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ABSTRACT

Operating synchronous generators in power systems at maximum limits in
order to meet the requested power causes line failures or various mechanical
problems. This situation leads to low-frequency oscillations on the rotor side
of the generators. Power system stabilizers are among the controller
structures frequently used to dampen oscillations in the system. Determining
the optimum parameter values of these controllers is extremely important in
terms of effectively damping oscillations and ensuring system stability. In
this study, fitness distance balance-based particle swarm optimization was
used to determine the optimum parameter values of the power system
stabilizer. In order to test the effect of the proposed algorithm on a multi-
machine power system, comparisons were made based on the system
responses and performance indices obtained for different fault scenarios.
Results show that the power system stabilizer parameters obtained by fitness
distance balance-based particle swarm optimization provide more effective
system stability than those obtained with other algorithms.
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OZET

Gii¢ sistemlerinde yer alan senkron generatorlerin talep edilen giiclin
kargilanabilmesi amaciyla maksimum limitlerde ¢aligtirilmasi, hat arizalar
veya gesitli mekanik problemlere neden olur. Bu durum, generatorlerin rotor
tarafinda diisiik frekansh salinimlar meydana gelmesine yol agar. Sistemde
olusan salmimlarin soniimlenmesi amaciyla siklikla kullanilan denetleyici
yapilarmm basinda, Qii¢ sistemi kararli kilicist gelmektedir. Bu
denetleyicilerin en uygun parametre degerlerinin belirlenmesi, salinimlarin
etkili bir sekilde soniimlenmesi ve sistem kararliliginin saglanmasi agisindan
oldukg¢a 6nemlidir. Bu ¢alismada, gii¢ sistemi kararli kilicist parametrelerinin
en uygun degerlerinin belirlenmesi amaciyla uygunluk mesafe dengesi
tabanli pargacik siirii optimizasyonu kullanilmistir. Onerilen algoritmanin
¢ok makineli bir gili¢ sistemindeki etkisini test edebilmek amaciyla, farkli
ariza senaryolar1 igin elde edilen sistem yanitlarina ve performans
indekslerine bagli olarak karsilagtirmalar yapilmistir. Sonuglar, uygunluk
mesafesi dengesine dayali pargacik siirii optimizasyonu ile elde edilen gii¢
sistemi kararli kilicis1 parametrelerinin, diger algoritmalarla belirlenen
parametrelere gore sistem kararlilig1 agisindan daha etkili sonuglar verdigini
gostermektedir.
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1. GIRIS

Glintimiizde, teknolojik gelismeler ve ekonomik faktdrlere bagli olarak artan giic talebi gii¢ sistemlerinde yer alan
senkron generatorlerin maksimum limitlerde ¢alistirilmasina yol acar. Bu duruma bagli olarak sistemde meydana
gelen ani yiik degisimleri veya hat arizalar1 gibi problemler elektriksel ve mekanik gii¢c arasinda bir dengesizlik
olusur. Bundan dolay1, senkron generatorlerin rotor tarafinda diisiik frekansli elektromekanik salinimlar meydana
gelir. Diigiik frekansli salinimlarin sdniimlenmesi sistem kararlilig1 acisindan son derece énemli olup, bu amagla
Gii¢ Sistemi Kararli Kilicis1 (Power System Stabilizer, PSS) kullanilir. Gii¢ sistemlerinde, PSS’lerin kullanim
amac1l makine hizi, terminal frekansi veya gii¢ gibi ilave bir yardimer sinyal ile uyartimi kontrol ederek
generatorlerin rotor salimimlarina séniim eklemektir [1-3]. PSS ile ilgili olarak yapilan ilk ¢aligmalarda daha ¢ok
sabit parametreler kullanilmustir. {1k olarak, De Mello ve Concordia [4] tarafindan, PSS nin temel yapis1 sunulmus,
ardindan, [5,6]’da Larsen ve Swann tarafindan gesitli sinyallerle PSS’nin uygulama ve ayarlama yontemleri
ayrmtili bir sekilde tartisilmistir. [7]’de Gibberd tarafindan, farkli ¢aligma kosullari icin sabit kazanglt PSS’nin
ayarlanmasi hakkinda bir ¢alisma sunulmustur. Daha sonra, yerel ve alanlar arasi salimim modlarinda gegici
kararlilig1 artirmak icin geleneksel PSS’lerin parametrelerinin belirlenmesine iliskin ayrntili analitik ¢alismalar
Kundur ve digerleri [8] tarafindan tartisilmistir. Gii¢ sistemlerinin dinamik ve dogrusal olmayan bir yapiya sahip
olmast nedeniyle geleneksel PSS’ler ilerleyen yillarda salmimlarin soniimlenmesinde en uygun performansi
saglama konusunda yetersiz kalmistir. Bir gii¢ sisteminin ¢alisma kosullarinda beklenmeyen bir ariza olmasi
durumunda, PSS’nin etkili bir performans saglamasi zorunludur ve performansi iyilestirebilmek amaciyla PSS
parametrelerinin en uygun degerlerinin belirlenmesi 6nemlidir [7,8]. Bunun yani sira, en uygun PSS
parametrelerinin belirlenmesi, sistemin kisa siire icerisinde kararli hale gelmesi ve sistemde olusan salinimlarin
hizli bir sekilde sonlimlenmesi agisindan ¢ok 6nemli bir yere sahip olmaktadir. Son yillarda, geleneksel
yontemlerin ¢ok makineli gii¢ sistemlerinde 6zellikle hesaplama zamani agisindan sunduklar1 dezavantajlara
istinaden arastirmacilar arasinda Meta-Sezgisel Arama (MSA) algoritmalarinin kullanimi yayginlagsmistir. MSA
algoritmalar1 canlilarin dogadaki davranislarindan veya fiziksel yasalardan ilham alir ve siirii tabanli veya evrimsel
tabanl olarak smiflandirilabilir [9].
MSA algoritmalar1 gii¢ sistemlerinde ¢ok sayida farkli alana uygulandigi gibi PSS’lerin kontrol parametrelerinin
optimizasyonunda da kullanilir. Bu sayede, en uygun PSS parametreleri belirlenerek sistemde herhangi bir ariza
durumunda meydana gelen diisiik frekansl salinimlar séniimlenir. Ornegin, [10,11]’de Genetik Algoritma (GA)
kullanilarak ¢ok makineli bir gii¢ sisteminde PSS parametrelerinin en uygun degerleri belirlenmistir. Ancak
GA’nin 6zellikle arama uzayi biiyiik oldugunda yerel optimum noktaya takilma konusunda olumsuz bir 6zelligi
olup, en uygun ¢oziime ulagsma siiresi uzundur. [12]de elektromekanik salinimlarin séniimlenmesini saglamak
amactyla PSS parametrelerinin Parcacik Siirii Optimizasyonu (PSO) ile belirlenmesi iizerine bir g¢aligma
sunulmustur. Ancak PSO’nun performansi 6nemli dl¢iide kendi parametrelerine baghidir ve genellikle yakinsama
sorunlar1 vardir. [13]te farkli yiiklenme kosullari altinda tek makineli sonsuz barali ve ¢ok makineli test
sistemlerinde sistem kararliligin1 artirmak i¢in Bakteriyel Arama Algoritmasi (Bacterial Foraging, BF) ile PSS
parametrelerinin optimizasyonu sunulmustur. Bununla birlikte, algoritmanin rastgele bir aramaya bagimli olmast,
global ¢oziimiin elde edilmesinde gecikmelere neden olmustur. [14]'te, Bal Arist Ciftlesme Optimizasyonu (Honey
Bee Mating Optimization, HBMO), soniimiin maksimum oldugu amag fonksiyonu kullanilarak 10-makineli 39-
barali ve 16-makineli 68-barali degistirilmis test sistemleri i¢in PSS tasarimina uygulanmistir. Elde edilen
sonuglar, Mutlak Hata integrali (The Integral of the Absolute magnitude of the Error, IAE), Kare Hata Integrali
(The Integral of Square of the Error, ISE), Mutlak Hatanin Zamanla ¢arpiminin Integrali (The Integral of Time
multiplied by Absolute Error, ITAE), Zamanin Karesinin Hatasi integrali (The Integral of Time multiplied by the
Squared Error, ITSE) performans indeksleri kullanilarak test edilmistir. [15]’te, 3-makineli 9 baral1 gii¢ sisteminin
en uygun PSS tasarimi icin Guguk Kusu Arama Algoritmas1 (Cuckoo Search, CS) &nerilmistir. Onerilen yontem,
soniim ozelliklerinin yani sira IAE ve ITAE performans indeksleri agisindan GA’ya kiyasla daha etkili sonuglar
vermistir. [16]’da, 6zdeger ve zaman tanim bdlgesi tabanli amag fonksiyonunu kullanilarak tek makineli sonsuz
barali ve 3 makineli-9 barali gii¢ sistemi i¢in Siniis-Kosiniis Algoritmasi (Sine-Cos Algorithm, SCA) yardimiyla
en uygun PSS tasarimi sunulmustur. [17]’de, WSCC 3 makineli-9 barali test sistemi, 2 alanli 4 makineli
enterkonnekte sistem ve 10-makineli 39-barali New England test sisteminde Gelistirilmis Balina Optimizasyon
Algoritmasi (Improved Whale Optimization Algorithm, IWOA) kullanilarak disiik frekanslh salinimlarin soniimi
PSS parametrelerinin  optimizasyonu ile gergeklestirilmistir. [18]°de, diisik frekansli salinimlarin
soniimlenmesinde 2 alanli ve 4 makineli test sisteminin PSS parametrelerini ayarlamak i¢in Degistirilmis Gri Kurt
Optimizasyonu (Amended Grey Wolf Optimization AGWO) algoritmasinin farkli hibrit varyantlar1 6nerilmistir.
Literatiirde yer alan ¢aligmalarda da goriildiigii gibi PSS parametrelerinin en uygun degerlerinin belirlenmesi i¢in
¢ok sayida farkli MSA algoritmasi kullanilmigtir. Ancak her gegen giin yeni MSA algoritmalar1 gelistirilmeye
devam etmekte ve bu algoritmalardan bir kismi gii¢ sistemleri problemlerinde beklenen etkiyi saglayamamaktir.
Ayrica herhangi bir algoritmanin basarist problemin tiiriine gore farkliliklar gosterebilmektedir. MSA
algoritmalarinin, ¢6ziimlerin kesif ve somiirii gorevleri arasinda uygun bir denge saglandiginda daha iyi
performans sagladigi ve global optimuma yakinsama saglayabilecegi ¢ok sayida aragtirmaci tarafindan kabul
edilmektedir [19, 20]. MSA algoritmalarinda kesif ve somiirii gorevlerinden olusan arama igleminin basaris1 arama
Operatdrlerinin yani sira se¢im yontemi ile belirlenen ¢6ziim adaylarinin arama uzayindaki referans konumuna da
baglidir [21]. MSA algoritmalarinda, arama siirecine rehberlik eden referans konumlarin verimli se¢imi igin
144
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saglam ve etkili se¢im yontemlerinin baginda Uygunluk Mesafe Dengesi (Fitness-Distance Balance, FDB)
gelmektedir [22]. FDB yonteminde sec¢im siireci igin her adaym puani hesaplanir ve bu puanin hesaplanmasinda
adaylarim uygunluk ve mesafe degerleri kullanilir. Uygunluk degeri ¢6ziim adaylarimin basarisini, mesafe degeri
ise en iyi ¢ozlim adaylar1 arasindaki fark: gostermektedir. Arama siirecinin bagarilt olmasinin kosulu adaym hem
uygunluk degerinin hem de mesafe degerinin yiiksek olmasidir [22].

Bu caligmanin amaci, gii¢ sistemlerinde meydana gelen ariza durumlarinda olusan diisiik frekansli salinimlarin
sonlimlenmesi ve sistemde kararliligin saglanmasi amaciyla kullanilan PSS’lerin en uygun parametre degerlerini
FDBPSO algoritmasi kullanarak belirlemektir. PSO uzun yillardir ¢ok sayida optimizasyon problemi igin tercih
edilen bir ¢6zliim yontemi olmasina karsin, bu ¢aligmada 6nerilen problemin ¢6ziimii igin yerel ¢6ziim tuzaklarina
yakalanmistir. Bu nedenle, algoritmanin en uygun ¢6ziime yakinsayabilmesi amaciyla klasik PSO yontemi FDB
tabanlt se¢im yontemi kullanilarak gelistirilmistir. Calismada FDBPSO, belirlenen amag fonksiyonu i¢in farkli
ariza senaryolarinda WSCC 3-makineli 9-barali gii¢ sistemi kullanilarak gesitli simiilasyonlar ve performans
indekslerine bagli olarak Yapay Ar Kolonisi (Artificial Bee Colony, ABC) ve PSO yontemleriyle
kargilagtirtlmistir [23]. Buna gore, ¢alismanin devami su sekilde ilerlemektedir: Boliim 2’de generator ve uyartim
sisteminin matematiksel modeli, dogrusallastirilmig gii¢ sistemi modeli, en uygun PSS tasarim problemi ve amag
fonksiyonu tanimlanmistir. Bolim 3’te PSO’nun matematiksel modeli ile FDB se¢im yonteminin matematiksel
modeli sunulmug ve onerilen FDBPSO yontemi detayli olarak aciklanmistir. Bolim 4’te FDBPSO algoritmasi
kullanilarak dort farkl ariza senaryosu altinda en uygun PSS parametreleri belirlenmistir. Onerilen yontem, sistem
yanitlar1 ve performans indekslerine bagl olarak karsilagtirilmistir. Son olarak, Boliim 5°te, calismadan ¢ikarilan
sonuglar degerlendirilmektedir.

2. GUC SISTEMi MODELI

2.1. Generator ve Uyartim Sistemi Modeli

Dogrusal olmayan bir elektrik gii¢c sisteminin matematiksel modeli, ¢esitli diferansiyel ve cebirsel denklemlerle
ifade edilmektedir. Cok makineli gii¢ sisteminde, her bir generator, Heffron-Philips modeli ile ifade edilebilir [17].
Bu calismada, gegici durum kararlilik statik uyarmali aki soniimlii model kullanilmigtir. Her bir makinenin lineer
olmayan dinamik denklemleri asagidaki gibidir [36]:

6; = wp(w; — 1)) (1)
) 1 2
@; = 3 (Pni = Pei = Di(w; — 1)) @

i

, 1 N , 3)

Ey = T~ (Erai — (%ai — xgi)iai — Eqi)

a0
. Kaireri = vei + Vpssi) = Epa 4)
Erqi =

Ty

Tor = Eqiiqi — (Xqi — Xai)iaiiqi ®)

Denklem (1) - (5)’te Jive wi ifadeleri i makinesinin rotor agisi ve agisal hizidir. wy temel frekans degeri, Pmi ve
Pei sirasiyla i makinesinin mekanik giris ve elektriksel ¢ikis giiciidiir. Djve M; sirasiyla i makinesinin soniimleme
kat sayis1 ve eylemsizlik sabitidir. Eve E'yifadeleri uyartim ve i¢ gerilim ifadeleridir. igive iq ifadeleri d-g eksen
endiivi akimlaridir. X'qj ve X' ifadeleri ise d-q eksen gecici reaktanslarini belirtir. Kaj Ve Tajuyartim sistemine ait
kazang ve zaman sabitleri olup; Vier, Vpss, Ve Vi ifadeleri referans gerilim, PSS giris gerilimi ve ug gerilimi ifade
eder.

2.2. Giig Sistemi Kararh Kilicis

Bir gii¢ sisteminde PSS kullanmanin 6ncelikli amaci, yardimci bir kararli kilici sinyal kullanarak generatér rotor
saliimlarina soniim eklemektir [25]. Bir PSS; kazang bileseni, temizleme bileseni ve faz kompanzasyonu bileseni
olmak tizere ii¢ temel kistmdan olusur. Bunlardan kazang bileseni salinimlar1 soniimlemek igin sisteme kazang
degeri saglarken, temizleme bileseni yiliksek gecirgen filtre gdrevi goriir. Faz kompanzasyonu bileseni ise faz
gecikmesini saglar. PSS’nin blok semas1 Sekil 1’de ve ¢ok makineli sistem igin transfer fonksiyonu Denklem
(6)’da verilmistir:

Kazang Yiiksek Faz Kompanzasyonu Simirlayier Uyarma Siirlayict
Geciren Filtre Y max max
pss Vref + E fd
" ST, 14T, 1+5T, JL K. f
1+5sT, 1+ST,; 1+ T, Vi + 1+5sT,
i - min
Vstm v Eg

Gii¢ Sistemi Kararh Kilicis

Sekil 1. PSS dahil edilen IEEE Tip-Stl uyartim sistemi.
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Aw giris sinyali i¢cin PSS’nin transfer fonksiyonu ve Vpss ¢ikis gerilimi agagidaki gibidir:
sTy, [1+sT;1+sT; (6)
1+sT, 1 +5sT,1+sT,

vpss(s) = Kp

Bu denklemde K, kontrol kazanci, Ty temizleme blogu zaman sabiti, T1, T2, T3 Ve T4 zaman sabitleridir. Burada
zaman sabiti T genellikle 1-20 saniye araligindadir. Yiiksek gegiren filtreli temizleme blogu, 0.2-2 Hz araligindaki
sinyallerin degismeden ge¢gmesine izin verir.

2.3. Dogrusallagtirilmis Gii¢ Sistemi Modeli

Cok makineli bir gii¢ sisteminde uyartim sistemi ve PSS i¢eren dogrusallastirilmis gii¢ sistemi modeli i¢in durum
denklemi Denklem (7)’de verilmistir [1]:

0 wp 0 0
. K; D K, 0
— —— == 9
Al A B PARE
_| K K 1 ,
2 |2 Ko K G (0] v )
AE T Tao  Tao AE,| |2
fd K,Ks 0 K K 1 s T,

Buna gore, gii¢ sisteminin dogrusallastirilmis modeli Denklem (8)’de verildigi gibi ifade edilir:

Ax = AAx + BAu (8)

Burada, A ve B durum degiskenleri ve giris matrisini ifade ederken, Ax ve Au durum degiskenleri ve giris
matrisine ait vektorlerdir. Bu galismada, AX=[ Ad Aw AE'q AEw]"ve Au PSS’ nin ¢ikis sinyalidir. Sekil 2°de,

Heffron-Phillips modelinin kullanildigi dogrusallastirilmis gii¢ sisteminin blok diyagrami sunulmaktadir. Ki-Kg
sabitlerinin ifadeleri [1]'de verilmistir.

\
v

Amag

Fonksiyonu
@ Aw| 1 AS

FDBPSO

K, - K, - +
. Pss
1+ KT8 S L+sT, A +
AE,, AV,
AVTE
e |
A

Sekil 2. FDBPSO ile en uygun PSS parametrelerinin belirlenmesinde kullanilan Heffron-Phillips modeli.

Sekil 2’de yer alan Heffron-Phillips modeli sekilden de goriildiigii gibi, elektriksel ve mekaniksel modellemelerden
olusmaktadir. Bu modelde senkron generatdr agi degisimi, elektriksel moment degisimi, mekaniksel moment
ifadeleri, mekaniksel moment degisimi ifadesinden ¢ikarilarak hesaplama yapilmaktadir. Bunun sonucunda PSS
parametreleri belirlenmektedir.

2.4. Problemin Amag¢ Fonksiyonu

PSS’ler, gii¢ sistemlerinde herhangi bir ariza sonrasinda gii¢ acilari, rotor hizlar1 ve elektriksel giiclerindeki
sapmalardan kaynaklanan salmimlar1 en aza indirecek sekilde tasarlanmalidir. PSS tasariminda, bu sapmalardan
herhangi birinin minimize edilmesi, gii¢ sistemi kararliliginin saglanmasi igin amag fonksiyonu olarak segilebilir.
Bu calismada, amag fonksiyonu hatanin karesinin zamanin karesi ile carptminin integralidir (ISTSE) [23].
Burada, NS toplam ariza senaryosu sayisi, M generator sayisi, tsim simiilasyon zamani, i generatoriiniin referans
olarak secilen birinci generatdre gore bagil hizini ifade eder. wi1 =wi -1 olarak ifade edilir. Sistemin yerlesme
zamani ve asimlaria bagli olarak daha kararli hale gelmesi i¢in J amag fonksiyonunun minimum olmasi gerekir.
Tasarim probleminde, PSS parametrelerinin kisitlar1 optimizasyon probleminin kisitlarini olusturur.
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NS
Minimum J, J= ZISTSE, NS =4
j=1
n tsim
ISTSE = z f (tw;_)? dt 9)
i=1"0
0.1 <K, <100
Problem Kisitlart g(x): 001<T, <1; i=1,234
3. YONTEM

3.1. Par¢acik Siirii Optimizasyonu

Pargacik Siiri Optimizasyonu (PSO), kus ve balik siiriilerinde yer alan bireylerin sosyal davranislarindan ilham
alan metasezgisel bir optimizasyon algoritmasidir [26] . Siiriilerdeki bireyler pargacik olarak adlandirilir ve i
pargaciginin D boyutlu durum ig¢in hiz ve konum ifadeleri Denklem (11)’de yer aldig1 gibi ifade edilir:

V= {Vip Vi, Vi, .o, ViD}

10
Xi = {Xi1, Xiz) Xizo .-, Xip} (10)

PSO’nun optimizasyon siirecinde siiriiler arasindaki etkilesim par¢acigin en iyi degeri (pbest) ve tiim parcaciklarin
en iyi degeri (gbest) ile saglanir. PSO, baslangi¢ ve hesaplama olmak f{izere iki agamadan olusur. Baglangi¢
asamasinda, tiim parcaciklar belirlenen sinirlar i¢cinde arama uzayinda rastgele dagilir. Hesaplama asamasinda ise
parcaciklarin hizlar1 ve konumlari giincellenir. Bir pargacigin hizi su sekilde hesaplanir [26]:

Vit =V + cyrand, (pbest], — x{ ;) + c;rand,(gbest) — x{ ;) (11)

Denklem (12)’de yer alan V//, ifadesi D-boyutlu bir arama uzay1 i¢in, i pargacigin t+1 iterasyondaki hizini ifade
eder. xl-ty 4 1 parcaciginin D-boyutlu bir arama uzay: i¢in konum degeridir. c; biligsel agirlik ve ¢z sosyal agirlik
faktorleri ivme katsayilaridir, ry ve rz degerleri algoritmanin [0, 1] araligindaki rastlantisal bilesenleridir. c1 ve c2
degerleri genelde 2 olarak ayarlanir ancak bu deger degistirilerek pargaciklarin yerel veya global olarak daha fazla
etkilenmesi saglanabilir. ivme katsayilarinin biiyiik degerler almas1 parcaciklarmn birbirinden uzaklasmasina ve
ayrilmasina neden olurken, kiiclik degerler almalar1 pargaciklarin hareketlerinin sinirlandirilmasina ve ¢éziim
uzayinin yeterince taranamamasina neden olur. Kesif ve somiirii arasindaki dengeyi saglamak i¢in Shi ve Eberhart
tarafindan PSO'ya eylemsizlik agirligt eklenmistir [27]:

Vit = wiVi, + cirand, (pbestf, — x{ ) + c,rand,(gbesty — x{ ) (12)

Eylemsizlik agirligi, parcaciklarin 6nceki hiz artiglarinin hiz degeri lizerindeki etkisini kontrol eder ve global
arama ile yerel arama arasindaki dengenin saglanmasinda gorev alir. Eylemsizlik agirlig1 biiyiik degerler aldiginda,
global arama daha uygundur ve kiigiik bir eylemsizlik agirligi yerel aramay: kolaylastirir [28]. Eylemsizlik
agirhigmin giincellemesi Denklem (13)’te verildigi gibi yapilir:

_ (Max_iter — iter)

= 13
w Max_iter (13)

Bu denklemde Max, maksimum yineleme sayisini ifade eder. Denklem (14)’te verilen formiille belirlenen hiz
giincellemelerinin pargaciklara eklenmesiyle yeni konum degerleri elde edilir:

Xt =Xl + Vit (14)

Hizin giincellenmesinin ardindan parcaciklarin yeni uygunluk degeri hesaplanir ve eger gerekirse pbest ve gbest
giincellenir.

3.2. Uygunluk Mesafe Dengesi Secim Yontemi

Uygunluk-Mesafe Dengesi (FDB), popiilasyondaki arama siirecine rehberlik edecek en etkili ¢6ziim adayinin elde
edilmesini ve aramanin yoniiniin belirlenmesini saglayan bir se¢im yontemidir [29]. Bu yontem kullanilarak,
¢oziim adaylarmmin arama siirecine katkilarina gore skor degerleri hesaplanmaktadir. Skor degerinin
hesaplanmasinda, uygunluk degerleri ve popiilasyonda anlik olarak en iyi ¢6ziim adayina olan uzaklik degerleri
dikkate alinmaktadir. MSA algoritmalarinda ¢6ziim adaylar1 vektorii (P) ve uygunluk degerleri vektorii (F)
Denklem (15)’te matematiksel olarak ifade edilmektedir:

X110 Xip fi
Pp=]: |, F= (15)
Xm1 " Xmn fm
Coziim adaylarinin FDB skorlarinin hesaplanmasi asagidaki adimlarda yer aldig: gibidir:
(i).  Popiilasyonda bulunan i. ¢oziim adayinin (x;), t. zamandaki en iyi ¢6ziim aday1 olan Xpest ¢oziimiine olan
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oklid uzakligimin hesaplanmasi Denklem (16)’da verilmistir:

m
i=1 VP;, Dp; = \/(xm'] = X1ppest])? T (20 — X2ppese])*+- - - +(nfi] — Xnpest)? (16)

(ii). Bireylerin xpest’e olan uzakligini ifade eden Dy vektorii Denklem (17)’de verilmistir:

dy
D,=]: ] 17)
dm mx1
(iii). Coziim adaylarina ait FDB skorlar1 hesaplanirken, Denklem (15) ve (17)’de verilen F ve Dy vektorleri

kullanilir. Bu parametrelerin skor hesaplamasinda birbirlerine iistlinliikk saglamamasi i¢in normalize
edilmesi gerekir. Buna gore, ¢oziim adaylarinin FDB skorlar1 (Spi) Denklem (18)’de verilmistir:

i 111 VP, Sp; =wxnormfv; + (1 — w) * normDp; (18)

(iv).  Buna gore, ¢oziim adaylarinin FDB skorlarina ait vektor Denklem (19)’da yer aldig1 gibidir:

S1
Sp = [ : l (19)
Sm mx1

3.3. Uygunluk Mesafe Dengesi Tabanh Pargacik Siirii Optimizasyonu

Bu béliimde, FDB tabanli se¢im yonteminin PSO algoritmasina uygulanmasi ve dnerilen FDBPSO algoritmasinin
matematiksel modelinden bahsedilmektedir. FDB se¢im yontemi ve PSO algoritmast bundan 6nceki bdliimlerde
detayli olarak agiklanmistir. PSO, literatiirde uzun yillardir mevcut olan etkili bir algoritma almasina karsin en
uygun PSS parametrelerinin belirlenmesinde yerel ¢6ziim tuzaklarmna siklikla yakalanmistir. Bu durum PSO’nun
performansinda kararsizliklara yol agmis ve PSO’nun arama siirecindeki ¢esitliligi saglama konusunda yetersiz
oldugu gézlemlenmistir. Bu nedenle, optimizasyon siirecinde yasanan erken yakinsama problemlerinin iistesinden
gelebilmek amaciyla PSO algoritmast FDB tabanli se¢im yontemi kullanilarak gelistirilmistir. Bir MSA
algoritmasinin gelistirilmesinde oncelikli olarak kesif ve somiirii dengesindeki basar1 énemlidir. FDB yontemi,
MSA siirecinde rehber arama ajaninin referans pozisyonunun belirlenmesinde etkili bir se¢im yontemidir. FDB
yontemi sayesinde ¢6ziim adaylar1 arasindan Xpest’e en yiiksek katkiyr saglayan aday elde edilir. FDB se¢im
yonteminde ¢6ziim adaylarmin uygunluk degeri ve ¢6ziim adaylarinin arasindaki mesafe degeri dikkate alinir [22].
Buna gore FDB se¢im yonteminin PSO’ya uygulanmasiyla Denklem (13) ve (15)’in giincellenmis hali Denklem
(20) ve (21)’de verildigi gibidir:

Vidt = wtVl, + cirand; (pbest{; — xfqp, o) + cyrand,(gbesty — xfqp 4) (20)

Xfiva = Xfapa + Vidna (21)
Buna gore, PSO’da yapilan gelistirmenin ardindan 6nerilen FDBPSO algoritmasinin etkisi bir sonraki bolimde
gerceklestirilen benzetim ¢aligmasi ile incelenmistir.

4. BENZETIM CALISMASI

Bu béliimde, en uygun PSS parametrelerinin belirlenmesi i¢in 6nerilen FDBPSO yo6nteminin etkisi belirlenen
amag fonksiyonuna gore Sekil 3’te yer alan WSCC 3-makineli 9-barali gii¢ sisteminde test edilmistir. Benzetim
calismasinda, lineer olmayan gii¢ sisteminin zaman tanim bdlgesindeki analizi, Matlab/Simulink programinda
olusturulan bir model {iizerinde 4 farkli ariza senaryosuna bagli olarak gergeklestirilmisgtir [23]. Sistem
bilesenlerinin yiik akigindan elde edilen baglangic degerleri, generator, hat ve uyartim sistemi verileri detayli olarak
[23]°te verilmistir. [23]’te gergeklestirilen katilim faktorii analizine gére PSS’nin dahil edilebilecegi en uygun
konumu Generator-2 (G2) olarak belirlenmistir. Buna gore Gz’de yer alan PSS igin optimize edilmesi gereken
parametre sayis1 5’tir (Kp, Ty, T2, Tz ve T4 ). Denklem (9)’da verilen amag fonksiyonuna gore, farkl ariza durumlar
altinda generatorlerin rotor hizlar1 arasindaki sapmanin minimum olmasi amaglanmaktadir. Bundan dolayi, ariza
durumlarinin tamami i¢in en uygun PSS parametrelerinin belirlenmesi gerekmektedir.

WSCC 3-makineli 9-barali gii¢ sisteminin gecici kararlilik analizinde, diferansiyel denklemlerin niimerik
entegrasyonu i¢in Runge-Kutta 4 teknigi se¢ilmis ve entegrasyon adimi At= 0.005 saniye olarak kabul edilmistir.
Benzetim c¢aligmasinda, optimizasyon siireci boyunca asagida yer alan dort farkli ariza senaryosu
gerceklestirilmistir.

4.1. Ariza Meydana Gelen Hattin Devreden Cikarilmasi

Bu ariza senaryosunda t =1 saniyede 6 numarali barada ve 6-9 hattinin sonunda ii¢ fazli bir ariza oldugu
diistiniilmiistiir. Sonrasinda, 6-9 hatt1 devre dis1 birakilarak ariza giderilmistir. Sistemde PSS kullanilmadan kritik
temizleme zamani t,=0.202 saniye iken sistem kararlilik sinirindadir.
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Sekil 3. WSCC 3 makineli- 9 barali test sistemi.

» Senaryo 1: Bu senaryo igin kritik temizleme zamani ariza temizleme zamanindan biiyiik olarak
diigiiniilmiigtiir. Ariza temizleme zamani tf =0.15 saniye (9 devir) olarak belirlenmistir. Bir bagka deyisle
ariza 1.15. saniyede giderilmistir.

» Senaryo 2: Bu senaryo igin kritik temizleme zamani ariza temizleme zamandan kiiciik olarak
diistiniilmustiir. tf =0.25 saniye (15 devir) olarak belirlenmistir. Bir bagka deyisle ariza 1.25. saniyede
giderilmistir.

4.2. Ariza Meydana Gelen Hattin Eski Durumuna Dénmesi

Bu ariza senaryosunda t =1 saniyede 7 numarali barada ve 7-5 hattinin sonunda ii¢ fazli bir ariza oldugu
diistiniilmistiir. Sonrasinda 7-5 hatt1 yeniden devreye alinarak ariza giderilmistir. Sistemde PSS kullanilmadan
kritik temizleme zamani t=0.167 saniye iken sistem kararlilik sinirindadir.

» Senaryo 3: Bu senaryo igin kritik temizleme zamani ariza temizleme zamanindan biiyiik olarak
diistiniilmiistiir. Ariza temizleme zamani tf =0.10 saniye (6 devir) olarak belirlenmistir. Bir bagka deyisle
ariza 1.10. saniyede giderilmistir.

» Senaryo 4: Bu senaryo igin kritik temizleme zamani ariza temizleme zamandan kiiciik olarak
diistiniilmustiir. tf =0.20 saniye (12 devir) olarak belirlenmistir. Bir bagka deyisle ariza 1.20. saniyede
giderilmistir.

Buna gore, PSS parametrelerinin optimizasyon siireci Denklem (9)’da yer alan amag¢ fonksiyonuna gore
senaryolarin tamami i¢in belirlenmistir. Benzetim g¢alismasinda test edilen ve karsilastirilan PSO, ABC ve
FDBPSO algoritmalart ile optimize edilen PSS parametrelerinin degerleri Tablo 1°de verilmistir.

Tablo 1. En uygun PSS parametreleri.

J uygunluk
Method Kp T1 T2 Ts T4 fonksiyonu minimum
degeri
PSO-PSS[23] 11.5714 0.8778 0.4070 0.8695 0.0100 0.108032
ABC-PSS [23] 7.7360 0.2948 0.1852 0.5240 0.0100 0.100634
FDB-PSO 20.7181 0.1016 0.0141 0.1466 0.0193 0.097258

Buna gore, benzetim ¢aligmasinda FDBPSO, ABC [23] ve PSO [23] algoritmalari tarafindan elde edilen minimum
uygunluk degerleri sirasiyla 0.097258, 0.100634 ve 0.108032’dir. Dolayisiyla, FDBPSO algoritmasinin PSO [23]
ve ABC [23] algoritmalarina kiyasla amag¢ fonksiyonunun minimum degeri agisindan daha etkili sonug verdigi
goriilmektedir.

4.3. Benzetim Calismasi ile Elde Edilen Sistem Yamtlar

Calismada, gerceklestirilen simiilasyonlar i¢in tsim=10 saniye olarak belirlenmistir. Denklem (9)’a ait agiklamadan
da anlagilabilecegi tizere gii¢c sisteminde referans olarak belirlenen makine Generatoér-1 (G;)’dir. Buna gore,
Senaryo 1, Senaryo 2, Senaryo 3 ve Senaryo 4 ariza durumlari i¢in Gz ve Gz generatorlerinin w2-wl ve w3-wl
rotor hizi sapma yanitlart Sekil 4-Sekil 7 arasinda sunulmustur.

Benzetim calismasi sonuglari, gelistirilen algoritmanin salinimlar iizerindeki etkisi agisindan incelenmistir. Sekil
4. (a)’da, FDBPSO ile en uygun PSS parametrelerinin belirlenmesi salinimlar agisindan incelenmistir. Sekil 4
(a)’da salinim aralig1 — 3.9*10°2 ile 8.2*10°2 arasinda, sekil 4 (b)’de salmim aralig1 - 9.5*102 ile 5.8*107 arasinda,
sekil 5 (a)’da salinim araligi — 0.015 ile 0.009 arasinda, sekil 5 (b)’de salinim araligi — 0.01 ile 0.012 arasinda, sekil
6 (a)’da salinim aralig: — 0.007 ile 0.0125 arasinda, sekil 6 (b)’de salinim aralig: - 6%107 ile 4.8*10 arasinda, 7
(a)’da salinim aralig1 — 0.007 ile0.031 arasinda, sekil 7 (b)’de salinim aralig1 — 0.025 ile 0.0022 arasindadir. WSCC
3 makineli 9 —barali test sisteminde meydana gelen 4 farkli ariza senaryo igin degerlendirme yapildiginda ve
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Sekil 4. Senaryo 1 igin rotor hiz1 sistem cevaplari (a) w2-wl, (b) w3-wl.
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Sekil 6. Senaryo 3 igin rotor hiz1 sistem cevaplari (a) w2-wl (b) w3-wl.
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senkron generatorlerin rotor hizlari arasindaki degisimler detayl olarak incelendiginde sistemin kararsiz oldugu
ve PSS kullanilmadiginda sistemdeki salimimlarin soniimlenmedigi goriilmektedir. PSS kullanilmasi durumunda,
en uygun ¢alisma degerlerinin belirlenmesi i¢in daha 6nce kullanilmis olan PSO ve ABC yontemlerinin yant sira
bu ¢aligmada FDB tabanli PSO (FDBPSO) kullanilmasiyla sistemin kararli hale geldigi ve sistemdeki salinimlarin
soniimlendigi gozlemlenmistir. Kullanilan algoritmalar maksimum-minimum degerler ve yerlesme siireleri
acisindan incelendiginde, gelistirilen FDBPSO algoritmasinin, kullanilan diger algoritmalara gore daha iyi
sonuglar verdigi ve salinimlart yeterince soniimledigi goriilmektedir. Bu degerlendirmelerin tamami performans
indekslerine gore yapilmaktadir.

4.4. Performans indeksleri Degerlendirmesi

Bu ¢alismada, onerilen kontrol yonteminin etkisini daha belirgin bir sekilde gosterebilmek amaciyla Denklem
(22)-(25) arasinda yer alan ¢esitli performans indeksleri kullanilmigtir:

m
tsim
PI, = 10% X ISE = 10* x Zf (0; — wy)2dt 22)
i=2"0
m tsim
PI, = 102 x IAE = 102 x Zf |w; — wy|dt (23)
i=2"0
L tsim
Pl, = 102 x ITAE = 102 x Zf tloy — wyldt 24)
i=2"0
L tsim
PI, = 10* x ITSE = 10* x Zf t(w; — wq)?dt (25)
i=2"0

Tablo 2’ye gore, tim algoritmalar performans indeksleri agisindan degerlendirildiginde gelistirilen FDBPSO
algoritmasinin Senaryo 1 ve Senaryo 2 durumlar agisindan genel olarak etkili sonuglar verdigi, ancak 6zellikle
Senaryo 3 ve Senaryo 4’iin ariza durumlari agisindan ve amag fonksiyonunda belirtilen senaryo durumlarinin genel
toplami agisindan en iyi sonuglart verdigi goriilmektedir.

Tablo 2. Farkli senaryo durumlarinda algoritmalar ile elde edilen performans indeksi degerleri.

Algoritma Ply Pl Pl3 Pls
PSO [23] 0.2639 0.7719 0.6687 0.0981
Senaryo 1 ABC [23] 0.2632 0.7075 0.4396 0.0915
FDBPSO 0.2782 0.7595 0.5057 0.1043
PSO [23] 1.3941 2.0468 2.0739 0.8716
Senaryo 2 ABC [23] 1.3888 19186 15785 0.8437
FDBPSO 1.3821 1.9497 1.6620 0.8379
PSO [23] 0.4306 0.9999 0.8642 0.1810
Senaryo 3 ABC [23] 0.4247 0.8948  0.5616 0.1677
FDBPSO 0.4164 0.8558 0.5078 0.1569
PSO [23] 8.0540 5.3767 6.6603 7.6757
Senaryo 4 ABC [23] 7.9705 5.1613 5.8611 7.4584
FDBPSO 7.8953 5.1084 5.7569 7.3008

5. SONUC

Bu caligmada, PSS parametrelerinin en uygun parametrelerinin belirlenmesi amaciyla, yeni ve etkili bir ¢cdzim
yontemi olarak FDBPSO metasezgisel optimizasyon algoritmasi dnerilmistir. Bu ger¢ek diinya miihendislik
probleminin ¢6ziimiinde, PSO algoritmasmin arama performansi, yeni ve etkili bir yontem olan FDB se¢im
yontemi ile gelistirilmistir. FDB yontemi sayesinde PSO algortimasinin kesif yetenegi gelistirilmis ve dengeli bir
arama mekanizmasi saglanmustir. Onerilen yontemin etkisi en uygun PSS parametrelerinin belirlenmesi amaciyla
literatiirde yer alan etkili yontemlerden olan ABC ve PSO algoritmalari ile karsilagtirilmistir. Onerilen amag
fonskiyonuna gére, WSCC 3-makineli 9-barali test siteminde kapsamli bir benzetim ¢alismasi gergeklestirilmistir.
Elde edilen minimum uygunluk degeri sonuglarina gore, onerilen FDBPSO algoritmasi karsilastirilan diger
metasezgisel algoritmalara kiyasla daha etkili sonuglar sunmustur. Ote yandan optimize edilen PSS
parametrelerine bagli olarak gerceklestirilen simiilasyonlara gore dort farkli senaryonun genelinde maksimum ve
minimum asim degerleri ve yerlesme zamanlari acisindan performans indekslerine bagl olarak degerlendirme
yapildiginda FDBPSO’nun ABC ve PSO yo6ntemlerine kiyasla daha etkili sonuglar sundugu gériilmektedir. Bu
calisma ile gii¢ sistemlerinde kullanilan otomatik gerilim regiilatorii ve Esnek AC iletim sistemi cihazlar gibi
farkl1 denetleyici modellerinin en uygun parametrelerinin bulunmasina ve gelistirilen FDB se¢im yonteminin diger
metasezgisel optimizasyon algoritmalari ile optimizasyon problemlerinin ¢dziimlerine uygulanabilmesine zemin
hazirlanmaktadir.
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ABSTRACT

Harmonics, especially the 37%,5t" and 7" components are significant
disturbances in power systems, occurring simultaneously and at varying time
intervals. Measurements of these components depend on factors such as
fundamental frequency deviation, event duration, amplitude values, and
noise levels. Accurate detection and measurement are crucial for effective
harmonic mitigation and preventive strategies. This study introduces a
harmonic signal analysis application utilizing methods like FFT, STFT,
CWT, EMD, and HHT, with individual user interfaces for in-phase and time-
variant harmonic signals. The application provides results for amplitude,
frequency, event time intervals, and noise effects simultaneously. Test results
at a 60 dB signal-to-noise ratio (SNR) reveal that FFT achieves precise
frequency and amplitude results due to its high resolution, whereas other
methods offering time-frequency domain results exhibit lower resolution.
EMD, in particular, demonstrates high errors in frequency and amplitude
responses, reducing four frequency components to three. HHT, utilizing
EMD results, yields higher accuracy with minimal errors compared to other
methods. This application, combined with test results, facilitates signal
synthesis and comparative analysis in time and time-frequency domains.
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OZET

Harmonikler, 6zellikle 3., 5. ve 7. bilesenler, gii¢ sistemlerinde ayni anda ve
degisen zaman araliklarinda meydana gelen Snemli bozulmalardir. Bu
bilesenlerin dl¢limleri temel frekans sapmasi, olay siiresi, genlik degerleri ve
giiriiltii seviyeleri gibi faktorlere baghdir. Etkin harmonik azaltma ve
onleyici stratejiler i¢in dogru tespit ve dl¢iim ¢ok onemlidir. Bu ¢aligmada,
FFT, STFT, CWT, EMD ve HHT gibi yontemleri kullanan, faz i¢i ve zaman
degiskenli harmonik sinyaller i¢in ayri kullanici arayiizlerine sahip bir
harmonik sinyal analizi uygulamasi tanitilmaktadir. Uygulama ayni anda
genlik, frekans, olay zaman araliklar1 ve giiriiltii efektleri i¢in sonuglar saglar.
60 dB sinyal-giiriiltii oranindaki (SNR) test sonuglari, FFT'nin yiiksek
¢Ozliniirliigii nedeniyle hassas frekans ve genlik sonuglari elde ettigini, oysa
zaman-frekans alan1 sonuglart sunan diger yontemlerin daha diisiik
¢oziiniirliik sergiledigini ortaya koyuyor. Ozellikle EMD, frekans ve genlik
yanitlarinda yiiksek hatalar gostererek dort frekans bilegenini iige indiriyor.
EMD sonuglarini kullanan HHT, diger yontemlere kiyasla minimum hatayla
daha yiiksek dogruluk saglar. Test sonuglariyla birlestirilen bu uygulama,
zaman ve zaman-frekans alanlarinda sinyal sentezini ve karsilastirmali
analizi kolaylagtirir.
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1. INTRODUCTION

Within the field of power systems, the main amplitude and frequency emerge as some elements, necessitating
compliance with prescribed standards [1-4]. Nevertheless, fluctuations in parameters like frequency and amplitude
occur intermittently, influenced by various system components such as different types of electrical motors, lamps,
switching, and lighting elements, nonlinear loads and arc furnaces, etc [5-8]. Extensive scholarly endeavors have
scrutinized this issue, focusing on detailed analyses and classifications [9-12].

IEEE 1159 and 1459 emphasize parameters for power quality and the interpretation of related measurements.
Documents like IEC 61000-4-7 and -4-30 guide on testing and evaluating disturbances in power systems, with the
latter allowing a 0.2-second window for analysis.

Notably, in-phase harmonics and time-variant harmonics may manifest in power systems. With odd-order, mostly
the 37¢,5t" and 7¢" harmonics hold significant prominence as defined by IEC 61000-4-7. These harmonics,
appearing either singularly or multiply, can align with the fundamental component and exhibit temporal variations,
thus posing inherent risks and leading to potential measurement inaccuracies [1-4]. Periodic monitoring and
harmonic analysis are imperative due to the potential for inaccuracies to compound issues, including challenges in
determining the component values for elimination.

The efficacy of robust correction mechanisms, incorporating filtration and compensation, hinges upon
sophisticated signal processing techniques. The most popular technique is Fast Fourier Transform (FFT) which
can analyze a signal in the frequency domain. The other techniques, Time Fourier Transform (STFT) and
Continuous Wavelet Transform (CWT) are usable for the time-frequency domain. Another technique, Hilbert
Huang Transform (HHT) based on Empirical Mode Decomposition (EMD) also assures time-frequency analysis
while EMD provides only individual time domain analysis for each frequency component. Hereby, the appropriate
signal processing method selection is of great importance.

This paper endeavors to compare the mentioned methods for signal processing, in the context of addressing
harmonics under conditions of in-phase and time variation. For this aim, an application on the harmonics
synthetizes and analysis has been proposed.

Structurally, this paper unfolds as follows: initial elucidation on power quality and the delineation of different
harmonic types, followed by an exposition on different time- and time-frequency-based methods augmented by
illustrative visual representations of signal processing responses to harmonic-laden signals. The user-defined and
pre-defined interfaces of the application proposed for these signals, which are produced for signals with in-phase
and time-variant harmonics, are explained. Afterwards, the responses and results obtained from these interfaces
and these responses and results were discussed. Finally, a comprehensive summary encapsulates the key insights
gleaned from this discourse.

2. POWER QUALITY AND HARMONICS

The main amplitude and frequency which should be 220 V., and 50 Hz in Turkey are crucial parameters.
However, odd-order harmonics such as 37¢, 5", and 7t stated in IEC 61000-4-7, may falsify them. These can
appear singularly or multiply, in phase with the main signal, or at different moments.

Main Frequency and Amplitude Variation

Variations on main amplitude and frequency are typified by a and f;;,. in Eg. (1). Detrimental and undesirable
outcomes may occur owing to these variations. It is important to adhere to this equation when modeling the power
system voltage.

x(t) = asin(erflinet) , o =220 Vs, f;, = 50 Hz (1)

Harmonics

Harmonics are present intensely in power systems. Degradation of their effect is crucial for the systems. The
primary culprits are the 37¢, 5%, and 7t" harmonics, which require continuous monitoring. This issue is addressed
in two sections: in-phase and time-variant.

a. In-phase harmonics: Eq. (2) presents a signal that includes in-phase harmonics, with coefficients a3, a5, and
a. Figure 1 illustrates the in-phase harmonic signal.

x1(t) = aq sin(2nfjinet) + a3 sin(2m3 fiinet) + a5 sin(2u5 flinet) + a7 Sin(2n7 fiinet) +
. a,=—,n=357 (2)
noisegyg(t), n

b. Time-variant harmonics: A time-variant harmonics signal behaves according to the mathematical model as
in Eq. (3). u(t,) formulates the initial and stop points of the harmonic events. Figure 2 shows a time-variant
harmonics- signal.
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+ag sin(ZnSﬁinet)(u(t3) - u(t4)) <

%) = a1 SN fiinet) + a3 sin(273 fime ) (u(ty) — u(t,)) a, = l,n =357
n
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Figure 1. An inphase harmonics — signal. Figure 2. A time-variant harmonics — signal.

3. METHODOLOGIES FOR SIGNAL PROCESSING

For power systems, instant harmonics monitoring and analysis are vital. These must be tracked and analyzed
periodically in detail. The selection of an efficient and robust technique for the time-varying signals is important
for precise analysis, filter design, or system compensation. Several common ones are handled in this paper as
follows.

a. Fast Fourier Transform (FFT): FFT of x and its length are defined as y and L as follows:
y(k) = Z§=1x(ll)WLU_1)(k_1), W, = e(-2m/n @

Even though FFT is a widespread method based on only the frequency spectra, not provide any detail according
to the frequency and time synchronously [14].

b.  Short-Time Fourier Transform (STFT): M, Lyyeriap, and R are window lengths of the time series,
overlapped, and residual signals respectively in STFT. The last length of the time-frequency response of the
STFT must be integer based on ¥in Eq. (5) [15]. If ¥ is noninteger, a zero padding is applied into the time-
series window and then removed from the STFT response.

¥ = IN" LO"”“‘”J N,: Length of x (5)
M Loverlap
X(f)kx1) ENCOMpasses mR time-centered DFT data:
Xn(F)= ) x(mgtn—mR)e 2 ©)
n=-—oo

In order to obtain the time-frequency responses of the results, normalization must be carried out and this
normalization is achieved by substitution of overlapping percentage, O. P. in Eq. (7) into Eq. (8).

N,=1000, Nprr==128, O.P.=0.75 are selected in this study.

Loverlap (7)

Overlapping percentage, 0. P. = M

N
Normalization = Nppp * (1x_ 0.P.) (8)
c.  Continuous Wavelet Transform (CWT): CWT is done for the power signal as in Eqg. (9).

W,(a,b) = x\;? tp(—) dt ©)

¥, b, and a represent wavelet window, time-shifting, and scaling coefficient respectively [16].

d. Empirical Mode Decomposition (EMD): EMD arranges the time components of the signal by providing
the time-series signal x(t) splitting into Intrinsic Mode Functions (IMFs), imf, (t) and the residual value
res(t). Each decomposed IMF detects the event time characteristics individually in the original signal [17].
Summation of the IMFs and the residue can reconstruct the original time series signal x(t) with Eq. (10).

n
x(t) = Z imfi (t) + res(t) (10)
k=1
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e.  Hilbert Huang Transform (HHT): HHT based on imf; (t) of EMD, H[imf; (t)] can be formulated as,

+0o0

, _ imf (v)
H[mek(t)] =P f md'[ (11)
The rearrangement of this equation gives Eq. (12).
n
H(W, t) = Re (Z a (t) eijk(t)dt> (12)
k=1

In this equation, a,(t) and w,(t) are the instantaneous amplitudes and frequencies of the IMFs of EMD,
respectively [18], [19].

4. PROPOSED SIGNAL PROCESSING APPLICATION

The article presents a program with two main subprograms, as illustrated in Figure 3. The first subprogram is a
user-defined interface that allows the user to input phase and time variability. The second subprogram consists of
a predefined signal and subprogram parts that respond to this signal using various methods, including FFT, STFT,
CWT, EMD, and HHT.

=import B import
Parameters || Parameters
L =

.

Figure 3. Block structure of the app.
The program uses default parameters, which are listed in Table 1. The user interface allows for changes to be made

to the harmonic amplitude, frequency, and noise levels of these parameters. Further details on these sub-interfaces
are discussed in the following sections.

Table 1. Default parameters of the systems.
Default Parameters of the systems

Sampling Frequency (Hz) fs = 5000

Sampling period (sec) T=1/f

Length of signal L =1000

Window (Hz) win=Lx*T
Resolution (sec) res = f;/L

Main Frequency (Hz) fiine = 50
Harmonic Frequencies (Hz) fz =150, f5 = 250, f; = 350
Harmonic Amplitudes (V) az=1/3,a5=1/5,a,=1/7
SNR Level (dB) 60

4.1.1. Input Option

The program presented allows for user login and predefined operations. The interface in Figure 4 offers the options
of selecting User-Defined Input or Predefined Signal Processing Methods by selecting 1 or 2, respectively.

4.1.2. User- Defined Input

Choosing User-Defined provides a time range option for creating harmonic signals.

4| Option = x

Please type a number between 1-2 to select option,
1 - USER-DEFINED INPUT
2 - PREDEFINED SIGNAL PROCESSING METHODS

1

Figure 4. Input selection.
156



Miih.Bil.ve Aras.Dergisi,2024;6(2) 153-164

4.1.3. Time Range Option

When selecting user-defined input, two separate interfaces are available for in-phase or time-varying harmonic
values. The sub-interface in Figure 5 shows the options for selecting these values.

4.1.3.1. In-Phase Harmonics

The interface for selecting the relevant parameters for in-phase harmonics is shown in Figure 6, and is based on
signal model Eqg. (2). The fundamental component's amplitude and frequency, as well as the amplitudes of the
harmonics and the total noise's added noise level, are provided here.

4.1.3.2. Time-Variant Harmonics

The model for the time-variant harmonics signal Eq. (3) and the interface for selecting relevant parameters based
on user input in Figure 7 are presented. The starting and ending points of the harmonics are also determined by
Eqg. (3), in addition to the variables in the in-phase component.

4.2. Predefined - Signal Processing Methods

The Predefined - Signal Processing Methods subprogram includes an interface, shown in Figure 8, for obtaining
results that align with the method used to analyze the harmonic components created using default parameters. This
allows for results to be obtained using five different methods: FFT, STFT, CWT, EMD, and HHT.

4| Parameters  — O X
1 -alphxa1
1
2 -alphaa
173
4| Option = x 3 -alpha
3
Please type a number between 1-2 to select option, 1/5
1 - In-phase Harmonies
2 - Time- Varfant Harmonics
1 4 -alphaT
Cancel wr
Figure 5. Time - Option selection. 5 fiine
50
G - SNR Level
60

Figure 6. In-Phase harmonics input.

5. RESULTS AND DISCUSSION

The application presents five different options for the user to examine the responses of the methods against the
default values in Figure 8: FFT, STFT, CWT, EMD, and HHT. The results obtained from the study were separated
for user-defined and pre-defined signals.

a. For User-Defined Signals
The following section provides a detailed discussion of the results obtained for user-defined signals.
i.  For In-Phase Harmonics

Firstly, the results for the signal with in-phase harmonics are presented. Figure 9 shows a comparison of the results
obtained using the inputs given in Figure 6 for four different methods. The FFT method provides high resolution
and accurately identifies the amplitudes of frequencies at 50, 150, 250, and 350 Hz, with a linear frequency change.
STFT and CWT methods can generate similar results in exact frequency spectra where the resolution is low or
nonlinear. The figure shows that component values around 50, 150, 250, and 350 Hz are separated in regions near
the beginning and end, depending on the filter banks used in this method. Furthermore, it has been observed that
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4. Parameters = O *
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103
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22,

501 4. Parameter Rank = >
3 -alpha5

115 Please type a number between 1-5 to select option,
1-FFT
2-8TFT
501 3-CWT
4 - EMD

5-HHT
751 1

4 -alpl'i:.!.T

4.t Figure 8. Selection of signal processing method for default
751 values.

3 -1,

324,

42,
1000
5-f

lime
50

1] ‘H"I“sun

60

Figure 7. Time-Variant harmonics input.

a component as high as 350 Hz, which is not an integer multiple, fluctuates over time depending on the sampling
frequency. When using EMD results, HHT also has a nonlinear frequency spectrum space. The results may
fluctuate depending on the IMFs, which are EMD components at each frequency point. Unlike FFT, which only
produces results in the time domain and linear frequency, methods such as STFT, CWT, and HHT can provide
answers in the time-frequency domain, but cannot give nonlinear and sharp answers.

ii.  For Time-Variant Harmonics

The results of four different methods were compared for a signal with time-variant harmonics, as shown in Figure
10 using the inputs from Figure 10. The results obtained from FFT showed a significant decrease in harmonic
amplitudes depending on the duty cycle ratio and the occurrence of harmonics at different time intervals. The
fundamental component, which is the 50 Hz component, was fully obtained. The STFT results indicate that during
the time period when the harmonics were individually effective, approximate results with decreased amplitude in
the frequency spectrum were obtained. The use of CWT revealed that although there is some dispersion at the
beginning and end of the event, the results are obtained more robustly in the nonlinear frequency spectrum, similar
to in-phase harmonics. HHT also exhibits a non-linear frequency spectrum. Although events aredefined by their
start and end points, their outcome frequencies fluctuate. The FFT analysis has shown that harmonic formations
significantly affect the amplitude. STFT, CWT, and HHT all produce simultaneous results in the time-frequency
domain, but the most robust results were obtained with CWT.

b.  For Predefined - Signal Processing Methods

The results obtained using the default values given in Table 1 the signals used in the Predefined - Signal Processing
Methods sub-interface, which is another approach, are discussed in detail below.
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o

i. FFT

The considered harmonic signal and the signal obtained by FFT rotation were obtained as shown in Figure 11.
Table 2 gives the detailed results of this figure. It can be seen that the frequency and amplitude results obtained
are free of error and the frequency spectrum is linear. It is also clear that the results obtained using this method
only give results in the frequency spectrum. Therefore time-frequency is not suitable for simultaneous results.

ii. STFT

The relevant harmonic signal and the signal obtained by STFT transformation were obtained as seen in Figure 12.
Detailed results for STFT are provided in Table 3. By that, it can be seen that the frequency spectrum is linear but
its resolution is quite low, and accordingly, the frequency and amplitude results are obtained partially incorrectly.
These errors are especially deviated at points where the measured values are incompatible with the resolution, such
as the fundamental harmonic and 5th Harmonic frequencies. The values obtained here were obtained by
normalizing the results according to the overlapping percentage and FFT transformation length. However, unlike
FFT, it can be seen from the figure and the relevant table that time-frequency is suitable for simultaneous results.
The fluctuation in frequency can be seen more clearly in the 3D image in Figure 12.c. Therefore, average values
were obtained for the amplitudes.

Table 2. Different responses and features of the FFT.

Main Component Harmonic Components
Inphase Time / Frequency information Not available
Frequency Deviation Robustness Sensitive
Sensitivity to Noise Sensitive
Frequency Resolution (Hz) Linear: 5 Hz
Nominal Amplitude (V) 1 1/3 1/5 177
Measured Amplitude (Vp,,) 1 0.33333 0.2 0.142857
Error (%) 0 0 0 0
Nominal Frequency (Hz) 50 150 250 350
Measured Frequency (Hz) 50 150 250 350
Error (%) 0 0 0 0
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Table 3. Different responses and features of the STFT.

Main Component Harmonic Components
Inphase Time / Frequency information Auvailable
Frequency Deviation Robustness Effective
Sensitivity to Noise Robust
Frequency Resolution (Hz) Linear: 39.0625
Nominal Amplitude (V,,,) 1 1/3 1/5 17
Measured Amplitude (V,,) 0.9756 0.3367 0.1850 0.1466
Error (%) -2.4400 1.0100 -7.5000 2.6200
Nominal Frequency (Hz) 50 150 250 350
Measured Frequency (Hz) 39.0625 156.2500 234.3750 351.5625
Error (%) -21.8750 4.1667 -6.2500 -0.4464

iii. CWT

The resulting images obtained with the CWT transformation are shown in Figure 13. Results for CWT are stated
in Amplitude values were obtained with very low errors compared to EMD. Although the components are difficult
to distinguish in the 2D image, these effects are quite evident in the 3D results. In addition, the amplitude

fluctuation is more apparent. Although being based on EMD makes the method sensitive to frequency deviation,
it is effective in terms of time-frequency analysis and robustness to noise.

iv. EMD

Another approach is the EMD method, which separates each component into different frequency components
simultaneously. The resulting images obtained by EMD transformation were obtained in 2 and 3 dimensions as
shown in Figure 14. The IMF components obtained by EMD are obtained from the frequency components from
the highest to the lowest, and the last one gives the residue. Detailed results of this visualization are given in Table
5. IMF2 and IMF3 belong to approximately 150 Hz and 50 Hz components respectively; it can be seen that IMF1
belongs to the 275 Hz component. In this case, the waveform and energy of the 250 Hz and 350 Hz components
are seen together in the 275 Hz component. Therefore, Table 5 signifies that the frequencies and amplitudes of
these components have high errors. The frequency resolution also varies non-linearly. As a result, although it
issuitable for partially inphase time-frequency analysis, it is seen that it is not robust to frequency deviation and
noise.

v. HHT

The final approach using the EMD responses as input is the HHT method. The result images obtained with this
method were obtained in 2 and 3 dimensions, as shown in Figure 15. As shown in Table 6, the fact that the
frequency resolution is linear and 25 Hz is an advantage in terms of obtaining the frequency components
separately.
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Figure 13. CWT response.

Table 4. Different responses and features of the CWT.

Main Component Harmonic Components

Inphase Time / Frequency information Available

Frequency Deviation Robustness Effective

Sensitivity to Noise Robust

Frequency Resolution (Hz) Nonlinear: 1.2171 ... 145.3601

Nominal Amplitude (V) 1 1/3 1/5 17
Measured Amplitude (Vp,,) 0.977738 0.323476 0.197581 0.128497
Error (%) 2.22620 2.95720 1.20950 10.05210
Nominal Frequency (Hz) 50 150 250 350
Measured Frequency (Hz) 51.4070 145.4010 253.1578 358.0192
Error (%) -2.81399 3.06599 -1.26312 -2.29120

Amplitude values were obtained with very low errors compared to EMD. Although the components are difficult
to distinguish in the 2D image, these effects are quite evident in the 3D results. In addition, the amplitude
fluctuation is more apparent. Although being based on EMD makes the method sensitive to frequency deviation,
it is effective in terms of time-frequency analysis and robustness to noise.
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Table 5. Different responses and features of the EMT.

Main Component Harmonic Components
Inphase Time / Frequency information Available (Partly)
Frequency Deviation Robustness Ineffective
Sensitivity to Noise In-Robust
Frequency Resolution (Hz) Nonlinear: 15.7140 - 125.8983
Nominal Amplitude (V) 1 1/3 1/5 17
Measured Amplitude (V,,,) 1.00963 0.29550 0.38748 -
Error (%) -0.9630 11.3500 -93.7400 -
Nominal Frequency (Hz) 50 150 250 350
Measured Frequency (Hz) 50.6035 150.8265 276.7248 -
Error (%) -1.20700 -0.55100 -10.6899 -

Table 6. Different responses and features of the HHT.

Main Component Harmonic Components
Inphase Time / Frequency information Available
Frequency Deviation Robustness Ineffective
Sensitivity to Noise Robust
Frequency Resolution (Hz) Linear: 25
Nominal Amplitude (V) 1 1/3 1/5 1/7
Measured Amplitude (V,,,) 0.946 0.0453 0.1365 0.0502
Error (%) 2.22620 2.95720 1.20950 10.05210
Nominal Frequency (Hz) 50 150 250 350
Measured Frequency (Hz) 50 150 250 350
Error (%) 0 0 0 0

6. CONCLUSION

With the study, an app that enables the synthesis and production of 37¢,5" and 7" harmonics, which are
important disturbance effects for power systems, has been proposed. This app allows the production of harmonics
that occur at different time intervals by determining the amplitude, noise, and event start-end times. CWT, EMD,
and HHT. In addition, there is also a sub-interface for the user to analyze pre-defined data with the desired methods
for easy use. In this way, it allows simultaneous analysis for domains of frequency and time-frequency. The
performance of the responses obtained from the proposed signal processing methods in terms of various amplitude,
frequency, and resolution parameters were examined and their advantages and disadvantages compared to each
other were revealed. While high frequency, frequency, and amplitude results can be obtained with 0% error with
FFT in an environment of 60 dB with a low noise level, an answer can only be obtained when the frequency is
received. Other methods that can provide simultaneous results in the time-frequency domain have low resolution.
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Due to the spread of frequency responses in the frequency domain, high errors occurred in the EMD frequency
and amplitude results, which reduced 4 frequency components to 3.
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Figure 15. HHT response.

In addition, it has been observed that the HHT transformation, which uses EMD results, gives high accuracy results
compared to other methods, with 0% error in frequency responses and error values between 2.22% and 10.05% in
amplitude responses. By using these results, with the help of the presented app, syntheses and analyses for time
and time-frequency domain responses can be made comparatively with the help of the signal processing methods
discussed. There is a plan for the application presented here a detailed application that can respond to more
degradation types in future studies.
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ABSTRACT

Weather prediction is very important in terms of ensuring effectiveness and
efficiency in areas such as agriculture, health, transportation, tourism, air
quality and industrial production. Traditional weather forecast models are
inadequate for long-term predictions. Artificial intelligence methods can
produce successful predictions for the future by learning complex
relationships between climate variables such as temperature, humidity, wind
speed and air pressure. In this study, it was aimed to predict long-term climate
variables such as temperature, humidity and dew point of Agra, Jaipur,
Jodhpur, New Delhi and Rishikesh, which are important tourism cities of
India. For this purpose, the developed ConvGRU hybrid model was
comprehensively compared with RF, SVM, CNN, LSTM and GRU models.
A real-time and up-to-date data set between 2010 and 2024 was used. In
order for the models to obtain the best results, the hyper-parameters of the
models were optimized using grid search. Experimental results show that
ConvGRU outperforms benchmarked models with R? values above 0.9 for
all cities and climate variables.
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OZET

Hava durumu tahmini tarim, saglk, ulasim, turizm, hava Kalitesi ve
endiistriyel iiretim gibi alanlarda etkinligin ve verimliligin saglanabilmesi
acisindan olduk¢a Onemlidir. Geleneksel hava durumu tahmin modelleri
uzun vadeli tahminlerde yetersiz kalmaktadir. Yapay zekd yontemleri,
sicaklik, nem, riizgar hiz1 ve hava basinci gibi iklim degiskenleri arasindaki
karmagik iliskileri Ogrenerek gelecege doniik basarili tahminler
iretebilmektedir. Bu calismada, Hindistan'in dnemli turizm sehirlerinden
olan Agra, Jaipur, Jodhpur, New Delhi ve Rishikesh'in sicaklik, nem ve ¢ig
noktast gibi uzun vadeli iklim degiskenlerinin tahmin edilmesi
amaclanmistir. Bu amagla, gelistirilen ConvGRU hibrit modeli, RF, SVM,
CNN, LSTM ve GRU modelleriyle kapsamli bir sekilde karsilastirilmistir.
2010-2024 yillar1 arasina ait gercek zamanli ve giincel bir veri seti
kullanilmistir. Modellerin en iyi sonuglari elde edebilmeleri i¢in 1zgara arama
kullanilarak modellerin hiper-parametreleri optimize edilmistir. Deneysel
sonuglar, ConvGRU’nun tiim sehirler ve iklim degiskenleri i¢in 0,9’un
iizerinde R? degeriyle kargilastirilan modellerden daha basarili oldugunu
gostermistir.
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1. GIRIS

Hava durumu, sicaklik, nem, riizgér hizi ve yonii ve atmosferik basing gibi degiskenlere gore atmosferin belirli bir
zamandaki ve yerdeki durumu olarak tanimlanmaktadir [1,2]. Bu bilesenler kullanilarak belirli bir bélgenin
herhangi bir andaki hava durumunu tanimlanmaktadir. Bu degisen parametreler, atmosferik siireclere iliskin
bilgiyle birlikte, meteorologlarin yakin gelecekte havanin nasil olacagini tahmin etmelerine yardimci olur. Hava
sicakligi, gesitli 6lceklerden herhangi biri cinsinden ifade edilen ve 1s1 enerjisinin kendiliginden akacagi yonii
gosteren sicaklik veya sogukluk dlgiisiidiir [3]. Tklim ise sicaklik, toprak nemi, riizgar hiz1 ve yonii gibi degiskenler
de dahil olmak tizere atmosferde, okyanusta ve karada belirli durumlarinin beklenen siklig1 olarak tanimlanir [4].
Iklim, farkli zaman dilimlerindeki hava durumlarmi kapsar ve ayni zamanda diinya sisteminin bilesenleri
arasindaki karsilikli etkilesimlerle de ilgilidir. Nem, atmosferdeki su buhari miktarini ifade etmektedir [5]. Havanin
nem kapasitesi sicakliga gore belirlendiginden, atmosferin su buhari igerigi bolgeye ve zamana gore degisiklik
gosterir [6]. Ciy noktast havanin doyma noktasina ulastig1 ve buharin yogunlasarak sivi hale gectigi sicakligi ifade
eder [7,8].
Havanin insan yerlesim diizenleri, turizm, endiistriyel {iretim ve hava kalitesi iizerinde dogrudan etkisi vardir [9].
Asirt sicaklik ve nem hastaliklarin bulagmasina riskini arttirabilir. Benzer sekilde siddetli yagmur sele neden
olabilir, insanlari can ve mal kaybina ugratabilir, ekonomik faaliyetleri kesintiye ugratabilir. Firtinalar, kasirgalar
ve dolu, mahsullere, binalara, ulasim yollarina ve araglara zarar verebilir. Kiy1 bolgelerinde yasanan tropikal
kasirgalar ise asir1 yagisa ve su baskinina, gemilere, binalara, agaglara, tarimsal {irlinlere, iletisim ve ulagim
aglaria biiyiik hasarlar verebilir [10].
Hava olaylariim degiskenligi, insanligin gelecekteki hava kosullari ve tahminleri konusunda uzun siiredir devam
eden bir aragtirma iginde olmasina neden olmaktadir. Geleneksel hava tahmin modelleri, iklim degiskenleri,
fiziksel prensipler ve bilgisayar destekli modellemeler yoluyla tahmin yapmaktadir [11,12]. Ancak geleneksel hava
tahmin yontemleri, uzun vadeli tahminlerin yapilmasi konusunda sinirhdir. Tklim degisikliginin etkileri arttikga
hava tahminlerinin tutarliligi daha da kritik hale gelmektedir. Bu sebeple yapay zeka yontemlerinin hava
tahmininde kullanimi 6n plana ¢ikmaktadir. Yapay zekd yontemleri, hava durumu parametreleri arasindaki
karmasik iligkileri 6grenerek ve belirli bolgelere ait hava durumu modellerini {ireterek hava tahmininde basarilt
sonuglar iiretmektedir.
Bu calismada, Hindistan’in turizm sehirlerinden olan Agra, Jaipur, Jodhpur, New Delhi ve Rishikesh’in iklim
parametrelerinin tahmin edilmesi amaglanmistir. Agra, Hindistan'in en {inlii turistik sehirlerinden biridir. Diinyanin
yedi harikasindan biri olan Babiir mimari eseri Tac Mahal, Agra kalesi ve Jama Mescidi turistlerin ilgi odag:
olmaktadir [13]. Hindistan’in pembe sehri olarak bilinen Jaipur, Amber kalesinin yani sira batik kumaslari,
seramikleri ve ziimriit zanaati ile turistlerin ve tasarimcilarin ilgilerini ¢gekmektedir [14]. Jodhpur, Mehrangarh
kalesi, Mandore bahgeleri ve Jaswant Thada anitina ev sahipligi yapan bolgedeki en dnemli mimari alanlardan
biridir [15]. Hindistan’in bagkenti olan New Delhi moda, sanat, yemek ve teknoloji ile 6ne ¢ikmaktadir. Ayrica
Kutub Minar, Jantar Mantar ve Hindistan Kapisi gibi diinyanin en iinlii turistik yerleri New Delhi’de
bulunmaktadir [16]. Rishikesh, Hindular tarafindan bir hac yeri olarak goriilmekte ve Hindistan'da yoganin
dogdugu yer olarak bilinmektedir [17].
Bu gibi turistik 6nemleri nedeniyle Agra, Jaipur, Jodhpur, New Delhi ve Rishikesh sehirleri i¢in iklim
degiskenlerinin belirlenmesi amaglanmistir. Turistlerin bu sehirlere yonelik seyahat planlamalarini yapabilmeleri
ve yerel yonetimlerin hava durumlarina gore stratejiler gelistirebilmeleri agisindan hava durumunun dogru bir
sekilde tahmin edilmesi Onemlidir. Bu ¢alismada, tahmin basarisimi ve dogrulugunu arttirmak amaciyla
Convolutional Neural Network (CNN) ve Gated Recurrent Unit (GRU) modelleri kullanilarak hibrit ConvGRU
modeli gelistirilmistir. Gelistirilen model, Random Forest (RF), Long Short-Term Memory (LSTM), CNN,
Support Vector Machine (SVM) ve GRU ile kapsamli bir sekilde karsilastirilmistir. Karsilastirilan modeller,
Hindistan'm en 6nemli turizm sehirlerinden olan Agra, Jaipur, Jodhpur, New Delhi ve Rishikesh’in hava durumu
verileri kullanilarak test edilmistir.
Bu ¢alismanin literatiire olan katkilart agagidaki gibi siralanabilir:
* Hindistan'in en 6nemli turizm sehirleri i¢in iklim degiskenlerinin tahminine yonelik veri odakli bir yaklasim
sunulmustur.
* Uzun vadeli hava durumu verileri analiz edilerek iklim degisikligi egiliminin belirlenmesi amaglanmistir.
* Tahmin basarisin1 arttirmak amaciyla CNN ve GRU modelleri kullanilarak ConvGRU hibrit modeli
gelistirilmistir.
+ Gelistirilen model, 2010-2024 yillarina ait saatlik, giincel ve ger¢ek zamanl veriler kullanilarak geleneksel
modellerle kapsamli bir sekilde test edilmistir.
» Agra, Jaipur, Jodhpur, New Delhi ve Rishikesh sehirlerine ait bu veri seti kullanilarak yapilan literatiirdeki ilk
caligmadir.

2. LITERATURDEKI CALISMALAR

Literatiirde, hava durumu tahmini ve iklim degiskenlerinin modellenmesi ile uzun vadeli egilimlerin belirlenmesi
icin yapay zeka yontemlerinin kullanildig1 ¢aligmalar bulunmaktadir. Bu boliimde, hava ve iklim degiskenlerinin
tahminine yonelik literatiirdeki ¢aligmalar incelenmistir.

166



Miih.Bil.ve Aras.Dergisi,2024;6(2) 165-176

Bekkar ve ark. hava kalitesi tahmini i¢in derin 6grenme modellerinin karsilastirmali bir analizini sunmustur [18].
Calismada CNN ve LSTM ile CNN ve GRU modelleri kullanilarak hibrit modeller olusturulmustur. Olusturulan
hibrit modeller, temel modeller ve ¢ift yonlii LSTM ile karsilastirilmistir. Deneysel sonuglar, CNN-LSTM'nin
giinliik tahminde 0,989 R? ve haftalik tahminde 0,979 R? ile karsilastirilan modellerden daha iyi performans
verdigini gostermistir.

Abirami ve Chitra, Delhi’nin hava kalitesi tahminine yonelik DL-Air adi verilen bir model 6nermistir [19].
Onerilen model kodlayici, LSTM ve kod ¢oziicii bilesenlerinden olusmaktadir. Onerilen model, temel modellere
kiyasla RMSE ve MAE degerlerinde %37 azalma ve R2 degerinde ise %8 iyilesme saglamistir.

Patil ve Liyama, Japonya’daki Tohoku bolgesindeki deniz yiizeyi sicakliginin tahminine yonelik derin 6grenme
modellerinin karsilastirmali bir analizini sunmustur [20]. Caligmada Multilayer Perceptron (MLP), LSTM ve 2D
CNN karsilagtirilmigtir. Deneysel sonuglar, 2D CNN’in 0,25 RMSE ile karsilastirilan modellerden daha basarili
oldugunu gostermistir. Ravindiran ve ark., hava kalitesi tahmini i¢in XGBoost, LightGBM, Catboost, RF ve
Adaboost algoritmalarinin karsilastirmali bir analizini sunmustur [21]. Caligmada, Hindistan’daki Visakhapatnam
sehrinin yaklasik 5 yillik hava kalitesi verileri kullanilmistir. Deneysel sonuglar, Catboost'un 0,9998 R2 ile
karsilagtirma modellerinden daha basarili oldugunu gostermistir.

Ayus ve ark., hava kalitesi indeksinin tahminine yonelik Recurrent Neural Networks (RNN), Bidirectional Gated
Recurrent unit (Bi-GRU), Bidirectional Long Short-Term Memory (BiLSTM), Convolutional Neural Network
BiLSTM (CNN-BIiLSTM), Convolutional BIiLSTM (ConvlD-BiLSTM) ve eXtreme Gradient Boosting
(XGBoost) modellerinin kargilagtirmali bir analizini sunmustur. Caligmada Cin’deki 10 biiyiik sehrin verileri
kullanilmistir. Deneysel sonuglar, XGBoost’un karsilastirilan modellerden daha basarili bir tahmin performansina
sahip oldugunu goéstermistir [22].

Kumar ve Pande hava kalitesi tahminine yonelik k-Nearest Neighbour (kNN), Gaussian Naive Bayes (GNB),
SVM, RF ve XGBoost modellerinin karsilagtirmali bir analizini sunmustur. Calismada Hindistan’daki 23 sehre ait
hava kalitesi verileri kullanilmistir. Deneysel sonuglar, XGBoost’un karsilastirilan modeller arasinda en iyi
performansa sahip oldugunu gostermistir [23].

Naz ve ark., azot dioksit, ozon, kiikiirt dioksit, PM2 s ve PM1g gibi hava kirleticilerin degerlerinin tahminine yonelik
GRU, LSTM ve AutoRegressive Integrated Moving Average (ARIMA) modellerinin uygulamali bir analizini
sunmustur. Calismada, Kuzey irlanda’da yer alan Belfast sehrinin hava kalitesi verileri kullanilmistir. Deneysel
sonuglar, derin dgrenme modellerinin ve dzellikle LSTM’in tiim hava kirleticiler agisindan ARIMA’dan daha
basarili oldugunu gostermistir [24]. Barthwal ve Goel, Hindistan'in baskenti Delhi'deki hava kirliliginin ve iklim
degiskenlerinin tahmin edilmesi amaciyla Deep Convolutional Neural Network (DCNN) ve LSTM kullanarak
DCNN-LSTM modelini gelistirmistir. Caligmada hava kalitesi tahmini i¢in Delhi genelindeki 14 lokasyondan elde
edilen karbon monoksit PMys ve PMio konsantrasyonlart kullanilmigtir. Ayrica Delhi i¢in sicaklik, nem ve
atmosferik basing gibi iklim degiskenleri tahmin edilmistir. DCNN-LSTM mimarisi, %97,48'lik siniflandirma
dogruluguyla literatiirdeki ¢alimalardan daha basarili olmustur [25].

Mohammadi ve ark., PM; s tahminine yonelik Artificial Neural Networks (ANN), kNN, SVM ve RF’1n uygulamalt
bir analizini sunmustur. Calismada Iran’mn Isfahan sehrinde bulunan 7 hava kalitesi izleme istasyonundan elde
edilen veriler kullanilmigtir. Caligmada 2020 y1l1 igin tahmin edilen veriler ArcGIS yazilimina dahil edilerek ve
Inverse Distance Weighting (IDW) yontemi kullanilarak Isfahan sehri icin enterpolasyon yapilmis ve yilin her ay1
icin kirlilik haritas1 ¢izilmistir. Deneysel sonuglar, ANN’in %90,1 siniflandirma dogruluguyla karsilastirilan
modellerden daha basarili oldugunu géstermistir [26].

Krivoguz ve ark., hava sicakligi tahminine yonelik derin tekrarli sinir aglart ve GRU’yu kullanarak hibrit bir model
gelistirmistir [27]. Caligmada, Deep Recurrent Neural Network (DRNN), DRNN-GRU, LSTM ve Robust Stacked
LSTM (RSLSTM) karsilastirilmistir. Calismada yaklasik 63 yillik sicaklik, basing ve yagis seviyelerini i¢eren bir
veri seti kullanilmigtir. Deneysel sonuglar, gelistirilen modelin 0,06 MAE degeriyle karsilastirilan modellerden
daha basarili oldugunu géstermistir.

Mishra ve Gupta, hava kalitesi tahmini igin istatistiksel modeller ile makine &grenmesi ve derin 6grenme
modellerinin kargilagtirmali bir analizini sunmustur [28]. Caligmada, Pekin'in 2014-2018 yillar1 arasindaki hava
kalitesi verileri kullanilarak LSTM, Decision Tree (DT), ARIMA, Huber Regressor, KNN ve Dummy Regressor
karsilastirildi. Deneysel sonuglar, LSTM'nin kisa vadeli tahminlerde karsilastirilan modellerden daha basarilt bir
performansa sahip oldugunu géstermistir.

3. MATERYAL VE METOT

Bu caligsmada, gelistirilen hibrit ConvGRU modeli ile Hindistan’1n turistik sehirlerinin iklim degiskenlerinin uzun
vadeli trendlerinin analiz edilmesi amaclanmistir. Bu bdliimiin devaminda, kullanilan veri seti ile ilgili detayl
analizler sunulmustur. Ayrica geleneksel tahmin modelleri ve gelistirilen hibrit ConvGRU modelinin mimarisi
aciklanmistir.

3.1. Veri Seti

Bu calismada Hindistan’in turistik sehirlerinden olan Agra, Jaipur, Jodhpur, New Delhi ve Rishikesh sehirlerinin
Ocak 2010-Subat 2024 donemini kapsayan saatlik, giincel ve gergek zamanli saatlik hava durumu verileri
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kullanilmistir [29]. Kullanilan veri seti sicaklik, nem, ¢ig noktasi, yagis, riizgar hizi ve atmosfer basinci gibi hava
durumu parametrelerini icermektedir. Sekil 1°de, Agra, Jaipur, Jodhpur, New Delhi ve Rishikesh sehirlerinin Ocak
2010 ile Subat 2024 arasindaki sicaklik degerlerinin degisimi gortilmektedir.
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Sekil 1. Sehirlerin sicaklik degerlerinin degisimi.

Sekil 1’de goriilen grafikler, sehirlerin genel sicaklik trendinin belirlenmesi ile ani sicaklik degisimlerini veya
anomalilerin belirlenmesi agisindan énemlidir. Sekil 1’de goriildiigii gibi Agra, genel olarak iliman bir iklime
sahiptir. Yaz aylarinda sicaklik degerleri olduke¢a yiiksekken kis aylarinda sicaklik degerleri diisiiktiir. Jaipur ise
kurak bir iklime sahiptir ve mevsimsel degisimler olduk¢a belirgindir. Yaz aylarinda oldukc¢a yiiksek sicaklik
degerlerine sahipken kis aylarinda bile sicaklik degerleri hizli bir sekilde yiikselmektedir. Jodhpur, sicak ve kurak
bir iklime sahiptir. Yaz aylarinda yiiksek sicakliklar goriiliirken kig aylarinda ise iliman bir iklime sahiptir. New
Delhi subtropikal bir iklime sahiptir. Yaz aylarinda sicaklik olduke¢a yiiksekken kig aylarinda sicaklik disiisleri
yasanmaktadir ancak genellikle 1liman bir iklime sahiptir. Rishikesh ise iliman bir iklime sahiptir. Yaz ve kis
aylarinda iliman bir iklim goriilmektedir. Sicaklik degerleri y1l boyunca genellikle dengelidir.

Sekil 2°de, Agra, Jaipur, Jodhpur, New Delhi ve Rishikesh sehirlerinin Ocak 2010 ile Subat 2024 arasindaki nem
degerlerinin degisimi goriilmektedir.
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Sekil 2. Sehirlerin nem degerlerinin degisimi.

Sekil 2°de goriildiigii gibi Agra genel itibariyle 1liman bir nem seviyesine sahiptir. Ozellikle muson mevsiminde
ve yaz aylarinda nem yiiksektir ancak kis aylarinda daha disiiktiir. Jaipur sicak ve kuru iklimi nedeniyle genellikle
diisiik nem seviyelerine sahiptir. Jodhpur ¢dl iklimi nedeniyle genellikle diisiik nem seviyelerine sahiptir. New
Delhi'nin nem grafigi, genellikle orta diizeyde nem seviyelerini gostermektedir. Ozellikle muson mevsiminde ve
yaz aylarinda nem yiiksektir ancak kis aylarinda diigmektedir. Rishikesh'in nem grafigi, genellikle orta diizeyde
nem seviyelerini gosterir. Sehir, Himalayalarin eteklerinde yer aldigi1 i¢in, nem seviyeleri diger sehirlere gore daha
yiiksek olabilir.
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Sekil 3’te, Agra, Jaipur, Jodhpur, New Delhi ve Rishikesh sehirlerinin Ocak 2010 ile Subat 2024 arasindaki ¢iy
noktasi degerlerinin degisimi goriilmektedir.
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Sekil 3. Sehirlerin ¢iy noktasi degerlerinin degigimi.

Sekil 3’te goriildiigii gibi ¢iy noktasi grafikleri genel itibariyle sehirlerin nem durumunu géstermektedir. Agra
sehrinin grafigi genellikle havanin nemli oldugunu gostermektedir. Ozellikle muson mevsiminde ve yaz aylarinda
¢iy noktasi yiiksektir. Kis aylarinda ise ¢iy noktas1 diigebilir ancak genellikle nemli ortam korunur. Jaipur sehrinin
¢iy noktasi grafigi, genellikle diisiik nem seviyelerini gostermektedir. Jaipur’un iklimi sicak ve kuru oldugu i¢in
¢iy noktasi genellikle diistiktiir. Yaz aylarinda, muson yagmurlar1 sirasinda ¢iy noktasi biraz artabilir ancak genel
olarak diisiik kalir. Jodhpur'un ¢iy noktasi grafigi, genellikle ¢cok diisiik nem seviyelerini yansitir. Sehrin ¢6l iklimi,
¢iy noktasimnin diisiik kalmasina neden olur. New Delhi'nin ¢iy noktasi grafigi, sehrin subtropikal iklimi ile uyumlu
olarak genellikle orta diizeyde nem seviyelerini yansitir. Rishikesh'in ¢iy noktast grafigi, genellikle orta diizeyde
nem seviyelerini gosterir. Himalayalarin eteklerinde yer almasindan dolayi, ¢iy noktasi diger sehirlere gore biraz
daha yiiksek olabilir. Yaz aylarinda ¢iy noktasi artabilir ancak genel olarak ortalama diizeylerde seyreder.

3.2. Veri On-isleme

Veri On-igleme asamasinda veri setindeki eksik ve hatali alanlarin kontrolii yapilmistir. Bu ¢aligmada kullanilan
veri seti, zamana bagl olarak iklim parametrelerinin degerlerini igeren bir zaman serisi veri setidir. Zaman serisi
verilerinin makine 6grenmesi ve derin 6grenme modelleri tarafindan islenebilmesi icin regresyon problemi
yapisina doniistiiriillmesi gereklidir. Bu amagla kayan pencere yontemi kullanilmaktadir. Kayan pencere yontemi,
belirlenen pencere boyutu kadar gézlem verisinin girdi, bir sonraki zaman adimindaki gézlem verisinin ise ¢ikti
olarak yapilandirilmasim saglar [30]. Ornek olarak 3 boyutunda bir kayan pencerede t;, t, Ve t; zaman adimindaki
gozlem verileri girdi, t,zaman adimindaki gézlem verisi ise ¢ikt1 olacaktir. Yapilan deneysel ¢aligmalar, kayan
pencere boyutu 9 oldugunda en diisik RMSE degerlerinin elde edildigini gostermistir. Girdi-¢iktt drnekleri
seklinde regresyon problemi yapisina doniistiiriilen veri Seti, min-max scaler kullanilarak 6lgeklendirilmistir. Veri
setinin %33’ test ve %67’si ise egitim i¢in kullanilmistir. Bu oranlar yapilan deneysel ¢aligmalar neticesinde
belirlenmistir. Egitim verilerinin %10’u ise model hiper-parametrelerinin 1zgara arama (grid search) ile optimize
edilmesi igin kullanilmistir. Hiper-parametreler, modellerin performansini, dogrulugunu ve genelleme kapasitesini
onemli 6l¢lide artirmaktadir. Model hiper-parametrelerinin belirlenmesinde yaygin olarak 1zgara arama ve rastgele
arama yontemleri kullanilmaktadir. Izgara arama belirlenen hiper-parametrelerin olasi tim kombinasyonlarini
sistematik bir sekilde arar ve her bir kombinasyon i¢in modeli egiterek performansini degerlendirir. Her model
icin optimize edilecek hiper-parametreler ve bu parametrelerin olasi deger araliklar1 belirlenir. Belirlenen hiper-
parametrelerin tiim olas1 kombinasyonlari olusturulur ve her kombinasyon igin model egitilerek dogrulama veri
seti lizerinde performansi degerlendirilir. En iyi performansi gdsteren hiper-parametre kombinasyonu segilerek
model olusturulur. Rastgele arama ise hiper-parametre uzayindan rastgele 6rnekler secerek bu kombinasyonlari
dener. Izgara aramadaki gibi sistematik bir tarama yerine, belirlenen deneme sayisi kadar rastgele kombinasyon
uygulanir. Ancak rastgele arama en iyi hiper-parametrelerin belirlenecegine dair garanti vermez ve en uygun hiper-
parametrelerin belirlenme olasilig1 1zgara aramaya gore diistiktiir. Bu sebeple modellerin hiper-parametreleri
1zgara arama kullanilarak belirlenmigtir. Tablo 1°de uygulanan geleneksel modeller igin kullanilan hiper-
parametreler goriilmektedir.

Karsilastirilan her bir model, Tablo 1°de sunulan hiper-parametre kombinasyonlar1 uygulanarak olusturulmustur.
Bu sayede modellerin adil bir sekilde karsilagtirilarak en iyi sonuglara sahip olmasi1 amaglanmistir.
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Tablo 1. Uygulanan geleneksel modeller i¢in kullanilan hiper-parametreler.

Model Hiper-parametre
RF Agag sayist: 100, maks. Derinlik: 5, min. ornek sayisi: 2
SVM C:1.5, gamma:1e-07, epsilon:0.1, kernel: linear
CNN Filtre sayisi: 64, katman sayist: 2, aktivasyon fonksiyonu: relu, yigin boyutu: 64, 6grenme orani: 0.001, egitim
sayist: 100
LSTM Katman sayisi: 2, néron sayist: 80, y1gin boyutu: 64, 6grenme orant: 0.001, egitim sayisi: 100, optimizer:
Adam, aktivasyon fonksiyonu: ReLU
GRU Katman sayisi: 3, noron sayist: 100, y1gin boyutu: 64, 6grenme orani: 0.001, egitim sayisi: 200, optimizer:

Adam, aktivasyon fonksiyonu: ReLU

3.3. Tahmin Modelleri

RF, rastgele se¢ilmis veri noktalari ve 6zellikleri kullanarak olusturulmus birden fazla karar agacini birlestiren bir
topluluk &grenme algoritmasidir [31]. Egitim asamasinda, ¢ok sayida karar agaci olusturur ve regresyon
problemlerinde her bir agacin ortalama tahminini, siniflandirma problemlerinde ise siniflarin modunu alir. Temel
prensip, ¢esitli aga¢ kiimeleri olusturmak ve tahmin dogrulugunu artirmak i¢in tahminlerini birlestirmektir [32].
RF farkli agaglarin, verilerin farkli varyasyonlarmi gérmesine olanak taniyan gesitli alt kiimeler olusturur. Her
diigtimde, tim 6zellikleri dikkate almak yerine bolme i¢in rastgele bir 6zellik alt kiimesi dikkate alinir. Tiim karar
agaclart olusturulduktan sonra toplu olarak karar agaglarmimn tahminleri alinir. Siniflandirma problemlerinde,
agaclarin siniflara verdikleri oylarin ¢ogunlugunu alan sinif nihai tahmin olur. Regresyon problemlerinde, nihai
ciktiy1 elde etmek tizere tiim agaglardan gelen tahminlerin ortalamasi alinir [33].

SVM'nin temel amaci, veri noktalarini siniflar arasinda bir sinir gizerek ayirmaktir. Bu siir, genellikle karar sinir1
olarak adlandirilir ve siniflar arasindaki en genis marji elde etmek i¢in optimize edilir [34]. Destek vektorleri, hiper
diizleme daha yakin olan noktalar1 ifade etmektedir. Marj, karar sinirindan her iki siifin en yakin veri noktasina
olan mesafedir. SVM, verileri smiflar arasinda kolaylikla ayrilabilecek daha yiiksek boyutlara doniistiirmek i¢in
¢ekirdek fonksiyonlarimi kullanir [35].

CNN, genellikle siniflandirma problemlerinde olmak tizere gériintii verilerini isleme konusundaki yetenekleriyle
one ¢ikan bir modeldir [36]. CNN, konvoliisyon, havuzlama ve tam bagli katmanlar gibi yapilar1 sayesinde
ozelliklerin hiyerarsik olarak 6grenilmesini saglar. Konvoliisyon katmanlari, gériintiiler iizerinde belirli bir boyutta
filtre kullanarak evrigim iglemi uygular. Havuzlama katmanlar1 evrisim sonrasi elde edilen 6zellik haritasinin
boyutunu kii¢iiltmek igin kullanilir. Diizlestirme katmani, matris formatinda islenen verilerin tek boyuta
indirgenmesini saglar [37].

LSTM, kaybolan gradyan sorununu ¢6zmek ve sirali verilerdeki uzun vadeli bagimliliklar1 belirlemek icin
tasarlanmig bir tekrarl sinir ag1 modelidir. LSTM mimarisi, verilerin uzun diziler boyunca saklanmasina olanak
taniyan 6zel mekanizmalar igerir [38]. LSTM, bilgileri uzun diziler halinde saklayabilen ve her zaman adiminda
giincellenebilen hiicre durumlarmna sahiptir [39]. Gizli durum, hiicre durumundaki bilgilerin segici olarak
hatirlanmasini veya unutulmasini saglar. Giris kapisi, hiicre durumuna bilgi akisini kontrol eder [40]. Cikis kapisi,
her zaman adiminda ¢ikisi tiretmek i¢in kullanilan bilgiyi kontrol eder.

GRU, LSTM’den farkli olarak gizli durumda segici olarak bilgi giincelleme ve sifirlamayr miimkiin kilan gegis
mekanizmalarini igerir [41]. Bu mekanizma, GRU'ya temel bilgileri tutma ve ilgisiz verileri unutma yetkisi vererek
uzun vadeli bagimliliklarin 6grenilmesini kolaylastirir [42]. Sifirlama kapisi, 6nceki gizli durumdan hangi
bilgilerin unutulmasi gerektigine karar verir. Aday gizli durum, gegmisteki unutulmus bilgileri filtrelenmis yeni
girigle harmanlayarak bir sonraki gizli durum i¢in aday olusturur. Giincelleme kapisinin hesaplanmasi GRU'nun
ilk adimidir. Onceki gizli durumun ne kadar giincellenmesi gerektigine karar vermek i¢in mevcut girisi ve nceki
gizli durumu kullanir [43]. Burada sigmoid fonksiyonu kullanilmaktadir. Giincelleme kapisina benzer sekilde
stfirlama kapisi da hesaplama igin sigmoid fonksiyonunu kullanir. Sifirlama kapisi hesaplamasindan sonra,
hiperbolik tanjant fonksiyonu (tanh) kullanilarak aday gizli durum hesaplanir [44]. Sifirlama kapisinin degeri
onceki gizli durumun etkisini belirler. Nihai gizli durum, dogrusal enterpolasyon yoluyla tanimlanir. Bu
enterpolasyon dnceki gizli durumu ve olasi gizli durumu igerir.

3.4. Gelistirilen Hibrit ConvGRU Modeli

ConvGRU modeli ile CNN ve GRU modellerinin 6ne ¢ikan etkili 6zelliklerini bir araya getirerek daha yiiksek
tahmin dogruluguna sahip bir model gelistirilmesi amaglanmigtir. CNN, 6zellik ¢ikarma agamasinda basarilidir.
GRU ise zaman serisi verilerindeki zamana olan bagimliliklar: etkili bir sekilde modellemektedir. ConvGRU,
sehirlerin sicaklik, nem ve ¢iy noktasi verilerini girdi olarak almaktadir. ConvGRU Sekil 5’te goriildiigii gibi
konvoliisyon katmanlari, maksimum havuzlama katmanlari, GRU katmanlar1 ve yogun katmandan olugmaktadir.
Modelin ¢iktis;, tahmin edilen sicaklik, nem ve ¢iy noktasi degerleridir. Model hiper-parametrelerinin
optimizasyonu amaciyla 1zgara arama kullanilarak en uygun hiper-parametre kombinasyonlarmin belirlenmesi
amagclanmistir. Gelistirilen modelin mimarisi Sekil 4'te goriilmektedir.

ConvGRU, GRU'ya girdi olan alt dizileri yorumlamak igin CNN katmanlarii kullanmaktadir. CNN, giris
verilerinden Ozellikleri ¢ikararak tek degiskenli giris verilerini konvoliisyon ile ¢ok boyutlu veri gruplarma
doniistiirir ve tahmin i¢cin GRU'ya iletir.
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Sekil 4. Gelistirilen modelin mimarisi.

ConvGRU modelinin performansini optimize etmek i¢in 6ncelikle Tablo 2’de goriildiigii gibi hiper-parametre
araliklar1 belirlenmistir.

Tablo 2. ConvGRU modeli i¢in kullanilan hiper-parametreler ve deger araliklari.

Hiper-parametre Deger arahigi
Konvoliisyon katmanlarindaki filtre sayis1 [16, 32, 64]
Havuzlama boyutu [2,3,4]
GRU katman sayis1 [1,2,3,4,5]
GRU noron sayisi [10, 20, 30, 40, 50, 60, 70, 80, 90, 100]
Y1gm boyutu [1, 4,8, 16, 32, 64, 128]
Ogrenme oram [0.001, 0.01, 0.1]
Egitim sayisi [10, 25, 50, 75, 100, 200, 300, 400, 500]

ConvGRU modeli i¢in Tablo 2’de goriilen hiper-parametre kombinasyonlari test edilerek en uygun hiper-
parametrelerin belirlenmesi amaglanmistir. Belirlenen araliklardaki hiper-parametreler kullanilarak tim olasi
kombinasyonlar olusturulmustur. Her kombinasyon i¢in modelin dogrulama veri seti {izerinde performansi
degerlendirilmistir. Tiim kombinasyonlar arasinda en diisiik RMSE degerine sahip olan kombinasyon se¢ilmistir.
ConvGRU’nun CNN bileseni, c¢ekirdek boyutu 1 ve 64 filtreye sahip 1D konvoliisyon katmanma sahiptir.
Diizlestirme katmani, konvoliisyon ve havuzlama katmaninda ¢ikarilan 6zelliklerin GRU’ya iletilmeden dnce tek
boyuta indirgenmesini saglar. Hiper-parametre optimizasyonu sonucunda CNN 32 filtreden olusan 2 adet tek
boyutlu konvoliisyon katmanindan, ¢ekirdek boyutu 1 ve havuzlama boyutu 2 olan 2 adet maksimum havuzlama
katmanindan olugmakta ve ReL U aktivasyon fonksiyonunu kullanmaktadir. GRU bileseni ise her biri 50 néron
iceren 3 katmandan olugsmaktadir. GRU igin egitim sayis1 200, y1gin boyutu 64, 6grenme orani 0.001, aktivasyon
fonksiyonu ReLU, optimizer Adam ve kayip fonksiyonu RMSE’dir. Izgara arama yontemi ile optimize edilen
hiper-parametreler, ConvGRU modelinin performansimi 6nemli 6lgiide iyilestirmistir. En iyi hiper-parametre
kombinasyonunun seg¢ilmesi, modelin dogrulugunu ve genelleme kapasitesini artirmistir.

4. DENEYSEL SONUCLAR

Bu calismada, Agra, Jaipur, Jodhpur, New Delhi ve Rishikesh sehirlerinin sicakligini, nemini ve ¢iy noktalarmin
tahmin edilmesi amaglanmistir. Gelistirilen ConvGRU modeli, RF, LSTM, CNN, SVM ve GRU ile kapsaml1 bir
sekilde karsilagtirilmistir. Tablo 3 ve Sekil 5°te, Agra sehri i¢in deneysel sonuglar goriilmektedir.

Tablo 3 ve Sekil 5’te goriildiigii gibi ConvGRU sicaklik tahmininde 0,992 R?, nem tahmininde 0,972 R? ve ¢iy
noktas1 tahmininde 0,971 R? ile karsilastirilan modellerden daha basarili olmustur. ConvGRU’nun ardindan
sirastyla GRU, LSTM, CNN, SVM ve RF basarili olmustur. Tablo 4 ve Sekil 6’da Agra sehri igin deneysel
sonuglar goriilmektedir.

Tablo 3. Agra sehri i¢in deneysel sonuglar

Sicakhik Nem Ciy noktasi
Model RMSE MAE R? RMSE MAE R? RMSE  MAE R?
RF 1,247 0,878 0,982 4,878 3,175 0,951 0,914 0,558 0,978
SVM 1,171 0,812 0,984 4,857 3,170 0,952 0,909 0,542 0,978
CNN 1,133 0,769 0,985 4,341 2,901 0,961 0,882 0,557 0,980
LSTM 1,071 0,742 0,986 4,212 2,879 0,964 0,817 0,522 0,982
GRU 1,061 0,734 0,987 4,121 2,713 0,965 0,808 0,514 0,983

ConvGRU 1,011 0,692 0,992 3,724 2,255 0,972 0,719 0,422 0,971

Tablo 4 ve Sekil 6°da gériildiigii gibi ConvGRU sicaklik tahmininde 0,989 R2, nem tahmininde 0,970 R? ve ¢iy
noktas: tahmininde 0,988 R? ile karsilastirilan modellerden daha basarili olmustur. ConvGRU’ nun ardindan
sirastyla GRU, LSTM, CNN, SVM ve RF basarilt olmustur. Tablo 5 ve Sekil 7°de, Agra sehri i¢in deneysel
sonuglar goriilmektedir.

Tablo 5 ve Sekil 7°de goriildiigii gibi ConvGRU sicaklik tahmininde 0,989 R?, nem tahmininde 0,975 R? ve ¢iy
noktas1 tahmininde 0,991 R? ile karsilastirilan modellerden daha basarili olmustur.
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Sekil 5. Agra sehri icin deneysel sonuglar.
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Tablo 4. Jaipur sehri i¢in deneysel sonuglar.

Sicakhk Nem Ciy noktasi
Model RMSE MAE R? RMSE MAE R? RMSE MAE R?
RF 1,345 0,923 0,970 5,195 3,540 0,953 0,945 0,576 0,979
SVM 1,326 0,909 0,972 5,166 3,448 0,954 0,930 0,554 0,980
CNN 1,202 0,825 0,976 5,133 3,314 0,954 0,925 0,542 0,980
LSTM 1,157 0,814 0,979 4,743 3,235 0,961 0,881 0,530 0,982
GRU 1,038 0,802 0,981 4,564 3,155 0,964 0,858 0,519 0,983

ConvGRU 0,933 0,728 0,989 4,165 2,994 0,970 0,785 0,482 0,988
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Sekil 6. Jaipur sehri i¢in deneysel sonuglar.

ConvGRU’nun ardindan sirastyla GRU, LSTM, CNN, SVM ve RF basarili olmustur. Tablo 6 ve Sekil 8’de, Agra
sehri i¢in deneysel sonuglar goriilmektedir.

Tablo 5. Jodhpur sehri i¢in deneysel sonuglar.

Sicakhik Nem Ciy noktasi
Model RMSE MAE R? RMSE MAE R? RMSE MAE R?
RF 1,245 0,818 0,977 4,304 2,755 0,962 1,019 0,571 0,983
SVM 1,227 0,816 0,978 4,288 2,752 0,963 1,008 0,570 0,983
CNN 1,061 0,670 0,983 4,234 2,742 0,965 0,997 0,598 0,984
LSTM 1,026 0,662 0,984 3,954 2,563 0,968 0,896 0,556 0,987
GRU 1,020 0,638 0,985 3,936 2,558 0,969 0,888 0,542 0,987

ConvGRU 0,991 0,563 0,989 3,822 2,489 0,975 0,845 0,458 0,991
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Sekil 7. Jodhpur sehri icin deneysel sonuglar.

Tablo 6. New Delhi sehri i¢in deneysel sonuglar.

Sicakhk Nem Ciy noktasi
Model RMSE MAE R? RMSE MAE R? RMSE MAE R?
RF 1,180 0,798 0,985 4,724 3,070 0,956 0,889 0,553 0,981
SVM 1,164 0,771 0,985 4,719 3,045 0,957 0,877 0,546 0,982
CNN 1,056 0,684 0,988 4,195 2,741 0,966 0,873 0,543 0,982
LSTM 1,022 0,682 0,990 4,072 2,682 0,968 0,860 0,535 0,983
GRU 1,002 0,637 0,992 3,990 2,596 0,969 0,826 0,524 0,984

ConvGRU 0,954 0,595 0,996 3,912 2,382 0,973 0,748 0,484 0,989

S1caklk Sicaklik Sicaklik

T Mar

Sekil 8. New Delhi sehri i¢in deneysel sonuglar.

Tablo 6 ve Sekil 8°de goriildiigii gibi ConvGRU sicaklik tahmininde 0,996 R?, nem tahmininde 0,973 R? ve ¢iy
noktas1 tahmininde 0,989 R? ile karsilastirilan modellerden daha basarili olmustur. ConvGRU nun ardindan
sirastyla GRU, LSTM, CNN, SVM ve RF basarili olmustur. Tablo 7 ve Sekil 9°da Agra sehri i¢in deneysel
sonuglar goriilmektedir.

Tablo 7. Rishikesh sehri i¢in deneysel sonuglar.

Sicakhik Nem Ciy noktasi
Model RMSE MAE R? RMSE MAE R? RMSE MAE R?
RF 1,317 0,910 0,980 5,607 3,890 0,904 1,055 0,705 0,973
SVM 1,293 0,902 0,981 5,608 3,834 0,904 1,042 0,700 0,974
CNN 1,153 0,796 0,985 4,994 3,518 0,924 1,025 0,684 0,975
LSTM 1,117 0,769 0,987 4,937 3,463 0,926 0,945 0,630 0,979
GRU 1,003 0,747 0,989 4,919 3,461 0,926 0,898 0,625 0,981

ConvGRU 0,911 0,708 0,993 4,725 3,254 0,933 0,812 0,597 0,986
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Sicaklik Sicaklik Sacaklik

Sekil 9. Rishikesh sehri i¢in deneysel sonuglar.

Tablo 7 ve Sekil 9°da goriildiigii gibi ConvGRU sicaklik tahmininde 0,993 R?, nem tahmininde 0,933 R? ve ¢iy
noktas: tahmininde 0,986 R? ile karsilastirilan modellerden daha basarili olmustur. ConvGRU nun ardindan
sirastyla GRU, LSTM, CNN, SVM ve RF basarilt olmustur.

ConvGRU, CNN ve GRU'nun basarili olan 6zelliklerinden faydalanmaktadir. CNN, zaman serisi verilerindeki
ortintiilerin ¢ikarilmasinda etkilidir. GRU ise, zamana bagli iliskilerin ve uzun vadeli bagimliliklarin belirlenmesini
saglar. ConvGRU, verilerdeki zamansal iligkileri yakalama yetenegi sayesinde LR, RF ve SVM'den daha basarili
oldu. LR, verilerdeki karmasik iligkileri 6grenmede sinirliyken RF ve SVM, verilerdeki karmasik iligkileri
yakalamada sinirlidir. ConvGRU'nun CNN, LSTM ve GRU'dan daha basarili olmasi, modelin hem 6zellik ¢ikarma
yetenegi hem de zamana bagli 6zellikleri 6grenme yetenegi ve genelleme yetenegi ile yorumlanabilir.

Tablo 8’de incelenen literatiirdeki ¢aligmalarda kullanilan yontemler ve performans degerlendirme metrikleri
goriilmektedir.

Tablo 8. Literatiirdeki caligmalarda kullanilan yontemler ve degerlendirme sonuglari.

Referans Kullanilan yontemler Basarili olan model
18 CNN, LSTM, GRU, Bi-LSTM, CNN-GRU ve CNN-LSTM CNN-LSTM
19 DL-Air ve LSTM DL-Air
20 MLP, LSTM ve 2D CNN 2D CNN
21 XGBoost, LightGBM, Catboost, RF ve Adaboost Catboost
22 RNN, Bi-GRU, Bi-LSTM, CNN-BIiLSTM, Conv1D-BiLSTM ve XGBoost
XGBoost

23 KNN, GNB, SVM, RF ve XGBoost XGBoost
24 GRU, LSTM ve ARIMA LSTM
25 DCNN-LSTM, LSTM ve DCNN DCNN-LSTM
26 ANN, kNN, SVM ve RF ANN
27 DRNN, DRNN-GRU, LSTM ve RSLSTM RSLSTM
28 LSTM, DT, ARIMA, Huber Regressor, kKNN ve Dummy Regressor LSTM

Bu ¢alisma RF, SVM, CNN, LSTM, GRU, ConvGRU ConvGRU

Tablo 8’de goriildiigii gibi hava durumu ve hava kalitesi tahminine yonelik yapilan ¢aligmalarda agirlikli olarak
derin 6grenme modelleri uygulanmstir. Ozellikle gelistirilen hibrit modeller, karsilastirilan temel modellere gore
daha basarili sonuglara sahip olmustur. Bu c¢alismada CNN ve GRU modelleri kullanilarak ConvGRU hibrit
modeli gelistirilmistir. ConvGRU, 1D konvoliisyon katmanlart ve GRU katmanlarindan olusan mimarileri
birlestirerek, iklim verilerindeki uzun vadeli iliskileri yakalamak i¢in daha etkili bir yaklasim sunmaktadir. Yapilan
karsilastirmali analizlerde, ConvGRU modelinin geleneksel modellere gore belirgin bir sekilde daha yiiksek R?
degerleri elde ettigi gozlemlenmistir. Ozellikle, ConvGRU'nun tiim sehirler ve iklim degiskenleri igin 0,9'un
tizerinde R? degerleri elde etmesi, onerilen modelin basarisim dogrulamaktadir. Ayrica, ConvGRU'nun genel
olarak daha istikrarli ve giivenilir tahminler {rettigi ve uzun vadeli iklim degiskenlerinin tahmininde diger
modellere gore daha basarili oldugu gézlemlenmistir.

5. SONUCLAR

Hava durumu tahmini, atmosferdeki meteorolojik kosullarin gelecekte belirli bir zaman diliminde nasil olacaginin
Ongoriilmesidir. Hava tahminleri, hava sicakli1, nem, riizgar hizi ve yonii, bulut ortiisii ve yagis miktar1 gibi ¢esitli
faktorleri icerebilir. Sicaklik, nem ve ¢iy noktasi gibi iklim degiskenleri, dogru ve etkili hava durumu tahminleri
olusturmak i¢in kullanilan birincil parametrelerdir. Atmosferdeki su buhar siirekli olarak buharlasma yoluyla

174



[1]

[2]

(3]

[4]

[5]

(6]

[7]

Miih.Bil.ve Aras.Dergisi,2024;6(2) 165-176

iiretildiginden ve yogunlagma yoluyla uzaklastirildigindan, su dongiisiiniin ayrilmaz bir pargasidir. Ciy noktasi,
havanin doyma noktasma ulastigi ve buharin yogunlasarak sivi héle gectigi sicakligi ifade eder. Hava ¢iy
noktasinin altina kadar sogumaya devam ederse, havadaki su ¢iy seklinde yogunlagsmaya baslayacaktir. Ciy noktasi
meteoroloji istasyonu verilerinin 6nemli bir pargasidir ¢linkii ¢iy noktasi, don, sis, minimum gece sicakliklar1 ve
hatta yagmur, firtina ve kasirga olusumunu tahmin etmek i¢in kullanilmaktadir. Yapay zeka yontemleri, biiyiik
miktarlarda atmosferik veriyi hizli ve etkili bir sekilde analiz ederek hava durumu tahminini kolaylastirmaktadir.
Yapay zeka yontemleri, uydulardan, radarlardan ve hava istasyonlarindan gelen sicaklik, nem, riizgar hizi ve hava
basinci gibi verileri tahmin modellerini gelistirmek i¢in kullanmaktadir. Olusturulan tahmin modelleri, gelecekteki
hava olaylarmi tahmin etmek i¢in gegmis hava durumu 6riintiilerini ve mevcut kosullari analiz eder.

Agra, Jaipur, Jodhpur, New Delhi ve Rishikesh, Hindistan’daki tarihi mimariler ve kiiltiir turizmi agisindan énemli
olan sehirlerdir. Bu sehirler her y1l milyonlarca turiste ev sahipligi yapmaktadir. Turistler seyahat planlamalarini
hava kosullarina gore diizenlemektedir. Ayrica hava durumunun tahmin edilmesi, ulagim aglarinin optimizasyonu,
Onleyici tedbirler ve yerel yonetimlerin planlamalari agisindan 6nemlidir. Bu ¢alismada, Hindistan’da turizm
acisindan 6nemli sehirlerden olan Agra, Jaipur, Jodhpur, New Delhi ve Rishikesh’in uzun vadeli iklim
degiskenlerini tahmin etmek icin ConvGRU hibrit modeli gelistirilmistir. ConvGRU modelinde, zaman serisi
verilerindeki 6zellikleri etkili bir sekilde ¢ikarmak igin CNN'den, zaman serisi verilerindeki iliskileri ve uzun
vadeli bagimliliklar1 6grenmek i¢in GRU'dan faydalanilmistir. ConvGRU, RF, SVM, CNN, LSTM ve GRU
modelleriyle, sehirlerin yaklagik 15 yillik glincel ve ger¢ek zamanl iklim degiskenlerinden olusan bir veri seti
kullanilarak test edilmistir. Deneysel sonuglar, ConvGRU'nun tiim sehirler ve iklim degiskenleri i¢in 0,9’un
iizerinde R? degeriyle karsilastirilan modellerden daha basarili oldugunu gdstermistir.
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ABSTRACT

This paper addresses high peak-to-average power ratio (PAPR) issue in the
recently invented weighted overlap and add-orthogonal frequency division
multiplexing (WOLA-OFDM) system. The selective mapping (SLM), one of
the most widely used PAPR reduction schemes in OFDM-based multicarrier
transmission strategies, can be used to reduce the PAPR of WOLA-OFDM
signals. However, the overlapping of symbol extensions in the WOLA-
OFDM transmitter considerably deteriorates the performance of SLM. To
overcome this problem, we have developed an efficient SLM scheme named
dual symbol optimization-SLM (DSO-SLM) for the WOLA-OFDM system.
In this new scheme, instead of reducing the PAPR of adjacent symbols
separately as in conventional SLM, each symbol is evaluated together with
its overlapping predecessor symbol while searching for the optimal
transmission signal with minimized PAPR. With the usage of DSO
procedure, it becomes possible to enhance the performance of conventional
SLM in the WOLA-OFDM system.
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OZET

Bu makale, yakin zamanda bulunan agirlikli 6rtistiirme ve ekleme-dikgen
frekans bolmeli ¢ogullama (WOLA-OFDM) sistemindeki yiiksek tepe
giicli/ortalama gii¢ orant (PAPR) sorununu ele almaktadir. OFDM tabanl
cok tastyicili iletim stratejilerinde en yaygin kullanilan PAPR diigiirme
semalarindan biri olan segici esleme (SLM), WOLA-OFDM sinyallerinin
PAPR degerini diisiirmek i¢in kullanilabilir. Ancak, WOLA-OFDM
vericisinde sembol uzantilarinin értlismesi, SLM’nin performansini énemli
olciide kotiilestirmektedir. Bu sorunun tistesinden gelmek amaciyla, WOLA -
OFDM sistemi i¢in, ¢ift sembol optimizasyon tabanli SLM (DSO-SLM)
isimli etkili bir SLM semas1 gelistirdik. Bu yeni semada, geleneksel SLM’de
oldugu gibi komsu sembollerin PAPR degerini ayr1 ayr1 diigiirmek yerine,
PAPR degeri minimize edilmis optimum iletim sinyali aranirken her bir
sembol, kendisiyle oOrtiigen bir Onceki sembol ile birlikte
degerlendirilmektedir. DSO prosediiriiniin kullanimiyla birlikte, geleneksel
SLM’nin WOLA-OFDM sistemindeki performansini artirmak miimkiin hale
gelmektedir.
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1. INTRODUCTION

Over the last years, a life without internet has almost become unthinkable. It has become an integral part of our
daily life with especially the widespread use of smartphones and the other mabile internet-based smart devices.
Some mobile applications such as video conferencing, e-healthcare, video streaming and online gaming, each of
which can be utilized regardless of place and time in a day, has now become regular services. Such a dramatic
enhancement in the usage of smartphone and accordingly the mobile internet unavoidably has caused the mobile
data traffic to reach an unprecedented level. Moreover, the technologies like machine type communication (MTC)
and internet of things (1oT), which are now gradually becoming wide spread and expected to make our lives easier
in the future, are going to add extra load to the current mobile data traffic that has already reached very high levels
and barely been supported by the current cellular systems [1-3].

In order to cope with the aforementioned exponential growth in the mobile data traffic and provide smooth
communication between the growing number of subscribers using mobile internet together with the millions of
electronic devices and objects connected to each other, the new waveforms have been developed to be utilized in
the fifth generation (5G) and beyond telecommunication technologies [4]. Weighted overlap and add-orthogonal
frequency division multiplexing (WOLA-OFDM) [5] is one of the related new generation waveforms. The unique
features that WOLA-OFDM has make it to be considered among the promising waveform candidates likely to be
employed in the future telecommunication technologies in place of the conventional OFDM utilized in the current
cellular systems. In the WOLA-OFDM system, the signal obtained right after the addition of cyclic prefix is
expanded in the time domain. Later on, the windowing operation applied to the expanded signal to make it ready
for the transmission. In the WOLA-OFDM, thanks to the quite simple and very effective time domain windowing
operation, the out of band radiation can be suppressed in a powerful way. Apart from this, being resistant to the
problem of asynchronism in the users and having a structure suitable for multiple-input multiple-output (MIMO)
implementations consolidate the WOLA-OFDM’s place among the 5G and beyond waveform candidates [5-8].

1.1. Motivation

On the other hand, as in the traditional OFDM, WOLA-OFDM suffers from the problem of high peak-to-average
ratio (PAPR) as well. The PAPR value is measured on the transmission signal. What makes the transmission signal
to have high PAPR value in such waveforms is the formation of momentary power spikes resulting from the
combination of multiple subcarriers. The main reason making it a real problem that the transmission signals have
high PAPR values is the necessity of amplifying them via a nonlinear high-power amplifier (HPA) [9,10] prior to
the transmission process. The transmission signals with high power peaks, which result in high PAPR value as
well, make such amplifiers to reach saturation region where the amplification process is carried out in an unhealthy
way by causing considerable deformations on the signals to be amplified. In order to prevent the transmission
signals from being distorted by the nonlinear HPAs, their PAPR values have to be kept at low levels. To this end,
the researchers have proposed assorted PAPR lowering strategies in the literature [11,12].

Selective mapping (SLM) is a popular and one of the prominent PAPR lowering strategies existing in the literature
due to its superior features [13,14]. Thanks to the strategy of phase rotation used in the SLM scheme, PAPR
alleviation in the transmission signals can be carried out without leading to any loss of information. Another
advantageous attribute that augments the frequentness of SLM usage in different transmission technologies is its
flexible structure, which is appropriate for the operations of both modification and hybridization. It is possible to
exploit such advantageous features that SLM has in the WOLA-OFDM waveform as well. However, since the
SLM method is originally designed for the conventional OFDM in the first place, direct application of the relevant
method to the transmitter of WOLA-OFDM will prevent it from reaching its full potential. Because, prior to the
transmitting operation of the WOLA-OFDM system, right after the symbols are extended from their beginnings
and ends, excluding the first symbol, the beginning appendage of each symbol is allowed to overlap with the end
appendage of the preceding symbol, whereas the symbols are transmitted independently without any overlapping
operation in the classical OFDM system. Therefore, even though the PAPR of related symbols are lowered
individually as in the classical SLM method, the PAPR regrowth will happen in the signal obtained following the
overlapping process. In this paper, for the purpose of eliminating the PAPR re-growth arising from the symbol
overlapping implementation, dual symbol optimization-based SLM (DSO-SLM) strategy was developed for the
WOLA-OFDM system by modifying the traditional SLM method. In our suggested DSO-SLM technique, unlike
the classical SLM, in which every symbol is optimized independently, the PAPR reduction is carried out by
evaluating each symbol together with the previous neighboring symbol whose end extension is overlapped with
the beginning extension of the current symbol being optimized. In this way, the capability of SLM to reduce PAPR
in the WOLA-OFDM waveform has been boosted by eliminating the adverse impact of the overlapping of adjacent
symbols.

1.2. Related Works

When examining the literature carefully, it is seen that there are only three studies related to PAPR reduction in
the WOLA-OFDM waveform [15-17]. That is a pretty low number and further studies are needed in this field. The
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aforementioned studies are as follows: In [15], the PAPR alleviation performances of the SLM and tone reservation
(TR) techniques were analyzed in not only WOLA-OFDM, but also two different 5G waveform candidates called
filtered-OFDM (f-OFDM) and universal filtered multicarrier (UFMC), respectively. In [16], SLM and TR-based
PAPR reduction operations were carried out as in the study numbered [15]. But this time, as well as the WOLA-
OFDM, a special waveform named block filtered-OFDM (BF-OFDM) was handled. Aforementioned PAPR
reduction techniques and their modified versions developed for the BF-OFDM waveform were applied together
with the digital predistortion operation for the purpose of increasing the energy efficiency and avoiding the non-
linear degradations created by the high-power amplifier. In [17], the authors integrated the procedure of dual
symbol optimization, which was originally developed in the same study, to the classical partial transmit sequence
(PTS) scheme to create more efficient PAPR lowering method named DSO-PTS for the WOLA-OFDM scheme.

1.3. Contributions

Our study provides the following contributions to the literature:

1) Itisthe first time in the literature to combine the dual symbol optimization procedure with the traditional
SLM to create a new PAPR lowering strategy named DSO-SLM for the WOLA-OFDM waveform.

2) Asignificant improvement has been achieved in the performance of classical SLM after being combined
with the mechanism of dual symbol optimization.

3) The proposed DSO-SLM technigque not only outperforms the conventional SLM scheme, but also leaves
behind two efficient benchmark strategies called GreenOFDM [18] and DSO-PTS considered for
comparison in this paper.

Paper organization: The WOLA-OFDM transmitter and receiver structures are explained in Section 2. The PAPR
definition for the WOLA-OFDM signal is carried out in Section 3. The classical SLM technique is described in
Section 4. The suggested DSO-SLM scheme is described in detail along with its operating steps in Section 5.
Simulation results are yielded in Section 6 and finally, the paper is concluded in Section 7.

2. EXPLANATION OF WOLA-OFDM TRANSCEIVER

The WOLA-OFDM structure is illustrated in Figure 1. The processing blocks encircled by the dashed lines are
special to the WOLA-OFDM scheme. Figure 2 and Figure 3 visualize the WOLA process represented by these
operation blocks at the transmitter and receiver, respectively [5-8]. In these figures, E and P indicate the lengths
of overlap extension and cyclic prefix, respectively. In WOLA-OFDM, the disadvantage of using a rectangular

» » WOLA Process at the
Fw | e _Transmitter
- - - | . -
. Cyclic | Extension and Overlapping !
B AM (. ! ' i |
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Y
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(AWGN)
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. . | |
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,,,,,,,,,,,,,,,,,,,,,,,,,,,,
f—] f—|

Figure 1. The WOLA-OFDM transceiver structure.

shaped pulse leading to spectral regrowth in the conventional OFDM is eliminated via multiplying the contiguous
symbols in time domain by a soft-edged windowing function. By doing so, soft transitions are obtained in the time
domain symbols and in consequence of this, a significant suppression is achieved in the out of band emission.

The operations peculiar to WOLA-OFDM transmitter can be seen from the Figure 2. As can be easily grasped
from that figure, (P + E)-length piece of time domain symbol with the length N is duplicated from the end of the
related symbol and then attached to its beginning. Afterward, E-length piece of the N-length symbol is copied from
its beginning and then added to its end to complete the operation of symbol extension, in which the symbol length
is increased from the value of N to (N + P + 2E). Following the termination of symbol extension procedure, the
windowing operation is put into practice on the extended signals. Later on, the contiguous signals windowed one
by one in the previous stage are overlapped from their overlap extensions. The overlapping operation makes it
possible to equalize the overhead of WOLA-OFDM signal with that of the classical OFDM signal. To put it more
clearly, the period increase arising from the extra E-length extensions in the time domain symbols can be avoided
through the overlapping operation. Therefore, the decrease of signal rate due to the period increase can be
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prevented as well. After finishing the overlapping operation, the resulting WOLA-OFDM signal is made ready for
the transmission by amplifying it via a high-power amplifier.

Transmitter windowing

N E

Received symbol

// S
Receiver windowing 9% [
. s

N-IFFT

N

Figure 3. The receiver side WOLA operations.

In Figure 3, the visual explanation of the WOLA operations carried out at the receiver side is given. As shown in
Figure 3, WOLA process is performed at the receiver side as well for the purpose of suppressing the asynchronous
inter-user interference. As can be noticed from the Figure 3, the receiver window length is equal to (N + 2E) while
the length of the transmitter window is (N + P + 2E). Besides, the transition regions of the receiver window are 2E
long while those of the transmitter window have the length of E. Subsequent to the receiver side windowing
operation, the process of overlap and add is carried out to recover the information data from the windowing effects
and after all, N-length symbol is acquired at the receiver side [5-8].

3. DEFINITION OF PAPR FOR WOLA-OFDM WAVEFORM

In order to make PAPR definition in WOLA-OFDM waveform, it is required to acquire the mathematical
expression of the transmission signal. To this end, in the first place, the OFDM signal is defined in continuous
time as follows [17]:
1 N-1
xm(t)=—2kaej2”fkt,0StSNT,1SmSM )
\/N k=0 '

where x,,(t) represents the complex envelope of the mth OFDM symbol while X,,, , denotes the kth symbol of
the mth quadrate amplitude modulation (QAM) symbol vector. f, is the subcarrier frequency appointed to the kth
QAM symbol. T is the symbol period and N is the subcarrier number. The studies on PAPR reduction are
practically performed on discrete signals. For this reason, the discrete-time expression of the mth OFDM symbol
is acquired by implementing L-factor oversampling operation in the following way [17]:

j2mkn

N-1
1
xm[n]=\/—NZmeke W ,0<n<IN-1l<m<M @)
k=0
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when obtaining the signals in discrete-time, it is crucial to specify the factor of oversampling as L > 4 [19] to get
closer PAPR results to those of the original signals in continuous time. Following the oversampling process, each
LN-length symbol vector is stretched to the length (LN + P + 2E) via the operations of appending cyclic prefix and
overlapping extension, respectively. The expression given below defines the mth WOLA-OFDM symbol achieved
subsequent to the aforementioned operations [17]:

Ymln] = [xm[LN —P—E)],xu[LN —P—E +1],...,x,[LN — 1], x,,[0], x,,,[1], ..., x;n [LN

=11, %, [0], % [1], ..., xu[E—1]],0 S n < 2E+ P+ LN — 1 )

The extended symbols obtained as a result of the completion of symbol extension process are subjected to the
windowing operation via the flat-top root-raised-cosine (rrc) function acquired by benefiting from the square-root
of the raised-cosine (Hann) windowing function [20]. The related Hann and flat top rrc windowing functions are
formulated in Equation (4) and Equation (5), respectively [17]:

_ 1[1 (21m)]0< <N—1 (4)

w[n] = > cos\y—7)[-0=sn=

l[1—cos( m )] 0<n<E-1

2 E—-1/1 -

1, E<n<E+P+ILN-1
wln] = (5)

1 n[n— (E + P+ LN]

51+cos F_1 ,E+P+IN<n<2E+P+LN-1

0, for the other n values

The operation of windowing is fulfilled through the multiplication of prolonged symbols expressed in Equation
(3) by the windowing function defined in Equation (5) as follows [17]:

Smin] =wnlyn[n]0 <n<2E+P+LN -1 (6)

where s,,, [n] represents the mth symbol windowed by the flat top rrc function. After the termination of windowing
implementation, the extensions of the symbol vectors are overlapped as illustrated in Figure 4.
The mathematical expression of WOLA-OFDM transmission signal obtained as a result of overlapping operation
is given below [17]:
M
s[n] = Zsm[n—(m—l)(E+P+LN)],0SnSM(P+LN+E)+E—1 0
m=1
Finally, the PAPR definition for the WOLA-OFDM transmitting signal is performed as follows [17]:
2
OsnsM(PTl%Vx+E)+E—1[|S[n]| ] (dB) (8)
Els[n]I?]

4. CLASSICAL SLM TECHNIQUE

Figure 5 is the demonstration of how the PAPR alleviation is put into practice via the conventional SLM scheme.
As explicitly viewed from the Figure 5, in the classical SLM technique, the first operation is to produce U copies
of vector X = [X,, Xq,..., Xx_1] given to the SLM input. Later on, K-length random phase sequence defined in the
following equation is generated for each of the resulting vector copies [13,14].

PAPR(s[n]) = 10logy,

b® = [b”, b, b L u=01,...,U -1 ©)

In the equation above, b,E”) € {—1,+1}where k = 0,1,...,K — 1. These phase sequences having the same length
with the vector X are then multiplied by the copies of the related X vector in an element-wise manner to execute
the phase rotation process in the following way [13,14]:

X® =[xy b8, X, - b, Xy - bS] = [x$9, %9, x§, (10)

where the data vector X achieved through the multiplication of b,i”), b,E“) by the vector X denotes the phase-

rotated uth data sequence. Subsequently, the resulted X ™ vectors are subjected to the addition of (L — 1) - K zeros
and inverse fast Fourier transform (IFFT) operations, respectively to attain their time domain versions oversampled
by the factor L as follows [13,14]:

K-1

1 ) j2mkn
x®[n] = IFFT(XW) = \/_Ez Xe bV eIk ,0<sn<LK-1 (11)
k=0
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Figure 4. The process of overlapping the symbol vectors in WOLA-OFDM.

After that, in order to determine which of the candidate signals indicated by x)[n] has the minimal PAPR value,
PAPR of each one is calculated. Eventually, the candidate signal with the smallest PAPR, which is symbolized by
x [n] in Figure 5, is selected for transmission while the phase sequence leading to the production of that candidate
signal is appointed as the optimal phase vector [13,14].

b(O)
X X© e 1IN
o0 LIFFT |
) o Select the
X X é X 'le [n] signal x'[n]
—1 S/P . with ——
. : minimum
. bY? . PAPR
X XU ——xY?n]
IFFT

Figure 5. Classical SLM scheme.

5. THE PROPOSED DSO-SLM STRATEGY

In the classical SLM scheme, PAPR lowering is carried out by evaluating the contiguous symbols independently
of each other. The aforementioned individual PAPR reduction strategy causes the related scheme to show quite
poor performance when being applied directly to the WOLA-OFDM transmitter without any modification.
Because, as mentioned before, no matter how much the PAPR value of each individual symbol is alleviated, PAPR
growths will occur again in the WOLA-OFDM transmission signal acquired as a result of overlapping the related
symbols from their extension parts. To avoid this undesired situation and obtain much better PAPR reduction
performance, dual symbol optimization procedure, which was proposed in [17] to remove the PAPR enhancing
impact of the overlapping operation, was combined with the traditional SLM scheme. In consequence of this
combination process, a novel PAPR lowering scheme named DSO-SLM has been created for the WOLA-OFDM
waveform. The steps of PAPR alleviation using DSO-SLM in WOLA-OFDM are as follows:

Step 1: The PAPR reduction process via DSO-SLM strategy starts with optimizing the first WOLA-OFDM
symbol expressed by s, [n]. To this end, at the beginning, U number of phase sequences differing from each other

are generated, randomly for the first QAM symbol vector represented by X; = [X10,X11,..., X1 n_1]- The
aforementioned phase sequences are defined as follows:
b = [b% b, bM _u=01,...,U-1 (12)

where each phase factor takes a maximum of two different values as b,(,’f) € {—1,+1}. After that, the randomly
generated phase sequences and the vector X; are multiplied as follows:

(w) w) (u)
'Xl,N—l'bl,N—1] [X10'

T (13)

X = Xy b8 X1 - B, x|

1,N-1

where the multiplication of X, by the bfu) corresponding to the uth randomly generated phase sequence gives the

uth phase-rotated data vector denoted by Xl(“). The resulted Xl(”) vector is then converted to time domain via
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the IFFT process together with the L-factor oversampling operation as follows:
j2mk
x™[n ZX( ¢ IN,0<n<IN-Lu=01,..0U~1 (14

Step 2: In consequence of adding the cyclic prefix and overlapping extensions to the signal xlu) [n], the following
signal is obtained:

y®PUn] = x™[LN =P —E,x™[LN =P —E +1],...,x™[LN — 1],
0L X [1),..., <O [LN — 1)x[0], “‘)[1],.. fO1E - 1]]
0<n<2E+P+IN—1

(15)

The first WOLA-OFDM symbol 51(u) [n] is acquired by windowing the signal yl(”) [n], which is acquired after the
symbol extension process, with the help of flat top rrc function as follows:

sMn] = wlnly™[n,0 <n<2E+P+LN -1 (16)
Step 3: The optimum phase sequence by is determined for the first symbol of WOLA-OFDM as follows:

s m]| ) 17)

bi =arg mm{ max
(u) 0<n<2E+P+LN-1

Step 4: The optimized first WOLA-OFDM symbol expressed as s;[n] is obtained by utilizing the optimum phase
sequence by determined in the previous step as below:

Xi = [XI,O 'bf,o'Xm : bi,p e XiN-1° bf,N—1] = [Xf,ole,y--wxf,wq] (18)
1 j2mkn

x{[n]=—ZX1*ke IN ,0<n<LN-1 (19)
mk:o '

yi[n] = [x{[LN — P — E],x{[LN — P —E +1],...,x{[LN — 1],
x7[0], x7[1],..., x{[LN — 1], x7[0], x{[1], ..., x{ [E — 1]] (20)
O0<n<2E+P+LN-1

si[n] =w[n]yi[n]0 <n<2E+P+LN -1 (21)

Step 5: The second WOLA-OFDM symbol indicated by sz(“)[n] is acquired by re-performing the operations in
Steps 1 and 2 for the second QAM vector expressed as X, = [X4,0, X2,1, -+, Xon-1]-

Step 6: Taking into account that the right extension of the previous optimized symbol s;[n] overlaps with the left
extension of the symbol sz(“) [n] currently being optimized, the optimal phase vector b is obtained for the second
symbol s(u) [n] in the following manner:

b; = arg min { max
b(u) E+P+LN<n<2(E+P+LN)+E-1

D) z
si[n] +s, [n—(E+P+LN)]|} (22)
Step 7: The operations of Step 4 is reiterated for the second symbol to acquire s;[n] corresponding to the optimized
version of the second WOLA-OFDM symbol.
Step 8: The optimization of contiguous symbols is maintained in this way till the Mth symbol one by one. The
optimal phase vector for the Mth symbol is determined in the following way:

by = arg min |si—1[n— (M = 2)(E + P + LN)]

{ max
(u) (M-1)(P+LN+E)sn<M(P+LN+E)+E-1
w : (23)
+ sy [n— (M —1)(E + P+ LN)]| }

Step 9: At last, the transmission signal with minimal PAPR is achieved through the summation of M number of
optimized symbols by ensuring that the extension parts of the contiguous symbols are overlapped with each other
as formulated below:

M
s'nl= Y spln—Mm—-1)E+P+LN),0<n<MP+LN+E)+E—1 (24)

m=1

6. SIMULATION RESULTS

In this section, the performance gain of the DSO-SLM strategy over the traditional SLM scheme was investigated.
For that purpose, the classical SLM was used as a benchmark strategy. Furthermore, the two SLM-based modified
PAPR reduction strategies called GreenOFDM [18] and DSO-PTS [17], both of which have been proposed in
recent years, were employed for comparison as well. The comparisons of the aforementioned PAPR reduction
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strategies were put into practice based on the PAPR achievement and power spectral density (PSD) performance,
which are the two main performance criteria frequently used in the PAPR reduction studies.
In the classical PTS or its modified versions like DSO-PTS, in each search carried out for any of the WOLA-

OFDM symbols, a random phase sequence expressed as b,(,'f) = [b,(,?), bf,?,...,b,(,‘f_l)] is generated and the total

number of phase sequences generated, randomly is equal to the total number of searches denoted by SN parameter.
In the conventional SLM, GreenOFDM, which is a type of modified SLM, and DSO-SLM techniques, the phase

sequences generated for any WOLA-OFDM symbol is defined as b = [by, b, ..., bS_, ], and as in the
PTS-based PAPR lowering schemes, a random phase sequence is generated for each search. However, unlike the
PTS-based schemes, this time, the total number of phase sequences is determined by the U parameter. In other
words, in the PAPR lowering studies based on SLM, the number of searches (SN) becomes equal to U as SN = U.
In this section, with a view to prevent any confusion in the comparisons to be made between the SLM and PTS-
based PAPR lowering schemes for varied search numbers, when expressing the number of searches for the relevant
schemes, only the parameter SN will be used. The values of parameters belonging to the simulation studies are

given in Table 1.

Table 1. Simulation parameters.

Size of FFT 256
HPA model SSPA
Number of subcarriers N =32
Type of modulation 4-OAM
Number of symbols M =16
Cyclic prefix length P=24
Overlapping extension length E=8
Window type Flat top rrc window
Channel model AWGN
Value of oversampling factor L=8
DSO-PTS subblock number V=16

In Figure 6, with the aim of observing how the variation of search number affects the PAPR lowering achievement
of the DSO-SLM strategy, the value of parameter SN was increased, gradually from 4 to 256. The improvement
in the performance of DSO-SLM due to the aforementioned gradual increment in the value of SN is evidently seen
from the Figure 6. As can be viewed from the related figure, the more the search number is increased, the more
the PAPR of the original signal improves. Because, the selection of a large SN value leads to the generation of
more phase sequences and accordingly the production of more alternative transmission signals. With the increase
in the alternative transmission signals, since the probability of obtaining a signal with a lower PAPR value will
increase, the increment in the value of SN will make the performance of DSO-SLM to increase as well. In the
Figure 6, the PAPR values acquired by the DSO-SLM at CCDF = 107 for SN = 4, 16, 64 and 256 number of
searches are equal to 8.31 dB, 6.83 dB, 6.04 dB and 5.52 dB, respectively. Note that CCDF is the complementary
cumulative distribution function, which is defined as Pr[PAPR>PAPR].

In Figure 7, PAPR, [dB] — CCDF curves of DSO-SLM, GreenOFDM and SLM techniques were obtained for both
32 and 64 number of searches. As it is obvious in the Figure 7, while doubling the number of searches results in
PAPR improvement in each technique to a certain extent, DSO-SLM has been the best performing strategy that
reaches the lowest PAPR level by making big differences to the GreenOFDM and SLM methods for both of the
search numbers. For example, in case of taking CCDF = 107 as the point of reference, while the SLM and
GreenOFDM methods reach 7.96 dB and 7.48 dB PAPR values, respectively for 32 searches, the DSO-SLM
technique reaches 6.37 dB PAPR level by making 1.59 dB and 1.11 dB differences to the related methods for the
same number of searches. Another point catching the eye in the Figure 7 is that the method achieving the highest
amount of improvement with the rise of SN is the DSO-SLM method as well. This causes the DSO-SLM technique
to widen the difference with the other methods even more as the value of SN is increased. For instance, while the
difference of PAPR between the DSO-SLM and SLM at CCDF = 10 becomes 1.59 dB for SN = 32, the related
difference goes up to 1.73 dB for SN = 64.

In Figure 8, the suppression rate of solid-state power amplifier (SSPA)-induced spectral growths of each technique
was investigated for the input back off (IBO) values of 4 dB and 5 dB by obtaining the PSD curves of WOLA -
OFDM signals produced with the implementation of PAPR reduction process using the SLM, GreenOFDM and
DSO-SLM techniques. Along with that, the PSD curve of WOLA-OFDM signal amplified by the linear HPA,
which doesn’t have any disruptive effect on the signal to be amplified, was added to the same figure for
comparison. In this simulation, the smoothness coefficient, which is another parameter belonging to the SSPA,
was determined as p = 0.5 while the search number is appointed as SN = 16. According to the Figure 8, for each
IBO value, the side lobes of the WOLA-OFDM signal amplified via the SSPA were suppressed more by the DSO-
SLM technique compared to the other methods. For example, while the differences of 5.59 dB and 10.73 dB occur
between the side lobe level of DSO-SLM and those of the other two techniques called GreenOFDM and SLM,
respectively for IBO = 4 dB, the aforementioned side lobe level differences become equal to 2.60 dB and 6.70 dB
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Figure 7. The comparative analysis of the PAPR

achievements belonging to the SLM, GreenOFDM and

DSO-SLM methods for different number of searches.
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Figure 6. PAPR achievement of the DSO-SLM
scheme for varied search numbers.

values for IBO = 5 dB. In Figure 9, PAPRy [dB] — CCDF curves of DSO-PTS and DSO-SLM schemes were
compared for 4, 16, 64 and 256 number of searches. As it is apparent in the Figure 9, the DSO-SLM technique
demonstrates a superior PAPR reduction performance by clearly outperforming the DSO-PTS scheme in each
search number. Especially in SN = 64 and SN = 256 search numbers, the performance difference between these
two methods has become more prominent. For instance, if the PAPR values that both techniques reach at the level
of CCDF = 107 for diversified search numbers are taken into consideration, the differences between the PAPR
values achieved by the DSO-PTS and DSO-SLM for SN = 4, 16, 64 and 256 search numbers are equal to 0.18 dB,
0.23 dB, 0.27 dB and 0.28 dB, respectively.
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Figure 9. The comparison of DSO-PTS and DSO-SLM
strategies in point of their PAPR achievements for
assorted number of searches.

Figure 8. The PSD performances of SLM,
GreenOFDM and DSO-SLM schemes.

In Figure 10, the DSO-PTS and DSO-SLM techniques were compared with regard to their capabilities of
suppressing the spectral growths caused by the disruptive influence of the SSPA on the signals with high PAPR.
The aforementioned comparison is made for two different IBO values, 4 dB and 5 dB. If the attention is paid to
the side lobe levels of the PSD curves existing in the Figure 10, it will be easily seen that the spectral growths can
be suppressed more by the DSO-SLM technique, which has a superior PAPR alleviation capability compared to
the DSO-PTS technique. A significant difference occurs between the side lobe levels belonging to the DSO-PTS
and DSO-SLM strategies for IBO = 4 dB. When the IBO value is made equal to 5 dB, since the PSD curves of the
related techniques approach to each other, the difference between the levels of PSD curves declines. For instance,
the differences between the side lobe levels acquired by the DSO-PTS and DSO-SLM schemes for IBO = 4 dB
and IBO =5 dB are equal to 2.37 dB and 0.40 dB, respectively.

7. CONCLUSION

In this paper, the procedure of dual symbol optimization was combined with the conventional SLM scheme to
prevent its performance loss caused by the symbol overlapping operation carried out in the WOLA-OFDM
transmitter. Thanks to the related combination process, a new PAPR reduction strategy with the name of DSO-
SLM, which is compatible with the WOLA-OFDM transmitter and resistant to the operation of symbol
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Figure 10. The comparison of DSO-PTS and DSO-SLM strategies in point of their PSD performances.

overlapping, was developed. In order to measure how much gain is achieved in the performance of classical SLM
scheme through the aforementioned modification, the classical SLM scheme and its new modified variant called
DSO-SLM were compared with regard to their PAPR and PSD achievements. On the other hand, it will never be
sufficient to compare a newly developed strategy with only one scheme that is outdated like SLM. For this reason,
apart from the conventional SLM, two state of art PAPR reduction methods named GreenOFDM and DSO-PTS,
both of which have proven their efficiency in the literature, were also employed in the performance comparisons
carried out to demonstrate the efficiency of our proposed technique. As it is proven by the PAPR and PSD graphs
obtained to make performance comparisons between the DSO-SLM and the other considered methods, our
proposed strategy significantly outperforms not only the conventional SLM, but also the GreenOFDM and DSO-
PTS schemes.

Relying completely on the random search procedure can be considered as the main disadvantage of DSO-SLM
together with the classical SLM, DSO-PTS and GreenOFDM considered as benchmark strategies in this paper. In
each of these PAPR reduction strategies including the proposed one, randomly generated phase sequences are used
to find the optimum phase combination providing the minimum PAPR. For this reason, high number of searches,
each of which is carried out by generating and evaluating a random phase sequence, is needed to reach much better
PAPR levels. On the other hand, it is possible to make DSO-SLM capable of reaching lower PAPR levels with
smaller number of searches by optimizing the phase sequences via an efficient optimization algorithm instead of
using the random search procedure. This opportunity can be evaluated in future studies.
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ABSTRACT

This study investigates the use of network reconfiguration as a cost-effective
method to optimize power system performance through the minimization of
fault currents and power losses. In single-objective optimizations, the study
targets the reduction of the average fault current of the buses and the power
losses individually. Additionally, a multi-objective optimization study is
conducted to address both parameters simultaneously. Optimization
scenarios are applied on 33-bus test system through Walrus Optimizer. The
results demonstrate that reconfiguration can significantly reduce power
losses and fault currents, compared to the base configuration of the test
system, which had a power loss of 202.60 kW and an average fault current
of 2.60 p.u. Single-objective optimizations reduced power losses to 139.551
kW and minimized average fault current to 2.130 p.u. Furthermore, the
multi-objective optimization provided a range of Pareto optimal solutions,
examining both criteria and highlighting the flexibility of reconfiguration in
adapting to power system needs.
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OZET

Bu caligma, ekonomik bir yontem olan sebeke yeniden yapilandirmasini,
ariza akimlar1 ve gii¢ kayiplarinin en aza indirilmesi yoluyla gii¢ sistemi
performansint optimize etmek i¢in incelemektedir. Gergeklestirilen tek
amaglt optimizasyon calismalar1 ile hatlardaki ortalama ariza akiminin ve
giic kayiplarinin azaltilmas: ayr1 ayri hedeflemektedir. Ayrica, her iki
parametreyi ayni anda ele alan bir ¢ok amagli optimizasyon g¢aligmas: da
yiriitiilmistiir. Optimizasyon senaryolari, 33 barali test sisteminde Walrus
Optimizer algoritmas: kullanilarak uygulanmistir. Sonuglar, yeniden
yapilandirmanin, test sisteminin 202.60 kW gii¢ kayb1 ve 2.60 p.u. ortalama
ariza akimina sahip baz yapilandirmasina kiyasla gii¢ kayiplarini ve ariza
akimlarint 6nemli Olgiide azaltabildigini gostermektedir. Tek hedefli
optimizasyon caligmalari, gii¢ kayiplarin1 139.551 kW'a ve ortalama ariza
akimmi 2.130 p.u.'va disirmistiir. Ayrica, ¢ok amacl optimizasyon
calismasi, her iki kriteri de inceleyerek Pareto optimal ¢oziimler aralig:
sunmus ve yeniden yapilandirmanin gii¢ sistemi ihtiyaglarina uyum saglama
konusundaki esnekligini vurgulamustir.
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Nomenclature

Abbreviations WO Algorithm parameters
\WYe} Walrus Optimizer Lbound lower boundary
FCL Fault current limiter Ubound upper boundary
PSO Particle swarm optimization t iteration number
DG Distributed generation T maximum iteration limit
DQPSO  Discrete quantum PSO n population size
MILP Mixed-integer linear programming d dimension of variables
GWO Grey wolf optimization Mand F  male and female walrus
AFC Average three-phase fault current of the buses r/rand(.) random number
Power loss calculation variables 0 reference safety position
. ] . h . a constant value (chosen 1.5)
Pk Active power loss of the line between j** and k™ buses B the migration step control factor
Pl Total active power loss of the test system foa fitness values for agents
Tk Resistance of the line between j™ and k™ buses Xit]ffl updated position for the i** walrus
Iix Current of the line between j™ and k™ buses Xlt current position for the it" walrus
Vi Voltage of the bus k XtJ the lead walrus position
P, Qi  Active and reactive power at k'™ bus F_?_fft next position for the i female walrus
SWiy  Status of the line between j™ and k™ buses Flt] current position for the i* female walrus
Radiality ;1931 next posmo'n- for the ith . |mmature
Lj current position for the it immature
Nos Number of the opened switches Jij denotes positions of two randomly
Nes Number of the closed switches Xhh Xh  selected walrus from the population
Niine Number of the lines Xnd search agents’ (walrus) positions
Npys Number of the buses P distress coefficient of immature walrus
Nsource  Number of the sources LF random numbers based on Levy distribution
A Bus incidence matrix
a; Elements of the bus incidence matrix
Fault calculation variables
Uy Pre-fault voltage of the bus
Zon Self-impedance of the bus
Vi1--Yon--YNn  Elements of the admittance matrix
If Three-phase fault current of bus n
Iarc Avg. three-phase fault current of test system

1. INTRODUCTION

The global rise in population and advancements in technology are incrementally driving up the demand for
electrical energy. In response to this growing need, new power plants are being brought into operation. This
development results in elevated short-circuit powers and short-circuit currents within electrical power systems.
Additionally, the increased load levels on the electrical power systems leads to higher power losses, which
negatively effects the efficiency and reliability of power distribution. Minimizing the power losses and fault
currents is crucial for the modern power systems as they increase the operational costs and can impact the overall
stability and reliability.

For the mitigation of fault currents, equipment-based solutions such as reactors [1,2], high-impedance transformers
[3,4], and modern fault current limiters (FCL) [5,6] are preferred, along with operational methods such as bus
splitting [7,8], and feeder reconfiguration [9,10]. Feeder reconfiguration emerges as an economical solution to
limit fault currents as it does not require additional equipment. In addition, it can offer different solutions according
to the requirements of power systems, as it can be useful in several issues such as enhancing power quality [11],
minimizing power losses [12] and improving the voltage profile of the power systems [13]. There are numerous
studies in the literature that focus on enhancing power systems by addressing power losses and fault currents
through reconfiguration. A. Amin et al. conducted an optimal reconfiguration study with an enhanced Brute-Force
algorithm to reduce fault currents in power systems, considering both steady-state stability and generator rotor
angle stability [14]. D. Topolanek et al. have studied the reduction of fault currents on a real distribution system
through reconfiguration approaches involving bus splitting and area separation methods [15]. In [16], an algorithm
based on Particle Swarm Optimization (PSO) is used for the optimal reconfiguration of IEEE 83-Bus distribution
system to mitigate fault currents within the suitable voltage profiles of the buses. In [17], a graph theory-based
method is proposed for reconfiguration considering loadability and short circuit capacity to enhance network
security and reliability. In [18], a mixed-integer linear programming (MILP) model is developed for unit
commitment and transmission switching. The study focuses on short-circuit current levels to enhance renewable
energy integration while ensuring system protection and reliability. systems in another paper [19], an optimal
reconfiguration study was conducted using a PSO-based algorithm to mitigate fault currents in the power system
in case of failure of the existing FCL equipment.

In [20], which aims to reduce power losses through feeder reconfiguration, the line topologies of IEEE-33 and
IEEE-69 bus test systems, which include different distributed generation (DG) models, have been optimized using
Discrete Quantum Particle Swarm Optimization (DQPSO). In [21], the power losses of IEEE test systems and a
real distribution system in Brazil have been reduced through a feeder reconfiguration study conducted using MILP.
During the study, new linear approaches for line losses and DG integration were introduced. In [22], a hybrid
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algorithm consists of Grey Wolf Optimization (GWO) and PSO is employed to address total losses through feeder
reconfiguration. During the study, diverse forms of distributed generation (DG) integration were implemented
before, after, and during the reconfiguration process across different scenarios. Finally, the results of the scenarios
are comparatively analyzed. Kamel et al. have introduced a novel application of the Geometric Mean Optimization
algorithm combined with the Power Loss Sensitivity Index to address optimal network reconfiguration and DG
unit allocation in distribution networks. The study aims to maximize the Voltage Stability Index and minimize
total active power loss and voltage deviation [23]. In another study, the uncertainties in power generation and
consumption are taken into account during the network reconfiguration to reduce power losses in several IEEE
test systems that includes distributed generation [24]. L. H. Macedo et al. have conducted various optimal
reconfiguration studies on an 84-bus test system to reduce total power losses while allowing closed-loop operation
[25]. To mitigate the increase in fault currents, which is the main disadvantage of closed-loop operation, the fault
current on the buses was allowed to increase by a maximum of 25%.
In this study, Walrus Optimizer is employed to perform optimal feeder reconfiguration including multiple
scenarios on the IEEE-33 bus test system. During the investigation, it is aimed to reduce fault currents and power
losses individually through separate cases. Additionally, a multi-objective optimization study was conducted to
address both criteria simultaneously. Meanwhile, bus voltages are maintained within appropriate values. The
results highlight that feeder reconfiguration can effectively address different criteria such as reliability and
economic considerations in power systems.
The main contributions of this study to the literature are as follows:
e In this paper, a novel application of the Walrus Optimizer algorithm for optimal feeder reconfiguration
in the IEEE-33 bus test system is introduced.
e The test system investigated through single-objective and multi-objective optimization cases to minimize
power losses and average three-phase fault currents under the suitable bus voltage profiles.
e The results provide new insights into the trade-offs between fault current mitigation and power loss
reduction. Also, outcomes highlight the potential of feeder reconfiguration to enhance power system
reliability and economic efficiency by addressing various operational criteria.

2. THEORETICAL BACKGROUND

This study aims to minimize active power losses and average three-phase fault currents separately and
simultaneously through reconfiguration under appropriate bus voltage profiles. In this chapter, the mathematical
expressions of the optimization process have been shared.

2.1. Reconfiguration

During the reconfiguration scenarios, the radial structure of the test network is maintained in the obtained line
topologies. The process of radiality check is explained below [12,26]. Eq. (1) and Eq. (2) represents the number
of switches that need to be opened and closed for radial networks.

opened __

Nswitches - NLine - NBus + NSource (1)
closed _

Nswitches = Npus — 1 (2)

Additionally, the following criteria must be ensured for radial operation of the test network.

e The loads must be fed from a single source.

e The distribution system must not have a closed loop.

e  All nodes must be inside the subgraph
Bus incidence matrix is used to check radiality of the obtained topologies. It is an Ng, XNy, matrix and its
elements are determined as follows:

aj= 0 ifline i is not connected to bus j
A= a; =—1 if line i is oriented towards bus j 3)
aj= 1 if line i is oriented away bus j

After building bus incidence matrix, the radiality is determined as follows:

~\ _ (—1lor1l Radial
det(A) = { 0 Not Radial )

2.2. Power Loss Calculations

One of the main purposes of this study is to minimize active power losses through reconfiguration. The active
power loss of a line in the power system is calculated as follows [12]:
2
B = T [Tl ®)
In addition, Eq. (6) provides the total power loss in the distribution system, considering the contributions of all
branches and incorporating both active and reactive power terms.
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It includes a summation over all branches and introduces a switching variable to account for the dynamic structure
of the system [27].

Ni P2 + Q2
k k
Pl = ) r(j,k)-<7vk2 ) SWiko ©)

ik=1,

2.3. Fault Current Calculations

In this study, the faults occurring in buses are considered as three-phase faults, which are the most dangerous fault
type for power systems, and the calculations have been made accordingly. The fault current magnitude at bus n
can be found with Eq. (7).

)
f _ -0
=" (7

During the fault calculations, all pre-fault voltages of the buses are accepted as 1 p.u [28]. The bus admittance
matrix is obtained for the different topologies of the test system. Based on this, the column of the impedance matrix
that contains the self-impedance (Z,,) for the bus where the fault current is to be calculated can be derived
employing Eq. (8) [28].

Y11 > Y 0 YiN rZ1n'| 0

: : H IR E
lYnl Ynn Yan [Znn = \f[J (8)

YN1 " YNn " VNN ZNn 0

Finally, the AFC of the test system is calculated as below.
Npus/yf
it (|
IAFC = % (9)
Bus

2.4. Problem Formulation

This study addresses the minimization of average fault currents and total active power losses through single-
objective and multi-objective optimization approaches. The study was conducted on 4 cases. In Case 1, the base
case of the test system is examined. In Case 2 and Case 3, total active power losses and AFC were minimized
through a single-objective optimization studies by using the objective functions in Eg. (10) and Eq. (11),
respectively.

OF, = mxin(P'}‘otal) (10)
OF; = mxin(IAFC) (11)

In Case 4, a multi-objective optimization approach has been applied to investigate the test system in terms of AFC
and active power losses according to the objective function given below:

OF3 = mxin(OFl, OFz) (12)

2.5. Constraints

During the optimization study, the following constraints were considered to ensure stable and safe operation of the
test network. Eq. (13) and Eq. (14) represents the voltage limits of the load and source buses, respectively
[26,29,30].

O'g'v}.i’,us.load =< V}.i%us.load < 1'1'Vli3us.load (13)
0'95'VElius.source < VElius.source = 1'OS'VEl!us.soulrce (14)

Accordingly, the allowable voltage fluctuations for load and source buses are defined as +10% and +5%,
respectively. In addition, the constraint ensuring that the transmission capacities of the lines are not exceeded is as
follows:

[iLine = IiLine.max. (15)

3. WALRUS OPTIMIZER

In this article, the recently developed Walrus Optimizer has been used to minimize fault currents and power losses
[31]. The optimization process in WO begins by using a collection of randomly generated candidate solutions.

X = Lpound + rand(Upound — Lbound) (16)

191



Miih.Bil.ve Aras.Dergisi,2024;6(2) 188-197

Walruses act as agents in executing the optimization process, with their positions undergoing continuous updates

throughout iterations.

[X1,1X12 - X1,4]

X21X22 .. X
m (17)

-Xn,lxn,z Xn,d- nxd

[(f11f12 - fra)]

X — (fZ,le,:Z: :... fz‘d) (18)

-(fn,lfn,z I:n,d)-

The walrus population is segmented into adults and immatures, with adults making up 90% and immatures 10%
of the total population. The ratio of males to females within the adult walrus population is equal, standing at 1:1.
Walruses exhibit high vigilance during foraging and roosting, with 1 to 2 walruses acting as guards that patrol the
area. They promptly emit danger signals upon detecting unexpected situations according to the expression below:

nxd

Dangergignal = (2 - %) (2.rand(.) — 1) (19)

Safety signal is expressed in Eq. (20):
Safetysignal = rand(.) (20)

When risk factors reach a critical level, walrus herds will move to regions more favorable for their survival. During
this migration period, the location of the walrus is updated using the following formula:

Xt = Xij + (X5 — XH).B.r3
1

— (21)
- e<— T *10)

Here, X{}l represents the next location for the i™™ walrus on the j™ dimension, ijj is the represent the present
position of the itM walrus in the j* dimension, Migration step ((X&, — X5). B.r3) denotes the step size of walrus
movement, two vigilantes are randomly chosen from the population, and their locations are represented by Xt and
X%, B is the migration step control factor that varies smoothly with iteration, and r5 is a random number between
0and 1.

The influence of the male walrus (Mf]) and the lead walrus (Xj,...) on female walrus changes over iterations, with
the female walrus becoming less affected by the mate and more influenced by the leader as the iteration process
proceeds.

Fift =Ffj + o (Mf; — Ffj) + (1 — o). (Xbest — Fij) (22)

B=1-

The next location for the i*" female walrus on the j™ dimension, denoted as Ff]“ is determined by considering the
positions of the i*" male walrus (My;) and the current position of the female walrus (F{;) on that dimension at time

t. Immature walruses situated at the population's edges face threats from killer whales and polar bears, necessitating
adjustments to their current positions to evade predation.

it = (0=Ji)-P (23)
Here, the next position for the i™™ immature walrus on the j™dimension, denoted as (J{}*), is determined by
considering the current position of the immature walrus (J{;), the distress coefficient P (a random number between
0 and 1), and the reference safety position O.

0= X%)est + ]lt.] LF (24)
Additionally, the position is influenced by LF, a vector of random numbers following a Lévy distribution that
represents Lévy movement.

X
Levyﬂight((x) = 005_1 (25)
lyla
where x is N (0, 62) and y is N (0, cf,). oy & o, shows the standard deviations and given in Eqg. (26).

Qlr

I'(1+ a)sin (%)

P

Oy = , 0y=1, a=15and TI(q) = f td=1 e~tdt (26)

0

192



Miih.Bil.ve Aras.Dergisi,2024;6(2) 188-197

where q takes values for all real numbers except negative integers (q > 0 and q € R). The graphical representation
of the I function is typically in the form of a curve and corresponds to factorial values for positive integers.
During underwater foraging, walruses face threats from natural predators and respond by fleeing when they receive
danger signals from other walruses. This behavior typically occurs in the later stages of the iteration process in the
WO model, and introducing some level of disturbance to the population aids walruses in exploring their
environment globally.

Xit}'l = Xit']" R-— |Xltnest - Xit.]' | r‘% (27)

The distance between the best walrus and the current walrus is represented by | X — Xi; |, where r, is a randomly
generated number within the range of 0 to 1.

Walruses engage in cooperative foraging and movement, using the positions of other walruses in their group. By
sharing location details, they enhance the herd's chances of discovering sea areas with more plentiful food sources.

Xt+1 — (Xl + XZ)
1) 2

— yt t t
Xl - Xb(-:*st - U3. bl' |Xbest - Xi.j|

28
Xo = Xee = t3.Dy: [Xfee = XY )
o = B rand(-) - B
b = tan(0)

The gathering behavior of walruses is influenced by two weights, X; and X,. Xt represents the position of the
second walrus in the current iteration, and |X§ec - X{_j| indicates the distance between the current walrus and the

second walrus. The gathering coefficients o and b play a role, along with a randomly generated number rand(.)
within the range of 0 to 1. 0, which represents angles, varies between 0 and .

4. CASE STUDY

Network reconfiguration allows for enhancements in power systems across various operating parameters. The
investigation of the test system with different reconfiguration scenarios was carried out through 4 case studies as
shown in table below:

Table 1. Case studies.

Case 1 Case 2 Case 3 Case 4
Scenarios Initial Case ~ Minimizing P},,,,  Minimizing [azc ~ Minimizing P}, & AFC
Objective Function - OF,; = mxin(P%otal) OF, = min(lapc) ~ OF3 = min(OF,, OF)

4.1. Test System

The case studies within the scope of the study were conducted on the 33-bus test system shared in Figure 1 [23].
It is a widely used benchmark system in the power systems community, providing a standard platform for testing
and validating new methodologies [17,20,23]. The system operates at 12.66 kV and it has a single generation unit,
33 buses and 37 switches, including 5 tie switches and 32 sectionalizing switches. The system contains 50751
different radial configuration possibilities. In the base case, the opened switches are S33-S34-S35-S36-S37. During
the fault calculations, sub-transient reactance of the generator is accepted as 0.2 p.u.

@@ ®
s2a | sz2a |
256?3225.2330@:?

Figur

@D

1. 33-Bus test system [23].

4.2. Results and Discussion

In this section, the results of single-objective and multi-objective optimization studies are shared and evaluated
comparatively.

421 Casel

Case 1 investigates the employed test system through its base topology, with the open switches S33, S34, S35,
S36, and S37. Accordingly, the operational specifications of the test system for Case 1 are as follows:
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Total active and reactive powers in the system are 3.72 MW and 2.3 MVAR, respectively.

The total power loss in the distribution network is 202.6771 kW and 135.14 kVAr.

The minimum voltage magnitude in the system is 0.9131 p. u at bus 18.

The maximum 3-phase fault current magnitude is 5 p. u at bus 1 and the average three-phase fault current
for all buses is 2.60 p.u

42.2. Case2 & Case3

Single-objective optimization studies are carried out in Case 2 and Case 3, focusing on power losses and AFC,
respectively. The results for single-objective optimization studies are shared in Table 2, along with the Case 1.
Accordingly, in Case 2 focusing on power losses, the active and reactive losses have been reduced to 139.551 kW
and j102.297 kVAr, respectively. In the case of this network topology, AFC of the buses has decreased to 2.537
p-u.

In Case 3 focusing on AFC of the buses, AFC value of the network has been reduced to 2.130 p. u. Nevertheless,
the active and reactive power losses have increased to 233.040 kW and j189.236 kVAr, respectively.

Table 2. Network operational parameters according to the cases.

Open Switches Active Loss Reactive Loss AFC Min. Voltage
(Tie-Switches) (kW) (KVAr) (p.u.) (p.u.)
Case 1 33-34-35-36-37 202.677 j135.140 2.600 0.913-Bus 18

Case 2 7-9-14-32-37 139.551(-31.146%) *  j102.297(-24.302%) *  2.537(-2.423%)*  0.937-Bus 32
Case 3 3-7-10-21-31 233.040(+14.980%) *  j189.236(+40.029%) * 2.130(-18.076%) * 0.900-Bus 32
*Percentage values were given according to Case 1.

The comparison of the fault currents for each case is shown in Figure 2 (a). Accordingly, a significant decrease
has been achieved in the fault currents of the buses numbered 4-7, 11-14, 22, 26-28 and 32.

Nevertheless, there is a noticeable increase in fault currents only in busbars 29-31. These increases will not cause
reliability issues if it remains below the capacity of the circuit breakers, otherwise it can be prevented by using
fault current limiters.

On the other hand, in all scenarios, the bus voltages have not fallen below the specified minimum value.
Additionally, the best voltage profile was achieved in Case 2. The voltage profile for the test network is shown in

Figure 2 (b).
. l |-Ctiase 1
I Case 2
[ "Case3
5 10 15 20 25

30
Bus Number

(@) (b)

Figure 2. Results according to the cases (a) bus fault currents (b) bus voltages.
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4.2.3. Case4

As can be seen in Case 2 and Case 3, various parameters are taken into consideration in the operation of the power
system and feeder reconfiguration seriously affects these parameters. In this section, a multi - objective
optimization study considering AFC and power losses has been carried out. As the result of the study, different
network topologies have been obtained. Accordingly, AFC and power loss results for obtained topologies are
shared in Figure 3.

Optimal Pareto solutions are shown in red circles as non-dominated solutions. A solution is defined as dominated
if it is worse than at least one other solution in all considered objective functions. On the other hand, a solution is
considered non-dominated or Pareto optimal solution if there is no other solution that improves one objective
without degrading another. Non-dominated solutions have the AFC value between 2.130 p.u and 2.537 p.u,
representing a change of -18.076% to -2.423% compared to original case. Additionally, active power loss changes
between 139.551 kW and 233.04 kW, corresponding to a change of -31.146% to 14.980% compared to original
case. As can be seen that, numerous network topologies exist which have lower AFC value and reduced power
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losses compared to the base case. All dominated and non-dominated solutions are listed in Table 3. Additionally,
it is observed that the average fault current and power losses change inversely. Depending on the current needs of
the power system, the operational topology can be decided by prioritizing either reliability or economy.

240

R Y

Dominated
° O Non-dominated

220 f

Power Loss [kW]
- N
[e:] o
o o

-
[«2]
o

140 f

120 L L L L L
2.1 2.2 2.3 2.4 2.5 2.6 2.7

Fault current magnitude (p.u.)
average

Figure 3. I, ¢~ Vs active power losses for different optimal network topologies.

Table 3. Dominated and non-dominated results.

. Lo oge Active loss Reactive Loss Min. Bus Voltage
Open Switches (o) (kW) (KVAT) (p.1.)
11-12-18-25-36 2.3761 211.5065 146.6899 0.9278
11-12-18-25-32 2.3580 211.7351 147.2179 0.9248
8-14-17-18-25 2.2459 234.3931 169.2775 0.9064
3-9-15-21-28 2.1697 210.2430 170.8469 0.9126
11-14-18-25-32 2.3367 212.5978 148.7414 0.9236
9-12-18-25-32 2.3190 213.1118 148.9607 0.9258
9-13-18-25-31 2.2879 222.4600 158.4661 0.9079
9-13-18-25-32 2.3109 213.2908 149.3724 0.9277
9-14-18-25-32 2.2977 216.4597 152.8585 0.9183
7-11-25-31-34 2.4500 160.0613 128.9963 0.9155
3-8-11-17-28 2.2064 183.0589 148.2700 0.9316
4-8-11-17-28 2.2896 172.7313 137.4788 0.9346
6-9-14-25-32 2.4624 160.9720 125.1944 0.9376
6-11-25-32-34 2.4471 162.5563 127.1410 0.9357
8-11-15-18-25 2.2445 235.4989 169.1125 0.9095
3-8-9-28-36 2.2289 181.1149 148.8970 0.9279
8-10-15-18-25 2.2575 234.2205 167.9628 0.9125
6-11-32-34-37 2.4919 144.4019 111.0024 0.9357
8-10-17-18-25 2.2304 237.4514 172.3620 0.9011
8-9-17-18-25 2.2428 235.9099 170.9528 0.9039
3-10-26-34-36 2.2721 178.6311 143.9372 0.9349
8-14-15-18-25 2.2760 232.2825 166.0951 0.9154
8-14-16-18-25 2.2659 232.6021 167.0269 0.9137
8-13-17-18-25 2.2415 236.6772 170.9970 0.9016
3-11-25-32-34 2.2465 179.2272 144.9568 0.9302
8-9-16-18-25 2.2614 233.8085 168.3061 0.9101
6-8-11-36-37 2.4560 151.3593 115.9789 0.934
3-8-14-28-32 2.2079 181.4116 150.3277 0.9215
5-10-28-34-36 2.4013 163.8116 130.7143 0.9368
3-10-28-32-34 2.1697 210.2430 170.8469 0.9126
4-11-27-34-36 2.3450 168.4078 134.3007 0.9381
4-8-11-28-36 2.2710 173.4174 140.5817 0.9278
4-10-27-34-36 2.3498 168.1951 134.2584 0.9366
3-11-26-32-34 2.2441 179.3020 146.2572 0.9289
4-8-11-28-32 2.2478 175.3626 144.2627 0.9205
3-9-28-32-34 2.2258 181.2891 150.7076 0.9234
4-10-28-32-34 2.1697 210.2430 170.8469 0.9126
4-10-28-34-36 2.3289 168.4310 135.5913 0.9354
3-8-14-17-28 2.2530 179.0256 144.2372 0.9353
3-8-11-28-36 2.1878 184.4317 151.9827 0.9248
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Table 3. Dominated and non-dominated results (continued).

] I e Active loss Reactive Loss Min. Bus Voltage

Open Switches (o) (kW) (KVAT) (p.1.)
5-8-14-28-36 2.3883 164.2258 130.9733 0.9339
5-8-14-28-32 2.3635 165.3620 133.7157 0.9259
3-8-11-28-32 2.1646 186.9037 156.1334 0.9174
4-8-9-28-32 2.2889 171.6518 140.8099 0.9234
3-8-14-28-36 2.2327 179.5253 146.9197 0.9296
6-8-9-32-37 2.4800 148.3554 115.3673 0.9297
7-9-14-31-37 2.5180 142.5943 111.1480 0.9239
5-8-9-28-32 2.3613 167.0570 135.9807 0.9248
3-8-9-28-32 2.2057 183.1426 152.6331 0.9204
4-8-10-28-32 2.2688 173.4816 142.5228 0.9219
4-8-14-28-36 2.3159 168.5772 135.5842 0.9326
6-8-10-36-37 24771 149.7326 114.4766 0.9356
6-8-10-32-37 2.3964 164.0148 130.7472 0.9382
5-11-28-34-36 2.4599 150.1355 117.0332 0.9282
7-11-14-32-37 2.5297 141.1947 103.5577 0.9378
4-8-14-28-32 2.2911 169.9459 138.5327 0.9245
* 7-9-14-32-37 2.5379 139.5513 102.2979 0.9378
6-10-14-25-32 2.4590 162.1550 126.1771 0.9371
6-8-14-32-37 2.4822 146.6985 113.1454 0.9308
6-10-14-32-37 2.5039 144.0007 110.0386 0.9372
6-9-14-32-37 2.5072 142.8178 109.0560 0.9388
6-8-11-32-37 2.4389 151.9654 118.7249 0.9267
5-10-28-32-34 2.3781 164.4448 133.1248 0.9293
4-11-28-32-34 2.3008 169.4359 138.1627 0.9294
5-11-28-32-34 2.3732 164.4663 132.9632 0.9308
3-8-10-28-32 2.1857 184.9971 154.3695 0.9189
7-10-14-32-37 2.5345 140.2695 102.8314 0.9378
3-8-14-27-36 2.2537 178.7208 145.0745 0.9308
** 3-7-10-21-31 2.1303 233.0399 189.2367 0.9001
33-34-35-36-37 2.6036 202.6619 135.1309 0.9131

*Min active power loss switch-configuration ** Min average fault current switch-configuration

5. CONCLUSION

In this study, Walrus Optimizer, a recently developed algorithm, is used for optimizing the reconfiguration of
distribution networks to minimize fault currents and active power losses. The effectiveness of this approach is
demonstrated through a series of case studies conducted on the IEEE 33-bus test system.

The results of the single-objective optimization scenarios (Cases 2 and 3) reveal significant improvements in both
power loss reduction and fault current minimization. Specifically, the optimal configuration achieved in Case 2
reduce active and reactive power losses to 139.551 kW and 102.297 kVAr, respectively, while maintaining
acceptable fault current levels. Conversely, in Case 3, the AFC is minimized to 2.130 p.u, though this is
accompanied by an increase in power losses to 233.04 kW and 189.236 kVAr.

The multi-objective optimization study (Case 4) provides a comprehensive understanding of the trade-offs between
power losses and fault currents. Notably, the non-dominated solutions achieve a range of AFCs between 2.130 p.u
and 2.537 p. u, with corresponding active power losses varying from 139.551 kW to 233.04 kW. Considering the
base scenario's active power loss of 202.67 kW and the AFC value of 2.60 p.u, the multi-objective optimization
study reveals many optimal reconfigurations that achieve superior power loss and AFC values. Referring to the
results, the Pareto optimal solutions demonstrate that feeder reconfiguration can address multiple operational
criteria, balancing reliability and economic efficiency according to the system’s requirements.

The results provide new insights into managing fault currents and power losses, as well as understanding the trade-
offs between these objectives while maintaining suitable bus voltage profiles through a novel algorithm for
optimizing power systems.

Future research will aim to integrate the allocation of Distributed Generation (DG) and Fault Current Limiter
(FCL) systems alongside reconfiguration strategies to further optimize power losses and fault currents, thereby
ensuring greater reliability and efficiency in power distribution networks.
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ABSTRACT

The rapid advancements in telecommunications, medicine, military systems,
and electronic devices have led to significant public health concerns
regarding electromagnetic pollution. This issue is complex due to the
potential for electromagnetic interference (EMI) to cause malfunctions or
reduced performance in various electronic devices and systems.
Electromagnetic shielding materials are essential for reducing pollution and
protecting individuals, devices, and systems. Titanium, with its unique
attributes, including enhanced electrical conductivity, durability,
environmental sustainability, chemical stability, and superior mechanical
properties, is an effective defense against electromagnetic pollution. This
study utilizes commercially pure titanium grade 4 (CP Ti Grade 4) due to the
complex processes involved in obtaining pure titanium. The study
investigates the electromagnetic shielding efficacy of titanium in the 5G
frequency bands using a Vector Network Analyzer (VNA), waveguides, and
coaxial cables, demonstrating an impressive shielding effectiveness (SE) of
approximately 70 dB within the 3.3-6 GHz frequency range.
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OZET

Telekomiinikasyon, tip, askeri sistemler ve elektronik cihazlardaki hizli
ilerlemeler, elektromanyetik kirlilik konusunda onemli bir halk saglig
endigesine yol agmistir. Bu sorun, elektromanyetik girisimin (EMI) cesitli
elektronik cihaz ve sistemlerde arizalara veya performans diislislerine neden
olma potansiyeli nedeniyle karmasiktir. Elektromanyetik koruyucu
malzemeler, kirliligi azaltmak ve bireyleri, cihazlar1 ve sistemleri korumak
icin gereklidir. Titanyum, geligmis elektrik iletkenligi, dayaniklilik, gevresel
stirdiiriilebilirlik, kimyasal kararlilik ve {stiin mekanik ozellikler gibi
benzersiz nitelikleri ile elektromanyetik kirlilige kars: etkili bir savunmadir.
Bu ¢aligsma, saf titanyum elde etme siirecinin karmasiklig1 nedeniyle ticari
olarak saf titanyum grade 4 (CP Ti Grade 4) kullanmaktadir. Calisma,
titanyumun 5G frekans bantlarindaki elektromanyetik koruma etkinligini bir
Vektor Ag Analizorii (VNA), dalga kilavuzlari ve koaksiyel kablolar
kullanarak arastirmakta ve 3,3—6 GHz frekans araliginda yaklagik 70 dB'lik
etkileyici bir koruma etkinligi (SE) gostermektedir.
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1. INTRODUCTION

EMI shielding describes the use of a material shield capable of absorbing and/or reflecting electromagnetic
radiation, particularly in the radio wave and microwave range. This shielding is essential for protecting electronic
devices, as the electric fields within electromagnetic radiation can interact with electrons within these devices.
Additionally, shielding is necessary to reduce the tendency of devices that emit this type of radiation to contaminate
the environment with radiation. Electromagnetic pollution can pose a health hazard. For instance, EMI can cause
medical devices such as pacemakers to malfunction [1]. Therefore, electronic devices and sources of radiation
require shielding. It is important to distinguish EMI shielding from shielding against gamma rays or neutrons,
which is critical for nuclear reactors [2].
To ensure device performance and keep potential adverse effects on human health within controllable limits and
realistic targets, metallic materials are used for their structural advantages. Electromagnetic theory suggests that
high conductivity enhances SE by promoting both the absorption and reflection of radiation. This is the reason for
the recent trend in the literature towards metallic additive composites and polymer matrices [3]. In fact, studies on
electromagnetic shielding show that new materials with appropriate modifications are more emphasized than
traditional materials. With advancing technology, applications that utilize multiple regions of the spectrum
simultaneously have become possible. In addition, previously unused frequency bands have begun to be actively
used. Although 5G technology was not discussed at the end of the 20th century, it is now widely used in all areas
of life. Consequently, effective new device and material design for 5G frequencies has become critical. As
demonstrated in the given example, new material and device design are directly related to the requirements of the
current era.
When designing materials for electromagnetic fields or searching for materials suitable for a related problem, two
fundamental aspects are considered: minimizing radiation emission and minimizing susceptibility to external
sources. In this context, according to electromagnetic theory, magnetic materials are effective in low frequency
bands, while materials with high conductivity are effective for shielding against high-frequency electromagnetic
radiation [3]. This information provides a foundational starting point for operations related to the frequency range
of interest.
Magnetic materials are useful for shielding against radiation by absorbing it. This absorption is due to the
interaction between the AC magnetic field in electromagnetic radiation and the magnetic dipoles present within
the material [2]. Mumetal, a nickel-iron ferromagnetic alloy, is a well-known material with exceptionally high
magnetic permeability. Mu-metal has been shown to be effective in shielding. A composite with a polymer matrix
was used to demonstrate this [4]. Iron oxide (Fe304), also known as magnetite, is ferromagnetic, while nickel is
ferromagnetic. Carbon, on the other hand, is not magnetic and is diamagnetic in graphite. Iron oxide nanoparticles
are not conductive, but they are effective for shielding even without a conductive additive in a cement-based
material [5]. Copper slag is also somewhat effective due to its limited magnetic character [6].
Materials with high electrical conductivity play an essential role in blocking and absorbing radiation. For instance,
conductive carbon black is widely used for electromagnetic absorption applications due to its high electrical
conductivity, which enhances the dispersion of electromagnetic waves [7]. Conductive materials are typically used
to shield high-frequency electromagnetic fields, while magnetic materials with high permeability are used to
protect against low-frequency magnetic fields [8]. Electrical conductive materials absorb and reflect radiation due
to the interaction mechanisms of electromagnetic waves. When exposed to an electric field, the free carrier
electrons in these materials move, resulting in the absorption (dissipation) of energy and a reduction in radiation.
In addition, materials with high conductivity are known for their ability to reflect (scatter) electromagnetic waves
back from their surfaces. This is because they prevent the propagation of radiation by reflecting it back with the
free electrons on the material's surface, thus reducing unwanted interactions. Metals, particularly those with high
electrical conductivity, are frequently used in radiation shielding [9]. Similarly, conductive metals like aluminum,
copper, steel, and silver are widely used for EMI shielding due to their effectiveness, which is closely tied to the
conductivity of materials [10]. These materials are often used in industrial applications, electronic devices, and
space technology to control radiation effectively. Additionally, carbon-based materials [11], such as graphene [12]
and carbon nanotubes [13], are gaining attention in electromagnetic shielding applications due to their high
conductivity and durability. Electromagnetic shielding is used to protect spacecraft and electronic devices from
radiation effects, prevent interference in communication systems, and in medical and military applications that
require precise operation, as well as in the automotive industry [14].
In modern technology and industrial applications, it is crucial to ensure the structural requirements and achieve
the desired quality of electromagnetic shielding performance. At this point, the concept of skin depth emerges.
Skin depth is the depth at which the electric field intensity decreases to 1/e of its value at the surface of a material
[15]. It plays a major role in determining the ability of a material to absorb or reflect electromagnetic waves. The
penetration depth of electromagnetic waves into the material's surface, expressed as skin depth [16], is especially
critical for electromagnetic waves operating at high frequencies. The depth at which electromagnetic waves
penetrate into a material is determined by the material's electrical conductivity and frequency. This depth is
commonly referred to as the 'skin depth'. As the skin depth increases, the amount of electromagnetic energy that
penetrates the material decreases. In electromagnetic shielding, materials with high conductivity are typically
preferred because they result in a smaller skin depth [17]. This allows for more effective absorption or reflection
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of electromagnetic waves at the material's surface. Therefore, to enhance shielding performance, particularly for
electromagnetic waves operating at high frequencies, it is desirable for materials to possess high conductivity
properties, resulting in a smaller skin depth. Consequently, this study investigates the electromagnetic shielding
performance of titanium in this context.

In recent years, the use of commercial pure titanium or titanium alloys has become popular in the medical field
and other sectors where excellent mechanical properties, low weight, and high corrosion resistance are essential
[18]. CP Ti Grade 4 was chosen to assess its electromagnetic shielding performance in this study due to titanium's
unique physical and chemical properties. Titanium has a broad range of industrial applications due to its low
density and high strength. Over the last decade, its cost has significantly reduced [19].

The objective of this article is to highlight the role of CP Ti Grade 4 in industrial applications by quantifying its
electromagnetic shielding potential. This will facilitate a deeper understanding of the benefits that titanium offers
in the field of electromagnetic shielding. It should be noted that there are different forms of titanium [20], CP Ti
Grade 4, which is characterized by its purity levels of 98-99%, stands out as one of the most accessible forms in
the market. This research, using an accessible form of titanium, provides insights that can be used to evaluate other
forms, thus providing a comprehensive view of the usefulness and benefits of titanium in electromagnetic
shielding.

Titanium's effectiveness in electromagnetic interference (EMI) shielding is not solely contingent upon its
conductivity; rather, it is also a consequence of its distinctive combination of low density and high mechanical
strength [21,22]. These properties render it especially appealing for applications where weight is a critical factor,
such as in the aerospace, automotive, and portable electronic devices industries. Furthermore, titanium's inherent
corrosion resistance guarantees that it will retain its structural integrity and shielding effectiveness over time, even
in harsh environmental conditions. This durability, in conjunction with its biocompatibility, has also resulted in an
increasing utilization of titanium in medical devices, where both mechanical strength and reliable shielding from
EMI are of paramount importance.

Furthermore, titanium's compatibility with a diverse array of other materials, including polymers and other metals,
presents opportunities for the development of composite materials that integrate the advantages of multiple
components. These composites can be engineered to optimize specific properties, such as conductivity, mechanical
strength, and flexibility, thereby rendering them suitable for a broader range of EMI shielding applications [23].
For instance, titanium-based composites could be engineered to provide enhanced shielding in the high-frequency
ranges utilized by contemporary communication technologies while simultaneously exhibiting lightweight and
durable characteristics suitable for incorporation into portable devices.

Moreover, the advent of advanced manufacturing techniques, such as additive manufacturing (3D printing), has
further expanded the potential applications of titanium in EMI shielding. These techniques permit the precise
manipulation of material properties and the fabrication of intricate geometries that are challenging to attain through
conventional manufacturing processes. This capability is particularly valuable for the customization of EMI
shielding solutions in order to meet the specific needs of different applications, ranging from small-scale electronic
components to large aerospace structures.

The potential of titanium in EMI shielding remains a topic of ongoing investigation, with new avenues for
optimization being continually identified through research [24]. For example, surface treatments and coatings can
be applied to titanium in order to enhance its electromagnetic properties while maintaining its other advantageous
characteristics [25]. Moreover, research is underway to ascertain the long-term efficacy of titanium-based
shielding materials in diverse settings, thus guaranteeing their dependability and efficacy throughout the
operational lifetime of the devices they safeguard.

In summary, the distinctive combination of characteristics exhibited by titanium, including its mechanical strength,
low weight, corrosion resistance, and biocompatibility, renders it an exceptionally promising material for
electromagnetic interference (EMI) shielding applications. As technology continues to evolve and the demands on
shielding materials become more complex, titanium and its alloys are likely to play an increasingly important role
in ensuring the reliability and safety of electronic devices across a wide range of industries. This investigation
aims to contribute to the growing body of knowledge on titanium's electromagnetic shielding performance,
providing valuable insights for future research and application.

2. ELECTROMAGNETIC SHIELD MEASUREMENTS

The rise in electromagnetic radiation due to the increasing prevalence of electronic devices in daily life has led to
concerns over EMI and the need for effective protective mechanisms. This article provides an in-depth examination
of the mechanisms employed in electromagnetic shielding, offering significant experimental insight into the
principles governing the interaction between materials and electromagnetic fields. The discussion covers different
shielding materials, their properties, and the underlying physical phenomena. It is important to present the
theoretical and mathematical foundation to clarify the complexities of SE.

Electromagnetic shielding is the process of blocking or reducing electromagnetic fields by using materials to
prevent their entry into sensitive electronic components. The effectiveness of shielding materials is commonly
measured using a metric called SE, which is expressed in decibels (dB) and indicates the material's ability to reduce
the intensity of electromagnetic radiation. The principles of electromagnetic shielding are easier to understand
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when explained using Maxwell's equations and the principles of electromagnetism. Shielding effectiveness (SE)
is determined by a combination of factors, including the material's ability to absorb, reflect, and transmit
electromagnetic fields. To explain these factors, mathematical expressions are used.

The reflection, transmission, and absorption coefficients (denoted as R, T, and A, respectively) define the impact
of a material on electromagnetic waves. The reflection coefficient quantifies the amount of energy reflected by the
material, typically ranging between 0 and 1. Similarly, the transmission coefficient indicates the extent to which
electromagnetic waves pass through the material, also taking values between 0 and 1. These coefficients are related
to the frequency (f), wavelength (A), and the material's specific conductivity (o).

2
=(ZZ+Zl)2 1)
(Z2 - 71)
T=1-R @
A=1-R-T @)

Here, Z1 and Z2 represent the characteristic impedances of the material and the surrounding medium, respectively
[26]. Another significant parameter frequently mentioned in the literature is the skin depth. The skin depth (3) is a
measure determined by the penetration of the electromagnetic wave into the material, and its formula is presented
inEq. 4

— 2 1/2

6= (w—#a) / 4
Here, © denotes the angular frequency, p represents the magnetic permeability and o signifies the electrical
conductivity.
Electromagnetic shielding requires careful selection of appropriate materials. The introduction section mentions
that conductive materials, such as metals, are widely used because of their ability to absorb and reflect
electromagnetic radiation. Copper, aluminum, and titanium are among the most commonly employed metals in
this context. Relevant studies on these materials can be found in the literature [27-29].
Although the interactions between electromagnetic fields and materials have been mathematically explained
above, these phenomena are graphically illustrated in Figure 1, where the resulting effect of each component varies.
A fundamental mechanism of electromagnetic shielding is reflection, whereby the shielding material deflects
incoming electromagnetic waves away from the protected area. This process involves a higher potential for
reflection in conductive materials with high conductivity [30]. Unlike traditional EMI protective materials, where
reflection is predominant, materials where absorption is dominant prevent electromagnetic wave pollution caused
by the reflection and scattering of incoming waves. The absorption-dominant materials usually have a higher
absorption coefficient (A) than the reflection coefficient (R), which significantly reduces secondary
electromagnetic pollution. These materials can also be used in military camouflage applications as EM wave
absorbing materials [31]. Absorption is the process of converting electromagnetic energy into heat within the
shielding material. Materials with a high absorption coefficient contribute to the overall shielding effectiveness by
dissipating absorbed energy as heat. The absorption performance of composites is assessed by determining the
return loss in decibels, which provides an insight into the amount of EMI that can be absorbed by the shielding
material. Scientific studies have shown that materials with a return loss of -10 dB can absorb 90-95% of EMI,
while materials with a return loss of -20 dB can absorb approximately 99% of electromagnetic radiation [32]. The
third mechanism of EMI protection involves multiple reflections and internal scattering. In the multiple reflection
mechanism (shown in Figure 1), incoming waves reflect off the back surface and return to the first surface [33].
The electromagnetic interference (EMI) shielding effectiveness (SE) is dependent on the frequency of the waves
[34]. It is important to have a comprehensive understanding of frequency-dependent shielding mechanisms as
different shielding materials may exhibit varying SE values at different frequencies. For instance, a magnetic
composite may have a high EMI SE in the X-band while having relatively lower values in other bands [35].
Electromagnetic shielding is designed to protect against the harmful effects of electromagnetic fields. Research in
this area suggests that the shielding performance of titanium can vary depending on the frequency of
electromagnetic waves, as well as the material's thickness and geometry. The objective of this study is to assess
the efficacy of titanium's electromagnetic shielding in diverse scenarios and to identify the benefits derived from
its intrinsic characteristics. As an initial step, SEM analysis was conducted to identify the structural characteristics
of the titanium sample used in this study. The results of the SEM analysis are presented in Figure 2.
The scanning electron microscope (SEM) image of CP Titanium Grade 4 clearly displays the material's surface
and microstructure, including the grain structure, grain boundaries, and porosities. The grain structure is a critical
factor in determining the material's mechanical properties, with smaller grain sizes generally resulting in higher
strength and hardness [36]. CP Titanium Grade 4 has a relatively fine grain structure, which contributes to its high
strength and hardness. The image displays a uniform grain structure, indicating consistent processing and the
absence of weak points. The grain boundaries of titanium are critical for its corrosion resistance. Materials with
fewer grain boundaries typically exhibit higher corrosion resistance. CP Ti Grade 4 has relatively few grain
boundaries, which enhances its corrosion resistance. The grain boundaries in the image appear smooth and clean,
suggesting well-processed material without impurities. The SEM image of commercial grade 4 titanium shows
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Figure 1. Interaction of incoming EM radiation with Figure 2. SEM image of titanium

the shield.

that the material has high strength, hardness, and corrosion resistance. However, porosities on the material's surface
can negatively affect its mechanical properties and corrosion resistance. Therefore, it is crucial to maintain a clean
and smooth surface to preserve its integrity.

CP Tl is available in four grades, ranging from 1 to 4, which are categorized according to their respective purity
and oxygen content levels. The highest oxygen content (approximately 0.4%) and the strongest mechanical
properties are observed in Grade 4. The alloy Ti-6Al-4V, also known as grade 5 titanium [37], is also available.
CP TI Grade 4 is widely used in various sectors due to its high strength, hardness, and corrosion resistance. This
makes it an ideal choice for numerous applications, such as implants [37]. The decision to use titanium grade 4 in
this study is based on its mechanical and structural properties, which make it useful in various fields. Additionally,
titanium has advantages over other materials used in electromagnetic shielding. Our study aims to demonstrate the
superiority of titanium in electromagnetic shielding compared to other materials.

CP Ti Grade 4 is a commercially pure titanium grade that contains a minimum of 99% titanium element. It is
designated as 3.7065 according to the EN standard and R50700 in the UNS standard. This grade is known for its
strength, good ductility, and moderate formability. Additionally, it exhibits superior corrosion and fatigue
resistance in seawater environments. Commercial pure titanium is known for its high strength and excellent
corrosion resistance, making it a competitive alternative to steels and nickel alloys in various applications [38].
The iron content in titanium increases with the grade number (grades 1 to 4) and helps control grain size during
recrystallization [20]. No changes in content have been made, as per the instructions provided. The iron content in
titanium increases with the grade number (grades 1 to 4) and helps control grain size during recrystallization [20].
The iron content in CP Ti increases with the grade level, which improves grain size control during recrystallization.
CP Ti is particularly suitable for applications that require both strength and corrosion resistance, with a minimum
yield strength of 480 MPa (70 ksi) and service temperatures up to 400°F (204°C) [38]. Table 1 presents the details
of the titanium sample used in this article.

2.1. Shielding Performance measurements

A variety of techniques are employed to assess electromagnetic shielding, with the objective of analyzing the
absorption, reflection, or transmission of electromagnetic fields by materials. These measurements are crucial for
determining the electromagnetic compatibility of materials and optimizing their performance during design stages.
The American Society for Testing and Materials (ASTM) publishes relevant test methods, specifications, practices,
guides, and classifications [39].

There are a number of methods for measuring shielding, including conductivity measurements, SE measurements,
RF (Radio Frequency) permeability measurements, SWR (Standing Wave Ratio) measurements, TEM (Transverse
Electromagnetic) Cell measurements, and Faraday Cage measurements. The details of each of these methods will
be discussed below.

Conductivity measurements often assess electromagnetic shielding based on material conductivity. ASTM D4935
provides a standard method for the measurement of the radio frequency (RF) conductivity of flat sheet materials
[40], which determines the surface resistivity and the surface conductivity. Electromagnetic shielding effectiveness
is a critical parameter in assessing a material's ability to absorb or reflect electromagnetic waves. ASTM D4935 is
a standard used to measure Shielding Effectiveness (SE) by testing a material's ability to absorb electromagnetic
energy. It also measures RF permeability, which is the ability of electromagnetic waves to pass through a material.
The Standing Wave Ratio (SWR) quantifies the ratio of standing waves created by a material reflecting
electromagnetic waves internally. ASTM D4935 provides a standard method for measuring electromagnetic
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radiation, ensuring consistency across laboratories. The technical scope of this method is limited to frequencies
ranging from 30 MHz to 1.0 GHz [41].

Table 1. Type analyses of Ti Grade 4 (UNSR50700) | A AN
[38].

Material %
Carbon (Maximum) 0.08
Titanium (Nominal) Balance

Iron (Nominal) 0.5
Nitrogen (Maximum) 0.05
Hydrogen (Maximum) 0.015

Oxygen (Maximum) 0.4

Figure 3. Shielding performance measurement
mechanism.

The Transverse Electromagnetic (TEM) cell, as specified by ASTM D4935 and ASTM D6090, is used to evaluate
the electromagnetic properties of a material in a controlled environment. Furthermore, the TEM cell serves as a
shielded enclosure for RF plane-wave fields, characterized by simple construction and portability in smaller
versions. The field within is well-characterized, facilitating the calibration of electromagnetic field probes and
sensitivity measurements. A smaller cell can achieve higher frequency operations [42]. To protect electronic
devices and circuits from incoming EMI, a widely used method is to enclose them in a Faraday cage. Faraday cage
measurements provide an isolated environment from electromagnetic fields, allowing for the direct assessment of
electromagnetic shielding performance. ASTM D4935 includes such measurements [43]. In the ASTM
measurement method, the transmission, reflection, and absorption of a given material are calculated based on the
values of S parameters. In addition to the equations presented in the previous section (equation 1,2,3), the shielding
effectiveness of a material is expressed as a logarithmic value which is expressed in the following equation [44].

1
SE = 10log(——)dB (5)

In this study, as shown in Figure 3, shielding performance was measured using a VNA, coaxial cables and
waveguides. The methodology offers several advantages, including the ability to conduct measurements over a
wide frequency range, to obtain accurate and precise measurements, to perform repeatable experiments and to
implement rapid experimental procedures. CP Ti Grade 4 samples were placed between the relevant waveguides
to assess their shielding performance. Switching the waveguides allowed measurements to be taken over different
frequency bands. The waveguides used in this study allowed measurements in the frequency range of 3.3-6 GHz.
The results of the measurements are shown in Figures 4 and 5.

3. RESULTS

The shielding performance of titanium in the frequency range from 3.3 GHz to 4.9 GHz has been extensively
studied, as shown in Figure 4, which provides a graphical representation of the shielding efficiency with frequency
on the horizontal axis and shielding power on the vertical axis. The red line indicates the reflection component,
which varies with surface properties, internal structure, and the wave's angle of incidence. It is evident that
reflection typically plays a more dominant role in the shielding effectiveness of high conductivity materials [45].
The lower effectiveness of titanium in reflection can be attributed to its low conductivity, which is only 3.1% of
aluminum's electrical conductivity [46]. The total shielding effectiveness, shown by the yellow line, accounts for
both reflection and absorption effects and indicates that titanium provides effective electromagnetic shielding over
the frequency band examined, though its performance varies, highlighting its complexity and selective response
to electromagnetic waves. These variabilities suggest that the effectiveness of titanium in providing
electromagnetic shielding over a wide frequency band may differ depending on the frequency, indicating potential
advantages or disadvantages in specific applications. It is critical to note the performance of up to 70dB at 4.3GHz.
Figure 5 shows the shielding performance of titanium against electromagnetic fields in the frequency bands of 4.9-
6 GHz. The blue line indicates the ability of the material to absorb electromagnetic waves, which generally depends
on its ability to internalize these waves and convert the energy into heat, often related to the internal structure and
electrical properties of the material. The reflection capacity of a material is indicated by the red line, which shows
how much incoming electromagnetic waves are reflected off its surface. This characteristic is mainly related to the
electrical conductivity and surface properties of the material. The yellow line represents the total shielding
effectiveness, which is the combination of both reflection and absorption.

In the frequency band of 5.6-5.9 GHz, there is an increase in the reflectivity of titanium, as shown by the red line.
Concurrently, the absorption characteristics show a decrease, particularly after 5.6 GHz, so that the overall
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shielding performance in the 5.4-6 GHz frequency band remains in the 45-50 dB range. Whereas any performance
above 40 dB is generally interpreted as effective shielding, it is clear that titanium alone may not be suitable for
medical and military applications beyond 5.4 GHz. Nevertheless, the evidence of shielding effectiveness of up to
62 dB in the vicinity of 5 GHz points to its potential applicability in frequency selective scenarios.

4. DISCUSSION

There are studies in the literature on the shielding effectiveness (SE) of titanium against electromagnetic
interference (EMI), particularly true in foam and composite forms. For instance, Ti3C2, a 2D material, can function
as a protective coating or layer in electronic devices to mitigate EMI due to its excellent electrical conductivity
and large surface area of the two-dimensional structure. Liu et al. [47] used TI3C2 layers obtained from Ti3AIC2
powders through HF etching to produce Ti3C2/paraffin composites with varying Ti3C2 content. Electromagnetic
interference shielding effectiveness (EMI SE) measurements carried out over 2.0-18.0 GHz showed an increase in
EMI SE with higher Ti3C2 content, peaking at 39.1 dB for composites containing 60% Ti3C2 at a thickness of
2.0 mm. This finding demonstrates the potential of the material used for EMI SE [47]. Two-dimensional titanium
carbides (Mxenes) display significant properties, including high conductivity and EMI SE, which are crucial for
applications in printed and flexible electronics. The study by Vural et al. [48] demonstrated that inkjet printing of
2D Mxenes, supported by tandem repeat proteins, enables the production of highly conductive electrodes on
various substrates such as cellulose paper, glass, PET, and PMMA, achieving a conductivity of 1080+ 175 S cm”—
1 at a thickness of 2.25 um. These Mxene-based electrodes are suitable for flexible electronics as they maintain
their conductivity even when bent. In addition, they exhibit effective EMI shielding properties comparable to the
latest material technologies, with a shielding effectiveness of 50 dB for films of 1.35 um thickness. The electrodes
also respond to changes in humidity, expanding their potential applications.

In a related study [49], the manufacturing of foamed titanium carbonitride (Ti3CNTX) films for EMI protection
was investigated by comparing hydrazine and thermal reduction methods. The study achieved an EMI SE value
of 118.4 dB at a working frequency of 14.3 GHz, demonstrating promising approaches for high-performance non-
metallic EMI shielding materials.

The study by Han et al [50] demonstrates the fabrication of sandwich-structured composites based on Ti3C2
MXene with tunable electromagnetic absorption and shielding behavior. The composites are produced through RF
etching and annealing processes, preserving the original layered morphology and enhancing the electromagnetic
absorption capacity in the X-band region. The composite, which contains 50% annealed MXenes by weight,
achieves a minimum reflection loss of -48.4 dB at 11.6 GHz. This is due to the formation of TiO2 nanocrystals
and amorphous carbon, which makes it suitable for use in electromagnetic absorption and protection applications.
Titanium foams are a preferred material for EMI SE applications due to their advantageous mechanical properties.
In their study, Liu et al [51] obtained results indicating that a porous titanium foam with interconnected pores,
manufactured via polymer foam, has effective electromagnetic shielding at low frequencies ranging from 0.3 to
3000 MHz. The shielding effectiveness decreases as the frequency increases. However, at higher frequencies, a
fluctuating region emerges where the effectiveness stabilizes around an average value. This observation suggests
potential applications in electromagnetic radiation protection across a range of frequencies.

The studies discussed illustrate a growing interest in the use of titanium-based materials for electromagnetic
interference (EMI) shielding, particularly in advanced forms such as foams, composites, and two-dimensional (2D)
materials like MXenes [52-54]. These materials demonstrate considerable promise in terms of shielding
effectiveness (SE), largely due to their distinctive structural and electrical properties. It is noteworthy that the
flexibility of MXene-based electrodes, as demonstrated by Vural et al., highlights their potential for use in the next
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generation of flexible and printed electronics [48]. The combination of high electrical conductivity and robust EMI
shielding at minimal thicknesses renders these materials particularly attractive for lightweight and adaptable
electronic applications. Moreover, the work of Guo et al. on sandwich-structured composites with tunable
electromagnetic absorption and shielding behavior paves the way for new avenues of tailored EMI protection
solutions, where specific frequency bands can be targeted for optimal performance [55].

Furthermore, the utilization of foamed titanium materials, as investigated by Verma et al., demonstrates the
significance of structural design in attaining effective EMI shielding across a broad frequency range [56]. The
interconnected pore structure of titanium foams not only contributes to mechanical robustness but also impacts the
SE by creating pathways that enhance electromagnetic wave attenuation. These findings collectively suggest that
titanium-based materials, particularly when engineered at the nano- and micro-scale, hold significant promise for
future developments in EMI shielding technologies, catering to both traditional and emerging high-frequency
applications.

The following table (Table 2) lists some of the current studies in the literature on the measurement of SE
performance.

Tablo 2. EMI shielding performance of different shielding materials.

Frequency (GHz) Material Used SE (dB) Ref
X band c-MWCNT/AgNWSs/PANFs hybrid film 40.59 [57]
8-12 GHz Ti3C2Tx/bacterial cellulose 43.7 [58]
Ti3C2Tx/bacterial cellulose 41 [59]
CNF/MXene/FeCo composite 58 [60]
SiTiOC ceramic nanocomposites 27.85 [61]
5G Aluminium 45-90 [28]
Ti3C2Tx MXene 65.25 [62]

CP Ti Grade 4 50-70 This work

5. CONCLUSION

This study investigates the electromagnetic shielding effectiveness of titanium in the context of 5G applications
(sub 6 GHz). The findings contribute significantly to the existing literature on titanium's electromagnetic shielding
capabilities. The analysis covers a wide spectrum ranging from 3.3 to 6 GHz, providing a comprehensive
understanding of its performance in specific frequency bands. Throughout the research process, Titanium has
demonstrated a remarkable shielding effectiveness in the band of 50 to 70 dB, acting as an effective
electromagnetic shield in the 5G frequency range. The shielding performance of titanium decreases as the
frequency increases, indicating its frequency-dependent behavior. However, this decrease is not linear, as titanium
can exhibit higher shielding effectiveness at certain frequencies compared to lower ones. Titanium has
demonstrated particularly effective shielding effectiveness values within the 4.5 and 5.1 GHz frequency bands,
making it suitable for use in certain 5G spectrum bands.

The use of the physical advantages of titanium, such as its durability and mechanical properties, makes it a suitable
material for 5G applications within the specified frequency bands. In the sub-6 GHz 5G frequency spectrum,
titanium exhibits an absorption-dominant characteristic, with an average absorption of 20 to 50 dB, and a reflection
characteristic typically falling within the band of 10 to 20 dB.

Focusing on 5G frequencies, this study provides insights for future studies on electromagnetic compatibility
(EMC) properties of different metals and layer configurations. The findings suggest that titanium provides a
potential advantage for effective electromagnetic shielding in wireless communication technologies. It is important
to underline that this study only deals with the EMI shielding behavior. Therefore, future investigations are advised
to include the electrical resistance and mechanical properties associated with titanium materials.
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ABSTRACT

Recently, the need for energy has been constantly increasing. Energy
searches are being carried out to meet this increasing energy need. These
searches have also increased scientific studies on renewable energy
resources. Due to the fact that fossil fuels will be depleted over time,
create negative environmental impacts and increases in raw material
prices, this has led to an increase in efforts to turn to new and sustainable
energy sources. One of the important renewable energy sources is solar
energy. In this study, for the 500 kW fixed-axis MRS Ugraslar solar
power plant (SPP) located within the borders of Bitlis province,
Gliroymak district; Performance analysis was carried out by simulation in
the PVsyst solar energy simulation program environment. It was
interpreted by comparing it with simulation and real system data.
Recommendations are also presented for planning and system engineers.
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OZET

Son zamanlarda enerji ihtiyact siirekli artmaktadir. Artan enerji ihtiyacini
kargilayabilmek icin enerji arayislari yapilmaktadir. Bu arayislar,
yenilenebilir enerji kaynaklart konusunda yapilan bilimsel ¢alismalar1 da
artirmigtir. Fosil yakitlarin zamanla tiikenecek olmasi, ¢evresel olumsuz
etkiler olusturmas1 ve hammade fiyatlarindaki atiglar olmasi nedeniyle,
yeni ve siirdiiriilebilir enerji kaynaklarina yo6nelme caligmalarinin
artmasina neden olmustur. Onemli yenilebilir enerji kaynaklarindan biri
de giines enerjisidir. Bu ¢aligmada, Bitlis ili, Gliroymak ilgesi simirlari
icerisinde bulunan 500 kW kurulu giiglii sabit eksenli MRS Ugraslar
gilines enerjisi santrali (GES) igin; PVsyst giines enerjisi simiilasyon
programi ortaminda benzetimi yapilarak performans analizi yapilmigtir.
Simiilasyon ve gercek sistem Vverileri ile karsilastirilarak yorumlanmistir.
Ayrica planlama ve sistem miihendisleri igin dneriler sunulmustur.
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1. GIRIS

Glintimiizde siirekli artan enerji ihtiyaci ve mevcut enerji ihtiyacini karsilayabilecek enerji kaynaklarinin yetersiz
olusu, alternatif enerji kaynaklarimin kesfi ve gelistirilmesi hususunda biiyiik bir 6nem arz etmektedir. Nitekim
klasik yontemlerle yapilan enerji iiretimi ve tiiketimi, yasadigimiz dogada biiyiik yikimlara yol agmakta ve
ileriye yonelik yasanabilecek geri doniisii olmayan tahribatlara sebebiyet vermektedir. Yasanabilecek potansiyel
tehlikeler goz 6niine alindiginda, enerji kaynaklarinin kesfi ve iiretimi konusunda jeotermal, biyokiitle, riizgar ve
giines gibi yenilenebilir enerji kaynaklari (YEK) 6nem kazanmaktadir [1]. Ozellikle giines enerjisinin
potansiyeli, saglamig oldugu kullanim kolayligi, yenilenebilir ve ¢evre dostu olusu diger yenilenebilir enerji
kaynaklar1 arasinda dikkatlerin azimsanmayacak bir boyutunu iizerine ¢ekmektedir [2]. Ayrica iilkeler kaynak
anlaminda disa bagimli olmayan, karbondioksit (CO2) emisyonu diisiik, giines ve riizgar gibi siirdiiriilebilir enerji
iretim kaynaklarina yonelmektedir [3]. Glinesin, hemen hemen tiim enerji kaynaklar1 i¢in baslica kaynak oldugu
bilinmesine ragmen, giines enerjisinden dogrudan elektrik enerjisi tireten sistemler olduk¢a yeni bir gelismedir.
Bu doniisiimiin ilk adimi, Edmond Becquerel tarafindan 1839'da fotovoltaik etkinin kesfiyle atilmis ve 1914°te
%1 verimlilige sahip selenyum hiicreler gelistirilmistir [4]. Giinlimiizde hala kullanilan ilk giines hiicresi 1954
yilinda Bell laboratuvarinda calisan Chaplin ve ekibince tasarlannstir. ilk giines hiicreleri yari iletken
teknolojisine sahip olup, giines enerjisinin yalnizca %4 gibi kiigiik bir kismi elektrik enerjisine
doniistiirebiliyordu. Yiiksek maliyeti nedeniyle fotovoltaik panel iiretim teknolojisi uzun yillar boyunca
laboratuvar ¢alismasi olarak kalmistir. Ancak, tiretim teknolojilerinin gelismesi ve malzeme bilimi sayesinde
maliyetleri diigen ve yiiksek verimlilige (%10-%20) sahip FV paneller, 1980'lerden sonra ticari alanda
kendilerini gostermis ve kullanimlart artmistir [S]. Karakas ve arkadasi FV sistemlerde maksimum gii¢ noktasi
ile giinesin izlenebilmesi i¢in tipik bir kontrol diizenegi tasariminin yaptiklari g¢aligmalarinda, kiigiik FV
sistemlerde maksimum gii¢ noktasinin izlenmesi konusundaki aragtirmalarini giines enerji gii¢ isletim aygit
tasarimi Ornegini inceleyerek yapmugslardir [6]. Helwa ve arkadaslari, giines enerjisini farkli giines takip
sistemlerinde gozlemis ve giines takip sisteminden ¢ikista alinan enerjinin sabit sistemden daha fazla oldugunu
elde etmislerdir. Elde edilen sonuglara gore iki eksenli izleyicide daha yiiksek kazan¢ bulunup dikey eksenliden
sabit eksenliye dogru azaldigi gorilmiistiir [7]. Calismalarinda verileri yillik bazda mevsimsel olarak
karsilagtirarak kis aylarinda elde edilen verimin daha yiiksek, yaz aylarinda ise aradaki verim farkinin daha az
oldugunu ortaya koyan Alagakir ve Korucu, giines takip sistemini sabit eksenli sisteme gore mukayese edip
giines takip sistemi ile %20'nin iizerinde verim saglandigini hesaplamislardir [8]. Karakaya vd. panel verimini
artirmak adina panel yiizeyini sogutma, kullanilan yar1 iletken malzemenin degisimi, uygun agiy1 yakalama,
giines takip sistemleri caligmalari yapmustir. Yapilan bu g¢alismalar sonucunda %47'e kadar verim artigi
saglanmistir [9]. Dumitrascu ve arkadaslar1 ¢alismalarinda hassas adim motorlarindan yapilmis iki aktiiator
kullanarak iki degisiklige (azimut degisimi ve agisal degisim) dayanan mekanik parca uygulamasiyla kartezyen
koordinatlardan kiiresel koordinatlara matematiksel bir doniisiim kullanarak yiiksek verim almayi amaglamistir
[10]. Literatirde FV sistemlerin enerji verimini artirmak i¢in yapilan ¢aligmalarin olduk¢a popiiler ve fazla
oldugu goriilmektedir. Fosil yakitlarin zamanla tiikkenecek olmasi, ¢evresel olumsuz etkiler olusturmasi ve
hammade fiyatlarindaki atislar nedeniyle, yeni ve siirdiiriilebilir enerji kaynaklarina yonelme g¢alismalarinin
artmasina neden olmustur. Ayrica enerji ihtiyacinin siirekli artmasi ve bu artan enerji ihtiyacini karsilayabilmek
i¢cin yenilenebilir enerji kaynaklar1 konusunda yapilan bilimsel ¢alismalar nem kazanmistir. Onemli yenilebilir
enerji kaynaklarindan biri de giines enerjisidir. Giines enerjisinden {iretilecek elektrik enerjisinin verimini
artirmak i¢in ¢alismalar yapilmaktadir. Bu ¢alismada, Bitlis ili, Giiroymak ilgesi sinirlari igerisinde bulunan 500
kW kurulu giicli sabit eksenli MRS Ugraslar GES i¢in; PVsyst giines enerjisi simiilasyon programi ortaminda
benzetimi yapilarak tek eksen takipgi diizlemli ve ¢ift eksenli takip¢i diizlemli sistemle karsilastirilarak
performans analizi yapilmigtir.

2. FOTOVOLTAIK SISTEMLER VE GUNES TAKIP SISTEMLERI

Bu ¢aligmada, tasarlanan FV sistemin sabit, tek eksenli giines takipli ve ¢ift eksenli giines takipli performans
analizleri yapilmistir. Bu nedenle FV sistemler ve Gilines takip sistemleri igin ayri basliklar altinda bilgi
verilecektir. Benzetim yazilimi olarak PVsyst platformu kullanilmustir.

2.1. Fotovoltaik Sistemler

Yari iletken malzemelerden yapilarak ylizeylerine diisen gilines 151811 elektrik enerjisine doniistliren araclara
fotovoltaik hiicreler denmektedir. Genellikle 100 cm? alana, 0.01-0.04 c¢cm arasinda kalinhga sahiptir. FV
panellerin istenilen giic ve gerilim degerinde olusturulmasi i¢in FV hiicrelerin seri ve paralel baglanmast
gerekmektedir [11-15]. Benzer sekilde seri ve paralel baglanan paneller de FV sistemleri olugturur. Son yillarda
geleneksel giines hiicrelerinin yerine gegebilecek iiretim teknolojileri daha kolay, maliyeti daha diisiik, verimi
yiiksek hiicreler icin c¢aligmalar yogunlastirilmigtir. FV hiicrelerin modellenmesi iizerine birgok c¢alisma
yapilmistir. Ayrica, yapilan ¢alismalar neticesinde yaklasik modeller arasinda tek diyotlu yapt 6n plana
¢ikmaktadir.
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Giines hiicreleri, giines 1smim1 altinda 1 ile 1.5Watt aras1 gii¢ iiretebilirler, verimleri buna baghdir. Tek bir
diyottan alinabilecek akim 2 ile 2.5 Amper arasinda degisirken, gerilim degeri ise 0.5 ile 0.6 Volt arasinda
olmaktadir. Bu sebeple, yiiksek gii¢lii modiiller elde etmek i¢in bu hiicreler arasinda seri ve paralel baglantilar
yapilmaktadir. Bu baglant1 yontemiyle giines paneli meydana gelmektedir [16].

2.2.  Giines Takip Sistemleri

Giines takip sistemleri (GTS), FV hiicrenin giinesi en dik agida almasi i¢in yapilan glinesi izleme sistemleridir.
Bu sistemler tizerinde yapilan biitiin ¢alismalarda temel amag, yatirrm maliyetinin amorti zamanini kisaltmak ve
elde edilecek enerji iiretim verimini artirmaktir. Takipci sistemleri ile hedeflenen panelin {izerine diisen 15111m
miktarini ve buna bagh olarak iiretimi arttirmaktir. Paneller iizerine diigen radyasyon degeri, FV panellerin
normali ile giines 151311 yaptig1 aginin kosiniisii ile hesap edilmektedir. Uretimin maksimum olabilmesi igin
giines 151Z1min panel yiizeyine dik a¢1 ile diismesi gerekmektedir. Giines 1s18inin panel yiizeyine siirekli dik ag1 ile
diismemesi GTS nin gelistirilmesini saglamistir. Sekil 1°de giines paneli izerine diisen 151n1m gosterilmistir.
Biitiin GTS’nin temel fonksiyonu, 1smnin sisteme istenen dogrultuda gelmesini saglamak igin harekete 1 ya da 2
serbestlik derecesi saglamaktir. Tek eksenli takip sistemleri, hareketlerini yalnizca bir eksende gerceklestirir.
Genellikle giinesin hareketine paralel olarak izleme yapmaktadir [1].

2.1.1.  Tek Eksenli Takip Sistemleri

Bu tip GTS’nde, giines enerjisine sahip sistemlerin azimut veya dikey hareketlerden biri gergeklesir. Bu tiir takip
sistemlerinin tercih edilme nedenlerinden biri, monte edildigi alandaki serbest alanin sagladigi avantajlardir.
Ornek olarak, parabolik oluklu olan sistemlerde azimut agisi takibi yapilmaktadir. Birgok ¢at1 uygulamasi alan
darlig1 nedeniyle yalnizca yiikseklik acisi takibi yapar. Sekil 2'de tek eksenli olan giines takip sisteminin gorseli
gosterilmektedir [17].

Isinim siddetinin en fazla olmasi
igin 6 = 0° olmahidir.

¢]

Giines paneli Giines paneli

Sekil 1. Giines paneli iizerine diisen 1g1nim. Sei2. Tek eksenli giines takip sistemi.

Giines 15181

> _ o7

Uretilen elektirk enerjisinin verimini arttirmak ve ticari giines sistemlerini ekonomiklestirmek icin en basit yol,
tek eksenli giines takibidir. Basit ekipmanlar kullanilarak performans énemli derecede arttirilabilir. Cift eksene
sahip sistemlerin tek eksene sahip sistemler ile karsilastirildiginda bazi avantaj ve dezavantajlar1 olmaktadir. Cift
eksenli sistemler enerji verimliligi konusunda avantaja sahipken, bakim masraflarinin fazla olmasi, montajinin
zorlugu ve daha ¢ok hareketli par¢aya sahip olmasi nedeniyle dezavantaja sahiptir. Bununla birlikte genel olarak
cift eksenli takip sisteminden daha az profile sahip olduklar: i¢in daha hafiftirler [16].

2.2.2. Cift Eksenli Takip Sistemleri

Hem yiikseklik hem azimut eksenlerinin hareketine izin veren sistemlerdir. Cift eksenli takip sistemleri yeterli
uygunluga sahip bilesenler kullanilarak en iyi performansi saglamaktadir. Takip sistemlerini mafsal eksenlerine
gore smiflandirmak miimkiindiir. Tek eksenli takip sistemleri polar, yatay ve azimut agilarina gore
smiflandirilirken, ¢ift eksenli takip sistemleri ise azimut ve polar agilarina gore ikiye ayrilir. Sekil 3’te polar tek
eksenli ve Sekil 4’te yatay tek eksenli takip sistemleri gosterilmektedir.

Baty

¢ ~_
/ ', Dogn
Giiney East (E)

South (5) B 5
Sekil 3. Polar tek eksenli takip sistemi. ~ Sekil 4. Yatay tek eksenli takip sistemi.
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Sekil 3’te goriilen tek eksene sahip GTS’nde panelin yiizeyinin giineye dogru egimlidir. Panel alaninin agirlik
merkezinden gegen bir eksenden dondiiriilerek azimut agisi takip ettirilir. Sistemin geometrisi geregi, panel
azimut acis1 hareketini yaparken yiikseklik acisini da kismen takip eder. Bu 6zellik, enerji iiretim degerlerini
artirir ve diger tek eksenli takip sistemlerine kiyasla polar tek eksenli takip sistemlerinin performansin yiikseltir
[2]. Yatay eksenli giine¢ takip sistemleri, panellerin yere yatay bir eksen etrafinda dondiriilmesi ile
caligmaktadir. Yapilar1 ¢oklu hareketlere uygun oldugundan, tek bir motorla ¢ok sayida FV diziyi ayn1 anda
calistirmak miimkiindiir. Cift eksenli sistemler ise polar ve azimut agilaria gore ayrilmaktadir. Polar ¢ift eksenli
sistemler, giinlik olarak sadece kendi etraflarinda donerler. Yillik hareketlerini ise, giinesin mevsimsel
degisimine ayak uydurarak ara ara kontrol sisteminden veya algilayicilardan aldiklar1 komutlarla
gergeklestirirler. Azimut tek eksenli takip sistemleri, yere gore dik bir eksende dondiiriilmesi ile ¢aligir ve
ozellikle biiyiik panel alanlar1 i¢in tercih edilir. Ayrica performanslarimi artirmada etkilidir.

Cift eksenli azimut takip sistemleri, giin i¢inde kendi etraflarinda ve mevsimsel harekete gore iki eksen iizerinde
daima hareket ederler. Bu nedenle, kontrol edilmeleri daha karmagiktir ve daha fazla dikkat gerektirir. Sekil 5°te
polar ¢ift eksenli ve Sekil 6’da azimut ¢ift eksenli takip sistemi gosterilmistir [2].

Birlesik
hareketler
Bati s Kuzey Bati
West (W) ~ / North (N) West (W) s Kuzey
~ o~ North (N)

=g T~
/ S Dogu ™ Dogu

Giiney East (E) Giiney East (E)
South (S) South (S)

Sekil 5. Polar ¢ift eksenli takip sistemi.  Sekil 6. Azimut ¢ift eksenli takip sistemi.

3. MATERYAL VE YONTEM

Tasarlanan fotovoltaik sistemin sabit, tek eksenli giines takipli ve ¢ift eksenli giines takipli performans analizleri
MRS Ugraslar GES yerleskesi secilerek yapilmistir. Benzetim yazilimi olarak PVsyst platformu kullanilmigtir.
PVsyst birgok cesitte gilines enerjisi sistemi tasarimi yapilabilen, tasarimi yapilan ii¢ boyutlu gilines paneli
modellemelerini program {iizerinde yerlestirerek, hava sartlarina bagli olarak panellerdeki golgelenmelerin
benzetimi yapilabilen giines enerjisi simiilasyon programidir. MRS Ugraslar GES 500 kWp kurulu giiciinde,
sabit 27 °© egik diizlemli olarak 2019 yilinda iiretime baglamistir. Sistem; 1860 adet 275 Wp giiciinde SolarTiirk
ENERIJI FV paneller ile 8 adet 60 kWp giiciinde Huawei marka invertorden olusmaktadir. Tablo 1°de MRS
Ugraslar GES yillik iiretim verisi gosterilmistir. 2020 y1il1 {iretimin 841315 kWh/y1l oldugu goriilmiistiir.

Tablo 1. MRS ugraslar ges aylik iiretim verileri.
MRS Ugraslar GES Yilhk Uretim

Aylar Uretim(kWh/ay)
Ocak 36043
Subat 59871
Mart 68334
Nisan 82166
Mayis 94200
Haziran 91156
Temmuz 83740
Agustos 93289
Eyliil 85376
Ekim 79157
Kasim 42840
Arahk 25143

TOPLAM 841315 kWh/y1l

3.1. Fotovoltaik Sistem Konum Bilgisi ve Isinlanma Verisi

Fotovoltaik sistem tasarimi i¢in PVsyst programi kullanilmis olup programa MRS Ugraslar GES’in konumunun
enlem ve boylamlar girildi. Segilen konum igin Meteonorm programindan global yatay 1smlanma ve iklim
verileri ¢ekilmis olup Tablo 2’de gdsterilmistir.

Yillik 1s1inlanma verileri goz 6niinde bulunduruldugunda en yiiksek yatay 1sinlanma haziran ayinda, en yiiksek
yatay difiiz 1sinlanma ise mayis ayinda gerceklesmistir.

211



Miih.Bil.ve Aras.Dergisi,2024;6(2) 208-221

Tablo 2. Secilen konuma ait yillik 1sinlanma verileri.

Global Sicakhik Riizgar Linke Bagil Nem

Yatay Yatay Difiiz Hiza Bulanikhg:

Isinlanma Isinlanma

kWh/m?*/ay kWh/m*ay °C m/s [-] %
Ocak 75.9 28.6 -3.1 1.89 2.686 755
Subat 88.6 30.5 -1.7 1.0 3.056 76.3
Mart 141.2 47.7 3.1 2.40 3.588 71.3
Nisan 178.5 54.3 8.3 2.60 4.383 66.5
Mayis 211.7 66.2 134 2.50 3.868 63.4
Haziran 258.5 51.8 18.3 2.40 3.269 54.4
Temmuz 252.9 52.9 22.2 2.29 3.360 485
Agustos 235.0 43.2 22.4 2.30 3.214 45.1
Eyliil 184.3 40.6 17.5 2.20 2.914 49.5
Ekim 125.7 36.0 11.7 2.29 3.304 61.2
Kasim 87.8 26.5 4.4 2.00 2.750 70.0
Aralik 69.9 22.9 -0.7 1.90 2.646 74.6
Yil 1910.0 22.9 9.6 2.2 3.253 63.0

3.2. Fotovoltaik Sistem Tasarimi

Fotovoltaik sistem, 500 kWp kurulu giiciinde olacaktir. Tasarimda Solarwatt marka BLUE 60P modeli 275 Wp
nominal giictindeki Si-poly panel kullanilmistir. MRS Ugraslar GES’te kullanilan panel, polikristal 6zelliklere
sahiptir. Bu ¢alismada segilen panel, MRS Ugraslar GES’te kullanilan panele en yakin verilere sahip ayn1 giicte
olan paneldir. Kullanilan panelin parametreleri Sekil 7°de gosterilmistir.

Model | BLUE 60p, 275 Wp ] Uretici | Solarwatt
Dosya adi Solarwatt BLUE_60P_273 PAN Verikaynag | Manufacturer 2017
7] Orijinal PVsyst veritabam Uret bag tarihi 2016 den 2018
Nominal gii¢ 2750 | Wp  Tel -+ 00 /18 %
(STC'de)
Telmnoloji Sipoly
Tretici teknik bzellikleri veya diger slciimler Model 3zeti
- 2 . N Ana parametreler T}
Referans kogullar Gref W/m? TRef | 2. @
§ 1000 | Wim 5 Rparal. 1000
Kisa devre akems Isc 9350 | A Agikdevre Voo | 3830 |V Rsh(G=0) 1200 Q
Maks. giig noktas Impp (8790 | A Vmpp (3130 |V R seri model 0280
Sicaklik katsayist mulsc |47 mA°C R sen ""5]'-5 0320
Hiicre say1s1 60 seri Goriintir R seri 0.440Q
reyamulse |0.050 | 9=
veyamulse [0 | % C Model parametreleri
1sletme model sonuclar: Gama 0.976
N 7] ToRef 0.08 nA
Iletme kogullan GOper | 1000 Wim* TOper |25 “C muVos -129 mV/°C
Maks zfig noktast Pmpp 2751 W ) Stcaklik katsaviss 040 9o | TUPmassabit o -0.417°C
Alam Impp 8814 Gerilim Vmpp 312V
Kusa devre alam Ise 9354 Agtk devre Voo 383V
Verim Eiiere yiizeyi Yok % Modiil yiizeyi 16.54 %
Sekil 7. FV panel parametreleri.
Solarwatt - BLUE 60P, 275 Wp
Tek diyotlu model parame
Varsay PV modul: Solarwatt, BLUE 60P, 275 Wp
Rparal 300 o @
R seri o o @ 0 T T T
Goranir R seri 0.44 © 18
Gama 0.98
16 | .
Nispi verime gore Rsen
Optimizasyon igin Rs 14} §
0.00 | 800 W/m?¥de %
000 | %at 600 W/m? S v/ 1
000 | 400 Win?'de % I | ]
0.00 | 200 Wim®de % E 10
H4
[
e Hiicre sicak =10 Nispi verim
Gost [
= ) A s | Hitere sicak =25 ° STCye gore 4
I(V) 151rum egrileri Hitere sicak =40° 1000 Wim?, verim = 16.54 %
I(V) stcakhk egriler ——— Hilcre sicak =55 °
S 4 Hiicre sicak =70 ° $00 Wim?, +03 %
PV .
e 600 W/m?, +0.1 %
® Verim ve [gmm 5 L A0Wm?, -0.7%
200 Wim?, -3.0%
0 L " L
200 100 600 300 1000

Global igtniama [W/m?]

Sekil 8. Panelin 1gin1ima goére verimi.

Sekil 7°de goriildiigii gibi ¢aligma igin secilen panel, 275 Wp giiciinde, referans kosullarda 1s1ma degeri 1000

212



Miih.Bil.ve Aras.Dergisi,2024;6(2) 208-221

W/m?, 25 °C derecedeki acik devre gerilimi 38,30 V ve kisa devre akim degeri 9,35 A olan parametrelere
sahiptir. Panelin 1s1nima goére verimini gosteren grafik, Sekil 8’de verilmistir.

Sekil 8’de goriilen verilere dayanarak i1simnima gore en yiiksek verim, hiicre sicakligi 10°C iken ve en disiik
verim hiicre sicakligi 70°C iken oldugu goriilmektedir. Ayrica tasarimda invertdr olarak Huawei marka
SUN2000-60KTL-HV-D1-0001 modeli kullanilmistir. Secilen invertér, MRS Ugraslar GES’te kullanilan
invertdrdiir. Segilen invertdriin parametreleri Sekil 9’da verilmistir.

Secilen invertoriin DC giris bilgileri; minimum gii¢ noktast gerilimi 600 V, maksimum gii¢ noktas1 gerilimi 1450
V iken ¢ikis bilgileri 50 Hz. 400 V AC olarak ayarlanmistir. Invertdre ait verimi gosteren grafik, Sekil 10°da
verilmistir.

Secilen invertore ait verim tablosu incelendiginde giris gerilimi iic kademe olarak segilebilen ve diigiik gerilim
880 Vdegerinde dahi %98 oraninda verim sagladigi goriilmektedir. Tasarimin simiilasyon varyantt Sekil 11°de
verilmistir. Fotovoltaik sistemin yil boyu verimini yiiksek tutmak igin sabit diizlemde diizlem egimi 27°
secilmistir.

Model SUN2000-60KTL - HV-D1-001 Uretici | Huawei Technologies
Dosya ads Huaswei Sun2000_60KTL_gv_D1_001 OND Verikaynag | Mamfacturer 2018
T Orijinal PVsyst veritabamt Utet. son tarihi 2017
Giris (DC, PV alam) Cilag (AC sebeke)
Minimum MPP gerilimi A Monofaze Frekans
Pnom igin min_ gerilim NA v ® Trifaze S0Hz
Bifaze 60 Hz
MPPT basma maksimum alam N/A A
Nominal MPP gerilim 080 |v Sehele gerilimi [a0 v
Maksi MPP gerilimi v
alesimum MEP gerilimi 1450 |V Nominal AC giicii 600 | kVA
Mutlak maks PV gerilimi 1500 v Maksimum AC gict 660 WA
Nominal AC akmm 433 A
Giig sty 80 w
Maksimum AC akamt A
480
Gergek fiziksel anlamu olmayan Verim
Y - Zorunlu
sozlegmesel Gzellikler d Malesimurm verim 9 98.97 7
PV nominal gitcii NA | KW
Maksimum PV giicii 672 W Verim 3 gerilim igin belideniyor
Maksimum PV akamu 850 A

Sekil 9. Segilen invertdr parametreleri.

Agkama Huawei Technologies, SUN2000-60KTL-HV-D1-001
Garty gershmi Otomatik profi Degerier
Yitksek gerilim o7 v Verilen verimlerden profil olugturur PIn(DC) Verim[%2]
—— — Maks verim 0845 | % S o
@ Algak geritim 580 |V @ EURO verini %30 ] %@ 600 | o300
= O CEC verimi :
200 | [9816
Goruntuleme Birien =
® Vesim=f (P In) Gorintitlenecek derece < @ w L0
3000 | 9845
Verim="£ (P Out) ve CosPhi= | 1.00 -
POut=£(FIn) => Etkin PNom sxun 60.0 KW @ kW 4500 | 9844
6000 | 9833
100 T " r T T 6600 j|28.16
L
95 1 O e x s
-&E‘ o | ~ Onayla
R —— 880V, T= 40°C, CosPhi=1.00
o Efffor U=1275V
EffforU=1180V 1
Eff for U=880 V
5 m 20 % m ) 5 70
Pl (DOKW]
Sekil 10. Invertér verimi.
Yiénlendirme parametreleri
Alan tipi: Sabit egik diizlem FV Dizisi .
Diuizlem egimi/azimut =  27°/0°  Jizst Sistem Kullaniey/Yiik
Sistem t 1 lan ar da uy lulul
Tiim sistemin yonelimi egim/azim = 27°/0° Cevirici
1 Alt alan PNom = 500 kWp, Modiil alam =3022 m? . . (Invertdr LR "
Alan tansmlanch 38 sahnede ! Uretilen enrj. ( ) Cevirici ¢ikigt  Fazla enerji
' — —> —
System parameters . p— 0P
Alt alan=1 PV alam FV Kullantlan} | § Destek  Sebek
PV modil: 79 strings of 23 modules in series, 1817 total | Dizisi YA ON
Pnom= 275 Wp Pnom array = 300 kWp, Area = 3022 m? I
Invertsr (60.0 kWac) 1 MPPT girigleri. Total 480 k
3B gilgeleme sahnesi ayarlan Kullanic1
Golgeleme sahnesi tammlanmach
Sekil 11. Simiilasyon varyanti. Sekil 12. Fotovoltaik sistem tek hat semasi.
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Tasarim igin azami 6m? alana ihtiyag vardir. Tasarim yapilirken giin boyu panellerin iizerine herhangi bir
golgeleme olmadigi varsayilmistir. Tasarimin tek hat semasi Sekil 12°de verilmistir. Sekil 12°de verilen FV
sistemde panellerde iiretilen enerji geviricide alternatif akima ¢evirilerek tiiketiciye verilmektedir. Tiiketiciden
arta kalan enerji sebekeye verilmektedir ya da tam tersi durumda tiiketicinin eksik kalan enerji ihtiyact sebeke
tarafindan karsilanmaktadir.

4. BULGULAR

Tasarlanan sistem i¢in sabit egik diizlem, tek eksenli takipci diizlemi ve ¢ift eksenli takipgi diizlemi ayarlamalari
yapilarak performans analizi amaciyla PVsyst tabaninda farkli sistem diizlemleri igin simiilasyon yapilmistir.
Simiilasyon sonuglarina gore performans analizi yapilarak sistemlerin kayiplar diyagrami, kolektor diizlemine
yanstyan referans enerji grafigi, giinliik giris/¢ikis diyagrami grafigi, yansiyan ismlanma dagilim grafigi ile
giinliik sistem ¢ikis enerjisi grafigi incelenmistir.

4.1. Fotovoltaik Sistemin Sabit Egik Diizlemli Olarak Tasarimi ve Simiilasyonu

Sabit egik diizlemli fotovoltaik sistemin egimi ve panellerin yerlesim yonii Sekil 13’te verilmigstir. MRS Ugraglar
GES referans alimarak PVsyst giines enerjisi simiilasyon programiyla benzetimi yapilan FV sistemin
simiilasyonu yapildiginda invertdr ¢ikisinda 902 MWh/yil sebekeye verilebilecek enerji oldugu goriilmiistiir.
MRS Ugraglar GES’in 2020 yilinda 841,315MWh/y1l enerji tirettigi Tablo 1’de verilmisti. Simiilasyon sonucuna
gore, MRS Ugraslar GES’in yaklasik olarak % 6,8’lik daha az enerji irettigi goriilmiistiir. Arizalar sonucu
cikabilecek enerji tiretim kesintileri ve iiretimi azaltic1 yondeki diger etkiler (panel kirlenmesi, hava sartlar1 vb)
g6z oniinde bulunduruldugunda, program sonucu elde edilen enerji tiretim verileri ile gercek sistemin enerji
tiretim verileri arasindaki %6,8’lik bir farkin makul karsilanabilecegi ve programim saglikli veri verdigi
distiniilmektedir. Ayrica simiilasyon sonucunda kayiplarin biiyiik bir oraninin invertor kaybi, sicaklik nedeniyle
FV kaybi, Ohmik kablolama kaybi1 ve kirlenme kaybindan kaynaklandigi goriilmiistiir. Sistemin kayiplar
diyagrami Sekil 14°te verilmistir.

"Yeni simiilasyon varyant” icin kayiplar divagram-vil

1910 KWh/m?
— ___n:l——-—' (Global yatay 1ginlama
%% 15.7 Kolektore vansiyan global
l"‘f % -2.6 Global'e gére LAM faktini
2046 KWh/m? Y %30 Kirlenme kaybi faktarii
*3022 m? kol i i
Kolektdre isabet eden ethin 15imlama
STC'de verim= "% 16.54 FV déniigtiirme
Azimt 0 ¢ 1023 MWh Nominal dizi enejisi (STC vermminde)
Egim27° 1046 04 Isurum sevivesi nedenivle FV kayi
%73 Stcakh nedeniyle FV kaybt
Bat . Dogu %0.5 Modiil kalite kaybs
|
[jf %o -2.1 Uyumsuzhuk kayiplan, modiil ve diziler
$ %-11 Omik kablolama kaybi
Ganey 918 MWh MPP'de varsayilan dizi enerjisi
% %-16 Caligan invertdr kayb (verim)
3 %% 0.0 Invertdr kayb, agmn giig
4% 0.0 Invertér kayby, akun suun
1% 0.0 Invertér kayby, agmn gerilim
1% 00 Invertor kayby, giig suun
1% -0.1 Invertér kayby, gerilim smn
126 0.0 Gece titketimi
802 MWh Invertér glagmda kullandabilir enerji
902 MWh Sebekeye verilen enerji

Sekil 13. FV’nin diizlem egimi ve yerlesim yonii.  Sekil 14. Sabit egik diizlemli FV sistemin kayiplar diyagramu.
Fotovoltaik sistemlerin en dnemli bileseni kolektor diizlemidir. Sistemler karsilagtirilirken kolektor diizlemine
yansiyan referans enerji baz alinarak sistem performansi analizi yapilabilir. Sekil 15°de kolektor diizlemine
yanstyan referans enerji grafigi verilmis olup yansiyan referans enerjinin 6056 kWh/m?/giin oldugu gériilmiistiir.
Sekil 16°da FV sistemin giinliik gii¢ giris/cikis diyagramu verilmistir. Ideal sistemlerde iiretilen enerji giinliik
lineer olarak artar fakat sistemde kayiplar oldugu i¢in lineer olarak bir artis olmadigi gozitkmektedir. Fakat
grafikten de anlasilacagi iizere lineere yakin bir artis oldugu anlagilmaktadir.

Sabit egik diizlemli FV sistemin giinliik sistem ¢ikis enerjisi Sekil 17°de verilmistir. Panelin metrekareye diisen
1smin miktar1 da farkli diizlemler i¢in degismekte olup performans analizi i¢in yarar saglamaktadir. Ayrica sabit
egik diizlemli FV sistemin giinliik ¢ikis enerjisi Sekil 18’de verilmistir. Yaz aylarinda iiretilen enerjide belirgin
bir artig oldugu goriilmektedir.
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Sekil 15. Sabit egik diizlemli FV sistemin kolektor
diizlemine yansiyan referans enerji.

Yansiyan 1ginlama dagilim

=
=1

@
=3
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10

Kolektdre yanstyan global [kWh/m?/ Grup]

T
01/01'den 31/12'ye veriler
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Sekil 17. FV sistemin giinliik sistem ¢ikis enerjisi.

Giintik girlg/ ¢ikis divagrami

4000

3500

3000 -

2500

20001

1500}

Sebekeye verilen enerji [kWh/giin]

500

ol

1000~ P

 D1/01'den 31/12'ye veriler
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Sekil 16. Sabit egik diizlemli FV sistemin giinliik
girig-¢cikis diyagrami.

Giinliik sistem ¢ikis enerjisi

10

T T T T
—  Sebekeye verilen enerji

Wm

T T

L 1 L 1 . . L L L L
Oca $ub Mar Nis May Haz Tem Agn Eyl Eki Kas Ara

Sekil 18. FV sistemin giinliik ¢ikis enerjisi.

Tablo 3. Sabit egik diizlemli FV sistemin genel verileri.

GlobHor DiffHor T_Amb Globinc GlobEff Earray E_Grid PR

kWh/m? kWh/m? °C kWh/m? kWh/m? MWh MWh oran
Ocak 75.9 28.65 -3.11 119.9 110.8 54.38 53.48 0.893
Subat 88.6 30.53 -1.74 124.9 115.9 55.76 54.84 0.879
Mart 141.2 47.69 3.11 175.2 162.3 76.31 75.06 0.857
Nisan 1785 54.28 8.30 195.6 181.1 82.76 81.38 0.833
Mayis 2117 66.15 1341 209.7 193.9 86.40 84.97 0.811
Haziran 258.5 51.82 18.25 144.0 2254 97.14 95.55 0.784
Temmuz 252.9 52.86 22.20 245.0 226.2 95.53 93.96 0.768
Agustos 235.0 43.24 22.39 248.2 229.8 95.94 94.37 0.761
Eyliil 184.3 40.55 17.53 2215 205.4 88.55 87.11 0.787
Ekim 125.7 35.96 11.67 1714 158.9 71.52 70.35 0.821
Kasim 87.8 26.47 441 138.3 128.0 60.45 59.46 0.860
Arahk 69.9 22.92 -0.73 116.8 108.0 52.23 51.35 0.880
Yil 1910.0 501.13 9.71 2210.4 2045.7 916.96 901.90 0.817

Tablo 4. MRS Ugraslar GES ve PVSyst sabit eksenli aylik iiretim veri karsilagtirmasi.

MRS Ugraslar Ayhk PVsyst Ayhk Cift Eksenli
Uretim Verileri Uretim Verileri

AYLAR URETIM (kWh/ay) URETIM (kWh/ay) FARK (kWh/ay)
Ocak 36.043 73.700 37.657
Subat 59.871 70.800 10.929
Mart 68.334 100.700 32.366
Nisan 82.166 111.000 28.834
Mayis 94.200 122.600 28.400
Haziran 91.156 149.700 58.544
Temmuz 83.740 142.600 58.860
Agustos 93.289 136.900 43.611
Eyliil 85.376 120.800 35.424
Ekim 79.157 94.400 15.243
Kasim 42.840 82.600 39.760
Aralik 25.143 70.300 45.157

TOPLAM 841.315 kWh/yil 1.276.100 kWh/y1l 434.785 h/yil
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Tablo 3’te sabit egik diizlemli FV sistemin genel verileri goriilmektedir. Sebekeye verilen enerji 902 MWh/y1l
olarak goriilmektedir. MRS Ugraslar GES ve PVSyst simiilasyonu sabit eksenli panellere ait aylik iiretim
verilerinin kargilagtirma tablosu Tablo 4’te gosterilmistir.

Simiilasyon sonucuna gore, MRS Ugraslar GES’in yaklasik olarak 9%6,8’lik daha az enerji iirettigi goriilmiistiir.
Arizalar sonucu cikabilecek enerji iiretim kesintileri ve liretimi azaltict yondeki diger etkiler (panel kirlenmesi,
hava sartlar1 vb) goz oniinde bulunduruldugunda, program sonucu elde edilen enerji iiretim verileri ile gercek
sistemin enerji tiretim verileri arasindaki %6,8’lik bir farkin makul karsilanabilecegi ve programin saglikli veri
verdigi digiiniilmektedir. Ayrica iireticiden alinan bilgiler dogrultusunda temmuz ayinda tesiste olusan 3 giinliik
ariza nedeni ile tesis olmasi gerekenden daha diisiik enerji liretmistir. Bu veriler 1g1ginda elde ettigimiz %6,8’lik
fark ariza olugsmamasi durumunda daha da azalacaktir.

4.2. Fotovoltaik Sistemin Tek Eksen Takipg¢i Diizlemi ile Tasarimi ve Simiilasyonu

Tek eksen takip¢i diizlemli fotovoltaik sistemin panel yerlesim yonii Sekil 19°da verilmistir.

Eksen egimi 07 Eksen azimut 90°

Ban Dogu

Takip;i diizelmi, K-G yatay eksen Phi déniis sumrlar -60°/60°

Phi, eksen etrafindaki dontig agisidsr,
diirlem yatay oldugunda Phi=0,
batiya dogru Pha= 0

Sevir spurlarm ayarlavin (doguya dogm v *
Phi min , batiya dogru Phi maks.)

Eksen anmutu= 07

Sekil 19. Tek eksen takipgi diizlemli FV system.

Fotovoltaik sistemin simiilasyonu yapildiginda invertoér cikisinda 1132 MWh/yi1l iretilebilir enerji oldugu
goriilmiistiir. Sistemin kayiplar diyagrami Sekil 20°de verilmistir.

Kolektor diizlemine yansiyan referans enerji grafigi Sekil 21°de verilmistir. Burada yansiyan referans enerjinin
7585 kWh/m?/giin oldugu goriilmiistiir. Isinim miktarinin sabit egik diizlemli FV sistem 1gmim miktarma gore
yiiksek oldugu goriildii. Bu da kolektdr yiizeyinde daha fazla 1sinim oldugunu gostermektedir.

Giinliik gii¢ giris/cikis diyagrami, Sekil 22°de verilmistir. Sekil 22°deki grafikten de anlasilacag lizere sebekeye
giinliik verilen enerji miktar1 sabit egik diizlemde 3750 kWh/giin seviyesine kadar ¢ikmis iken tek eksen takipgi
diizlemli sistemde 5600 kWh/giin seviyelerindedir. Sekil 23’te yansiyan iginlanma dagilimi verilmistir. Sabit
egik diizlemli FV sistemde metrekareye diisen 1sinim 90 kWh seviyesinde iken bu deger tek eksen takipgi
diizlemli FV sistemde 130 kWh olarak goriilmektedir.

Ayrica Sekil 24’te giinliik sistem ¢ikis enerjisi gosterilmistir. Sabit egik diizlemli sistemde sistem ¢ikis enerjisi
yaz aylarinda 3750 kWh/giin seviyesini bulurken tek eksen takip¢i diizlemli FV sistemde ise 5600 kWh/giin
seviyesine kadar ¢ikmugtir. Tek eksen takipgi diizlemli sistem ig¢in genel bilgileri i¢eren Tablo 5’te
goriilmektedir. Sebekeye verilen enerji yaklagik olarak 1132 MWh oldugu gériilmektedir.

Tablo 5. Tek eksen takipci diizlemli FV sistemin genel verileri.
GlobHor  DiffHor T_Amb Globlnc GlobEff Earray E_Grid PR

kWh/m? kWh/m*>  °C kWh/m? kWh/m? MWh MWh oran
Ocak 75.9 28.65 -3.11 115.1 106.0 52.8 51.9 0.902
Subat 88.6 30.53 -1.74 124.2 115.2 56.3 55.3 0.892
Mart 141.2 47.69 3.11 204.6 191.5 90.3 88.9 0.869
Nisan 178.5 54.28 8.30 250.3 235.6 106.9 105.2 0.841
Mayis 211.7 66.15 13.41 293.3 276.5 121.2 119.3 0.814
Haziran 258.5 51.82 18.25 371.6 351.3 148.2 145.8 0.785
Temmuz | 252.9 52.86 22.20 361.8 342.0 141.5 139.3 0.770
Agustos 235.0 43.24 22.39 344.1 325.0 134.2 132.1 0.768
Eyliil 184.3 40.55 17.53 275.6 259.3 111.9 110.1 0.800
Ekim 125.7 35.96 11.67 187.0 1744 79.2 78.0 0.834
Kasim 87.8 26.47 441 136.4 126.1 60.4 59.4 0.872
Arahk 69.9 22.92 -0.73 104.3 95.6 47.1 46.3 0.889
Yil 1910.0 501.13 9.71 2768.4 2598.5 1150.1 1131.6 0.818
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"Yeni simiilasyon varyant1” icin kayiplar divagrami-yil

1910 EWh/m?

M Global vatay 1mnlama
—F;ifl. %% 449 Kolektére vansiyan global
F95-12 Global'e gore LAM faktori
" ~ X 16 T T T T T T T T T T T
2500 KWh/m? ey 26-5.0 Kirlenme kayb faktérii B v Voo seferans enerfi 7385 KWhind/gnn
* 3022 m? kol L
Kolektére isabet eden etlin 1gmnlama "
STCde verim= % 1634 FV déntigtiirme —_
1269 MWh Nominal dizi enegjisi (STC veriminde) 5E
405 01 Istum seviyesi nedeniyle FV kaybt 5
h ; % -8.6 Sicalh nedenivie FV kavin ?
% 0.5 Modiil kalite kaybs ;
Y% 2.1 Usumsuzluk kaviplan, modiil ve diziler E
% -1.3 Ohmik: kablolama kaybd E
1152 MWh MPF'de varsayilan dizi enerjisi s
%6 -1.6 Cahsan invertdr kayba (verim)
5% 0.0 Invertsr kayby, asm giig
4% 0.0 Invertdr kayby, alam suun
4% 0.0 Invertdr kayby, agin zerilim
4% 0.0 Invertdr kaybi, giig suun
4% -0.2 Invertdr kaybi. gerilim swun
1% 0.0 Gece tiiketimi
1132 MWh Invertér gilaginda kullamlabilir enegji
1132 MWh Sebekeye verilen enerji
—
Sekil 20. Tek eksen takip¢i diizlemli FV sistemin Sekil 21. Tek eksen takip¢i diizlemli FV sistemin
kayiplar diyagrama. kolektor diizlemine yansiyan referans enerji.
Giinliik giris / ¢1kis diyagram Yanstyan 1sinlama dagilimi
6000 T T T T T T T 140 T T T T T
01/01'den 31/12've veriler LH = = 01/01'den 31/12'ye veriler
S 120}
’lg‘ 5000 - =
5o g
= & 100}
2 1000} 1 é
B 30}
= 3000 1 =
E a 60+
e i g
E 2000 2w}
[ @
2 1000 g
o - 1 2 2
g
p Mo . . . . .
% 3 n 3 3 10 12 14 6 0 200 400 600 §00 1000 1200
Kolektore yanstyan global [kWh/m?/gin] Kolekitre yansiyan global [W/m~]
Sekil 22. Tek eksen takipgi diizlemli FV sistemin Sekil 23. Tek eksen takipgi diizlemli FV sistemin
giinliik giris-¢ikig diyagrami. giinliik sistem ¢ikis enerjisi.

Giinliik sistem cikis enerjisi

6000 T T T
——  Sebekeye verilen enerji

5000

4000

3000

kWh/glin

2000

1000

0

Oca Sub Mar Nis May Haz Tem Afu Eyl Eki Kas Am

Sekil 24. Tek eksen takipgi diizlemli FV sistemin yillik sistem ¢ikis enerjisi.

Tablo 6’da MRS Ugraslar GES ve PVSyst simiilasyonu tek eksenli panel sistemine ait aylik iiretim verilerinin
karsilastirma tablosu gosterilmistir. Simiilasyon sonucuna gore, sabit eksenli MRS Ugraslar GES’in tek eksenli
sisteme gore yaklasik % 25 daha az enerji iirettigi gozlemlenmistir. Ozellikle kis aylarinda hareketli panelin
verimi ¢ok fazla arttirdig: tespit edilmistir.

4.3. Fotovoltaik Sistemin Cift Eksenli Takipg¢i Diizlemi ile Tasarimi ve Simiilasyonu

Cift eksenli takipgi diizlemli fotovoltaik sistemin panel yerlesim yoni Sekil 25°te verilmistir. Fotovoltaik
sistemin simiilasyonu yapildiginda invertér ¢ikiginda 1276MWh/yi1l iiretilebilir enerji oldugu goriildii. Ayrica
simiilasyon sonucunda kayiplarin bilylik bir oranimnin invertdr kaybi, sicaklik nedeniyle FV kaybi ve Ohmik
kablolama kaybindan kaynaklandigi goriilmiistiir. Sistemin kayiplar diyagrami Sekil 26’da verilmistir.
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"Yeni simiilasyon varyant” icin kayiplar divagrami-yil

1210 KWh'm?
— __7_”:1_,-—“ Global vatay igmlama
% 63.1 Kolektore yansiyan global
[ %-04 Global'e gore LAM faktéri

Kirlenme kavi faktérii
Kolekiore isabet eden etkin 15mlama

2982 KWhim? Y %-50
*3022 m? kol

STC'de verim= % 16.34 FV donuigtiirme

Egim wlat}%‘SU“
/| Batt | | Dogu

Giiney 1301 MWh

Nominal dizi enerjisi (STC veriminde)
Istmm seviyesi nedeniyle FV kay

Agzimut smmlars -120%/120°

Sacakh nedeniyle FV kayi
Modiil kalite kayba

Uyumsurluk kayiplan, modiil ve diziler
Omik kablolama kayb

MPFde varsayilan dizi enerjisi
Cahsan invertér kayba (verim)

Invertdr kayby, agm giig

Invertdr kaybi, alom suun

Invertsr kayb, asm gerilim

Invertdr kayby, giig suun

Invertdr kayby, gerilim smn

Gece taketimi

Invertsr clasmda kullanddabilir enerji
Sebekeve verilen enerji

Sekil_Zé. Cift eksenli takip¢i diizlemli FV sistemin
kayiplar diyagrami.

1276 MWh
1276 MWh

Sekil 25. Cift eksenli takip¢i diizlemli FV system.

Tablo 6. MRS Ugraslar GES ve PVSyst tek eksenli aylik liretim veri karsilagtirmasi.
MRS Ugraslar Ayhk Uretim PVsyst Aylik Tek Eksenli

Verileri Uretim Verileri
AYLAR URETIM (kWh/ay) URETIM (kWh/ay) FARK (kWh/ay)
Ocak 36.043 51.900 15.857
Subat 59.871 55.300 -4.571
Mart 68.334 88.900 20.566
Nisan 82.166 105.200 23.034
Mayis 94.200 119.300 25.100
Haziran 91.156 145.800 54.644
Temmuz 83.740 139.300 55.560
Agustos 93.289 132.100 38.811
Eyliil 85.376 110.100 24.724
Ekim 79.157 78.000 -1.157
Kasim 42.840 59.400 16.560
Aralik 25.143 46.300 21.157
TOPLAM 841.315 kWh/yil 1.131.600 kWh/yil 290.285 kWh/yil

Sekil 27°de kolektdr diizlemine yanstyan referans enerji grafigi verilmis olup yansiyan referans enerjinin 8639
kWh/m?/giin oldugu gériilmiistiir. Isinim miktarmin sabit egik diizlemli FV sistem ve tek eksen takipci diizlemli
FV sistem 1sinim miktarma gore ¢ok daha yiiksek oldugu goriildii. Bu da cift eksenli takipgi sisteminin
iretiminin ¢ok daha yiiksek olacagini gostermektedir. Sekil 28°de giinliik gii¢ giris/cikis diyagrami verilmistir.
Grafikten de anlagilacagi lizere sebekeye giinliik verilen enerji miktari sabit egik diizlemde 3750 kWh/giin, tek
eksen takipgi diizlemli sistemde 5600 kWh/giin seviyelerinde iken bu degerin ¢ift eksenli takipgi diizlemli FV
sistemde 6000 kWh/giin oldugu ve giinliik giris/¢cikis egrisinin Onceki sistemlerin egrisine gére daha lineer
oldugu goriilmektedir.

Sekil 29°da yansiyan 1sinlanma dagilimi verilmistir. Sabit egik diizlemli FV sistemde metrekareye diisen 1ginim
90 kWh, tek eksen takip¢i diizlemli FV sistemde 130 kWh seviyesinde iken ¢ift eksen takip¢i diizlemli sistemde
220 kWh olarak goriilmektedir. Sekil 30°da giinliik sistem c¢ikig enerjisi gosterilmistir. Sabit egik diizlemli
sistemde sistem ¢ikis enerjisi yaz aylarinda 3750k Wh/giin, tek eksen takip¢i diizlemli FV sistemde 5600
kWh/giin, cift eksenli takipgi diizlemli FV sistemde 6000 kWh/giin seviyelerindedir. Tablo 7°de ¢ift eksenli
takip¢i diizlemli sistem igin genel bilgileri igeren tablo gériilmektedir. Sebekeye verilen enerji 1276,2 MWh
olarak goriilmektedir. Tablo 8°de MRS UGRASLAR GES ve PVSyst simiilasyonu cift eksenli panel sistemine
ait aylik liretim verilerinin karsilastirma tablosu gosterilmistir. Simiilasyon sonucuna gore, sabit eksenli MRS
Ugraslar GES’in ¢ift eksenli sisteme gore yaklasik %41 daha az enerji iirettigi gozlemlenmistir. Ozellikle kis
aylarinda hareketli panelin verimi ¢ok fazla arttirdigi tespit edilmistir. Tasarlanan sistemler genel agidan
incelendiginde, Tablo 9’da belirtilen sonuglara ulagilmigtir. Tablo 9°da yil bazinda FV sistemlere ait genel veriler
gosterilmistir. Bu veriler dogrultusunda kolektore yansiyan referans enerji sabit egik diizlem baz alindiginda tek
eksen takipei diizlemli sistemde %25, ¢ift eksen takip¢i diizlemli sistemde %42 daha fazla oldugu goriilmiistiir.
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Kolektore yanstyan referans enerji, panelin giines 1sinlarini alma siiresi ve agistyla dogru orantili oldugundan ¢ift
eksenli takipgi diizlemli sistemin giines 1sinlarini ¢ok daha fazla ve dik aciyla aldig1 goriilmiistiir.
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Tablo 7. Cift eksenli takip¢i diizlemli FV sistemin genel verileri.

GlobHor  DiffHor T_Amb Globinc GlobEff Earray E_Grid PR

kWh/m? kWh/m? °C kWh/m? kWh/m? MWh MWh oran
Ocak 75.9 28.65 -3.11 167.1 157.9 74.9 73.7 0.883
Subat 88.6 30.53 -1.74 163.5 154.4 72.0 70.8 0.867
Mart 141.2 47.69 3.11 235.9 222.8 102.4 100.7 0.854
Nisan 178.5 54.28 8.30 266.8 252.1 112.9 111.0 0.833
Mayis 211.7 66.15 13.41 302.7 286.0 124.7 122.6 0.811
Haziran 258.5 51.82 18.25 382.9 362.5 152.2 149.7 0.783
Temmuz 252.9 52.86 22.20 372.8 352.9 145.0 142.6 0.766
Agustos 235.0 43.24 22.39 382.1 342.8 139.2 136.9 0.757
Eyliil 184.3 40.55 17.53 309.3 292.7 122.8 120.8 0.781
Ekim 125.7 35.96 11.67 232.8 220.1 95.9 94.4 0.811
Kasim 87.8 26.47 4.41 1944 163.9 84.0 82.6 0.850
Arahk 69.9 22.92 -0.73 163.0 154.1 715 70.3 0.863
Yil 1910.0 501.13 9.71 3153.2 2982.4 1297.3 1276.2 0.810

Tablo 8. MRS Ugraslar GES ve PVSyst ¢ift eksenli aylik iiretim veri karsilagtirmasi.
MRS Ugraslar Ayhk Uretim PVsyst Ayhk Cift Eksenli
Verileri Uretim Verileri

AYLAR URETIM (KWh/ay) URETIM (kWh/ay) FARK (kWh/ay)
Ocak 36.043 73.700 37.657
Subat 59.871 70.800 10.929
Mart 68.334 100.700 32.366
Nisan 82.166 111.000 28.834
Mayis 94.200 122.600 28.400
Haziran 91.156 149.700 58.544
Temmuz 83.740 142.600 58.860
Agustos 93.289 136.900 43.611
Eyliil 85.376 120.800 35.424
Ekim 79.157 94.400 15.243
Kasim 42.840 82.600 39.760
Arahk 25.143 70.300 45.157
TOPLAM 841.315 kWh/y1l 1.276.100 kWh/y1l 434.785 kWh/yil




(1]

(2]

(3]
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Tablo 9. Y1l bazinda FV sistemlere ait genel veriler.
PVsyst Sabit Eksenli PVsyst Ayhk Tek PVsyst Ayhk Cift

il\;lrztsix:ljg\;‘::illi rl:iAyllk Aylik Uretim Verileri Eksenli Uretim Eksenli Uretim

Verileri Verileri

AYLAR URETIM (KWh/ay) URETIM (kWh/ay) URETIM (kWh/ay) URETIM (kWh/ay)

Ocak 36.043 53.480 51.900 73.700

Subat 59.871 54.840 55.300 70.800

Mart 68.334 75.060 88.900 100.700

Nisan 82.166 81.380 105.200 111.000

Mayis 94.200 84.970 119.300 122.600

Haziran 91.156 95.550 145.800 149.700

Temmuz 83.740 93.960 139.300 142.600

Agustos 93.289 94.370 132.100 136.900

Eyliil 85.376 87.110 110.100 120.800

Ekim 79.157 70.350 78.000 94.400

Kasim 42.840 59.460 59.400 82.600

Aralk 25.143 51.350 46.300 70.300

TOPLAM 841.315 kWh/yil 901.880 kWh/y1l 1.131.600 kWh/y1l 1.276.100 kWh/y1l

5. SONUC

Bu caligmada, FV sistemin sabit egik diizlemli, tek eksen takipgi diizlemli ve ¢ift eksenli takipgi diizlemli olarak
PVsyst platformu altinda tasarimi ve benzetimi yapilmistir. Tasarlanan sistemlerin performans analizlerinde
yillik tiretimlerine, kolektdr 1sinim degerlerine bakilmistir. Sabit egik diizlemli sistemden 902 MWh/yil, tek
eksen takipgi diizlemli sistemden 1132 MWh/yil, ¢ift eksenli takip¢i diizlemli sistemden ise 1276 MWh/yil
enerjinin sebekeye verilebildigi goriilmistiir. Tek eksen takipg¢i diizlemli sistemin % 235, ¢ift eksenli takipgi
diizlemli sistemin ise % 41, sabit egik diizlemli sistemden daha fazla enerji iiretebildikleri goriilmistiir. Takipgi
diizlemli sistemler giinesi takip edip giines isinlarini kolektdre en dik agida alma prensibiyle calistiklar igin
iiretim daha fazla olmustur. Kurulum ve bakim maliyetleri goz oniine alindiginda ¢ift eksen takipc¢i diizlemli
sistemlerin kurulumunun tek eksen takip¢i diizlemli ve sabit egik diizlemli sisteme gore daha avantajli olacagi
diisiiniilmektedir. Tasarlanan FV sistemler incelendiginde FV sistem tasarim asamasinda performans analizleri,
ilk kurulum ve bakim maliyetleri goz 6nilinde bulundurularak projelendirme yapilmalidir. FV sistemler iiretimleri
ile ilk kurulum ve bakim maliyetlerine gore siniflandirilmali yatirimciya kuracagi sistemin maliyetini en kisa
siirede amorti edip kara gegebilecegi sistem Onerilmelidir. Diinyadaki enerjinin ihtiyacini bilyilik bir kisminin
komiir, petrol, dogalgaz gibi fosil yakitlardan elde ediliyor olmasi dogaya ciddi zararlar vermekte ve karbon
emisyonunu arttirmaktadir. Bu orani azaltmak dolayisiyla dogaya verilen zararlart diisiirmek i¢in yenilenebilir
enerji kaynaklarindan enerji iretimini yayginlastirmak biiyllk 6nem tasimaktadir. Ayni kurulu giicteki
sistemlerden daha fazla enerji {iretme yollar1 aramakta bu duruma katki saglayacaktir.
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MAKALE BILGIiSI OZET

Makale Tarihleri Kablosuz haberlesme sistemlerinde, sinirli frekans bandini en verimli sekilde
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calismada, yiiksek hizli veri iletiminin yan1 sira bant genisligini birgok alt
banda bolerek ve yalnizca alt yan bantlar filtreleyerek kanal ici girisim
sorununu en aza indiren bir ¢oklu tagiyici sistemi olan Evrensel Filtreli Coklu
Tastyic1 (UFMC) teknigi ele alinmistir. Ayrica bu ¢aligmada, derin 6grenme
yontemlerinin 6grenme yeteneginden, dogrusal olmayan problemleri ¢6zme
esnekliginden ve daha az parametre ve paralel isleme kabiliyetleri kullanarak
donanim yiikiinii azaltmasindan yararlanilarak UFMC sistemlerinde sembol
UFMC, Sembol tespiti, LSTM, tespiti gerceklestirilmistir. Onerilen LSTM ve CNN tabanli derin 6grenme
CNN ydntemleri, diisiik Sinyal-Giiriiltii Oran1 (SNR) seviyelerinde bile geleneksel
sembol tespit algoritmalarindan daha diisiik Bit Hata Oran1 (BER) degerleri
saglar ve sistemin sembol tespit performansini zorlu kanal kosullar1 altinda
onemli dlgilide artirir. Bu sekilde, UFMC sistemlerinin spektral verimliligi ve
genel iletisim performansi iyilestirilmistir.
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1. INTRODUCTION

Recently there has been a significant increase in mobile data traffic. In the future, with the increasing number of
intelligent and similar human-centered devices, as well as the widespread use of the Internet of Things technology,
mobile internet will become an important part of our lives. This situation is also accelerating the development of
next and new-generation communication technologies. In addition to meeting mobile user needs, the integration
of Internet of Things (1oT) technology and the seamless provision of communication between objects depend on
the development of next-generation wireless communication systems that offer high data rates and spectral
efficiency.[1]

One of the important problems of wireless communication systems is their sensitivity to multipath fading. The
ability to resist multipath fading and at the same time provide high-speed data transmission makes multicarrier
systems preferred for wireless data transmission. In this context, the Orthogonal Frequency Division Multiplexing
(OFDM) technique forms the basis of many high-speed communication systems. However, OFDM systems are
sensitive to time-frequency shifts and multipath delays, and the Cyclic Prefix (CP) used to alleviate these problems
reduces the spectral efficiency of the system. In addition, OFDM's use of square waveforms can lead to the
formation of wide sidebands and data corruption when synchronization between subcarriers is not provided [2].
To eliminate the mentioned drawbacks of the OFDM system, the use of Universal Filtered Multicarrier (UFMC)
waveform is recommended in next-generation communication systems. Unlike OFDM, in the UFMC technique,
the bandwidth is split into numerous subbands, and the subbands containing multiple carriers are filtered. As a
result, instead of filtering the entire band, only the subbands are filtered, reducing distortions even further and
eliminating potential inter-carrier interference (IClI). Additionally, since this technique does not require CP unlike
OFDM, it provides higher spectral efficiency, enabling faster data transmission [3-5].

In wireless communication systems, estimating the channel state response is critical for the correct reception of
transmitted symbols [6-22]. Traditional algorithms used for symbol detection require full knowledge of the channel
model and its parameters. However, in some cases, especially when the channel model is quite complex or not
well understood, the performance of traditional algorithms decreases. Additionally, channel state information
(CSI), which refers to knowing the instantaneous parameters of the channel model, can mitigate the disruptive
effects of the channel at the receiver [6-7]. Therefore, traditional techniques based on the channel model require
the estimation of instantaneous CSI. However, this process not only brings an additional overhead that reduces the
transmission speed, but also significantly degrades the symbol detection performance in case of incorrect CSI
estimation [8].

The estimation of channel inpulse response and data detection rely on classic estimation algorithms such as Least
Squares (LS), Minimum Mean Square Error (MMSE), Least Square Error (LMS), and Maximum Likelihood (ML).
Although the MMSE algorithm used in channel estimation has high performance, its practicality in real-time
circuits is limited due to the requirement for statistical channel data, which is challenging to acquire during real-
time data transmission. While the use of the LS algorithm is easy, its performance is inadequate in fading channels,
which reduces its usefulness [6-7]. Additionally, even though the ML algorithm outperforms the other techniques,
its computing increases in direct proportion to the number of antennas in the system when a multiple antenna
configuration is employed. Therefore, the usability of this algorithm will be limited for MIMO systems [9].

In recent years, deep learning neural networks have attracted considerably of interest as a potential solution for
challenging problems in engineering [6-18]. Deep learning focuses on the ability to learn using mathematical
models called artificial neural networks, which essentially attempt to mimic biological neural networks. This
technique involves deep learning models, often referred to as multilayered neural networks. These models are
capable of learning complex patterns and features on data at a hierarchical level. Deep learning can perform more
complex tasks than previous machine learning approaches because these models can be optimized to solve
problems by processing large and diverse data sets [23-27].

The deep learning process includes two phases which are the training phase of the model and the inference phase
of the model. The training phase involves the feeding of the model with a large number of data instances and
weight update; the inference phase involves prediction of new instances that the model has not encountered before
[10-27]. Thus, the ability of deep learning neural networks to learn, the ability to process data in parallel, the low
hardware requirements and the ability to solve nonlinear problems make these methods applicable in many fields.
Besides, deep learning techniques are able to revolutionize the communication technologies by enhancing their
intelligence, security and efficiency in tackling wireless communication challenges like symbol detection and
channel estimation [10-18].

Deep learning-based communication systems have become the focus of research due to their ability to decipher
the relationship between channel inputs and outputs without using an explicit channel model, demonstrating
superior performance not only in symbol detection but also in channel estimation. Furthermore, since these
techniques are not dependent on the channel model, they can work efficiently even in cases where the model is
unknown or the parameters cannot be estimated exactly [10,11]. When we consider to the literature, in [11], the
performance of a signal detector designed with convolutional neural networks was compared with succesive
interference cancellation (SIC), yielding a better symbol error rate. Studies in [12,13] have shown that deep
learning neural networks outperform LS and MMSE methods in terms of bir error rate (BER) performance. In the
study in [14], a feedback structure based on the receiver's Signal-to-Noise Ratio (SNR) information was created
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at the receiver side of MIMO systems to learn channel coefficients using deep learning. Also in [15], a type of
deep learning called long short-time (LSTM) deep learning was proposed for OFDM systems. Investigating
NOMA systems is another area where deep learning neural networks have been used for symbol detection [16,17].
However, while most studies on channel estimation in UFMC systems in the literature focus on traditional
methods, only a few involve deep learning techniques [18-21]. In [18], pilot tone-assisted channel estimation in
UFMC systems was investigated, demonstrating the applicability of classical channel estimation methods in
UFMC, while [19] introduced a new channel estimation method for the uplink of multi-user UFMC systems. In
another study, traditional channel estimation algorithms in UFMC systems based on comb-type pilot tones were
compared, and the optimization problem of pilot signals was formulated in closed form [20].

The DL-based detector proposed for symbol detection in UFMC systems was provided in [21]. The proposed
system's performance was evaluated in comparison to that of OFDM systems based on DL and signal detection
performed using conventional channel estimation methods. The results of these studies clearly demonstrate that
deep learning neural networks are highly successful at detecting symbols in multicarrier systems.

In this paper, deep learning techniques are employed to enhance the capability of UFMC systems in dynamic
environments and to address the limitations of conventional symbol detection and channel estimation techniques.
Conventional methods assume complete knowledge of the channel model and its parameters, and thus may be less
effective in scenarios with complex or unknown channel conditions. In this scenario, deep learning-based methods
are advantageous because they can learn the relationships between the channel inputs and outputs in a more robust
manner without the need for a channel model. These methods can be adjusted to the changes in channel conditions
through artificial neural networks and give a better detection of the symbols. In the case of UFMC systems, deep
learning techniques improve the symbol detection and channel estimation that enhances the spectral efficiency
thus improving the data transmission rates and offers better performance in various channel environments
including the multipath fading channel. In this paper, the focus is on the use of deep learning algorithms in order
to improve the performance of UFMC systems that can be used in wireless communication systems in order to
transmit reliable and high-quality data.

2. MATERIAL-METHOD
2.1. UFMC System Model

Figure 1 illustrates the configuration of the receiver and transmitter in the UFMC system. When generating UFMC
signals, the information bits are initially modulated using quadrature amplitude modulation (QAM). Following
this, the complete QAM symbol vector band is subdivided into Ng distinct sub-bands, each of which has a specific
dimension and does not overlap. The QAM symbols separated into multiple sub-bands are subjected to the N-point
inverse fast Fourier Transform (IFFT). This process yields the expression of the ith subband in time-space (Eq.1).

xi(k) = =N Xi(n)e2™eN 0 <k<N-1, 1<i<Ng (1)

Here, X;(n) is defined as the signal in the frequency space on the ith subband. Additionally, n, N, and Ny denote
subcarrier indexes, number of subcarriers, and number of subbands, respectively. Subband signals obtained after
the IFFT process are filtered using a finite impulse response (FIR) filter. Eventually, the filtered signals are
collected and the transmitted UFMC signal is

w(k) = S wi(k), 0<k<N+L—1 @)

obtained by the formula. Here, w;(k) indicates the filtered signal in the ith subband, while L indicates the filter
length. The w; (k) is obtained after the filtering process is applied:

wi(k) = x,(k) = fi(k), 0<Sk<N+L—-1 1<i<N, 3)

is found by the convolution process. Here, f;(k) shows the impulse response of the FIR filter used in the ith
subband to filter the signal x; (k).

As depicted in the figure above, the signal processing steps implemented at the receiver end of UFMC system are
explained. First, the received UFMC signal r(k) is first converted from sequential to parallel form (S/P). At this
stage, the length of signal is increased up to 2N this is done in the time domain by a process known as padding.
Expanding the signal to 2N is very important in order to get a better and more precise signal processing and
representations in frequency domain. This extension leads to the capability of calculating more frequency
components during FFT process and thus improves the spectral resolution [20]. Then, a 2N-point FFT process is
applied on the extended signal to get the frequency domain signal. The 2N complex signal components are obtained
in the form of R(k) vector after the application of FFT process. In this vector only the even placed samples are
taken and the odd ones are dropped, this is done to get a higher frequency of resolution and better modelling of
channel effects. The chosen samples are further processed by a frequency domain equalization in order to remove
the channel distortion and to improve the signal to noise ratio. This equalization process carried out in the
frequency domain helps in reducing the impairment common with UFMC systems including multipath fading and
channel distortion. The vector signal at the receiver end is given as X(n) and it contains the symbol information
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and the demodulator takes this vector and convert it from parallel form to the sequential form. The QAM
demodulator enables the detection of the original data bits. This process is crucial to enhance the signal detection
of UFMC systems to improve their performance. Taking the signal to 2N at the receiver end enhances the
performance of wireless communication systems in that channel estimation and symbol detection is enhanced.
This method enhances the symbol detection efficiency particularly under different channel conditions thus
improving the efficiency of UFMC systems [20].
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—» Modulator > N ‘W—F Channel
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Figure 1. UFMC System Model.

Considering these, the extension of the UFMC signal to 2N at the receiver end and the FFT process are deemed as
two important signal processing steps. These processes are intended for ensuring the high level of symbol detection
accuracy and the minimizing of channel effects. The employment of the signal extension and the FFT is useful in
combating against the effects of spectral leakage and multipath fading which are normal in multi-carrier systems.
Nonlinear compensation, frequency domain equalization and QAM demodulation facilitate the removal of
distortions that may have occurred during transmission and extraction of the original data bits. Thus, these methods
used in UFMC systems are quite effective to enhance the performance of the state-of-the-art wireless
communication systems.

2.2. Convolutional Neural Network (CNN)

A deep learning technique known as CNN is designed based on the visual perception mechanisms of biological
organisms. It is a feed-forward and multi-layer approach. CNN is extensively utilized in various domains,
including pattern recognition, classification, and data prediction. Moreover, it is highly successful in signal
detection and channel estimation within wireless communication systems. The CNN algorithm employs a multi-
layered approach to analyze images or data, utilizing the complete dataset or its features. The traditional CNN
architecture usually contains five primary layers: input layer, convolution layer, pooling layer, normalization layer,
and output layer. The convolution layer is employed to determine the characteristics of the provided input. By
evaluating the availability of the network in the pooling layer, the network's parameters and computational
workload are decreased. Ultimately, the classification procedure is executed within the normalization layer [22,
23].

In each dataset, n convolution filters are employed in the convolution and pooling layer of the CNN structure to
extract n feature vectors. All feature vectors are collected in the X matrix as shown in Eq. (4).

X = ReLU(data, A,) 4

Here, the information received from the input layer involves several image sequences (44, 4, ..., 4,). ReLU, on
the other hand, functions as a non-linear activation function working on neurons. The convolution layer consists
of a, W, € R%*sfilter. Here s is the step size of the filter and d is the feature vector size n. The feature vector created
by the filter is obtained as shown in Eg. (5).

V = f(conv(X.W,) + b) (5)
Here, b is a vector indicating the function's intersection point, which is utilized to carry out the linear classification.
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The output of the convolution layer is subsampled with the help of the pooling layer. In pooling, the commonly
used technique is applying a maximum operation to the outcomes of each filter. In Eqg. (6), the pooling layer output
value is obtained.

X = (max{v}) (6)

Through the utilization of maximum pooling, minimum values are not given to the network and the processing
load on the upper layers is reduced. The generated X feature vector is then transmitted to the normalization layer.
In conclusion, by preventing breaks or powerful responses that may occur in the feature vector, the normalization
layer reduces the error rate during the classification process [24].

2.3. Long Short-Term Memory (LSTM)

LSTM is a special type of Recurrent Neural Network (RNN). LSTM is a distinct variant of Recurrent Neural
Network (RNN). LSTM has the capacity to learn long-term dependencies and stores critical information for
extended periods. LSTM, which has three types of gate terminals: input gate, forget gate, and output gate, creates
a new channel between the input and output and ensures that the error value coming from different layers is kept
constant by backpropagation. On the other hand, the entry gate selects information that needs to be stored, while
the forget gate selects information that does not need to be stored. The gates which resemble a neuron structure,
have a network structure that performs the activation function. Therefore, incoming data contains the capability to
be stored or deleted based on a determined weight. These weights are calculated as the network iterates during the
learning phase. Through the utilization of this network architecture, the system acquires the ability to receive,
store, or delete incoming data [25].

In the LSTM network, it is first decided which input data will be passed through the network. This decision is
made by the sigmoid layer called the forget gate. As indicated in Equation (7), the sigmoid layer contains
information about how much of each input data will be passed by giving values between 0 and 1 [25].

ft = O-(fot + th't—l + cht—l + bf) (7)

Here, f;, h:, and ¢, show the forgetting gate, hidden layer output, and memory information at time t, respectively,
while x, gives the number of input features. Additionally, b, represents the amount of deviation and W, represents
the weight matrix. In the next step, it is decided which new data will be stored. In this step, which is carried out in
two stages, firstly, the information about which data will be updated is examined with the sigmoid layer, as shown
in Eq. (8), and in the second step, the new values vector is created as in Eq. (9) using the tanh layer. The status
update is performed by combining these two statements [26].

iy = o(Wixe + Wihe_q + Wice_q + by) ®)

ét = tanh(VVCxt + VVCht—I + bC) (9)
The memory update process is shown in Eq. (10).

ct = feeq il (10)

In conclusion, as shown in Eq. (11) and Eq. (12), a sigmoid layer is run again to decide which states of the network
will be output, while the decision information given by the tanh layer is obtained as output [26].

0 = o(Woxy + Wohy_y + Wycey + by) 11)
hy = octanh(c) (12)
Here, the term o, refers to the output.

3. SIMULATION RESULTS

In this section, the performances of CNN and LSTM networks, which are deep learning methods, have been
compared with classical algorithms LS and LMMSE algorithms used in symbol detection. In order to demonstrate
the performance of the proposed deep learning networks in UFCM systems, evaluations have been conducted
based on the BER criteria in transmission scenarios of Rican and Rayleigh fading channel models at SNR values
ranging from 0 to 30 dB.

Rician and Rayleigh fading channels are channels that are characterised by multipath propagation in wireless
communication and present a major challenge to symbol detection. In Rician fading channel, the direct Line-of-
Sight (LOS) path is available along with multipath paths. This channel model in general has a better stability
because a lot of the signal power is contained in the LoS component. In contrast, Rayleigh fading channel
represents an environment where the LoS component is absent and the amplitude and phase of the signals reach
the receiver randomly due to the interference of the waves reflected and refracted by the surrounding obstacles;
this causes the signal power to be more variable and creates a more complex structure for symbol detection. It has
been stated in the literature that Rician channels have a more stable structure than Rayleigh channels due to
completely random phase and amplitude changes due to the LoS component [14, 15].
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Figure 2 and Figure 3 compare the performances of various symbol detection algorithms (LS, LMMSE, CNN and
LSTM) under these two different channel conditions. In Figure 2, under Rician fading channel conditions, the
LSTM algorithm exhibits superior performance by providing lower BER compared to traditional methods (LS and
LMMSE) and the CNN algorithm. It can be observed that the conventional techniques LS and LMMSE algorithms
have high BER values in low SNR conditions and are unsuitable for such difficult channel conditions. The LS
algorithm has the highest BER values, and the performance is poor particularly at low SNR level. Although the
LMMSE algorithm is better than LS algorithm, it does not offer satisfactory performance under Rician channel
conditions. On the other hand, CNN and LSTM based techniques offer lower BER results in every SNR level
indicating a better performance under challenging and dynamic environment including Rician fading channels.
Specifically, the BER performance of LSTM algorithm is the best among all the algorithms considered in this
paper. Here, when the BER is 10, the SNR gain offered by the LSTM algorithm is 14 dB more than the LS
algorithm and is 2 dB more than the CNN algorithm which is the next best performing. At BER value of 102, the
LSTM algorithm has a 7. It can be seen that the proposed algorithm achieves 5 dB better SNR gain than the
LMMSE algorithm and a 2. The proposed method achieves 5 dB better SNR gain than the CNN algorithm. Also,
when SNR value is 20 dB, it is seen that the BER difference between LSTM and LS algorithms is higher than the
10t ratio. From these results, it can be seen that LSTM has the ability to capture the dependencies in the time series
data and the changes in the channel characteristics. On the same note, the CNN model offers accurate symbol
detection despite the low SNR due to the model’s capacity to learn the spatial features of the signal.

10°

Bit Error Rate (BER)
Bit Error Rate (BER)

—6— LMMSE
——CNN
—*—LSTM
10-4 L L L Il 1 10-3 Il L Il Il 1 ¥
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Signal-Noise Ratio (dB) Signal-Noise Ratio (dB)
Figure 2. BER-SNR values of the estimators over Figure 3. BER-SNR values of the estimators over
Rician Fading Channels. Rayleigh Fading Channels.

To illustrate the performance of the symbol detectors under poor channel conditions, the transmission scenarios in
Rayleigh channel conditions were depicted in Figure 3. The conventional schemes LS and LMMSE depicted in
the figure do not yield good results when the channel is severe with high BER and low SNR. LS reduction has the
highest BER values and proves that the system performance is poor at low SNR values. Although LMMSE
program is better than LS, still it is not very efficient in Rayleigh channel conditions. On the other hand, the deep
learning based models CNN and LSTM offer better BER performance for the complex and variable, as in the case
of Rayleigh fading channel, with the provision of lower BER in all SNR bands.

Of all the proposed results, the LSTM programs especially give the minimum BER values and give the highest
probability of symbol detection. From the Figure 3, it can be seen that there is no decline in the performance of
LSTM even when the channel is noisy. This is because LSTM transition is able to learn the distortions in the data
flow in the time series and the channel characteristics and thus in most cases including the difficult ones such as
Rayleigh fading channels, it produces better results than the other channels. For instance, when the BER value is
102, LSTM boosting has a 2 dB better SNR gain than CNN, 4 dB better than LMMSE, and 12 dB better than LS
illumination. This proves that the use of LSTM technology is more effective in terms of BER than the conventional
techniques and the CNN technology. This comparison shows that random changes in the signal's amplitude and
phase make it harder to find symbols in Rayleigh fading channels. The LSTM algorithm, on the other hand, has
lower BER values than both CNN and traditional algorithms under both channel types. These gains can be
attributed to the LSTM algorithm’s capacity to learn the dependencies in time series data and its ability to adapt
to changes in channel properties effectively.

It can be observed from the both figures that deep learning techniques and especially LSTM outperform classical
techniques for the Rician and Rayleigh fading channels. This scenario demonstrates the potency and the need to
apply deep learning-based algorithms in enhancing the symbol detection efficiency. The effectiveness of deep
learning methods stems from the fact that these methods are able to learn from the data representations that are not
easily discernable to the human eye. As for LSTM, for instance, it has the ability of capturing long term
dependencies in time series data, which makes it produce a good performance even in the presence of channel
variability. The repetitive structure of LSTM enhances the model’s capability to cope with changes in the channel
conditions and thus improve the symbol detection. Moreover, the deep learning methods do not necessarily require
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the knowledge of the channel model as is the case with traditional algorithms and this makes the deep learning
methods to be quite useful even under unknown or complicated channel conditions. Therefore, the results of this
study indicate that deep learning techniques can enhance the overall performance of wireless communication
systems by enhancing the reliability and precision of symbol detection, particularly in conditions of multipath
fading or in situations where spectral efficiency is of paramount importance.

4. CONCLUSIONS

In this study, the suitability of LSTM and CNN deep learning architectures to enhance symbol detection in UFMC
systems was compared and discussed in details. The numerical results derived indicate that both deep learning
methods deliver better performance than conventional methods. In particular, the BER of the LSTM model was
the lowest and even in the complex channel conditions and variable SNR, it was 30-50% lower than the BER of
the traditional LS and LMMSE algorithms. This can be attributed to LSTM’s ability to learn data dependencies
and channel features for a certain period of time. Therefore, the adaptive nature of LSTM makes it very ideal for
the dynamic and fading environments.

On the other hand, the proposed CNN model was able to learn the spatial features from the given images for
symbol detection and showed relatively better results than all the other models for low SNR levels. Based on the
results of the study, the CNN method showed a BER improvement of 20-40% over conventional methods which
enhanced the detection of the signal and the minimisation of the channel interference. Both models enhance the
performance of symbol detection in various channel conditions thereby enhancing the spectral efficiency and data
transmission rate of UFMC systems. The numerical results from this work reveal that LSTM and CNN are viable
and efficient tools for the detection of symbols in UFMC systems.

These results confirm that deep learning-based methods, especially LSTM and CNN, are powerful tools to improve
the performance of symbol detection under variable channel conditions. LSTM’s capacity to learn dependencies
and channel variations in time series data and CNN’s ability to model the spatial properties of the signal make
both methods superior in difficult channel conditions. Therefore, deep learning methods are expected to be more
widely used in future wireless communication systems.
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ABSTRACT

Nowadays, target or object tracking has become an important issue for
many areas especially for research in defense industry. Parameters such as
the position, speed and direction of the target being followed, and the attack
angle-velocity of the shooting system are important. The primary solutions
for parameter estimations (information) such as speed and orientation in
target tracking are alpha-beta and alpha-beta-gamma filters. These filters
have attracted attention for a while due to their ease of use in applications
and calculations. Since these non-adaptive structures cannot alter their
parameters according to changing conditions, their filtering coefficients are
fixed, and can be turned into adaptive-dynamic according to the need in
problem. For this reason, Kalman-based filter approaches have emerged as
an alternative solution in target tracking over time. In this study, the
performances of the mentioned filter algorithms are compared through
some case studies, and their superiority and differences from each other are
emphasized according to the simulation results.
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OZET

Giliniimiizde hedef takibi bir ¢ok alanda Ozellikle savunma sanayi
caligmalarinda 6nemli bir konu haline gelmistir. Takip edilen hedefin
konumu, hizi, yonii ile hedefe atig planlaniyor ise atis sisteminin hareket
acis1 ve hiz1 gibi parametreler 6nem arz eder. Hedef takibinde konum-hiz,
yonelim gibi bilgilerin kestiriminde en eski ¢éziimler alfa-beta ve alfa-beta-
gama filtreleridir. Bu filtreler uygulama ve hesaplama kolaylig1 6zellikleri
sebebiyle bir siire ilgi gérmiistiir. Uyarlamali olmayan bu yapilar, degisen
kosullara gore parametrelerini degistiremediklerinden filtreleme katsayilari
sabittir, probleme gore uyarlamali-dinamik hale getirilmeleri gerekebilir.
Bu nedenle Kalman tabanlh filtre yaklasimlar1 hedef takibinde zamanla
baska bir ¢6ziim olarak ortaya ¢ikmistir. Bu ¢alismada, sozii gecen filtre
algoritmalart O6rnek bir durum ¢alismasi iizerinden performans
karsilastirilmasina tabi tutulmus, benzetim sonuglarma gore istiinliik ve
birbirlerinden farkliliklart vurgulanmstir.
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1. GIRIS

Hedef takibi (target/object tracking) problemi uzun yillar bir ¢ok uzmanlikta ¢alisma konusu olmustur. Hedef
takibinde, filtre tasarim modeli ile sistem modeli arasindaki uyumsuzluk ya da hedefin manevrasi sonucu sistem
modelinin dinamik degisimleri, gelistirilen algoritmalarin beklenmeyen sonuglar iiretmesine sebep olabilir [1-2].
IIk ¢alismalar, hedef takibinde alfa-beta veya alfa-beta-gama (alpha-beta-gamma) gibi uyarlamali olmayan
filtreleri kullanilmakta iken zaman igerisinde parametreleri sabit olan bu filtrelerin degisen kosullara gore
uyarlamali (adaptif)-dinamik versiyonlari ile performanslarinin gelistirilmesi ihtiyact ortaya ¢ikmistir. Bu nedenle
uygulama kolaylig1 ve islemci giicli gereksinimlerinin az olmasi gibi avantajlarina ragmen bu filtrelerin yerine
degisen dinamiklere hizli cevap verme O6zellikleri olan filtre yapilar1 arastirilmaya baglanmistir. Giiniimiizde
bunlarin arasindan en sik kullanilanlari ise Kalman tabanli filtrelerdir [3-4].

Bu caligmada, Lineer Kalman (LK) tabanli filtre yapisi, kinematik olarak modellenen (hareketli) bir hava aracinin
konum, hiz veya ivme gibi parametreleri {izerinden takibini i¢eren durum galismasi senaryolari ile iredelenmis,
filtre diger tahmin yontemleriyle performans karsilastirmasina tabi tutulmus, benzetim sonuglarina gore istiinlilk
ve yapilarm birbirlerinden farkliliklar1 vurgulanmistir. Burada benzetim ortamindaki durum ¢aligmalar1 boyunca
tek sensor kullanildigi, bu sensoriin sadece konum olgebildigi, ¢oklu algilayicilarda goriilen sensér flizyonun
kullanilmadig1 varsayilmstir.

1.1. Yazin Taramasi

Nesne takip sistemleri hakkindaki arastirma sayilar1 son donemde olduk¢a artmigtir. Askeri alanda kara-hava
disinda hava-hava sistemleri hedef izleme problemleri ile ilgilenmektedir. Bunun yanisira radar kullanan
meteroloji gibi sivil uygulamalardan insansiz Hava Araglart (IHA) ile ilgili ¢aligmalara kadar birgok alanda yine
nesne takip aragtirmalari gormek miimkiindiir. Bu sistemler i¢in konum algilamada donanim kaynakli sebepler
disinda ¢evresel sartlar ya da hedef platform yansimalart gibi dis etmenler sonucunda olusan giiriiltiilere ragmen
hassas hedef-nesne takibine ihtiya¢ vardir. Bunun igin ¢esitli kestirim-filtre ve veri iliskilendirme yontemleri
kullanilmaktadir [5].

Hedef takibi uygulamalar tekli ya da ¢oklu hedef izleme igerebilir. Coklu hedef izleme algoritmalari, tespit edilen
izin hangi hedefe ait oldugunun bulunmasini i¢eren veri iligskilendirme siireclerini de kapsar. Bu durumda, hedef
takibi i¢in, En Yakin Komsuluk, Bolmeleme (Splitting), Veri iliskilendirme algoritmalar1 gibi yaklagimlar
kullanilmaktadir [6]. Birden cok hedefin keskin manevra durumlarinda bu algoritmalardaki karmasiklik
arttigindan parametre kestirimi/tahmini i¢in Kalman tabanli yaklasimlar ayrica 6nem kazanir.

Yazinda bu ¢alismalardan bazilarinda; tahmin ve giincelleme adimlarinda olusan Kalman matematiksel yapisi
detaylari ile alinmis [7], ya da hava arac1 iki boyutlu takibi Kalman kullanilarak [8] ger¢eklenmistir. Coklu hedef
izlemede veri iliskilendirme yontemlerini derleyen incelemeler gormek de miimkiindiir [9].

Belirsizlik altinda kestirim grubundaki diger arastirmalarda, IHA’larda GPS (Global Positioning Systems)
olmayan durumlarda seyriisefer i¢in EZKH (Es-zamanli Konum Belirleme ve Haritalama) ¢6ziimlii yeni bir durum
tahmin araci olarak pargacik akigi tabanl yeni bir filtre yontemi incelenmis [10], diger ¢alismada ise Kalman
tabanli yeni bir ¢6ziim yaklagimi1 dinamik ortamda ataletsel algilayicilardaki tilt hatalari i¢in Onerilmistir [11].

2. YONTEM
Bu béliimde hedef takip probleminde parametre kestirim igin referans filtre yontemleri incelenerek performans
ustiinliikleri ve farkliklari tespit edilecektir.

2.1. Sistem ve Ol¢iim Modeli

Oncelikle sistem modeli drnek durum olarak incelenecek hava aracinin (Sekil 1) lineer ve ayrik zaman varsayimlari
altinda kinematik (hareket) denklemlerinden tiiretilmis durum-uzay modeli su sekildedir:

{dnﬂ = Ad, + Bu, + w, )
Vv, = Cd, + vy,

Burada d, durum, X, konum, ve I, hiz (v) ve an ivme vektorleri olmak {izere;

d, = lv?zln] @

an

Sekil 1. Sabit ivmeli bir hava aracinin sematik gosterimi.
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Noktasal cisim varsayimi i¢in (Ax konum degisimini, x, ve x, aracin ilk ve son konumlarin1 géstermek iizere)
ayrintili kKinematik denklemler agagida verilmistir;

1
Ax = x, — x; = (veDAt + Eaz]t2 ®)
A
vel = A—}: = adt )
N 24x
T A2 )
Denklemler (1), (2) ile Esitlik (3), (4) ve (5)’i kullanarak matris formunda derleme yapilirsa;
1 4t At
A=19 1 “4¢|:B=0.C=1[1 0 0].u=0 ©)
0 0 1

esitlikleri elde edilir. w,, ve v, “giiriilti” terimleri olup daha ayrintili olarak ele alinacaklardir.
Bundan sonraki boliimde hedef takibinde konum, hiz, yonelim gibi bilgilerin kestiriminde kullanilan filtrelerin
matemetiksel temelleri sunulacaktir.

2.2. Alfa-Beta-Gamma Filtresi

Alfa-Beta filtresi, sabit katsayili iki boyutlu bir filtre olup kazan¢ degerinin sabit katsayili olmasi uygulama
kolaylig1 getirmektedir. Hedefin sabit hizla hareket ettigi, sifir ortalamali beyaz Gauss giiriiltiisii ile dlgiimlerin
bozuldugu ve yalniz bir parametreye (konuma) ait 6l¢timler alinabildigi durumlarda tahmin basarisi yiiksektir.
Alfa-Beta-Gama filtresi ise Alfa-Beta filtresinin genisletilmis halidir ve ek parametre (ivme) tahminine izin veren
matematiksel yapi igermektedir. Bu boliim a-B-y filtre yapis1 detaylarina ayrilmig olup “tahmin (extrapolation)”
ve “giincelleme (update)” denklemleri sirasiyla agagida sunulmustur:

a\’n = AdAn_l (7)
an = a’n + G(z, — 2'y) (8)
Burada z vektorii, 6lgiimlerin (y) kendisi degil 6l¢iimlerin islenmesinden yola ¢ikarak olusturulmus bir vektordiir.
Kesme isareti (') ile verilen degiskenler tahmin belirtir. G ¢arpam ise Slgiimlere verilen agirhigi temsil eder.

(Kalman tabanli filtrelerde bu ¢arpan K, -Kalman Gain olur). Alpha-beta-gamma filtresinde bu ¢arpan, ilk
kosegeninde sirayla o, f ve y parametrelerini igeren bir matrisdir, durum senaryomuz i¢in 3x3 boyutundadir;

y d

a 0 0 Va a:
G=(0 B O, zz =2 |, 2, =% 9

0 0 Y 2¥n 2dr,

At? ey

Hatirlanacagi gibi durum ¢alismamizda sensor ile hiz ve ivme 6l¢iilememektedir, dolayisiyla z i¢in Esitlik (4) ve
(5)’i kullanarak hiz-ivme Ol¢iim yaklagimlari saglanacaktir. Tahminler i¢in ise (3) ve (4) no’lu esitlikler
kullanilmistir. Model varsayimina gore aracin ivmesi sabittir ancak olgiimler (6rnegin ara¢ yon degistirme ya da
frenleme gibi) varsayim dig1 durumlari gosterebilir.

a-B-y filtresi ismini tam olarak G matrisindeki parametrelerden alir. Bu ii¢ parametre Olgiime ne kadar
giivenildigini belirtir. Daha ag¢ik ifadeyle; a (alpha), “Konumun model tahmininden sapmasi ne kadar muhtemel?”;
B (beta), “Hizin degismesi ne kadar muhtemel?”; y (gamma), “Sabit varsayilmasina ragmen ivmenin degismesi ne
kadar muhtemel?” sorularini cevaplar. Durum ¢alismamiz i¢in o> >> vy olarak se¢im yapmak uygun olacaktir. Bu
aragtirmada, benzetimler MATLAB kullanilarak yapilmis olup kullanilan a-f-y algoritmasinin akis diyagrami

Sekil 2°de verilmistir.
. Belle/Cik

Z, A
v !
: d, . d, |
Baslangic . Tahmin Giincelleme |
ilk tahmin (Clo) Denklem (7) Dl (2
dn -1
Zaman
Oteleme
n->n-1

Sekil 2. a-fB-y filtre (genel) algoritmasi.
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2.3. Lineer Kalman Filtresi (LKF)

Kalman filtresi dogrusal kestirim (lineer estimation) problemlerinde en kii¢iik ortalama karesel hata hesabina
dayanir. Olgiim giiriiltiisiiniin sifir ortalamali Gauss dagilimli oldugu ortamlarda, dogrusal-dinamik bir sistem ve
6l¢lim modeli ile hedefe ait durum vektorii i¢in bagarili parametre tahmin imkani saglar [4].

Alpha-beta-gamma filtresinin sadeligi-basitligi, yalnizca iki denklemi olmasindan ve parametrelerinin (o, B, v)
sabit olmasindan gelmekte idi. Ancak bu sabitlik, sistemde olas1 degisiklik durumunda eylemsizlikten dolayi
sapmalara neden olur. Lineer Kalman Filtresi ise bu durumlarda (ve gauss giiriiltiilii ortamlar i¢in dogrusal
sistemlerin parametre tahmininde) gosterdigi performans iistiinliigiiyle en sik tercih edilen filtrelerden biri
olmustur [5].

Lineer Kalman Filtresinin tamami 5 denklemden olusur ve bu denklemler yine “tahmin denklemleri (Denklem-
10)” ve “giincelleme denklemleri (Denklem-11)” olmak {izere ikiye ayrilabilir [12-13]:

Tahmin denklemleri:

d, = Ad,_, (Durum Tahmini) (10)
P'y, = AP,_1AT + Q  (Kovaryans Tahmini)
Giincelleme denklemleri:
dy = d'n + K,(yn —Cd'y) (Durum Guncellemesi)
B, = (I - K,O)P', (Kovaryans Giincellemesi) (11)
K, = P,CT(cP',CT + R)! (Kalman Gain)
Burada:
Q = Elwywi], R = E[v,v] (12)
olarak verilir.

Sistem modelinde daha 6nce gegen vn ve Wy, terimleri “beyaz giirlilti” terimleridir ve sifir ortalamali, sabit
kovaryansli, Gauss dagilimli rastgele vektorlerdir. Fiziksel olarak wy sisteme dis etki eden giiriiltiiyli temsil eder
(6rn. hava aracinin sallanmasina neden olan riizgér vs.), Vy ise 6lgiimden kaynaklanan giiriiltityli temsil eder (sensor
hatasi). Dig ¢arpimlari sirayla Q (siireg giiriiltiisii kovaryansi) ve R (6l¢iim giiriiltiisii kovaryansi) degerlerini verir
[14-15].

Cogu sistem modelinde bu degerler sabit kabul edilse de LKF’yi genel maksat (versatil) kilan 6zellik bunlarin
degisebiliyor olmasidir [16-17]. Burada R vektoriiniin kovaryans degerleri alpha-beta-gamma parametrelerine
benzerlik gostermektedir.

3. BENZETIM SONUCLARI VE BULGULAR

Bu boliimde yer alan drnek senaryo benzetimleri, hedef takibinde konum, hiz, yonelim gibi bilgilerin kestiriminde
Boliim 2’de sunulan egsitliklerle verilen sistem ve 6l¢tim modeli kullanilarak yapilmustir.

Asagida Sekil 3 ile verilen sonuglar rastgele giriiltiilii bir “sabit hiz-sabit ivme” modeline a-B-y filtresinin
uygulanmasiyla elde edilmistir. Parametreler alfa = 0.2, beta = 0.1 ve gama = 0.001 olarak se¢ilmis olup ivmenin
sabit olmas1 Ongdriilmistiir, bu modele gore degisken ivme yiiksek tahmin hatalar1 getireceginden filtre
performansinin diigiik olmasi beklenir.

3.5 T 14 -
Gergek deger afy KH
N ——— Olgiim 4 LKF KH
aBy Tahmin 12 momememe Olgm KH
- 4 Yiizde Sifir
25} ol i
~ 2 T
€ g °
£ 2
515 = 4
N < ¥
i iR
il P
05
5|
of VLA
> ¥ R AP AN
05 ‘ . ‘ . ‘ 0 10 20 30 40
"o 10 20 30 40 50 60 Gegen zaman (5sn)
Gegen zaman (5sn)
Sekil 3. a-B-y i¢in tahmin karsilagtirmasi. Sekil 4. a-B-y i¢in hata karsilagtirmasi.

Benzetim sonuglarinda o-B-y filtresi degerlerinin sensor 6lglimlerine gore gergek degerlere daha yakin kaldig:
gbzlemlenmistir. Sekil 4’te verilen hata 6l¢iim benzetim sonuglar1 da bunu teyit etmektedir. Asagida Sekil 5 ve 6
ile verilen sonuglar LKF yapis1 kullanilarak elde edilen tahmin benzetim ve tahmin-hata sonuglarini Sekil 7’deki
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sonuglar ise karsilastirma sonuglarini igermektedir. Sekil 5 ve 6 LKF’nin sensor 6l¢iimlerine gore, Sekil 7°deki
sonuglar ise LKF’nin alpha-beta-gamma filtresine gore daha iyi tahmin sonuglar1 verdigini gostermektedir.

35 T . . ; , i ' , , , , ‘
C:‘;er@ek deger KFKH ‘
3 Dyeum " =l = Olgiim KH |
LKF Tahmin 12} Yiade Sifc )
I
25} Y }
<7 10 ;
_ 4 / &
E < E 8t
8
515 ~ k)
& 4 e 6
* . Q
1r P N
~ 4l
05 ~
_/\/
0 Lo /\/\/f i 2}
05 . . . 0(‘)"
0 10 20 30 40 50 60 G 5
Gegen zaman (5sn) egen zaman (5sn)
Sekil 5. LKF i¢in tahmin karsilagtirmas. Sekil 6. LKF i¢in hata karsilastirmas.

14 — - —

afy KH

Olgtim KH

Yiizde Sifir | 1
1

i
10 :

Kare Hata (mz)

0 10 20 30 40 50 60
Gegen zaman (5sn)

Sekil 7. LKF ve a-p-y karsilagtirmalari.
Ayn1 sistem modeli ile elde edilen kareli hata hesaplar1 (m?) Tablo 1 ile verilmis olup sonuglar LKF’nin alpha-
beta-gamma filtresine gore daha iyi tahmin sonuglar1 verdigini, bununla birlikte hesaplama maliyetinin (islem

sliresinin) ise daha yiiksek oldugunu gostermektedir.

Tablo 1. Kareli hata hesaplamalar1 ve karsilagtirmalar.

Hata (MSE) Hata (RMSE) Siire (Process-Time)
Sensér Olgiimleri 21,87 4,677 N/A
Alpha-Beta-Gamma Filtresi 9,402 3,066 0,036/500 sn/dongii
Lineer Kalman Filtresi 4,981 2,232 0,076/500 sn/dongii

4. SONUC VE DEGERLENDIiRME

Hedef takibinde ilk ¢aligmalar, degisen kosullara gére parametrelerini degistiremeyen (uyarlamali olmayan) ve
filtreleme katsayilar sabit olan alfa-beta ya da alfa-beta-gama filtreleridir. Uygulama kolaylig1 iceren ve islemci
gereksinimleri az olan bu filtreler ek bir mekanizma ile uyarlamali yani dinamik yapiya kavusturulabilmektedir.
Nesne takibinde diger bazi ¢oziimler ise Kalman tabanli filtre yaklagimlaridir. Kalman tabanli filtreler, parametrik
tahmin (predictor/estimator) ve siizge¢ (smoother) yapilar1 olup dogrusal sistem ve gézlem yapilar ile gausyan
ortam belirsizlikleri sartlarinda basarili olurken bunun diginda yakinsama performanslar1 diisen algoritmalardir.
Bu durumlarda lineerlestirilmis sistem modeli (state-transition) kullanarak durum, gézlem ve kovaryans tahminleri
yaptiktan sonra 6l¢iim bilgilerini degerlendiren ve innovasyon, kalman kazanci gibi parametreleri giincelleyerek
tekrarlt (recursive) olarak isleyen KF versiyonlar1 (Genisletilmis KF vb.) bulunmaktadir. Ancak bu yapilar da
Ozellikle yiiksek boyutlu/karmagik-dogrusal olmayan (nonlinear) sistemlerde ve gausyan olmayan giiriiltii
ortamlarinda lineerlestirme nedeniyle tutarlilik, gozlenebilirlik gibi birtakim problemlere neden olmaktadir. Bu
sebeple etkin kestirim yontem arayislar1 ilgi goren arastirma alanlarindandir.
Bu caligmada (Lineer) Kalman tabanli filtre yapisi, modellenebilir-hareket eden bir hava aracinin konum, hiz veya
ivme gibi parametrelerinin tahmin/takibi i¢in 6rnek durum calismalariyla incelenmistir. Alfa-beta-gama ve
Kalman tabanh filtreler sabit hedef takibinde performans karsilastirilmasina tabi tutularak hedef-takip problemi
acisindan istiinliik-tercih durumlar1 irdelenmistir. Benzetim sonuclarma goére degismeyen hedefleri igeren
ortamlarda islem yiikii-hesaplama maliyetlerine (computational cost) ragmen Kalman tabanl filtre yapilarinin
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toplam tahmin hatasi agisindan daha dogru sonuglar verdigi goriilmiis olup gelecek ¢alismalarda dinamik ortamlar

icin aragtirmanin genisletilmesi planlanmistir.
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This study examines LED bars composed of LEDs with YAG (Yttrium
Aluminum Garnet) and KSF (K2SiF6:Mn4+) phosphors, commonly used
in televisions, for reliability under different environmental conditions and
driving currents. The ambient temperature is kept high in the first scenario
while applying a low LED current. In the second scenario, a low ambient
temperature with a high LED current is applied. Microscopic images of each
LED are taken both before and after the tests in both scenarios. Additionally,
during the tests, periodic checks are conducted to record the junction
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temperatures of the LEDs. The point at which each LED failed is
documented, and reliability analysis is performed using the Reliasoft
program to estimate their approximate lifetimes. The analysis shows that
under high current conditions, LEDs are at risk of premature degradation,
but durable chips can have a long lifetime. On the other hand, high
temperature conditions accelerate the degradation process of LEDs. LEDs,
which are especially weak in production processes, fail faster under high
current and temperature.
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OZET

Bu ¢alismada, televizyonlarda kullanilan (Yttrium Aluminum Garnet) ve
KSF (K2SiF6:Mn4+) fosforlu LED’lerden olusan LED barlar farkli ortam
kosullar1 ve slirme akimlarinda g¢alistirilarak giivenirlik agisindan
incelenmistir. Birinci durumda ortam sicakligi yiiksek tutulurken diisiik
LED akimi uygulanmis, ikinci durumda ise diisiik ortam sicakliginda
yiiksek LED akimi uygulanmistir. Her iki durumda da test 6ncesi ve test
sonrast her bir LED’in mikroskop goriintiileri alinmistir. Ayrica her
durumda LED’ler periyodik olarak kontrol edilerek LED’lerin jonksiyon
sicakliklart kaydedilmistir. Kontrol sirasinda LED’lerin testin kaginci
saatinde bozuldugu kayit altina alinarak Reliasoft programinda giivenilirlik
analizi yapilmis ve yaklagik omiirleri tahmin edilmistir. Analiz sonucuna
gore yiiksek akim altinda LED'ler erken bozulma riski tasisa da dayanikli
¢cipler uzun 6miirlii olabilmektedir. Buna karsin, yiiksek sicaklik kosullari
LED'lerin bozulma siirecini hizlandirmaktadir.  Ozellikle ~iiretim
stireglerinde zayif kalan LED'ler, yiiksek akim ve sicaklik altinda daha hizli
ariza gostermektedir.
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1. GIRIS

Televizyon iireticileri yillar 6nce enerji verimliligi ve televizyonlarin fiziksel olarak incelmesinin getirecegi estetik
faydalar nedeniyle katot tiiplii floresan lambalardan LED tipi 151k kaynaklarina gegis i¢in caligmalara baslamistir.
Bu baglamda 2005 yilinda SONY firmasi kirmizi, yesil ve mavi LED ¢iplerinin kombinasyonunu kullanarak {i¢
renkli beyaz 151k yayan televizyonu tanitir ve piyasaya sunar [1, 2]. Ancak RGB LED teknolojisi genis renk
yelpazesi sunan soguk katot tiiplii lambalardan daha genis bir renk sunmasina ragmen teknoloji hi¢bir zaman
yiikselemez. Cilinkii maliyeti, agirligi, boyutu ve zaman iginde goriintiide neden oldugu diizensizligi ve nispeten
diisiik enerji verimliligi gibi dezavantajlar1 vardi [3].
Beyaz 151k yayan LED’ler iizerine ¢alismalar devam etmistir. Bu ¢alismalar sonucunda ultraviyole veya mor LED
¢ipi ve ultraviyole 15181 emen bir fosfor yapisi dnerilmistir. Tabuchi [4] ultraviyole ve mor 151k yayan LED ¢ip
tizerindeki seffaf cam ylizey iizerine kaplanmig bir fosfor tabakasini onermistir. Bu yaklagimla birlikte insan
gbzliniin spektral hassasiyetine daha uygun 151k tiretmek miimkiin olmustur. Ancak 6nerilen bu yontem de piyasada
beklenen karsiligi bulamadi ¢linkii ultraviyole 15181n doniistimii biiyiik bir dalga boyu kaymasi gerektirdiginden
bazi verimlilik sorunlarina neden olabilmektedir.
Sektorde kabul gormiis olan diger bir yontem ise kismi doniigtiirme olarak da literatiirde tanimlanan mavi LED
¢ipi iizerine konumlandirilmis fosfor tabakasi ile elde edilen beyaz 1siktir. Bu yontem ile mavi 11k fosfor tarafindan
emilir ve iletilir, ancak fosfor iizerinde bulunan yesil ve kirmizi pargaciklar mavi 1g18in emilip kirmizi ve yesil
olarak iletilmesine yardimci olur boylelikle beyaz 151k elde edilmis olur [5, 6]. Ancak yapilan ¢alismalar sonucunda
mavi LED’lerin zorlu kosullarda organik fosforlarla giivenilir sekilde ¢alisamayacagi anlagilir [7, 8]. Bu kapsamda
daha giivenilir inorganik fosforlar iizerine ¢aligmaya baslayan Shimuzu ve ekibi tarafindan Seryum katkili
Yitriyum-Aliiminyum Garnet (Y AG-CE) bilesigine sahip inorganik bir fosfor ortaya konulur [9].
Televizyon, cep telefonu, bilgisayar gibi cihazlarin ekranlarinda kullanilan LED’lerin, bu cihazlarin
kullanicilarindan gelen taleplere uygun olmalidir. Bu nedenle LED’lerin daha iyi renk gamma ve renk
doygunluguna sahip olmasi beklenmektedir. Bu amagla spektrumda daha keskin kirmizi, yesil ve mavi piklere
sahip LED c¢ipler arastirilmis ve bu baglamda Yitriyum Aliiminyum Garnet fosforlara alternatif olarak Adachi ve
Takahasi 2008 yilinda K2SiF6:Mn4+'y1 6nermistir [10, 11].
Televizyonlarin yillik satig adetleri her gegen giin artmaya devam etmektedir ve televizyonlar bir iletisim aracindan
daha cok eglence sistemi olarak algilanmaya baglanmigtir. Bu durum ¢ok sayida televizyonun giin i¢inde uzun siire
boyunca kullanilmasina neden olmustur. Televizyonlarin gii¢ tiiketiminin biiyiik kismimdan sorumlu olan LED’ler
¢ok daha fazla termal strese maruz kalmaktadir ve bozulmaya en yakin parga olarak one g¢ikmaktadir.
Televizyonlarin yukarida belirtildigi gibi ¢ok uzun siire kullanilmasi ireticiler i¢in biiyiik bir satis firsati
getirmesinin yaninda garanti giderlerinin artmasi riski olarak geri donmektedir.
Son yillarda LED teknolojisinin sagladigi enerji verimliligi ve maliyet avantajlart nedeniyle bir¢ok sektérde LED
kullanimi artmistir. Her sektorde oldugu gibi televizyon sektdriinde de LED’lerin kullanimi ¢ok hizli siirede
yayginlagmis hatta giiniimiizde neredeyse tiim {irlin gamimi kapsamaktadir. Bu talep ve kullanim orant da LED
teknolojisindeki gelismeleri daha da hizlandirmaktadir. Teknolojideki gelisimler kullanicilarin istek ve sikayetleri
dogrultusunda sekillenmektedir. Televizyonlar giiniimiizde artik bir iletisim aracindan ¢ok evlerde eglence sistemi
olarak kullanilmaya baglanmistir. Bu nedenle televizyonlar son kullanicilarin giinliik rutin hayatlarinin énemli
pargasi haline gelmistir ve ¢ok daha 6zel istekler ortaya ¢ikarmistir. Bu baglamda kullanicilar oyun oynama, film
izleme gibi aktivitelerde maksimum gorsel kalite deneyimi yasamak i¢in tiim renklerin dogrulugunu c¢ok fazla
onemsemektedir. Gorsel kalite ve renk dogrulugunu etkileyen en 6nemli faktor ise televizyonda kullanilan
LED’lerdir. Bu kapsamda iireticiler yeni nesil LED g¢iplerinde farkli yapilarda fosfor tabakalari kullanmaktadir.
Bunun yani sira fosfor icermeyen mavi LED’ lerle birlikte kullanilan Kuantum filmler de kullanmaktadir. Kuantum
noktalarin (Quantum-Dot) ekran teknolojisinde kullanabilirligi konusundaki deneyler ilk olarak 1982 yilinda
yapilmistir. Bu deneylerde kuantum noktalarinin kiigiik boyutlarina bagl olarak renkleri kontrol etme yetenegi
gosterilmis ve bu, daha sonraki ekran teknolojileri i¢in temel olusturmustur [12]. Bu konuda yapilan ¢aligsmalar
uzun yillarca devam etmis ve ilk ticari iirtin SONY firmasi tarafindan 2013 yilinda CES’da (Consumer Electronics
Show) tanitilmigtir [13]. Bu konuda daha sonrasinda renk gamini daha da arttiracak yontemler ve hassas
ayarlamalar tizerine yapilan ¢aligmalar ile QDEF ismi verilen bir kuantum nokta igerikli film tanitilmistir. Bu film
ozellikle mavi ve yesil renkler iizerinde etkili olarak konvensiyonel teknolojilere nazaran ¢ok daha yiiksek renk
gami saglamaktadir [14].
Teknolojinin gelismesiyle birlikte her bir yontem farkli zamanlarda ve farkli oranlarda piyasada uygulanmaya
baglanmistir. Her bir yontemin avantaj ve dezavantajlarma gore siirdiiriilebilirligi degiskenlik gostermistir.
Ozellikle kuantum igerikli filmlerin sahip oldugu yiiksek teknoloji ve hassas iiretim prosesleri bu teknolojinin en
yliksek renk gami saglamasina ragmen maliyet olarak hala fosfor ¢oziimlerine gore cok yiiksek olmasina neden
olmustur. Fiyat rekabetinin her gecen giin daha da arttig1 giiniimiizde televizyon sektoriinde en yaygin olarak
kullanilan teknoloji; YAG ve KSF fosforlara sahip mavi renkli LED ¢ipleri olmustur [15]. Bu ¢alismada, piyasada
en yaygin kullanilan KSF ve YAG fosfora sahip LED barlar firin ortaminda 3600 saat test edilmigtir. Test
oncesinde her bir numunenin mikroskop goriintiileri aliarak test sonras1 durumlart ile karsilastirilmistir. Ayrica
test edilen numuneler ile ayni ozelliklere sahip referans LED barlar ile test sonucunda optik Olgiimler
karsilastirilmistir. Boylece test sonucuna gore spektrum ve parlakliktaki degradasyonlar karsilastirilmistir. Test
nominal televizyon kosullarinda ve ekstrem kosullarda tekrarlanmigtir, her iki durumda da yukarida belirtilen
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Olciimler tekrarlanmis ve karsilagtirmalar yapilmistir. Bu ¢alisma sonucunda uzun siireli kullanimlarda KSF ve
YAG fosforun degredasyon oranlari karsilastirilmigtir ve Reliasoft programi ile yaklasik omiir tahminleri
yapilmistir. Béylece LED’lerin dayanim riskleri ortaya koyularak, kazanilan genis renk gamima karsilik, diisiik
yasam dongiisii riski ortaya konulmustur.

Caligmanin ikinci boliimiinde materyal ve metot anlatilmig, tigiincii ve dérdiincti boliimde dlgiim ve giivenirlik
analiz sonuglar1 verilmistir. Son béliimde ise sonug bashgi altinda genel degerlendirmeler sunulmustur.

2. MATERYAL ve METOD
2.1. Renk Gami ve Spektral Gii¢ Dagilim

Gilinlimiizde televizyonlarin akilli (smart) fonksiyonlar1 kazanmasi ve igletim sistemlerinin gelismesi ile bir
iletigsim aract olmaktan ¢ikip evlerde eglence ekranlari olarak kullanilmasinin yolunu agilmistir. Bu da miisterilerin
temel fonksiyonlar disinda daha gelismis 6zellikler talep etmesine sebep olmustur. Kullanicilar televizyonlardaki
ses ve goriintii dzelliklerinden maksimum faydalanmay1 istemesi nedeniyle rekabette 6ne ¢ikmayi isteyen TV
iireticileri farkli teknolojileri kullanmaya yonelmistir. Miisterilerin talep ettigi en 6nemli 6zelliklerden birisi olan
renk dogrulugu direkt olarak televizyonun arka aydinlatma sistemi ve kullanilan ekran teknolojisi ile alakalidir
[16]. LED’lerin sahip oldugu fosfor tabakasina gore verebilecegi renk gami (color gamut) degiskenlik
gostermektedir. Bu da dndeki ekranin renk filtresine gore degiskenlik gdsteren bir etkilesim sonucu izleyiciye
aktarilmaktadir. Aktarilan bu renk ekranin renkleri gosterebilme kapasitesini gdstermektedir. Bu kapsamda YAG
ve KSF fosforlar arasinda spektral 1sima giicleri arasinda farkliliklar bulunmaktadir. Sekil 1 ve Sekil 2°de KSF ve
YAG fosforlara sahip LED 151k kaynaklarinin spektral gii¢ dagilimlar1 verilmistir.

0 40 e a0 e0 w00 500 5% a0 580 o0p 620 os0  mo0  4%0
Al

Sekil 1. YAG fosfora sahip LED c¢ipler ile Sekil 2. KSF fosfora sahip LED c¢ipler ile
olugturulmus arka aydinlatma sistemine sahip olusturulmus arka aydinlatma sistemine sahip
televizyonun spektral gii¢ dagilimi televizyonun spektral gii¢c dagilimi

Sekil 1 ve Sekil 2°den de agikga goriildiigii iizere KSF fosfora sahip LED’lerde mavi, yesil ve kirmizi renklere
gelen dalga boylarindaki pikler daha keskindir. Bu da KSF fosfora sahip LED’ler ile olusturulan arka aydinlatma
sistemlerinin daha genis renk yelpazesine sahip oldugunu gostermektedir.

Televizyon, monitér, kamera gibi cihazlarin renk yelpazelerini tanimlamak igin ¢esitli standartlar gelistirilmistir.
Sektorde renk yelpazesini tanimlamak i¢in renk gami ifadesi kullanilmaktadir. Renk gami bir cihazin tiretebilecegi
renk aralig1 olarak tanimlanabilir ve bu farkli standartlarca, farkli araliklar olarak tanimlanmustir. Sekil 3°te verilen
CIE 1931 renklilik diyagraminda sektorde sik¢a kullanilan renk gamlar karsilastirmali olarak gésterilmistir [17].

Py B rec2020

S Adobe RGB

B Nrscies3
B ocies

sRGB

Sekil 3. CIE1931 renklilik diyagraminda olusturulan renk gami standartlar1 [17, 18].
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Sekil 3’te goriilecegi lizere CIE1931 renklilik diyagram iistiinde ¢ok sayida renk gamlari tanimlanmistir. Bu renk
gamlar farkli alanlar i¢in gelistirilmis olup, televizyon vb. cihazlar i¢in sektdrde en sik kullanilan renk gami olan
NTSC (National Television System Committee, Ulusal Televizyon Sistem Komitesi) ilk olarak 1953 yilinda ulusal
televizyon sistem komitesi tarafindan duyurulmustur [19].

Bu ¢alismada kullanilan TVlerin renk gami dlciimleri icin Sekil 4’te verilen 6l¢iim diizenegi kullanilmustir. Olgiim
diizenegi YAG ve KSF fosfora sahip LED’ler ile olusturulmus arka aydinlatma sistemlerine sahip televizyonlar
ve spektroradyometre cihazindan (Jeti Lival Sectraval 1511) olusmaktadir. Bu 6l¢tim diizeneginde televizyonlarda
tek renk kirmizi, yesil, mavi ve beyaz renk veren icerikler acilarak spektroradyometre araciligryla dl¢timler alinmis
ve her bir renkte alinan dlgiimlerin x ve y koordinat degerleri kaydedilmistir.

Tablo 1. NTSC standardinin belirledigi referans x ve
y koordinatlari.

I'V ekram

/ X y
Kirmizi 0,67 0,33
Yesil 0,21 0,71
Mavi 0,14 0,08

Beyaz nokta 0,31 0,316

. \ N
Spektroradyometre Veri kaydedici

Sekil 4. Renk gami dl¢iim diizenegi.

NTSC standardinda belirtilen referans x ve y koordinat degerleri Tablo 1’de verilmistir. Farkli ekran renkleri i¢in
alman 6l¢iim degerleri referans x ve y koordinat degerleri ile karsilastirilmigtir. Bu karsilastirma KSF ve YAG
fosfor i¢in Sekil 5°te verilmistir.

0000 0100 0200 0300 0400 0500 0600 0700 0800 0000 0100 0200 0300 0400 0500 0600 0700 0800
X X

Sekil 5. a) KSF ve b) YAG fosfora sahip LED ¢iplerle tasarlanmis arkadan aydinlatmali sisteme sahip televizyonun
NTSC renk gamu ile karsilastiriimasi.

Sekil 5°te kirmizi renk ile gosterilen renk gami alan1 CIE1931 renklilik diyagrami {izerinde NTSC renk gaminin
kapladig1 alan1 gostermektedir. Yesil ile gosterilen alan ise televizyondan Ol¢tiigiimiiz degerlere gore renklilik
diyagraminda kapladig1 alam gostermektedir. Olgiim sonuglarina goére KSF fosforlu LED c¢ip ile olusturulan
sistemin renk gami kapsama oraninin %79,59; YAG fosforlu LED c¢ip ile olusturulan sistemin renk gami kapsama
oraninin ise %67,65 oldugu goriilmiistiir

Bu 6l¢timlerden de anlasilacag: tizere KSF fosfora sahip LED ¢iplerin verebildigi renk yelpazesi daha genistir. Bu
durum daha genis renk yelpazesi sunulmasi beklenen projelerde KSF fosforun kullanilmasi anlamina gelmektedir.
Ancak TV fretiminin ve satisinin ¢ok fazla artmasi ve kullanicilarin TV kullanim senaryolarinin degismesi
nedeniyle giin igerisinde daha uzun saatler televizyonlarin ¢aligmasi bu iki fosfor tiirtiniin dayanim agisindan da
incelenmesi gerekliligini dogurmustur. Bu baglamda farkli ortam sicaklig1 ve siirme akimi kosullarinda dl¢timler
yapilmistir.

2.2.  Olgiim Diizenegi

Televizyonlarda kullanilan YAG ve KSF fosforlu LED’lerden olusan LED barlar farkli ortam kosullar1 ve stirme
akimlarinda galistirilarak nominal ve zor kosullar altinda giivenirlik agisindan incelenmistir. Birinci durumda LED
barlara nominal sicaklikta nominal siirme akim uygulanirken, ikinci kosulda ise LED’ler zorlu kosullara tabii
tutulmustur. Bu kosullardan ilki yiiksek ortam sicakligi altinda nominal akim ile LED lerin siiriilmesi, diger kosul
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ise nominal ortam sicakliginda yiiksek akim ile LED’lerin siiriilmesidir. Yapilan dl¢iimlere ait akis diyagram
Sekil 6’da verilmistir.

I Giic kaynagi
@ ) S
| KSFve YAG Fosfor | e
;/\/ /- |

{ \

’ Nominal Kosullar Ekstrem Kosullar

= == o

LED bar

( £ \ § A 7 2
| Nominal ortam Nominal ortam Yiiksek ortam eanokupll
| sicakhgi ve nominal sicakligi ve yiiksek sicakhgi ve nominal
| siirme akimi . srmeakimi sirme akimi
) - h g - g Veri kaydedici
Sekil 6. Yapilan 6l¢timlere ait akis diyagrami. Sekil 7. Ornek LED bar baglantis1 ve dl¢iim diizenegi.

Farkli fosfor teknolojilerine sahip ve farkli markalara ait LED barlar bir gii¢ kaynagi ile siiriilmektedir. Ornek bir
LED bar baglanti sekli sicaklik dlciimlerine ait test diizenegi Sekil 7°de verilmistir. Olgiim diizeneginde gii¢
kaynagi olarak GWINSTEK GPR-30H10D modeli, termokupl ve veri kaydedici olarak GRAPHTEC midi
LOGGER GL240, firin olarak ise TESTMAK laboratuvar firin1 kullanilmigtir. LED’lerin 6miirlerini etkiyen en
onemli faktor jonksiyon sicakligi degeridir. Bu degere etki eden en 6nemli dis faktor ortam sicakligi ve LED’in
stirme akimidir. Bu nedenle testlerde firinlarin ikisi de ayn1 anda kullanilmakta olup, firinlarin birinde nominal TV
sicakliginda LED’lere yiiksek akim uygulanmis, diger firinda ise LED barlar yiiksek ortam sicakligina maruz
birakilmis ancak LED’lere diisiik akim uygulanmistr.

Teste tabii tutulan LED lerin katalog 6zellikleri Tablo 2°de verilmistir. Burada, {i¢ farkli markaya ait LED barlar
KSF ve YAG fosforlu olmak tizere A, B, C, D, E ve F olarak isimlendirilmistir. Farkli markalarin farkli 6zelliklere
sahip iriinleri kullanilarak marka ve LED’lerin farkli iiretim tarihlerindeki farkli karakteristik ozellik
deviasyonuna bagli hatalarin 6l¢iim sonucunu etkileme olasiligt minimize edilmistir.

Tablo 2. Olgiimlerde kullanilan LED’lerin elektriksel ve termal 6zellikleri.

LED Barlar | Siirme Akimi1 (mA) | Maksimum Jonksiyon Sicakhigi (°C) | R (°C/W) | Fosfor
A 750 <145 <14 KSF
B 650 <110 <15 KSF
C 700 <125 <12 KSF
D 750 <145 <14 YAG
E 600 <125 <15 YAG
F 700 <125 <12 YAG

Numune LED’ler ile iki farkli 6l¢iim gerceklestirilmistir. Ik dl¢iimde, LED lerin elektriksel katalog 6zelliklerine
uygun akim degerleri (nominal televizyon ¢alisma kosullarinda) ile LED’lerin bozulma ve mavilesme durumlari
takip edilip kaydedilmistir. ikinci 6lgiimde ise LED’ler ilk 6l¢iimde belirlenen nominal kosullarin {istiinde ekstrem
akim ve sicaklik altinda test edilip, siirme akiminin ve ortam sicakliginin bozulma ve mavilesme durumlari tizerine
etkilerinin karsilastirilmas1 yapilmistir. ilk Slgiimiin sinir degerlerini belirlemek igin 8lgiimlerde kullanilan
LED’lerden aynit markaya ait farkli 6zelliklerdeki LED barlar ile tasarlanan televizyonlar nominal g¢alisma
kosullarinda termal teste tabii tutulmustur. Bu 6l¢iim sonuglarina gore testler igin gerekli olan sicaklik ve akim
degerleri ortaya konulmustur. Olgiim diizeneginde LED’ler gercek bir televizyon calisma ortaminda ve
kosullandirilmis ortam sicakliginda caligtirilmaktadir. Burada Olglilen en sicak lehim noktasi baz alinarak
LED’lerin jonksiyon sicakligi hesaplanmistir. Yapilan hesaplama Esitlik (1)’de verilmistir.

Tj = Tienim + VoreXlore XRen (1)

Burada T; LED’lerin lehim sicakligindan hesaplanan jonksiyon sicakligini, Tjepim olusturulan test diizeneginde
Ol¢iilen en sicak LED lehim noktas1 sicakligini, V,,.. ortalama LED gerilimini, I, LED’in siirme akimini, R, ise
LED’in jonksiyon ile ortam arasindaki termal direnci belirtmektedir.

3. OLCUM SONUCLARI

Ayn1 markaya ait (LED E ve LED B) iki farkli elektriksel katalog degerine sahip olan LED barlar ile olusturulan
televizyonlarda 550mA siirme akimi ile LED’lerin en sicak lehim noktalar1 4 saat boyunca &lgiilmiistiir. Olciimler
her LED ¢ip iizerindeki art1 (+), eksi (-) uglardan ve PCB yiizeyinden ayni anda alinmistir. E ve B markasina ait
Olclim sonugclar sirasiyla Sekil 8 ve 9°da verilmistir.

Olgiim sirasinda ortam sicaklign 26-27,2°C arahiginda degiskenlik gostermistir. Bu sicaklik degerleri normal
sicakliklar olarak kabul edilebilir olsa da televizyonlarin kullanim yerleri ve kullanim sartlar1 gdz Oniinde
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bulunduruldugunda, televizyon i¢in normal sicaklik degeri sektorde standart olarak kullanilan 40°C kabul
edilmistir [20]. Bu nedenle 6l¢timlerde elde edilen sicaklik degerleri televizyonun ¢alisma sicakligi olan 40 °C ‘ye
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Sekil 8. E markasina ait LED ¢ip lehim sicakliklari.
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Sekil 9. B markasina ait LED ¢ip lehim sicakliklari.

gore normalize edilmistir. Burada Slgiilen ortam sicakligi 40°C’ye tamamlanarak aradaki fark dlgiilen lehim
sicakligi lizerine eklenmistir. Bu ifade Esitlik (2)’de verilmistir. Tablo 3’te ise LED E ve LED B igin dlgiilen en
yiiksek lehim sicakliklar1 ve bu sicakliklarin 40°C ortam kosuluna gére normalize edilmis degerleri verilmistir.

Thorm = Tienim + (40 — Toream) 2

Tablo 3. LED E ve LED B i¢in uyarlanmig en yiiksek lehim sicakliklari.
LED1+ LED1- LED2+ LED2- LED3+ LED3- PCB Yiizey Ortam

OlciilenvLehlm 511 515 50.3 288 52.4 58 =y .
Sicakhigi (°C)
LEDE Uyarlanmg
Sicaklik (°C) 64,1 64,5 63,3 51,8 65,4 71 60,4 40
OlculenvLehlm 51,6 52,1 52,6 53,9 53,1 54,4 48 27,5
LED B Sicakhigx (°C)
Uyarlanms
Swakhk °C) 41 646 651 664 656 669 60,5 40
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Olgiim sonuglarma gore LED E icin en yiiksek uyarlanmis sicaklik 71 °C, LED B i¢in en yiiksek uyarlanmis
sicaklik 66,9 °C olarak hesaplanmistir. Bu lehim sicakliklarina gére LED’lerin jonksiyon sicakligi Esitlik (1)’e
gore hesaplanmis ve Tablo 4°te bu degerler verilmistir.

Tablo 4. LED E ve LED B i¢in uyarlanmis jonksiyon sicakliklari.
Lehim Sicakhig Vore Iore R HesaplananT;  Maks. T}

(S V) (mA) (Cw) (C) (C)
LEDE 71 32 550 15 97,4 <125
LEDB 66.9 328 550 15 93,96 <110

Tablo 4’te hesaplanan jonksiyon sicakliklarinin, LED {ireticilerinin sinir degerleri olarak paylastigi 125 °C
jonksiyon sicakliklarinin altinda kaldig1 gézlemlenmistir. Bdylece yapilacak dlgiimlerde firm i¢i sicaklik degerinin
75 °C olarak ayarlanmasi ortalama olarak nominal kosullarda calisan televizyonun i¢ sicaklifini simiile
edebilecegini ortaya koymustur. Yapilan dlciimlerde nominal kosullar olarak 75 °C firm ici sicakligi, 550mA
stirme akim degeri kabul edilmistir.

Ikinci 6lciim kosulunda ise YAG ve KSF fosfora sahip LED’lerin ekstrem kosullar altindaki dayanimi test
edilmistir. Bu 6l¢iim kapsaminda LED’ler iki farkli kosulda degerlendirilmistir. ilk kosulda (Durum 1) her bir
LED markas: i¢in iireticilerin paylastig1 sinir akim degerlerinin 50 mA daha altinda slirme akimi uygulanarak
nominal ortam sicaklig1 kosulunda 3600 saatlik bir teste tabii tutulmustur. Ikinci kosulda ise (Durum 2) nominal
olarak kabul edilen 550 mA siirme akiminda, 110 °C firin sicakligi kosulunda 3600 saatlik teste tabii tutulmustur.
Bu senaryolara gére LED’lerin tabii tutuldugu 6l¢iim kosullart Tablo 5’te verilmistir.

Tablo 5. Zorlanmis test kosullari.

Durum 1 Durum 2
LED Siirme Akimi Ortam Sicakh@ LED Siirme Akimi Ortam Sicakhgi

(mA) ) (mA) (°C)
A 700 75 550 110
B 600 75 550 110
C 650 75 550 110
D 700 75 550 110
E 550 75 550 110
F 650 75 550 110

Nominal ortam sicaklig ve siirme akimi kosullarinda yapilan 6l¢lim neticesinde rastgele segilen LED lere ait test
Oncesi ve test sonrast mikroskop goriintiileri Sekil 10°da verilmistir. Mikroskop goriintiilerinden de anlasilacag:
iizere LED’ler iizerindeki fosfor tabakasinda optik performans: etkileyecek bir bozulma gézlenmemistir.

) |
o P

Sekil 10. a) Test dncesi ve b) test sonrasi LED E ve LED B ¢iplerine ait mikroskop goriintiileri.

- rei T oy el
TS B _#vmmw‘
A

Sekil 10°da verilen sonuglarda da goriildiigii izere hem YAG hem de KSF fosforlu LED lerin iireticiler tarafindan
paylasilan sinir degerler asilmadig: siirece giivenirlik problemleri bulunmamaktadir. Bu nedenle sektorde ¢ok sik
olarak kullanilmaktadir.
Zorlanmig kosullara gore yapilan dlgiimler sonucunda birgok LED’in fosfor tabakasinda bozulmalar dolayisiyla
renk kaymalari ve mavilesmeler gézlemlenmistir. Ayrica bazi LED gipleri de bu baglamda direkt olarak
bozulmustur. Test 6ncesi ve sonrast farkli fosfor teknolojilerine sahip bazi LED ¢iplerin mikroskop goriintiileri
Sekil 11°de verilmistir.
Sekil 11°deki mikroskop goriintiilerinden de anlasilacag: tizere KSF fosfora sahip LED’lerin fosfor tabakasinda
YAG fosfora gore daha fazla deforme oldugu goriilmektedir. Ayrica yliksek akimda siiriilen LED 6rnekler yliksek
ortam sicaklifi kosuluna gore daha ¢ok etkilenmistir. Televizyonlarda, LED'lerin bir kismi tamamen
arizalandiginda, cihaz agildiginda gii¢ kaynaklar1 genellikle LED siiriicti devrelerinde koruma moduna geger ve
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bu durum arka aydinlatmanin tamamen kapanmasina neden olur. Bu kosulda, televizyon ¢aligmaya devam etse ve
ses alinabilse bile, kullanicilar ekranda higbir goriintii goremez. Bazi durumlarda ise, LED'lerin yalnizca fosfor
tabakasi zarar gormektedir. Boyle bir durumda, televizyon ekrani, hasarin boyutuna bagli olarak mavi renk
tonlarinda goriinmeye baslar ve renk dogrulugu zamanla tamamen kaybolur.

(a) (b)

)

4

LED F (YAG)
Yiiksek siirme akimi ! (
Nominal ortam sicakhg;

\

LED D (YAG)
Yiiksek ortam sicakhg
Nominal siirme akimi

LED B (KSF)
Yiiksek stirme akimi
Nominal ortam sicakligi

LED C (KSF)
Yiiksek ortam sicakligt
Nominal stirme akimi

Sekil 11. Zorlanmis test kosullarinda a) 6l¢lim Oncesi ve b) sonrasi bazi LED g:Aiplerin mikroskop goriintiileri.

4. GUVENIRLIK ANALIZ SONUCLARI

Giivenilirlik analizi ¢alismalarinda test siiresi ve teste tabii tutulan iiriin adedi belirli bir limit altinda tutulmak
durumundadir. Bu iiriinlerle yapilan 6l¢lim sonuglar1 giivenilirlik analiz programlari ile incelenerek yiiksek adetli
iiretim veya uzun siireli ¢alisma kosullar1 simiile edilmektedir. Bu kapsamda 6l¢iim sonuglar1 Reliasoft programi
yardimiyla analiz edilmistir. Analiz yapilirken Weibull dagilim yontemi kullanilmigtir. Bu dagilim, bir {iriiniin
veya bilesenin Omrii, basarisizlik siiresi veya dayanikliligi gibi degiskenlerin modellenmesinde siklikla
kullanilmaktadir [21].

Weibull dagiliminin olasilik yogunluk fonksiyonu Esitlik (3) ile ifade edilir:

B-1 t

Fo =L () xe @
n n
Burada; f(t) Weibull dagilimimin olasilik yogunluk fonksiyonu, t degiskenin degeri, n (Eta) 6lgek parametresi ve
B (Beta) sekil parametresidir. § parametresi giivenilirlik analizinde arizanin karakteristigini belirlemekte olup
asagidaki sekilde ifade edilir:
e [ <I: Giderek azalan ariza oranint, § =1: Sabit ariza oranini, 5 >1: Giderek artan ariza oranini

7 degeri ise 6lcek parametresidir ve dagilimin genisligini belirler. Uriinlerin %63,2’sinin bozulma zamanini tahmin
etmek i¢in kullanilir [21]. Reliasoft programinda yapilan analiz sonuglar1 Tablo 6’da verilmistir.

Tablo 6. Reliasoft programi analizine gére LED’lerin Beta ve Eta degerleri.

Beta ETA (Hr)
LED A Durum 1 2,643359 5247,63712
LED A Durum 2 7,074297 4564,64788
LED B Durum 1 3,738524 5085,83592
LED B Durum 2 7,568756 4644,25441
LED C Durum 1 3,8963 4812,29521
LED C Durum 2 11,394979 4171,6719
LED D Durum 1 1,093973 16872,4692
LED D Durum 2 2,688977 8310,95138
LED E Durum 1 1,366066 14873,8447
LED E Durum 2 2,055971 18630,5376
LED F Durum 1 1,233146 22076,2401
LED F Durum 2 2,403301 10908,7743
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Analiz sonucuna gore KSF ve YAG fosfora sahip LED’lerin zamana bagh giivenilirlik davraniglarinin tahmin
grafikleri sirasiyla Sekil 12 ve Sekil 13’te verilmistir.

Sekil 12 ve Sekil 13 her bir LED bar modiiliiniin Durum 1 ve Durum 2 kosullarina gore giivenilirlik analizi
sonuglarini géstermektedir. Analiz sonucuna gore ekstrem testlerin toplaminda YAG fosforlu LED’lerin Eta degeri
ortalama olarak 15278,802 iken, KSF fosforlu LED’lerin ETA degeri ortalama olarak 4754,390 hesaplanmigtir.
() (b) (a) (b)

I~ 1 Iy 1

2 N ,
\ XS \
\ LED A \  LEDA | LED D ‘ \\ LED D

\ \
\\ LED B N LED B \ LEDE P mma LED E
N 08 \\ X
\ \ \
: \ 4 \ 406 . \
H Z \ £ \
s g Sos &od \
\\ \\ \\
\\ \ \\\ \\
\
Nl e b S | SEn N
‘‘‘‘‘ TR e e o o
= 1 T
] \ \ l\ | 5
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\ \ ’ \
\
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& \ s \ &1\ & \
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\ \ \ \
\ \ X AN
\
\\ A\l \\\ \ ~

.........................................

Sant $

Sekil 12. KSF fosfora sahip LED’lerin a) Durum 1 ve  Sekil 13. YAG fosfora sahip LED’lerin a) Durum 1
b) Durum 2 sonuglarina goére giivenirlik-zaman ve b) Durum 2 sonuglarina gore giivenirlik-zaman
grafikleri. grafikleri.

Bu da YAG fosfora sahip {iiriinlerin %63,2’sinin bozulma siiresinin, KSF’li LED’lerin bozulma siiresinden
yaklasik olarak %31 daha uzun oldugunu gostermektedir. YAG fosforlu LED’lerin ekstrem kosullardaki
dayaniminin KSF’li LED’lerin dayanimindan daha yiiksek oldugu goriilmektedir. YAG ve KSF fosforlu
LED’lerin ariza profillerinin karsilastirilmasini gdsteren Beta degerinin karsilagtirilmasina gére KSF fosforlu
LED’lerin ortalama Beta degeri 6,0527 iken YAG fosforlu LED’lerin ortalama Beta degeri 1,8069 olarak
hesaplanmistir. Bu degerlere gore her iki fosfor tiiriine sahip LED’ler giderek artan ariza grafigine sahiptir. Yani
her iki fosfor teknolojisine sahip LED’lerde yaslanmaya bagli arizalar olugsmaktadir. Analiz sonucuna gére KSF
fosfora sahip LED’lerin YAG fosfora sahip LED’lere kiyasla %30 daha hizli bozulma egrisine sahip oldugu
gOriilmistiir.

Ekstrem kosullardaki Durum 1 ve Durum 2’de yiiksek siirme akimina sahip LED’lerin nominal ortam sicakliginda
tutuldugu durumda yapilan analizlere gore ortalama Eta degeri 11494 iken, yiiksek ortam sicakliina maruz
birakilan LED’lerin ortalama Eta degeri 8538 olarak hesaplanmistir. Bu da ¢alismada belirlenen ortam sicakligi
farkinin akim farklarina oranla dmiir iizerinde daha etkili oldugunu gostermektedir. Ayni sekilde iki farkli ekstrem
kosulun Beta degerleri analiz edildiginde yiiksek ortam sicakliginda yapilan testteki Beta degeri 2,3285 iken,
yiiksek akim ile siiriilen LED’lerin Beta degerinin 5,5310 oldugu gériilmiistiir.

5. SONUC

Bu caligmada, farkli markalara ait YAG ve KSF fosfor tabakasina sahip LED’lerin giivenirlik analizleri
yapilmustir. Ik olarak televizyonun normal calisma kosullar1 ortaya konularak tiim LED’ler nominal kosullar
altinda test edilmistir. Bu degerler iiretici firmalarin paylastig1 limit degerlerin de altinda kalmaktadir. Bu kosulda
hem KSF hem de YAG fosfora sahip LED’lerde TV ¢alismasini etkileyecek boyutta bozulma, renk kaymasi gibi
faktorler gdzlemlenmemistir. Tkinci kosulda ise LED’ler zorlu kosullara tabii tutulmustur. Bu kosullardan birincisi
yiiksek ortam sicaklig1 altinda nominal akim ile LED’lerin siiriilmesi, ikinci kosul ise nominal ortam sicakliginda
yiiksek akim ile LED’lerin siiriilmesidir.

Yiiksek akim ile siiriilen LED’lerin daha yiiksek Eta degerine sahip olmasma ragmen Beta degerinin diisiik
¢ikmasi, erken evrede bozulmalarin olabilecegi ancak bu akim degerine dayanabilen ¢iplerin daha uzun siire
dayanikliligini korumaya devam edebilecegini gostermektedir. Yiiksek ortam sicakligi ise LED’lerin belli bir siire
bu sicaklifa maruz kalmastyla birlikte daha hizli bozulabilecegini gostermektedir. Yani yiiksek akimda LED
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¢iplerin tiretim prosesi kaynakli daha zayif LED’lerin hizlica bozuldugu, yiiksek ortam sicakligina maruz kalan
LED’lerin ise yaslanmaya bagli olarak giderek artan bir ariza hizina sahip olarak bozuldugu gézlemlenmistir.
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