iskeleleri insa etmek i¢in kullanilabilir. Bu sekilde iskele mimarisi ile istenen mekanik
yaniti elde etmek, kemik rejenerasyon siirecini hizlandirmak ve anatomik kortikal-trabekiiler yapr ile kemik
olusumunu yonlendirmek i¢in kontrol edilebilir ve optimize edilebilir [29].

Hiyerarsik goriintii tabanl veya CAD teknikleri kullanilarak olusturulan karmasik iskele mimari tasarimlart
gelenceksel teknikler kullanilarak kolayca olusturulamaz [30]. Bunun yerine, iskele mimarileri, toplu olarak
iskele imalat yontemleri olarak bilinen katman katman tiretim siirecleri kullanilarak inga edilmelidir. Genel
katman tiretim stirecleri; 3B bilgisayar modeli olugturmak 3B bilgisayar modelini yazilimla 2B goriintiilerin
bir yap1 dosyasina dilimlemek, bilgisayar kontrollii bir katman prosesi ile insa etmek ve nano mimaride
yiizey modifikasyonu gibi herhangi bir son iglemle bitirmeyi igermektedir [26].

3B yazici islemi organ yapisinin CAD ortamina gegirilmesi ile baglamaktadir. Genellikle bu islem
goriintiileme cihazlarindan elde edilen 2B goriintii dilimlerinin bir 3B yapi olusturmasi i¢in birbirinin
iizerine derlenmesi ve istiflenmesidir. Bilgisayarli tomografi ve manyetik rezonans goriintiileme bu islemler
icin yardime1 elemanlardir. Bu goriintiileme teknolojileri, kesitli organ dilimlerini almaya ve bunlar1 3B
goriintiilere derlemeye yardimci olarak, iskelelerin tasariminin dogal organin yakin bir temsili olmasim
saglar [27].

3B yazici islemi ise su sekilde caligmaktadir [31]. Tanimlanmis bir biyoseramik graniil tabakasi inga
platformunda biriktirilir. Bir mikro dagitim valfi baglayiciy1 toz yiizeyine atar ve graniilleri segilen
bolgelerde baglar. Basilan her tabakadan sonra platform tabaka kalinligina gore algaltilir ve eski tabaka
iizerine yeni seramik tozu birakilir. Tiim iglemi bitirdikten sonra, par¢anin i¢ yapisinda kalan bagli olmayan
tozu gidermek i¢in hafif hava akig1 kullanilir [9, 24].

4. 3 BOYUTLU YAZICI TEKNOLOJISININ TASARIMA ETKIiSi (EFFECT OF 3D PRINTER
TECHNOLOGY ON DESIGN)

3B yazic1 teknolojilerinin teknolojik devrimlerden biri olacagi konusunda artan bir fikir birligi
bulunmaktadir. Ozellikle tasarim siireclerinin hizli bir sekilde {iretime doniisebilmesi ve test edilebilmesi
hem iiretimdeki kigisellestirmeyi hem de probleme uygun iiretimin kurgulanmasimi saglamaktadir. Bu
durum tasarim alanlart ile saglik alanlarmin birlikte ¢aligma olanaklarimi da yaratmaktadir [32]. Bu
ozellikler, 3B yazicilarin saglik alaninda da etkin bir sekilde kullanilmasina olanak vermektedir. 3B baski
teknolojisi, tip alaninda 2000'li yillarin basindan itibaren ilk kez dis implantlarinin ve 6zel protezlerin
yapiminda kullanilmigtir. O zamandan giiniimiize kadar tibbi uygulamalarda 3B yazic1 teknolojisi oldukga
gelismistir. Son zamanlarda yapilan arastirmalarda, kemikler, kulaklar, dis iskeletler, ¢cene kemigi,
gozliikler, hiicre kiiltiirleri, kok hiicreler, kan damarlar, vaskiiler aglar, dokular ve organlarin yani sira yeni
dozaj formlar1 ve ilag iiretmek i¢in 3B yazici teknolojileri kullanilmistir. 3B yazicinin mevcut tibbi
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kullanimlart; doku ve organ imalati, protez, implant ve anatomik modeller yaratmak; ilag kesfi, dogum ve
dozaj formlari ile ilgili farmasdtik arastirmalar gibi alanlar ile siniflandirilmaktadir [9, 33].

3B yazici1 teknolojisi, hastaya 6zel ihtiyaglara gore istege bagli olarak diisiik hacimli veya tekil {iriin {iretim
kabiliyeti nedeniyle biyomedikal cihaz tasariminda ve doku miihendisliginde de onemli avantajlar
olusturmaktadir [34]. Bu teknolojiler iginde tibbi goriintiileme araclari, bilgisayar destekli tasarim ve
biyomimetik yaklasimlar gibi araglar kullanilarak kemik doku iskeleleri i¢in yeni geometrilere yardimci
olabilecek bilgisayar kaynaklari, bilgisayar destekli liretim ¢esitliligi ve hizli prototipleme teknolojileri
ortaya koyarlar. Bu durum da malzeme bilimine ve yeni mikro iiretim teknolojilerine ¢esitli avantajlar
sunmaktadir [15].

Bir¢ok 6nemli asamanin gergeklestirilmesine ragmen, organ iiretiminde veya 3B baski ile tiim organin
insasinda 6nemli zorluklarla kargilagilmaktadir. Plastik cerrahiden kanser tedavisine ve dogum kusurlarinin
tedavisinden ampute'ler i¢in protezlere kadar tipin tiim alanlari, 3B baski ile yagam kalitesini artirmak veya
hastalarin daha uzun yasamasina yardimci olmak icin atilimlar aramaktadir [34]. Malzeme biliminde,
yiiksek mekanik mukavemete sahip gozenekli yapilar gelistirme yetenegi, farkli ihtiyaglarla ortaya ¢ikan
uygulamalar i¢in onemlidir. Bu dogal malzemelerin olaganiistii mekanik 6zellikleri, giic/yogunluk ve
sertlik/yogunluk oranini optimize etmede olduk¢a verimli olan anizotropik yapilarina atfedilir. Dogal
malzemelerde, olaganiistii mekanik ve zarif mikroyapinin benzersiz kombinasyonu bulunmaktadir [29].

Seramik ve biyoaktif cam malzemelerden olusan doku iskelelerinin tasariminda malzeme 6zellikleri de 6n
plana ¢ikmaktadir. Seramiklerin yalniz kullanildiklarinda sert ve kirillgan olmalari, mekanik 6zelliklerinden
dolay1 uygunsuz bozulma gdstermeleri, biyoaktif cam malzemelerin dogal kirllgan olmalari, emilim
oraninin ayarlanmasinin zor olmasi, zorlu tedavi durumlarinda yapilarin 3 boyutlu manipiilasyon zorluklari,
toksin metal iyonlar1 salinim potansiyelleri bu malzemelerle gerceklestirilecek 3B baskilarin tasarimini
etkilemektedir [9]. Iskele tasarimi, mikro-mimarilerin doku gereksinimleri ve {iretim siireci kisitlamalar
temelinde siliko i¢inde yaratildigi ve rafine edildigi i¢in giderek tekrarlanan bir siire¢ haline gelmektedir.
Bu tasarim paradigmasina genel bir bakis Sekil 1'de yer almaktadir [35].

i iskele gereksinimleri i
i (yapisal, mekanik, biyolojik) i

v |

iskele sonuc Uriin — = canliici /disi
Sayisal Tasarim _>| |_>
malzemesi [ y _’ analizi BIYOURETIM degerlendirme

i 1 |
T —

biyouretim kisitlari

Sekil 1. Iskele tasarimindaki 6nemli adimlarin akis semasi [35].

Iskele tasarrmindaki yaklagimlar, istenen mekanik fonksiyon ve kiitle tasima (yani gecirgenlik ve difiizyon)
ozelliklerine ulagmak ve bu yapilari keyfi ve karmasik 3B anatomik sekiller i¢cinde {iretmek i¢in hiyerarsik
gozenekli yapilar olusturabilmelidir. Hiyerarsik, nanometreden milimetre seviyesine kadar 6l¢eklerdeki
ozelliklerin, iskelenin birbiriyle ¢elisen mekanik islev ve toplu tasima ihtiyaglarini ne kadar iyi karsiladigin
belirleyecegi anlamina gelir [30]. Malzeme kimyasi, islemeyle birlikte, bir iskelenin elde edebilecegi
maksimum fonksiyonel 6zellikleri ve hiicrelerin iskeleyle nasil etkilestigini belirler. Bununla birlikte, hiicre
beslenmesi i¢in kiitle tasima gereksinimleri, hiicre gogii icin gdzenekli kanallar ve hiicre eki igin yiizey
ozellikleri gozenekli bir iskele yapisini gerektirir. Bu ger¢evede 3B teknolojisi hem malzeme hem de liretim
yontemi agisindan hiicre yapisi igin uygun tasarim ortamlari olusturmaktadir. Uretilen doku iskeleler, iyi
karakterize edilmis mekanik ve tasima Ozelliklerine sahip farkli element birimleri kullanilarak
tasarlanmaktadir. Iskele rekonstriiksiyonu igin spesifik kriterlerin kullanilmasi, her bir tasarim
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parametresinin genel iskele iizerindeki etkisinin daha iyi anlagilmasini saglamaktadir [35]. Secilen imalat
stireci 15181nda da farkli tasarim yontemleri onerilmistir (Tablo 1) [24, 28, 31].

Tablo 1. Doku miihendisliginde iskeleleri basmak icin kullanilan ¢esitli 3B yazici tekniklerinin
karsilastirma tablosu [24, 28, 31, 39, 40].

3B Yazict Yontemi

Avantajlart

Dezavantajlart

Kartuslu 3B Yazici
(3DP)

Kullanilabilir malzemeler a¢isindan
¢ok yonliidiir

Cikanti veya karmasik yapilar icin
destek gerekli degildir

Toksin olusturma potansiyeli yiiksek
(baglayicilarin tamamen
temizlenememesi)

Lazer sinterlemeye kiyasla diigiik
mekanik mukavemetli sonuclar

Zaman alict (iglem sonrast)

Biyoyazict

Canli hiicreleri yazabilir

Yumugsak doku uygulamasi

Yazicr ucu boyutu kisithdir (isleme
swrasinda sitotoksin olmamalidir)

Karmagsik sekiller yazdirmak igin
destek yapisi gerektirir

Erimis Birikimi
Modelleme (FDM)

Az sitotoksin tiretir.

Nispeten
materyaller)

ucuz (vazict ve

Malzemelerde sinirlama (genellikle
termoplastik gerektirir)

Kullanilan malzemeler biyolojik
olarak parcalanamaz

Cikintilar ve karmasik sekiller icin
destek yapisi gerektirir

Son islem gerekebilir

Diistik Coziiniirliik

Secici Lazer Sinterleme

(SLS)

Yiiksek mekanik mukavemete sahip
iskele saglar

Toz yatagi karmagik yapilara destek
saglar

Iyi ¢oziingirliik

Sinirli malzeme (biiziilme ve 1s1ya
dayanikli olmalidir)

Cok yiiksek sicaklik gerekir
(1400°C'ye kadar)

Pahali ve zaman alici (isleme ve
isleme sonrast)

Stereolitografi (SLA)

Cok yiiksek ¢oziiniirliik
Uretim hizi

Piiriizsiiz yiizey kalitesi

Malzemeler fotopolimerler olmalidir
Pahaly (iki foton yazici)

Cikinti ve karmasik nesneler icin
destek sistemi gereklidir

Elektrospinning

Imalat hizi
Hiicre baskist
Yumugak doku miihendisligi

Diistik kesme
(biyoelektrospreying)

gerilimi

Elyaflarin rastgele yonlendirilmesi
Diizgiin olmayan gozenek boyutlart

Yiiksek voltaj (1-30 kV)
gereksinimleri

Dolayli 3B baski

Prototipleme / tiretim oncesi igin iyi

Kalp alindiktan sonra malzeme ¢ok
yonliiliigii dokiim

Biyo uyumluluk icin tescilli mumlar
gerektirir (Balmumu Baski)

Diisiik dogruluk / ¢oziiniirliik
Dokiim icin gerekli kalip

Uzun iiretim siireleri (kalipp —
dokiim — isleme — firiin)

Robotik destekli
biriktirme / robocasting

Seramikler i¢cin verimli tiretim

Farkli malzemeler kullanilmamakta
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3B yazict teknolojileri arasinda toz bazli ii¢ boyutlu baski, kemik doku iskelesi iiretimi icin siklikla
kullanilmaktadir. Toz bazli ii¢ boyutlu baskinin en 6nemli avantaji, polimerlerden seramiklere hem saf hem
de katkil1 genis bir yelpazede kemik doku iskelesi olusturabilmesidir [31]. Giiniimiizde toz bazli1 3B baski
ile hastanin kendi anatomik bilgilerinden elde edilen verileri kullanarak seramik esasli 6zel tasarim kemik
implantlar1 gelistirilmeye baglanmustir. 3B baski, karmasik i¢ yapilara ve yiiksek ¢oziiniirliige sahip
hidroksiapat bazli kemik doku iskeleleri iiretimine olanak tanimaktadir [9, 26, 31, 36]. 3B yazic1 teknolojisi
sonrasinda olusturulan ideal kemik iskelesi, implante edilecek dokuya benzer mekanik 6zelliklere sahip
biyolojik olarak uyumlu ve parcalanabilir bir materyalden olusmalidir. Iskelelerin tasarimda kemik
dokularmin yerine kalici olarak yer almayacaklar dikkate alinmalidir. ideal olarak konaket hiicreleri, hiicre
dis1 matrisi biriktirmek icin kolaylagtirici bir iskelete sahip olmali ve zaman iginde iskele yapisim
degismesine olanak saglamalidir. Kemik doku iskelesinin 3B mimarisi, hiicrenin ve besin maddesinin
taginmasina izin vermek i¢in birbirine bagli bir yapiya sahip oldukca gdzenekli olmali ve yiizeyi ayn
zamanda hiicre baglanmasini, ¢cogalmasini1 ve farklilasmasini kolaylastirmak i¢in optimize edilmelidir.
Cerrahi bir bakis agisi olusturmak i¢in, kemik doku iskele malzemesinin ayri kemik kusurlariin yerinde
tedavisine imkan vermek igin farkli sekil ve boyutlarda kolaylikla manipiile edilebilmelidir [9, 37-39].

Tablo 2. Biyolojik olarak bir iskele tasarumi icin gereksinimlerin sematik gosterimi [35].

Tasarim Parametreleri Biyolojik Gerekge

Biyomalzeme bilesimi Hiicre canliliginin ve ¢ogalmasinin desteklenmesi

Implantasyon icin uygun

Gozeneklilik Hiicre alininin, toplanmasinin ve farklilasmasinin
desteklenmesi

Vaskiilarizasyonun desteklenmesi

Mimari (gozenek boyutu, sekli ve ara baglanti) 3B doku biiyiimesinin desteklenmesi
Yeni dokunun morfolojisini kontrol edilmesi
Hiicre ¢ogalmasmmn desteklenmesi

Belirli soylara hiicre farklilasmasinin desteklenmesi

Mekanik ozellikler Mekanik yiiklemenin desteklenmesi
Toplu tasima ozellikleri Gaz ve besin difiizyonunun desteklenmesi
Bozulma orani Yeni doku biiyiimesine izin verilmesi

ECM vyeniden diizenlemesine izin verilmesi

Doku iyilesme orani

Doku iskeleleri tasariminda birgok sayida iiretim teknigi kullanilmistir. Bununla birlikte, bu iskelelerin
cogu, geometrik kisitlamalar1 ve / veya nihai dokulu malzemenin malzeme &zellikleri ile ilgili dnemli
dezavantajlara sahiptir. Bu ¢ercevede tasarim parametrelerine biyolojik gerekgeler de eklenmektedir (Tablo
2) [24, 27, 34, 39]. Giannitelli ve ark. (2014)’nin belirlemis oldugu parametreler doku iskelesi tasariminda
biyolojik parametreler icin bize belirli bir kisit tablosu sunmaktadir. Biyoaktif seramiklerin kimyasal
yapilar1 ve bu malzeme kategorisinin izin verdigi sonug iiriin ve {iretim teknolojisi disiiniildiigiinde bu
kisitlar ve Tablo 1°deki iiretim teknolojileri degerlendirmeleri sonucunda farkli doku iskeleleri tasariminda
deneysel yontemler kurgulanabilir [35].
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5. SONUC (CONCLUSION)

Kemik dokusu deformasyonu ve kaybi ile yasamin kalitesini ve yasam standartlarini olumsuz etkileyen
osteoporozun Oniine ge¢mek i¢in kemik rejenerasyonunun saglanmasi gerekmektedir. Kemik dogal bir
kompozit yap1 olup, doku iskelesi olarak kullanilacak malzemelerin de biyolojik olarak uyumlu, mekaniksel
olarak kemik dokusuna benzer 6zelliklere sahip olmalidir. Dogal ve sentetik polimer ve biyoseramiklerin
bulundugu kompozit biyomalzemelerin tiretimi ile yeni kemik olusumu saglanmistir. Kemik iskelesi
iiretiminde baski1 prensipleri ve malzeme tiirlerine gore farkli yontemler uygulanmis ancak ii¢ boyutlu baski
gibi teknolojilerin gelisimi ile kemik mikro mimarisini kontrol imkani1 dogmustur. 3B yazicilar, kemik
iskelesi tasariminda, tasarim siireci ve test asamalari i¢in yeni imkanlar sunmaktadir. Osteoporpzun
etkilerinin kaldirilabilmesi i¢in hasarli kemigin yapisini tam olarak taklit edebilmek ve kemik yapisinin
tekrarlanabilirliginin kontrol edilebilmesi gerekmektedir. Biyoseramiklerin 3B yazict alaninin karsilastig
zorluklarin ¢cogu, 3B tasarim ve basim siireclerindeki spesifik teknik, malzeme ve hiicresel yonler ile
ilgilidir. Halihazirda, malzeme cesitliligi, malzemelerin toz bazli veya baski kafasindan ekstriide edilecek
kadar diisiik viskoziteye sahip olmasi ile smirlidir. Fakat 3B yazici malzemelerinin gelistirilmesi hem
iiretim teknolojilerine hem de iskelet doku tasarimlarinda yeni firsatlar olusturacaktir.
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Distributed Denial of Service Attacks (DDoS) threaten every device connected to the Internet.
The fast progress and wide spreading DDoS attacks are among the most well-known features of
them. Many studies have been conducted to reduce the impact of these fast-progressing and
widespread attacks. However, due to the continuous development of attack types and the
implementation of different techniques, the prevention of attacks has not been fully achieved.
Therefore, within the scope of this study, a DDoS attack was examined first and applications
used to detect it were investigated. A system has been proposed to detect DDoS attacks using
data mining methods. For the proposed system, experiment mechanisms for Transmission
Control Protocol (TCP) Flooding, Spoofing Internet Protocol (IP), SYN Flood with Spoofed IP,
and User Datagram Protocol (UDP) Flooding, which are among the DDoS attack types, were
established and the attacks were performed to obtain network flow data. The classification was
made with appropriate data mining methods according to the specified features and ZeroR,
OneR, Naive Bayes, Bayes Net, Decision Stump, and J48 algorithms were used. According to
these algorithms, the best classification rate has been reached with J48 algorithm. The results
have shown that the proposed system plays an important role in determining the DDoS attack
type. The proposed system will ensure that appropriate detection mechanisms are applied more
quickly, effectively and efficiently in real attacks.

Farkh Tiirde Dagitik Hizmet Dis1 Birakma Saldirilarinin Tespiti
Oz

DDos

SYN Saldirist

1P Sahteciligi Saldirisi
Siber Giivenlik

Veri Madenciligi

Dagitik Hizmet Digi Birakma Saldirilari (DDoS: Distributed Denial of Service Attacks)
internete bagli her bir cihazi tehdit etmektedir. DDoS saldirilarmin hizli ilerlemesi ve genis
alana yayimast en bilinen Ozelliklerindendir. Hizli ilerleyen ve genis alana yayilan bu
saldirilarm etkisini azaltmak i¢in bir¢ok caligma yapilmistir. Ancak saldiri tiirlerinin siirekli
gelismesi ve farkli tekniklerin uygulanmasi nedeni ile saldirilarin engellenmesi tam olarak
gerceklestirilememistir. Bu nedenle ¢aligma kapsaminda 6ncelikle DDoS saldirist incelenmis ve
tespit etmeye yonelik uygulamalar aragtirilmistir. Veri madenciligi yontemleri kullanilarak
DDoS saldirilarini tespit etmek igin bir sistem dnerilmistir. Onerilen sistem i¢in DDoS saldiri
tirlerinden Aktarim Denetimi Protokolii Saldirist (TCP: Transmission Control Protocol
Flooding), IP Sahteciligi Saldiris1 (Spoofing IP: Internet Protocol), Maskelenen IP ile SYN
Saldirist (SYN Flood with Spoofed IP) ve Kullanict Veriblogu iletisim Kurallar1 Saldirisi
(UDP: User Datagram Protocol Flooding) igin deney diizenekleri kurulmus ve saldirilar
gerceklestirilerek ag akis verileri elde edilmistir. Belirlenen Ozniteliklere gére uygun veri
madenciligi yontemleri ile siniflandirma yapilmis ve ZeroR, OneR, Naive Bayes, Bayes Net,
Decision Stump ve J48 algoritmalar1 kullanilmustir. Bu algoritmalara gére en iyi smniflandirma
oranina J48 algoritmasi ile ulagilmistir. Elde edilen sonuglar, onerilen sistemin DDoS saldirt
tiirii belirlenmesinde énemli rol oynadigii gdstermistir. Onerilen sistem, gercek saldirilarda
uygun tespit mekanizmalarinin daha hizli, etkin ve verimli sekilde uygulanmasini saglayacaktir.
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1. INTRODUCTION

Every day there are new and rapid developments in the field of cyber security. This innovation in the
cyber world makes it increasingly difficult to maintain security in the same world. Attack types in the
cyber world are also affected by these developments and become more diversified. It is becoming
increasingly difficult to detect evolving and diverse types of attacks with the traditional methods. Instead
of single types of attacks, advanced types of attacks with very different characteristics are realized.
Defense methods applied to different types of attacks should also be different and applicable. Therefore,
detection and prevention systems with different or new features from traditional methods should be
developed against cyber attacks.

DDosS (Distributed Denial of Service Attacks) come first in cyber attacks [1]. The main purpose of DDoS
attacks is to disable accessibility, which is one of the information security features. DDoS attacks aim to
make the resources of a target or target systems unavailable. These resources (processor, memory, disk
space, etc.) are usually resources that will prevent the system from serving. Damaging these resources or
preventing them from working will cause major disruptions in the continuity of the service provided.
Each DDoS attack can occur in different types [2,3]. Generally, while the packets sent to the target
system are being processed, system resources and bandwidth are consumed excessively and a DDoS
attack occurs. As a result of these attacks, the target system becomes unresponsive to incoming requests
and packets and becomes out of service [4,5].

DDoS attack types have different features and characteristics from each other. Attacks such as
Transmission Control Protocol (TCP) Flooding, Spoofing IP (Internet Protocol), SYN Flood with
Spoofed IP, User Datagram Protocol (UDP) Flooding, Internet Control Message Protocol (ICMP)
Flooding, Hyper-Text Transfer Protocol (HTTP), Get/Post, and Ping of Death are types of DDoS attacks
[6-11]. In this study, four different types of DDoS attacks encountered most in the literature were
examined and discussed experimentally. These attack types are TCP Flooding, Spoofing IP, SYN Flood
with Spoofed IP, and UDP Flooding.

The main purpose of the TCP Flooding is to fill the memory by sending a large number of packets to the
content from the open ports of the target system and to put the system out of service [12]. Spoofing IP
Attack is the unauthorized use of an IP address during an attack. The main purpose of this attack is to hide
the identities of attacker systems and to make it difficult to be discovered [13]. In SYN Flood with
Spoofed IP, SYN packets are sent to the target system by being masked by an IP address and the system
memory is filled. The system sending the packets is in unidentified status and the target system becomes
inoperable due to over-sent packets [12]. The main purpose of UDP Flooding is to randomly select the
ports of the target system and send a large amount of UDP packets to the system [14]. Each of these
mentioned attack types has different characteristics from the other. Therefore, within the scope of the
study, sample experiments and different analyzes were made for the mentioned attack types.

When the related studies are examined, it is seen that the detection and prevention studies of traditional
attacks are insufficient in detecting DDoS attacks [15]. The unknown source of the attack, large number
of the attack sources, attacks having more than one part, the network flow generated at the time of the
attack is similar to the normal network flow, and the failure of certain rules used before can be shown as
the reasons of this situation [16]. In their study on early detection of DDoS attacks, Yuan and Mills
monitored the network-wide effects of the attacks. They used cross-correlation analysis to create traffic
patterns. These patterns are used to indicate where and when a DDoS attack may occur [17]. Shiaeles et
al. proposed a system using a fuzzy prediction method against real-time DDoS attacks. If the packet
arrival time which they observe is lower than the average packet arrival time, then the event is seen as a
DDoS attack. Besides, network-based DDoS attacks were investigated in their study [18]. In a different
study, Karimazad and Faraahi proposed an anomaly-based detection method based on the characteristics
of attack packets. By activating the Radial Basis Function neural network with vectors based on seven
attributes, they classified the traffic as normal or a DDoS attack. The data set of the University of
California at Los Angeles was used for this process. The proposed method can classify the system as
normal or attack, but cannot define and classify the types of attacks [19]. In the study of Al-Duwairi,
correlation analysis between the outgoing and incoming traffic of a network was made and the occurring
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changes were used to detect DDoS attacks. DARPA dataset is used for this and Fuzzy classification
methods have been preferred to ensure their accuracy [20].

When the studies in the literature are examined, it has been seen that many studies in which TCP/IP
packet header is analyzed according to well-defined rules and conditions have been conducted [17,21],
and packet features showing DDoS attack in network traffic [19,20,22] have been performed. However,
these studies made a limited progress and the desired level of attack detection could not be achieved. One
of the biggest reasons for this situation is that each attack has its characteristics. For this reason, DDoS
attacks were primarily examined within the scope of the study. As a result of the investigations,
information was provided to understand DDoS attacks and to increase awareness. Besides, a system using
data mining methods to detect DDoS attacks has been proposed. For the proposed system, firstly,
experimental mechanisms for TCP Flooding, Spoofing IP, SYN Flood with Spoofed IP, and UDP
Flooding, which are among DDoS attack types, have been established. Network flow data were obtained
through these experimental setups. The Source Port, Source IP, Destination IP, Destination Port, Protocol,
Size, Number, Delay Time, and DDoS Type features are specified to be used in data mining. The
classification was made with data mining methods suitable for these features and algorithms such as
ZeroR, OneR, Naive Bayes, Bayes Net, Decision Stump and J48. The results obtained showed that the
proposed system plays an important role in determining the type of attack when there is a DDoS attack.

The study consists of six parts. In the first part, basic information and a review of literature are given.
Information about the systems used and the steps for to perform DDoS attacks are given in the second
part. In the third part, studies on listening to attacks and obtaining data set are presented in detail. The
development of the proposed system with data mining methods is given in the fourth part, and the results
of the classification algorithm, which is suitable for the developed system and has the highest success
rate, are given in the fifth part. In the last part, a general evaluation of the study has been done and
information about the future planned studies is presented.

2. PERFORMING DDOS ATTACKS

DDoS attack mechanisms were prepared to be used in the experiments performed in this study. With the
prepared DDoS attack mechanisms, the target system, which is previously determined, was reached and
the attack operations were performed. The target system has been reached, system resources have been
used excessively, and the performance level of the system has been minimized. Thus, the system has
become inoperable. The steps determined for the attack carried out in this study are given in Figure 1.

* Gathering Information h

« Determination of Appropriate Methods

* Determination of Suitable Tools and
PRELIMINARY Environment

PREPARATION J/

\/ « Coding

CODING
* Implementation
MPLEMENTATIO

Figure 1. Steps to perform DDoS attacks
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The steps taken for DDoS attacks are preliminary preparation, coding, and implementation, respectively
(Figure 1). Preliminary preparation is an important step in the realization of DDoS attacks. The operations
performed for preliminary preparation consist of three steps. The first of these steps is information
gathering. At this step, target information (IP information, system information, function information, etc.)
is obtained. In determining the appropriate methods, which is the second step of the preliminary phase,
the types of attacks to be applied to the target system are determined. After gathering information about
the target system and determining the appropriate attack type, the tools and environment suitable for the
attack were determined. VirtualBox virtualization environment was chosen for the attack environment
and the necessary experimental mechanisms for the attack were built on this environment. An
environment with a Windows operating system as the target system and a Kali Linux operating system as
an attacker was used. Screenshots of these systems are shown in Figure 2.

Figure 2. Views of the attacker and target systems

In the coding step, the necessary coding for the attack has been done. Experiments were prepared in two
different ways for each of the four attacks using the hping3 tool in the attacker system. It is intended to
damage the functioning of the target system. Attacking the target system was performed during the
implementation phase. For this, four different DDoS attack types commonly seen in the literature were
selected [6-11]. After the necessary steps were taken, the functioning of the target system was damaged.
The visual about this is given in Figure 3.

o [@][=
ardim
[ Uygulamalar | isiemier | Hizmetier | Performans | g letisimi | Kulanicer |
CPU Kullarmi CPU Kullanim Gegmisi
Bellek Fiziksel Bellek Kullarimi Gegmisi
Fiziksel Bellek (MB) Sistem
Toplam 2047 isleyidiler 10199
Onbellege Alinan 417 is Parcaaklar 428
Kullaniabilir 392 Islemler 40
Bos 0 Calisma Zamani  0:00:27:36
Yiiriit (MB) 1668 [ 4095

Cekirdek Bellek (MB)
Disk Belleki 73 ‘
Disk Belleksiz 16 Fy/Kaynak Ideyidi..

| Istemler: 40 CPU Kullanims: %97 Fiziksel Bellek: %80

Figure 3. The operating status of the target system at the time of the attack

When the attacks were made, the resource usage and operating performance of the target system were
significantly affected (Figure 3). The CPU utilization rate of the target system has reached 97% and the
physical memory utilization rate has exceeded 80%. The operating condition of the system is affected and
has been minimized.
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3. DATA OBTAINING

After the performance analysis of the target system could be tracked live when the attack was made, the
data collection step was started. Wireshark packet analysis tool was used to listen to the target system
network for each attack and to collect the obtained network flow data. Wireshark is a useful tool that
enables network traffic to be monitored, analyzed, and filtered on-demand, where necessary, via a
graphical interface [23]. An example of monitoring attacks with Wireshark is given in Figure 4.

File Edit View Go Capture Analyze Statistics Telephony Wireless Tools Help
Am 2 ©® RE e IEFEQAQAQE
(T f ) -] Expresson...  +
Source Port  Source IP Destination IP Destination Port Protocol Size Number Delay Time DDoS Type
31270 192.168.1.35 192.168.1.34 @ TCP 60 41494 2.935291000
31271 192.168.1.35 192.168.1.34 e TP 60 41495 2.935290000
31272 192.168.1.35 192.168.1.34 e TCP 60 41496 2.935353000
31273 192.168.1.35 192.168.1.34 e TcP 60 41497 2.935353000
31274 192.168.1.35 192.168.1.34 e TcP 60 41498 2.935353000
31275 192.168.1.35 192.168.1.34 e TCP 60 41499 2.935352000
31276 192.168.1.35 192.168.1.34 e TcP 60 41500 2.935353000
31277 192.168.1.35 192.168.1.34 e TcP 60 41501 2.935353000
31278 192.168.1.35 192.168.1.34 e TCP 60 41502 2.935352000
31279 192.168.1.35 192.168.1.34 @ TCP 60 41503 2.935353000

31285 192.168.1.35 192.168.1.34 @ TCP 41509 2.935392000

Frame 41495: 60 bytes on wire (480 bits), 6@ bytes captured (480 bits)

Ethernet II, Src: PcsCompu_c@:38:b8 (8:00:27:c0:38:b8), Dst: PcsCompu_c5:4c:f9 (08:00:27:c5:4c:f9)
Internet Protocol Version 4, Src: 192.168.1.35, Dst: 192.168.1.34

Transmission Control Protocol, Src Port: 31271, Dst Port: @, Seq: 3935129725, Len: @

Figure 4. Tracking attacks with Wireshark

Detecting network traffic completely in a short time is of great importance for attack detection [24]. The
data set KDDCUP99 was examined and 9 features found suitable for this study were determined [25-27].
Descriptions and explanations of these features belonging to the data set obtained by Wireshark are given
in Table 1.

Table 1. Network flow data features

No Feature Explanation
1 Source Port It contains the port information used by the computer sending
the packet.
Source IP The IP address of the computer sending the packet.
3 Destination IP The IP address of the computer receiving the package.
4 Destination Port It contains the port information of the computer receiving the
packet.
5 Protocol It shows which protocol the packet belongs to.
Size The size of the packet sent/received. The data size type used in
6 . .
this study was determined as Byte.
7 Number The number of all packets sent/received.
8 Delay Time It is the time difference between the previous pack and the
next pack. This difference is handled in seconds (sec).
9 DDosS Type It shows the type of DDoS attack implemented.

For the detection of the attack using the attributes specified in Table 1, a network-based system according
to its location, anomaly-based according to the identification method, and non-real-time according to the
data processing time has been proposed.
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4. SYSTEM DEVELOPMENT

Data mining is one of the methods used to transform large amounts of data collected very quickly, into
meaningful information as a result of various analyzes [24]. In this study, data mining was used to detect
attacks. When using data mining methods, the Weka tool is used for data processing and statistical
evaluation of learning methods on data [27]. In the proposed system, the Weka tool was used to perform
these operations and to apply data methods such as visual monitoring of the model extracted from the raw
data.

When the literature is examined, it is seen that different classification algorithms are prominent in data
mining for attack detection and some of them are frequently used [28-30]. ZeroR, OneR, Naive Bayes,
Bayes Net, Decision Stump, and J48 algorithms were used in this study. ZeroR algorithm is an algorithm
that estimates the mean value of numerical test data and applies the basic algorithm rules [24]. OneR
algorithm is one of the algorithms that tests property and generates a list of rules.

Table 2. Comparison of the performance of algorithms

Number of Number of .
. Correctly Incorrectly Accuracy Work|_ng
Algorithm  Test Mode i e Duration
Classified Classified Percentage
(sec.)
Instances Instances
ZeroR Cross- 71184 175219 28.8893 0.11
Validation (10)
ZeroR Percentage 24149 59628 28.8253 0.32
Split (%66)
OneR Cross- 72921 173482 29.5942 0.27
Validation (10)
OneR Percentage 24775 59002 29.5726 0.29
Split (%66)
Naive Cross- 218964 27439 88.8642 0.23
Bayes Validation (10)
Naive Percentage 74489 9288 88.9134 1.60
Bayes Split (%66)
Bayes Net  Cross- 219059 27344 88.9027 0.67
Validation (10)
Bayes Net  Percentage 74547 9230 88.9827 0.94
Split (%66)
Decision Cross- 135467 110936 54.9778 0.31
Stump Validation (10)
Decision Percentage 45982 37795 54.8862 0.16
Stump Split (%66)
J48 Cross- 197006 49397 79.9528 1.74
Validation (10)
J48 Percentage 75215 8562 89.78 1.50

Split (%66)

Naive Bayes and Bayes Net algorithms, on the other hand, make statistical classifications to predict
whether the data belong to a certain class or not. These algorithms are very successful in making
decisions in uncertain situations [31,32]. The Decision Stump algorithm creates a single-level decision
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tree and performs the classification process directly based on a single input feature value [24]. The J48
algorithm is a decision tree algorithm based on ID3 and C4.5 algorithms, and the information gain rate is
used as the feature selection criterion in this algorithm [33]. If-Then rules are used in the tree structure
and membership function sets are given as output. To create a simple classification model on the data,
insignificant branches in the tree are cut by pruning [34].

Data preprocessing, cleaning, reduction, and transformation operations were performed on the data set to
use it in algorithm analysis and get more accurate results. Accordingly, a data set with 9 attributes and
246403 rows was obtained. Information about this data set is given in Table 3. Two methods were used
while creating the model. First, the Cross-Validation ratio was chosen as 10. Secondly, 66% of the data
was used for training the model and the rest of the data was used for testing. These two methods were
performed using each classification algorithms. The obtained network flow data were analyzed and
compared with the specified algorithms. Information about the humber of samples that were classified
correctly and incorrectly, the correct classification rates of the algorithms, and the classification time of
the algorithms are given in Table 2.

According to the information given in Table 2, the best result was obtained with the J48 algorithm
(89.78%), as a result of comparing the accuracy performances of the algorithms used. Accuracy refers to
the ratio of data perceived as accurate to the entire test data set. The higher the accuracy value, the more
successful the machine learning model is [35]. The lowest accuracy rate was obtained with the ZeroR
algorithm (28.8253%). J48 algorithm is the longest-running algorithm to make the classification. ZeroR is
the algorithm that makes the classification in the shortest time.

5. EXPERIMENTAL RESULTS

In the study, the visual results produced by Weka of the J48 algorithm with which the highest success rate
was obtained are examined. The inferences from the reviews are given in this part. The values of each
attack class and the methods used are given in Table 3 in detail.

Table 3. Values belonging to the attacks used in visual results

Maximum
Delay
!\'“”?ber Used Qolo_ur Used Packet Packet Size A_ttack Time of
Attack in Visual in Visual Time
Number (Largest) Next
Results Results (sec.)
Packet
(sec.)
TCP 25198 110 6.667 0.482
Flooding-1
Dark Blue
TCP 23557 113 7.994 0.974
Flooding-2
Total Packets for TCP Flooding 48755
Spoofing IP- 37902 182 8.828 0.925
1
. 2 Red
Spoofing IP- 26449 113 7.123 0.712
2
Total Packets for Spoofing IP 64351
SYN  Flood 34367 105 10.664 2.056
with Spoofed 3 Green

IP-1
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SYN  Flood 27746 113 6.179 1.712
with Spoofed
IP-2
Total Packets for SYN Flood with Spoofed IP 62113
UDP 36229 542 13.326 1.789
Flooding-1
4 Blue
UDP 34955 298 20.323 3.169
Flooding-2
Total Packets for UDP Flooding 71184
Total Packets for All Attacks 246403

To be used in visual results, numbers from 1 to 4 were made for TCP Flooding, Spoofing IP, SYN Flood
with Spoofed IP, and UDP Flooding, respectively. Besides, coloring was done by indicating the number
of packets used in the analysis. The maximum number of packets, packet size, attack time, and delay time
were reached with UDP Flooding.
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Figure 5. Visual of the source port value

When Figure 5 is examined, it is seen that the source port range of all attacks is very wide and varied.
Almost all ports are used for every attack experiment.
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Figure 6. Visual of the source IP value
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When we consider the source IPs, it was seen that very few IPs were used in the TCP Flooding. The IP
range used in Spoofing IP is narrow. In SYN Flooding and UDP Flooding, the range of source IP used is
wide and varied (this is more obvious especially for UDP Flooding).

€9 Weka Explorer: Visualizing birlesim-ing ttribute.R R8-wekafil ised.attribute... (S s S
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| Colour: DDoS Type (Nom) ﬂ | selectinstance )

Resel | Clear || open || save | Jiter @
Plot: birlesim.ing-weKa.filters. ised.attribute Remove-R8-wekafilters. ised.attribute. i inal.Rfirst-last
49 e e
D
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Figure 7. Visual of the destination IP value

The same IP was used as the target in all attack experiments, and the other IPs were rarely used, as can be
seen in Figure 7. The target IP range is wider than the others in SYN Flooding.
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Figure 8. Visual of the destination port value

When we consider the target port, it has been observed that SYN Flooding has used almost all ports. The
port range used in TCP and UDP floodings is very narrow and has not varied. In Spoofing IP, the
destination port usage is in a wider range and more varied than TCP and UDP Floodings.
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Figure 9. Visual of the protocol value

When we look at the protocols used in the attack experiments, it was seen that the protocols used in UDP
Flooding were more and more varied. Protocols such as TCP, UDP, and DNS are frequently used in this
attack. TCP Flooding, Spoofing IP, and SYN Flooding used similar protocols. These attacks focused on
the TCP protocol and used very few different protocols.

€ Weka Explorer: Visualizing birlesim-ing
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Figure 10. Visual of the size value

Based on Figure 10, it has been concluded that the size of the packet used at once in UDP Flooding is
large. Also, a small number of sizes and different sizes were used. In the Spoofing IP, packets with
different sizes were used. TCP and SYN Floodings used similar and smaller packet sizes.
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Figure 11. Visual of the number value
When the value of the number of packets obtained in the attack experiments was examined, it was seen

that the TCP Flooding had the least number of packets. The other three attacks have several packets that
are close to each other.
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Figure 12. Visual of the delay time value

When the delay time of the packets was examined, the highest values were reached with the UDP
Flooding. The SYN Flooding has come in second place. Similar situations were observed for the other
two attacks.

6. CONCLUSION

In this study, sample experiments have been performed by considering the important features of DDoS
attacks. With these experiments, the attacker reached the target system and performed the desired
operations. During these processes, the target system became inoperable and system performance was
reduced to a minimum.

The data set was obtained by listening and evaluating the systems where different DDoS attack
experiments were performed, and data analysis was performed by applying the selected methods.
Different methods have been tried to detect DDoS attack types and the method with the highest result has
been examined in detail. Studies have been performed on classification algorithms using the data mining
method. According to the studies performed, the highest classification success rate was obtained with the
J48 algorithm. The visual results obtained with this algorithm were discussed and detailed information
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about the characteristics of each attack type was given. Unlike the studies in the literature [36-38],
defining the type of attack and determining its characteristic features have been focused on.

This study on the detection of DDoS attack types applied to any system will be a guide to develop a
detection mechanism against attacks. The same detection or protection method will not be the solution for
every type of attack. For this reason, it is necessary to develop methods suitable for the type of attack to
protect systems and to make quick decisions. With this study, a different perspective and solution are
presented for the detection of DDoS attacks. In future studies, it is aimed to consider the normal network
data which have not been attacked, to evaluate different features, and to make a more comprehensive
analysis.
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In this study, a battery management system that allows the batteries to be charged in a balanced
way using ARM-based microcontrollers has been proposed. Li-ion batteries have higher energy
and power density than other battery types. However, it is dangerous due to risks such as
explosion and ignition. With the help of the designed passive balancing circuit and battery
management algorithm, the voltage value of each battery cell is measured, compared with other
battery cells in the system, and in case the specified limits are exceeded, the charge current of the
battery cell is controlled with the help of the MOSFET.
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Figure A. General topology of the battery balancing system

Purpose: It is aimed to design a passive battery management system that can protect li-ion battery
packs from overcharging and balance the amount of energy in the battery cells. Thus, the voltage
and temperature values of the battery cells will be measured, and this will prevent them from
being exposed to negative situations such as overcharging and high temperatures

Theory and Methods: In the BMS, the MOSFET is operated in the linear zone in order to keep
the heat released on the bypass resistor under control and to minimize the energy loss. Battery
balancing current is controlled by using the internal resistance of the MOSFET as the balancing
resistance. In order for the MOSFET to operate in linear mode, a signal with a switching
frequency of 1 kHz was produced using the PWM technique. In the study, analog data were
transferred to the microcontroller using an analog to digital converter unit and a multiplexer.
Thus, a balanced charge and discharge process of the cells was realized with passive balancing
current.

Results: In this study, during the charging process of a li-ion battery pack with a capacity of
20s11p x 32 Ah, the MOSFETS of the cells whose cell voltage were higher than the balancing
voltage determined in the algorithm were triggered. Thus, the balancing process was realized by
completing the circuit through the balancing current, MOSFET internal resistance and bypass
resistor. It has been observed that the balancing current of the battery groups reaches a maximum
of 1,077 A and the temperature change between the cells is between 22 °C and 35 °C.

Conclusion: It has been observed that if BMS is not used during the charging process of the
battery pack, the cell with a high SOC level reaches the maximum voltage level earlier, and
therefore, if the charging process is continued, a higher temperature increase is experienced
compared to the other battery cells. By using the PWM and the reducing converter topology, the
MOSFET was operated in the linear region and the balancing current was controlled depending
on the battery cell voltages. The designed BMS has shown that it balances the cell voltages
depending on the reference voltage by using the balancing resistor and the internal resistance of
the MOSFET, and that the battery pack is used within the safe operating area.

*Corresponding author, e-mail: akaysal@gmail.com DOI: 10.29109/gujsc.811313
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In this study, a battery management system using passive balancing technique is proposed in order
to enable the batteries in the lithium-ion battery pack to be charged in a balanced way. Lithium-
ion batteries have higher energy and power density than other battery types. Besides these
advantages, it is dangerous due to risks such as explosion and ignition. Considering these effects,
lithium-ion batteries need to be protected by specially designed circuits during the charging
process. In this context, a passive battery management system that can protect battery groups
from overcharging and balances the amount of energy in the battery cells has been introduced.
The passive balancing circuit measures the voltage value of each battery cell, compares it with
other battery cells in the system, and in case the specified limits are exceeded, the charge current
of the battery cell is controlled by operating the switching element in the resistance area. In the
designed battery management system, ARM based microcontrollers are used as master and slave.
Thanks to the developed system, it is aimed to measure the voltage and temperature values of the
batteries and prevent them from being exposed to negative situations such as overcharging and
high temperature. Lithium-ion battery group with a capacity of 32 Ah, 20 series and 11 parallel,
is used in the battery pack. In the study, analog data have been transferred to the microcontroller
using an analog to digital converter unit and multiplexer. Thus, a balanced charge and discharge
process of the cells has been realized with passive balancing current. It has been proven with the
experimental results that the designed system works successfully.

Pasif Batarya Yonetim Sisteminin ARM Tabanh Mikroislemciler
Kullanilarak Tasarimi ve Deneysel Uygulamasi

Oz

Bu caligmada, lityum-iyon batarya paketinde yer alan bataryalarin dengeli bir sekilde sarj
edilebilmesine olanak saglamak amaciyla pasit dengeleme teknigi kullanan bir batarya yonetim
sistemi Onerilmistir. Lityum-iyon bataryalar diger batarya tiirlerine goére daha yiiksek enerji ve
glic yogunluguna sahiptir. Bu avantajlarinin yaninda patlama ve tutusma gibi riskler nedeniyle
tehlikelidir. Bu etkiler g6z 6niine alindiginda lityum-iyon bataryalarin sarj islemi sirasinda 6zel
olarak tasarlanmus devrelerle korunmalart gerekmektedir. Bu kapsamda batarya gruplarini asirt
sarjdan koruyabilen ve batarya hiicrelerindeki enerji miktarini dengeleyen bir pasif batarya
yonetim sistemi sunulmustur. Pasif dengeleme devresi her bir batarya hiicresinin gerilim degerini
Olger, sistemdeki diger batarya hiicreleri ile karsilastirir ve belirlenen limitlerin agilmasi
durumunda batarya hiicresinin sarj akimi, anahtarlama elemaninin direng bdlgesinde
caligtirilmasiyla kontrol edilir. Tasarlanan batarya yonetim sisteminde ana ve uydu olmak iizere
ARM tabanli mikrodenetleyiciler kullanilmistir. Gelistirilen sistem sayesinde bataryalarin gerilim
ve sicaklik degerleri olgiilerek, asirt sarj ve yiiksek sicaklik gibi olumsuz durumlara maruz
kalmasinin 6nlenmesi hedeflenmistir. Batarya paketinde, 20 seri ve 11 paralel olmak iizere 32 Ah
kapasiteye sahip lityum-iyon batarya grubu kullanilmistir. Yapilan ¢alismada analog veriler,
analog dijital donistiiriicii birimi ve ¢oklayict kullanilarak mikrodenetleyiciye aktarilmustir.
Boylece pasif dengeleme akimi ile hiicrelerin dengeli bir sekilde sarj ve desarj islemi
gerceklestirilmistir. Tasarlanan sistemin bagarili bir sekilde ¢alistigi elde edilen deneysel sonuglar
ile kanitlanmugtir.
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1. GIRiS INTRODUCTION)

Gilinlimiizde ¢evre kirliligi ve niifus yogunlugunun artmasi ile birlikte fosil yakitlara olan talep her gecen
giin artmakta ve bu yakitlarin olumsuz etkileri endise verici bir hal almaktadir. Bu olumsuz etkilerin
nedenleri arasinda biiyiik bir etkiye sahip olan i¢ten yanmali motorlar yerine daha ¢evre dostu elektrikli
araclarin gelistirilmesi i¢in ¢ok sayida calisma yapilmaktadir. Elektrikli araglarin yayginlasmasi ile birlikte
sarj edilebilir batarya teknolojileri ve batarya yonetim sistemleri iizerinde ¢alisilan 6nemli bir konu haline
gelmigtir. Elektrikli araglarda kursun asit, nikel kadmiyum, nikel metal hidrit, sodyum kiikiirt ve lityum
iyon gibi ¢esitli batarya teknolojileri kullanilmaktadir. Bu batarya ¢esitleri arasindan lityum iyon (li-ion)
bataryalar diger batarya tiirlerine kiyasla daha yiiksek enerji ve giic yogunluguna sahip depolama
teknolojisidir [1]. Ayrica hafiza etkilerinin olmamasi, uzun omiir déngiileri ve kursun kadmiyum gibi
cevreyi etkileyecek zararli maddeler igermemesi bu batarya tiirliniin avantajlar arasinda gosterilebilir.

Elektrikli ara¢ uygulamalarinda tek bir li-ion bataryanin sagladigi 4,2 V gerilim seviyesinden ¢ok daha
yiiksek gerilim seviyelerine ihtiya¢ duyulmaktadir. Bu nedenle elektrikli araglarin enerji ihtiyacinin tam
olarak karsilanabilmesi i¢in bataryalarin seri olarak baglanmalar1 gerekmektedir. Ancak hiicre sayisindaki
artig beraberinde bazi sorunlara neden olmaktadir. Bunlarin basinda hiicrelerin iiretim ve montajindaki
kusurlardan kaynakli i¢ direng farkliligi, kapasite, elektrik yiik miktar1 verimliligi (CE), sarj durumu (SOC),
desarj oran1 (SD-rate) gibi baslangi¢ kosullarinda degisikliklere neden olan faktorlerdir [2]. Elektrikli arag
teknolojileri ile ilgili ¢aligmalar incelendiginde yasanan sorunlarm biiyiik bir kismimin bataryalarla ilgili
oldugu goriilmektedir. Bataryalarin en onemli problemleri sinirli 6miirleri ve kontrol edilmediklerinde
patlama risklerinin bulunmasidir. Bu problemler ¢oziilmesi gereken baglica unsurlardir. Bu nedenle
bataryalarin uzun 6miirlii olmalar1 ve daha verimli ¢aligmalar etkili bir batarya yonetim sistemine baglidir
[3,4].

Batarya gruplarindaki gerilim dengesizligi sorununu ¢ézmek i¢in ¢esitli batarya dengeleme topolojileri ve
kontrol algoritmalar1 gelistirilmistir [5-10]. EKici ve Tan [11] tarafindan yapilan ¢aligmada, dort farkh
kimyasal yapiya sahip batarya tiiriiniin sarj ve desarj karakteristikleri incelenmistir. Bu batarya paketlerinin
kontrolii ayn1 batarya yonetim sistemi (BMS) ile farkli sekillerde kontrol edilmistir. Gergeklestirilen
batarya paketinin sarj islemi DC/DC doniistiiriicti kullanilarak gergeklestirilmis ve sarj sirasinda sicaklik
ve sarj durumu (SOC) kontrolii yapilmistir. BMS, hibrit elektrikli ara¢ modeli iizerinde test edilmistir.
Muratoglu ve Alkaya [12] tarafindan yapilan c¢alismada, li-ion bataryalarin SOC kontroliinii
gerceklestirmek amaciyla kokusuz kalman filtresi ve genisletilmis kalman filtresi algoritmalari
kullanilmigtir. Bu iki modelin SOC kestirim sonuglar1 dogruluk ve performans agisindan kiyaslanmig ve
kokusuz kalman filtresinde daha bagarili sonuglar elde edildigi goriilmiistiir. Zhu ve arkadaslar1 [13]
calismalarinda, lityum kobalt oksit bataryalardan olusan bir BMS olusturmus ve bataryalar i¢in kombine
sarj durumu tahmin yontemi ve pasif denge kontrolii ger¢eklestirmislerdir. Donanimsal ve yazilimsal bir
deney platformu olusturularak 3,4 Ah’lik lityum kobalt oksit bataryanin 80 dakikalik sarj isleminden sonra
kiimiilatif hatada azalma gozlenmistir. Benzer sekilde, deneysel sonuclar incelendiginde pasif dengeleme
kontroliiniin uzun kullanim siirecinde batarya paketinin kararliligini etkili bir sekilde iyilestirmistir. Duan
ve arkadaslari1 [14] ¢alismalarinda elektrikli araglar i¢in giines enerjisi destekli BMS gerceklestirmigler ve
batarya dengeleme i¢in aktif/pasif kontrol tekniklerini incelemislerdir. Elde edilen deneysel sonuglara gore
Onerilen sistemin her 13,2 km'de 50 Ah batarya paketinin toplam kapasitesini %2,1 ile %3,3 oraninda
iyilestirdigini gostermislerdir.

Kontrol algoritmalarmin yani sira batarya dengeleme topolojilerinden biri olan pasif dengeleme yontemi
basit, uygulamasi kolay ve diigiilk maliyet gibi avantajlar1 nedeniyle yaygin olarak kullanilan yontemlerden
biridir. Kili¢ ve arkadaglar1 [15] ¢alismalarinda, ana ve uydu denetleyiciler arasinda CAN haberlesme
protokolii kullanan ve pasif dengeleme metodu iceren BMS tasarlamiglardir. Elektrikli ara¢ uygulamalari
icin tasarlanan BMS, asir1 sarj, derin desarj, yiiksek akim ve yiiksek sicaklik gibi olumsuz kosullarda
batarya paketini korudugunu gostermistir. Daowd ve arkadaslari [16] ¢alismalarinda, aktif ve pasif batarya
dengeleme metotlarini Matlab/Simulink ortaminda modelleyerek karsilastirmasini yapmiglardir. Her bir
dengeleme metodunu maliyet, boyut ve kontrol bakimindan incelemisler ve kendi icerisinde avantaj ve
dezavantajlarini ortaya koymuslardir. Amin ve arkadaslari [17] ¢calismalarinda, LiFePO4 batarya hiicreleri
ve pasif dengeleme teknigi kullanan bir BMS tasarlamislardir. Dengeleme direnci olarak metal oksit alan
etkili transistoriin (MOSFET) i¢ direncini kullanmiglardir. Tasarlanan BMS'in, referans dengeleme
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gerilimine bagh olarak hiicre gerilimlerinin dengeli bir sekilde sarj olduklarin1 ve MOSFET i¢ direncinin
kullanilmasiyla BMS donaniminda yer tasarrufu saglandigini gostermislerdir. Kokila ve arkadaslar1 [18]
calismalarinda, hibrit ¢ok seviyeli doniistiiriicii kullanarak batarya yonetim sistemi gelistirmislerdir. Desarj
sirasinda sabit ¢ikis voltaji elde etmek icin hibrit ¢ok seviyeli doniistiiriicli, yardimci batarya ile birlikte
kullanilmistir. Onerilen yéntem ile hiicrelerin gerilim seviyeleri ve SOC dengelenmis, asir1 sarj ve derin
desarjdan kacinmilmistir. Frost ve Howey [19] tarafindan yapilan ¢alismada, dagitilmig denetleyici ile
modiiler ¢ok diizeyli bir doniistiiriici topolojisine dayali iletisim gereksinimi olmayan bir BMS
tasarlanmustir. Onerilen yontem ile ¢ikis gerilim dalgalanmalari en aza indirilerek SOC dogru bir sekilde
senkronize edilmistir.

Bu ¢alismada li-ion batarya paketinde yer alan bataryalarin dengeli bir sekilde sarj edilebilmesini saglamak
amaciyla pasif dengeleme teknigi kullanan bir BMS tasarlanmis ve deneysel ¢aligmalar
gerceklestirilmistir. BMS’in kontrol ve gii¢ kat1 arasinda optik izolatérler kullanilarak yalitimi saglanmaistir.
Batarya paketinin sicaklik, akim ve gerilim verileri, mikrodenetleyicinin analog dijital donistiiriicii (ADC)
kanali kullanilarak 12 bit ¢oziiniirliikte okunmaktadir. Zhu [13] ve Kilig [15] tarafindan gergeklestirilen
calismalardan farkli olarak, BMS sarj islemi sirasinda, gii¢ direncinin yani sira MOSFET'in i¢ direnci
kullanilmistir. Bu sayede gerilim seviyesi yiiksek olan batarya hiicrelerinin sarj akimlari kontrol edilmistir.
Ayrica uygulanan enerjinin higbir aktif rolii olmayan direng iizerinde tiiketilerek yok edilmesinin 6niine
gecilmistir. Benzer sekilde Kivrak [3] ve Amin [17] tarafindan gergeklestirilen c¢alismalara ek olarak
batarya hiicrelerinin gerilim ve sicaklik verileri evrensel asenkron alici-verici (UART) ve seri ¢evre araylizii
(SPI) haberlesme protokolleri kullanilarak 7-ing TFT monitdrde izlenmesi saglanmis ve kablosuz ag
modiilii kullanilarak es zamanl kayitlar bilgisayar ortaminda saklanmigtir.

2. MATERYAL VE METOT (MATERIAL AND METHOD)
2.1. Batarya Paketi Tasarim (Battery Pack Design)

Bataryalar, elektrikli ara¢ uygulamalari i¢in temel enerji kaynagidir ve batarya se¢imi ara¢ performansini
etkileyen onemli bir faktordiir. Batarya se¢iminde dikkat edilmesi gereken faktorler arasinda hizli sarj
islemine miisaade etmesi, hafiza etkisinin olmamasi, bataryanin diisiik i¢ dirence sahip olmasi, yiiksek
enerji ve giic yogunluguna sahip olmasi, yiiksek sarj-desarj dongiisii, diisiik maliyet ve yiiksek glivenirlik
bulunmaktadir. Bu avantajlari nedeniyle ¢aligmamizda li-ion bataryalar tercih edilmistir. Tablo 1’de tek bir
batarya hiicresinin ve tiim batarya paketinin teknik 6zellikleri verilmistir.

Tablo 1. NCR18650B Li-ion batarya ve batarya paketinin teknik karakteristigi

Parametre Hiicre Paket
Minimum kapasite (25 °C) 2.9Ah 32Ah
Nominal gerilim 3.6V 2V

Sarj gerilimi 4.2V 84v

Hiicre agirligi (maks.) 47.59 <10 Kg
Gravimetrik enerji yogunlugu 243Wh/Kg 243Wh/Kg
Desarj sicaklig -20 ~+60 °C -20 ~+60 °C
I¢ direng <2mQ <24.8mQ

Li-ion bataryalarin termal kararlilig1 diger batarya gruplarina goére daha iyi olmasina ragmen sarj ve desarj
kesintileri kontrol altinda tutulmalidir. Aksi takdirde asir1 sarj elektrolit oksidasyonuna neden olurken, asiri
desarj katot yapisal degisiklikler meydana getirir [20]. Sekil 1°de goriilen batarya kiimesinde 20 batarya
paketi seri ve her seri pakette 11 batarya hiicresi birbiri ile paralel olarak baglanmigtir.
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e T

Sekil 1. Batarya hiicrelerinin hiyerarsik yapisi

2.2. Li-ion Batarya icin SOC Tahmin Yontemi (SOC Estimation Method for Li-ion Battery)

BMS, bataryalarin akim, sicaklik ve gerilim durumlarina gore bataryalarda ne kadar enerji kaldigini
hesaplayan, bataryalarin kontrol ve takibini saglayan bir sistemdir. BMS sayesinde bataryalar korunmakta
ve performansi iyilestirilmektedir. Bir bataryanin kalan enerjisini dogru tahmin etmek bataryalarin agir1 sarj
edilmesini onleyip omriiniin uzatilmasini saglar. Bir batarya tamamen sarj edildiginde kapasitesi %100,
tamamen desarj edildiginde ise %0 olarak kabul edilir. SOC tahmin bilgileri bir elektrikli aracin sarj
dengeleme ve batarya yonetimi igin oldukc¢a 6nemlidir. BMS, hiicre gerilimi, akimi ve sicaklik verilerine
bagli olarak batarya paketinin kalan enerjisi hesaplanabilir. Boylece sisteme ka¢ saat daha enerji
saglayabilecegi tahmin edilmis olur. Batarya paketinin SOC tahmini yiik sayma metoduna gore Esitlik 1°de
verilmistir.

t
S0C(t) = S0C(t—-1) +f I”L“dt

0 “batt

Burada SOC(t — 1), Ip4:+ batarya akimi uygulanmadan onceki SOC (%) baslangi¢ degeridir. Cpgee
bataryanin nominal kapasitesi (Ah) ve t, zamani (h) ifade etmektedir. Batarya hiicrelerinin giivenligi ve
verimliligi agisindan kontrol algoritmasi belirlenen limitlere gore isletilmelidir. Algoritmada belirlenen
limitler Esitlik 2 ile ifade edilir. SOCyy,iy, Ve SOCpqy, bataryanin izin verilen minimum ve maksimum sarj
durumlaridir.

SO0Cpin < SOC < SOCppax 2

2.3. Gerilim, Akim ve Sicaklik Koruma (Voltage, Current and Temperature Protection)

Batarya paketinin giivenli bir sekilde kullanilmasini saglamak i¢in gerilim, akim ve sicaklik bilgileri siirekli
kontrol edilmelidir. Bu degerlerin belirlenen limitler digina ¢ikmasi durumunda batarya hiicreleri zarar
gorebilir. Batarya paketinde kullanilan Panasonic firmasinin iiretmis oldugu NCR18650PF li-ion batarya
hiicrelerinin desarj karakteristigi Sekil 2’de verilmistir. Desarj karakteristigi incelendiginde batarya
hiicrelerinin sarj gerilimi seviyesi 2.5V ile 4.2V araliginda tutulmasi gerektigi goriilmektedir.
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Sekil 2. Batarya hiicresinin desarj karakteristigi (Sicaklik: 25 °C)

Hiicre gerilimlerinin STM32F446 mikrodenetleyicisine aktarilmasi Sekil 3 (a)’da verilen gerilim boliicii
devresi ile gergeklestirilmistir. Bu devre {izerinde gii¢ tiikketiminin azaltilmasi ve batarya gerilimlerinin
dogru bir sekilde okunmasi amaciyla yiliksek diren¢ ve diisiik tolerans degerine sahip direncler
kullanilmustir. Coklayicidan mikrodenetleyiciye aktarilan analog hiicre gerilimleri ADC kanali tarafindan
12 bit ¢ozinirlikte okunmustur. Analog sinyalin, ¢evre kosullarindan ve elektromanyetik girisimden
etkilenmemesi amaciyla algak gegiren RC filtre kullanilmstir.

Batarya paketindeki hiicre gerilimleri ve sicakliklarinin limit degerlerin digina ¢ikilmasi durumunda Sekil
3 (b)’de devre yapist goriilen devre kesici tetiklenerek sarj islemini sonlandirmakta ve yiikii batarya
paketinden ayirmaktadir. Her bir seri hiicre paketine yerlestirilmis olan LM35 sicaklik sensoriinden elde
edilen sicaklik/volt sinyali ADC kanal1 tarafindan okunmaktadir. Sicakliga bagl limit degerler batarya
hiicresinin teknik ozellikleri esas alinarak -20 ~ +60 °C araliginda smirlandirilmistir. BMS, batarya
paketlerinin sicaklik degerlerine bagli olarak 50 °C’ ye ulagmasi durumunda alarm, 60 °C’de ise agtirma
komutu gondermektedir. Benzer sekilde batarya grubundan ¢ekilecek akim, Sekil 3(c)’de baglanti semasi
gbriilen nominal 32 A Ol¢tim degerine sahip HLSR32-P akim sensérii vasitasiyla mikrodenetleyici
tarafindan anlik olarak takip edilmektedir.

(@) (b) ()
BATARYA PAKETI KONTAKTOR P P2
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Sekil 3. (a) Gerilim algilama devresi, (b) alarm/trip devre yapisi ve (c) akim sensorii baglanti semasi
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2.4. Pasif Dengeleme Teknigi (Passive Balancing Technique)

Batarya paketinin sarj ve desarj edilmesi sirasinda 6zen gosterilmesi gereken husus hiicre gerilimlerinin
dengelenmesi islemidir. Batarya paketindeki seri hiicrelerin sarj islemi sirasinda depoladig: enerji her bir
hiicre i¢in farklilik gosterecektir. Bu durum batarya hiicrelerinde gerilim farkliliklarina neden olacaktir.
Sekil 4’te verilen devre semasinda goriildiigli iizere gerilim seviyesi fazla olan hiicre, pasif dengeleme
teknigi ile bypass direnci ilizerinde desarj edilerek diger hiicreler ile esitlenmektedir. Bu islem tiim batarya
hiicrelerinin gerilim seviyeleri esitlenene kadar devam ettirilir [21].

BYPASS BYPASS BYPASS
DIRENCI-1 DIRENCI-2 DIRENCI-20

Sekil 4. Pasif dengeleme tekniginin baglanti diyagram

Bypass direnci iizerinde agiga ¢ikan 1sinin kontrol altinda tutulabilmesi ve enerji kaybinin en aza indirilmesi
amactyla MOSFET lineer bolgede caligtirilarak bu sorunlarn {istesinden gelinebilir [17]. Batarya
dengeleme akimi, MOSFET’in i¢ direncinin dengeleme direnci olarak kullanilmasiyla kontrol edilebilir.
MOSFET’in lineer modda calisabilmesi i¢in darbe genislik modiilasyonu (PWM) teknigi kullanilarak, 1
kHz anahtarlama frekansina sahip bir sinyal tiretilmistir. Azaltan doniistiiriicti topolojisine uygulanan PWM
sinyalinin doluluk oraninin degistirilmesiyle degisken gerilim seviyelerine sahip bir sinyal elde edilmistir.
Boylelikle MOSFET in tetikleme terminaline uygulanan gerilimin degistirilmesiyle birlikte i¢ direncinin
de istenilen Ol¢iide degistirilmesi saglanmistir.

Sarj esnasinda batarya hiicrelerinin gerilim farki1 40 mV’luk gerilim seviyesini agmasi halinde gerilimi daha
yiiksek olan hiicre, devrede kullanilan RTR040NO3TL N-kanal MOSFET iizerinden devreye alinir. Sekil
5’te pasif dengeleme devresi goriilmektedir. Azaltan donistiriicii topolojisine dayali ¢ikig filtresini
olusturmak i¢in L1 indiiktansi, C1 kapasitansi ve D4 diyotu kullanilmistir. Bu devrenin kullanilmasiyla
batarya hiicreleri sarj edilirken tiim batarya hiicrelerinin gerilimleri dengelenmis olacaktir.
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Sekil 5. Cift batarya hiicresinin kontrol edildigi pasif dengeleme devresi
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2.5. Batarya Yonetim Sistemi Algoritmasi (Battery Management System Algorithm)

BMS’nin kontrol edilmesinde ana kontrolor olarak STM32F446 mikrodenetleyicisi kullanilmistir. Ana
kontrolér, zamanlayici ve seri iletisim protokollerini barindirir. BMS calistirildiginda, batarya hiicrelerinin
gerilimleri ve sicaklik verileri ana kontrolor tarafindan isletilir. Bu algoritmanin akis diyagrami Sekil 6’da
goriilmektedir.

BASLA

-

(" Haberlesmeyi ‘

gonder

L baglat
—Hayir >
F 4
Gerilim, akim ve ‘
sicaklik oku
rSarj < Batal}'a sarj veya desarj De§arj—l
L—Vmax-Vmin>40mV > < Vmin< Vdesarjlimit >
[ R
l Hayir
Y Y
Tmax>Tlimit >——  Sanj1 durdur <~ Tmax>Tlimit
T / ~
Hayir Hayy|r
. [UART ile verileri | f g " : ‘
Dengelemeyi baslat }——v Dr +Hayir—< I > Imax >——>  Desarj durdur

Sekil 6. Batarya yonetim sistemine ait akis diyagrami

Mikrodenetleyicilerde ADC modiiliiniin pin sayisi smirli olmasindan dolayr gerilim ve sicaklik verileri
CD4067 ¢oklayici entegresi kullanilarak mikrodenetleyiciye aktarilmustir. Ayrica ana kontrolér, BMS
tarafindan yiriitilen islemleri ve batarya hiicrelerinin verilerini UART protokolii ile TFT ekrana
gondermektedir. Ana kontroloriin gergeklestirdigi diger bir islem, elde edilen verilerin es zamanh
kayitlariin bilgisayar ortaminda saklanmasidir. UART haberlesme protokolii iizerinden NRF24L01
kablosuz ag modiilii kullanilarak BMS’ye ait tiim veriler bilgisayar ortamina aktarilmaktadir.

Batarya paketindeki hiicreler arasinda gerilim farki 40 mV tizerinde olan hiicreler belirlenir ve bu veriler
dengeleme isleminin baglatilmasi i¢in uydu mikrodenetleyiciye aktarilir. Ayni zamanda tiim hiicre
sicakliklar1 ana kontroldr tarafindan igletilmektedir. Hiicre sicakliklarindan herhangi birisinin belirlenen
limit degere ulagmasi halinde koruma prosediirii isletilir. Benzer sekilde uydu kontroldr iizerinde bulunan
akim sensorii, bataryalarin desarj akiminin maksimum limitine ulasmas1 durumunda devre kesiciye actirma
komutu gondererek batarya paketi ile yiikiin birbirinden ayrilmasi saglar. Sekil 7°de ana ve uydu
denetleyiciye ait blok diyagram goriilmektedir. Ayrica uydu kontroldr olarak gérev yapan STM32F070
mikrodenetleyicisi BMS’nin alt bilesenlerindendir. Batarya hiicreleri {izerinde bulunan pasif dengeleme
devreleri uydu kontrolor tarafindan kontrol edilmektedir. SOC seviyesinin belirlenmesi ve asir1 akim
takibinin yapilabilmesi i¢in {izerinde bulunan akim sensoérii, ana kontroldre veri akisini saglamaktadir.
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Sekil 7. Onerilen batarya yénetim sisteminin genel topolojisi

2.6. Veri izleme ve Haberlesme (Data Monitoring and Communication)

Sekil 7°de verilen blok diyagramdan goriilecegi iizere, ana kontroloér 7-inch TFT ekran ve uydu kontrolor
ile UART haberlesme protokoliinii kullanirken, NRF24L.01 kablosuz modiil SPI haberlesme protokoliinii
kullanmaktadir. Hiicre gerilimleri, sicakliklari, SOC durumu, batarya paketinden g¢ekilen toplam akim,
alarm ve actirma gibi tim BMS verileri kullanici arayiiziiniin ekraninda goriintiilenir. Ana ve uydu
kontrolorler iletisim igin birbirinden izole edilmelidir. Bu nedenle BMS devrelerinin haberlesme portlart
PC817 optik izolator entegresi araciligiyla birbirinden izole edilmistir. Batarya paketindeki verilerin
izlendigi TFT ekranin ilk satirlarinda batarya kapasitesi, ariza durumu gibi bilgiler yer alirken, diger
kistmlar 2 ana siituna béliinmiistiir. Ilk siitunda 20 seri hiicre paketinin nominal gerilimleri, ikinci siitunda
sicaklik degerleri gozlenmektedir. TFT ekrana ait goriintiiler Sekil 8 (b)’de goriilmektedir.

3. BULGULAR VE TARTISMA (RESULTS AND DISCUSSION)

Tasarlanan batarya yOnetim sisteminde ana ve uydu olmak tizere STM32F446 ve STM32F070
mikrodenetleyicileri kullanilmigtir. Test edilen batarya paketinde, 20 seri ve 11 paralel olmak iizere 32 Ah
kapasiteye sahip li-ion batarya grubu kullamlmustir. ilk olarak, paketlenen batarya grubu 700 W giice sahip
yarim koprii DC/DC doniistiiriicti kullamilarak sarj edilmistir. Sarj akimi yaklagik olarak 10 A
seviyelerindedir. BMS calistirildiginda tasarlanan algoritmaya gore batarya hiicreleri arasindaki en diisiik
gerilime sahip hiicre belirlenerek diger hiicrelerle karsilastirilmaktadir. Boylece belirlenen maksimum
gerilim limitini asan hiicrenin dengeleme islemi baglatilir. Dengeleme devresinde kullanilan RTR040N03
MOSFET, kiigiik yiizey montaj paketi ve 48 mQ gibi diisiik ileri yon (Rpg, ) direnci nedeniyle tercih
edilmistir. Bir batarya hiicresinin dengeleme akimi, MOSFET in gate-source pinleri arasindaki gerilim
(Vgs) degisimlerine bagh olarak Rpg —direncindeki degisimler Tablo 2’de verilmistir. Buna gore Vg
geriliminin artmasiyla Rpg_ direncinin azaldigi goriilmektedir. Vg gerilimi 1,5 V olarak uygulandiginda
MOSFET neredeyse kesimdedir. V¢ gerilimi 2,5 V olarak uygulandiginda ise Rpg, direnci 65 mQ olarak
Olc¢tilmiis ve MOSFET iletim durumundadir.

Batarya hiicrelerinin sarj islemi sirasinda MOSFET ’in iletim durumuna ge¢mesiyle birlikte V5 gerilimine
bagl olarak ilgili hiicrenin sarj akiminin bir miktar1t MOSFET ve bypass direnci iizerinde kontrollii bir
sekilde harcanir. Béylece hiicrenin SOC seviyesi, batarya paketinin diger hiicrelerinin SOC seviyesi ile
esitlenmesi saglanir. Sekil 8’de dnerilen batarya yonetim sisteminin deneysel uygulamasi goriilmektedir.
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Tablo 2. Vis gerilimindeki degisimlere bagl olarak MOSFET'in Rpg, direng degerleri

VGS (V) RDS,m (Q)
1,50 18,47 K
1,68 768
1,84 65
2,00 9,20
2,08 5,90
2,24 2,20
2,32 0,25
2,50 0,065

ﬁ

SATARYA YONETIM SISTEMI
En Yoksek Sicakik : 37.9C
En Dagok Sicakik : 31.7C

BATARYA SOC: %65.7
—

Sekil 8. (a) 20s11p x 32 Ah li-ion hiicrelerden olusan BMS deney diizenegi (b) BMS kullanict arayiizii

35

Sekil 9 (a)’da azaltan doniistiiriicli girisine 1 kHz anahtarlama frekansina sahip %56.8 doluluk oraninda
PWM sinyali uygulanmigtir. Doniistiiriicti ¢ikisindan MOSFET ’in tetikleme terminaline uygulanmak {izere

1,84 V gerilim sinyali elde edildigi goriilmektedir.

(@)

Siglent @

(b)

Sekil 9. (a) Azaltan doniistiiriicii girisine uygulanan PWM sinyali (CH1), doniistiiriicii ¢ikisindan elde
edilen Vi gerilimi (CH2), (b) MOSFET in tetikleme terminaline uygulanan Vgg gerilimi (CH1),

MOSFET iizerinden gegen dengeleme akimi (CH2).
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Sekil 9 (b)’de V5 geriliminin 2,32 V olmasi durumunda 0,25 €’luk i¢ dirence sahip olan MOSFET ve 3,9
Q degerindeki bypass direnci iizerinden gecen dengeleme akiminin 0,72 A seviyesinde oldugu
goriilmektedir. BMS’e ait tiim veriler UART haberlesme protokolii izerinden kablosuz modiil kullanilarak
es zamanli kayitlar bilgisayar ortaminda saklanmakta ve kullanici arayiizii sayesinde anlik olarak
gozlemlenmektedir. Bilgisayar ortamindaki kullanici arayiizii Sekil 10°da goriilmektedir. Tasarlanan
arayliz sayesinde her batarya hiicresinin sarj dengeleme gerilimleri ve sicakliklar1 takip edilmektedir.
Boylece batarya hiicrelerinde meydana gelebilecek olasi sorunlar 6nceden belirlenerek miidahale
edilebilmektedir.

BATARYA YONETIM SISTEMI

:36:23__ Hucre 11 Voltaj= 3,65
:23___Hucre 12 Voltaj= 3.63

36:24__ Hucre 18 Vokaj= 3.68
:24___Hucre 19 Voltaj= 3.64
:24___Hucre 20 Voltaj= 3,63

Sekil 10. Batarya yonetim sisteminin bilgisayar ortamindaki arayiiz programi

Deneysel caligma sirasinda, batarya gerilimlerindeki dengesizligin fazla oldugu yani SOC seviyeleri
birbirinden farkli olan bes batarya hiicresi secilmis ve sarj islemi sirasinda elde edilen hiicre gerilimleri
grafik iizerinde ¢izdirilmistir. ilk olarak oOnerilen algoritma olmadan sarj islemi yapildiginda hiicre
gerilimlerine ait grafik elde edilmis ve zamana baglh gerilim degerleri Sekil 11°de verilmistir. Sarj
baslamadan hemen Once hiicre gerilimleri 3,70 V — 3,78 V — 3,80 V — 3,83 V — 3,86 V olarak 6l¢iilmiis ve
sirastyla numaralandirilmistir. Grafik incelendiginde SOC seviyesi en yliksek olan 5 nolu batarya hiicresi
4,22 saat ve 4 nolu batarya hiicresi 4,5 saat siire sonunda %100 SOC seviyesine ulagmistir. Ancak sarj
isleminin sonlandirildigi 5. saat sonunda 1, 2 ve 3 nolu batarya hiicrelerinin %100 SOC seviyesine
ulagsamadigi, dolayisiyla tamamen sarj olmadiklar1 goriilmiistiir. Sarj siiresi boyunca hiicre sicakliklari
degisimi 21°C ile 40°C araliginda oldugu gozlenmistir.

Baslangic kosullar1 ayn1 olacak sekilde onerilen algoritma kullanilarak gergeklestirilen sarj islemi sirasinda
elde edilen hiicre gerilimlerinin zamana bagli degisimi Sekil 12’de verilmistir. Sarj islemi sirasinda hiicre
gerilimi, algoritmada belirlenen dengeleme geriliminden daha yiiksek olan hiicrelerin MOSFET leri
tetiklenmistir. Boylece dengeleme akimi, MOSFET i¢ direnci ve bypass direnci {izerinden devresini
tamamlayarak dengeleme islemini gerceklestirmistir. Batarya gruplarinin dengeleme akimi maksimum
1,077 A’e kadar ¢iktig1 ve hiicreler arasindaki sicaklik degisiminin 22°C ile 35°C araliginda oldugu
gozlenmistir.

Algoritmada belirlenen dengeleme gerilim degeri, etkili bir sarj islemi i¢in 40 mV olarak belirlenmistir.
Sekil 12 incelendiginde birbirinden farkli SOC seviyelerine sahip batarya hiicreleri, sarj islemi basladiktan
4.5 saat sonra %100 SOC seviyesine ulasmistir. Sarj islemi yaklasik 5 saat siirmiis ve sarj siiresi boyunca
BMS, hiicre gerilimlerinin dengelenmesi islevini bagarili bir sekilde gerceklestirmistir.
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Sekil 11. Onerilen algoritma olmadan sarj islemi gerceklestirildiginde batarya hiicre gerilimlerinin
zamana bagh degisimi
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Sekil 12. Onerilen algoritma ve BMS kullanilarak sarj islemi gerceklestirildiginde batarya hiicre
gerilimlerinin zamana bagh degisimi

4. SONUC (CONCLUSION)

Mikro sebeke yapilan ve elektrikli araglar gibi 6nemli uygulama alanlarmmda kullanilan BMS, hiicre
dengeleme, batarya sisteminin giivenirligi ve daha uzun batarya 6mrii gibi katkilarindan dolay1 giiniimiizde
yaygin olarak calisilan bir konudur. Bu ¢aligsmada, 20s11p x 32 Ah kapasiteye sahip li-ion batarya paketinin
pasif dengeleme teknigi kullanilarak dengeli bir sekilde sarj edilebilmesi amaciyla BMS tasarlanmis ve
deneysel uygulamasi ger¢ek zamanli sistem tlizerinde test edilmistir. Deney sonuglarina gore, hiicreler
arasindaki gerilim farki biiylidiikce dengeleme siiresinin uzadigi1 gézlenmistir. Batarya paketinin sarj islemi
sirasinda BMS kullanilmadigi takdirde SOC seviyesi yiiksek olan hiicrenin daha erken maksimum gerilim
seviyesine ulastig1 ve dolayisiyla sarj islemine devam edildigi takdirde diger batarya hiicrelerine oranla
daha fazla sicaklik artisinin yasandigi gézlenmistir. Ayn1 zamanda belirlenen sarj siiresi boyunca sadece
iki batarya hiicresinin %100 SOC seviyesine ulagtig1, diger batarya hiicrelerinin tam sarj kapasitesine
ulasamadig1 goriilmiistiir.
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Darbe genislik modiilasyonu ve azaltan donistiiriicii topolojisinin kullanilmasiyla MOSFET lineer bolgede
calistirilmistir. Batarya hiicre gerilimlerine bagli olarak dengeleme akiminin kontrolii saglanmistir.
Tasarlanan kullanici ve bilgisayar arayiizli sayesinde hiicre gerilimleri ve sicakliklart anlik olarak takip
edilmekte ve es zamanli kayitlar bilgisayar ortaminda saklanmaktadir. Bdylece batarya hiicrelerinde
meydana gelebilecek asir1 sicaklik artis1 veya hiicrelerden herhangi birinin arizalanmasi gibi olas1 sorunlar
belirlenerek miidahale edilebilmektedir. Benzer sekilde BMS iizerinde kullanilan ¢oklayici sayesinde pin
sayist bakimindan daha kiiciik mikrodenetleyiciler kullanilarak daha fazla batarya hiicresinin kontrol
edilebilecegi goriilmiistiir.

Tasarlanan BMS, dengeleme direnci ve MOSFET’in i¢ direncinin kullanilmasiyla referans gerilime bagl
olarak hiicre gerilimlerini dengeledigini ve batarya paketinin giivenli ¢alisma bdlgesi sinirlari icerisinde
kullanildigini gostermistir. BMS lizerinde yapilan tiim testler basaril bir sekilde gerceklestirilmistir.
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The measures taken due to Covid-19 such as lockdown restrictions, stopping the activities of
some businesses, taking a break to face to face education at all levels and passing through to
distance education, arranging shift working and work at home models for the staff employed in
both public and private sector had impacts on the electricity generation and consumption
profile. Supply-demand rates changed on a daily, weekly, monthly and seasonal basis.
Therefore, effects of the Covid-19 pandemic on Turkish electrical energy profile is examined
and analyzed in this paper comparatively with recent years.

MWh
36000,0
34000,0 e
32000,0 / N
30000,0 N | =
28000,0 ~— o o em—33.4.2019
26000,0 +* SIS
24000,0 23.4.2020
22000,0
20000,0 +——————— -
2 Q0 0 Q00 Q0 0 Q90 Q0 Q00 Q Q0 Q090 Q0 Q Q9o Qo Q99
Q0 00000000000 000000000 oo
SN R FANCRBH S IR THERBHS S NG
00000000 ddd-ddcd—-™—-=ecs = N NN
Saat

Figure A. Electricity consumption change on April 23, 2019 and April 23, 2020

Purpose: The World Health Organization has defined Covid-19, a virus first seen in China in
December 2019, as a global epidemic on March 11, 2020 due to its spread and severity. On the
same date, the first case was diagnosed in Turkey and then a great success has been achieved in
preventing the rise of the epidemic curve thanks to the measures taken timely and accurately. In
the study, April 2020 and May 2020, when the epidemic had an evident impact on electricity
profile of Turkey, was examined in comparison with previous years. In this context, lockdowns,
official and religious days were also examined.

Theory and Methods: Effects of the Covid-19 pandemic on Turkish electrical energy profile is
examined and analyzed in this paper comparatively with recent years. Some parameters such as
lockdown days, public holidays, workdays, Ramadan month and feast, meteorological
conditions, annual growth and development rate have been especially considered. The data used
in graphics and figures were taken from public platforms on EPIAS Transparency Platform and
TEIAS Load Dispatch Information System.

Results: In terms of consumption, it has been observed that electricity consumption has
decreased during the weekdays compared to the previous year and consumption hours have also
changed. The most serious decrease was experienced in the industrial and commercial group,
while residential consumption increased. Furthermore, it was observed that the daily peak hours
shifted in regions where industrial consumption was intense. On the other hand, the need for
supply decreased because of demand was decreased and thereby, 90% of the total electricity
supply of Turkey could be met from national and renewable resources May 24, 2020.

Conclusion: This paper focused on April 2020 and May 2020, which are the months when the
early effects of the Covid-19 epidemic were heavily observed and plans such as day-ahead
consumption forecast were not yet fully predicted. The study will contribute to both the
literature and to readers thanks to its detailed technical analyzes and evaluations.
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The World Health Organization has defined Covid-19, a virus first seen in China in December
2019, as a global epidemic on March 11, 2020 due to its spread and severity. On the same date,
the first case was diagnosed in Turkey and then a great success has been achieved in preventing
the rise of the epidemic curve thanks to the measures taken timely and accurately. These
measures such as lockdown restrictions, stopping the activities of some businesses, taking a
break to face to face education at all levels and passing through to distance education, arranging
shift working and work at home models for the staff employed in both public and private sector
had impacts on the electricity generation and consumption profile. Supply-demand rates
changed on a daily, weekly, monthly and seasonal basis. Therefore, effects of the Covid-19
pandemic on Turkish electrical energy profile is examined and analyzed in this paper
comparatively with recent years. Some parameters such as lockdown days, public holidays,
workdays, Ramadan month and feast, meteorological conditions, annual growth and
development rate have been especially considered. Authors consider that the study will
contribute to both the literature and to readers thanks to its detailed technical analyzes and
evaluations.

Covid-19 Salginmnin Tiirkiye Elektrik Profili Uzerindeki Erken
Doénem Etkileri

Oz

Covid-19, ilk olarak Aralik 2019’da Cin’de goriilen bir viriis olmakla birlikte yayilimi ve siddeti
nedeniyle 11 Mart 2020°de Diinya Saglik Orgiitii tarafindan kiiresel salgin olarak
tanimlanmistir. Ayni tarihte Tirkiye’de de ilk vakanin goriilmesiyle alinan yerinde ve
zamaninda Onlemler sayesinde salgin egrisindeki yiikselisin onlenmesinde bilyiik bir basari
saglanmigtir. Sokaga ¢ikma yasaklari, bazi igyerlerinin gegici olarak faaliyetlerinin
durdurulmasi, tiim seviyelerde egitime ara verilmesi ve uzaktan egitime gecis, kamuda ve 6zel
sektorde doniisiimlii veya esnek calisma diizenine gecilmesi gibi tedbirlerin elektrik iiretim ve
titketim profilinde de etkileri olmustur. Giuinliik, haftalik, aylik ve mevsimlik bazda arz-talep
oranlar1 degismistir. Bu nedenle bu calismada, Covid-19 salgin siirecinin Tiirkiye elektrik
enerjisi profilindeki erken dénem etkileri, 6nceki yillarla karsilagtirmali olarak incelenmis ve
yorumlanmustir. Sokaga ¢ikma yasaklarinin oldugu giinler, resmi tatil giinleri, mesai giinleri,
ramazan ayl ve bayrami, meteorolojik degisimler, yillik biiyiime orani gibi parametreler
ozellikle géz oniinde bulundurulmustur. Sunulan bu ¢alismanin icerdigi detayli teknik analizler
ve degerlendirmeler ile literatiire katki saglayacagi ve okuyuculara faydali olacagi
diigtiniilmektedir.

1. GIRiS INTRODUCTION)

Covid-19 viriis salgin1 2019 yilinda Cin’de ortaya ¢ikmis olup tiim diinyada yayilim gostermistir. Salginin
tiim iilkelerde goriilmesiyle Diinya Saglik Orgiitii tarafindan 11 Mart 2020 itibariyle kiiresel salgin ilan
edilmistir [1]. Boylelikle salginin yayilimini énlemek agisindan tiim diinyada ciddi tedbirler alinmistir. Bu
tedbirlerin ¢alisma diizeni, egitim, ticaret, turizm gibi sosyal ve ekonomik faaliyetlerde iilkeleri
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etkilemesiyle enerji tiiketiminde de degisiklikler olusturmustur [2, 3]. Birgok iilkede vaka artigini
onlemek amaciyla getirilen sokaga ¢ikma yasaklari, aligveris merkezlerinin kapatilmasi, kamu
kurumlarinin ve egitim kurumlarinin kapatilarak uzaktan egitim ve esnek ¢alisma modellerine gecilmesi
talep tarafinda farkliliklar meydana getirerek mesken tipi enerji tiiketimlerini artirmistir. Boylece enerji
tiikketim aliskanliklarinda degisimler olusmus ve sanayi tipi tiiketimlerde de diisiisler yasanmustir [4].

Salgin déneminde yasanan elektrik tiiketim profilleri bir¢ok iilkede arastirma konusu olmustur. Ornegin
Kanada’nin elektrik enerjisindeki degisimi gézlemlemek i¢in Leach ve ark. tarafindan 2016’dan 2020
yilina kadar olan veriler {izerinden baz1 sehirler i¢in analizler yapilmistir. Ay, hafta ve glin bazinda bu
dort yilin aym dénemleri, hava durumu da goz 6niine alinarak karsilastirilmistir. Ozellikle Ontario ve
Alberta sehirlerine yogunlasilmis ve tiretim tiplerinin yiizdesel degisimleri degerlendirilmistir. Alberta’da
enerji arzinda kdmiirden dogalgaza dogru bir kaynak degisimi gézlenmistir. Genel olarak enerji talebinde
ise %20 civarlarinda bir diisiis tespit edilmistir [5].

Edmarh ve ark., Lagos-Nigeria’da elektrik tiiketiminin sokaga ¢ikma yasagina bagli degisimini
gbzlemlemis ve ii¢ farkli senaryo icin 259 fider iizerinde calisma yapmustir. ilk senaryo sokaga ¢ikma
yasaginin olmadig1 bir ig glinlinde, ikinci senaryo kismi sokaga ¢ikma yasaginin oldugu giinler igin ve son
senaryo ise tamamen sokaga ¢ikma yasagi olan giinler icin olusturulmustur. Mesken tipi tiiketim miktar1
ilk iki senaryoda birbirine yakin olup %43 civarinda ve son senaryoda ise %49 artmistir. Sanayi tipi
tiikketim ise yine ilk iki senaryoda %24 civarinda ve son senaryoda %18 azalmigtir [6].

Ghiani ve ark. tarafindan Italya’da salgindan dolay1 yiik profili, elektrik enerji tiiketimi ve market
fiyatlarindaki degisimler degerlendirilmis ve son li¢ yilda 5 haftalik siiregte yiik profilindeki degisimler
karsilastirilmigtir. Ayni dénemin gegen yillaria gore tiikketim miktart %37 civarinda azalma gostermistir.
Enerji sektdriinde %30 civarinda fiyat diisiisii olmustur. Enerji tiiketim miktarinin azalmasina bagl olarak
yenilenebilir liretim kaynagindan elde edilen iiretim pay1 %23’ten %40’a ulagsmis ve g¢evreye zararh
iretim kaynaklar1 azaldigi i¢cin CO2 emisyon seviyesinde de diisiis yasanmugtir [7]. Kiiresel salgin
doneminde toplam tiiketim azaldigi icin talebin karsilanmasinda yenilenebilir enerji kaynaklarinin yeterli
olabilecegi ortaya ¢ikmis olsa da 6zellikle giines enerjisi sektorii gibi bazi enerji sektorlerinde de salginin
etkilerinin gézlendigi [8] numarali referansta rapor edilmektedir.

Aruga ve ark., Hindistan’daki dogu, bati, kuzey, gliney ve giineydogu olarak 5 cografi bolge icin yapilan
test sayilar1 ve vaka durumuna gore enerji tiikketim miktarindaki degisimleri karsilastirmistir. Kisa ve uzun
donemli etkiler degerlendirilmistir. Calisma sonucunda elektrik tiiketiminin hane halki gelir diizeyiyle
iligkili oldugu ortaya ¢ikarilmistir. Salgin siirecinin yoksul bolgelerde tiikketimlere yansimasi ¢ok ciddi
olarak farklilik gostermemistir. Boylece bolgenin ekonomik durumunun tiikketimdeki degisime yansimasi
gozlemlenmistir [9].

Kiiresel salgin siirecinin enerji piyasast ve profili lizerindeki etkileri {izerine iilkemizde de bazi
degerlendirmeler ve calismalar sunulmustur. Ornegin, Tiirkiye Ekonomi Politikalar1 Arastirma Vakfi
tarafindan sunulan bir biiltende Tiirkiye’nin elektrik tiiketiminin 13 Nisan 2020 haftasinda bir 6nceki yila
gore yizde 22 azaldigi kaydedilmistir [10]. APlus Enerji tarafindan sunulan bilgi notunda ise salgin
doneminde iiretim faaliyetlerinin diisiisii ile pik saatlerdeki talep artig1 hizinin azaldigi ortaya konulmustur
[11]. Elektrik Ureticileri Derneginin bir haber biilteninde, salgiin hiz kazandig1 May1s 2020°de elektrik
titketiminin gecen yilin ayni ayina gore %16,7 azalarak 19 milyar 640 milyon 23 bin kilovatsaate diistligii,
elektrik {iretiminin de %17,8 azalisla 19 milyar 550 milyon 20 bin kilovatsaate geriledigi bildirilmistir
[12].

Gerek yukarida diger iilkeler i¢in yapilan caligmalar ve gerekse de lilkemiz i¢in yapilan degerlendirmeler
gbz Oniine alindiginda, kiiresel salginin hayatin birgok alaninda oldugu gibi enerji sektoriinde de kayda
deger etkileri oldugu aciktir. Bu nedenle bu caligmada, Covid-19 salgimmmin Tirkiye elektrik enerji
sektoriindeki yansimalar1 birgok boyutta ele alinarak tiiketim, iiretim ve iletim alanlarinda yasanan
degisimler ortaya konmustur. Makalede sadece nicel analiz ve grafiklerle yetinilmemis ayn1 zamanda her
bir baghik altinda detayli teknik degerlendirmelerde de bulunulmustur. Calismanin ikinci boliimiinde
oncelikle salgimin iilkemizdeki seyir siireci verilmistir. Ugiincii béliimde, hava durumu ve meteorolojik
sartlar kisaca degerlendirildikten sonra salginin etkili oldugu Nisan, Mayis ve Haziran aylar i¢in giinliik,
haftalik ve aylik bazda tiiketim degisimleri analiz edilmistir. Dini giinler, resmi tatiller ve kisitlama
giinlerinde tiiketim degisimleri Ozellikle incelenmistir. Tiketim analizi sonrasinda salgin siirecinde
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elektrik iletim sebekesinin isletilmesinde yasanan degisimler ile enerji {iretimi ve arz degisimleri ele
alinmustir.

2. TURKIYE’DE SALGININ SEYRI (HISTORICAL PROGRESS OF EPIDEMIC IN TURKEY)

1 Aralik 2019 tarihinde Cin'in Hubei bolgesinin baskenti olan Vuhan'da ortaya ¢ikan korona viriis salgim
Tirkiye'de ilk olarak 11 Mart 2020 tarihinde tespit edilmistir. Bu tarihten itibaren vakalarin giinliik
degisimini gdsteren grafik Sekil 1°de verilmistir. 10 Nisan 2020’de paylasilan verilere gére 28.000 vaka
ile Istanbul en ¢ok vakanin oldugu sehir olurken onu sirasiyla izmir, Ankara, Kocaeli ve Konya takip
etmistir.

11 Nisan 2020’de Tiirkiye'de bir giinde tespit edilen yeni hasta sayisi 5 bin 138 ile zirveye ulagmustir. 19
Nisan 2020°de Tiirkiye'de bir giinde korona viriisten 6len kisi sayis1 127 ile zirveye ulasmigtir. Bu tarihten
itibaren giinliik 6liim sayilar1 azalmaya baslamistir. 23 Nisan 2020’de ise Tiirkiye'de aktif hasta sayis1 80
bin 808 ile zirveye ulagsmistir.

6.000

4.000

2.000

5.138
11 Misan

3 Mis 29 Mis 20 May 10 Haz 1 Tem

Sekil 1. Hasta sayisumn giinliik bazda degisim grafigi (Nisan-Temmuz 2020)

12 Mart 2020°de okullarin tatil edilmesi, kamu gorevlilerinin yurtdisina ¢ikisinin izine baglanmasi, spor
miisabakalarinin seyircisiz oynanmasi gibi kararlar ¢ikmigtir. Bu kararlarla beraber 16 Mart’tan itibaren
tiim seviyelerde egitime ara verilerek uzaktan egitime ge¢is yapilmustir. 17 Mart tarihinde baslamak
iizere, tiyatro, sinema, lokanta, kahvehane, internet kafe ve kapali ¢cocuk oyun alanlarinin faaliyetlerinin
durdurulmasina karar verilmistir. 20 Mart 2020°de tiim 6zel hastaneler pandemi hastanesi ilan edilmistir.
Kiiltiirel ve bilimsel etkinlikler ertelenmistir. Istanbul Biiyiiksehir Belediyesi, 6 Nisan 2020 Pazartesi
giiniinden itibaren metro seferlerinin 21.30'a kadar yapilmasi kararini almstir.

Alinan 6nlemler kapsaminda hafta sonlari ve resmi tatillerde 30 biiyiiksehir ve Zonguldak'ta saat 24.00'e
kadar sokaga ¢ikma yasagi uygulanmistir. Bu kisitlamalar su sekilde siralanabilir: 11-12 Nisan 2020 (2
Giin), 18 -19 Nisan 2020 ( 2 Giin), 23-24-25-26 Nisan 2020 (4 Giin).

Mayis ayi icerisinde yeni hasta sayisi azalirken normallesme hazirliklar baslamistir. 3 Mayis 2020°de
Saglik Bakanligi, iyilesen hasta sayisinin Covid-19 hastalarinin sayisini ilk defa gectigini agiklamistir. 11
Mayis 2020’de aligveris merkezleri ve kuaforler acilmistir. 9 ilde sokaga c¢ikma kisitlamalari
kaldirtlmistir. 29 Mayis 2020 tarihinde camilerde ibadete belli kosullar altinda izin verilmistir. Bununla
birlikte May1s ay1 igerisinde uygulanan sokaga ¢ikma kisitlamalar ise su sekildedir: 1-2-3 Mayis 2020
(31 ilde 3 giin), 9-10 May1s 2020 (24 ilde hafta sonu 2 giin), 16-17-18-19 Mayis 2020 (15 ilde 4 giin), 23-
24-25-26 Mayis 2020 (81 ilde Ramazan bayrami boyunca 4 giin), 30-31 Mayzis (2 giin).

Normallesme siireci 1 Haziran 2020 itibariyle hiz kazanmustir. Sehirleraras1 seyahat kisitlamasi
kaldirilmistir. Kamu personeli normal g¢alisma diizenine ge¢mistir. Kresler ve giindiiz bakim evleri
acilmustir. Plajlar, milli parklar ve bahgeler faaliyete ge¢cmistir. Spor tesisleri 24.00’a kadar hizmet
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vermeye baslamistir. Kiitiiphaneler ve millet kiraathaneleri agilmistir. Restoran, kafe, pastane, cay
bahgesi, yiizme havuzu ve kaplicalar belirli kurallar altinda 22.00’a kadar hizmet vermeye baslamistir.

3. SALGIN SURECININ TURKIYE ELEKTRIiK PROFILINE ETKILERI (EFFECTS OF THE
PANDEMIC ON TURKISH ELECTRICITY PROFILE)

Elektrik enerjisinin son kullanim noktasina kadar gegirdigi siireg, birden fazla boyutu igermektedir. En
genel haliyle bu boyutlar iiretim, iletim, dagitim ve piyasa siirecleri seklinde siniflandirilabilir. Bu
nedenle, salgin siirecinin elektrik profiline olan etkilerinin de her bir boyut i¢in ayr1 ayr1 incelenmesi daha
yerinde olacaktir. Bu bolimde, Covid-19 salgiinin elektrik profiline olan etkileri sayisal ve grafiksel
yontemlerle analiz edilirken, bahsi gecen boyutlar ayr1 basliklarda ele alinmistir. Ayrica dini giinler ve
resmi tatiller ile sokaga ¢ikma kisitlamasinin oldugu giinlerin de farkli basliklarda incelenmesi uygun
gOriilmiigtiir.

3.1. Hava Durumu ve Meteorolojik Sartlar (Weather and Meteorological Conditions)

Elektrik profilinin dnceki yillarla karsilastirmali incelenmesinde goz Oniinde bulundurulmasi gereken
onemli etkilerden birisi hava durumudur. Sekil 2’de, Tiirkiye genelinde aylik ortalama sicakliklar ile 2019
yil1 ortalama sicakliklar1 ve 2020 yil1 i¢in sicaklik egrileri verilmistir. Goriilecegi lizere, 2020 yili1 Nisan
ay1 sicakliklar1 Tiirkiye Geneli ortalamasi ve bir 6nceki yilin sicaklik degerleri ile yaklagik olarak ayni
diizeylerde seyretmistir. Bu nedenle, Nisan ayinda elektrik tiiketimi iizerinde hava durumunun ciddi bir
etkiye sahip olmadigi sdylenebilir. Mayis ayinda ise sicakligin Tiirkiye Geneli ortalamasina gore bir
miktar yiliksek seyrederken 2019 yilmin aynmi aymna gore daha disiik oldugu goriilmektedir. Bununla
birlikte, artis dogrusal bir benzerlik gostermektedir.

N
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Sekil 2. Tiirkiye ortalama sicakligi ve 2019 yili ortalama sicakligin 2020 sicakligina gore durumu [13]

3.2. Giinliik, Haftalk ve Ayhk Bazda Tiiketim Degisimleri (Consumption Changes on Daily,
Weekly and Monthly Basis)

Vakalarin yogunlasip 6nlemlerin kademeli olarak artirildigi ay olmasi nedeniyle, elektrik tiiketimi Nisan
ay1 igerisinde etkilenmeye baslamistir. Bu ay boyunca giinliik toplam tiiketimler, hafta i¢i-hafta sonu ve
sokaga ¢ikma yasaklariin oldugu giinler de géz Oniine alinarak Sekil 3’te karsilastirilmistir. Sokaga
¢ikma yasaginin oldugu Pazar giinlerinde daha belirgin bir diislis s6z konusu iken Cumartesi giinleri
resmi olarak izinli olan is gruplarinin caligmasima miisaade edilmesi sebebiyle tiiketim daha fazla
goziikmektedir. Ayrica Pazar giinleri insanlarin evde bulunmalar1 ve AVM benzeri tesislerin hizmet
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verememesi, tiikketimi daha da diislirmiistiir. Ayrica mesken tipi tiiketim artsa da pandemi doneminin
olmadig siirecteki degere ulasamamustir. Bu boliimde yer alan grafik ve sekillerin olusturulmasinda
kullanilan veriler, EPIAS Seffaflik Platformu ve TEIAS Yiik Tevzi Bilgi Sistemi iizerindeki halka acik
platformlardan alinmigtir.

Nisan Ay1 Giinliik Toplam Tiiketim Miktar
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Sekil 3. Nisan ay1 giin tipine gore giinliik toplam elektrik tiiketim grafigi

Nisan ayinda haftalar arasinda tiiketimin degisimi, Sekil 4°te verilmistir. 30 Mart — 5 Nisan arasindaki ilk
hafta boyunca tiiketimler normal seyrini korumustur. Ilerleyen haftalarda 10 Nisan itibariyle belli
donemlerde sokaga cikma yasaklari getirilmis ve Onlemler artis gdstermistir. Boylece tiiketimler de
ilerleyen haftalarda ilk haftadaki seviyenin altina diismiistiir. Ozellikle 23 Nisan resmi tatili ile hafta
sonunun birlestirilmis oldugu 4. haftadaki 4 giinliik kisitlama siiresince tiiketim kayda deger seviyede
diismiistiir. 1 Mayis haftasindaki 3 giinliik yasaklar da ayn1 sekilde 5. haftada diisiise neden olmustur.
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Sekil 4. Nisan ay1 igin Haftalar arasi saatlik tiiketim degisimleri
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2013 yilindan itibaren Nisan ayina ait toplam tiiketim degerlerindeki degisim durumu Sekil 5’te ve Tablo
1’de verilmistir. Kis aylarinin sona ermesiyle birlikte hava sicaklig1 artisi, tiiketimin daha diisiik seviyede
olmasina neden olmaktadir. Bu sekilde mevsimsel etkinin en belirgin fark gosterdigi donemler kis ve yaz
aylar icerisinde Subat ve Agustos aylaridir. Sicakligin artmasi ile klima ihtiyaci, sogukla beraber 1sinma
ihtiyac1 olmasi tiiketimin artmasina neden olmaktadir. Buna gore degerlendirildiginde Bahar aylarinda
sicaklik degisiminin etkisi daha azdir denilebilir. Tiirkiye’de elektrik tiiketiminin yogun oldugu dénemler
yaz aylarinda Agustos kis aylar1 i¢inse Ocak aylaridir. Bu aylar igin sicaklik etkisi biiyiiktiir. Nisan ay1
sicaklik degisiminin ise ¢ok ciddi etkilere sebep olmayacagi diisiiniilebilir. Ancak normal sartlar altinda
iilkelerin senelik enerji tiiketim kapasitesinin biiylimesi ve hava durumu kosullar1 da géz Oniinde
bulunduruldugunda, Tablo 1°de verilen degerlere gére anlamli bir azalma oldugu anlasilmaktadir.
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Sekil 5. Yillara gore Nisan ay: tiiketim miktar: degisim grafigi

Tablo 1. 2013-2020 yullar: arasinda Nisan ayina ait toplam degisim yiizdeleri

Yillar Yiizde Fark
2013-2014 4,3%
2014-2015 1,4%
2015-2016 4,1%
2016-2017 3,1%
2017-2018 8,6%
2018-2019 -5,5%
2019-2020 -15,4%

Salgin siirecinin hiz kazandig1 Nisan ayinda daha detayli analiz i¢in, 2019 ve 2020 yillarinda hafta igi
ayni tip gilinler secilmis olup tiiketimin fazla oldugu bir giin ele alinmistir. Bu analizin saatlere gore
degisim durumu Sekil 6’da ve yiizdelik olarak degisim farki ise Sekil 7°de verilmistir. Sekil 7’de
gbzlendigi tizere tiiketimde en biyiik fark, saat 08.00-09.00 saatleri i¢in olmustur. Bu durumun
olugmasinin ve tiiketim grafiginin kaymasimin nedeni olarak 2020 yilinda salgin nedeniyle insanlarin
uzaktan caligma sistemine ge¢mis olmasi, isletmelerin ve okullarin kapali olmasi ve toplumun ekseriyetle
evde olma durumundan kaynakli daha ge¢ uyanmalan diigiiniilebilir. Saatlik degisimler grafikte benzer
sekilde gitse de 2020 yil1 tiikketiminde belirgin bir diigiis s6z konusudur.
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Sekil 6. 20 Nisan 2019 Pazartesi ve 22 Nisan 2020 Pazartesi giinleri saatlik tiiketim karsilastirmasi

Yiizde fark % Yillik azalma orani (%)
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Sekil 7. 20 Nisan 2019 Pazartesi ve 22 Nisan 2020 Pazartesi giinii icin yiizdelik degisimler

Sekil 8 ve Sekil 9’da goriilecegi lizere, Mayis ayinda tiikketimler, haftalar arasinda benzer ve uyumlu
gitmistir. Sadece resmi tatiller ve hafta sonu sokaga ¢ikma yasaklarinin oldugu giinlerde belirgin diistisler
gbzlenmistir. En ciddi diisiis, Ramazan Bayrami haftasinda olmustur. Mayis ay1 i¢in haftalik tiiketimlerin
saatlere gore degisimi ile Nisan ay1 i¢in ayn1 degisim karsilagtirildiginda, Nisan ayinda haftalar arasi

tilketimde degisimler gdzlenirken Mayis ayinda haftalik tiiketimler benzerlik gostermistir.

Haziran ay1 igerisinde normallesme siirecine kademeli olarak gegilmesi ile tiiketimler saatlik olarak
normal seyrine donmeye baslamistir. Ilk haftalarda tiiketimler saatlik ¢izgilerini korusa da degerler
diistiktlir. Tiiketimler, normallesme siirecinin hizina bagli olarak ilerleyen haftalarda artis gdstermistir.

Sekil 10’da goriilecegi tizere, 5. haftada sicakligin da artmasi ile tiikketim normal seyrini yakalamustir.
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Sekil 9. Mayis ayt icin haftalar arast saatlik tiiketim degisimleri
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HAZIRAN 1. HAFTA(MWh)[01.06-07.06.2020]
HAZIRAN 3. HAFTA(MWh)[15.06-21.06.2020] HAZIRAN 4. HAFTA(MWh)[22.06-28.06.2020]
——— HAZIRAN 5. HAFTA(MWh)[29.06-05.07.2020]

HAZIRAN 2. HAFTA (MWh)[08.06-14.06.2020]

Sekil 10. Haziran ay: icin haftalar arasi saatlik tiiketim degisimi

3.3. Dini Giinler, Resmi Tatiller ve Kisitlama Giinlerinde Tiiketim Degisimleri (Consumption
Changes on Religious Days, Public Holidays and Lockdown Restrictions)

23 Nisan giinii ve tatili, 2019 yilinda Sal1 giinii iken 2020 yilinda Persembe giinline denk gelmis olup her
ikisi de hafta i¢i giinleridir. Normal sartlar altinda hafta ici tiiketim profili, yillar arasinda ¢ok ciddi
sapmalar gostermez ve saatlik tiiketim miktarlarin da anormal bir durum séz konusu olmadik¢a %3-4
civarinda fark olabilmektedir. Ancak, Sekil 11°de goriilecegi iizere, salgin donemine denk gelen 23 Nisan
2020 tiiketimi ile 2019 yilmin aymi giiniinde gergeklesen tiiketim arasindaki fark %10’un iizerinde
olmustur.

Covid-19 salgini nedeniyle bazi saatlerde farklilik gosterse de genel olarak saat bazinda degisimin
ilerleme sekli benzerdir. Ancak degerler, tiikketim gergekte beklenen degerlerden diisiiktiir. Sekil 12°de
verilen yiizdelik degisim degerlendirildiginde, sabah saatlerindeki farkin %20’nin {izerinde oldugu
goriilmektedir. Bu durum insanlarin sokaga ¢ikma yasagi nedeniyle evde kalmalar1 ve ge¢ saatlerde
uyanmalari seklinde yorumlanabilir.
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Sekil 11. 23 Nisan 2019 ve 23 Nisan 2020 tarihlerinde elektrik tiiketim degigimi

Yiizde fark Yilik azalma orani (%)
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Sekil 12. 23 Nisan 2019 ve 23 Nisan 2020 tarihlerinde saatlik bazda tiiketimin yiizdelik degisimi

Giin 6ncesinden Ongoriilmesi agisindan zor olan giin tiplerinden biri de bayram giinleridir. 2019 yil
verileri ile 2020 verileri karsilastirdiginda, %8.09 ila %22.11 aras1 farklar ortaya ¢ikmis ve Sekil 13’te
goriildiigli lizere tliim zaman dilimleri i¢in 2020 verisi daha diisiik seyretmistir. Bu durum fabrikalarin
calismasini durdurmasi ya da hafifletmesi, sehirlerarasi ¢ikis yasaklari ve 81 ilde sokaga ¢ikma
yasagindan kaynakli olarak insanlarin evlerinde kalmasi, tatil yerlerinin hizmet verememesi, AVM’ler
gibi birgok eglence merkezlerinin kapali olmasimin bir sonucudur. Sekil 14’te verilen 2019 ve 2020
Ramazan Bayrami giinleri (3 giin) i¢in elektrik tiiketiminin yiizdelik degisimi ve 2020 yilindaki azalma
oranlar1 da bu durumu dogrulamaktadir. Farkin fazla oldugu saatler bayramin her giinii i¢in belirgin bir
seklide sabah saatleridir. Bu durum insanlarin bayram namazina gidememeleri, aile ziyaretleri olmamasi
nedeniyle erken uyanmamalarinin sonucudur.
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Sekil 13. 2019 ve 2020 Ramazan Bayrami giinleri (3 giin) igin tiiketim verilerinin saatlik degisimi
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Yiizde fark 2019-2020 Bayram giinleri arasindaki yilhik azalma oram (%)
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Sekil 14. 2019 ve 2020 Ramazan Bayrami giinleri (3 giin) icin tiiketimin yiizdelik degigimi

Yine resmi tatil glinli olan 1 Mayis tarihi, 2019 yilinda Carsamba giiniine denk gelirken 2020 yilinda
Cuma giiniine denk gelmektedir. Her iki giiniin de hafta i¢i olmasi nedeniyle giin tipi benzerdir. Farkli
olan durum ise 1 Mayis tarihinin 2020 yilinda ayn1 zamanda Ramazan ayi igerisinde olmasidir. Bu durum
nedeniyle gece 04.00 saatlerindeki tiiketim, 2019 yil1 degerine yakindir. Burada tiiketimin esitlenmesini
saglayan unsur, mesken tipi tiiketim olup insanlarin sahur vaktinde uyanmasidir. Bu durumla ilgili yiizde
degisim durumu net bir sekilde Sekil 16’da goriilmektedir. Benzer olarak Sekil 15°te goriilecegi lizere,
iftar saatine yaklastikca yilik artis gostermistir. Sonrasinda diislis olsa da normal sartlarda beklenen
degerine ulagamamustir.
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Sekil 15. 1 Mayis 2019 ve 1 Mayis 2020 giinlerinde saatlik elektrik tiiketimleri degisimi
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Sekil 16. 1 Mayis 2019 ve 1 Mayis 2020 tarihlerinde saatlik bazda tiiketimin yiizdelik degisimi
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19 Mayis haftasi, tiiketim degisiminin gorildiigli 6nemli haftalardandir. Sokaga c¢ikma yasaklarinin
karsilastirilmas1 acisindan, Ramazan Bayramu tatili ile 19 Mayis haftasinin tiikketim profilleri Sekil 17°de
verilmistir. Bayram haftasinda belirgin seviyede diisiik tiiketimler olmustur. Bu durumun olusmasindaki
sebep Oncelikle bayramda yasagin 81 il i¢in 19 Mayis’ta ise 31 il igin gegerli olmasidir. Ayrica bayramda
bircok is alaninda ¢alismanin durdurulmasi da ciddi bir etki olusturmustur. Sekil 18’de goriildiigii iizere,
%38.1 farkla bayramin ii¢lincii giinii sabah saatlerindeki fark en fazladir. Nedeni ise 19 Mayis haftasinin
Pazartesi giiniine denk gelmekte olmasi ve sokaga ¢ikmanin yasak olmasina ragmen caligma izni ile
bir¢ok igyerinin faal olmasidir.

2020 y1h 19 Mayis-Bayram tatili 4 giinliik ilerleme durumu
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— 19 MAYIS HAFTASI e RAMIAZAN BAYRAMI HAFTASI

Sekil 17. Ramazan Bayrami ve 19 Mayis haftalarinda sokaga ¢ikma yasagimin karsilastirmasi
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Sekil 18. Ramazan Bayrami ve 19 Mayis haftasindaki giinliik sokaga ¢ikma yasagi giinlerinde tiiketim
farkimin yiizdelik oran

3.4. Tiiketici Tiiriine Gore Tiiketim Degisimi (Change of Consumption based on Consumer Type)

Tiiketici tlrine gore degerlendirildiginde Nisan ayi1 igerisinde vakalarin en {ist seviyeye ulagmasi ile
beraber sokaga ¢ikma yasaklar1 sik araliklarla getirilmis ve insanlar evde vakit gecirmeye baglamustir.
Tablolar 2 ve 3°de verilen 2019-2020 EPDK aylik sektdr raporu bilgilerine gore, mesken ve tarimsal
sulama tiiri tiiketimler artarken aydinlatma, sanayi ve ticarethane tiirii olanlar diislis gostermistir.
Ozellikle en fazla diisiis gdsteren tiiketim tipi ticarethane grubu olmustur. Covid-19 salginin yogunlastigi
siirecte alinan 6nlemler kapsaminda ¢esitli magaza ve isletmeler kapatilmis, agik olsa dahi endiselerden
kaynakl1 talepler de diisiis yasanmistir. Bu duruma bagli olarak iiretime olan ihtiya¢ da azalmistir. Sanayi
sektoriinde iiretimin azalmasina paralel ticaret sektorii de sekteye ugramistir. Boylece sanayi ve ticaret
sektoriinde ciddi diislisler meydana gelmistir. Evde gegirilen siirenin artmasina bagli olarak da evlerde
elektronik aletlerin kullanimi artmis ve mesken tipi tiiketim de artig olmustur.
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Tablo 2. 2019 ve 2020 yillar: Nisan ayi tiiketim tiiriine gére degisimler

Titketici Tiirii 2019 Nisan 2020 Nisan Degisim

Miktar (MWh)  Pay(%) Miktar (MWh)  Pay(%) (%)
Sanayi 7.960.764,96 43,733 6.159.708,05 39,587 -22,62
Mesken 4562.882,30 25,067 5.050.217,67 32,456 10,68
Ticarethane 4.994.388,36 27,437 3.447.834,62 22,158 -30,97
Tarimsal Sulama 266.452,64 1,464 499.414,13 3,210 87,43
Aydinlatma 418.424,91 2,299 402.837,40 2,589 -3,73
Genel Toplam 18.202.913,17 100 15.560.011,87 100 -14,52

Tablo 3. 2019 ve 2020 yillart Mayis ayi tiiketim tiiriine gore degisimler

Titketici Tiirii 2019 Mayzs 2020 Mayzs Degisim

Miktar (MWh)  Pay(%) Miktar (MWh)  Pay(%) (%)
Sanayi 8.255.022,94 44,793 6.343.361,15 41,240 -23,16
Mesken 4.447.394,58 24,132 4.620.042,56 30,036 3,88
Ticarethane 4.991.930,53 27,087 3.304.672,22 21,484 -33,80
Tarimsal Sulama 404.551,25 2,195 746.453,96 4,853 84,51
Aydinlatma 330.488,33 1,793 367.193,33 2,387 11,11
Genel Toplam 18.429.387,63 100 15.381.723,21 100 -16,54

3.5. Elektrik iletim Sebekesi Uzerine Etkiler (Impacts on Transmission Network)

Elektrik iletim sebekesi incelendiginde, 6zellikle sanayi tipi tiiketimin yogun oldugu hatlarda yiiklenmeler
azalmig olup her bir bdlgede tiiketim normal degerlerinin altina diismiistiir. Tablolar 4 ve 5’te her bir yiik
tevzi miidiirliigiiniin belirli tarihlerde meydana gelen tiiketimleri verilmistir. Tablolarda TEIAS 1n veri
paylasim servisi olan YTBS (Yiik tevzi Bilgi Sistemi) {izerinden alinmis bilgiler kullanilmistir. Puant
giicler ve saatleri bir 6nceki yilin ayn1 donemindeki ayni giin degerleri ile karsilastirildiginda, bolgesel
puantlarin onceki yila gore belirgin sekilde her bir bolge igin azaldigi agik¢a goriilmektedir. Puant
saatlerinin ise Trakya YTM ig¢in 6zellikle 6gle saatinden 2-3 saat civari ileriye kaydig1 gozlenmistir.

Sanayinin yogunlukta oldugu bir bdlge olmasi nedeniyle Trakya bolgesinin tiiketimlerindeki ve puant
saatindeki kayma dikkat ¢ekicidir. Benzer sekilde diger bolgelerde de degisimler s6z konusudur. Dogu
Anadolu YTM ise etkilenmenin en az oldugu boélgedir. Bu bolgede sanayi ve ticarethane tipi yiik
grubunun az olmasi nedeniyle puant deger ve saatlerinin bir dnceki yil ile hemen hemen ayn1 diizeylerde
seyrettigi goriilmektedir.
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Tablo 4. 2019 ve 2020 yillar: icin aym hafta ve giin dlceginde bélgelerin puant durumlart
NISAN AYI 2. HAFTA NISAN AYI 3. HAFTA
16.04.2019 14.04.2020 24.04.2019 22.04.2020
BOLGE ADI (YTM) Puanfah Saat Puanfall Saat Pééanrtwmbsaaat Pugrc]ltr me:aat
(MW) (MW) (MW) (MW)
Bati Akdeniz 2.466,91 20:00 2.016,53 20:20 2.515,70 20:50 1.998,46  20:10
Bati Anadolu 5.104,46 20:00 4.189,86 21:00 4.995,73 20:30 4.146,26 21:00
Dogu Akdeniz 3.097,76  20:00 2.513,04 20:30 2.924,07 20:50 2.488,22  19:50
Dogu Anadolu 1.262,00 20:00 1.243,37 20:00 1.338,44 20:00 1.267,29 19:40
Giiney Dogu Anadolu 4797,11 19:30 4.276,46 20:00 4.788,39 20:30 5.115,69 19:40
Kuzey Bati Anadolu 8.193,47 11:00 6.249,63 11:.00 7.968,69 11:00 6.771,78 14:00
Orta Anadolu 3.829,10 19:40 3.541,20 20:20 3.884,10 20:10 3.734,13 17:00
Orta Karadeniz 1.930,49 20:00 1.657,80 19:40 1.928,83 20:40 1.793,62  19:50
Trakya 6.086,67 12:00 4.500,41 14:00 5.874,99 11:00 4.743/41 14:00
Tablo 5. 2019 ve 2020 yillar: icin aymi hafta ve giin dlceginde bélgelerin puant durumlar
NISAN AYI 4. HAFTA MAYIS AYI 1. HAFTA
30.04.2019 28.04.2020 07.05.2019 05.05.2020
BOLGE ADI (YTM) Puanfall Saat Puanfall Saat Puanfah Saat Puantsah Saat
(MW) (MW) (MW) (MW)

Bat Akdeniz 246597 20:10 2.049,81 21:00 243817 20:50 1.970,38  21:00
Bati Anadolu 491955 20:30 445694 21:00 4.90230 21:00 438893  23:00
Dogu Akdeniz 2.837,75 20:10 250605 23:00 2.688,61 22:00 2.497,31  20:20
Dogu Anadolu 129155 20:00 1.256,25 20:00 1.26539 20:00 1.251,44  20:00
Giiney Dogu Anadolu 425775 20:00 520675 20:10 415430 19:00 485553  19:00
Kuzey Bat: Anadolu 7.462,15 11:00 6.303,67 19:30 7.604,00 17:00 6.676,74  14:00
Orta Anadolu 375621 20:10 3.691,49 21:00 373221 21:00 341697  19:30
Orta Karadeniz 1.791,66 20:30 168694 20:30 177001 20:50 1.749.24  19:00
Trakya 557561 11:00 4.32553 15:00 550592 14:00 4.706,22 15:00

3.6. Elektrik Uretimi Uzerine Etkiler (Impacts on Generation)

Tirkiye’nin son 4 yildaki Nisan aylarina ait elektrik {iretim profili Tablo 6’da verilmigtir. Goruldigi
izere toplam iiretim igerisinde dogalgazdan iiretim pay1 devamli diismektedir. Pandemi siirecinin 2020
yil1 Nisan ay1 ve Mayis igerisinde enerji tiiketiminde diisiislere sebep olmasi, talebin biiyiik bir oraninin
yenilenebilir enerji kaynaklarindan karsilanabilmesine olanak saglamistir. Tablo 7’den de anlasilacagi
izere, 0zellikle 24 Mayis 2020 tarihinde, hem salgin nedeniyle uygulanan 81 ildeki sokaga ¢ikma yasag:
hem de Ramazan bayramimin ilk giinii olmasi nedeniyle olduk¢a diisiik olan talebin % 90’1 yerli ve
yenilenebilir kaynaklardan elde edilebilmistir. Bu oran igerisinde ise tamamen yenilenebilir enerji payi

%66 olmustur.
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Tablo 6. Nisan Ay icin yillara goére tiretim kaynaklarinin yiizde paylari

Uretim Yolu 2017 2018 2019 2020
HES (Barajli) 19,00% 17,00% 28,34% 31,2%
HES (Akarsu) 13,00% 10,00% 15,32% 16,5%
Riizgar 4,00% 5,00% 6,50% 10,4%
Giines 3,00% 0,06% 0,2%
Dogal Gaz 33,00% 28,00% 13,96% 7,7%
Ithal Komiir 12,00% 16,00% 13,79% 13,8%
Linyit 13,00% 15,00% 15,31% 12,6%
Tas Komiirii 1,00% 1,00% 1,29% 1,0%
Fuel Qil 1,00% 0,00% 0,32% 0,1%
Jeotermal 2,00% 3,00% 3,26% 4,2%
Biyokiitle 1,03% 1,7%

Tablo 7. 24 Mayis 2020 tarihli enerji tiretiminde yerli ve yenilenebilir kaynak kullanumi

Uretim Sekli Uretim Yiizdesi
Yerli kémiir %16,50
Riizgar %14,50
Jeotermal %5,30
Hidrolik %43,70
Giines %7,20
Biyokiitle %?2,60
Diger 20,20
TOPLAM %90

4. SONUC ve DEGERLENDIRME (CONCLUSION and EVALUATION)

Bu calismada, Aralik 2019°da diinya genelinde goriilmeye baslayan Covid-19 salgin siirecinin Tiirkiye
elektrik sebekeleri ile iiretim ve tiiketimlerine olan erken donem etkileri tizerinde durulmustur. Calismada
ozellikle salgin siirecinin iilkemizde yogun etki gosterdigi Nisan 2020 ve Mayis 2020 aylari, 6nceki
yillarla karsilagtirmali olarak incelenmistir. Bu baglamda sokaga ¢ikma yasaklari, resmi ve dini gilinler de
ayrica incelenmistir.

Elektrik tiiketiminde 6nemli bir etken olan hava durumu agisindan incelendiginde, gerek Tiirkiye Geneli
uzun donem sicaklik ortalamalar1 ve gerekse de bir dnceki yilin sicaklik ortalamalar1 agisindan Nisan
2020’de anlamh bir degisiklik yasanmadigi, Mayis 2020’de ise bir miktar degisimler gézlenmis olsa da
sonuca etki edecek bir sicaklik degisimi yasanmadigi anlasilmaktadir. Kaldi ki sicaklik farklariin
elektrik tiiketimi {izerindeki en biiyiik etkisi, 1sinma veya serinleme ihtiyaglarinin belirgin diizeyde arttigi
Ocak-Subat ve Temmuz-Agustos aylarinda yasanmakta olup salgin siireci ile ortiismemektedir.
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Tiiketim agisindan bakildiginda, bir dnceki yila oranla hafta ici giinlerde elektrik tiiketimi diistiigli gibi
tilketim saatlerinin de degistigi gdzlenmistir. Aksam saatlerinde tiiketimler aydinlatmalarin etkisiyle
giindiize gore daha yiiksek seyretmistir. En fazla diisiigler ise hafta ici ve hafta sonu sabah saatlerinde
yasanmistir. Bu sonucun olugmasinda, egitim-0gretime ara verilmesi, esnek ¢alisma saatlerine gegilmesi,
bircok kurum ve kurulus personelinin rutin mesai faaliyetlerini evden yiiriitmesi gibi salgina yonelik
tedbirlerin 6nemli etkisi oldugu degerlendirilmektedir. Tiiketici grubuna gore degerlendirildiginde en
ciddi disiisiin sanayi ve ticarethane grubunda yasandigi, mesken tiiketiminin ise artig gosterdigi
gozlenmistir.

Pandemi siireci, puant saatlerinde kaymalara yol agmustir. Ornegin Trakya bolgesinde genellikle saat
11.00-12.00 saatleri araliginda olusan puant giiciin, yaklasik 2-3 saat ileriye kaydig1 gozlenmistir. Ayrica
sanayi ve ticarethane yiikiiniin yogunlukta oldugu Trakya ve Kuzey Bati Anadolu bdlgelerinde 1000
MW?’1 asan tiiketim diistisleri dikkat ¢ekicidir.

Haftalik tiiketimlerin kendi aralarindaki degisimlere bakildiginda ise, salginin olmadig siireclerde ardisik
haftalarda tiiketim karakteristigi hemen hemen benzer oOzellikler gosterirken salginin bagladigi ve
ilerledigi Nisan ve Mayis aylarinda ise birbirini izleyen haftalarin tiiketim profillerinin oldukca farklilik
gosterdigi ve olagan tiiketim profillerine benzerlik gostermedigi gozlenmistir.

23 Nisan ve 1 Mayis gibi hafta icine denk gelen resmi tatillerde 31 ilde uygulanan sokaga ¢ikma yasagi
ve onceki yillarda ayni tarihlerde hizmet vermekte olan AVM, restoran, kafe vb. isletmelerin kapali
olmasi nedeniyle %25’lere varan tiiketim diisiisleri yasanmistir. Benzer sekilde Ramazan Bayraminda da
81 ilde uygulanan sokaga ¢ikma yasagi nedeniyle bir 6nceki sene Ramazan Bayrami donemine gore %20
civarinda tiiketim diisiisleri yasanmustir. Ote yandan diisen talep karsisinda arz da dogal olarak diismiis
olup Tiirkiye tarihinde ilk defa 24 Mayis 2020 tarihinde toplam elektrik arzinin %90°1 yerli ve
yenilenebilir kaynaklardan karsilanabilmistir.

Iletim sebekesi yiiklenmeleri acisindan degerlendirildiginde, sanayi tipi tiiketimin yogun oldugu Trakya
ve Kuzey Bat1 Anadolu gibi iletim bdlgelerinde giinliik puant saatlerinin kaydigi ve bir dénceki yila gore
de degerinin diistii gozlenmistir. Ayrica, iletim sebekesinin ve yan hizmetler piyasasinin isleyisini saglikli
ve etkili bir bigimde anlik olarak yiiritmek ve kontroliinii saglamak bilgi birikimi ve tecriibe
gerektirmektedir. Ancak daha 6nce bdyle bir salgin siireci yasanmadigi i¢in s6z konusu islemlerin
etkilerini onceden tahmin edebilmek ve buna gore aksiyonlar gelistirmenin olduk¢a zor oldugu
sdylenebilir. Ozellikle zaman ve bolge acisindan dngdriilemeyen talep dalgalanmalari basta frekans
kararlilig1 olmak {izere bir¢ok kritik denetimi zorlastirmaktadir.

Haziran ay1 ilk haftasindan itibaren hem salginin 6nemli Slgiide kontrol altina alinarak normallesme
stirecinin hiz kazanmasi hem de 1sinan hava sicakliklar ile birlikte elektrik enerjisi gostergelerinin de
hizla normale dondiigii ve dnceki yillara benzer bir seyirde devam ettigi gézlenmistir. Bununla birlikte
sunulan bu makalede, Covid-19 salgin siirecinin erken dénem etkilerinin yogun olarak gézlendigi ve giin
Oncesi tiiketim tahmini gibi planlamalarin heniiz tam anlamryla kestirilemedigi aylar olan Nisan 2020 ve
Mayis 2020 aylarina odaklanilmistir. Bu nedenle, sokaga ¢ikma yasagi olan giinlerde nasil bir enerji
profili olusabilecegine dair tecriibe ve bilgi birikiminin nispeten gelistigi donemler olan Haziran 2020 ve
sonrast i¢in detayli bir analiz yapilmamistir. Gelecek ¢alismalarda, bu siirecler de dahil edilerek daha
kapsamli bir inceleme yiiriitiilebilir.
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This paper presents a Super Twisting Algorithm (STA) based Sliding Mode Control (SMC)
method for 9-Level Packed E-Cell (PEC) inverters. Firstly, the mathematical background of the
PEC inverter is presented. Then, an objective function was defined for the regulation of inverter
output voltage. SMC method is designed using the objective function. Finally, STA and SMC
methods are integrated to eliminate the chattering effect. The effectiveness of the control
algorithm was investigated by simulation studies.
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Modulation

Sliding Mode Control
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Figure A. Block diagram of the proposed Super Twisting Algorithm based Sliding Mode
control method

Purpose: The main objective can be defined as the regulation of load voltage in controlling off-
grid inverters. In addition to regulation capability, dynamic responses and Total Harmonic
Distortions (THD) can be defined as the other performance indicators. Therefore, obtaining a
low THD and fast dynamic response can be defined as the other objectives of the proposed
controller. In addition, reducing the chattering effect is another purpose of this study.

Theory and Methods: Firstly, the theoretical background of 9-Level PEC inverter is presented.
To achieve the control objectives, a sliding mode controller is designed. The output of the
sliding mode control contains chattering problem which causes variable switching frequency. A
super twisting algorithm is designed and integrated with the sliding mode control method to
eliminate the chattering effect. A modulation signal was generated by the combined algorithm
(STA-SMC) and applied to a modulator for generating the switching signals. Thus, the voltage
control of Packed E-Cell inverter was achieved.

Results: The effectiveness of the proposed algorithm is investigated by simulation studies using
MATLAB/Simulink environments. The steady-state and dynamic response results show that the
proposed control strategy successfully regulates the load voltage with low THDs in both cases.
In addition, the results show that the proposed control algorithm is capable to control of output
voltage under nonlinear load conditions.

Conclusion: In this paper, STA-SMC based controller was proposed to regulate the output
voltage of stand-alone 9-Level PEC inverters. Simulation studies were carried out to investigate
the performance indicators such as THD and dynamic responses. The results show that the
proposed control algorithm capable to regulate the inverter voltage with low THD and fast
dynamic response under both linear and nonlinear load conditions.
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Abstract
o In this paper, a super twisting algorithm based sliding mode control method is presented for 9-
Makale Bilgisi Level Packed E-Cell inverters. Regulating the load voltage is the main objective in the control
Arastirma makalesi of off-grid inverters. To achieve this objective firstly, a sliding mode controller is designed. The
Bagvuru: 26/12/2020 output of the sliding mode method contains chattering which causes variable switching
Diizeltme: 31/01/2020 frequency. A super twisting algorithm is designed and integrated with the sliding mode control
Kabul: 01/02/2021 method to reduce the effect of chattering. A modulation signal is generated by the combined

algorithms and it is applied to a modulator for generating the switching signals. Thus, the
voltage control of Packed E-Cell inverter is achieved. The performance of the proposed
algorithm is investigated by simulation studies. The steady-state and dynamic response results
show that the proposed control strategy successfully regulates the load voltage with low total
Sliding mode control harmonic distortions in both cases.

Super twisting algorithm
Multilevel inverter
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9-Seviyeli Paket E-Hiicreli Eviriciler i¢in Ustiin Burulma
Anahtar Kelimeler Algoritmasi1 Tabanh Kayan Kipli Kontrol Tasarimi

Kayan kipli kontrol e
Ustiin burulma Oz
algoritmast

Cok seviyeli evirici

Bu makalede, 9-Seviyeli Paket E-Hiicreli eviriciler i¢in iistiin burulma algoritmasi tabanli bir
kayan kipli kontrol yontemi sunulmustur. Sebekeden bagimsiz eviricilerin kontroliinde temel
amag, yuk gerilimini regiile etmektedir. Bu amaca ulagmak i¢in Oncelikle bir kayan kipli
kontrolor tasarlanmustir. Kayan kipli kontrol yonteminin ¢ikisi degisken anahtarlama frekansina
neden olan ¢atirti sorunlar1 igermektedir. Catirti etkisini azaltmak i¢in bir {istin burulma
algoritmas1 tasarlanmis ve kayan kipli kontrol yontemine entegre edilmistir. Tiimlesik
algoritmayla bir modiilasyon sinyali iiretilmis ve anahtarlama sinyallerini olusturmak i¢in bir
modiilatdre uygulanmistir. Boylece, Paket E-Hiicreli eviricinin gerilim kontrolii saglanmigtir.
Onerilen algoritmanin performansi benzetim calismalariyla incelenmistir. Kararli durum ve
dinamik yanit sonuglari, Onerilen kontrol stratejisinin her iki durumda da diisiik toplam
harmonik bozulmalarla yiik voltajini basarili bir sekilde diizenledigini géstermektedir.

1. GiRiS INTRODUCTION)

Giines panelleri gibi yaygin kullanilan yenilenebilir enerji kaynaklari ve depolama birimlerinin dogru
gerilim {retmesi, DA/AA doniisiim saglayan eviricilerin yaygm kullanimindaki temel faktdr olarak
belirtilebilir. Klasik iki seviyeli eviriciler basit bir anahtar yapisina sahip olsa da ¢ikis gerilimindeki
bozucu etkilerin fazla olmasi ve biiyiilk boyutlu filtreler gerektirmesi bir dezavantaj olarak ortaya
¢ikmaktadir. Harmonik bozulmalar hem gii¢ sistemlerini hem de sebekeden bagimsiz ¢alisan yiikleri
olumsuz etkilemektedir [1]. Cok seviyeli eviricilerin, diigiik toplam harmonik bozulmaya (THB) sahip
gerilim {iretebilmesi, anahtarlar {izerindeki gerilim stresinin az olmast ve diisiik anahtarlama
frekanslarinda c¢aligabilmesi yaygin kullanilmasina neden olan faktorler olarak siralanabilir [2].
Eviricilerdeki seviye sayisinin artmasi toplam harmonik bozulmalarin azalmasimi saglayan temel
unsurdur. Ancak, seviye sayisma bagli olarak anahtar, diyot ve kondansatér gereksinimleri de
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artmaktadir. Bu nedenle, topoloji tasarimlarinin biiyiik kismi daha az devre elemam ile maksimum
seviyeyi elde etmek {izerine yogunlasmustir.

Cok seviyeli eviriciler temel olarak, kaskat H-koprii [3], ucan kondansatorlii ve notr kenetlemeli [4]
olmak fiizere li¢ ana baglikta degerlendirilebilir. Kaskat H-koprii evirici, birden ¢ok sayida klasik iki
seviyeli evirici ile olusturulmaktadir [5]. Bu durum evirici yapisini basitlestirse de ¢ok sayida izoleli
kaynaga ihtiya¢ duymasi uygulama alanini kisitlamaktadir. Ucan kondansatérlii eviricide ise bilesen
sayisinin fazla olmasi ve kondansatér gerilimlerinin kontroliiniin zor olmasi bir dezavantaj olarak
belirtilebilir. Notr kenetlemeli eviriciler, tek giris kaynagiyla calisabilmekte ve ugan kondansatorlii
eviriciye gore daha az bilesenle ayni gerilim seviyesi elde edilebilmektedir [2]. Bu nedenle, ¢ok seviyeli
eviriciler arasinda en yaygin kullanilan model oldugu belirtilebilir. Notr kenetlemeli eviricilerde DA
tarafa eklenen kondansatorlerle ekstra gerilim noktalar1 olusturulmaktadir. Boylece, evirici sadece giris
gerilimi seviyesinde degil, esit seviyedeki kondansator gerilimleri arasinda da anahtarlanabilmektedir. Bu
durum seviye sayisini artiran temel unsurdur. Notr kenetlemeli eviricilerin bu 6zelliginden esinlenerek,
Paket U-Hiicreli (PUH) eviriciler olusturulmustur [6]. Bu topolojide ise notr kenetlemesi yapilmamakta,
dolayisiyla dengesiz yiiklerin etkileri azaltilmaktadir. Bununla birlikte, PUH topolojiler notr kenetlemeli
eviricilere gore daha az anahtar sayisiyla ayni gerilim seviyelerini olusturabilmektedir [7]. 5 seviyeli bir
PUH eviriciye 2 adet anahtar eklenmesiyle yeni bir topoloji olarak 9-Seviyeli Paket E-Hiicreli (PEH)
topoloji olusturulmustur [8]. PEH evirici 9-Seviyeli diger topolojilere gére en az devre elemanina sahip
yapidir [9]. PEH topolojisiyle gerilim seviyesi artirilmis, dolayisiyla evirici ¢ikisindaki THB’ler
azaltilmistir. Bu topoloji de PUH ve notr kenetlemeli eviricilere benzer olarak DA tarafta 2 adet ek
kondansatoér barindirmaktadir. Kondansatdr gerilimleri giris gerilimlerinin dortte biri seviyesinde
tutularak toplamda 9 farkli seviyeye sahip gerilim elde edilmektedir. DA tarafta kondansatoér bulunduran
yapilarda, gerilim dengesinin korunmasi kontrol islemlerini zorlagtiran en biyiik sorundur [10], [11].
Ancak, PEH topolojisinde dogal dengeleme yapilabilmekte, dolayisiyla gerilim dengelenmesi igin ek bir
kontroldr yapisina ihtiyag duyulmamaktadir [12].

Evirici topolojisi harmoniklerin azaltilmasinda 6nemli bir rol oynasa da, bu durum ancak iyi tasarlanmig
bir kontrol algoritmasiyla miimkiin olmaktadir. Eviricilerin kontroliinde hedefler ¢alisma yerine bagh
olarak degiskenlik gostermektedir. Sebekeye bagl bir eviricide akim kontrolii saglanirken [13], [14],
bagimsiz ¢alisan bir eviricide yiik geriliminin kontrol edilmesi temel hedeftir [15], [16]. Kontrol islemleri
topolojinin etkinligi iizerinde 6nemli bir rol oynadigindan birgok farkli yontem ile eviricilerin kontrolii
saglanmistir. Geleneksel metotlar olarak belirtilebilecek dogrusal kontrol yontemlerinin yani sira,
teknolojik gelismeler dogrusal olmayan kontrol yontemlerinin uygulanabilirligini kolaylagtirmistir.
Dogrusal olmayan kontrol yontemlerinde dinamik tepkilerinin olduk¢a hizli olmasi bu yontemlerin giig
elektroniginde uygulanmasinin temel sebebi olarak belirtilebilir [17]. Model 6ngoriilii kontrol ve kayan
kipli kontrol (KKK) popiiler yontemler arasinda yer almaktadir. Her iki yontem de dinamik cevap siiresi
acisindan benzer kabiliyete sahip olsa da KKK ydnteminin parametre degisimlerine duyarsiz olmasi
oldukea biiylik bir avantaj saglamaktadir [18]. Bununla birlikte bu yontemler igin degisken anahtarlama
frekans1 uygulanabilirlik igin en biiyiik problemdir [19]. Bu nedenle giincel ¢aligmalar bu yontemlerin
sabit anahtarlama frekansinda calistirilmasi tizerinedir. Model 6ngériilii kontrolde sabit anahtarlama
frekansinda calisma saglamak igin kontrol parametreleri sistemin c¢alisma noktasina bagli olarak
giincellenmektedir [20]. Ancak bu durum kontrol yapisimi karmasiklastirmakta ve yiiksek performansh
mikrodenetleyici ihtiyac1 dogurmaktadir. Kayan kipli kontrolde ise c¢atirt1 sorunu olarak tanimlanan
olumsuz etki iizerine birgok ¢aligma yapilmustir [16]. Ozellikle yiiksek dereceli sistemlerde yaygin
kullanilan istiin burulma algoritmas1 (UBA), kontroliin dogrulugunu artirirken ¢atirt1  etkisini
azaltmaktadir [21]. Bu nedenle, kayan kipli kontrol yontemine entegre edilerek etkili bir kontrol yapisi
olusturulmaktadir.

Bu calismada, en az devre elemaniyla 9-Seviyeli gerilim {iretebilen PEH topolojisinin ¢ikis gerilimini
kontrol etmek {izere iistiin burulma algoritmasi tabanli bir kayma kipli kontrol yontemi gelistirilmistir.
Eviricinin DA bara kondansatorleri arasindaki gerilim seviyesi dogal dengeleme ile esitlenerek kontrol
yapisi basitlestirilmistir. Onerilen tiimlesik algoritmayla, sebekeden bagimsiz calisan PEH eviricinin
¢ikigina bagl yiik tizerindeki gerilimin kontrolii saglanmistir. Olusturulan kontrol stratejisi, yiik ve giris
gerilimindeki degisimlere karsi hizli dinamik cevaplar iiretebilmekte ve sabit anahtarlama frekansinda
calisabilmektedir.
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2. PAKET E-HUCRELiI 9-SEVIYELi EVIRICININ MATEMATIKSEL MODELI
(MATHEMATICAL MODEL OF PACKED E-CELL 9-LEVEL INVERTER)

Sebekeden bagimsiz calisan bir Paket E-Hiicreli 9-Seviyeli evirici devre semas1 Sekil 1°de verilmistir.
Evirici temel gii¢ akis1 saglayan 6 anahtar (S1—Se) ve DA taraftaki kondansatorlerin orta noktasina bagl 2
ek anahtardan (S;—Ss) meydana gelmektedir. Va noktasinda 9-Seviyeli bir gerilim elde edilmesi igin
anahtar durumlar1 Tablo 1°de verilmistir.

lo
fo

Sekil 1. Paket E-Hiicreli 9-Seviyeli evirici

Tablo 1’de goriildigi tizere, Vap gerilimi Vi, ile -Vin arasinda degisen 9 farkli seviyeden meydana
gelmektedir. as ve as durumlarinda Va, gerilimi kaynak geriliminin yar1 degerindeyken, as ve aio
durumlarinda -Vin/2 degerindedir. Bu anahtarlama kosullarinda seviye gerilimleri esit degerde
tiretilmesine ragmen, C1 ve C, kondansatérlerinin akimlarinda (ic1 Ve ic2) yon degisimi oldugu tablodan
goriilmektedir. Akimlarda yon degisiminin oldugu bu durumlar, Vg geriliminin seviyesine bagl olarak,
kondansatérlerin sarj veya desarj oldugunu ifade etmektedir. Vap geriliminin, bobin gerilimi (Vis), bobin i¢
direnci tiizerindeki gerilim (Vgry) ve yiik geriliminin (Vo) toplamimna esit oldugu Denklem 1°de
goriilmektedir.

Vab = VLf+VRLf+vO 1
Tablo 1. 9-Seviyeli PEH ¢eviricinin anahtar durumlari (+ : Sarj, — :Desarj, 0. Etkisiz)

Durum S; S; S; Si Ss S¢ S7&Ss Vap Ci C i e
ai 1 0 0 0 1 1 0 Vin 0O 0 0 O
az 1 0O 0 O 1 0 1 Vin-Vc2=3Vin/4 0 + 0 i
as 1 0 1 O 1 0 0 Vin-Vci1-Veo=Vin/2 + 4+ I s
oV 1 1 0 0 0 1 0 Veit+Vea=Vin/2 — N IR [T
as 1 1 0 0 0 O 1 Vei=Vin/4 - 0 -y O
as 0O 0 0 1 1 1 0 0 0 O 0 0
az 1 1 1 0 0 O 0 0 0 O 0 0
dsg 0 0 0 1 1 0 1 -Vc2=-Vin/4 0 - 0 iLf
dg 0 0 1 1 1 0 0 -Vci1-Veo=-Vin/2 - — iLs It
aio 0O 1 O 1 0 1 0 VintVei+Veo=-Vin/2 + +  -if -l
ai1 0O 1 0 1 0 O 1 “Vint+Vc1=3Vin/4 + 0 -iy O
di2 0 1 1 1 0 0 0 -Vin 0 0 0 0
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Denklem 1, yilik geriliminin genliginin dogrudan Ve, gerilimine bagl oldugunu agik¢a gostermektedir.
Denklem 1 kullanilarak, yiik gerilimi Denklem 2 ile ifade edilebilir.

di .

Vo = Vab _Lfd_Ltf_lLfRLf 2

Burada, is evirici ¢ikis akimini ifade etmektedir ve Denklem 3 ile elde edilebilir.
iL f = le + iO 3
i akimi anahtar durumlarina bagh olarak, giris kaynagi, C; veya C, kondansatorlerinden saglanmaktadir.
Kondansatorler akimlar1 6zellikle gerilim dengesi agisindan biiyiikk oneme sahiptir. Kararli durumda
calisan bir 9-Seviyeli PEH eviricide, Vci ve Ve, gerilimleri girig geriliminin dortte birine (V;,,/4) esit
olmalidir. Bu gereklilik seviyelerin dogrusal artis1 acisindan Onemlidir. Aksi durumda seviye
dengesizlikleri olusacagindan c¢ikis gerilimi {izerindeki harmonik bozulmalar da artacaktir. Kondansator
gerilimlerinin V;,, /4 seviyesinde tutulmasi i¢in anahtarlama sinyalleri se¢iminde sarj ve desarj durumlari

onemlidir. Anahtar durumlarina ve i,y akimina bagli olarak ici Ve ic; akimlari sirastyla Denklem 4 ve 5
ile ifade edilebilir.

avey

icn =0 - (az —ay —as +ag —ago— aq)iys 4
. _ dVC2 _ .
icy = Cy pral (az taz—ay +ag+ag—agg)iy 5

Denklemlerde Va, Seviyesinin pozitif alternansta (as ve as) ve negatif alternansta (ag ve aio) esit oldugu
durumlara dikkat edilecek olursa, ic1 ve ico akim yonlerinin terslendigi goriilecektir. Bu nedenle, ilgili
anahtarlama durumlar1 arasinda se¢im, kondansatorlerin sarj veya desarj durumuna goére yapilmalidir.
Vin/2 Ve -Vin/2 seviyelerinin her birinde 2 olas1 anahtar durumu bulunmaktadr. Tlgili seviyelere ulasiimasi
icin gerekli anahtarlama durumu segilirken asagidaki kosullar dikkate alinmalidir:

{eger Ver < (Vin/4) ve Ve < (Vi /4) isep =3 6
Pleger Vo > (Vin/4) ve Vg > (Vi /4) isep = 4

{eger Ver < (Vi /4) ve Vey < (Vi /%) isen = 10 .
" leger Vo, > (Vip/4) ve Vey > (Vi /4) isen =9

Denklem 6 ve 7’de yer alan kosul ifadelerinden acikga goriildiigii iizere, kondansator gerilimleri (Vci ve
Ve2) Vi /4 degerinden disiikse, Tablo 1°de verilen sarj durumlarina (az ve aig) gore anahtarlama
sinyalleri secilerek gerilim seviyelerinin yiikseltilmesi saglanmaktadir. Benzer olarak, kondansator
gerilimleri V;,/4 seviyesinden yiiksekse, anahtarlama sinyalleri desarj durumlarina (a4 ve ag) gore
secilerek gerilim seviyesinin azaltilmasi saglanmaktadir. Boylece, ¢ok seviyeli eviricilerin kontroliinde
biiyiik bir zorluk olarak ortaya ¢ikan kondansatorler arasi gerilim dengelenmesi, dogal olarak saglamakta
ve kontrol yapisi basitlesmektedir. Diger seviyelerin olusturulmas: i¢in detaylar1 [9]’da verilen ¢ok
seviyeli eviricilerin tipik modiilasyon semasi dogrultusunda anahtarlama sinyalleri uygulanmaktadir.
Bilindigi iizere, modiilasyon sinyalinin biiyiikliigi, filtre edilmis evirici geriliminin genligini belirleyen
temel faktordiir. Dogrusal bir ifade olarak, eviricilerde yiik gerilimi ve modiilasyon sinyali arasindaki
iligki Denklem 8’deki gibidir.

Vo = mVl-n 8

Burada m, siniisoidal dalga formunda ve 1 ile -1 aralifinda degisen bir modiilasyon sinyalidir.
Dolayistyla, yiike uygulanan gerilimin hem genligi hem de dalga bigimi dogrudan m parametresine
baglidir. Modiilasyon sinyalinin iiretilmesi, dogrusal kontrol yontemleriyle yapilabilmektedir. Ancak
dogrusal kontrol yontemlerinin dinamik cevaplar zayif ve dogrusal olmayan yiikler altinda harmonikleri
bastirmada etkili degildir. Bu nedenle, dogrusal olmayan kontrol yontemleri daha iyi bir performans
sergilemektedir.
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3. USTUN BURULMA ALGORITMASI TABANLI KAYAN KiPLi KONTROL TASARIMI
(DESIGN OF SUPER TWISTING ALGORITHM BASED SLIDING MODE CONTROL)

Kayan kipli kontrol, dogrusal olmayan ve sistem parametrelerine duyarsiz bir yontemdir. Bununla
birlikte, kolay uygulanabilir bir yapiya sahiptir ve ani degisimlere kars1 olduk¢a hizli dinamik cevaplar
tiretebilmektedir. Bu iistiin 6zellikleri nedeniyle gii¢ donistiiriiciilerinin kontroliinde yaygin olarak tercih
edilmektedir. Bununla birlikte, ¢atirti sorununun degisken anahtarlama frekanslarina yol agmasi ve sistem
verimi iizerinde etkili olmasi temel uygulama zorlugudur. Ancak, iistiin burulma algoritmasiyla (UBA)
tasarlanan kayan kipli kontrolciiler, sabit anahtarlama frekansinda c¢aligmaya olanak tanidigindan bu
olumsuz etkiler ortadan kalkmaktadir. UBA algoritmasi, kayan kipli kontrol yapisimin iizerine
kurulmaktadir. UBA tabanli kayan kipli kontrolde, sistem kararlilig1 i¢in Denklem 9°da verilen ifadenin
saglanmasi sart1 bulunur.

c=6=0 9

Burada, ¢ kayan yiizey fonksiyonudur ve Denklem 10 ile ifade edilir.
d n-—1
o=(1+3) x 10

Burada, A pozitif bir sabit ve n sistem derecesidir. PEH eviricideki C; ve C; kondansator gerilimlerinin
dengelenmesi modiilasyon semasinda dogal olarak saglandigindan, sistemin derecesi artik sadece ¢ikis
tarafindaki filtre elemanlarina bagli olmaktadir. Dolayisiyla, 2’inci derecen bir sistemin kontrolii
saglanmalidir. Ikinci dereceden bir sistem igin kayan yiizey fonksiyonu Denklem 11 ile ifade edilebilir.

O'=/1x1+5cl 11

Burada, x; ve x; sirasiyla kontrol girisindeki hatayi ve tiirevini ifade etmektedir. PEH evirici sebekeden
bagimsiz c¢alistigindan, kontrol yonteminin amaci yiik gerilimini belirlenen bir referansa regiile
etmektedir. Dolayisiyla, kontrol hatas1 Denklem 12 ile ifade edilebilir.

X1 =Vy— U, 12
Burada, v, yiik geriliminin referansini ifade etmektedir ve Denklem 13 ile elde edilmistir.

vy = Vp,'sin(wt) 13
Burada, V" referans tepe degeri ifade etmektedir ve haricen tanimlanan tek giris parametresidir. Hata

fonksiyonu Denklem 12’de belirlendiginden, artik x; ifadesi Denklem 14’teki gibi yazilabilir.

_dyy,  dy,

X, = 14
17 ar  at

Referans yiik gerilimi bir siniis fonksiyonudur, dolayisiyla tiirevi sistem parametreleri veya Olgiilen
degerlere bagli degildir. Bu nedenle, Denklem 14’{in tiirevi geri-Euler metodu uygulanarak Denklem
15°teki gibi elde edilebilir.
dvg(k) _ vo(k)—vo(k—1)
dt Ts

15

Burada, Ts Ornekleme siiresini, K mevcut ornekleme anim, k-1 ise bir dnceki Ornekleme anmi ifade
etmektedir. Yiik gerilimi, 6l¢iilen sistem degiskenlerine bagl olarak Denklem 2’de verilmisti. Sekil 1 goz
onilinde bulundurularak, C; kondansatorii ilizerindeki gerilimin Vo gerilimine esit oldugu sdylenebilir.
Dolayistyla, ¢ikis geriliminin tiirevi, Denklem 16’daki gibi ics akiminin bir fonksiyonu olarak yazilabilir.

dv, _ .
Cf E = le 16
Denklem 3’teki ict akimiyla, Denklem 16’daki tiirevsel ifade yer degistirilirse, Denklem 17 elde edilir.
iy = Cr 2+ 17
Sonug olarak, yiik geriliminin tiirevi Denklem 18’deki gibi elde edilir.

dv,

o = Cif(iLf —i,) 18



Naki GULER/ GU J Sci, Part C, 9(1):057-070 (2021) 63

Denklem 11°deki degiskenler yerine konularak, Denklem 19’daki kayan yiizey fonksiyonu elde
edilmistir.

7 = A = o) + [ (BOEED) _ L (5, )] 19

Boylece, klasik kayan kipli kontrol tasarimi tamamlanmistir. Bu asamadan sonra iistiin burulma
algoritmasinin entegrasyonu yapilabilir. UBA algoritmasinin temel esitligi Denklem 20°de verilmistir.

m = a|a|*sign(o) — B [ sign(o)dt 20

Daha once belirtildigi gibi m modiilasyon sinyalidir ve evirici anahtarlama sinyallerinin {iretilmesinde
kullanilan tek kontrol ¢ikisidir. Ancak, Denklem 20’deki UBA yapisinin uygulanabilirliginin teorik
olarak incelenmesi gerekmektedir. Ciinkii {stiin burulma algoritmasinin uygulanabilir olmasi igin
sistemin bagil derecesinin bir olmasi gerekmektedir. Bagil derecenin belirlenmesi i¢in, kontrol ¢ikist (1)
goriinlir oluncaya kadar o fonksiyonunun tiirevi alinir. Alinan tiirev sayist bagil dereceyi belirler.
Dolayisiyla, Denklem 19°daki kayan yiizey fonksiyonunun bir defa tiirevi alindiginda m degiskeninin
dahil olmas1 bir gerekliliktir. Denklem 19’un tiirevi Denklem 21°deki gibi yazilabilir.

o=y - (22 .

Denklemde yer alan di, /dt ifadesi Vo degiskenine baglidir ve Denklem 2 kullamlarak Denklem 22’deki
gibi ifade edilebilir.

L (Va,, — iRy 22

Denklem 22°deki v, yerine, Denklem 8 yerlestirilirse, Denklem 23 elde edilir.

di ,
—L= —(Vab MV — ifRLs) 23

Son olarak, Denklem 23, Denklem 21°de yerine konulursa, Denklem 24 elde edilir.

d:l(vo v0)+[vo ( (Vab mVip — i fRf dl")] 24

Denklem 21-24, o fonksiyonunun bir kez tiirevi alindiginda, kontrol ¢ikisi olan m parametresinin
denkleme dahil oldugunu gostermektedir. Dolayisiyla, bagil derece birdir. Sonuc¢ olarak UBA
algoritmasinin, PEH eviricinin kontroliinde kullanilabilir oldugu ispatlanmustir.

4. BENZETIM CALISMALARI (SIMULATION STUDIES)

Onerilen kontrol algoritmasinin gerilim regiilasyon kabiliyeti ve dinamik cevabinin incelenmesi igin
MATLAB/Simulink ortaminda benzetim ¢alismalar1 gerceklestirilmistir. Benzetimi yapilan modelin blok
semasi1 Sekil 2’de, benzetim parametreleri ise Tablo 2’de verilmistir. Sekilden goriildiigii iizere, kontrol
girigi yiik gerilimi ile referans1 arasindaki hata iken, kontrol ¢ikisi modiilasyon sinyalidir. Kayan kipli
kontroldeki 4 ve UBA algoritmasindaki a kazanglar1 dinamik cevap siiresi acisindan dnemli iken, f
parametresi kalict durum hatasi iizerinde etkilidir [21]. Bu bilgiler dogrultusunda, algoritmanin dinamik
cevap siiresi ve kalict durum hatasi goéz oniinde bulundurularak Tablo 2’de verilen kazang segimleri
yapilmistir. Kayan kipli kontrol ve fistiin burulma algoritmasi kullanilarak elde edilen m sinyali,
modiilasyon islemine tabi tutularak anahtarlama sinyalleri tiretilmistir.

Sekil 3, dogrusal yiik altinda v, yiik akimi (i), Van, Vci1 Ve Veo gerilimlerinin kararli durum sonuglarimi
gostermektedir. Sekilden gortldiigii tizere, Vap gerilimi +Vin (320V) ile -Vin arasinda olmak tizere 9 farkl
seviyeye sahiptir. Filtre sonrasinda yiike uygulanan gerilimin (Vo) genligi istenilen referans degerindedir
(220V2V). Ayrica, C;1 ve C, kondansatorlerinin gerilimleri (Vc1 Ve Vcy), sabit bir dalgalanmayla giris
gerilimin dortte biri seviyesindedir. Bu durum, Denklem 6 ve 7’de agiklanan gerilim dengesi saglama
isleminin basarili bir sekilde gergeklestigini gostermektedir. Gerilim regiilasyonunun yani sira, harmonik
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bilesenlerin biiyiikliikleri de énemli bir faktordiir. Sekil 4(a)’da verilen harmonik bozulma sonucundan
goriildiigi tizere, cikis gerilimi tizerindeki harmonik bozulma %1.06 gibi oldukga diisiik seviyededir.

J Y
Ly, iy

L+

Q
y

Modiilasyon

Y1t

Kayan Kipli Kontrol

Ustiin Burulma Algoritmasi

Sekil 2. Ustiin burulma algoritmal kayan kipli kontrol yéntemine ait blok sema

Tablo 2. Benzetim parametreleri

Degiskenler ve Sembolii Degeri
Referans genlik, V3 220V/2V
Giris gerilimi, Vin 320V
Nominal giig, Py 1.5kW
Filtre bobini ve i¢ direnci, Ls, Ris SmH, 0.1Q
Filtre kondansatorii, Cs 20uF
PEH kondansatorleri, C1, Ca 3300uF
Ornekleme siiresi, Ts 10us

Kontrol kazanglan, A, a, 5 5000, 0.0018, 200

Dogrusal yiiklerin g¢ektigi akimlar, gerilim dalga bigimiyle ayn1 oldugundan, ek harmonikler i¢ermezler
ve bu durumdaki harmonikler filtre se¢iminin uygunlugunu gosterir. Ancak, dogrusal olmayan yiikler
genellikle yiiksek bozunumlara sahip akimlar ¢ektiginden, sebekeden bagimsiz c¢alisan eviricinin ¢ikis
gerilimi iizerinde de bozucu etkiler olusturmaktadir [22]. Bu nedenle, kontrol algoritmasinin kabiliyeti
dogrusal olmayan yiikler altinda da test edilerek harmonik bilesenler incelenmistir. Dogrusal olmayan bir
yiik olusturmak ig¢in, bir fazli tam koprii dogrultucu ¢ikisma bir filtre kondansatorii ve omik yiik
baglanmistir. Sekil 5’te dogrusal olmayan yiik altinda Vo, yiik akimi (i), Vab, Vci Ve Vcz gerilimlerinin
kararli durum sonuglar1, Sekil 4(b)’de ise bu durumdaki harmonik sonuglari1 verilmistir. Yik akimi (io)
sonucundan goriildiigii lizere, dogrusal olmayan yiik eviriciden siniisoidal olmayan bir akim ¢ekmektedir.
Yik akimmdaki harmonik bozulma %14.5’tir. Bu durumda, yiik geriliminin siniisoidal dalga yapisinda
oldugu ve referansina regiile edildigi acik¢a goriilmektedir. Ayrica, Sekil 4(b)’deki sonug, yiik gerilimi
tizerindeki toplam harmoniklerin %1.10 gibi diisiik bir degerde oldugunu gostermektedir. Sekil 3 ve Sekil
5’teki kararli durum sonuglarindan, hem dogrusal hem de dogrusal olmayan yiiklerde gerilim
reglilasyonunun diisiik bir harmonikle saglandig1 sylenebilir.
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Sekil 5. Dogrusal olmayan yiik altinda, vo, Vav, io, Vc1 Ve Vo gerilimlerinin kararl durum sonuglar
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Sekil 6. Dogrusal yiik degisimine karsilik, vo, Vab, o, Vc1 Ve Ve gerilimlerinin gecici durum sonuglari
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Kontrol algoritmalarinin kararli durum tepkilerinin yani sira, gii¢ doniistiiriiclisiiniin giris veya ¢ikis
tarafindaki degisimlere karsi verdigi dinamik cevaplar énemli bir performans gostergesidir. Onerilen
kontrol yapisinin yiik direnci degistirilerek dinamik cevaplar test edilmistir. Sekil 6’da verilen
sonuglardan goriildiigli iizere, baslangigta SA tepe degere sahip yiik akimi, direncin azaltilmasiyla 10A
seviyesine yiikselmistir. Gecis durumunun 6ncesinde ve sonrasinda, Vg, geriliminin 9 seviyeden olustugu
sekilden goriilmektedir. Gegis sonrasinda, yiik geriliminde bir sapma (maksimum %16) meydana gelse
de, kontrol algoritmas1 1ms sonra bu olumsuz etkiyi gidermeyi basarmistir. Ayni zamanda, kondansator
gerilimlerinin (Vc1 ve Vc2) gegis dncesi ve sonrasinda Vin/4 degerinde oldugu yine sekilden gériilmektedir.
Ancak, gecis sonrasinda yiik akiminin artmasi, kondansator gerilimleri izerindeki degisimlerin yaklasik
olarak iki katina ¢ikmasina sebep olmustur. Dogrusal yiik altinda gergeklestirilen bu benzetim ¢aligmasina
benzer olarak, kontroloriin yiikk degisimine karsilik dinamik cevabi dogrusal olmayan yiik altinda da
incelenmistir. Sekil 7°de verilen sonuclardan goriildiigi iizere, Van, Vc1 Ve Vo gerilimleri dogrusal yiik
sonuclartyla oldukca benzerlik gostermektedir. Yiik akiminin tepe degerinin 5A’den 10A’e yiikseldigi
anda, evirici geriliminde bir azalma meydana gelse de kontrol algoritmasi 1.5ms sonra bu etkiyi
gidermistir.

400
I - I I v

< 200 - SSaural I Vp*
= |
< 4
S-200 | LY \

-400 1 1 I I 1

0.4 0.45 0.5 0.55 0.6 0.65 0.7

AKim (A)

0.4 0.45 0.5 0.55 0.6 0.65 0.7
IU'} T T T T T
~ 80 P —_ — P W Vo W e Vo W e Vo W e o W e W W e Vo W W Wi
< e e L A g Ny A ey v
zZ 60 Vias#
= g vl
E—‘, 40 I ve2
20 1
0 | ] I I 1
0.4 0.45 0.5 0.55 0.6 0.65 0.7
Zaman (s)

Sekil 7. Dogrusal olmayan yiik degisimine karstlik, vo, Vab, lo, Vc1 Ve Ve gerilimlerinin sonuglart

Yiik direnci azaltilarak elde edilen benzetim sonuglari (Sekil 6 ve 7), kontrol algoritmasinin yiik
degisimlerine kars1 ¢ikis gerilimini referansma sabitleyebildigini gostermistir. Evirici giris geriliminin
(Vin) diger bir degisken parametre oldugu goz 6niinde bulundurularak, girig geriliminde 320V tan 400V’a
bir degisim yapilmis ve kontrol algoritmasinin dinamik cevabi incelenmistir. Sekil 8’de verilen
sonuglardan goriildigii lizere, giris gerilimi degistigi andan itibaren Vay’deki seviye sayisi sabit kalirken,
seviyelerin gerilim degerleri degigmistir. Bu durum, Vap’deki seviyelerin girig gerilimine bagli olmasindan
kaynaklanmaktadir. Dolayisiyla, giris geriliminin degismesi, seviyelerin gerilim degerlerini farkl
noktalara tagimaktadir. Sekil 8’deki sonuglardan goriildiigii lizere, kondansator gerilimleri degisimden
once 80V iken, degisimden sonra 100V seviyesine yiikselmistir. Bu durum Denklem 6 ve 7°de belirtilen
dogal dengeleme sayesinde kondansator gerilimlerinin Vin/4 seviyesine getirildigini gostermektedir. Vci
ve Ve gerilimleri {izerindeki salmim degerleri, giris gerilimiyle orantili olarak artmistir. Bu durum
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kondansator kapasitesiyle iliskili olsa da, ¢ikis gerilimi {izerindeki harmonikler agisindan olumsuz etkiler
yaratmamaktadir.

400 [ T T T T
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Sekil 8. Girig geriliminin 320V tan 400V a artmast durumunda, Vo, Vab, Vin, Vc1 Ve Vco gerilimlerinin
sonuclart

5. SONUC (CONCLUSION)

Bu ¢alismada, sebekeden bagimsiz ¢alisan 9-Seviyeli PEH eviricilerin ¢ikis gerilimini kontrol etmek igin
iistiin burulma algoritmasi tabanli bir kayan kipli kontrol yontemi tasarlanmistir. Kontrol yapisinin kararl
ve dinamik durumlardaki kabiliyetinin incelenmesi i¢in benzetim ¢alismalar1 yapilmistir. Kararli durumda
elde edilen sonuglar, onerilen tiimlesik kontrol yapisinin hem dogrusal hem de dogrusal olmayan
kosullarda basarili bir regiilasyon sagladigim1 gostermistir. Bununla birlikte, yiik gerilimi {izerindeki
harmonik bozulmalarin her iki yiik durumunda da olduk¢a diisiik seviyelerde oldugu goriilmiistiir.
Kontrol algoritmasinin yiik ve giris gerilimlerindeki degisimlere kars1t dinamik cevaplar1 incelenmistir.
Elde edilen sonuglar her iki durumda da yiik geriliminin referans degerde tutulabildigini gdstermistir.
Tim ¢alisma durumlarinda, evirici ¢ikisinda 9 seviyeli bir gerilim iiretildigi ve evirici yapisindaki
kondansator gerilimlerinin dogal dengelenme ile esitlendigi goriilmiistir.
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Abstract
) In computer networks, diverse applications generate network traffic with different characteristics.
Article Info Network traffic classification is significant to manage networks better, improve service quality
Research article and ensure security. Software-Defined Networks (SDN) provides flexible and adaptable
Received: 27/01/2021 techniques for traffic classification with its programmable structure. SDN flows naturally exhibit
Accepted: 05/02/2021 particular characteristics of network applications and protocols. Therefore, it can be said that SDN

can present significant opportunities in traffic classification using machine learning. This study
proposes a traffic classification approach using machine learning models in SDN. In this study,
DNS, Telnet, Ping and Voice traffic flows were created on the SDN using the Distributed Internet

Makale Bilgisi Traffic Generator (D-ITG) tool. Twelve-features representing these traffic flows (the number of

Aragtirma makalesi packets transmitted, average transmission time, the number of instantly transmitted packets, etc.)

Bagsvuru: 27/01/2021 were determined, and over the SDN controller in the physical network, a real-time dataset was

Kabul: 05/02/2021 created by collecting data depending on the features. Later, the performance of k Nearest
Neighbor (k-NN), Support Vector Machine (SVM), Multi-Layer Perceptron (MLP), Decision
Tree (DT) and Naive Bayes (NB) machine learning models were tested for traffic classification

Keywords on this dataset. When the k-NN model was tested on this real-time dataset, its classification
accuracy was obtained as the maximum with 99.4%. Therefore, this model has been determined

Software-Defined Network as a machine learning giving the highest classification performance with the lowest cost flow

Machine Learning features in traffic classification in SDN.

Traffic Classification

Anahtar Kelimeler Yazilm Tanimh Aglarda Makine Ogrenme Algoritmalari ile Trafik

Yazilim Tammli Ag Siniflandirma ve Karsilastirmali Analiz

Makine Ogrenmesi

Trafik Simiflandirma Oz

Bilgisayar aglarinda, farkli uygulamalar farkli 6zelliklere sahip ag trafigi iiretirler. Aglar1 daha
iyi yonetmek, hizmet kalitesini artirmak ve giivenligi saglamak i¢in ag trafiginin siniflandirilmasi
onemlidir. Yazilim Tanimlt Aglar (YTA) programlanabilir yapisi ile trafik siiflandirmasi igin
esnek ve uyarlanabilir teknikler saglar. YTA akiglart dogal olarak ag uygulamalari ve
protokollerinin belirli 6zelliklerini sergiler. Dolaysiyla, YTA’ nin makine 6grenmesi kullanarak
trafik simiflandirmada 6nemli firsatlar sundugu sdylenebilir. Bu ¢alismada, YTA’ da makine
dgrenme modellerini kullanarak bir trafik siniflandirma yaklasimi éneriyoruz. Dagitik Internet
Trafik Olusturucu (D-ITG) araci kullanilarak YTA iizerinde DNS, Telnet, Ping ve Ses trafik
akislar1 olusturulmustur. Bu trafik akislarini temsil eden on iki 6znitelik (iletilen paket sayist,
ortalalama iletim siiresi, anlik iletilen paket sayis1 vb.) belirlendi ve fiziksel agdaki YTA
kontrolciisii iizerinden gergek zamanli olarak Ozniteliklere ait veriler toplanarak bir veri seti
olusturuldu. Daha sonra da bu veri seti tizerinde trafik siniflandirmasi i¢in k En Yakin Komsu (k-
EYK), Destek Vektér Makinesi (DVM), Cok Katmanli Algilayict (CKA), Karar Agact (KA) ve
Naive Bayes (NB) makine 6grenme modellerinin basarimi test edildi. Gergek zamanli olarak
olusturulan bu veri seti iizerinde k En Yakin Komsu modeli kullanildiginda %99.4 dogruluk orani
ile en yiiksek siniflandirma dogrulugu elde edilmistir. Dolayisiyla, YTA’da trafik
siiflandirmasinda, en diigiik maliyetli akis 6znitelikleri ile en yiiksek siniflandirma performansi
veren makine 6grenme modeli oldugu tespit edilmistir.

*Corresponding author, e-mail: ozgur.tonkal@samsun.edu.tr DOI: 10.29109/gujsc.869418
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1. INTRODUCTION

The increases in internet data traffic and diversity have made network traffic classification a critical issue
for computer science. Classification methods are utilized to increase network service quality, to use network
resources efficiently, and to detect attacks and anomalies on the network using traffic analysis [1].

In traditional networks, various methods, such as rule-based, load-based, and correlation-based are used for
network traffic classification. However, these methods also have different problems of their own [2].

Rule-based methods are widely used in network traffic classification. Predefined rules are used to classify
packets in the network. Network packet header information and port information are the properties on which
the classification is based. Although this method provides very high performance for the known
applications, it has not been successful for applications using dynamic port numbers. Therefore, network
operators wanted to use different classification solutions [3].

The classification performance decrease due to the dynamic ports' use in rule-based methods has led
researchers to classify using the load-information carried by the packets flowing over the network. This
method, also known as the deep packet analysis, removed connection number and IP address information
dependency. Even though the protocol header information in use changes, the classification performance
will be high because of the matching process of characteristic signatures or patterns in the packet loads.
However, the high costs of hardware used for deep packet analysis and the problem of not detecting the
encrypted packet contents, which have been increasing recently, have created the limitations of these
methods [4].

To eliminate the limitations and difficulties encountered in rule-based and load-based classification
methods, researchers have used correlation-based network classification methods. The statistical properties
of the flows making up the network traffic are used, such as packet size, arrival rates and flow time.
Classification is performed by including different machine learning techniques such as DT, SVM, k-NN
into the classification process. Classification accuracy is relatively higher for packs containing encrypted
traffic since the packet content is not handled specially. However, since the correlation analysis carried out
in each flow requires additional calculations, it creates an extra consumption when creating classified
dataset. Also, traditional networks consist of many routers and switches managed by many different
protocols. Because of this distributed structure, the application of machine learning methods on traditional
networks poses a significant challenge [5].

Unlike traditional network architecture, SDN separates the control plane from the data plane, allowing the
network to be programmed directly over a central controller [6]. The control plane is transported to a high-
performance server, and the management of the network is performed through central controller software.
The data plane is left on routers or switches supported by OpenFlow protocol and is only responsible for
the packs' transmission. Although many protocols can be used in SDN architecture, the OpenFlow protocol
is the most successful [7]. SDN provides data flow through the OpenFlow protocol. The controller collects
network flow information through the OpenFlow protocol and can direct it to switches by writing dedicated
rules. SDN allows network administrators to analyze traffic in software without the need for any physical
hardware.

Machine learning-based methods use statistical properties learned from data for traffic classification. Since
package contents are not utilized for classification, they can be classified as encrypted data. Machine
learning methods reach the necessary information for the traffic classification via OpenFlow protocol in
SDN, and the classification can be performed with a low calculation cost.

For traffic classification using machine learning, various approaches have been carried out. Wang et al. [8]
proposed a Quality of Service (QoS) conscious traffic classification system, using a semi-controlled
learning algorithm and Deep Packet Inspection (DPI). Traffic flows of both known and unknown
applications are divided into different QoS classes with the method proposed. D. Rossi and S. Valenti [9]
focused on the classification of applications running over the User Datagram Protocol (UDP) in their work.
The UDP network traffic obtained with the Netflow network monitoring tool is classified with the SVM
algorithm. He et al. [10] proposed a software-defined virtual traffic classification model called vTC, which
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dynamically determines the most suitable flow properties and the most effective machine learning classifier.
They identified basic and advanced flow properties and used six different classification algorithms, k-NN,
SVM, MLP, DT, NB and AdaBoost. Amaral et al. [11] proposed an SDN-based traffic classification
architecture in their study. In their study, 500 samples from each of Youtube, Vimeo, Facebook, Linkedin,
Skype, BitTorrent, Web Browsing (HTTP) and Dropbox applications were collected, and then these traffic
samples were classified with the specified machine learning algorithms (Random Forest (RF), Stochastic
Gradient Boosting (SGB) and Extreme Gradient Boosting (EGB)). Wang et al. [12] have proposed the
Software-Defined Network Home Gateway model (SDN-HGW) to manage better smart home networks.
In the study, an encrypted data packet classifier was developed using three deep learning-based approaches:
MLP, Stacked Autoencoder (SAE) and Convolutional Neural Network (CNN). For the developments of
these classifiers called DataNets, a dataset including more than 20,000 encrypted packages from 15
applications was used. The results obtained have shown that the developed DataNets can be applied to the
SDN-HGW model for the real-time processing in the smart home network with accurate packet
classification and high computation efficiency. Lim et al. [13] proposed an SDN architecture that could
classify traffic using deep learning methods. In their study, Deep learning models, including the Multi-
Layer Long Short Term Memory (LSTM) model and the combination of CNN and single-layer LSTM
models, were used to classify dataset consisting of Remote Desktop Connection (RDP), Skype, Secure
Shell (SSH), BitTorrent and Hyper-Text Transfer Protocol (HTTP) traffics. Meenaxi M Raikar et al. [14]
have stated in their study that traditional traffic classification approaches have limitations due to heavy data
traffic. To overcome these limitations, they proposed a model in which SDN architecture and machine
learning methods are used together. HTTP, E-mail and Video-Audio (streaming) traffic data are classified
with SVM, NB and the Nearest Centroid Classifier (NCC).

When the studies are examined, it is seen that machine learning methods give outstanding results in traffic
classification. The datasets and the traffic flow characteristics selected have been determinant in the
accuracy rates obtained in traffic classification using machine learning. The approach proposed is aimed to
contribute to the studies in this field.

This study proposes an architectural approach classifying the traffic flow in SDN using machine learning
methods. The traffic flows of DNS, Telnet, Ping and \Voice were created in the network environment created
using SDN architecture. These traffic flows were collected in real-time and classified using machine
learning methods. The number of features to use for machine learning methods was determined based on
maintaining compatibility with the application (SDN controller), and the study refrained from excessive
and complicated calculations. Although the network traffic class is predetermined, it can be adapted to suit
the destination. The system presented offers network operators a solution to classify the network traffic to
increase network efficiency and service quality.

2. MATERIAL AND METHOD

This study proposes an architectural approach classifying the traffic flow in SDN using machine learning
methods. The proposed approach consists of two stages. In the first stage, real-time traffic flows of DNS,
Telnet, Ping and Voice were formed in the SDN simulation environment, and these traffic data were
cumulated with the Collector module on the controller. The features of the traffic flows to be used in
classification were determined and the model was trained by using k-NN, SVM, MLP, DT and NB machine
learning models. In the second stage, again using trained models via the Classifier module on the controller,
a real-time traffic classification was carried out. Figure 1 shows the architectural structure of the proposed
approach.
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Figure 1. The Proposed System Architecture

2.1. Software-Defined Network Environment and Dataset Generation

As shown in Figure 2, a basic network topology has been created by using a virtualization environment
(VirtualBox-VM). The topology has consisted of one controller, one Layer-2 switch, and three client
computers (their system features are shown in Table 1) installed on five virtual machines. Nodes in the
network were modeled as VM, and therefore some delay has been experienced in network traffic. Another
option was to use the Mininet simulation environment commonly used in researches. However, a single
VM simulation environment was not preferred to create a simulation close to the real environment.

Table 1. System Features

Operating System Ubuntu 14.04_64 bit Core i7 16 GB RAM
SDN Controller RYU(4.30)_ 2 GB RAM

Switch Open vSwitch (2.0.2) 2 GB RAM

Hosts Ubuntu 14 04 64 bit 2 GB RAM
Network Simulation Environment VirtualBox-VM

An overlay network was created to allow the traffic, which had been generated by the client computers, to
pass through the switch virtual machine to establish communication instead of using the internal switching
mechanism of the virtual machines making up the SDN environment. Here, the study aims to create a
network environment that is as realistic as possible and prevent delays. For client computers in the network,
two interfaces were identified. The first interface was connected to the internal network, and the second
interface to the switch (OVS) using the VXLAN tunnel. The switch was connected to both the client
computers via the VXLAN interface and directly to the controller by the internal network. The RYU
controller was placed in the Controller VM.
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Figure 2. Simulation Network Topology

Once the SDN is configured, the controller needs to be aware of the packets flowing through the switch
between client computers. For this, the controller can view the flow information shown in Table 2 at every

second, using the Python script coded.
Table 2. Flow Data Features-1

Flow Description

time UTC value at the time of flow information
datapath Key ID in RYU

in-port incoming traffic port

eth_src source MAC address of the flow

eth_dst destination MAC address of the flow
out-port outbound traffic port

total_packets total flow packets

total_bytes the total size of flow packets (in Bytes)

The flow data shown in Table 2 were used as input data to a script named "traffic_classifier.py" The script
created a Flow object with the features shown in Table 3, using the flow data shown in Table 2. By using
the features in the flow data, the number of distinguishing features to be used in traffic classification was

increased.
Table 3. Flow Data Features-2

Feature

Description

Forward_delta_packets

Forward_delta_bytes

Forward Instantaneous Packets
per Second

Forward Average Packets per
second

Forward Instantaneous Bytes per
Second

Forward Average Bytes per
second

Reverse _delta_packets

Reverse _delta_bytes

The number of packets seen since the last forward
stream detection

Bytes seen since the last forward stream detection
Instantaneous packets per second in the forward
direction (src-> dst)

The average number of packets per second in the
forward direction (src-> dst)

Instantaneous number of bytes per second in the
forward direction (src-> dst))

Instantaneous number of bytes per second in the
forward direction (src-> dst)

The number of packets seen since the last reverse flow
detection

Bytes seen since the last reverse flow detection
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DeltaReverse Instantaneous instantaneous packets per second in reverse direction

Packets (dst-> src)

per Second

Reverse _avg_pps The average number of packets per second in the
reverse direction (dst-> src)

Reverse _avg_bps average bytes per second (dst-> src)

Reverse Instantaneous Bytes per instantaneous bytes per second in the reverse

Second direction (dst-> src)

Traffic Type traffic type (ping-telnet-voice-DNS)

The Traffic_classifier.py script can perform the following tasks:

Collection of the Training Data: For the traffics of DNS, Telnet, Ping, and Voice, training data are
collected. The traffic must be flowing between the two client computers before the script file is
operated.

Classification Using Machine Learning: Classifying the type of traffic flow between client
computers using classification algorithms.

2.2. Dataset Generation

The D-ITG application was utilized to generate traffic flow data for training Machine Learning models. D-
ITG is defined as a platform that can generate IPv4 and IPv6 traffic by accurately replicating the workload
of existing Internet applications [15]. In this study, Ping, Telnet, DNS, Voice (G.711) traffics were created
through the D-ITG application.

First, a specific traffic flow between a particular pair of client computers was simulated using D-ITG or
other tools. Second, the traffic_classifier.py script file was started with the appropriate options to train the
traffic type. The script initiates the RYU controller and the simple_monitor_ AK.py (a modified version of
simple_monitor_13.py). Data generated from the simple monitor script is collected and transformed to
update Flow object features. The Flow object features are then periodically exported to the Comma
Separated Variables file (CSV). Once CSV files are generated for each traffic type, they are combined into
a complete Pandas Dataframe object used for model training and testing.

2.3. Data Preprocessing

The collected data were subjected to several preprocessing stages before being used for machine learning
model training. First, the rows containing missing data were identified and removed. The mean values of
relevant features were replaced in place of the removed ones to avoid possible information loss. Repeated
or linearly increasing data may cause false predictions in the process of training machine learning models.
Therefore, the features of "the number of transmitted packets”, "the number of returned packets"”, "the
amount of transmitted data™ and "the amount of returned data”" were removed from the dataset. Table 3
shows the features to use in the learning process. However, the high correlation level between the features
determined during machine learning model training does not contribute to model training. The highly
correlated features should be removed to increase the machine learning algorithms' efficiency. For this, the
Principal Component Analysis (PCA) algorithm was used to determine the main components in the dataset

and the non-parser features were removed from the dataset.

At the end of the data collection and data preprocessing, a dataset consisting of 10145 rows and 13 columns
(12 features and 1 class feature) was obtained. This dataset consists of 2692 Ping, 2438 Telnet, 2554 Voice
and 2461 DNS packets evenly.
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3. TRAFFIC CLASSIFICATION WITH MACHINE LEARNING ALGORITHMS
AND A COMPARATIVE ANALYSIS

Different classification algorithms are used to solve classification problems. Each classification algorithm
has a unique mathematical model that it uses. Therefore, the results obtained show variations. It is only
possible to determine which model is more successful by trying different classification models. This study
tested the classification algorithms widely used today and compared their success rates.

A python-based scikit-learn library was used to test the performance of classification algorithms. This
library supports many machine learning models [16]. This study focused on k-NN, SVM, MLP, DT and
NB machine learning classification algorithms frequently used in classification problems. The features of
these classification algorithms can be summarized as follows. k-NN is an algorithm used in both
classification and regression problems. In this algorithm, the distance of the new data to join in the dataset
is calculated according to the existing data, and its closest neighbors in the k number are checked. [17].
Euclidean, Manhattan, and Minkowski distance functions are used for distance calculations generally. The
SVM is used to separate data belonging to two classes in the most appropriate way [18]. For this, decision
boundaries, or in other words, the hyperplanes, are determined. The Linear Support Vector Machine (L-
SVM) and the Radial Kernel Support Vector Machine (R-SVM) can be selected as the classifiers. DT is a
decision support classifier that enables predictions using tree-like structures. Each node represents a stream
tag, and root-to-leaf paths represent classification rules. Entropy is used for categorical variables, and the
Least Squares method is used for Gini continuous variables. MLP is a type of feed-forward neural network
working according to the supervised learning method. By giving the inputs and expected outputs to the
network, the nodes' weights optimization is aimed. While feed-forward calculates the network output, back-
propagation ensures the errors detected to be reduced by updating the weights in the net. This process
repeats until faults in the network are minimized, or training is terminated. NB is a classifier based on Bayes
decision theory using probability calculations. It aims to select the decision with the highest probability. It
has different algorithms such as Gauss (G-NB), Multinomial (M-GB), and Bernoulli (BNB) distribution.
Training and testing of machine learning models were carried out using the python_3 core structure in the
Jupyter Notebook experiment environment with 16-GB RAM, 64-bit operating system, and 7-core 2.60-
GHz processor.

Hyperparameter-adjustments were made on the models used to obtain optimum efficiency. Table 4 shows
the algorithms and hyperparameter values used. During the models' training and testing processes,
deviations (bias) and errors can occur due to the data distribution. The k-fold Cross-Validation Method
(k=10) was used to prevent this situation. The k-Fold Cross Validation method divides the dataset into
equal parts according to a specified number of k, allows each section to be used for both training and testing.
Thus, possible problems of the model, such as overfitting and selection bias, are eliminated. The training
and testing procedures were repeated ten times for each classification model, and so average values were
calculated.

Table 4. Hyper Parameters Used in Algorithms

Algorithms Hyperparameters

k-NN metric="minkowski’, n_neighbors=2, p=2, weights="uniform’
SVM C=2.0, kernel="rbf’
MLP activation="logistic’, solver="1bfgs’,alpha=0.1, hidden_layer sizes=

(100, 100), dropout value=0.1
DT criterion="gini ‘, max_depth=10

NB estimator=GaussianNB, iid="deprecated’
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3.1. Performance Metrics

This study used the confusion matrix to compare the performance of the classification models used. The
confusion matrix is a table summarizing how successful the classification model has been (Table 5). It
contains as many rows and columns as the number of classes the model has.

Table 5. Binary Classification Confusion Matrix

Predicted Class
0 1
_ 0 True Negative | False Negative
S8 (TN) (FN)
£O 1 False Positive True Positive
(FP) (TP)

While the samples of a particular class correctly defined by the classifier are placed in the True Positive
(TP) indices, the samples of other accurately identified classes are placed in the True Negative (TN) indices.
Similarly, specimens incorrectly predicted by the classifier are placed in the False Positive (FP) and False
Negative (FN) indices in the confusion matrix. Accuracy, Precision, Sensitivity, F1 criterion (F-Score),
Specificity, and ROC curves criteria are calculated using the values obtained in the complexity matrix
(Equations 1-7). These criteria will be used to compare classification models.

Accuracy: It is the criterion that gives the ratio of correctly classified samples to all samples
(Equation 1).

TP+TN
TP+FP+TN+FN
Precision: It is the ratio of correctly classified samples to total positive values (Equation 2).

TP
TP+FP

Sensitivity: The ratio of correctly classified samples to true positive values (Equation 3).

TP
TP+FN

3

Specificity: It is the ratio of the correct negative number to the sum of the correct negative and false
positive numbers (Equation 4).

TN 4
TN+FP
(F-Score): It is the harmonic mean of the Precision and Sensitivity values (Equation 5).
2xK*G 5
K+G

ROC AUC: ROC (Receiver Operator Characteristic) is the probability curve used for different
classes. It is often used to compare the ML algorithms' performances when unbalanced datasets are
used. In the ROC curve, there are False Positive Ratio values (Equation 6) on the X-axis and True
Positive Ratio values (Equation 7) on the Y-axis. AUC (Area Under the Curve) refers to the area
under the ROC curve. The area under the ROC curve shows the performance of the classifier.

FP
6
FP+TN
TP
7

TP+FP
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3.1. Comparative Analysis

The complexity matrices of the different classification models used are shown in Figure 3
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Figure 3.Complexity Matrices of the models used; a) k-NN, b) MLP, ¢) DT, d) SVM,e) NB

Comparison of classification models according to the criteria obtained by using confusion matrices is shown
in Table 6.
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Table 6. Comparison of Models (average of 10 runs).

Model Accuracy | Sensitivity | Specificity | Precision | F1 Score AUC
k-NN 0.9935 0.9935 0.9978 0.9935 0.9935 | 0.99895
SVM 0.8814 0.8774 0.9604 0.9122 0.8792 | 0.998625
MLP 0.9879 0.9879 0.9959 0.9880 0.9879 | 0.998875

DT 0.89798 0.89845 0.96572 0.91024 | 0.89429 | 0.967725
NB 0.5675 0.5716 0.8551 0.6775 0.5361 | 0.791825

As shown in Table 6, although the MLP and the k-NN models gave outstanding results, the k-NN
classification model gave better results than other models in all criteria. When the models' working times
were compared, it was observed that while the k-NN was the fastest trained method, the decision tree was
the fastest estimation method (Table 7). Although the MLPs' test performance was high, their training time
was longer than other networks.

Table 7. Comparison of Models Run Times (average of 10 runs).

Model Training Time (sec) | Test Time (sec)
k-NN 0.2104 0.1783

SVM 21.812 0.8334

MLP 1401.3 0.1053

DT 0.73381 0.06723

NB 0.7492 0.11

In Figure 4, a graphic was created using the AUC and F criteria of the models. According to this graph, the
k-Nearest Neighbor model gave better results than other models. The ROC diagrams of the classification
models used are given in Figure 5. ROC diagrams show the rate which the classifier estimates correctly.
When this diagram is examined, the performance of the k-NN model is seen.

1 SVN, ® K-NN
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0,9 ©(0,9935
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0,75 NE @ 0,89429
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Figure 4. Graph created with AUC and F1 values obtained as a result of running the models
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Figure 5.ROC diagrams of the models used, a) k-NN, b) MLP, ¢) DT, d) SVM, e) NB

The results of similar traffic classification studies using machine learning methods in SDN, whose reviews
are in the introduction, are given in Table 8 comparatively. It is seen that the results obtained with the
proposed traffic classification approach (k-NN and MLP) are more successful than the results obtained in
other studies [8, 9, 11]. Comparison results are difficult to justify, as similar studies in the literature have
been carried out using different models on different datasets.
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Table 8. Comparison of the results with similar studies in the literature.

Feature . .
Dataset Selection 'I:/I\Ia((:)rr\iltnhemLearnlng Accuracy (%) Ref.
Method g
. Forward
Real internet . K-Means
traffic data Select_lon Laplacian SVM Average 90.0 [8]
Algorithm

gggge(:wn - SVM Average 90.0 [9]
k-NN, SVM, MLP, DT, NB,

KDD (2009) - AdaBoost Average 95.6 [10]

Their own RF 86.4

dataset PCA SGM 85.5 [11]
EGM 87,2

Their own MLP %6.0

dataset i SAE 98.0 [12]
CNN 98.0

PCAP i l(_J?\lTN'\iLSTM Average 950  [13]

. SVM 92.3

Their own

dataset i NB 9.8 [14]
NCC 91.02
k-NN 99.4
SVM 88.14

Our Dataset PCA MLP 98.8
Decision Tree 89.8
NB 56.8

4. CONCLUSION

Classification of traffic flows in today's IP networks has become a significant research area with the
adoption of Machine Learning methods and Software Defined Network principles. Due to the dynamic and
encrypted nature of the existing traffic, traditional traffic classification methods that involve the
identification of traffic based on port number and load can be inadequate.

In this study, traffic classification was made using different machine learning models on SDN architecture.
The real-time network packets were captured on the SDN architecture created closely similar to the real
environment. Network traffic was classified using five different Machine Learning models (k-NN, SVM,
MLP, DT and NB) used for classification problems today. The working time and classification performance
of the models were compared. k-NN has been the most successful model with an accuracy of 99.4%. The
MLP model has come next with a 98.8% performance rate. The results obtained have been promising for
future studies on traffic prioritization and QoS.

Various issues need to be considered for further studies. The network environment used should be at the
most similar confusion level to real environments, and also the factors affecting the network service quality,
such as scalability and availability, should also be taken into account. Besides, since most of today's internet
traffic consists of video and game applications, the application is planned to be developed to include high-
density traffic packages. Models such as Density-Based Spatial Clustering of Applications with Noise
(DBSCAN) or CNN are also aimed to be used in future studies.
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Thermophysical properties of the working fluid of a fluid-driven heat transfer system is the key
parameter in determination of heat transfer performance of the system they were used. The
nanofluids, nanoparticles containing colloidal suspensions, have been extensively used for
performance enhancement in many applications, however, the nanoparticles cannot have both
high thermal conductivity and good stability simultaneously. To provide these characteristics
together, hybrid utilization of nanoparticles has emerged. In this numerical study, pool boiling
heat transfer characteristics of dilute Fe+ZnO/deionized water hybrid nanofluid were
investigated under low heat flux condition (50 W). The hybrid nanofluid suspension at the
volumetric rate of 0.5% and Fe+ZnO combination of (50:50) were taken into account. For
numerical simulations, Computational Fluid Dynamics approach and Volume-of-Fluid
multiphase model were employed. Vapor volume fractions and velocity vectors in fluid
medium were obtained for deionized water, and the hybrid nanofluid aforementioned. The start-
up of the bubbles and departures with time were investigated for each working fluid. Under the
same conditions, the start-up time of the boiling for deionized water and dilute hybrid nanofluid
were observed as 468. and 441. seconds, respectively. The numerical findings also displayed
that hybrid nanofluids can be used for pool boiling implementations in order to provide
improved heat transfer characteristics.

Su Esash Seyreltik Fe+ZnO Hibrit Nanoakiskaninin Diisiik Is1
Akisi Sartinda Havuz Kaynama Is1 Transferi Ozellikleri: Sayisal
Bir Calisma

Oz

Hesaplamal Akigkanlar

Dinamigi Simiilasyonu
Hibrit Nanoakiskan
Havuz Kaynama
Akigskan Hacmi

Akiskanla calisan bir 1s1 transfer sisteminin g¢alisma akigkaninin termofiziksel ozellikleri,
kullanildiklar1 sistemin 1s1 transfer performansinin belirlenmesinde anahtar parametredir.
Nanokigkanlar, nanopargaciklar iceren koloidal siispansiyonlar, birgok uygulamada performans
iyilestirme amaciyla yaygin olarak kullanilmistir, ancak nanopargaciklar ayni anda hem yiiksek
1s1l iletkenlik hem de iyi derecede kararlilik saglayamamaktadir. Bu ozellikleri bir arada
saglamak i¢in nanoparcaciklarin hibrit kullanimi ortaya ¢ikmistir. Bu sayisal ¢alismada,
seyreltik Fe + ZnO/saf su hibrit nanoakiskanin havuz kaynama 1s1 transfer 6zellikleri diistik 1s1
akisi kosulu (50 W) altinda incelenmistir. Analizlerde, %0,5 hacimsel oranda hibrit nanoakiskan
stispansiyonu ve FetZnO kombinasyonu (50:50) olarak dikkate alinmistir. Sayisal
simiilasyonlar i¢in Hesaplamali Akigkanlar Dinamigi yaklasimi ve Akiskan Hacmi ¢ok fazli
modeli kullanilmigtir. Hem saf su hem de bahsi gecen hibrit nanoakigkan igin akigskan
ortamindaki buhar hacmi fraksiyonlari ve hiz vektorleri elde edilmistir. Her bir ¢alisma akiskant
icin kabarciklanma baslangict ve zamanla bunlarin yiizeyden ayriliglart incelenmistir. Ayni
sartlar altinda saf suyun ve hibrit nanoakiskanin sirasiyla 468. ve 441. saniyelerde kaynamaya
bagladigi gbzlemlenmistir. Sayisal bulgular, hibrit nanoakiskanlarin iyilestirilmis 1s1 transfer
ozellikleri saglamak i¢in havuz kaynama uygulamalarinda kullanilabilecegini gostermistir.
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1. INTRODUCTION

Boiling occurs in many industrial processes and it provides a great number of heat fluxes because of
higher values of convective heat transfer coefficients, compared to its counterparts. Even though higher
heat transfer coefficients exist, the necessity of a bit difference between the temperatures of liquid and the
heater in boiling processes can adversely affect the overall system performance (specifically in low heat
flux conditions), which limits to obtain optimum heat transfer properties. To deal with this issue, the
following two methods suggested by many researchers can be utilized: (1) modifying the surface-related
properties (e.g. roughness) of the heater, and (2) enhancing the thermophysical properties (e.g. thermal
conductivity) of the working fluid [1]. As stated by many researchers, an increase in the amount of
generated bubbles in the liquid media accounts for the increases not just on nucleation sites, but also
convective (boiling) heat transfer coefficient [2-4]. The unary and hybrid nanofluids have been utilized as
working fluid in many thermal systems by many researchers and the common idea is that nanofluids, in
general, enhance the thermophysical properties of the base fluid they were added, and hence, provides an
efficient heat transfer. To illustrate; Gupta et al. numerically analyzed the pool boiling heat transfer
characteristics of alumina-water nanofluid prepared under varying concentrations (0.001%, 0.005%,
0.01%, and 0.05% vol.). They stated that under constant heat flux, the heat transfer coefficient increased
with increasing pressure, and an increment in nanoparticle concentration corresponded to an increase in
boiling heat transfer coefficient, which was because of the increase in thermal conductivity of the
nanofluid, compared to base fluid (water) [5]. Salehi and Hormozi numerically studied the nucleate pool
boiling processes of water/silica nanofluid (0.1% vol.) and water considering the Euler multiphase
approach. For the parameters associated with the bubbles generated during boiling, they employed the
heat flux division model and verified their findings with empirical results. Moreover, they utilized some
verified correlations to define nucleation sites, the density of bubbles, and bubble departure frequency,
and remarked that the Hibiki-Ishii and Hattan-Hall correlations were the best ones. They also observed
that the nanoparticles accumulated on the heater surface impacted the boiling heat transfer characteristics
remarkably [6]. Via numerical simulations, Hussien et al. investigated the heat transfer upgrading of
water-based alumina-graphene binary hybrid nanofluid that flows in a mini tube. They tested the working
fluids they prepared in a variety of mini tube sizes (2.1 mm - 0.8 mm) and generated a homogeneous
numerical model to specify the heat transfer performance of hybrid nanofluids. Their findings presented
that alumina-water nanofluid usage increased the convection heat transfer characteristics significantly.
Another significant point reported by the investigators was the maximum enhancement rate in heat
transfer coefficient as up to 13.7% [7]. Aminfar et al. investigated the nucleate pool boiling heat transfer
characteristics of nanofluids prepared by using alumina and silica nanoparticles via a series of CFD
(Computational Fluid Dynamics) analyses. By utilizing two-phase and three-phase mixture models, they
achieved the boiling curves, vapor fractions, velocity vectors, and streamlines at the end of the boiling
process of the nanofluid. They also compared their results with experimental data and concluded that both
results were in good agreement with each other, with deviations of 5.33% for alumina nanofluid, and
8.22% for silica nanofluid. Furthermore, they compared their data with the correlations validated in
previous studies [8]. Rahimian et al. experimentally studied the pool boiling properties of the water-based
silicon dioxide and titanium dioxide nanofluid suspensions on a cylindrical, stainless steel heater that is of
15 mm in diameter, 80 mm in length. They formed the boiling curves for each fluid by carrying out
temperature measurements on the center of the heater. Their main observation was the accumulation of
silica and titanium dioxide nanoparticles on the heater surface, which caused critical heat flux to increase
at the rate of 120%. Furthermore, the film boiling heat transfer, which was another parameter they
considered, also improved with the use of nanofluid suspensions [9]. Mohammed et al. carried out a
numerical study for specifying the influences of concentration rate of nanoparticle, boiler temperature,
and fluid velocity on the boiling and phase change characteristics by utilizing the CFD method
considering the user-defined function they derived. They utilized, in their numerical calculations, four
phases as liquid acetone, vapor acetone, liquid acetone/ZnBr2 solution, and solid nanoparticles. They
used ANSYS Fluent 15.0 software by activating the VVolume-of-Fluid (VOF) multiphase model, and their
results depicted that the vapor volume fraction and heat transfer coefficient increased with increasing
nanoparticle concentration (0% - 1%) [10].
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Numerical analysis is widely preferred, especially in the validation of the results obtained by
experimental studies, and can be performed on almost all heat transfer and fluid flow problems via factual
assumptions [11, 12]. In order to reduce the number of tests required in the solution of such problems, a
range of analyses can be carried out. CFD approach, as known to all, is a numerical analysis method
utilized to solve fluid flow, heat, and mass transfer problems. In this approach, detailed information
regarding the solution domain (shear stress, pressure, etc.) can be obtained by solving a set of equations
that define the fluid motion in a volume of interest [13]. It is also known that in numerical analysis, a set
of equations that were set up by the user are solved on the solution domain. In this study, the equations of
conservation of mass, conservation of energy, governing equation for diffusion in VOF(Volume-of-Fluid)
multiphase flow model, and RNG k-¢ turbulent model were solved. The theoretical background for these
equations can be found in the references [11] and [12].

In this numerical study, pool boiling heat transfer characteristics of dilute hybrid nanofluid at the
volumetric concentration of 0.5% were investigated. The reason why choosing the combination of Fe and
ZnO nanoparticles is to exploit the higher thermal conductivity properties of Fe nanoparticles and better
stability characteristics of the ZnO nanoparticles simultaneously. The other thermophysical properties of
each nanoparticle, which are relatively better than other kinds of materials, are also another reason for this
selection. A cylindrical boiling cell in which a cylindrical heater was mounted was taken into account.
The 2D model of the boiling cell was formed, a mesh structure on it was generated and then numerical
analyses were performed in ANSYS Fluent software. The calculations were carried out for deionized
water and hybrid nanofluid, and vapor volume fractions, velocity contours, and velocity vectors were
obtained for each working fluid, and then these data were compared to each other. The usage of hybrid
nanofluid suspension in thermal systems is increasing day by day, and thereby, it is thought that outcomes
of this study will provide important information on pool boiling heat transfer characteristics of dilute
Fe+ZnO/deionized water hybrid nanofluid under low heat flux conditions.

2. MATERIAL & METHOD
2.1. 2D Model & Mesh Generation

ANSYS Fluent was employed in numerical analysis. At first, the 2D pool boiling cell was formed in the
Designmodeler section of the software by getting inspired from an experimental rig (Figure 1).
Considering the real dimensions of the test rig, the generated 2D boiling cell model was of 0.08 m in
width and 0.3 m in length. Besides, the heater was located 0.05 m above from the base and was of 0.042
m width and 0.0127 m length.

Figure 1. The generated model in Designmodeler
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With the usage of this model, the boiling regimes of transition boiling and film boiling can be easily
illustrated because it is too tough to see these kinds of boiling modes in an empirical study. Right after
forming the model on ANSYS Designmodeler, the solution area (mesh structure) was constituted in the
Mesh module taking into account the similar approach implemented in the reference study [14]. As
illustrated in Figure 2, the mesh structure was comprised of quadrilateral elements. Moreover, in Table 1,
some mesh metrics were presented.

Table 1. Some mesh metrics for the solution domain

Metrics Value
Elements 105316
Nodes 106565
Skewness (avg.) 0.00256
Element quality (avg.) 0.9621

Orthogonal quality (avg.) 0.9938

0,000 0100 0,200¢m)

Figure 2. The mesh model generated for numerical analysis

As stated earlier, the RNG k-g turbulence model was employed in simulations because nanoparticles
added into the distilled water increase the turbulence intensity of the fluid as a result of the interactions &
collisions between the nanoparticles [11]. Moreover, the pool boiling regime contains non-uniform,
perpetual movements of bubbles during the bubble generation and bubble extinction process. Thus, a
turbulence model was utilized in numerical analysis to provide more actual results. RNG k- ¢ turbulence
model yielded more accurate and reliable outcomes than the standard k- ¢ turbulence model for wider
flow classification. Therefore, the RNG k- € turbulence model was preferred in the solution.

2.2. Operating & Boundary Conditions

Nucleate pool boiling heat transfer characteristics of dilute Fe+ZnO/deionized water hybrid nanofluid
were investigated under low heat flux condition. To make a comparison for illustration of the effects of
hybrid nanoparticles on bubble-associated properties during pool boiling, the analysis was initially carried
out for deionized water and dilute hybrid nanofluid. Such thermophysical properties of the nanofluid as
viscosity, density, and thermal conductivity were manually entered into the Fluent software interface
because they were unconventional fluids. All these thermophysical properties were theoretically
calculated by using the correlations in literature [15]. The main assumption for hybrid nanofluid
simulation was that the fluid was uniform. Besides, the evaporation-condensation mechanism was
enabled for the demonstration of boiling regimes. The dilute hybrid nanofluid at the final volumetric rate
of 0.5% was also taken into consideration in simulations. Since the time-dependent (transient) solution
method was used, time step size and number of time steps were set as 0.0003 s and 2500, respectively.
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The pressure-based solver was used for all analyses. The other operating & boundary conditions can be
seen in Table 2. Besides, the thermophysical properties of each working fluid were presented in Table 3.

Table 2. The boundary & operating conditions employed in simulations

Model Sub-model / Definition
. Volume-of-Fluid (VOF), Implicit Body Force, Explicit

Multiphase Formulation
Energy Enabled
Gravity Enabled (y direction, -9.81 m/s?)
T RNG k-&, Enhanced Wall Treatment, Thermal Effects, Curvature

urbulence model .

Correction

Number of time steps 2500
Time step size 0.0003 s
Heat flux 50 W/m?
Heater material Copper (smooth)

Table 3. Thermophysical properties of each working fluid utilized in the analysis

Working Fluid Type Deionized Water Fe+ZnO/Deionized Water
/ . -

Thermophysical Property Liquid Vapor Liquid Vapor
Density (kg/m?®) 998.2 0.5542 1025.54 0.6
Specific heat (j/kgK) 4182 4180 4058 2300
Thermal conductivity (W/mK) 0.6 0.0261 0.622 0.71
Viscosity (kg/ms) 0.001003 0.0000134 0.0014528 0.00065
Reference temperature (K) 298.15

Since constant heat flux boundary condition (50 W/m?) was identified for the heater, its surface
temperature was not considered. Besides, it is thought that heater surface temperature does not become
constant at any time because of the continuous movement of working fluid. The thermophysical
properties of each nanoparticle constituting the assumed hybrid nanofluid were also provided in Table 4.

Table 4. Thermophysical properties of Fe and ZnO nanoparticles

Physical / Thermophysical Properties Fe (lron) ZnO (Zinc Oxide)
Molar mass (g/mol) 55.85 81.406
Melting point (K) 1809 2247
Density (g/cm?) 7.8 5.61
Thermal conductivity (W/mK) 76.2 50

Heat capacity (J/kgK) 440 495.21

2.3. Grid (mesh) Independency

The obtained results from numerical analysis are acceptable on condition that alterations in mesh
properties do not affect the results, and hence a mesh independence study should also be performed in
numerical simulations. In this study, for meshing independency, 5 various mesh (grid) structures varying
from the coarse to the fine, each of which includes a different number of elements and nodes were
generated, and the changes in vapor temperature around the condenser area were traced. In Table 5,
details of the formed meshes, some mesh metrics of each, and vapor temperature values acquired from the
simulations were presented. As far as all results were evaluated simultaneously, it was concluded that the
most suitable mesh was the Mesh4, and thereby, all simulations were carried out using this mesh.
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Table 5. The obtained results for mesh independency

Mesh details Meshi Mesh. Meshs Mesha Meshs

Elements 11550 23200 49300 105316 105990
Nodes 10827 25365 54027 106565 107137
Skewness (max.) 5.3x10* 3.4x10* 6.1x10° 4.8x10® 6.2x10°®
Element quality (avg.) 0.85 0.88 0.91 0.94 0.97

Vapor temperature (K) 381.32 381.86 381.15 381.15 381.17

3. RESULTS & DISCUSSION

As stated before, vapor volume fractions, velocity contour, and velocity vectors on the solution area were
investigated. The vapor volume fractions illustrate the bubble characteristics such as bubble generation,
bubble departure and so on, as well as the boiling regime. The obtained results for deionized water were
provided in Figure 3 and Figure 4. Vapor volume fractions for different times were presented in Figure 3,
whilst Figure 4 displayed both the velocity contour and the velocity vectors. The first observation in
Figure 3 was that the bubble formations were started to be observed at nearly 468. seconds, when
deionized water was used as working fluid. With increasing time, the number of bubble formation areas
(i.e. bubble generation) was increasing gradually as a result of the increasing bulk temperature of the
liquid. The increment in bulk liquid temperature also contributed to the departure of the bubbles, as can
be seen specifically in the final phases of the analysis.

The velocity contours and velocity vectors in the solution domain gave an idea about the fluid motion
during the nucleate pool boiling process. When deionized water was simulated, the fluid movement
mainly concentrated around the heater, as expected, since increasing temperature difference between the
heater and the liquid caused convection to occur. Besides, both the vectors and the contour obtained
confirmed that the evaporation-condensation phenomenon was successfully identified in Fluent software.
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Figure 3. Vapor volume fractions for deionized water
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Figure 4. Velocity contour and velocity vectors for deionized water

When the analysis was conducted for dilute hybrid nanofluid of Fe+ZnO nanoparticles, the beginning
time of the boiling was decreased to around 441 seconds, which was nearly 468 s for deionized water.
This result depicted that hybrid nanoparticle addition inside the deionized water improved the heat
transfer properties of the fluid.

i
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Figure 5. Vapor volume fractions for Fe+ZnO/deionized water hybrid nanofluid

The nanoparticles increased the turbulence intensity within the fluid due to interactions as well as
collisions in base fluid. Moreover, when the addition of nanoparticles, novel heat transfer areas were
emerged inside the fluid, which facilitated the heat transfer both in fluid and between the heater and the
fluid of interest. With increasing analysis time, this effect can be clearly seen.

Also, the transition boiling and film boiling regimes can be viewed at 483 seconds and 503 seconds
analysis time, respectively. As a comparison, considering the 503. seconds, the number of bubble
generation and departing bubbles were much more when dilute hybrid nanofluid was utilized, compared
to deionized water, which indicated that heat transfer rate could be enhanced in nucleate pool boiling
processes by the addition of Fe+ZnO nanoparticles (Figure 5). As another result, it can be said that the
good stability of ZnO nanoparticles and high thermal conductivity of Fe nanoparticles upgraded the heat
transfer performance.

As to velocity-related results, when velocity vectors and velocity contour presented in Figure 6 for dilute
hybrid nanofluid of Fe+ZnO nanoparticles were considered, it was observed that nanoparticle addition
inside the base fluid also increased the mobility in the fluid of interest due to the increasing turbulence in
fluid medium. Figure 6 also exhibited that the fluid flow mechanism in the fluid was altered by the
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addition of nanoparticles. These changes in velocity contours are thought to be due to the onset time of
boiling because this process took place before deionized water for dilute hybrid nanofluid.

To better understand how hybrid utilization of nanoparticles affect the boiling regime, the vapor volume
fractions of single nanofluids, that is Fe/deionized water and ZnO/deionized water were provided in
Figure 7 for 503. seconds of the boiling process. As it is clear that the number of nucleation sites, notably
around the heater, is much more for hybrid nanofluid than the single type nanofluid, which denotes that a
hybrid combination of nanoparticles increased the thermophysical properties of the nanofluid suspension
remarkably.

4,:
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Deionized water Fe/Deionized water ZnO/Deionized water Fe+ZnO/Deionized water

Figure 7. Comparison of the nucleation sites at 503. seconds of the process for each working fluid

Generally speaking, the hybrid nanoparticles also increase the number of possible nucleation sites in the
medium. Besides, as known to all, the nanoparticles can flocculate and then precipitate during operation,
and in most processes, it is not desired. However, in boiling processes, the nanoparticles accumulating on
the heater surface form a layer, which also improves the heat transfer rate that corresponds to a decrease
in boiling delay [6]. This layer can be viewed in the velocity contour of dilute hybrid nanofluid when the
upper surface of the heater was examined in detail. In addition, an increase in turbulence has positively
influenced the heat convection, which also corresponds to an increase in heat transfer-associated
characteristics, specifically the heat transfer coefficient. The nanoparticles have higher thermal
conductivity rates compared to liquid materials, which was one of the reasons for describing the
nanofluids’ upgraded thermal performance. Besides, the condensation of fluid at the top of the solution
domain could not be observed in the analysis since the heating power is rather low; however, velocity
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vectors illustrated that continuous evaporation-condensation occurs, which means that the CFD model
was described truly and the operating & boundary conditions were applied successfully.

Compared to our findings with a similar study conducted by Gupta et al., almost the same conclusions
were obtained; that is, for constant pressure and heat flux conditions, the heat transfer coefficient
increased with the help of nanoparticles [5]. As another comparison, Mohammed et al. utilized both
ANSYS Fluent 15.0 and Volume-of-Fluid (VOF) mixture multiphase flow model in their simulations for
pool boiling and concluded that increasing nanoparticle concentration from 0% to 1% led vapor volume
fraction and heat transfer coefficient to increase [10]. Besides, Sato and Niceno performed several
numerical analyses for simulating both nucleate and film boiling regimes under atmospheric conditions
and illustrated the temperature distributions. As a conclusion, they stated heat transfer properties could be
estimated via CFD simulations [16].
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Figure 8. Wall y* values

The flow behaviour near the wall is generally a complicated phenomenon and in order to distinguish the
different regions near the wall, the concept of wall y* has been formulated. Therefore, y* is a
dimensionless quantity and is the distance from the wall measured in terms of viscous lengths. The
calculated wall y* values were given in Figure 8 as the contours. It can be seen that the calculated y*
values are in the acceptable range (y*<5).

4. CONCLUSION

Nucleate pool boiling heat transfer characteristics of dilute, aqueous hybrid nanofluid containing Fe and
ZnO nanoparticles at the Fe:ZnO combination of 50:50 and the final concentration of 0.5% (vol.) were
numerically investigated in this study via ANSYS Fluent. A cylindrical heater-including boiling cell was
modeled in DesignModeler module of the software, and then the mesh generation process was performed.
For numerical comparison on low heat flux condition, the calculations were carried out for deionized
water at first, and then hybrid nanofluid. The findings that cannot be obtained experimentally including
volume fractions, velocity contours, and velocity vectors were illustrated for each working fluid. The
fundamental outcomes of this study were as follows:

e The starting time of the boiling was recorded as 468. seconds for deionized water, and 441.
seconds for dilute hybrid nanofluid, which illustrated that dilute hybrid nanofluid provided more
efficient heat transfer between the heater and the fluid than deionized water under low heat flux
condition.

e The velocity contours and velocity vectors showed the movement of flow around the heater from
the heater to the condenser area.
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e Transition and film boiling processes which cannot be viewed in operation or attained from any

experiment were illustrated by numerical analysis.

o It was shown that dilute hybrid nanofluids can be used in pool boiling applications even in low

heat flux conditions.
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As the number of electric vehicles (EV) increases, technical concerns deal with additional load
introduced by charging of EVs connected to power distribution networks, are being discussed in
the literature. Smart mechanisms such as incentivizing charging of EV’s to periods at minimum
loading hours are being considered to mitigate additional loading effect of EVs on power grids.
In this study, such effects and smart solutions are investigated through quantitative analyses.
For this purpose, impact on EVs are simulated for a set of pilot distribution grids in Turkey.
First, reference network models of the pilot regions, which do not include any EV load, are
developed for the target year 2030. Then EV charging points in different technologies (slow and
fast charging) are added to reference network models under two main scenarios; home charging
support (HCS) and public charging support (PCS). Arrival times of EVs to the charging stations
and state-of-charge (SOC) of EVs at arrival time are modelled with a stochastic approach. The
effects of EVs on the pilot grids are quantified in terms of annual capacity factor (%),
overloading (%) of the branches (transformers and lines), and voltage drop (%) at the
substations.

Elektrikli Araclarin Dagitim Sebekelerine Etkilerinin Olasiliksal
Yontemlere Dayal Simiilasyonlar ile Analizi

Oz

Elektrikli Araglar
Dagitim Sebekesi
Stokastik Yaklagim
Sarj Istasyonlart

Elektrikli araglarin (EA) sayis1 arttik¢a, EA’larin sarj yiikiiniin gii¢ dagitim sebekelerine ilave
yiik getirecegi ve sorunlar yaganabilecegi giincel tartigilan bir konudur. EA’larin sarj maliyetini
sebekenin yiikiiniin diisiik oldugu saatlere kaydirmaya yonelik akilli mekanizmalar bir ¢dziim
olarak degerlendirilmektedir. Bu calismada, EA’larin sebekeye entegrasyonu sonrasi bu tiir
ihtiyaclar ve ¢oziimler analiz edilmistir. Bu amagla, 2030 yilinda Tiirkiye’de sayilari énemli
Olgiide artmasi beklenen EA’larin sebekeye etkilerine yonelik olarak, pilot bir dagitim
sebekesinde, senaryo bazli simiilasyonlar gerceklestirilmistir. EA’larin pilot dagitim sebekesi
iizerindeki etkilerini degerlendirmek i¢in, ilk 6nce hedef yil olan 2030 i¢in bir referans sebeke
modeli (EA sarj yiikii olmayan) gelistirilmistir. Daha sonra, farkli teknolojilerdeki (yavas ve
hizli sarj) EA sarj noktalari, yogunlukla evlerde sarj ve yogunlukla igyerlerinde ve kamusal
alanlarda sarj senaryolar1 igin ayri ayri olmak iizere, bu referans sebeke modeline ilave
edilmistir. Rastgele degiskenler olan EA’larin sarj istasyonlarma variy zamani ve varis
zamaninda sarj durumu (SOC) stokastik yaklasimlar ile modellenmistir. EA’larin sebekeye
entegrasyonunun etkileri, ekipmanlarin (transformatér ve hatlar) yillik doluluk orani (%), asirt
yiiklenme (%) ve asir1 gerilim diistimii (%) agilarindan incelenmistir.

1. INTRODUCTION

Increasing energy demand and environmental effects have made it mandatory to use alternative energy
sources in electricity generation and to prefer high energy efficient electrical devices in consumption. One
of the most important sources of environmental problems is the use of fossil fuel vehicles, especially in
the transportation sector, increasing greenhouse gases and noise pollution. Therefore, there is a tendency
in the transport sector to switch to electric vehicles (EV) instead of vehicles using fossil fuels. These
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vehicles are basically divided into three in technological point of view; 1) Fully electric vehicles (FEV);
2) Hybrid vehicles (where HV, fossil fuel and electrical energy are used together and cannot be charged
externally); and 3) Plug-in hybrid vehicles (PIHV, internal and external rechargeable hybrid vehicles).

The widespread use of both PIHV’s and FEV’s will contribute to the elimination of environmental
impacts such as reducing greenhouse gas and noise pollution, as well as reducing dependence on fossil
fuels. In addition, in the near future, the use of powerful batteries of new generation electric vehicles as a
short-term power source for the grid is also considered as an expected practice [1-2]. On the other hand,
since EV’s will bring additional load to the grid during charging, factors such as the adequacy of the
generation resources in the grid, especially the capacity of the electricity distribution grids and power
quality should be taken into consideration in parallel with the increase in the number of EV’s [3-4].

Various studies examining the effect of EV’s on the electricity grid are available in the literature. The
changes that occur in the grid equipment are examined as a result of integration of the EV load to the grid
with load flow analysis. As a result of the analyzes made in different scenarios, it has been observed that
the technical constraints are not exceeded in the equipment [5-6]. The effect of the EV load on the grid
losses has also been examined and it has been observed that the EV's have a negative effect on the grid
loss, especially in uncontrolled charging situations [7]. EV’s and charging stations contain power
electronic equipment. Therefore, EV’s and charging stations have an effect on the power quality on the
grid [8-10]. The effect of EV’s on the grid exists not only technically, but also socially, economically and
humanly [11-13].

There are several studies examining the effect of EV on Turkey's low voltage and medium voltage grid.
As a result of these studies, it has been determined that EV load will cause a small number of restriction
violations in grid equipment as a result of existing grid expansion and grid integration and the importance
of considering EV. The load during network planning in the coming years has been emphasized in terms
of network management. [14-15].

In this study, in projection year 2030, a significant amount of the electricity distribution grid in Turkey to
be integrated into the grid of the expected effects of EV were examined. For this purpose, the EV’s on a
distribution network with metropolitan characteristics determined as a plot; i) Electrical equipment
loading (such as line and transformer) and ii) and its effects in terms of voltage drop in the substations
have been investigated by computer simulations.

The most important contribution of this study to the literature is the use of probabilistic techniques while
determining the daily charge profile of EV’s and the performance of grid impact analysis in a real
electricity distribution grid using these daily charge profiles. In addition, smart charging methods for
minimizing the additional load of the EA's load to the network have been examined in two different main
scenarios: i) Scenario where home charging is more intense (home charging support); ii) Scenario with
more intense charging in public (public charging support).

Second part of the study is about the technology of EV, and the general information on Turkey's
electricity grid will be given in Chapter 3 as well. In Chapter 4, the previous studies about the effect of
EV’s on the grid, the analyzes and results made within the scope of this study are explained. Finally,
results obtained from the study is concluded in Chapter 5.

2. OVERVIEW OF ELECTRIC VEHICLES

The first emergence of electric vehicles in history dates back to the 19th century. In the 19th century, EV
was also manufactured and sold together with internal combustion engine vehicles. In the 20th century,
the faster development of internal combustion engine technology and the cheaper fossil fuels led to a
decrease about the concern to EV [16]. In the 2000s, due to the decreasing trend of fossil fuels and
increasing environmental pollution, environmentally friendly EV’s have come to the fore again. First,
hybrid electric vehicles started to be developed and produced [17]. With the development of battery
technology, full electric vehicles have become popular and prominent in the market with plug-in hybrid
electric vehicles.
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2.1. Electric Vehicle Technologies

Electric vehicles used today are defined in 3 main types: hybrid electric vehicles (HEV), plug-in hybrid
electric vehicles (PIEV) and full electric vehicles (FEV). The differences between the types are
determined by the characteristics of the motors that provide motion in general, the batteries and the
charging method. Engine structure and battery charging methods according to vehicle types are given in
Table 1, and the hardware structure of the vehicles is given in Figure 1.

Table 1. Types of Electric vehicles

EV Technology Battery Charging Method Motor Type

FEV External Electric
HEV Internal Electric + Internal combustion
PIEV Internal and External Electric + Internal combustion

HEV's are vehicles that are widely used commercially today. In these vehicles, fossil fuel and electrical
energy are used to obtain the desired power. While fossil fuel is used for internal combustion engine
supply, the electric motor in the system is powered by the battery in the vehicle. In these vehicles, when
both engines work as hybrid, the internal combustion engine is activated at high speeds and in situations
where high power is required, while the electric motor is active at the moment of take-off and at low
speeds. . Since the electric machine has the feature of working both as a generator and as a motor, it
provides braking on the one hand by gaining energy during braking, and on the other hand acts as a
generator to charge the battery. In this way, the batteries are charged during braking. In such vehicles, the
batteries cannot be charged externally. Although the electric motor increases the acceleration power of the
vehicle, it is activated when the vehicle is in stop-and-go, and provides up to 25% fuel savings [18].

PIEV and HEV’s are similar in structure. The difference of such vehicles from HEV's is that the battery
in the vehicle can be charged externally. The battery can be charged both with regenerative braking
technology while driving and from the electricity grid when the vehicle is parked. In terms of efficiency,
PIEV’s are more efficient than HEV’s because the limited use of the internal combustion engine and the
combined operation of the equipment increase efficiency [19].

~\
Hybrid Electric Plug-in Hybrid Full Electric
Vehicle Electric Vehicle Vehicle
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Figure 1. Structure of electric vehicle types

There are no internal combustion engines in FEV’s, so the traction power of the vehicle is only provided
by electric motors. For this reason, only batteries are used instead of fossil fuel as an energy source. The
vehicle provides the power it needs from these batteries. The batteries should be charged at regular
intervals, depending on the type of the battery in the vehicle, the conditions of use and the range of the
vehicle. While the charging process of FEV can be carried out at charging stations placed in areas such as
homes, workplaces, shopping malls, charging stations for charging EV’s have also started to be
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developed. FEV’s are the type of electric vehicle with the lowest greenhouse gas emission compared to
electric vehicles with internal combustion engines. In addition, it can produce more torque at low speeds
than internal combustion engines since it only has a battery and an electric motor [8]. Today, FEV types
and numbers are increasing day by day in the automotive market. With the developing technology, mostly
advanced lithium ion batteries are used in vehicle batteries today.

2.2. Electric Vehicles Charging Stations

EV charging stations are structures that enable the charging of EV's that can be charged from external
sources. Charging stations take the power from the electricity distribution grid in order to charge the EV's.
EV's can receive electric current from charging stations in the form of alternating current (AC) or direct
current (DC), depending on their structure.

EV’s that receive electric current as AC have AC-DC rectifier within their body. The electric current
passes through the alternating current rectifier and turns into direct current and the battery is charged with
direct current. These charging stations are called AC level charging stations. AC level charging stations
come in 2 types, Level 1 (AC1) and Level 2 (AC2). The power of Level 1 charging stations is 2-3 kW,
while the power of Level 2 charging stations is 20-30 kW. DC charging stations contain AC-DC rectifiers
and charge the batteries by converting the alternating current received from the electricity grid into direct
current. These stations have a power of 40-100 kW. DC charging stations are used for fast charging and
can charge the battery in an average duration of 30 minutes. AC charging stations are generally used in
homes and businesses because they charge more slowly than DC charging stations. DC charging stations
are used in public places such as highways and shopping malls [20].

Since the number of EV’s charged from the electricity grid is low today, the effect of these loads on the
grid remains limited. However, considering the increase in the number of EV’s in the near future, the
effect of these loads on the grid should be taken into account. Grid structure and ports of EV are of great
importance, as well as the load profile they draw in the analysis of the impact of EV on the grid.

3. ELECTRIC NETWORKS AND NETWORK STRUCTURE IN TURKEY

Electricity network is a system that includes production and consumption points with transmission and
distribution systems. With this system, the electrical energy generated in generation plants is delivered to
consumers. In the first electricity networks, generation facilities were being built in locations close to the
consumption point. With the increasing use of electricity in the following time, the need to transmit
electrical energy to further distances than production points arise. In addition, as the amount of electrical
energy needed increased, the number of production facilities increased. With the increase in both
production and consumption facilities, distribution and transmission systems have also expanded [21].
Due to the increase in the number of equipment included in the electricity network day by day, the
network becomes more complex and its management is also difficult. For this reason, electricity networks
are divided into production, transmission and distribution sections.

The generation system is the system that transfers the electrical energy generated from renewable and
non-renewable energy sources to the transmission or distribution system in generation plants. The
transmission system provides the transmission of high voltage level electrical energy from production
facilities to consumption areas. The distribution network is the system that transmits the electrical energy
coming from the transmission level to the end user at medium and low voltage levels.

Electric transmission level in Turkey is structured in 380 kV and 154 kV voltage levels. In the medium
voltage level of the electricity distribution network in Turkey, 33 kV voltage are used mostly and 6.3 kV
and 15.8 kV voltages are used rarely. Energy distribution for low voltage level customers is carried out at
0.4 kV voltage level. Therefore, electrical energy at medium voltage level is reduced to low voltage level
by means of distribution transformers.

The main rule in distribution networks is that the end users are fed technically, economically and
ergonomically. For this reason, branched and ring network systems are used in the Turkey’s electricity
distribution network. Branched networks are networks where the supply is made from a single source and
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there is no alternative supply. Ring networks, on the other hand, are networks that have more than one
source and therefore have alternative feeds. In branched networks, the installation cost is less and fault
detection is easier than ring networks. However, ring networks are more advantageous than branched
networks in terms of reliability. In the distribution network of Turkey, the network that feeds the city
center and important port is operated as a ring network load. Networks that feed rural networks and points
with low load are generally operated as branched networks.

Nuclear Power Plant Fossil Fuel Power Plant Wind Power Plant

= T

Consumption Points [

Hydroelectric Power Plant

Solar Power Plant

Distributed Generation Plants

Figure 2. Example of bidirectional electric grid

Electric vehicle charging stations are connected to the distribution network from many different points,
and as the number of charging stations increases, the number of different points connected will also
increase. The electric vehicle load that can be integrated into the network can be estimated with the help
of probabilistic functions according to the characteristics of the vehicles and their usage conditions.
However, due to the ability of electric vehicles to use different charging stations, the point at which they
will be integrated into the grid shows flexibility. This increases the need to examine the impact of electric
vehicles, which can be manufacturers and consumers, on the Turkey electricity distribution network.

4. EFFECTS OF ELECTRIC VEHICLES ON DISTRIBUTION NETWORK

As part of this study, the technical impact of electric vehicles on the distribution network in 2030 was
examined in the region fed by Akkdprii substation in Ankara city center, Turkey. According to the
projection, it is expected that by 2030, the population of Turkey will be 93 million and the number of
personal vehicles will be 27.9 million [15]. Considering the policy of the government of the Republic of
Turkey, the domestic electric vehicle is expected to go on sale in 2023. Therefore, the increase in the rate
of electric vehicles in traffic will accelerate by 2023. Considering these developments, in this study, it has
been assumed that the ratio of electric vehicles in all vehicles in 2030 will be 30% in the medium growth
scenario and 65% in the high growth scenario.

The pilot region network model is modeled on DIgSILENT PowerFactory power system analysis
software. In the network model, the power profiles taken from the field are processed on the feeders. Peak
days were determined as a result of the analyzes made with the processed profiles and the analyzes were
carried out on the determined day. The analyzed area is fed from two different HV/MV power
transformers from the same transformer center. As of 2019, the number of MV/LV distribution
transformers available in the pilot area is 599, MV line length is 340 km, and the LV line length is 1405
km. From 2019 to 2030, it has been assumed that the annual load increase will be an average of 5% [22].
Necessary network investments were added to the network model to prevent technical constraints in the
network after load increase.
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Criteria considered for technical constraints are: i) overloading on network lines; ii) overvoltage drop at
the consumer points and iii) N-1 reliability criteria in the primary distribution network in the plot regions.
Parallel line and transformer investments are modeled on existing lines and transformers where these
criteria cannot be met. In 2030, it is predicted that there will be 665 MV/LV distribution transformers,
352 km MV line and 1464 km LV line with the method explained in the plot network.

Figure 3. Single line diagram of pilot region

In the study, the margin of the total number of electric vehicles expected to fall into the traffic of the pilot
region studied in Turkey calculated firstly. In this calculation, the following statistical data of the city of
Ankara and the plot region are used: i) The ratio of the gross domestic product of the city of Ankara; ii)
Growth coefficient; iii) Education level coefficient; iv) The pilot of a high-voltage transformer that feeds
the center of Turkey's total installed capacity to a total installed capacity of high-voltage transformer ratio
(1) [15]. With this approach, the total number of electric vehicles calculated for the pilot region in 2030,
the total number of EV charging stations and different charging technologies are given in Table 2.

EVpg = EVy % TMKpg * GDP, * DC, * EC, 1
EVpg: Pilot region number of electric vehicles
EV;. Total number of electric vehicles (2030)

TMKpp: Ratio of pilot regional substation installed capacity to total substation installed capacity in
Turkey (2030)

GDP,: Ratio of the gross domestic product of the city in which the pilot region is located to the total gross
domestic product of the country (2014) [23]

DCy: Development coefficient of the city where the pilot region is located [24]

EC,: Coefficient of education level of the city where the pilot region is located [25]
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Table 2. Pilot region EV number of charging stations and charging technologies

Charging Status Home Charging Support Public Charging Support

AC1 - Home 683 683
AC2 — Home 1595 1595
AC2 —Workplace 456 456
AC2 — Public place 410 820
DC3 - Public place 46 91
Total 3190 3645

4.1. Method

The flow chart of the method followed in the study is given in Figure 4. Analyzes were carried out with
DIgSILENT PowerFactory network analysis software. In this context, as can be seen in the flow chart,
firstly the network geographic information system (GIS) data of the plot region was transferred to the
network analysis software and the 2019 (current) reference network model was created. Then the 2019
annual loading profiles of the transformers in the plot region were escalated, and the 2030 load profiles
were obtained. For this purpose, an average annual demand increase of 5% is projected (excluding EV
charging load). While determining the additional network investments needed after this increase in
demand, the previous 5 and 10-year demand increase and network investment amounts and 2019
transformer occupancy rates (annual capacity factor) were taken as reference in the plot region. Thus,
excessive low or high grid investment modeling is prevented in the 2030 reference grid model without
EV charging load. Finally, the EV vehicle charge load was modeled on the 2030 reference grid model in
different scenarios and the effects of EV’s on the network were analyzed.
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GIS Data | DIESILENT | f Network | i Network Network |
(2019) ‘ PowerFactory ‘ Model (2019) Model (2030) i Model (2030) E -------------- ,‘
7y 7y - { Equipment |
! | loadings |
R i Loadings
- - v Y Load :
Load Profiles H Pe"?and {1 Network !
2019 { Projection(5% | | i Flow
\ ( ) ‘ {_annual increase) } | Investment } Analysis
T Busbar
[, e P i Voltage Drop \
" Probabilit: It h] 1 i At M et
'FO .a | l Y ! Monte-Carlo | i Scenario Based !
Distribution ¥ . . f—————————»  EVCharge {——»
i Simulations | i Profiles 1

Figure 4. Flow chart of method

Monte-Carlo simulations were used to determine the daily charge profile of electric vehicles [26]. By
using the charging times of electric vehicles during the day and their arrival times at charging stations as
probabilistic inputs, a possible daily charge profile has been obtained. One million different charge
profiles were created by Monte Carlo simulations. Among these, five representative charge profile
probability distances have been determined using the scenario reduction approach [27]. One million
scenarios are clustered in 5 categories according to their probability values. Later, the most representative
electric vehicle charging model was selected in each category. Examples are given in Figure 5 for the
probabilistic distribution functions (PDF) of the charge based on AC2 and DC technology and the current
state of charge (SOC) modeling of the vehicles in the scenario where charging at home is intense. Charge
in public place is modeled as uniform to daytime hours, while charging profile at home is modeled as
evening and normal distribution.
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Figure 5. Possible daily EV load estimation method

Electric vehicle loads; connected to the LV networks of distribution transformers for home charging
stations, to gas station and shopping center transformers for public place charging stations. The total daily
profile projection of the total load, excluding the electric vehicle load for the peak day, in the plot region
is given in Figure 6.
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Figure 6. Pilot region total load profile projection excluding EV payload (2030) (MW)

The investigation of the effect of electric vehicle load on the distribution network was carried out in 2
different scenarios. In the scenario where home charging is supported, it is assumed that electric vehicles
are mostly charged at homes. In the scenario where public charging is supported, it is assumed that
electric vehicles are mostly charged in public places. It is assumed that when charging is supported in
public areas, there will be more charging during the day, more fast charging points and regular charge
load distribution at workplaces. In case home charging is supported, it is assumed that there will be more
charging at night, more slow charging points and regular charge distribution at workplaces. Along with
these assumptions, the representative daily charge profiles of electric vehicles belonging to the scenarios
obtained from Monte Carlo simulations using the probability functions in Figure 5 are given in Figure 7.
In the simulations, it is assumed that all the electric vehicles given in Table 2 for the pilot area use
charging stations during the day.
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Figure 7. Electric vehicle daily charging profiles for scenarios
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Figure 8 shows the ratio of electric vehicle load to other loads in the network. The electric vehicle load
rate during the day is 13% in the home charge support scenario and 26% in the public place charge
support scenario.

EV Load/Other Loads
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= Home Charging Support Public Charging Support

Figure 8. Ratio of EV load to other loads on the network

Load flow analyzes were carried out separately with and without the electric vehicle load on the network.
As a result of the load flow analysis, the loading data of the line and transformer equipment and the
voltage levels in the substations were examined.

The minimum voltage data of the busbar equipment obtained as a result of the analysis is given in Figure
9, the maximum loading data of the line equipment is given in Figure 10, and the maximum loading data
of the transformer equipment is given in Figure 11.

The inclusion of the electric vehicle load in the network from more than one point causes the effect of the
load increase to spread to much more equipment in the network. In this case, rather than a high effect at a
single point, a low effect occurs at many points. As seen in Figure 9, the minimum busbar voltage in the
network decreases at most 1% when electric vehicles are included, and this corresponds to the times when
the electric vehicle load ratio is the highest.
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Figure 9. Minimum voltage for busbar equipment

If a load is connected to any point in the network, an increase occurs in the loading of all lines between
the load and the source. With the connection of electric vehicle loads at more than one point, an increase
occurs in the loading of many lines in the network. As can be seen in Figure 10, with the inclusion of the
electric vehicle load into the network, the maximum change in line loads was 7%. Since the line cross
section increases as the load point approaches the source, there has not been a high increase in the loading
of the primary and secondary lines in the network. It is seen that electric vehicle charging stations are
built close to the source of the distribution network to be an advantage for line loading and voltage drop.
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However, since the locations of home type charging stations are formed according to customer demands,
it is not expected that every charging station will be close to the source.
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Figure 10. Maximum loading of line equipment

Home charging stations are modeled on the LV grid of distribution transformers. Because of this
situation, the effect of electrical vehicle loads on distribution transformers has been more than effects on
other equipment. As seen in Figure 11, the maximum change in transformer loads has been observed as
20%. This situation is 20% of the transformer capacity of the electric vehicle load fed from low-capacity
distribution transformers. The occupancy rate of distribution transformers is low in Turkey. The 20% load
increase increased the transformer loading up to 90% in some hours, but there was no overload.
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Figure 11. Maximum loading of transformer equipment

In previous similar studies, it was emphasized that electric vehicles will have negative effects on the
distribution network because of their integration into the distribution network. It was emphasized that
electric vehicles should also be taken into consideration in grid planning in the long term to solve these
negative effects [14,28]. As another solution method, it has been suggested that electric vehicle charge-
discharge methods should be properly structured and managed reasonably [29-30]. Compared with the
similar results obtained in other studies, distribution transformers annual occupancy rate in Turkey
(capacity factor) due to the fact that it is relatively low, Turkey was found to have a significant free
capacity for EV charging load of the transformer in the mains. Therefore, it is not necessary to keep the
power levels foreseen in the network capacity increase investments at very high values, and it is foreseen
to increase the network capacity at lower powers.
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5. CONCLUSION

In this study, in 2030, a significant number to reach the expected load charge in electric vehicles in
Turkey, technical effects to a pilot metropolitan distribution network in Turkey was examined in two
different scenarios (high charging at home, and high charge in the public place). The daily charging
profiles of electric vehicles in both different scenarios were determined by probabilistic techniques. On
the peak demand day, the effects of the electric vehicle charging load on the busbar voltages in the
substations and loadings of line and transformer were observed with load flow analysis. As a result of the
analysis, it was observed that the additional effect of the electric vehicle load on busbar voltages and line
loads was at negligible levels. The most important reason for the electricity distribution network in
Turkey, distribution transformers annual capacity factor (occupancy rate) is quite low (according to the
difference between peak and minimum load of very high) and is to be filled with intelligent charging
method of free capacity (at home charge is usually low load the amount of simultaneous demand is at a
predictable level due to the fact that it occurs during night hours and the charging points are limited in the
public place.). As a result, between 2018 and 2030, electricity demand increases by an average of 5%
(excluding electric vehicles) annually, and if the grid investments required for this load increase are
realized in accordance with the demand increase, as in previous years, a negligible level of technical
problem is observed in the grid integration of electric vehicles. On the other hand, if the assumptions
considered in this study are realized differently, different results may occur. Therefore, the most critical
assumptions in this study are the annual demand increase, the network investments required for this
demand increase, and the occupancy rates of transformers to be followed by the distribution companies.
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Reliability is the ability of a system and/or system components to function within a specified time
under specified conditions. One of the most important criteria of electricity transmission systems
is to be able to keep the energy on the system continuously within the limits and to be interrupted
for the least possible time. The reliability study offers important advantages such as determining
the appropriate operating range of the system and making the necessary intervention. In this study,
it is aimed to show that the transmission lines can be interrupted for the least amount of time
within the specified limits when the maintenance and the operation activities of electricity
transmission lines are carried out with Reliability Centered Maintenance (RCM) in the
foreground. In this direction, reliability analysis was conducted using transmission line fault data.
Also, the Anderson-Darling goodness of fit test was performed to determine from which statistical
distribution the transmission line fault data came from. The reliability of the transmission line is
evaluated with the Log-normal distribution, which is determined by the goodness of fit. As a
result of the reliability assessment, the reliability of the transmission line was found to be low.
The advantages that transmission lines can provide when maintenance and operating activities
are conducted based on reliability are presented.

Elektrik Iletim Hatlarinin Giivenirligi icin Uygun Olasilik Dagilim
Secimi ve Analizi

Oz

Uyum iyiligi
Anderson-Darling Test
Log-normal Dagilim
Giivenirlik Analizi
MTBF

RCM

Giivenirlik, bir sistemin veya sistem bilesenlerinin belirlenen siire i¢erisinde, belirtilen kogullarda
islevini yerine getirme yetenegidir. Elektrik iletim sistemlerinin en 6nemli kriterlerinden birisi
sistem tizerindeki enerjiyi limitler dahilinde siirekli tutabilmek ve miimkiin olan en az siire
kesintiye gitmektir. Giivenirlik ¢aligmasi, sistemin uygun calisma araliginin tespit edilip gerekli
miidahalenin yapilmast gibi onemli avantajlar sunmaktadir. Bu calismada, elektrik iletim
hatlarmnin bakim ve isletim faaliyetlerinin Giivenirlik Merkezli Bakim (Reliability Centered
Maintance -RCM) 6n planda tutularak yapildiginda, belirtilen sinirlar dahilinde iletim hatlarinin
en az slirede kesintiye ugrayabileceginin gosterilmesi amaglanmustir. Bu dogrultuda, iletim hattt
ariza verileri kullanilarak giivenilirlik analizi yapilmigtir. Ayrica, iletim hatti ariza verilerinin
hangi istatistiksel dagilimdan geldigini belirlemek i¢in Anderson-Darling uyum iyiligi testi
yapilmistir. Uyum 1iyiligi ile belirlenmis olan Log-normal dagilim ile iletim hattinin giivenirlik
degerlendirilmesi  yapilmustir.  Giivenirlik degerlendirilmesi sonucunda iletim hattinin
giivenirliginin diisiik oldugu goriilmiistiir. iletim hatlarimin bakim ve isletim faaliyetlerinin
giivenirlik merkezli yapildiginda saglayabilecegi faydalar sunulmustur.
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1. INTRODUCTION

Long-lasting operation of the system without failure provides a safer environment in terms of efficiency
and cost, as well as the employee health and safety. Electricity transmission lines are asked to remain
continuously energized. It is undesirable to cut off the energy on the line. It is essential to keep the lines
energized and to complete the interruption as soon as possible. In order to meet these conditions,
maintenance work is increased and provided in the current situation. But, increasing maintenance work will
increase the cost and number of personnel. At the same time, it will prolong the staff's exposure to risk in
the work area. In the literature, the process called RAMS (Reliability, Availability, Maintainability and
Safety) has gained importance in order to minimize the afore-mentioned problems. RAMS, which is the
basic principle of preventive maintenance, is effective in reducing the maintenance time, the number of
failures and risk level, and extending the operating time of the system. Due to the preventive advantage of
RAMS activities, the health and the safety of employees coincide with the proactive prevention approach.
The most important step of RAMS studies is Reliability Centered Maintenance (RCM). RCM is a technique
used to develop the cost-effective maintenance plans [1]. Reliability-centered maintenance provides the
opportunity to determine the appropriate operating range of the system and to make the necessary
intervention.

IEEE (The Institute of Electrical and Electronics Engineers) defines reliability as "the ability of a system
or component to perform the specified functions for a certain period of time" [2]. Reliability is an
interdisciplinary work subject used in almost all engineering fields that try to bring safety, time, cost and
quality to the appropriate values as much as possible. Typical criteria for reliability are error rate/frequency,
average downtime, and average time between failures. Mathematically, reliability can be expressed as the
probability that the time to failure of the component or system is greater than or equal to a certain time (1),
denoted by R (t) = P (T>t), where R (t) is reliability, P is probability, T is any time, and t is the determined
time [3].

Reliability depends on the quality of the data used in the studies. System reliability models are applied to
the probability theory with the aim of adapting error data to statistical distribution models and this process
is created by data analysis. The purpose of data analysis is to obtain reliability and hazard functions, and
two methods are used for this. The first one of these methods is the nonparametric method. In this context,
a nonparametric method is a method that takes into account experience and observations based on the field
experience rather than applying a mathematical method. On the other hand, the second one is parametric
method. It is usually the preferred method and is characterized (simulated) by an appropriate distribution
of the fault data [3]. There are many distributions used in parametric evaluation of the reliability. Among
these distributions, the most common ones are normal, log-normal, Weibull, gamma, and exponential
distributions [4, 5].

According to IEEE P1366 standard electrical distribution reliability indices, the mostly used indices are
system average interruption frequency index (SAIFI) and system average interruption duration index
(SAIDI) [6]. SAIFI is commonly used as a reliability indicator and is calculated using the error rate (A)
criterion. Error rate (failure rate) criterion plays an important role in reliability and survival studies. With
the failure rate model, a mathematical model of the distribution can be created for a specific life span [7].
Mean Time to Between Failure (MTBF) is the inverse of the error rate, and the MTBF criterion is one of
the most widely used criteria in reliability calculations [8]. Reliability assessments aim to calculate the
frequency and the expected duration of the interruption. Reliability calculation with the use of distribution
functions can provide many advantages, such as job planning, scheduling, warehouse inventory, the cost
estimation of the interruption frequency and the expected duration of the outage.

In order to determine the reliability and the lifespan of the systems, past error data of the systems are
required. The reliability/security study depends on the quality of the data and is basically conducted with
two approaches. The first method of these approaches, the empirical approach (non-parametric method),
derives the reliability and hazard functions directly from fault data [3]. It is usually carried out with data
from experienced people in the field. As an example, the reliability ratio of the N component system can
be calculated by proportioning the number of non-deteriorating equipment to the total number of equipment
at the end of the t period. The other method is the parametric approach. As the name suggests, the parametric
approach is characterized by parameters, in which fault data are defined with a probability distribution and
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distribution parameters are estimated [3]. Goodness of fit tests need to be applied to examine whether the
data fit a particular distribution [9, 10]. Reliability analysis and life expectancy estimation were applied to
different areas in the literature, using parametric probability distributions. Gorjian Jolfaei et al. evaluated
the reliability of the power generation system in order to minimize the operating and maintenance costs in
waste-water treatment plants with the two-parameter Weibull model [11]. Kumar and Krishnan estimated
the reliability evaluation and the expected first failure time with two-parameter Weibull Distribution using
the MTBF criteria of twenty-four diesel compressors of the same brand and model [12]. Li et al. determined
the lower and upper limits of reliability of electrical elements with three-parameter generalized inverse
Weibull [13]. Volkanovski et al. developed a reliability assessment aimed at identifying weak points of the
system in order not to interrupt electrical power systems [14]. Using the real data of the last five years used
in the reliability assessment of the electrical power system, Tur assessed the reliability with the indices
specified in the IEEE P1366 standard, and determined the most suitable feeder by commissioning the
switching points determined to make the power system more reliable with four different configurations
[15]. Deng et al. made their reliability assessment with Weibull distribution in order to improve the safe
working coefficient of mobile equipment, reduce maintenance costs, and extend equipment life [16].
Roshan et al. conducted a study to find the most suitable model among the four distributions used in
reliability evaluations, which are log-normal, Weibull, gamma, and exponential distribution [17]. Gupta et
al. used the log-normal distribution to evaluate the reliability of variables showing positively skewed [18].
Ragab et al. examined the distinctions of Weibull, log-normal, and log-logistic distributions used for the
lifespan estimation of the positively skewed data [19]. Dey and Kundu analyzed the discrimination of the
positively skewed data, which is important in reliability assessment [20].

In this study, unlike other studies, in order to evaluate the reliability of the system as a whole, reliability
analysis of Konya4-named feeder located in Yesilhisar Transformer Center at the Kayseri 11th Regional
Directorate under General Directorate of Turkish Electricity Transmission Corporation (TETC) was
performed. First of all, fault record data emerging between 2014-2019 were collected. The goodness of fit
test was used to determine which parametric distribution was appropriate for the collected fault record data.
Then, the reliability value of Konya4 feeder was calculated by using the probability distribution. According
to the calculated reliability value, it is concluded that when the maintenance and the operation activities of
the electricity transmission lines are based on the reliability-centered maintenance studies, intervention and
operation continuity within the specified limits can be achieved. The parametric probability distributions
used in reliability evaluation are explained in Section 2. The goodness of fit test and reliability analysis
application example for determining the proper distributions used in the reliability analysis of Konya4
feeder are included in Section 3. Results and evaluations are given in Section 4.

2. DISTRIBUTIONS USED FOR RELIABILITY ASSESSMENT

Different probability distributions are used for reliability assessment. Distributions are divided into two as
discrete probability and continuous probability according to whether the variable is discrete and continuous.
Fiondella and Xing state that the mean time between errors is evaluated by continuous probability
distributions [21]. There are many continuous distributions in the literature for reliability assessment.
Verma et al. classify the distributions of statistics that are widely used in reliability according to their
application areas. This classification is shown in Table 1 [3].

Table 1 Statistical distributions used for reliability assessment [3]

Distribution Type Application areas in reliability assessments

Poisson Distribution Determining error occurrence rates per hour or per element

Binomial Distribution  In the reliability assessment of KooN systems

Exponential Determining the lifetime distribution of non-repairable complex
Distribution systems and the lifetime of multi-equipment systems
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Weibull Distribution Predicting downtime of equipment that is often subject to wear and

fatigue
Log-normal Modeling the repair time and modeling the lifetimes of metals and
Distribution transistors
Normal Distribution Analysing lifetime distribution and load resistance of components
under load.
Gama Distribution Modeling system failure timing and modeling time between

maintenance

2.1. Exponential Distribution

The exponential distribution is the most widely used distribution in reliability and risk assessment.
Exponential distribution is used to model the useful life of the system [3]. Pham defined the probability
density function (PDF) f(t) as a mathematical function that defines the probability of each element of a
discrete set or the result range or possible values of a continuous variable. The probability density function
for the exponential distribution is defined in Equation 1 [8]:

f(t) = Ae?t 0<t<ow, f()=0 t<0 1
I A is the hazard (failure) rate, MTBF = 1/A.

Pham defined the cumulative density function (CDF) F(t) as a function that gives the probability of a
random T variable to take values less than or equal to some t values. The cumulative density function for
the exponential distribution is defined in Equation 2 [8].

F(O) = [, f(Ddt =1 —e~* 2

The reliability function R(t) is a time-varying function and it is complementary to the cumulative function.
In cases where the failure time is modeled, the cumulative density function represents the failure probability
and the reliability function survival probability. Pham defined the reliability function for the exponential
distribution in Equation 3 [8].

R(t)=1—F(t) =e™* 3

The hazard function h(t) is the ratio of the probability density function to the reliability. Pham defined the
hazard function for the exponential distribution in Equation 4 [8].

T OR(t) e—At

-ir
h() =L9_2—_) 4

The mean value E(t) is the mean value of a distribution. Verma et al. defined the mean value for the
exponential distribution in Equation 5 [8].

E(t) =[5 tf(0) =~ 5

Var (t) Variance is a statistical expression that determines the average distance of a variable set from the
mean value in that set. Verma et al. defined the variance for the exponential distribution in Equation 6 [3].

Var(t) = E(T?) — (mean)*® = (.[om 2 f(t)dt) — G)z - ,f_z_,aiz - Aiz 6

2.2. Normal Distribution
Normal distribution is the most important and widely used distribution in statistics and probability fields.

It is known as the Gaussian distribution, and is used to represent attrition information by which fatigue and
aging will be modeled [3].

Pham defined the probability density function (PDF) f(t) for the normal distribution in Equation 7 [8].
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In the equation, p is the population mean, and ¢ is the population standard deviation, which is the square
root of the variance.

Pham defined the cumulative density function (CDF) F(t) for the normal distribution in Equation 8 [8].

r—
PO - Jf, 23 e 8
The reliability function R(t) for Pham normal distribution is defined in Equation 9 [8].
3
R(D) = [~ GlTe ) g 9

Here, Z transform is done for integral analysis. The z transformation is defined in Equationl0.

P 10

Re-expression of the cumulative density function by substituting the Z transform is defined in Equation 11.

0(z) = fmTLTe‘?dz 11
Pham defined the hazard function h (t) for the normal distribution in Equation12 [8].
_fo_ A8
h(t) = R(t) 1-0(z) 12

2.3. Log-normal Distribution

Log-normal distribution is the normal distribution with the natural logarithm of the variable that takes a
continuous positive value. Log-normal distribution is used to model failure cycles of metals, lifetimes and
repair times of transistors, and bearings [3].

Pham defined the probability density function (PDF) f(t) for the log-normal distribution in Equation13 [8].

F(6) = T o<t 13

Pham defined the cumulative density function (CDF) F(t) for the log-normal distribution in Equation 14
[8l.

\2‘rcrt

F() = &[] 14

In this equation @ is the standard normal distribution cumulative density function.

The reliability function R(t) for Pham log-normal distribution is defined in Equation15 [8].

R(D)=1—-& [“‘* 4 15
Pham defined the hazard function h(t) for the normal distribution in Equation 16 [8].
1 1 !nr—g}z
_fie Vemait
h(t) = R 1 ¢'[Im u] - 16

Verma et al. defined the mean value for the log-normal distribution in Equation 17 [3].

l:|-2
E(t) =et"2 17
Verma et al. defined the variance for the log-normal distribution in Equation 18 [3].

Var(t) = e(zF‘*"z}(e"z -1) 18



Yunus KARA, Mehmet Rahmi CANAL, Ibrahim SEFA, Fatih Emre BORAN | GU J Sci, Part C, 9(1):108-121 (2021) 113

2.4. Weibull Distribution

The Weibull distribution has a wide application in reliability calculation due to its flexibility in modeling
different distribution types. This distribution method can be used to model time for failure of lamps, relays,
capacitors, germanium transistors, ball bearings, automobile tires, and some motors. In addition to being
the most useful distribution function in reliability analysis, it is used in the classification of fault types,
troubleshooting, preventive maintenance, and inspection activity programming [3].

Pham defined the probability density function (PDF) f(t) for the Weibull distribution in Equation 19 [8] as
B-1 _(r)f
f(t)=§(§) e o<t 19
where B is the shape parameter, and 1 is the scale parameter.

Pham defined the cumulative density function (CDF) F(t) for the Weibull distribution in Equation 20 [8].

£\B
F(f) = 1—e @) 20
Pham defined the reliability function R(t) for the Weibull distribution in Equation 21 [8].
8
R(t) = e~ 21
Pham defined the hazard function h(t) for the Weibull distribution in Equation 22 [8].
B-1
h(t) =& - 22
Verma et al. defined the mean value for the Weibull distribution in E(t) Equation 23 [3].
1
E(t)=al [1+=
(D) =a ( ﬁ) 23
In this equation, I'(x) is the gamma function and it is defined in Equation 24.
r()= [y y**evdy 24
Verma et al. defined the variance Var (t) for the Weibull distribution in Equation 25 [3].
) — 2 2 2y _ p2 1
Var(t) = ¢ = @ [r(1+ﬁ) r (1+5)] 25

3. RELIABILITY ANALYSIS EXAMPLE OF KONYA 4 FEEDER

The reliability analysis of the 380kV high voltage line, the total line length of 223km and the bidirectional
current carrying capacity of the feeder, named Konya4 at the Kayseri 11th Regional Directorate Yesilhisar
Transformer Center under General Directorate of Turkish Electricity Transmission Corporation, was made.
Restrictions such as land structure and general weather conditions that may cause failure in Konya4 feeder
were ignored. Thus, the steps given below were followed for the reliability analysis.

Step 1. Obtaining fault record data

The mean times between failures (MTBF) data were extracted from the last six years of fault records of the
Konya4 feeder, and reliability assessment was aimed to be made with these data. The data do not have a
specific frequency. In addition, the data are considered as data for malfunctions that cause the system to
stop and that require manual or automatic intervention. It is aimed to evaluate the reliability of Konya4
feeder by choosing the most suitable one among the most used exponential, normal, log-normal and Weibull
distributions in the literature. Thus, the data of the last six years of Konya4 feeder are given in Figure 1
below.
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Figure 1. Fault MTBF times of Konya4 Feeder between 2014-2019 (hours)
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Step 2. Determining the probability distribution with the Goodness of Fit Test

Goodness of fit test is a statistical test for choosing the appropriate distribution in the parametric approach.
It is used to determine whether the data are suitable for a certain probability distribution. In other words, it
tests whether the data comes from a specific or partially specified probability distribution [22]. The null
hypothesis (HO) and the alternative hypothesis (H1) are defined to determine if random data fit a
distribution.

HO: The data does not differ from the probability distribution; it is the specified distribution.
H1: There is a difference between the probability distribution of the data; it is not the distribution specified

(3].

The classical approach to obtaining the null hypothesis fit test that a data has a certain probability
distribution is to divide the possible values of random variables into a limited number of regions. The
number of sample values entering each region is then determined and compared with the theoretical
expected numbers under the specified probability distribution, and the null hypothesis is rejected when they
are significantly different [22]. When performing the statistical evaluation of the data in good fit, the
difference between the data and the distribution model is evaluated and this difference is desired to be small.
If it is less than the value indicated at the end of the evaluation, HO is accepted, or H1 is accepted [3, 23].

Goodness of fit can be expressed as the first step in data evaluation. There are different goodness of fit tests
in the literature. Kolmogorov-Simirnov, Anderson-Darling, Cramer-von Missses, Pearson Chi-square,
Shapiro-Wilk, Shapiro-Francia, Weisberg-Bingham, D'Agustino, Fillibun and Jarque-Bera can be given as
examples of the most used of these tests [24]. The data used in the study are about the time between failures
of the transmission line. In the goodness of fit studies, these durations are considered as hours, sorted
according to chronological order and the Anderson-Darling test, which is the goodness of fit test, is
classified according to periods during the application phase.

Step 2.1. Anderson-Darling Goodness of Fit Test

As a goodness of fit test, the Anderson Darling test calculates the Anderson-Darling statistics between the
cumulative distribution function (CDF) and the empirical probability density function (EDF). For example,
the Anderson Darling test is used to determine whether it belongs to a particular distribution [25]. Anderson-
Darling goodness of fit test is widely used and has good strength properties [26]. Anderson-Darling
goodness of fit test has the advantage of a more sensitive test by making use of other distributions (Normal,
Lognormal, Exponential, Weibull, Logistic, etc.) in calculating the p value. Although calculating the p
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value for each given statistical distribution is a disadvantage, software such as Minitab is turned it into an
advantage.

Let the data x 1< x 2<---<x_n be as follows in ascending order (Anderson-Darling equation for n data is
shown in Equation 26 and Equation 27):

A% = n [ [F,(0) — FOOP/IF (x){1 — F(x)}]dF (x) 26
Here, Fn (x) and F (x; 0) are EDF and CDF, respectively.
Ar=—n—(1/n) X, 2i— 1D In(y) +In (1 —u,_;.,) 27

Here,u, = F(x,);i=12,...,n

The calculated test statistic is then compared with a critical value according to the importance of the values.
Generally, if the test statistic is less than the critical value, the null hypothesis (HO) is accepted. If not, the
alternative hypothesis (H1) is accepted. Critical value depends on test severity and sample size [3, 25, 27].

The p probability value is used to interpret the goodness of fit test results. As a result of the goodness of fit
test of the data set, the p value is compared with the degree of significance () to determine whether the
data differ from the statistical distributions. The significance level (a) is a value selected in the goodness
of fit test evaluation process and is compared with the p value at the end of the test. In the Anderson-Darling
test, the significance level, o = 0.05, is generally used. In addition, the degree of importance (a)) can be
equal to values of 0.2, 0.1, 0.05, 0.02 and 0.01 [3, 25, 28]. These values are the percentage of the error made
in rejecting the null hypothesis. For example, when the alpha value is selected as 0.1, it means rejecting the
null hypothesis with a tolerance of 10% of the evaluation. The degree of importance (o) value is chosen
and the p value is a value that can be calculated. The p value can be calculated statistically by different
methods, but the comments are the same. If the p value is less than alpha, the null hypothesis is rejected; if
the p value is greater than or equal to alpha, the null hypothesis is accepted [29]. In this study, the
importance level was determined as a. = 0.05.

Minitab 19 statistics program was used to determine which distribution best fits the MTBF data of Konya4
feeder between 2014-2019, which is given in Figure 1. Normal, exponential, log-normal and Weibull
distributions were tested according to Anderson-Darling goodness of fit. Thus, the test results obtained are
shown in Table 2.

Table 2. Anderson-Darling compatibility results of distributions of Konya4 Feeder

Distribution AD p
Normal 10.744 <0.005

Exponential 2.253 0.005
Weibull 2.006 <0.01

Log-normal 0.629 0.099

* In the Anderson-Darling test, o was chosen as 0.05.

As can be seen in Table 2, the p value is less than 0.005 in the normal distribution, it is equal to 0.005 in
the exponential distribution, it is less than 0.01 in the Weibull distribution, and it is equal to 0.099 in the
log-normal distribution. According to these results, since p is 0.099> o = 0.05, the null hypothesis (HO:
Konya4 feeder data come from the Log-normal probability distribution family) is accepted, and the H1
hypothesis is rejected. (H1: There is a difference between the data of Konya4 feeder with normal,
exponential, and Weibull probability distributions). Thus, the compatibility test curves made with
Anderson-Darling are shown in Figure 2.
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Figure 2. Anderson-Darling compatibility curves of Konya4 Feeder distributions

Figure 2 shows that, according to Anderson-Darling compatibility curves, the most harmonious distribution
among the values remaining in the 95% confidence interval (ClI) is the log-normal distribution.

Normality test and the normality test of Konya4 feeder data were performed in order to reveal whether the
data conformed to the normal distribution. Skewness and kurtosis values in the normality test should be in
the range of = 1 according to Hair et al. According to Tabachnic and Fidel, the skewness and kurtosis values
in the normality test results should be in the range of £ 1.5 [30, 31]. When the normality test is applied,
according to Anderson-Darling, to the MTBF data of Konya4 feeder, it is seen that the skewness is 1.98,
that the kurtosis is 3.53, and that the curve is positively skewed according to Figure 3.

Anderson-Darling Normality Test

A-Squared 10.74
P-Value <0.005
Mean 441.44
StDev 510.46
Variance 26057136
Skewness 198438
Kurtosis 3.53241
el N 18
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Figure 3. Normality curve of Konya4 feeder

Generally, the data that do not show normality can be normalized by transforming. According to Tabachnic
and Fidel, data showing positive skewness is normalized by taking its natural logarithm (In) [31]. When the
natural logarithm of the Konya4 feeder is taken and subjected to the normality test again, it is seen that the
skewness: 0.2 and the kurtosis: -0.76 values and the distribution become close to normal as can be seen in
Figure 4. Thus, it is verified to perform reliability assessment with log-normal distribution showing the best
performance in goodness of fit. It coincides with the studies in the literature that use log-normal distribution
in reliability evaluation for the data showing positively skewed.
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Anderson-Darling Normality Test
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Figure 4. Normality test curve with natural logarithm of Konya4

Step 3. Calculation of the reliability value of Konya4 feeder

In the previous section, it was determined that the most appropriate distribution to be used for the reliability
studies of the MTBF data of Konya4 feeder is the log-normal distribution. These equations used in the
reliability assessment of the log-normal distribution in Section 2.3 are defined in 14, 15, 16, 17, and 18.
Log-normal distribution is a parametric distribution, and firstly, location parameter (i) and scale parameter
(o) are calculated, which are the parameters of the log-normal distribution. Microsoft Excel program is used
in calculations.

The location parameter, p, is defined in Equation 28.

p= Z?:J_!nti 28
n
Scale parameter o is defined in Equation 29.
o= n E?zl(fntsz—{z?:l!ntf)z 29
n(n—1)

In the calculations made using Equation 28 and Equation 29, location parameter and scale parameter were
found as follows, respectively:

p=5.533591979 and o= 1.064268901

The probability density function according to the log-normal distribution (PDF) is found as follows when
evaluated according to Equation 30:

flo) =

When the cumulative density function (CDF) according to log-normal distribution is evaluated according
to Equation 31, it was found as follows:

1 _1Int—p o
e72C s )" = 0.002456939 30

sty2m

Int—p

F(t) = & ["=£] = 0.236737331 31

The reliability function R(t) according to the log-normal distribution was found as follows when evaluated
according to Equation 32:

R(t) = 1— & [t

] =1-0.236737331 = 0.763262669 32

&

When the hazard function h(t) according to the log-normal distribution is evaluated according to Equation
33, it is found as follows:
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h(f) _ @ __ 0.002456939

= = 0.00322 33
R(t) 0.763262669

The average value E(t) according to the log-normal distribution was found as follows when evaluated
according to Equation 34:

2

a
E(t) = ez = %0 = 443,191 hours 34

When the reliability evaluation was made using the Minitab 19 program, the curves in Figure 5 were
obtained.
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Figure 5. Konya4 feeder reliability evaluation curves

As the curves in Figure 5 demonstrate, the location parameter, scale parameter, and average values are
equal when the values in the statistical table, which is the program output, and the values caused by the
rounding in the calculations are ignored. While the probability density function curve and the hazard
function curve should ideally be in the form of a bell curve, it was found as a positively skewed curve in
the study. Most of the fault times on a positively skewed curve are less than the average value. The results
of the reliability assessment of the Konya4 feeeder are low. Low reliability may cause the transmission line
to be interrupted at unexpected times. With the RCM, the reliability value can be raised and the intervention
time to the system can be adjusted. If the maintenance work of the Konya4 feeder system had been based
on reliability, it could have been interpreted that many failures would occur before the planned intervention
and the success of the reliability centered maintenance work would be low when planned intervention to
the system at an average value was required.

4. CONCLUSION AND EVALUATION

In this study, the reliability model has been created with the MTBF values obtained by extracting the fault
values of the 380 kV electricity transmission line feeder named Konya4 at the Kayseri 11th Regional
Directorate Yesilhisar Transformer Center under General Directorate of Turkish Electricity Transmission
Corporation. While creating the reliability model, evaluation is made with parametric methods. The
goodness of fit test, which is the most appropriate distribution of probability, is performed using the
MINITAB 19 statistical program. According to the result of the goodness of fit test, the log-normal
distribution is determined as the most appropriate distribution. Reliability is evaluated using log-normal
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distribution. As a result of the evaluation, the reliability is found as R(t) = 0.763 and the mean value E(t) =
443.191 hours. The following assessments have been proposed based on these results:

1) The closer the reliability value is to 1, the longer the system may be able to operate safely. Reliability
value of Konya4 feeder is far from 1. The most important reason for the low reliability value is that the
maintenance and operation activities used are not reliability-centered. When maintenance and operation
activities are based on reliability, activity planning can be created more easily. In reliability-centered
maintenance activities, system intervention is carried out on average time. When the fault data set is
analyzed, it is seen that the majority of the time between failures is smaller than the average value and the
number and duration of intervention to the system are high. Since intervention to the system may be planned
in reliability-centered maintenance activities, preventive maintenance work can be used more effectively,
thus saving on costs, personnel, time, and materials to be kept in the warehouse inventory. In addition,
many risks in terms of the safety of employees can be eliminated as the working time under risk can be
shortened.

2) When the maintenance and operation activities are based on reliability, the interruption time of the
transmission lines can be kept as low as possible. Turkish Electricity Transmission Corporation keeps a
regular and careful plan of failure records that occur in the system. General maintenance plans are scheduled
by taking into account the workload. There are other factors such as errors caused by meteorological
conditions and errors caused by renewed equipment in reliability-centered maintenance activities. Turkish
Electricity Transmission Corporation records these entries for different purposes. These recorded data can
be easily evaluated within reliability-centered maintenance studies. If the information in the current method
can be collected under the reliability-centered maintenance studies without requiring major changes for
reliability-centered maintenance studies, the awareness of the advantages of reliability-centered
maintenance can be achieved and used correctly.
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The form that is reached at the end of the research and design process is shaky and remarkable.
It has curves suitable for children's ergonomics. It also has an easy-to-open and closable cover.
It has a flat surface for both swinging and shelving. This different form is mobile and striking,
unlike the current product.

Figure A. Design proposal

Purpose: In this study, it is aimed to make improvements on packaging design, which has an
important place in today's consumption age. For this reason, buttermilk packaging has been
redesigned to encourage healthy drinks for children. Due to the lack of studies in this field in the
market, it is aimed to contribute.

Theory and Methods: Package design and definition of buttermilk were made. Function
analysis of the product was extracted and contradictions were identified. These contradictions
were resolved with the help of creative principles. With this process, TRIZ has been completed.
The proposed design was 3D modeled, and also illustrated explanations about the user.

Results: As a result of the detection of the contradictions, the product design was realized in
dimensions suitable for the hand ergonomics of the children. In addition, a graphic that will
appeal to children is designed to attract attention. At the end of this process, a product that
occupies less space on the shelf, has a different form, has been innovated in the rinsing function
and a remarkable product is obtained.

Conclusion: In this study, the history of packaging design is explained and the place of
packaging in the sector is defined. TRIZ has been defined and used in packaging design. They
are sequentially identified by the available packaging sizes and the problems children
experience during use are listed. Next, two contradictions were found by function analysis, and
a total of 4 creative principles were used. With these creative principles, the rocking motion is
achieved that adds innovation to the package. Graphic design was done after all the steps. As a
result of the stages, the product has been designed as a fun-looking toy package that children
can use.

*Corresponding author, e-mail: zeynepesmerr@outlook.com DOI: 10.29109/gujsc.812149
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Abstract

o Packaging design has a very important position for companies in today's consumption age.
Makale Bilgisi Packages exhibited together on the shelves in a determined order are representatives of
Ar . companies that compete with each other. These products cannot fulfill their duty unless they
ragtirma makalesi i . 3 . . .
Basvuru: 18/10/2020 reach the right target audience. For this reason, determining the target audience and presenting
Diizeltme: 01/03/2021 designs for it is very important for the product to be successful. In this study, buttermilk
Kabul: 08/03/2021 packages were examined. It is seen that the product, whose target audience is kept on a very

wide scale, is not sufficient for the perception management for the use of children. For this,
commonly used packaging forms were analyzed and the problems experienced by children
while using it were listed. TRIZ (Theory of Inventive Problem Solving) was used for problem
Keywords detection. Solutions to the problems that arise as a result of the function analysis and need to be
solved are presented with the contradiction matrix. In these roads, suitable ones were used and a
concept design was created. With its innovative design, the shaking movement has been viewed
from a different angle and a form that can easily attract attention in the market has been

TRIZ
Packaging Design
Creative Thinking

Techniques achieved. Adding value to the packaging and being used as a toy after consumption may affect

Product Design the preference of the product. An ergonomically suitable form for children's motor skills is
. emphasized. A different option suitable for the target audience has been presented to the

Anahtar Kelimeler standardized market.

Elbzazaj Tasarum: Cocuklara Yonelik Ayran Ambalajinin Yeniden Tasarim

Yaratici Diisiinme O

Teknikleri z

Uriin Tasarumt Ambalaj tasarimi giiniimiiz tiiketim ¢aginda firmalar i¢in oldukca dnemli bir konuma sahiptir.

Raflarda bir arada belirlenmis bir diizene gore sergilenen ambalajlar birbirleri ile rekabet
igerisinde olan firmalarin temsilcileridir. Bu {irlinler dogru hedef kitlesine ulasmadig1 siirece
gorevini yerine getiremez. Bu sebeple hedef kitlesinin belirlenmesi ve ona yonelik tasarimlar
sunulmasi iriiniin basarili olmas: i¢in olduk¢a 6nemlidir. Bu ¢aligmada ayran ambalajlar
incelenmistir. Hedef kitlesi ¢ok genis bir skalada tutulan {irliniin, ¢ocuklarin kullanimina
yonelik algi yonetiminin yeterli olmadigi goriilmektedir. Bunun igin sik kullanilan ambalaj
formlar1 analiz edilmis ve ¢ocuklarin kullanirken yasadigi sorunlar listelenmistir. Sorun tespiti
icin TRIZ (Theory of Inventive Problem Solving) kullanilmigtir. Fonksiyon analizi sonucu
ortaya ¢ikan ve ¢oziilmesi gerekli olan sorunlara, geliskiler matrisi ile ¢6ziim yollari
sunulmustur. Bu yollar igerisinde uygun goriilenler kullanilmis ve konsept tasarim
olusturulmustur. Yenilik¢i tasarimi ile ¢alkalama hareketine farkli bir agidan bakilmis ve
pazarda kolaylikla dikkat ¢ekebilecek bir forma ulasilmistir. Ambalaja deger katilarak tiiketim
sonrasi oyuncak olarak da kullanilabilmesi iriiniin tercih edilmesine etki edebilmektedir.
Ergonomik olarak cocuklarin motor becerilerine uygun olan form iizerinde durulmustur.
Standartlasan piyasaya hedef kitlesine uygun farkli bir secenek sunulmustur.

1. GiRiS INTRODUCTION)

Ambalajin ortaya cikisi, insanligin 6zellikle yiyeceklerini tasima ve koruma ihtiyaciyla baslamustir.
Arkeolojik bulgular, M.O. 8000 yillarinda, aga¢ kabugu, yapraklar, deniz kabuklar1, kil ¢omlek gibi dogal
malzemelerin iirlinleri saklamak i¢in kullanmildigim1 gdstermektedir. Ancak bugiin, i¢i bos meyve/sebze
kabuklar1 yerini cam siselere; hayvan derileri ve yapraklar ise kagit ve plastik torbalara birakmistir
[1].1823 yilinda Ingiliz Peter Durand, sac levhadan yapilma ilk metal ambalaj olan "canister” in patentini
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almistir. Cift dikigli {i¢ parcali teneke kutu 1900 yilinda kullanilmaya baglanmistir. Kagit ve karton
1900'i yillarda 6nemli ambalaj malzemeleri haline gelmislerdir. Plastigin kesfedilmesiyle birlikte kagit
ambalajin yerini alacak ambalaj malzemesi olarak kullanilmaya baglanmistir [2]. Ambalaj tasarimi
iiriinlin pazarlama stratejisinin temel unsurlarindan biridir ve tiriiniin tiiketici tarafindan diger iiriinlerden
farklilagarak taninmasini saglayacak olan gorsel yiiziidiir [3]. Bunun igin form, yapi, malzeme, tipografi,
renk ve imge gibi iirlin hakkinda bilgi veren tasarim unsurlarmin yaratict bicimde bir araya getirilmesi
gerekmektedir [4]. Ambalaj, iirlin ve potansiyel tiiketici arasinda dogru iletisim kurarken dikkat gekici
olmali ve kalic1 bir iz birakabilmelidir. Bunu yaparken aslinda tiiketiciyi kendine baglamali ve onun
sadakatini kazanmalidir [5]. Ambalajin etkisini siirdiirebilmesi i¢in bazen biiyiik degisiklikler, bazen de
giiniin tasarim getirileri dogrultusunda kiiciik ama etkili degisimlerin yeterli olacagi diisiiniilebilir.
Piyasaya ilk defa ¢ikacak olan yeni iirlin ambalaj1 tasariminin ise tiiketici ile ilk karsilasmasinda onu
etkileyebilmesi gerekmektedir. Tadini, kokusunu, rengini bilmedigi yeni bir iirlinii satin alma kararin
verecek olan tiiketiciyi etkileyen en 6nemli unsurlar, ambalaj tasariminin iletisim basarisi, gorsel etkisi ve
giincel tasarim yaklasimlarini yakalayabilmis olmasidir [5]. Bu bakis agis1, ambalajlamanin, pazarlamanin
ayrilmaz ve biitiini, tamamlayic1 bir pargasi olarak goriilmesine sebeptir. Bu bakimdan ambalaj
pazarlama karmasina ait diger elemanlar etkilemekte ve onlardan etkilenmektedir [6]. Tiiketim bilinci ve
farkindaliginin diinya genelinde artmasi, tiiketici aligkanliklarinin degismesine neden olurken o6zellikle
siirdliriilebilir ambalaj tasarimi bu noktada yiikselen bir deger olarak karsimiza ¢ikmaktadir.
Stirdiiriilebilir yaklagim, ambalaj tasarim siirecini daha karmasik hale getirse de ekolojik denge ve geri
kazanim diistiniildiglinde bu durumunun g6z ardi edilebilir [7]. Bu c¢alismada tasarlanan {iriin
siirdiiriilebilir bir ambalaj olmasi i¢in deger katilmis ve tiiketim sonrasi ambalajin oyuncak olarak
kullanilmas1 onerilmistir. Oyuncak ambalajlar, ambalajlarin yasantimizin her safhasinda oldugunu
gosterir 6onemli Orneklerdir. Oyun, tiim canlilara has bir giidii olmasina karsin, tasarlanmis oyuncak
insanlara 6zel bir aragtir. Ambalajlar, oyuncak formuyla bu insani duyguyu kullanabilmektedir. Tiiketici,
tiim insani duygulariin etkisinde oldugu ambalaja, siradan bir obje yerine, canli ve dostca bir yaklagim
sergiler [8]. Bu yaklasim cocuklara hitap konusunda avantaj saglamaktadir. Tiiketici beklentileri s6z
konusu oldugunda, karmagik veya yogun malzeme kullanimi ile yapilan ambalajlar yerine minimal
tasarimlarin tercih edildigi goriilmektedir [9]. Yalin ve minimal tasarimlar {irliniin raflarda hizlica anlasilir
kilinmasinda 6nemli bir tercihtir. Tiiketicinin iirlin tercihi sirasinda raflarda dizilen iirilinler ile birgok
gdsterge ve yonlendirmeye maruz kalmaktadir ve bu segim siirecini zorlagtirmaktadir. Uriiniin karmagik
tasarimi satin almaya karar verilen siire i¢in fazla bilgi ve yonlendirme igerdiginde tiiketici ile saglikli
iletisim kurulamaz ve iirlin eger 6nceden deneyimlenmediyse tercih edilmez. Gereksiz ayrintilar segiciligi
azaltir ve algilamaya engel olur. Bu da alim tercihini olumsuz etkiler [8]. DuPuis ve Silva (2008),
ambalajin pazarlama agisindan 6nemini agiklarken “Aslinda pazarlamacilar aligveris esnasinda bir iiriinle
kars1 karsiya gelinisin ilk li¢ dakikasindan yedi dakikasina kadarki siiregte goz gezdirici konumundaki
potansiyel tiiketiciyi satin aliciya doniistirme sansina sahiptir. Bunu yapmanim yolu tiiketicinin
duyularina, degerlerine ve duygularina hitap edebilmekten geger” diyerek Hekkert ve Schifferstein’la
benzer kavramlardan bahsetmistir [10]. Onerilen yeni ambalaj fikrinde tiiketiciye ulastirilacak iiriin olan
ayran iilkemize 6zgii geleneksel bir siit iirlinlimiizdiir. Yabanci literatiirlerde ‘igilebilir yogurt (drinking
yogurt)’’ adi altinda yer alan ¢ok farkli ayran benzeri fermente iirlinlere de rastlanmaktadir. Bu firiinler,
ayrandan farkli olarak tiiketici begenisini artirmak amaciyla aroma, tatlandirict ve renk maddeleri veya
meyve suruplari ilave edilerek iiretilmektedir. Yogurda belirli oranda su eklenerek olusturulan ayran;
protein, kalsiyum, fosfor, vitamin B2 (riboflavin), vitamin B1 (tiamin), ve vitamin B12 igerigi
bakimindan olduk¢a zengin bir iriindiir [11]. Bu besin degerlerinin gelisim ¢aginda diizenli olarak
tiikketilmesine tesvik amagli ayran ambalaji iizerinde ¢alisilmaya karar verilmistir. Hedef kitlesi ¢ok genis
bir skalada tutulan {iriin, tiiketim sirasinda ortaya ¢ikan ¢ocuk ergonomisine uygun olmayan kullanim
ihtiyaglarimi karsilayamamaktadir. Piyasada yaygin olarak tercih edilen bardak formu referans olarak
belirlenip TRIZ yontemi ile yeniden tasarlanmistir. Triz ~ Genrich Altshuller tarafindan ortaya
konulmustur. Teoriya Resheniya Izobretatelskikh Zadatch (TeopusPemenuslizo0perarensckux3anaq)
kelimelerinin bas harflerinden ortaya ¢ikmistir. TRIZ i¢inde ¢ok sayida teknikleri barindiran sistematik
fikir tiretme toplulugudur. Altshuller 1946’da patent subay1 olarak atandiktan sonra ¢ok sayida patent
incelemis ve bu patentlerin arkasindaki temel fikirleri yakalayarak TRIZ’ in ortaya ¢ikmasini saglamistir
[12]. TRIZ diisiinme siirecinde yasanan psikolojik ataletin iistesinden gelerek yaratici ¢oziimler elde
edilmesine yardimeci olan sistematik bir yontemdir [13-14-15]. TRIZ inovatif fikirlerin ortaya ¢ikmasinda
etkin bir sekilde kullanilan ve bu fikirlerin dogusunu kolaylastiran bir metodolojidir [16-17]. TRIZ
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yonteminin temeli, tasarimda karsilasilabilecek tiim c¢eliskilerin ve bunlara sunulan ¢6ziimlerin
incelenmesine dayanmaktadir. Sistemin faydali islevleri arttirilarak ve zararli islevleri azaltilarak
sistemler ideale yaklastirilir. Sistemdeki pargalar en aza indirilerek, kaynaklardan faydalanarak, kimyasal,
fiziksel ve geometrik etkiler kullanilarak karmasiklik olusturmadan sistem ideallige yaklastirilir [18]. Bu
sebeple TRIZ metodu uygulanirken 6ncelikle ¢eligkilerin tanimlanmasi gerekmektedir. Altshuller patent
arastirmalarini yaparken kiitle, basing, dayaniklilik gibi 39 teknik parametre tanimlamigtir. Altshuller'in
gelistirdigi bu yontemde, parametrelerden birinin iyilestirilmesi, bagka bir parametrenin kotiilesmesine
sebep olmasiyla miimkiindiir [19]. Altshuller yaratici / yenilik¢i problemi, ¢éziimiin diger bir problemin
ortaya ¢ikmasini saglamasi olarak tanimlamistir. TRIZ® de direk dogru ¢oziime ulagsmak miimkiindiir.
Bunun i¢in, TRIZ’ in temelini olusturan prensipleri uygulamak gerekir. Herhangi bir yaratida asil degisen
diisiince sistemi ya da modelidir, dolayisiyla asil miicadele alani bakig alaninin genisletilmesidir [20].
TRIZ, tasarimcinin alternatif ¢6ziim alanini genislettiginden dolayi, artan iiriin karmasikligi, iiriin
tasariminda sektorel gecisler ve yeni malzemeler agisindan iirlin tasarimi igin etkin bir aragtir. Sonuca
deneme yanilma yerine metot ve yontem temelli yaklagimi; rekabetci iistiinliik a¢isindan Ar-Ge, tasarim
ve dolayisi ile liretim maliyetlerini ve siirelerini diislirme potansiyeline de sahiptir [21].

Bu calisma ile ¢ocuklara hazir paket olarak sunulan i¢eceklerden ayran ambalajimin tercih Onceligini
arttirabilecek bir ambalaj tasarimi hedeflenmistir. Bu baglamda piyasada iiretici firmalarin en ¢ok tercih
ettigi bardak formundaki ambalaj referans alinarak kullanicilarin karsilastiklari sorunlar listelenmistir.
Fonksiyon analizi ile iiriiniin problemleri formiiliize edilmistir. Uriiniin, iiretim siirecinden son kullaniciya
kadar olan siirecte karsiladigi fonksiyonlar ve bu fonksiyonlarin etkilesimleri sematik olarak anlatilmigtir.
Bu iligkiler sonucunda bir veya birden fazla celigki barindiran fonksiyonlar tespit edilmistir. Celiski bir
sistemin bir niteliginin ilerletilmesi ya da degerinin artirilmasi i¢in yapilan bir girisimin, bir diger sistem
niteliginin degerini diisirmesidir [22]. Elde edilen teknik ¢eligkiler {iriiniin degerini olumsuz etkileyen
fonksiyonlardir. Bu problemlere ¢oziim iretilmesi ic¢in kullanilan celiskiler matrisindeki ikili
kombinasyonlara bagvurulmustur. Bu kombinasyonlar sonucu onerilen yaratici prensipler incelenmistir.
Bu prensipler dogrultusunda celiskilerin giderilmesi i¢in eskiz caligmalarina baslanmustir. Eskizler
sonucunda yeni bir ambalaj tasarim fikri elde edilmistir. Bu ambalaj siirdiiriilebilirligi de desteklemesi ve
deger kazanmasi igin tiiketim sonrast oyuncak olarak kullanilmasma yonelik grafik tasarim ile
desteklenmistir.

2. MATERYAL VE METOD (MATERIAL AND METHOD)

Bu calisma kapsaminda TRIZ araglarindan ¢eliski matrisi tanitilmis ve tasarim problem ¢oziimlerinde
nasil kullanildig1 gdsterilmistir. Celiski matrisinin yukaridan asagiya ilk satir hiicrelerinde ve soldan saga
ilk siitiin hiicrelerinde 39 miihendislik parametresi yer alir. Bu parametrelerden yukaridan asagiya yer
alanlar tasarimda iyilesmesi (yer almasi)istenilen parametreleri ifade ederken; soldan saga yer alanlar ise
tasarimu zayiflatan ve istenmeyen parametreleri belirtir [23]. Ornegin; tasarimda (bir pargaya ait) dayanim
artirllmak istendiginde bu durum parga agirligini da artirabilir. Burada dayanim istenilen bir 6zellik iken
agirlik istenmez ve bu durum ise bir geliski (zitlik, tezat) olusturur [24].39 TRIZ miihendislik parametresi
Tablo 1’ de verilmis olup bu parametrelerle ¢eliski/zitlik olusturan tasarim problemlerinin hemen hemen
tamamina yakini ifade edilebilir [22]. TRIZ’ de g¢eliski seklinde ifade edilecek tasarim problem
¢Oziimlerinde kullanilan 40 yaratici ¢6ziim ilkesi vardir (Tablo 2). TRIZ® de su iki tiir geliski yer
almaktadir: (1) Teknik celiski ve (2) Fiziksel geligki. Teknik ¢eligki, tasarimda iyilestirilmek istenilen bir
parametre sistemde istenmeyen olumsuz bir etkiye veya soruna neden olabilir. Tezat iceren bu istenilen
ve istenmeyen etkiler (¢eliskiler) 39 miihendislik parametresi cinsinden belirlenip Celiski matrisinde ilk
siitunda ve ilk satirda bu parametrelerin segilip kesistirilmesi ile elde edilen hiicrede ¢oziimler yer
alacaktir. Yani bu ¢6ziim hiicresinde 40 yaratici ¢6zlim ilkesi cinsinden 4 ¢6ziim olacaktir. Bu 4 yaratici
¢Oziimden birinden birisi ¢ok biiyiilk bir olasilikla mevcut tasarim c¢eliskisini ¢ozecektir. (2) Fiziksel
celiski ise tasarlanan sistemde ayni parametrenin hem olmasi hem de olmamasi halini igerir (matristeki
soldan sag koseyi birlestiren hiicreler). Yani bir seyin hem uzun hem kisa olmasi hem sicak hem soguk
olmas1 hem sert hem yumusak olmasi gibi. Bu ¢eliski halinde su dort stratejiden biri uygulanmalidir:
zamanda ayirma, mekanda ayirma, biitiin ve pargalar1 arasinda ayirma ve duruma gore ayirma.
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Tablo 1. Teknik ¢eliski olusturan 39 miihendislik parametresi [24]

Miihendislik parametresi

1 Hwamkuet“ cismin 11 | Gerilme/ Basing 21 | Gig 31 | Zararli yan etkiler
agirhigt
Hareketsiz cismin . . ; -
2 agirh 12 | Sekil 22 | Enerji kayb1 32 | Imalat kolaylig:
3 Hareke}ll cismin 13 | Cismin degismezligi 23 | Madde kayb1 33 | Kullanim kolaylig1
uzunlugu
4 | Hareketsiz cismin 14 | Mukavemet 24 | Bilgi kaybt 34 | Onarim kolaylig:
uzunlugu
5 | Hareketli cismin 15 | Hareketli cismin 25 | Zaman kayb: 35 | Adapte edilebilirlik
alant dayanimi
6 Hareketsiz cismin 16 Hareketsiz cismin 26 | Madde miktar1 36 | Cihaz karmasiklig1
alan dayanimi1
7 E'a’"cr;'?e“' cismin 17 | st 27 | Giivenilirlik 37 | Kontrol karmasiklig1
8 ;';gﬁ]'?ets'z cismin 18 | Parlaklik 28 | Olgiim giivenilirligi 38 | Otomasyon diizeyi
9 | H 19 | Hareketli cismin 29 | imalat giivenirligi 39 | Verimiilik
harcadig enerji
10 | Kuwvet 20 Harekes]z cismin 30 Clsrpe zarar veren
harcadig enerji faktorler
Tablo 2. Teknik celiskilerin ¢oziimii i¢in 40 yaratict ilke [24]
Yaratic1 Prensip
1 Bolimleme 11 Onceden yastiklama 21 | Hizli hareket etme 31 Gozenekli malzeme
kullanma
2 | Cekip ¢ikarma 12 | Es miimkiin olay 9 | “aran faydaya 32 | Renk degistirme
doniistiirme
3 Yerel nitelik 13 Tersine gevirme 23 | Geribildirim 33 Tiirdeslik
4 Asimetri 14 Kiiremsi hale getirme | 24 | Arabulucu 34 Pargalart reddetme ya
da yenileme
5 Birlestirme 15 Dinamiklik 25 | Selfservis 35 Parametre degistirme
Kismi veya
6 Evrensellik 16 gereginden fazla 26 | Kopyalama 36 Faz gegisi
hareket
7 Yuvalama 17 Yeni boyuta gegme 27 Ucuz ve kisa omilrli 37 Is1l genlesme
cisimler kullanma
8 Karsit agirlik 18 Mekanik titresim 28 M?'fa’?'k SISt?mln 38 Giiclii oksitleyici
degistirilmesi
9 Onceden kars: 19 Periyodik hareket 29 | Gaz ve sivi kullanma 39 Atil ortam
hareket
10 | Onceki hareket 20 | Faydal hareketin 30 | Esnek film ve ince 40 | Bilesik malzemeler

devamliligt

zarlar kullanma




Zeynep ESMER, Hiidayim BASAK | GU J Sci, Part C, 9(1):122-133 (2021) 127

3. IYILESTIRME VE TEKRAR TASARIM CALISMALARI (IMPROVEMENT AND RE-
DESIGN STUDIES)

3.1 Mevcut Durum (Current State)

Standart bardak seklindeki ayran ambalajlar1 market, bakkal ve cesitli satis magazalarinda igerisindeki
ayrani saklamak ve miisteriye ulastirmak amacl kullanilmaktadir (Bkz.Sekil 1). Ambalaj sektoriindeki 3S
(saklama, koruma, pazarlama) kuralina gore tasarlanip iiretilmistir. Dolum isleminin gerceklestigi ayrica
icmek i¢in kullanilan bardak agzi boliimiinden ve tiiketim esnasinda el ile tutulan ag¢ili silindir govdeden
olusmaktadir.

@175 .. 295 3
| | |
L =
PS-PP = | =\
@75 x 200 gr i g
- -6.9 - L B7 J
| o
o
PS-PP =
| »B5x300grA
| Wy {
45 - 5{
L 52 J

Sekil 1. Mevcut tiriin [25]

Mevcut iirlinde hedef kitle cok genis tutulmustur, satisinin siirekli olmasi i¢in reklam yiizii olarak genelde
gengler kullanilmistir. Buna karsin ¢ocuklarin igmesi tesvik edilmemis ve buna uygun bir iiriin
tasarlanmamustir. Hedef kitlesinin 6zelliklerini genis anlamda ele alan ve buna yonelik ambalaj sunan bu
icecekte, ¢ocuklar hedef kitlesindeki bu standart Olgiiler sebebiyle kendilerine uygun olmayan tiriinleri
kullanmak zorundadir. Cocuklara hitap eden ve her giin dikkatlerini ¢cekmek icin yeni yontemler arayan
sagliksiz iceceklerle basa cikabilmek ve sektorde daha fazla paya sahip olabilmek i¢in ¢ocuklarin
ihtiyaclarini dogru okumak 6nemlidir.

Yetigkin bireylerin el yapisina uygun olarak tasarlanan ayran ambalajin1 kullanan ¢ocuklarin
karsilastiklar1 sorunlar asagida siralanmstir;

1. Ambalaji govdesinden tutarken iki elini kullanmak zorundadir.
2. Ambalajin agiz kismi ¢ok genis oldugundan igmekte sorun yagsamaktadir.

3. Ambalajin agiz kismi genis oldugundan ilizerine dokmektedir ve bu durum ebeveyn agisindan
sikintilidir. Bu tercih edilmeme sebebi olarak gosterilebilir.

4. Tlgi cekici olmamasi sebebiyle raflardaki iiriinleri inceleyen gocuklar renkli ve dikkat gekici olan ve
genellikle asitli olan igeceklere yonelmektedir. Bu durum gocuk sagligini olumsuz etkilemektedir.

5. Ince et kalinhgi yiiziinden kuvvet uygulanan govde yiizeyinde kirilmalar olmakta ve bardagin
dengesi, yapisi bozulmaktadir.

6. Mevcut iiriin hafiftir ve silindirik yapisi sebebiyle tiiketilirken kolay tutulmaktadir. Fakat ¢ocuklar
i¢in bu durum dezavantajdir.

Piyasada genel olarak bulunan ayran ambalaji tasarimlar1 bardak seklindedir. Bu bardaklar govdesi genis,
acil1 ve diiz olarak bulunabilir. Bunlardan farkli olarak Siitas markasinin 'geng sise' olarak isimlendirdigi
bir tasarimi mevcuttur. Bu tirinler grafiksel anlamda ¢ocuklarin dikkatini ¢ekme olasiliginin yaninda
bigcim olarak olduk¢a siradandir. Cocuklara hitap eden ve &zellikle belli bir maskotu olan markalarin
iiriinleri incelendiginde grafiksel agidan dikkat cekici olsalar da formlarinda bir yenilik goriilememistir.
Ticari olarak piyasada en ¢ok bilinen markalar pazarda daha iddiali iiriinlerle bulunmakta ve dikkat
cekmektedir. Tasarlanacak iirlin en az bu iirlinlerle yarisacak derecede dikkat ¢ekici olmalidir.
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3.2. Fonksiyonel Analiz (Functional Analysis)

Fonksiyon analizi problem ¢dzme ve konsept gelistirmek icin kullamlir. lyi tasarlanmis analiz semasi
sistemdeki sorunlarin tespitinde ve dogru ¢dzliime ulasmada onemlidir. Fonksiyon analizi ile {iriiniin
problemleri formiiliize edilir ve {irliniin, iiretim siirecinden son kullaniciya kadar olan siiregte karsiladigi
fonksiyonlar ve bu fonksiyonlarin etkilesimleri sematik olarak anlatilir (Bkz Sekil 2). Bu iliskiler
sonucunda bir veya birden fazla celiski barindiran fonksiyonlar tespit edilir. Fonksiyonun celiski olup
olmadigi kullanilan oklar yardim ile anlagilmaktadir. " =" kullanildiginda fonksiyonun diger

fonksiyona fayda sagladigi ve iyi sonuglar tirettigi," —g kullanildiginda fonksiyonun diger fonksiyonu
olumsuz etkiledigi ve kotii sonuglar tirettigi, " =+» " kullanildiginda fonksiyonun diger fonksiyondaki iyi
sonucu olumsuz etkiledigi ve kotii sonuglar elde ettigi, " —>" kullamldiginda fonksiyonun diger
fonksiyondaki kotii sonucu olumlu etkiledigi ve zararli durumu iyilestirdigi veya durdurdugu
anlasilmaktadir. Elde edilen teknik celiskiler iiriiniin degerini olumsuz etkileyen fonksiyonlardir. Yapilan
fonksiyon analizinde hedef kitlenin ¢ok genis oldugu bu sebeple ¢ocuklara hitap konusunda yetersiz
kalindig1 ayrica klasik form ile rekabet ortaminda dikkat ¢ekmeye ¢aligmanin liriine fayda saglamadigi

sonucu elde edilmistir.

Reklamlar hedef
kitleyi tesvik eder.

kilar.

Cocuklara 6zel
ardn ve reklamlarla
cocuklara ulasilabilir.

cekicidir.

Hedef kitle cok genis
oldugu icin ¢ocuklara =—34-
odaklanilamamaktadir.

ulasir.

Ambalaj diizgiin
istiflenir.

Sekil 2. Fonksiyon Analizi

Hedef kitleye
urdni cazip

Uriin ambalaj
grafigi dikkat

Hedef kitleye

Dogru ve klasik
form ile tiiketim
kolaylasir.

bir formile
dikkat ceker.

> Ayranin tiketilmesini

saglar.

Ambalaj ayrani
korur ve
tasir.

Farkli ve ilgi cekici

Klasik formile
rekabet ortaminda
one ¢clkamaz.

3.3 Celiskiler Matrisi ve Uygulamasi (Contradictions Matrix and Its Implementation)

Elde edilen problemlere ¢ozim {iretilmesi icin geligkiler

matrisindeki

ikili

kombinasyonlara

basvurulmustur (Bkz. Tablo 3). Bu kombinasyon sonucu Onerilen yaratici prensipler incelenmistir.
Prensipler dogrultusunda celiskilerin giderilmesi i¢in eskiz ¢caligmalarina baglanmistir (Bkz. Sekil 3 ve 4).
Eskizler sonucunda yeni bir ambalaj tasarim fikri elde edilmistir (Bkz. Sekil 5). Bu ambalaj
siirdiirilebilirligi desteklemesi, deger kazanmasi ve dikkat ¢ekmesi igin tiikketim sonrasi oyuncak olarak

kullanilmasina yonelik grafik tasarim ile desteklenmistir.
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Tablo 3. Teknik ¢eliskilerin ¢oziimii icin 40 yaratict ilke

Kaotiilesen faktor
Tyilesen faktor 13 Nesnenin dengesi
14 Dayaniklilik, gii¢ 13,17, 35
12- Sekil 33,1,18,4

Uriin ambalajinin klasik ve bilinen bir formda olmast iiretilmesinde ve maliyetinde yarar saglamaktadir.
Mevcut ambalaj uygun ve basittir buna karsin siradandir. Bu dikkat cekiciligi azaltan bir unsurdur. Bu
ayrica pazarda sadece grafiklerle ve maliyetlerle 6ne ¢ikabilecegi anlamina gelmektedir. Fakat ¢cocuklara
iriini arzulatmak ve meraklandirmak fiyat uygunlugu ile saglanabilecek bir konu degildir. Formda
degisiklige gidilmesi durumunda rekabet ortaminda 6n plana ¢ikmak kolaylasabilir. Dikkat ¢ekici iiriin
cocuklara hitap eder ve {iriin satis1 fiyat fazlaligina ragmen gerceklestirilebilir. Getirilen yeniliklere karsin
ambalajin sagladigi olumlu durumlar korunmalidir. Ambalaj iiriinii saklamali ve muhafaza etmelidir
ayrica kolay istiflenme 6zelligini de korumalidir.

Tablo 4. Celiski 1

IFR (Ideal Final Result)
ideal Nihai Sonu¢

Ambalaj, cocuklar kuvvet uyguladigt zaman ezilmekten ve denge kaybindan
korunur, ancak et kalinlig1 ve malzeme mevcut durumunu korur.

Celiski

Cocuklar kullanmak i¢in ayni yerlere kuvvet uygulamalidir. Ambalaj kuvvet
uygulanan yiizeylerden kirtlmamalidir.

Celiskiler matrisindeki
kombinasyonlar sonucu
onerilen tasarim
prensiplerinin sundugu
¢oziim onerileri

13 Tersine gevirme; Problemi ¢dzmek igin kullanilan eylemi ters ¢evirin, hareketli
pargalar1 (veya ortamu) sabitleyin, sabit parcalar1 hareketlendirin, cismi (veya
stireci) ters gevirin.

17 Yeniden boyutlama; Cismi iki veya li¢ boyutlu uzayda hareket ettirin, cisimleri
tek katli yerine ¢ok katli olarak diizenleyin, cismi egin, yoniinii degistirin veya
yana yatirin, verilen alanin diger tarafin1 kullanin.

35 Fiziksel ya da kimyasal durum; Cismin fiziksel durumunu (kati, sivi, gaz)
degistirin, cismin yogunlugunu veya kivamini degistirin, cismin esneklik diizeyini
degistir, cismin sicakligint degistirin.

Tablo 5. Celiski 2

IFR (ldeal Final Result)
ideal Nihai Sonu¢

Ambalaj, cocuklarin dikkatini ¢ekmek i¢in hareketli olur, ancak raflarda
sergilenmesi ve istiflenmesi i¢in mevcut sabit durma 6zelligini korur.

Celiski

Ambalaj rafta sabit olmalidir. Ambalaj dikkat ¢ekici olmak i¢in hareketli olmali,
sabit olmamalidir.

Celiskiler matrisindeki
kombinasyonlar sonucu
onerilen tasarim
prensiplerinin sundugu
¢oziim onerileri

33 Homojenlik; Cismi etkileyenleri, cisimle ayn1 malzemeden yapin.

1 Bolimleme; Cismi bagimsiz parcalara boliin, cismi kolay sdkiilebilir hale
getirin, cismin boliim ve parca sayisin arttirin.

18 Mekanik titresim; Cismin sallanmasini veya titremesini saglayin, frekansi
arttirin, cismin rezonans frekansini kullanin, mekanik yerine piezoelektrik
titrestirici kullanin, ultrasonik ve elektromanyetik alan osilasyonlarini birlikte
kullanin.

4 Asimetri; Cismin simetrik yapisini asimetrik hale getirin, cismin asimetri
seviyesini arttirin.
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Toplamda yedi adet Onerilen ¢oziim igerisinden, dort adet ¢Oziim Onerisi kullanilmistir. Kullanilan
ozellikler ve kullanim alanlar1 agsagida belirtilmistir.

. 17 Yeniden boyutlama; Uriin yalmzca dik konumlandirilabilirken yapilan yenilik sonucu yatay
olarak da kullanilabilecektir. Calkalama hareketi ve kullanim sonrasinda oyuncak olarak kullanimi
saglanmstir.

. 4 Asimetri; Uriiniin simetrik yapis1 degistirilmis ve ergonomik bir tutus icin egim verilmistir. Bu
yiizey sayesinde elde kaymas1 dnlenmistir ve tek elle kontrolii saglanmistir. Bu durum istiflenmesinde bir
sorun yaratmamaktadir. Yan yana dizilen lriinler bir parca gibi birleserek 6lii alan birakmamaktadir.
Ayrica tirlin kullanimi esnasinda uygulanan kuvvet yiiziinden yasanan denge kaybi sorunu bu yontem ile
de giderilmistir.

. 13 Tersine gevirme; Sabit olan ambalaja siradanlik problemini ortadan kaldirmak igin hareket
katilmistir. Bu hareket diiz yiizeylere egim verilerek elde edilmistir. Sallanma hareketine ise 14 numarali
bulus yontemi ile karar verilmistir. Piyasadakilerden farkli bir sekilde tasarlanan ambalaj ile ¢alkalama
hareketine yenilik getirilmistir. Hem sabit hem hareketli olarak iki sekilde kullanilabilen {iriin istekleri
karsilamaktadir.

. 18 Mekanik titresim; Ambalaj dikkat ¢ekici olmasi ve kullanimindan sonra oyuncak olarak da
kullanilabilmesi i¢in sallanmasi saglanmistir. Dikdoértgen bir kutunun uzun kenarina verilen egim ile iiriin
sallanabilir duruma getirilmistir.

Calisma kapsaminda Onerilen degisikliklerin eskiz ¢aligmalari gerceklestirilmis (Bkz. Sekil 3 ve 4).

17. Yeniden boyutlanma‘

z‘ ® 4. Asimetri kullanma

‘*_,‘

Sekil 3. Eskiz agamasi 1



Zeynep ESMER, Hiidayim BASAK | GU J Sci, Part C, 9(1):122-133 (2021) 131

13. Ters eylem kullanilmigtir.

® 18. Mekanik titresim kullanilmisgtir

Sekil 4. Eskiz asamasi 2

Sekil 5. Grafik Tasarim

Ambalaj, ilizerinde barindirdigi amblem, fotograf, resimleme, renk ve tipografi gibi grafik &geler
sayesinde hem soylemek istediklerini iletir hem de farkindalik yaratmak i¢in gerekli olani sunmay1
amaglar. Ozellikle gida sektdriinde var olan ambalaj tasarimlan tiiketiciyi etkileyebilme durumunu
olumlu yonde kullanabilmelidir [26]. Bu nedenle grafik tasarimi da form ile baglantili olarak
tasarlanmustir.

Sekil 6. Kullamim Senaryosu
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Sekil 7. Raf Dizimi

4. BULGULAR TARTISMA VE SONUC (RESULTS, DISCUSSION AND CONCLUSION)

Ambalaj tasariminda hedef kitleye ulagsmak ve {irlin satmak i¢in sistemdeki eksiklerin ve yanlislarin
bulunmasi gereklidir. Bu ¢aligmada hedef kitlenin genis olmasi nedeniyle hitap edilemeyen cocuklara
yonelik bir {iriin tasarlanmigtir. TRIZ yontemi ve c¢eliski matrisi kullanilmistir. Konsept tasarim ile
mevcut kullanilan iiriin arasinda gesitli ortak yanlar ve farkliliklar tespit edilmistir. Cocuklarin motor
becerilerine hitap etmeyen siradan bardak formundaki tasarimin eksiklikleri, konsept tasarimda
giderilmeye calisilmistir. Tutma eylemini kolaylastirmasi amaciyla ergonomik olarak diizenlenmis form
motor becerilerine uygun olarak diistiniilmiistiir (Bkz. Sekil 6). Raflarda istifleme diizeni ve rafta bulunan
driinlerin sayisinda bir azalma olmamakla birlikte, i¢ i¢e gegen yapisi sayesinde Olii alanlar
degerlendirilmistir (Bkz. Sekil 7). Tasarim oOncesi belirlenen sorunlar giderilmistir. Sallanan formu
sayesinde calkalama iglemine farki bir agidan bakilmigtir. Sabit bir iiriin hareketli ve ayn1 zamanda sabit
olabilen bir iiriine doniistiirilmiistir. Bu farklilik ¢ocuklarin dikkatini ¢ekmekle birlikte tiiketim
sonrasinda oyuncak olarak farkli sekillerde kullanilarak siirdiiriilebilirligi desteklemektedir bu durum
mevcut iirlinde bulunmamaktadir. Ayrica ambalaj toplu olanlarda kullanildiginda oldukga kolay bir
sekilde dikkat ¢ekerek etkili bir marka tanitimina da olanak saglamaktadir. Ulasilan sonu¢ sonunda
mevcut iyi durum korunmus ve eksiklikler giderilerek daha avantajli bir {irline ulasilmistir. TRIZ gibi
yaratici diisiinme tekniklerinin eskiz ile desteklenmesinin verimli sonuglar aldigi gérilmiistiir.
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Figure A. Electrical power curves corresponding to stoichiometric values of PEMFC stack

Purpose: In this study, two units PEM fuel cells are designed and modelled to construct a stack.
This fuel cell stack are numerically investigated by using different stoichiometric ratio values.
At the selected stoichiometric ratio values (1.5, 2, 2.5, 3 and 3.5) analysis are carried out.
Temperature distribution at the membrane, distribution of anode and cathode mass fractions
contours within corresponding gas flow channels are also obtained for the prepared cases.
Polarization curves and electrical power curves obtained and compared for these cases.
Therefore, it is seen that stoichiometric ratio values are important operating parameter for fuel
cell stack.

Theory and Methods: PEMFC stack model has been designed by CATIA V5R21. The
designed cell stack model were investigated for selected anode and cathode stoichiometric
values using CFD program named ANSYS FLUENT.

Results: For the selected stoichiometric ratio values (1.5, 2, 2.5, 3 and 3.5) numerical analysis
are carried out for PEMFC stack in this study. Effects of stoichiometric ratio on performance of
PEMFC stack is analyzed numerically. At the same time, when the stoichiometric values are
increased, temperature distribution at the membrane became more homogeneous. It is
concluded also that, anode and cathode mass fraction values increased and distribution of
reactant gases inside the gas flow channel became more homogeneous for the increasing
stoichiometric values.

Conclusion: It is seen that especially at high current density region of polarization curves for
the increasing value of stoichiometric ratio, stack current density values also increased.
However, effects of this increment ratio on the values of current density decreased when the
stoichiometric values are increased.
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The importance of fossil fuels has increased with the use of steam energy in industry. But
especially in recent days, the problem of global warming is being felt seriously in the world.
The most important reason for this problem is harmful emissions caused by burning fossil fuels.
The world has turned to various alternative energy sources in order to eliminate this problem.
Interest in PEM fuel cells, which are among alternative the energy converters, has been
increasing. In this study, the effect of stoichiometry ratio on the performance of two-cell PEM
fuel cell stack was analyzed numerically. Two fuel cells each with an active area of 5.4 cm?
were connected in series, and the gas flow channels were determined in parallel and stacked.
Numerical analysis was performed with five different stoichiometry ratios (1.5, 2, 2.5, 3, and
3.5) at various cell voltage values (1 V, 1.2V, 1.4 V, 1.6 V, 1.8 V). Polarization and power-
current density curves were obtained for five different stoichiometry ratio values. In addition, in
order to see the effect of the stoichiometry ratio on a constant voltage, temperature distribution
of the membrane, the anode and the cathode mass fraction distributions formed by four different
stoichiometric ratios at 1 Volt, where the maximum amount of power is obtained. With this
study, it was observed that current density increased with the improvement in the stoichiometric
ratio and the amount of this increment continued to decrease. The highest power value was
obtained at the stoichiometric ratio of 3.5 and 1 V potential difference value. However, with the
increasing stoichiometric ratio, it was concluded that hydrogen and oxygen distributions became
more homogeneous in the anode and cathode channels while a limited increase in membrane
temperature occurred.

Stokiyometri Oraninin iki Hiicreli PEM Yakat Hiicresi Yigim
Performansina Etkisinin incelenmesi

Oz

Buhar enerjisinin sanayide kullanilmaya baglanmasiyla beraber fosil yakitlarin 6nemi artmistir.
Fakat 6zellikle son giinlerde kiiresel 1sinma sorunu diinyada ciddi olarak hissedilmektedir. Bu
sorunun en onemli sebebi de fosil yakitlarin yakilmasiyla agiga ¢ikan zararli emisyonlardir.
Diinya bu sorunu ortadan kaldirmak amaciyla gesitli alternatif enerji kaynaklarina yonelmistir.
Alternatif enerji doniistliriiclileri arasinda yer alan PEM yakit hiicrelerine olan ilgi artmaktadir.
Bu ¢alismada, iki hiicreli PEM yakit hiicresi yigin1 performansina stokiyometri oraninin etkisi
sayisal olarak incelenmistir. Her biri 5,4 cm2 aktif alana sahip iki yakit hiicresi seri baglanarak
gaz akis kanallar1 paralel olacak sekilde belirlenip yigin haline getirilmistir. Sayisal
hesaplamalar yapilip gesitli potansiyel fark degerlerinde (1 V, 1,2 V, 14V, 1,6 V, 1,8 V) bes
farkli stokiyometri orant (“1,57, “27, 2,57, “3”, “3,5”) kullanilarak sayisal analizler
gerceklestirilmistir. Bes farkli stokiyometri degeri icin polarizasyon egrileri ve giig-akim
yogunlugu egrileri elde edilmistir. Ayrica sabit bir voltajdaki stokiyometri oranmin etkisini
gorebilmek i¢in en fazla gii¢ miktarmin elde edildigi 1Volt degerinde dort farkli stokiyometrik
oran ile olusan membran sicaklik dagilimi, anot kiitle kesri dagilimi ve katot kiitle Kesrinin
dagilimlart elde edilmistir. Bu galisma ile stokiyometrik oranin artmasiyla birlikte akim
yogunlugunun arttigi, bu artis oraninin azalarak devam ettigi goriilmiistiir. En yiliksek gii¢
degerine ise 3,5 stokiyometrik oraninda ve 1 V degerinde ulasilmistir. Bununla birlikte artan
stokiyometrik oranla beraber membran sicakliginda kisith artig gergeklesirken anot ve katot
kanallarinda hidrojen ve oksijen dagilimlarinin daha homojen hale geldigi goriilmiistiir.
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1. GIRiS INTRODUCTION)

Gelisen teknoloji, artan niifus ve bunlara bagli bircok nedenle beraber diinyada enerji ihtiyaci giderek
artmaktadir. Bu ihtiyaci karsilayabilmek icin fosil yakit rezervleri uzun yillardan beri kullanilmaktadir.
Fakat azalan fosil enerji kaynaklarinin artan talebe bir siire sonra yetmeyecegi diisiiniilmektedir. Bununla
beraber bu tip yakitlardan enerji iiretilirken meydana gelen kirliligin kiiresel 1sinmaya sebep olmasi ve
ekosisteme zarar vermesi bilim insanlarinin alternatif enerji kaynaklarma ydnelmelerine sebep
olmaktadir.

Enerji ihtiyacimi karsilamak igin en verimli ve en ekonomik ¢6ziim yollarmi arayan bilim insanlari,
bugiiniin ve yarmin enerji kaynaginin hidrojen oldugunu diisiinmekte [13], daha temiz bir ¢evre icin PEM
(Proton Exchange Membrane) yakit hiicresi lizerinde yogunlasarak bu konuda cesitli aragtirmalar
yapmaktadir. Fosil yakitlarin yanmasi sonucu agiga ¢ikan zararli emisyonlarin aksine yakit hiicrelerinde
meydana gelen reaksiyonlar sonucu yan iirlin olarak sadece su olusmaktadir. Bu nedenle yakit hiicreleri
cevre dostu bir giic kaynagi olarak goriilmektedir [12]. Ayrica kimyasal enerjiyi dogrudan elektrik
enerjisine ¢eviren PEM yakit hiicreleri yiiksek giic yogunlugu, yiiksek enerji doniisiim verimliligi ve
cevre dostu olma gibi sayisiz avantajlarindan dolayi biiyiik bir dneme sahiptir [7].

Yapilan aragtirmalar, hidrojenin diger yakat tiirlerine gore yaklasik {i¢ kat pahali oldugunu ve yaygin bir
enerji kaynagi olarak kullanilabilmesinin hidrojen tiretiminin maliyetini diisiirecek teknolojik gelismelere
bagl olacagini ortaya koymaktadir. Bununla birlikte, iiretilen ihtiya¢ fazlasi elektrik enerjisinin hidrojen
olarak depolanmasi giiniimiiz i¢in farkli bir secenek olarak diisiiniilebilir. Bu sekilde depolanan enerjinin
yaygin olarak kullanilabilmesi yakit hiicresine dayal teknolojilerin gelistirilmesine baglidir [13].

Yakit hiicresi, elektrokimyasal reaksiyon yoluyla hidrojen ve oksijeni elektrik enerjisine doniistiiren bir
elektrik jeneratoriidiir. Yakit hiicresinde termodinamik verimlilik yaklasik % 60'a ulasirken bu oran
geleneksel motorda sadece %30'dur. Elektrik giicii, anot yiizeyinde hidrojen molekiillerinin oksidasyon
reaksiyonlar1 sonucu olusur [9]. PEM yakit hiicreleri anot ve katot olmak iizere iki adet elektrota sahiptir.
Bu elektrotlar polimer membran ile ayrilmiglardir. Bu tiir yakit pillerinde yakit olarak hidrojen kullanilir
ve hidrojen hiicreye anot tarafindan gonderilir. Anot elektrodunda platin katalizér varliginda protonlar ile
serbest elektronlar ayrisir. Burada ayrisan elektronlar elektrik akimini olustururken protonlar ise polimer
elektrot membran1 gegerek katot tarafina geger. Dis ¢evrimden gelen ayrisan elektronlar, protonlar ve
havadaki oksijen katot kutbunda saf su ve 1s1 liretmek iizere birlesmektedirler. Teorik bakimdan bir yakit
hiicresi 1,23 V, gergekte ise yaklasik 1 V civarinda elektrik potansiyeli iiretir [1].

Yakit hiicresi performansina birgok faktor etki etmektedir. Bu faktorlerin etkilerinin incelendigi
calismalar yapilmistir. Iki hiicreli bir PEM yakit pili yiginmin analizinin sayisal olarak yapildig1 bir
calismada PEM yakit pillerinden elde edilen giiclin hiicre sayisina gore degisimi incelenmistir. Bu
calismada hiicre sayisiyla birlikte elde edilen giiciin arttig1 ancak hiicre sayisiyla beraber kayiplarin da
artmasindan dolay1 bu artigin dogru orantili olmayacagi sonucuna ulasilmistir [4].

PEM yakit hiicresi ile ilgili yapilan baska bir calismada, akis kanali tasariminin PEM yakit hiicresi
performansina etkileri incelenmistir. Bu ¢alismada PEM yakit pili i¢in dairesel 3’lii ve 4’lii serpantin,
karesel dortlii serpantin, genis kavisli karesel dortlii serpantin ve karesel paralel akis olmak lizere bes
farkli akis kanali tasarimina sahip plakalar imal edilerek degisen basing degerlerinde performans testleri
yapilmistir. Bu ¢alisma ile ¢oklu serpantin akig plakasi tasariminin olumlu verdigi gézlemlenmistir [1].

Yakat pili ile ilgili Bilgili ve Sivrioglu, PEM yakit pilinin degisik membran elektrot ¢ifti kalinliklarinda ve
farkli ¢alisma basinci kosullarinda ii¢ boyutlu sayisal analizini inceleyen bir ¢alisma yapmistir. Bu
calismada iki farkli kalinlikta hazirlanan MEC (Membran Elektrot Cifti) ile 150kPa, 200kPa, 300kPa ve
400kPa calisma basinglarinda analizler yapilmistir. Calisma basinglarinin artmasiyla beraber akim
yogunluklarindaki degerlerin de arttig1 gézlemlenmistir [5].

Kahraman ve arkadaslari, hiicre sikistirma basincinin PEM yakit pili performansi {izerine etkisinin
incelendigi bir ¢aligma yapmuslardir. Anot ve katot taraflarinda saf hidrojen ve oksijenin kullanildigi bu
calismada 5 cm2 aktif alana sahip tek hiicreli bir yakit pilinden yararlanilmistir. Calisma sonucunda, 12
Nm sikistirma torkuna kadar performansin arttifi, direngsel kayip bolgesindeki gerilim artisinin kiitle
transfer kayip bolgesindeki artisa kiyasla daha fazla oldugu goriilmiistiir [8].
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PEM vyakit hiicresindeki suyun olmasi gerekenden diisilk veya yiiksek olmasi hiicre performansini
olumsuz etkilemektedir. PEM yakit pilindeki su ydnetimin dnemi iizerine yapilmis bir ¢alismada yakit
hiicrelerinde hava stokiyometrik oran ve bagil neminin hiicre performansina etkisi incelenmistir. Bu
aragtirma neticesinde PEM yakit hiicresinde su yonetiminin verimli hale getirilebilmesi i¢in membranin
yeteri kadar nemlendirilmesi ve suyun kanallardan hizlica uzaklastirilmasi saglanarak su birikme ve
tagmalarinin engellenmesi gerektigi sonucuna ulagilmigtir [14].

Havadan yani saf olmayan oksijen ile yakit pili beslendiginde genel olarak katot stokiyometrik oram 2
olarak gergeklesir. Polak ve arkadaslar1 katot tarafinin saf oksijen ile beslendiginde katot stokiyometrik
oraninin saf oksijen kullanilmadigi haline gore nasil degisecegi iizerine deneysel bir calisma
yiiriitmiislerdir. Caligma sonucunda katot tarafinda saf oksijen kullanilmastyla, yigin verimliligi aym
kalmak kosuluyla, katot stokiyometrik orani 1,25 degerine diismustiir [11].

PEM yakit hiicresi ile ilgili yapilan bagka bir calismada farkli kanal genisliginin PEM yakit hiicresi
performansina etkisi incelenmistir. Hiicre genisligi ve kanal yiiksekliginin sabit tutuldugu bu calismada
sadece kanal genisligi degistirilmistir. Yapilan analizler sonucunda kanal genigligi arttikca akim
yogunlugunun azaldig1 sonucuna varilmistir [6].

Yakit hiicrelerinin ¢alismasina etki eden faktorler ile ilgili bir literatiir taramasi yapildiginda yakit hiicresi
y1gin performansina stokiyometrik oranin etkisinin incelendigi farkli ¢aligmalara ulagilmistir [10,17-21].
Bu ¢aligmalarda sadece katot stokiyometrisinin etkisini dikkate alan [17], geri basinglandirma ve anot
stokiyometrisini inceleyen [18], hava stokiyometrisini yani katot stokiyometrisi dikkate alan [19], yiik
degisimi esnasindaki stokiyometri degisimini inceleyen [20], PEM yakit hiicresi ¢aligma kosullarinin
(akim yogunlugu, calisma sicakligi, katot stokiyometrisi, vb.) 1s1 ve su olusumu flzerine etkilerini
inceleyen calismalara ulasilmistir. Bu calismada ise iki hiicreli PEM yakit hiicresi y1gini performansina
stokiyometri oraninin etkisi literatiirdeki calismalardan farkli olarak hem anot hemde katot
stokiyometrisinin es zamanli olarak degistirilmesi ile sayisal olarak incelenmistir. Caligma sonucu elde
edilen polarizasyon egrileri, glig-akim yogunlugu egrileri, sicaklik dagilimlar1 ve kiitle kesri dagilimlari
gosterilmis ve yorumlar yapilmustir.

2. MATERYAL ve METOT (MATERIAL and METHOD)

Literatlirde tek bir PEM yakit hiicresinin (single PEM fuel cell) modellenmesine ait oldukca fazla sayida
calisma bulunmaktadir. Bunun yanisira c¢ok hiicreli yakit hiicresi yiginlarinin modellenmesine ait
calismalarda son yillarda artmistir. Bu calismada iki hiicreli PEM yakit hiicresi y1gin modeli belirli
calisma kosullarinda sayisal olarak HAD programm kullanilarak analiz edilmistir. Oncelikle ¢alismanin
karsilastirilabilmesi i¢in Bilgili ve arkadaslarinin yaptigi 3 boyutlu model geometrisi [4] temel alinmstir.

2.1. PEM Yakat Hiicre Yigim1 Modeli (PEM Fuel Cell Stack Model)

Bu calismamizin amaci PEM yakit hiicresi yigim1 performansina stokiyometrik oranin etkisinin
incelenmesi oldugu i¢in tasarim kisminda Bilgili ve arkadaglarmin [4] ilgili makalesindeki iki hiicreli
PEM yakit hiicresi y1gin tasarimina bagli kalinarak sayisal analizler gergeklestirilmistir.

Sekil 1. Iki hiicreli PEM yakit hiicresi yigimn 3 boyutlu gériintiisii [4]
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Sekil 1’de genel goriintiisii verilen iki hiicreli PEM yakit hiicresi yiginin geometrik boyutlar1 ve
Ozellikleri Tablo 1°de verilmistir.

Tablo 1. Yakit hiicresinin geometrik ozellikleri [4]

FiZIKSEL BOYUTLAR 1S SERPANTIN BIRIM
Kanal Derinligi 0,75 mm
Kanal Genisligi 0,75 mm

Akis Kanah Kesit Alam 0,5625e-06 mm?

Yakat Pili Aktif Alani 0,00054 mm?
Difiizyon Tabakas1 Kalinhgi 0,325 mm
Katalizor Tabakas1 Kalinhg 0,015 mm

Membran Kalinhg 0,05 mm

2.2. Yakat Pili Yigin Hesaplamalar: (Calculations of Fuel Cell Stack)

PEM yakit pillerinde anot ve katot kutuplarinda birbirlerinden bagimsiz olarak reaksiyonlar gerceklesir.
Anot kutbuna gonderilen hidrojenden elektronlarin ayrilmasi neticesinde protonlar olusur. Olusan bu
protonlar gecirgen zardan; elektronlar ise ayr1 bir devreden katoda ulasir. Katoda gonderilen havada
bulunan oksijen molekiilleri ile katot tarafindan gelen proton ve elektronlarm reaksiyonu ile devre
tamamlanir. A¢iga ise su ¢ikar. PEM yakit pilinin anot kutbunda ve katot kutuplarinda su reaksiyonlar
gerceklesir:

Anot Reaksiyonu: H,>2H*+ 2e~
Katot Reaksiyonu: 2H*+ 2e~ + 1/20,~> H,0
Toplam Reaksiyon: H,+ 1/20,~> H,0

PEM yakit pillerindeki giic hesaplamalari temelde yakit pilinin voltaj (V) ve akim( I) degerlerine baglidir.
Her bir hiicredeki ortalama potansiyel ile toplam hiicre sayisinin ¢arpimi yiginin ortalama potansiyelini
verir. Elde edilen bu deger ile akimin carpilmasi sonucunda ise giic meydana gelir. Basit olarak elde
edilen gii¢ denklemi su sekildedir [2]:

W = Vhiicre X Nhiicre X1 1

Akim yogunlugu degeri (i) [A/cm?] akimin yakit pili aktif alanina béliinmesi sonucu elde edilir. Calisma
da analizler 343 K ve ortam basinct 1 atm degerlerine gore yapilmistir. Hesaplamalarda hiicre sayisi
(Npiicre) 2 olarak alinmus ve yakat pili aktif alan1 (A) 5,4 ¢cm? olarak belirlenmistir. Anot ve katot giris
debisi hesabi asagidaki Es.(2) ve Es.(4) kullanilarak hesaplanmustir.

. i.A

Ny, = Npiicre (Aa ﬁ) 2
Es.(2)’deki ny, anot tarafi i¢in mol debisini ifade ederken npcre ise yakit pili y1ginindaki hiicre sayisini
gosterir. A, reaktan gazlarin stokiyometrik oranidir ve saglanan reaktif akisinin harcanan reaktif akisina
olan oranm ifade eder. Anot ve katot stokiyometrik oranlarinin matematiksel gosterimi Es.(3)’de
verilmistir. Anot ve katot tarafi i¢in bu deger 1.5, 2.0, 2.5, 3.0, 3,5 olarak alinmustir.

/1 - ﬂHz,saglanan . - 7.loz,saglanan 3
T Lottt

. y ¢ .
NH2,harcanan No2,harcanan

Ayrica ne ilgili tlirlin her bir molii i¢in transfer edilen elektron sayisini ifade eder. Es.2 icin ilgili tiir
hidrojen oldugu i¢in ne=2 eq/mol olarak alinmistir. Faraday sabiti (F) ise 96485 C/mol olarak hesaba
katilmigtir.

Es.(2) ile bulunan mol debisi, molekiil agirlig1 ile garpilarak kiitle debisi (11, ) hesaplanir.

Ty, = it x M 4
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Bu asamadan sonra anot girig tarafindaki nem de hesaplanarak toplam kiitle debisi bulunur. Kiitle kesri
(my) igin H=0,3 ve H20=0,7 olarak alinmustir.
myi = L 5
MHy,0 +mH2
Es.(5) denkleminden bulunan 1y, o degeri ile Es.(3)’den bulunan hidrojen kiitle debisi toplanarak toplam
anot giris kiitle debisi bulunur.

Katot giris debisi hesaplanirken saf oksijen alimmamustir. Bu yilizden havada oksijen miktar1 %21
oldugundan dolay1 bu deger hesaba katilmistir. Ayrica katot giris tarafi icin nemlendirme yapilmamustir.

Yukaridaki esitlikler ile anot ve katot stokiyometrik oranlari i¢in es zamanli olarak (1,5, “2”, 2,5, “3”,
“3,5”) degerleri alinarak gerekli hesaplamalar yapilmistir. Bu hesaplar neticesinde bulunan anot ve katot
tarafindaki gaz giris debileri Tablo 2°de verilmistir.

Tablo 2. Farkli stokiyometrik oranlarda giris kiitle debileri

Anot Stokiyometrik Oran 1,5 2 2,5 3 3,5
Katot Stokiyometrik Oran 1,5 2 2,5 3 3,5
Anode Mass Flow Inlet (kg/s) 5,6413e-07 7,521e-07 9,4e-07 1,13e-06 1,32e-06

Cathode Mass Flow Inlet

6,395e-06 8,527e-06 | 1,06e-05 | 1,28e-05 1,49e-05
(kg/s)

Sayisal analizde kullanilan elektrokimyasal parametreler ve aldiklar1 degerler birimleri ile birlikte Tablo
3’de sirayla verilmistir.

Tablo 3. Sayisal analizde kullanmilan elektrokimyasal parametreler

PARAMETRELER DEGER | BiRIM
Anot Referanst Akim Yogunlugu 1,0 A.cm?
Anot Referansi Mol Derigimi 1 kmol.m
Anot Derigiminin Degeri 0,5 -

Anot Aktarim Katsayisi 1 -

Katot Referansi Akim Yogunlugu 1,0 A.cm?
Katot Referans1 Mol Derisimi 1,0 kmol.m-?
Katot Derigiminin Degeri 1 -

Katot Aktarim Katsayisi 1 -

Acik Devre Voltaji 0,977 V

GDL Isil letkenligi 1,6 W(m.K)?
Katalizor Tabakas Isil [letkenligi 2 W(m.K)
Bipolar Plakann Isil iletkenligi 20 W(m.K)?
GDL Elektriksel Iletkenligi 2500 (ochm.m)*!
Katalizor Tabakasi Elektriksel iletkenligi 2500 (ochm.m)*!
Bipolar Plakanin Isil iletkenligi 22000 (ohm.m)™*
GDL Gozenekliligi 0,75 -
Katalizor Tabakas1 G6zenekliligi 0,5 -

Temas Agis1 Anot/Katot 165 °

Temas Direnci 5e-07 ohm.m?
Membran Esdeger Agirlik 1100 kg.kmol?

Analizler bes farkli stokiyometrik oran i¢in alt1 farkli voltaj degeri (0.8V, 1.0V, 1.2V, 1.4V, 1.6V, 1.8V)
ile ANSYS Fluent programi kullanilarak yapilmistir. Sayisal analiz i¢in kullanilan denklemler asagida
verilmistir.



140 Muhammed Salih CELLEK, Muhittin BILGILI / GU J Sci, Part C, 9(1):134-147(2021)

Kiitlenin korunumu kanunundan gaz difiizyon katmanindaki ve kanallardaki siireklilik denklemi Es.(6)’de
verilmistir.

V(pew) = Sy 6

Es.(6)’de verilen Sy yakit pilindeki anot tarafindaki elektrokimyasal reaksiyonlar boyunca meydana gelen
iiretim ve tliketimi gosterirken € elektrottaki gozeneklilik katsayisini, p gaz karisiminin yogunlugunu ve p
ise akiskanin hiz vektoriinii ifade etmektedir.

Es.(7)’de ise momentumun korunumu denklemi verilmektedir. Bu denklemdeki p basinci, p ise
viskoziteyi gostermektedir. Sy ise gbzenekli orama bagli bir kaynak terimini temsil etmektedir.

V. (epuu) = —eVp + (etters Vo) + Sy !

Enerji denklemi Es.(8)’deki ifade ile gosterilmistir. Burada ki Aeft efektif iletkenligini, C, izobarik 1s1y1, Sh
ise enerji kaynagi terimini ifade eder.

V.(AeffVT) = V. (epCyuT) + Sy, 8
Tirlerin korunumu ise
2 1 y(eiCy) = V(DVE) + S, 9

seklinde ifade edilir. Buradaki C; 1 tiirliniin yogunlugunu, D; i tiirliniin difiizyon katsayisin1 gosterirken S;
ise tiirlere ait kaynak terimini ifade eder.

Elektronlar igin yiikiin korunumu esitligi,

V. (V) =S, 10
seklinde ifade edilirken protonlar i¢in yiikiin korunumu esitligi ise

V. (0 V) = S; 11

ile ifade edilir. Buradaki ¢ kati faz potansiyelini, ¢,, membran potansiyelini, o'/ efektif elektrik

iletkenligini, afnf T ise membranin iyonik iletkenligini gdsterir. Bu denklemler tasarimi yapilan iki hiicreli

PEM yakit hiicresi yigin1 igin stokiyometrik oranin performansina etkisinin incelenmesi igin
kullanilmigtir. Her bir katman igin ¢oziilen denklemler ve kaynak terimlerinin esitliklerine detayli olarak
[3]’den ulasilabilir.

3. BULGULAR ve TARTISMA (OBSERVATIONS and DISCUSSIONS)

Bes farkli stokiyometrik oran degeri igin alti ayri voltaj degerlerinde ANSYS Fluent programi
kullanilarak sayisal analizler gergeklestirilmistir. Stokiyometrik oran, anot ve katot tarafinda ayni olacak
sekilde alinmistir. Ornegin ilk yapilan analizde anot ve katot tarafi stokiyometrik oran1 1,5 almarak belirli
bir voltajdaki akim yogunlugu degeri bulunmustur. Degisen stokiyometrik oranlarda ve voltaj
degerlerinde elde edilen akim yogunlugu degerleri Tablo 4’de detayli olarak gosterilmektedir.

Tablo 4. Farkli stokiyometrik oranlarda ve voltajlarda elde edilen akim yogunlugu degerleri

Stokiyometrik Oran=1,5 Stokiyometrik Oran=2 Stokiyometrik Oran=2,5
Volt Akim Yogunlugu Volt AKkim Yogunlugu Volt Akim Yogunlugu
(Alcm?) (Alcm?) (Alcm?)

1,8 0,022 1,8 0,022 1,8 0,022
1,6 0,205 16 0,206 1,6 0,210
1,4 0,772 1,4 0,718 1,4 0,692
1,2 1,482 1,2 1,731 1,2 1,798
1 1,890 1 2,141 1 2,314
0,8 1,960 0,8 2,271 0,8 2,530
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Tablo 4 . Farkl: stokiyometrik oranlarda ve voltajlarda elde edilen akim yogunlugu degerleri (Devam)

Stokiyometrik Oran=3 Stokiyometrik Oran=3,5
Volt Akim Yogunlugu Volt Akim Yogunlugu
(Alcm?) (Alcm?)

18 0,022 1,8 0,023
1,6 0,212 1,6 0,216
1,4 0,683 14 0,671
1.2 1,806 1.2 1,819
1 2,447 1 2,524
0,8 2,715 0,8 2,890

Bu sonuglar neticesinde her bir stokiyometrik oranda elde edilen akim yogunlugu degerleri kullanilarak
Sekil 2’de goriilen polarizasyon egrileri elde edilmistir.

= Stokiyometrik Oran=1,5
= e=f==Stokiyometrik Oran=2
()
’go Stokiyometrik Oran=2,5
g \ Stokiyometrik Oran=3
208 —J—
=== Stokiyometrik Oran=3,5

0,6

0,4

0,2

0 0,5 1 1,5 2 2,5 3 3,5
Akim Yogunlugu [A/cm?]

Sekil 2. Farkl stokiyometrik oranlarda iki hiicreli yakit pili yigini icin polarizasyon egrileri

Yapilan analizler neticesinde elde edilen polarizasyon egrilerine gore farkli stokiyometrik oranlarda elde
edilen akim yogunlugu degerlerinin 1,8 V ile 1,4 V arasinda birbirlerine benzer sekilde oldugu, 1 V ile
0,8 V arasinda ise belirgin sekilde farklilik gosterdigi gdzlemlenmistir. Bununla birlikte voltaj degerleri
diistiikce her bir stokiyometrik orandaki akim yogunlugu degerlerinde artis meydana geldigi goriilmiis, en
fazla akim yogunlugu degerlerine ise 0.8 V’da ulasilmigtir. 0,8 V degeri i¢in yapilan analizlerde elde
edilen akim yogunlugu degerleri, stokiyometrik oran 1,5 i¢in 1,96 A/cm2, stokiyometrik oran 2 i¢in 2,27
A/cm?2 ve stokiyometrik oran 2,5 icin 2,53 A/cm?2 seklinde elde edilmistir. Ayni voltaj degerinde akim
yogunlugu stokiyometrik oran 3 i¢in 2,72 A/cm2, stokiyometrik oran 3,5 i¢in 2,89 A/cm2 olarak
hesaplanmustir. Stokiyometrik oranlar arasi akim yogunlugu degerlerinin en fazla farklilik gosterdigi 0,8
V degerindeki akim yogunlugu artisi stokiyometrik oran 1,5 - 2 arasinda %15,85, stokiyometrik oran 2 -
2,5 arasinda %11,38 seklinde gergeklesmistir. Ayni voltaj degerinde stokiyometrik oran 2,5 - 3 arasinda
%7,32 oraninda artig goriiliirken stokiyometrik oran 3-3,5 arasinda % 6,45 seklinde artig gergeklesmistir.

Sekil 2°de net bir bigimde goriildiigii gibi akim yogunlugu degerleri 1,2V degeri ve daha disiik voltaj
degerleri i¢in stokiyometrik oran arttik¢ca artmakta, fakat artis miktar1 stokiyometri artigina bagh olarak
yavaglamaktadir. Buradan polarizasyon egrisinde yiiksek akim yogunlugu bolgesinde, artan stokiyometrik
oran degerleri i¢in akim yogunlugundaki artigin azaldigi sdylenebilir.
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Tablo 5. Farkli stokiyometrik oranlarda degisen voltaj degerlerine gore elde edilen gii¢ degerleri

Stokiyometrik Oran=1,5 Giig Stokiyometrik Oran=2 Giig Stokiyometrik Oran=2,5 Giig
0,8V 8,47 0,8V 9,81 0,8V 10,93
v 10,20 v 11,56 1 12,50

1,2v 9,60 1,2v 11,22 1,2v 11,65

1,4v 5,84 1,4v 5,43 1,4v 5,24

1,6V 1,77 1,6V 1,78 1,6V 1,82

1,8V 0,21 1,8V 0,21 1,8V 0,21

Tablo 5. Farkli stokiyometrik oranlarda degisen voltaj degerlerine gore elde edilen gii¢ degerleri
(Devam)

Stokiyometrik Oran=3 Glg Stokiyometrik Oran=3,5 Gug
08V 11,73 0,8V 12,49

v 13,21 v 13,63

1,2v 11,70 1,2v 11,79

1,4v 5,17 1,4V 5,08

1,6V 1,83 1,6V 1,87

1,8V 0,22 1,8V 0,22

Her bir stokiyometrik oran i¢in 0,8 V’dan 1,8 V’a kadar farkli potansiyel degerlerinde analizler yapilarak
elde edilen akim yogunlugu degerleri ile Es.(1) kullanilarak gii¢ degerleri sayisal olarak hesaplanmistir.
Stokiyometrik oranlarin her biri ayr1 ayri incelendiginde en yiiksek giic noktalarinin analiz yapilan
degerler arasindan 1 V degerinde oldugu goriilmiistiir (Tablo 5).

Tablo 5’deki veriler dogrultusunda her bir stokiyometrik oran i¢in giig-akim yogunlugu egrileri Sekil 3’de
gosterildigi gibi elde edilmistir.

Her bir stokiyometri degeri icin elde edilen egrilerde Sekil 3°de gorildiigli lizere giic egrileri bir
maksimum tepe degerine ulasilmakta ve sonrasinda diisiise ge¢cmektedir. Stokiyometrik oran 1,5 igin
yapilan analizde tepe noktas1 1,89 A/cm? degerinde goriilmiistiir. Tepe noktas1 degeri stokiyometrik oran
2 igin 2,14 A/cm?, stokiyometrik oran 2,5 i¢in 2,31 A/cm?, stokiyometrik oran 3 igin 2,44 A/cm? ve
stokiyometrik oran 3,5 igin ise 2,52 A/cm? seklinde gdzlemlenmistir. Her bir stokiyometrik oranda elde
edilen gii¢ miktarlar1 karsilagtirildiginda ulasilan tepe noktalar1 arasindaki artig orani stokiyometrik oran
1,5-2 arasinda %13,34, stokiyometrik oran 2-2,5 arasinda %8,09, stokiyometrik oran 2,5-3 arasinda
%5,75 ve stokiyometrik oran 3-3,5 arasinda ise %3,14 olarak gergeklesmistir. Burada elde edilen
sonuclardan goriildiigii gibi stokiyometrik oranin artmasiyla beraber gii¢c degerlerinin de arttig1, fakat bu
artisin dogru orantili olarak gerceklesmedigi, giic degerlerinin artis oraninda azalma meydana geldigi
goriilmiigtiir.

Yapilan analizler sonucunda membran sicaklik dagilimi, anot ve katot kiitle kesir oranlarmin dagilimlarn
da elde edilmistir. Her bir stokiyometrik oran i¢in elde edilen gii¢ miktarina en fazla 1 V potansiyel farki
degerinde ulasildig1 i¢in asagida bu volt degerindeki sicaklik, anot kesri ve katot kesri dagilimlarina yer
verilmistir (Sekil 4, Sekil 5 ve Sekil 6).
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Sekil 3. Farkl stokiyometrik oranlarda elde edilen giic- akim yogunlugu egrileri
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Sekil 4. Membran tabakasi sicaklik dagilimlar: (a) Stokiyometrik oran 1,5 (b) Stokiyometrik oran 2
(c) Stokiyometrik oran 3 (d) Stokiyometrik oran 3,5
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Yakit hiicreleri i¢in degisen kosullardaki sicaklik analizleri yakit hiicrelerinin ¢alisma performansi
agisindan Onemlidir. Yan ve arkadaslar’’min PEM Yakit hiicresinin ¢esitli ¢alisma kosullar1 altindaki
durumunu inceledikleri calismaya gore yakit pilinin ¢alisma sicakliginin gaz diflizyon ve katalizor
tabakalarindaki su transferi ve membran iletkenligi {izerindeki etkisi nedeniyle yakit hiicresi
performansini 6nemli dl¢iide etkiledigi bulunmustur [15]. Her bir stokiyometrik oran igin Sekil 4. (a), (b),
(c), (d) ayr1 ayr incelendiginde her birindeki maksimum minimum sicaklik farkinin en fazla 5°C oldugu
gbzlemlenmistir. Ayrica s6zii edilen sekiller bir biitiin olarak incelendiginde stokiyometrik oran arttikca
sicaklik degerlerinin de arttig1 fakat bu artisin yalnizca 1-2°C ile sinirh kaldigr goriilmektedir. Buradan
yola c¢ikarak stokiyometrik oranin PEM yakit hiicresi ¢alisma sicakligina fazla bir etkisinin olmadig
sonucuna varilabilir. Bununla birlikte ayni voltaj degerlerinde stokiyometrik oran arttikga sicaklik
dagilimlari daha homojen hale gelmektedir. Bunun sebebi ise konvektif 1s1 transferinin artmasindan
dolay1 gerceklestigi diistiniilmektedir.
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Sekil 5. Gaz akig kanali igersisinde anot kiitle kesri dagilimlar: (a) Stokiyometrik oran 1,5
(b) Stokiyometrik oran 2 (c) Stokiyometrik oran 3 (d) Stokiyometrik oran 3,5

Analizler neticesinde elde edilen anot kiitle kesri dagilimlar1 Sekil 5°de gosterilmistir. Bu dagilimlara
bakildiginda her bir yakit hiicresinin giris kiitle kesri oran1 0,3 olarak ger¢eklesmistir. Stokiyometrik oran
1,5 igin ¢ikis anot kiitle kesri 0,209 olarak gergeklesirken, bu oran stokiyometrik oran 2 igin 0,211,
stokiyometrik oran 3 igin 0,215, stokiyometrik oran 3,5 i¢in ise 0,216 seklinde gergeklesmistir. Bu veriler
dogrultusunda ¢ikis kiitle kesrinin stokiyometrik oran arttikca artis gosterdigi gozlemlenmistir. Ayrica
dagilimlar incelendiginde stokiyometrik oranin artmasiyla beraber kanal boyuncaki kiitle kesri oranlarinin
daha da homojen hale geldigi sonucu elde edilistir. Kiitle kesri oraninin kanallar boyunca artis gostermesi
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daha fazla reaksiyonun gergeklesmesine ve bununla birlikte yakit hiicresi performansinin daha da
artmasina neden olmaktadir.
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Sekil 6. Gaz akig kanali igersinde katot kiitle kesri dagilimlar: (a) Stokiyometrik oran 1,5
(b) Stokiyometrik oran 2 (c) Stokiyometrik oran 3 (d) Stokiyometrik oran 3,5

1V degeri igin elde edilen katot kiitle kesri dagilimlart Sekil 6’da gosterilmistir. Artan stokiyometrik
oranlar ile beraber 1V degeri i¢in yapilan analizlerde, katot kiitle kesri dagilim incelendiginde her bir
yakit hiicresindeki girig kiitle kesri 0,2 olarak gerceklesmistir. Cikis katot kiitle kesri degerleri
stokiyometrik oran 1,5 i¢in 0,034, stokiyometrik oran 2 i¢in 0,046, stokiyometrik oran 3 i¢in 0,063 ve
stokiyometrik oran 3,5 icin ise 0,069 olarak elde edilmistir. Anot kiitle kesrine benzer olarak katot kiitle
kesri oran1 da stokiyometrik oran artikca artig gostermis ve kanallardaki katot kesri dagilimi daha
homojen bir hale geldigi goriilmektedir.

4. SONUCLAR (RESULTS)

Bu ¢aligmada belirlenen anot ve katot stokiyometrik oranlarinda PEM yakit hiicresi y1gin1 performansina
etkisi sayisal olarak incelenmistir. Analizler neticesinde yiiksek akim yogunlugu bélgesinde, artan
stokiyometrik oran degerleri ig¢in akim yogunlugunda da artis olmustur. Bu artisin orani, stokiyometrik
oranlar arttikca azalmistir. Stokiyometrik oranlarin her biri ayr1 ayn incelendiginde en yiiksek giic
noktalarinin analiz yapilan potansiyel farki degerleri arasindan 1 V degerinde oldugu goriilmiistiir.
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Degisen voltaj degerlerinde stokiyometrik oranin artmasiyla beraber sicaklik artiginin gerceklestigi fakat
bu artigin 1-2°C oldugu goriilmiigtiir. Bununla birlikte stokiyometrik oranin artmasiyla sicaklik
dagiliminin daha homojen bir hale geldigi sonucuna ulagilmistir. Anot ve katot kiitle kesirlerinin ise artan
stokiyometrik oran ile birlikte arttigi ve dagilimlarimin yakit hiicresi geneline daha homojen olarak
yayildig1 sonucu elde edilmistir.
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In this study, a deep network-based system was developed for automatic cracked detection in
eggshell images. This system consists of image acquisition, image labeling, training, and testing
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Figure A. Schema of the Proposed System

Purpose: Identifying cracked eggs is very significant in terms of health and hygiene. Separating

Networks : cracked eggs in the food industry is done manually by experts. This situation causes many errors
Computer Aided Detection . N . . .
System due to eye fatigue and the excessive workload of the expert. In line with this purpose, a deep

learning-based system was developed to assist the experts for cracked detection on the egg
surface smoothly and in a shorter time.

Theory and Methods: In this study, a Faster Region-based Convolutional Neural Network-
based model was presented to detect cracked eggs. First, the cracked egg images were resized.
Subsequently, the cracked regions were manually labeled on the images, and their locations were
determined. The tagged images were applied to the entry of the 16-layer architecture developed
based on Convolutional Neural Networks, and the training process was carried out. Finally, the
test phase was conducted using the cracked detector containing knowledge about the texture and
shape of the cracked areas obtained through the training phase.

Results: 107-cracked egg images based on the developed defective-egg detection device were
used to test the proposed model. As a result, the proposed model achieved an average precision
of 95.69% in detecting cracks on the egg. Visual and numerical test results of the proposed model
are given in Chapter 4.

Conclusion: In the experimental results, it has been observed that the cracked areas on the egg
surfaces are determined correctly with high performance using the proposed model. These results
show that the proposed model can be used in the food industry to separate cracked eggs
automatically. Besides, this study, in which extensive experimental studies were carried out, is
suggested to lead to more studies on cracked detection on the egg surfaces.

*Corresponding author, e-mail:mr_turkoglu@hotmail.com DOI: 10.29109/gujsc.878199
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Automatic detection of cracked eggs is of great importance in terms of health. Today, the
separation of cracked eggs is done by experts through observation. This process causes time
loss and erroneous detections together with tiring. In this direction, a system based on Region-
based Convolutional Neural Network (CNN) has been designed for the automatic detection of
cracks in the egg surface. An original data set containing cracked eggs images were created for
the training and testing phase of the proposed 16-layer CNN-based model. Cracked regions in
107 egg images using the MATLAB platform were labeled. Within the scope of experimental
studies, an average precision of 95.69% was obtained by using the proposed model for cracked
region detection. These results showed that the proposed computer-based system can be used to
automatically separate cracked eggs in the food industry.

Yumurta Kabugu Goériintiilerinde Kirik Tespiti icin Daha Hizh
Bolgesel Tabanh Cok Katmanh Evrisimsel Sinir Aglar:

Oz

Yumurta Kirik Tespiti
Daha Hizli Bélgesel
Evrisimsel Sinir Aglar:
Bilgisayar Destekli Tespit
Sistemi

Kirik yumurtalarin otomatik olarak tespiti saglik agisindan biiyiikk bir 6nem tasimaktadir.
Giintimiizde, kirik yumurtalarin  ayristirillmast  uzmanlar tarafindan  gézlem yoluyla
yapilmaktadir. Bu siireg, yorucu olmakla birlikte zaman kaybina ve hatali tespitlere yol
acmaktadir. Bu dogrultuda, yumurta yiizeyindeki kiriklarin otomatik tespiti i¢in Bolgesel
tabanli Evrisimsel Sinir Agma (ESA) dayali bir sistem tasarlanmustir. Onerilen 16 katmanlh
ESA tabanli modelin egitim ve test asamasi igin kirik yumurta goériintiilerini i¢eren 6zgiin bir
veri seti olusturulmustur. MATLAB platformu kullanilarak 107 yumurta goriintiisiindeki kirik
bolgeler etiketlenmistir. Deneysel ¢alismalar kapsaminda, kirik bolge tespiti igin 6nerilen model
kullanilarak %95,69 ortalama kesinlik elde edilmistir. Bu sonuglar, onerilen bilgisayar destekli
sistem, gida sanayisinde otomatik olarak kirik yumurtalarin ayristirilmasi amactyla
kullanilabilecegini gostermistir.

1. GiRiS INTRODUCTION)

Hayvansal gida iiriinlerinden biri olan yumurta, insanlar i¢in 6nemli bir besin kaynagidir. Yumurta, uygun
fiyatlh ve besleyici olmasi agisindan diinya capinda yaygin olarak tiiketilmektedir. Bu derece yaygin
olarak kullanilan yumurtanin kalite kontrolii de &nem arz etmektedir. Yumurtalarin toplanmasi ve
paketlenmesi otomatik olarak yapilmasina ragmen yumurta kabugunda olusabilecek kusurlarin tespitine
yonelik sistemler yetersiz kalmaktadir. Bu tiir problemlerin giderilmesi amaciyla, birgok bilim adami ve
aragtirmaci tarafindan otomatik bir sistem tasarlanmaya ¢alismistir [1-4].

Kirik yumurtalarin tespit edilmesi, saglik ve hijyen agisindan c¢ok Onemlidir. Catlak ya da kirik
yumurtalar, zararli bakteriyel enfeksiyonlarin yumurta kabugundan igeri girmesine yol agmaktadir [1-2,
4]. Bu nedenle, yumurtalar tiiketicilere ulasmadan oOnce kirik tespitinin yapilmasi Onemli hale
gelmektedir. Giiniimiizde, yumurta kusurlarinin tespiti ve ayristirilmasi, uzman kisiler tarafindan gorsel
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olarak yapilmaktadir. Bu durum, uzman kisinin géz yorgunlugu ve asir1 is yiikiinden dolay1 yumurta
kusurlarin1 tam olarak tespitini sinirlamaktadir. Son zamanlarda, kirik yumurtalarin tespiti i¢cin makine
Ogrenmesi ve goriintli isleme yontemlerine dayali bir¢ok ¢alisma yapilmistir. Bu caligmalar, siniflandirma
ve kirik bolge tespiti (segmentasyon) olmak iizere ikiye ayrilir. Bu calismalar Tablo 1’de 6zetlenmistir.

Tablo 1. Mevcut ¢alismalar

Arastirmacilar Kullanilan Yoéntem Performans (%o)
Oztiirk 1
% ark ve Gangal | oo otii isleme teknikleri 88 (dogruluk)

Goriintlii  isleme teknikleri ve
Omid ve ark. [5] bulanik mantiga dayal1 hibrit bir | 94,5 (dogruluk)
sistem

LOG (Laplacian of Gaussian) ve
goriintli igleme teknikleri
Istatistiksel ozellikler ve DVM

Smiflandirma Guanjun ve ark. [6] 92,5 (dogruluk)

Wu ve ark. [7] 93 (dogruluk)

siniflandiricisi
Abbaspour- Canny kenar detektorii, Hough
Gilandeh ve Azizi | doniistimii ve Dogrusal | 90,1 (dogruluk)
[8] diskriminant analizi

Goriintii  isleme teknikleri ve

Y K.
ang ve ark. [9] bulanik mantiga dayali bir sistem

94,55 (kesinlik)

:;rlil;i bolge Abdullah ve ark. | Goriintii isleme teknikleri ve | 89,2 (duyarlilik) ve
P [10] Destek Vektor Makinesi 94,6 (6zgiillik)
(segmentasyon) - —
Daha hizli bolgesel evrisimsel | 78,17 (ortalama

Datt k. [11 inli
atta ve ark. [11] sinir aglari kesinlik)

Tablo 1’den anlasilacagi {izere, kirik yumurtalarin siniflandirilmasina dayali mevcut ¢alismalar, yaklasik
olarak %90-95 araliginda performans elde edilirken, segmentasyona dayali ¢alismalarda ortalama %90
performans elde edilmistir. Ayrica, siniflandirma ve kirik bolge tespiti ile ilgili mevcut ¢alismalarda,
genellikle geleneksel goriintii isleme yontemleri kullanilmistir. Bu yontemler, 151k, arka plan ve uzaklik
gibi birgok farkli kosullarda performanslar degiskenlik gdsterebilmektedir. Bu sebeple, gida sanayisi i¢in
gelistirilen ger¢ek zamanli uygulamalarda bu tiir yontemler tercih edilmemektedir.

Son zamanlarda, goriintii siniflandirilmasi ve nesnelerin konumlarinin belirlenmesi i¢in ESA’ya dayali
calismalar popiiler hale gelmistir. Bunun nedeni ise, egitim agsamasinda ayirt edici 6zelliklerin insandan
bagimsiz olarak ¢ikartilmasi ve yiiksek performansa sahip olmasidir. Bu ¢alisma kapsaminda, yumurta
yiizeyindeki kirtk bolgelerin tespiti i¢cin Daha Hizli Bolgesel Evrisimsel Sinir Ag modeli (DH-BESA)
gelistirilmistir. Ilk olarak, kirik yumurta goriintiileri yeniden boyutlandirilmistir. Daha sonra kirik
bolgeler, goriintii lizerinde manuel olarak etiketlenmis ve konumlart belirlenmistir. Etiketlenen
goriintiiler, Evrisimsel Sinir Aglara dayali gelistirilen 16 katmanli mimarinin girigsine uygulanmistir.
Onerilen modeli test etmek igin kirik yumurta goriintiilerini igeren 6zgiin bir veri seti kullamlmistir.
Deneysel caligmalardan elde edilen sonuglar, nerilen DH-BESA mimarisinin yiiksek performansa sahip
oldugunu gostermektedir.

Onerilen modelin ana katkilar1 asagida maddeler halinde verilmistir. Bunlar:
e Bu ¢alismada, kirik yumurta goriintiilerini igeren kamuya agik 6zgiin bir veri seti olusturulmustur.

e Bu calismada, 16 katmanli Evrisimsel Sinir Aglara dayali bir model tasarlanmistir. Onerilen
model kullanilarak %95,69 ortalama kesinlik elde edilmistir.

e Deneysel ¢aligmalardan elde edilen performans, kirik yumurtalarin tespiti ig¢in 6nerilen modelin
gida sanayisinde gercek zamanli olarak kullanilabilecegini gostermistir.
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Calisma su sekilde organize edilmistir. Calismanin ikinci boliimiinde dnerilen modelin teorik alt yapisi ve
veri kiimesi anlatilmistir. Ugiincii boliimde &nerilen model detaylandirilmistir. Deneysel sonuglar
dordiincii boliimde verilirken, son bdliimde ise sonuglar ve gelecek ¢alismalardan bahsedilmistir.

2. MATERYAL ve METOT (MATERIAL and METHOD)

Bu calismada, kirtk yumurtalarinin tespiti i¢in Bolgesel Evrisimsel Sinir Aglarina (BESA) dayali bir

model sunulmustur. Onerilen modeli test etmek icin gelistirilen kusurlu yumurta tespit cihazina dayali
0zgiin bir veri kiimesi kullanilmigtir. Bu ¢aligmanin ana islem adimlar1 Sekil 1°de gosterilmigtir.

m = B — m =

Kirik yumurta gérintilerinin alinmasi Goruntlerin Etiketlenmesi Onerilen Daha Hizli Balgesel ESA Mimarisi

ojeje

Test Goruntdileri

Onerilen modelin gorsel sonuglari

Ozellik haritasi,
Bolge Oneri Agi ve ROI
havuzlama katmani

Egitim Asamasi

Sekil 1. Bu ¢calismanin akis diyagrami

Onerilen modelin teorik alt yapis1 ve kullanilan veri kiimesi alt basliklar halinde detaylandirilmstir.

2.1. Veri Kiimesi (Dataset)

Onerilen ¢alisma kapsaminda gelistirilen kusurlu yumurta tespit makinesi kullanilarak kirik yumurta
goriintiilerini igeren bir veri seti olusturulmustur. Bu kapsamda, 4000x6000 ¢6ziiniirliige sahip 107 kirik
yumurta goriintiisii elde edilmistir. Bu goriintiiler, Nikon D7200 fotograf makinesi kullanilarak sabit
uzakliktan ¢ekilmistir. Ornek kirik yumurta gériintiileri Sekil 2’de verilmistir.

® oo
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Sekil 2. Ornek kirik yumurta goriintiileri

2.2. Evrisimsel Sinir Aglar1 (Convolutional Neural Networks)

ESA, konvoliisyon katmani, havuzlama katmani ve tam bagli katmani iceren ¢ok kademeli bir ag yapisina
sahiptir. ileri beslemeli bir sinir ag1 modeline dayanan ESA, egitim asamasinda geri yayilim sayesinde
yinelemeli olarak agirliklarimi giincellemektedir [12-14]. Derin ESA mimarisi, girdi goriintiisiinden
ozellik haritalarinin ¢ikarilmasi i¢in Denklem 1°de verilen konvoliisyon katmani ile gergeklestirmektir.

Smn] =U*K)[mn] X, X I(m +i,n+ )HK(,)) 1

Burada ¢ikis matrisinin satir ve siitunlar1 sirastyla m ve n olarak ifade edilir. Giris olarak I goriintiisii ve
bir K konvoliisyon c¢ekirdegi kullanilarak, S[m,n] konvolisyon katmaninin ¢ikis goriintiisii
olusturulmaktadir. Elde edilen 6zellik haritas1 belirlenen bir aktivasyon fonksiyonundan gecirilmektedir.
Bir sonraki asamada ise asirt uyumu ortadan kaldirilmasi i¢in havuzlama katmani bulunmaktadir.
Havuzlama katmaninda maksimum, minimum ve ortalama degerler kullanilarak ¢ikti haritalarin alt
orneklemeleri elde edilir. 2 x 2 boyutunda maksimum havuzlama fonksiyonu kullanilarak hesaplama,
Denklem 2’de gosterildigi gibi formiile edilebilir.

fhavuzlama = Max('sm,n' Sm+1,n' Sm,n+1' Sm+1,n+1) 2

Konvoliisyon ve havuzlama katmani iglemleri sonucunda elde edilen 6zellik haritalar1, tam bagli katman
sayesinde tek boyuta indirgenmektedir. Son olarak o6zellik matrisi, smiflandiriciya girdi olarak
verilmektedir [12-17].

2.3. Daha Hizh Bolgesel Evrisimsel Sinir Aglar1 (Faster Regional Convolutional Neural Networks)

Bu caligmada, veri setindeki goriintii boyutlar1 128x128 olarak yeniden boyutlandirildi. Bu islemden
sonra, goriintiilerdeki yumurta ve kirik bolgelerinin 6zelliklerinin ¢ikarilmasi ig¢in bir ESA mimarisi
kullanildi. Bu galigmada kullanilan DH-BESA, ii¢ ana asamadan olusan bir algilayicidir. Bu asamalardan
ilki temel adim olarak goriintii 6zelliklerinin ¢ikarilmasi i¢in kullanilan ESA mimarisi, ikincisi nesne
sinirlariin tahmini i¢in onerilen bir bolge oneri ag1 (RPN) ve son olarak tespit edilen bolgeler icin
smirlayict kutu regresor (bounding box regressor) ile siniflandirict igeren bir ROI (ilgili alan) kismindan
olusmaktadir [18-19]. Onerilen DH-BESA mimarisinin érnek bir gsterimi Sekil 3’te verilmistir.
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Sekil 3. DH-BESA mimarisinin yapisi

3. ONERILEN YONTEM (THE PROPOSED METHOD)

Bu calismada, yumurta yiizeyindeki kirik bolgeleri tespit etmek icin Bolgesel ESA’ya dayali bir model

gelistirilmistir. Onerilen modelin temel islem adimlar1 sunlardr:

a) Kirik yumurta goriintiilerini igeren bir veri seti olusturuldu.
b) Elde edilen goriintiiler, 128x128 boyutunda yeniden boyutlandirildi.

¢) MATLAB programinin Image Labeler ara¢ kutusu kullanilarak yumurta tizerindeki kirik bolgeler

etiketlendi.

d) Egitim ve test kiimelerine ayirma islemi yapildi.
e) Evrigsimsel Sinir Aglarina dayali derin bir mimari tasarlandi ve agin egitim islemi gergeklestirildi.
Daha sonra, kirik bolgelerin doku ve sekil gibi 6zellik bilgilerini barindiran kirik detektorii elde

edildi.

f) Son olarak, elde edilen kirik detektorii kullanilarak test asamasi gerceklestirildi ve Onerilen

modelin performansi belirlendi.

Bu c¢aligmada ESA’ya dayali tasarlanan mimari, konvoliisyon, ReLu, havuzlama ve tam bagh
katmanlardan olugmaktadir. Bu mimarinin genel yapisi ve karakteristik Ozellikleri Tablo 2’de

detaylandirilmigtir,

Tablo 2. Tasarlanan ESA mimarisinin genel yapisi

153

Siniflandirma

Siurlayici Kutu

Ad Tip Filtre Boyutu/Stride | Cikis Boyutu
1 Input_1 Goriintii - 128x128x3
2 Conv_1 Konvoliisyon 5x5/1 126x126x32
3 Relu_1 RelLU - -
4 Conv_2 Konvoliisyon 5x5/1 124x124x64
5 Relu_2 RelLU - -
6 Averagepool_1 Havuzlama 3x3/2 61x61x64
7 Conv3_1 Konvoliisyon 5x5/1 59x59x64
8 Relu_3 RelLU - -
9 Conv3_1 Konvoliisyon 5x5/1 57x57x32
10 Relu_3 RelLU - -
11 Averagpool_1 Havuzlama 3x3/2 28x28x32
12 Fc 1 Tam Bagl - 1x1x1024
13 Relu_3 RelLU - -
14 Fc_2 Tam Bagh - 1x1x2
15 Softmax_1 Softmax - 2
16 Classoutput Siniflandirma Cikisi - -
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4. BULGULAR ve TARTISMA (RESULTS and DISCUSSION)

Deneysel calismalarda kullanilan bilgisayar, NIDIA Quadro P4000 GPU karti, Intel Xeon Silver 2.19
GHz ve 32 GB Ram bellek 6zelliklerine sahiptir. Tiim uygulamalar, MATLAB (R2020a) platformu
kullanilarak gerceklestirilmistir. Onerilen modelin performans kriteri icin duyarlilk ve kesinlik
degerlerine dayali Ortalama Kesinlik (Average Precision-AP) kullanilmigtir. Duyarlilik, pozitif olarak
tahmin edilmesi gereken verilerin ne kadarini pozitif olarak tahmin edildigini gosteren bir kriterdir.
Kesinlik ise, pozitif olarak tahmin edilen degerlerin gercekte ne kadarimin pozitif oldugunu gosteren bir
kriterdir. Bu deger matematiksel olarak Denklem 3’te verilmistir.

Ortalama Kesinlik (AP) = Y#Z1|Duyarlilik(k) — Duyarlilik(k + 1)| * Kesinlik (k) 3

Deneysel galismalarda, 6zgiin veri setimiz i¢in rastgele bir sekilde verilerin %80°1 egitim ve geri kalan ise
test icin kullanilmistir. Oncelikle, veri seti 128x128 olarak yeniden boyutlandirilmistir. Daha sonra,
Matlab Image Labeler ara¢ kutusu kullanilarak yumurtalardaki kiriklar dikdortgen bir sekilde
etiketlenmistir. Bu islem ile ilgili drnek bir gosterim Sekil 4’te verilmistir.

gooeLoooag
Sekil 4. Image Labeler arag kutusu islemi

Yumurta goriintiilerindeki kirik bolgeler etiketlendikten sonra onerilen mimari kullanilarak egitim islemi
gerceklestirilmistir. Onerilen ESA tabanli mimarinin egitimi igin epoch degeri 50, batch boyutu 1,
ogrenme katsayis1 1x10-4 ve Stokastik dereceli algalma tabanli momentum (stochastic gradient descent
with momentum) optimizasyon ydntemi kullanilmistir. Onerilen agin egitimi 5350 iterasyon sonra sona
ermigtir. Daha sonra, egitim asamasindan elde edilen kirik detektorii kullanilarak test islemi
gerceklestirilmistir. Onerilen mimari kullanilarak 20 kirtk yumurta goriintiisiinii iceren test islemleri
kapsaminda elde edilen kesinlik/duyarlilik egrisi Sekil 5’te verilmistir.

Ortalama Kesinlik = 0.9569

0.995

0.99

0.985

0.98

0.975

0.97

0.965

0.96

0.955 ?
0 0.2 0.4 0.6 0.8 1

Sekil 5. Deneysel sonuglara gore kesinlik/duyariiik egrisi
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Sekil 5’te verilen kesinlik/duyarlilik egrisinin altindaki alan ortalama kesinligi (average precision)
vermektedir. Sonug olarak, deneysel caligmalardan elde edilen ortalama kesinlik %95,69 olarak
hesaplanmustir. Onerilen mimarinin test sonuglari, Sekil 6’da gorsel olarak sunulmustur.

0.99994

-

0.99995 .
0.9984¢

0'998091963

0.99975

| —

Sekil 6. Onerilen modelin gorsel test sonuglar

Sekil 6’daki sari etiketler, yumurta iizerindeki kirik bolgeleri temsil etmektedir. Etiketler iizerindeki
rakamlar ise etiketlenen bolgenin kirik olma ihtimalini gostermektedir. Bu gorsel sonuglara gore, 6nerilen
DH-BESA modeli kullanilarak yumurta ytizeylerindeki kirik bdlgeler yiiksek performans ile konumlari
dogru tespit edildigi gozlenmistir.

Nesne tespiti ya da segmentasyon ile ilgili ¢ok sayida ¢alisma bulunmaktadir. Beyin tiimér, araba plakasi
ve yiiz tanmima gibi bir¢ok alanda konum tespit ¢alismalar1 yapilmistir. Fakat, yumurta yiizeylerindeki
kusurlu bolgelerin tespiti veya konum belirleme ile ilgili ¢alismalar ¢cok az sayidadir. Bu caligmalardan
Yang ve ark. [9], yumurta yiizeylerindeki kirik tespiti i¢in goriintii isleme teknikleri ve bulanik mantiga
dayali bir sistem sunmusglardir. Test islemi i¢in 55 yumurta 6rnegine dayali gergeklestirilen deneysel
calismalarda, %94,55 kesinlik elde etmiglerdir. Diger bir ¢calismada ise daha hizli bolgesel evrisimsel sinir
aglara dayali bir model kullanilarak %78,17 ortalama kesinlik elde etmislerdir [11]. Tiim bu sonuglara
gore, onerdigimiz model, diger calismalara gore daha yiiksek performansa sahip oldugu gozlenmistir.
Ayrica, kapsamli deneysel ¢aligsmalar gerceklestirilen bu ¢aligma, yumurta ylizeylerindeki kirik tespiti ile
ilgili yapilacak caligmalara onciilitk edecegi diisiintilmektedir.
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4. SONUC (CONCLUSION)

Bu calismada, yumurta goriintiilerinde kirik boélgelerin otomatik olarak tespiti icin Bolgesel tabanli
Evrisimsel Sinir Aglara dayali bir model gelistirilmistir. Onerilen model, konvoliisyon, havuzlama ve relu
katmanlarini igeren 16 katmandan olugmaktadir. Deneysel ¢aligmalarda, kusurlu yumurta tespit cihazi ile
elde edilen 107 kirik yumurta goriintiileri kullanilmistir. Sonug¢ olarak, Onerilen model, yumurta
tizerindeki kiriklarm tespitinde %95,69 ortalama kesinlik elde etmistir. Bu sonuglar, onerilen modelin
gida sanayisinde otomatik olarak kirik yumurtalarm ayristirilmasi amaciyla kullanilabilecegini
gbstermistir. ileriki calismalarda, daha ince kirik goriintiileri iceren veri kiimesinin genisletilmesi
diisiiniilmektedir. Ayrica dnceden egitilmis derin mimariler kullanilarak kirik yumurta tespiti yapilmasi
planlanmaktadir.
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