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Bu c¢alismada, dagitim sistemlerinin kayiplar minimum olacak sekilde yeniden yapilandirilmasi
amaglanmigtir. Dagitim sistemindeki farkli karakterli yiikler nedeniyle sebekedeki hatlar giiniin puant
saatlerinde agir yiiklenir ama geri kalan saatlerde hafif yiiklenir. Bu durum gii¢ kayiplarmin biyiik ve
gerilim profilinin diisiik olmasma yol agar. Sebekenin bu degisken yik durumundan olumsuz
etkilenmemesi i¢in, giin iginde yiiklerin optimal olarak dagitilmasi istenir. Bu amagla, agir yiiklenmis
hatlardan hafif yiiklenmis hatlara yiik aktarilir ve sebeke yeniden yapilandirilmus olur. Bu sekilde, hem
sebekedeki kayiplar azaltilmis ve hem de baralarin gerilim seviyesi de yiikseltilmis olur. Sebekenin
yeniden yapilandirilmasi, biitiin yiiklerin beslenmesi kosuluyla, sebekede bulunan anahtarlarin
konumlarinin (agik/kapalr) degistirilmesiyle gergeklestirilir. Bu makalede dagitim sisteminin yeniden
yapilandiriimasi igin ikili pargacik siiriisii optimizasyonu (IPSO) algoritmast kullanilmustir, ¢iinkii PSO
algoritmasi gii¢ sistemlerinde dogrusal olmayan amag¢ fonksiyonlarini ¢6zmek i¢in siklikla kullanilan bir
algoritma olup, ikili PSO algoritmasinin kullanimi daha hizli yakinsama saglamaktadir. Algoritma igin
amag fonksiyonu sebekedeki aktif gilic kaybimin minimum olmasimi saglayan anahtar kombinasyonu
olarak belirlenmis ve bilgisayar simiilasyonlar1 sonucunda, yeni sebeke yapist i¢in, sebekedeki kayiplarin
biiyiik oranda azaltildigi ve sebekenin gerilim profilinin de iyilestirildigi goriilmiistiir. Elde edilen
sonuglar literatiirde gelismis genetik algoritma, gekirge optimizasyon algoritmasi, harmoni arama
algoritmasi, havai fisek algoritmasi ve guguk kusu arama algoritmasi kullanilarak bulunmus olan
sonuglarla karsilagtirilarak 6nerilen PSO algoritmasinin iistiinliigi gosterilmistir.
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* Sorumlu Yazar

In thie study, it is aimed that the distribution network is reconfigured such that losses are minimized,
Lines in the network are heavily loaded at the peak hours of the day but they are lightly loaded in other
hours owing to different characterized loads. This state results that power losses are high and voltage
profile is low. Since the network is not affected negatively from this variable loading situation, it is
desired that the loads are optimally distributed during the day. For this purpose, the loads are transferred
to lightly loaded lines from heavily loaded lines and the network is reconfigured. Therefore, both the
losses in the network are reduced and the voltage level at the buses is increased. Reconfiguration of rhe
network is realized with the status of the switches (on/off) are changed in the network, provided that all
of the loads are supplied. In this paper, particle swarm optimization (BPSO) algorithm is used for
reconfiguration of the distribution network because particle swarm optimization (PSO) algorithm is a
frequently used algorithm to solve nonlinear objective functions in power systems and using of binary
PSO algorithm provides faster convergence. Objective function for the algorithm is determined as the
switch combination provided that real power losses are minimized and, it is seen that losses in the
network are considerably decreased and voltage profile of the network is also improved for the
reconfiguration of network, from the computer simulations. Ssuperiority of tne proposed algorithm is
shown by comparing the obtained results with the results obtained by using enhanced genetic algorithm,
grasshopper optimisation algorithm, harmony search algorithm, fireworks algorithm and cuckoo search
algorithm in literature.
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Giris

Enerji ihtiyaci, siirekli artan niifus ve sanayilesmeye bagl
olarak hizla artmaktadir. Giiniimiizde tlkelerin gelismiglik
seviyesini gosteren Olciitlerden biri de kisi basina diigen
elektrik enerjisi tiikketimi olmaktadir. Santrallarda {iretilen
elektrik enerjisi iletim ve dagitim Sistemleri {izerinden
tiiketicilere ulagmakta ve bu esnada sistemin yapisina bagl
olarak elektrik enerjisinde kayiplar ve bozulmalar
olugsmaktadir. Elektrik enerjisinin  kalitesini  belirleyen
ozellikler asagidaki gibidir [1]:

Gerilimin sabit genlikli ve sabit frekansli olmasi
Faz gerilimlerinin ve faz akimlarinin dengeli olmasi
Siirekli enerjilendirme

Biiyiik (1°e yakin) gii¢ faktorti

Belirli sinirlar1 asmayan harmonikler

Elektrik enerjine olan talebin hizla artmasi nedeniyle, hem
temiz enerji kaynaklarinin kullamimimi arttirmak ve hem de
var olan sistemin verimliligini arttirmak amaciyla ¢aligmalar
yapilmaktadir. Bu ¢aligmalarin amaci hem ekonomiklik ve
hem de verimlilik agisindan sistemdeki kayiplarin
azaltilmasidir.

Kentsel dagitim sistemlerindeki kayip enerji genellikle
tiketilen enerjinin % 3-4' 4 mertabasindedir [2]. Kirsal
dagitim sistemlerinde, daha genis alanlara yayildiklar igin,
enerji kayiplari bu degerin iki katna ¢ikabilmektedir.
Sistemdeki kayiplarin azalmasiyla, tiiketilemeyen enerji
miktar1 azalir ve parasal tasarruf ta saglanir. Kayiplar
azaltmak i¢in asagida swralanan n bazi ydntemler
kullanilabilir [3]:

Mevcut donanimin yenilenmesi
Transformatorlerin dogru segilmesi
Fazlarin dengelenmesi

Talrp yonetimi

Sebeke yapilandirmasi

Kapasitor gruplari kullanilmast
Dagitik iiretim

Sebekenin yeniden yapilandiriimasi

Sebekenin  yeniden  yapilandirilmasi  ile  kayiplarin
azaltilmas fikri ilk olarak Merlin ve Back tarafindan ortaya
konulmustur [4]. Burada o6nce halka sebeke yapisi
olusturmak i¢in sebekedeki biitiin anahtarlar kapatilmis ve
daha sonra anahtarlar art arda acilarak radial sebeke elde
edilmigtir. Shirmohammadi ve Hong tarafindan Merlin ve
Back [4] yontemine dayanan sezgisel bir algoritma
Onerilmigstir [5]. Bu algoritmanin sakincasi, sebekenin
yeniden yapilandirilmasi esnasinda anahtar konumlarinin
eszamanli degistirilmemesidir. Civanlar ve ark., dagitim
sisteminin hat kayiplarini azaltacak sekilde yapilandiriimasi
icin sadece sezgisel algoritmay1 ve anahtarlama igleminde
dal degisimi yontemini kullanmiglardir [6]. Bu yontemin en
biiylik sakincasi, bir defada sadece bir ¢ift anahtarlama
isleminin yapilabilmesi olup, kayiplar azaltirlmakta ama
minimuma indirilememektedir. Baran ve Wu tarafindan
yapilan ¢alismada, sezgisel algoritmadan yararlanilarak dal
degisimi yontemi kullanimigtir [7]. Goswami ve Basu
tarafindan Onerilen yontemde, radyal bir sebeke olusturmak
i¢in bir anahtarin kapanmasi baska bir anahtarin agilmasiyla
tamamlanmaktadir [8]. Bu yontem kiigiik sistemler igin
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uygun olmakla beraber biiyiik sebekelerde kullanigh
degildir, ¢iinkii ¢ok sayida hesaplama igermektedir. Nara ve
ark. tarafindan, sebekenin yeniden yapilandirilmasi problemi
icin genetik algoritmaya (GA) dayanan bir yontem
onerilmistir  [9]. Bu yontemle elde edilen ¢oziimde,
anahtarlama durumu, uygunluk fonksiyonu, gerilim diigiimii
ve mevcut kapasite limiti ile ilgili ceza degerleri
bulunmaktadir. Sonug olarak, kayiplar minimize edillmekle
beraber ¢6ziim ¢ok uzun siirmektedir. Zhu, ¢aprazlama ve
mutasyonlart kullanarak genetik algoritmay1 gelistirmistir
[10].  Literatiirde,  dagitim  sebekesinin  yeniden
yapilandirilmasi ~ probleminin  ¢6ziimiinde GA’ nm
kullanildigi bagka ¢aligmalar da bulunmaktadir [11-14]. Bazi
aragtirmmacilar  tarafindan, benzetilmis tavlama (SA)
yontemi sebeke yapilandirilmasi probleminin ¢6ziimii igin
onerilmistir [15-17]. Bu algoritma, teorik olarak kabul edilir
olmakla beraber, herhangi bir pratik problemin ¢oziimii i¢in
¢ok zaman almaktadir.

Bu calismada, dagitim sebekesindeki kayiplari azaltmak ve
gerilim profilini iyilestirmek icin ikili pargacik siiriisii
optimizasyonu  (PSO) kullanilarak  sebeke yeniden
yapilandirilmistir. Onerilen yontem IEEE 33 barali [7] ve
IEEE 69 barali [13] sistemlerde denenmistir. Her iki system
icin bilgisayar simiilasyonlar1 ile elde edilen sonuglar
literatiirdeki ~ gelismis  genetik  algoritma,  ¢ekirge
optimizasyon algoritmasi, harmoni arama algoritmasi, havai
fisek algoritmast ve guguk kusu arama algoritmasi
kullanilarak bulunmus olan sonuglarla karsilagtirilarak
Onerilen algoritmanin basarisi gosterilmistir.

Elektrik Dagitim Sebekeleri

Elektrik Piyasasi Sebeke Yonetmeligi’nde, Tiirkiye’de
nominal gerilimi 36 kV ve altinda olan sebekelerin dagitim
sebekesi olarak kabul edildigi belirtilmektedir [18]. Dagitim
sebekeleri planlanirken, bélgenin cografi ve sosyoekonomik
yapisi, sanayilesme hiz1 ile giincel enerji tiiketim verilerinin
de gbz Oniine alinmasi gerekir. Ayrica, bdlgede var olan
veya potansiyel enerji kaynaklarmm durumu da dikkate
alimmalidir. Bu nedenle, tiiketicilere kaliteli elektrik enerjisi
saglanmast amaciyla farkli sekillerde dagitim sebekeleri
tasarlanmaktadir. Dagitim sistemleri yapilarina gore

Radyal (Dall1) Sebekeler
Halka (Ring) Sebekeler
Gozlii (Ag) Sebekeler
Enterkonnekte Sebekeler

olarak siniflandirilir [19].

Radyal (Dalli) Sebekeler

Bu sebekeler genellikle bir transormatérden beslenir.
Radyal sebekede, dagitim  transformatérii  yiik
yogunlugunun en fazla oldugu yerdedir ve agag dallar1 gibi
once kalin, daha sonra ince kollara ayrilan sebeke ile
elektrik enerjisi tiikketicilere kadar ulastirilir. Bu nedenle, bu
tip sebekeler dalli sebeke olarak ta adlandirilir [19].

Sekil 1’de verilen 6rnek sebeke goéz 6niine alindiginda, A, B
ve C olarak gosterilen ve dagitim transformatoriine yakin
yerlerde kullanilan hatlara ana hat ve E, F, G ve H ile
gosterilen ve dagitim transformatoriinden uzaklastikca
incelen hatlara brangman hatt1 ad1 verilir [19].
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Sekil 1. Radyal sebeke yapisi [19].
Radyal sebekenin tistiinliikleri:

e Tesis masrafi diger sebekeleree gore daha azdur,
e Bakimu ve isletilmesi kolaydir,
e Sebekede olusan bir ariza kolay tespit edilir.

Radyal sebekenin sakincalari:

e Ariza giderilinceye kadar birgok abone enerjisiz
kalabilir,

e Transformatorden uzaklasildikga gerilim distiigii igin
hatlarda gerilim esitliligi saglanamaz.

Halka Sebekeler

Bu tip sebekelerde, tiiketiciler birden fazla transformator

iizerinden beslenirler ve biitiin transformatorler kapali bir
halka olusturulur (Sekil 2) [19].

trafo

trafo 154345 KV

15/34,5 KV

bara [ 34,56 kv

bara

trafo

150 34,5 KW bara  trafo bara

D

0.4 345 k¥

Sekil 2. Halka sebeke yapisi.
Halka sebekenin iistiinliigii:

e Halka iginde herhangi bir yerde ariza olmasi
durumunda, sadece arizali kisim enerjisiz kalir ve
ariadan dalli sebekeye gore daha az tiiketici etkilenir.

Halka sebekenin sakincasi:

e Beslenen bolgenin enerji ihtiyact arttiginda, halka
sebekedeki hatlar, gerekli olan akimi tasiyamaz ve
biitiin hatlarin degistirilmesi gerekir. Bu nedenle,
halka sebeke radyal sebekeye gore daha masraflidir

[19].
Gozlii Sebekeler
Bu tip sebekelerde hatlar bir veya daha fazla

transformatorden beslenebilirler [19]. Sekil 3’teki ornek
sebekeden de goriildiigli gibi, hatlar bir ag olusturacak
sekilde birbirine baglanmistir.
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Sekil 3. Gozlii sebeke yapist.
Gozli sebekenin istiinliikleri:

e Bir ariza meydana geldiginde, halka sebekede oldugu
gibi, sadece arizali kisim enerjisiz kalir.
o Diger sebekelere gore gerilim diistimii daha azdir.

Gozlii sebekenin sakincalari:

e Ttek bir transformatér ile beslenen sebekede
transformator arizasi durumunda biitiin sebeke
enerjisiz kalir,

e Kisa devrenin etkisi diger sebeke tiirlerine gore daha
fazladur.

e Bakimi ve isletilmesi daha zordur.

Enterkonnekte Sebekeler

Enterkonnekte sebekeler 6zellikle biiylik miktardaki enerji
aligverislerinin s6z konusu oldugu bolgeler veya uluslararast
enerji akisin1 saglamak amaciyla olusturulan sebekelerdir
[19]. Bu tip sebekeler bolgelerdeki biitiin iretim ve tiikketim
birimlerini igerir. Sebekede herhangi bir ariza durumunda,
diger bolgeler bu arizadan etkilenmez ve tiiketicileri
beslemeye devam ederler, dolayisiyla enerji Kkesintisi
yasanmaz. Her {ilkenin kendi enterkonnekte sistemleri vardir
ve ayni zamanda komsu iilkelerin enterkonnekte sebekeleri
de birbirine baglanabilmektedir

Yeniden Yapilandirma Problemi

Son zamanlarda, giderek artan elektrik enerjisi talebi
nedeniyle, dagitim sistemleri daha genis ve daha karmagik
hale gelmektedir, ki bu durum daha yiiksek sistem
kayiplarma ve diistik gerilim profiline yol agmaktadir.
Yapilan ¢alismalar, dagitim sisteminde Joule kayiplarinin
iretilen toplam giiciin yaklagik % 10-13' iine ulagtigini, bu
durumun da hem dagitim hatlari boyunca enerji maliyetini
arttirdigin1 ve hem de gerilim profilinin diisiik olmasina yol
actigim1 gostermektedir. Bu nedenle, dagitim sebekelerinin
giivenilirligini arttirmak giderek daha da 6nemli olmaktadir.
Sebekenin yeniden yapilandirilmasi, dagtim sitemlerinde
gerilim kararliligmmin arttirilmasi ve kayiplarin azaltilmasi
i¢in en ¢ok kullanilan yontemlerden biridir [20, 21].

Dagitim sebekelerinin yeniden yapilandirilmasinin amaci,
genellikle, aktif giic kaybimi azaltmak ve sebekedeki agsirt
yikii hafifletmektir. Bunlarin yanisira, ariza kaynakli
kesintilerde ve bakim nedeniyle yapilan planh kesintilerde
de yeniden yapilandirma kullanilmaktadir. Dagitim
sebekeleri, tiiketicilerin siirekli beslenebilmesini saglamak
amaciyla gozlii sebeke olarak tasarlanirlar, ancak isletilmesi
daha kolay oldugu i¢in radyal sebeke olarak isletilirler.
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Sebekenin yeniden yapilandirilmasi, anahtarlarin agik/kapali
durumlart degistirilerek kayiplart minimuma indiren ve
gerilim kararliligmmi arttiran radyal sebeke yapisinin elde
edilmesidir. Dagitim sistemlerinde, genellikle, baglayic
(normalde agik) anahtar ve ayirici (normalde kapali) anahtar
olmak tizere iki cesit anahtar kullanilir. Sekil 4’ te verilen
ormek sebekede, 10-14, 5-11 ve 7-16 no.lu digtmler
arasindaki kesikli ¢izgiyle gosterilen dallarda baglayici
anahtarlar ve diger dallarda ise ayirici anahtarlar vardir [12].
Calisma kosullar1 degistiginde, hatlardaki omik kayiplari
azaltmak i¢in bu anahtarlarin agilmasi/kapatilmas: ile
sebekenin yeniden yapilandirmasi saglanir. Burada 6nemli
olan, dagitim gebekesinin radyal yapisini korumak amaciyla,
yiikleri bagka hatlara aktarmak igin bir ayirici anahtar
acildiginda, bir baglayici anahtarin kapatiimasidir.

Feeder-lll

®
(9

Feeder-|

Feeder-I|

Ohe

23

e & @®
Sekil 4. 16 baral1 dagitim sebekesi [12].
olarak

Yeniden yapilandirma sorunu matematiksel

asagidaki gibi ifade edilir []:

Amag fonksiyonu:

N 2 2
. P+ 0;
min P, = E i ——

s &)
i=1 t
Kisitlamalar:
gix) <0 (2)
Vmin < Vn < Vmax (3)
min < [ < [mex (4)
det(A) = 1veya—1 (5)

Bu denklemlerde, P_ toplam aktif gii¢ kaybmi, L dal
sayisini, Pj ve Qj, sirasiyla, i dalindan ¢ekilen aktif ve reaktir
giicleri, Vi i dalmin gerilimini, r; i dalinin direncini, g(X) gii¢
akist denklemlerini, Vn n digiimiindeki gerilimi, i i
dalindaki akimi, Vimin V& Vimax, srastyla, gerilim igin alt ve st
sinir degerleri, ™" ve ;™ srasiyla, i dalmin akimi igin alt
ve st smnir degerleri ve | bara baglanti matrisini
gostermektedir.
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Parcacik Siiriisiit Optimizasyonu (PSO)

Parcacik siiriisii optimizasyonu (PSO) bir sezgisel yontem
olarak ilk defa Kennedy ve Eberhart tarafindan 1995'te
ortaya konulmustur [22]. PSO baglangigta lineer olmayan
stirekli problemlerin ¢6ziimiinde kullanilmig, ancak bugiin
karmagik problemlerin ¢6éziimiinde ¢ok kullanilan bir
algoritma  haline  gelmistir.  Mevcut  optimizasyon
yontemleriyle karsilagtirildiginda, PSO algoritmasi asagida
siralanan birgok 6nemli istiinliige sahiptir [23]:

e Tiirev igermez.

e Bagka  optimizasyon
kullanilabilir.

e Amag¢ fonksiyonunun digbiikeylik veya siireklilik
gibi ozelliklerine duyarliligi daha azdir.

e Diizeltilecek parametre sayisi daha az oldugu icin,
uygulanmasi ve programlanmasi daha kolaydir.

e Bolgesel minimumdan kagma yetenegi vardir.

yontemleriyle  birlikte

e Rastgele bir baglangig ¢oziimiyle iterasyona
baslanabilir.
PSO algoritmasinin mantigi, kus siiriisiniin hareketlerine

dayanmaktadir: siiriideki  kuslar yiyecege en yakin
konumdaki kusu takip ederler. PSO algoritmasinda,
popiilasyondaki pargaciklar rastgele atanan baglangic

konumu ve hiziyla hareket etmeye baslar. Parcaciklarin
konumlar1 ve hizlar1 her iterasyonda giincellenir ve bulunan
yeni koordinatlar bir fonksiyona gonderilerek parcaciklarin
hedefe olan uzakliklar1 kaydedilir. En iyi ¢ozimii elde
etmek amaciyla, her iterasyonda parcaciklarin konumlari
pargacigm en iyi degeri olan ppest V€ popiilasyondaki en iyi
deger olan grest biiyiikliikleriyle kasilastirilarak giincellenir.
Durdurma kriteri saglandiginda ya da maksimum iterasyon
sayisina ulagildiginda algoritma sonlandirilir [23].

Parcaciklarmm ¢o6ziim uzaymdaki hareketi Sekil 5° te

gosterilmistir.

Sekil 5. PSO algoritmasinda parcaciklarin hareketi [24,25].

Probleme iliskin ¢6ziim uzaymda n boyuttan olusan m adet
pargacik oldugu varsayildiginda, parcacik matrisi asagidaki
gibi olusturulur;

X

(6)
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Popiilasyon matrisinde i. pargacik asagidaki gibi ifade edilir:

Xiz X3 Xin] @)

X; = [xil
i. pargacigin 6nceki en iyi uygunluk degerini veren konumu
ve siirideki en iyi pargacigin konumu sirasiyla agagidaki
gibi ifade edilir:
P2 DPi3 Pin]

pbest; = [Pi1 8

) in] (9)
Siriideki i. pargacigin hizi da asagidaki gibi ifade edilir:

gbest; = [9in Gz Yis

v; =[Vi1 Viz Vi3 Vin| (10)
Buna gore, pargaciklarin hizi ve konumu sirasiyla Denklem

(11) ve Denklem (12) kullanilarak giincellenir:

k+1

vl = w vl + ¢y xrand, () * (pbestf; —

+cy *rand, () * (gbestf‘j - xl’j) (11)

x5t = + vl (12)

Denklem (11) ve Denklem (12) de; i=1,...,m ve j=1,...,n
olup, m popiilasyonun bilyiikliigi ve n arama uzaymin
boyutudur. Denklem (11)’ de, rand (.) [0, 1] arahiginda
rastgele bir sayiy1, X, vii¥, pbestj* ve gbesti, sirasiyla, k.
iterasyonda j. boyuttaki i pargaciginin konumunu, hizini, en
iyi konumunu ve biitiinsel en iyi konumunu gostermektedir.

Denklem (11)’ de, ¢1 ve C; 6grenme katsayilart olup, Ci
katsayisi bir pargacigin kendi deneyimlerine goére hareket
etmesini ve c» katsayist ise popilasyondaki diger
parcaciklarin kendi deneyimlerine gore hareket etmesini
saglamaktadir. Eger O0grenme katsayilart kiigiik segilirse,
parcaciklar hedef bolgeden uzaklasir ve arama uzayini
genisletirler, dolayisiyla arama siiresi uzar. Eger 6grenme
katsayilart biiyiik secilirse, parcaciklarin hedefe ulasma
stiresi kisalir, ancak ulagilmak istenen bolge go6zden
kagirilabilir. Caligmalar, dagitim sebekesinin  yeniden
yapilandirilmasit  probleminin  ¢dzlimiinde  €1=C>=2,0
degerlerinin iyi sonuglar verdigini gostermistir.

Denklem (11)” de, w atalet agirlig1 olup, degeri genellikle 0
ila 2 arasindadir. Atalet agirh@mm biiyiik olmasi biitiinsel
aramayr ve atalet agirligmin kiiglik olmasi ise bolgesel
aramay1 kolaylastirir. Dolayisiyla, atalet agirlig1 bolgesel ve
biitiinsel arama arasinda bir denge saglamaktadir. Bu
nedenle, w degerinin incelenen probleme uygun olarak
se¢ilmesi ¢ok dnemlidir. w atalet agirligmmn K. iterasyondaki
degeri

Winax — Wi
W(k) — max : min X (13)
max. iter
bagintisi ile belirlenir; burada Wmax V& Wmin, sirasiyla, atalet
agirhgmin maksimum ve minimum degerleri olup, k ise 0
andaki iterasyon numarasidir.

219

Benzetim Calismalari

Bu calismada, PSO algoritmasinin dagitim sisteminin
yeniden yapilandirilmasi  problemine uygulanmis ve
algoritmanin etkisini gostermek icin IEEE 33 ve IEEE 69
barali radyal test sebekeleri goz 6niine alinmustir.

Sebeke incelemesine baglanmadan dnce agagidaki kabuller
yapilmugtir [9]:

o Sistemdeki biitiin yiikler dengelidir.

o Analizler siirekli hal igin yapilmigtir.

e Baralar arasinda parallel hatlar yoktur ve her bir
hatta bir anahtar vardir.

o Test edilen dagitim sebekelerinin acik halka (radyal)
sebeke olarak calistirildig1 varsayilnistir.

e Sistem modelinde hatlarin siiseptans degerleri sifir
almmustir, ¢linkii kisa hatlar s6z konusudur.

PSO algoritmasmin dagitim sebekelerine uygulanmasinda
asagidaki adimlar izlenmistir [26]:

Adim 1: PSO algoritmast i¢in gerekli olan ve asagida
siralanan parametrelerin degerleri belirlenir:

N : Maksimum iterasyon sayisi (50)

m : Popiilasyon biiyiikligii (20)

n : Arama uzaymn boyutu (baglayici anahtar say1st) (5)
c, ve ¢, : Ogrenme katsayilari (C1=C>=2,0)

Wmax Ve Wmin Atalet agirlig igin en biiyiik ve en kiiciik
degerler (Wmax=0,9, Wmin=0,4)

Adim 2: Rastgele bir baslangic konum matrisi (X;) ve
bolgesel en iyi konum matrisi (pbest;) olusturulur. Ayrica,
rand (.)j fonksiyonu ile bir baglangic hizlari matrisi
tanimlanir. Bu ¢alismada, bu matrisler 20x5 mertebelidir.

Adim 3: Algoritmanm uygulanacagi sebekeye iliskin veriler
programa girilir ve giic akigt analizi yapilir. Sebekenin
radyalligin1 korumak i¢in, aralarinda baglayici anahtar olan
baralara 0 ve aralarinda ayirici anahtar olan baralara 1 degeri
atanarak bara baglanti matrisi olusturulur:

1 1 0
[ (14)
0 1 « 0

Adim 4: Her bir parcacik i¢in hiz ve konum belirlenir. Bu
amagla, parcaciklara iliskin konum ve hiz bilgileri asagidaki
dongii kullanilarak her iterasyonda giincellenir ve 20x5
mertebeli matris bigiminde kaydedilir.

for j=1:N

k+1

vt = wxvf + ¢y xrand, ();<(pbest — xf5) +

c;xrand,();;x(gbestf; — xf)

if rand < S(v)

Xid = 1
else

Xid = 0
end

end
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Burada onerilen algoritma “ikili PSO” adim alir, giinkii
Denklem (15) ile verilen S(x) fonksiyonu yardimiyla, hiz 0
ile 1 arasinda deger alabilmektedir. Bu fonksiyonun
kullanilmasi ile pargaciklarin hareketleri tamamen rastgele
olmamakta ve sonug olarak algoritma en iyi ¢oziime daha
hizl1 yakinsamaktadir.

1
S(vij) = m (15)

Adim 5: Her iterasyonda, ama¢ fonksiyonu yenilenen
anahtar konumlar1 igin tekrar hesaplanir. Algoritma,
sebekenin yenilenen anahtarlama durumuna iliskin sebeke
ve yiik bilgilerini kullanarak gii¢ akis1 analizi ile sebekedeki
kayiplar1 hesaplar.

Adim 6: i pargacigi ig¢in, uygunluk fonksiyonu ile
kisitlamalarin  saglanip saglanmadigi ve bara baglantt
matrisinin kosullar1 saglayip saglamadigi kontrol edilir. Eger
son bulunan konum onceki iterasyonda bulunmus olan
konumdan daha iyi ise, bu konum yeni pbest degeri olur.
Eger bu pbest degeri gbest’ten de daha iyi ise, bu konum
yeni gbest degeri olur.

Adim 7: Durdurma Kriterinin saglanip saglanmadigi kontrol
edilir. Eger bu kriter saglaniyorsa gbest problemin en uygun
¢oziimii olur ve algoritma sonlandirilir. Eger durdurma
kriteri saglanmiyorsa Adim 4’e geri doniliir. Eger
maksimum iterasyon sayisina ulagildiysa algoritma
sonlandirilir.

Bu calismada, dagitim sebekesinin gii¢ akisi analizinde
MATPOWER [27] programi ve PSO algoritmasi igin
MATLAB 2016a programi kullanilmistir.

IEEE 33 Baralh Radyal Dagitim Sebekesinin Yeniden
Yapilandirilmasi

IEEE 33 barali test sisteminde 32 ayirici anahtar ve 5
baglayict anahtar bulunmaktadir (Sekil 6). Sebekeye iliskin
hat ve yiik bilgileri Ek A’ da verilmistir. Sebeke icin gerilim
degeri 12,66 kV olup, sebekedeki toplam aktif ve reaktif
yiikler sirasiyla 3,72 MW ve 2,3 MVAr olup, normal
calisma kosullarinda 33, 34, 35, 36, 37 nolu anahtarlar
agiktir.

PSO algoritmasi kullanilarak, mevcut 33 barali sebekedeki
kayiplarin minimuma indirilmesi i¢in en uygun anahtarlama
kombinasyonu

2 ve 3 no.lu baralar arasindaki 2 no.lu anahtarin

13 ve 14 no.lu baralar arasindaki 13 no.lu anahtarin
16 ve 17 no.lu baralar arasindaki 16 no.lu anahtarin
8 ve 21 no.lu baralar arasindaki 33 no.lu anahtarin
25 ve 29 no.lu baralar arasindaki 37 no.lu anahtarin

actk ve diger anahtarlarin kapali oldugu durum olarak
belirlenmistir

Bu kombinasyona gore elde edilen sonuglar Tablo 1’ de
verilmistir. Tablodan, sebekenin yeniden yapilandirilmasi ile
kayiplarin % 45,94 azaltilmis ve gerilim profilinin genel
olarak iyilestirilmis oldugu goriilmektedir.

Ana Trafo
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Sekil 6. 33 barali test sebekesi [7]

Algoritma Intel Core™ i5-2410M 2,30 GHz islemcili ve 8
GB RAM’ i diziistii bilgisayarda calistirilmig olup, bir
dongii siiresi 77,26 s’ dir. Sonuglarin gegerliligini kontrol
etmek i¢in algoritma 20 kere g¢alistirilmistir. Algoritmanin
yetkinligini gostermek amaciyla, elde edilen sonuglarin
literatiirdeki diger algoritmalarla karsilaltirilmas: Tablo 2’
de verilmistir.

Tablo 2’ de, GGA gelismis genetik algoritma, GOA c¢ekirge
optimizasyon algoritmasi, HSA harmoni arama algoritmasi,
FWA havai fisek algoritmasi ve CSA guguk kusu arama
algoritmasidir.  Sonuglar  karsilastirildiginda,  Onrilen
algoritmanin gii¢ kayiplarinin azaltilmas: agisindan en iyi
sonucu verdigi, ancak gerilim profili agisindan diger
algoritmalarin Onerilen algoritmadan daha iyi sonuglar
verdigi goriilmektedir.

Sekil 7°deki grafikten, yapilandirmadan énce 18 no’lu bara
en disiik gerilim seviyesine sahip iken, sebekenin yeniden
yapilandirilmasiyla 25 no’lu baranin en disiik gerilim
seviyesine sahip bara oldugu goriilmektedir. Sonug olarak,
yiiklerin kaydirilmasi ile yiikler sebekede daha esit dagitilmis
ve hem gii¢ kayiplar1 azaltilmig ve hem de baralarm gerilim
seviyeleri yiikseltilmistir
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Tablo 1. 33 baral1 sebeke igin elde edilen sonuglar.

. Minimum Kay1p
Durumlar Acik Anahtarlar Gu((}kl\j\?)ybl Gerilim (p.u.) Azaltma
— Bara No. Oran1 (%)
Temel Durum  33-34-35-36-37  208,4592  0,91075 - (18) -
Yeniden 2-13-16-33-37 1126833 09229 (25) 45,9447
Yapilandirma
Tablo 2. 33 baral1 sebeke i¢in literatiir karsilagtirmasi.
Gii¢ Kaybi Minimum
Durumlar Acik Anahtarlar (kw) Gerilim (p.u.)
Temel Durum  33-34-35-36-37  208,4592 0,91075
Yeniden 2-13-16-33-37  112,6833 0,9229
Yapilandirma
GGA [11] 7-9-14-32-37 139,55 -
GOA [28] 4-14-15-22-33 130,8164 -
HSA [20] 07-14-09-32-37 138,06 0,9342
FWA [29] 07-14-09-32-28 139,98 0,9413
CSA [21] 7-9-14-32-37 138,87 0,94235
1 =2
009 2 T:‘l’@ 3
0.98 —@ — 4_® T?@
0.97 z%@ " @ . ® T:@
S 0.9 —1T—® T_@ a_@ 1@
= @
Eoss I
$ 0.94 B
0.93
0.92
=—eniden Yapilandirma
09 ki 0
5 10 15 20 25 30 57 o -
Bara no _;(@ v TL?; """""" S
I ® Vs
Sekil 7. 33 barali test sebekesindeki gerilim profili. ] AT i 7
- ——®
IEEE 69 Barah Radyal Dagitim Sebekesinin Yeniden ng Ti®
Yapilandirilmasi Ii@ T%@
IEEE 69 barali radial dagitim sebekesinde 68 ayirict Ti@ LT ®
anahtar ve 5 baglayict anahtar vardir (Sekil 8). Sebekeye Ti‘ T:®
iliskin hat ve yiik bilgileri Ek B’ de verilmistir. 69 baralt I
test sebekesindeki toplam aktif ve reaktif yiikler sirasiyla : =2
3,80 MW ve 2,69 MV Ar olup, normal ¢aligsma kosullarinda Tz_g
69, 70, 71, 72, 73 nolu anahtarlar agiktir. ¥ e
¥1°

Onerilen PSO algoritmast kullanilarak, IEEE 69 barali test
sebekesindeki kayiplarm minimum indirilmesi i¢in en
uygun anahtarlama kombinasyonu

e 14 ve 15 no.lu baralar arasindaki 14 no.lu anahtarin
e 58 ve 59 no.lu baralar arasindaki 58 no.lu anahtarin
e 61 ve 62 no.lu baralar arasindaki 61 no.lu anahtarin
e 11 ve 43 no.lu baralar arasindaki 69 no.lu anahtarin
e 13 ve 21 no.lu baralar arasindaki 70 no.lu anahtarin

acik ve diger anahtarlarin kapali oldugu durum olarak
belirlenmistir.
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T3

Sekil 8. 69 barali test sebekesi [13]

Bu kombinasyon i¢in elde edilen sonuglar Tablo 3’ te
verilmistir. Tablodan, sebekenin yeniden yapilandiriimasi
ile kaymplarin % 55,72 azaltilmis ve gerilim profilinin
biiyiik dl¢tide iyilestirilmis oldugu goriillmektedir.

Sekil 9° daki grafikten, baslangigta 65 no’lu bara en diisiik
gerilim seviyesine sahip iken, sebekenin yeniden
yapilandirilmasiyla 62 no’lu baranin en diisiik gerilim
seviyesine sahip bara oldugu goriilmektedir.
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Tablo 3. 69 baral1 sebeke igin elde edilen sonuglar.

. Minimum Kay1p
Durumlar Acik Anahtarlar Guqkl\j\?ybl Gerilim (p.u.) Azaltma
(kw) — Bara No. Orani (%)
Temel Durum  69-70-71-72-73  225,0007 0,90919 -
Jeniden 14-58-61-69-70 99,62 0,94275 55,72
Yapilandirma
Tablo 4. 69 barali sebeke i¢in literatiir kargilagtirmasi.
Giig Kayb1 Minimum
Durumlar Acik Anahtarlar (kw) Gerilim (p.u.)
Temel Durum  69-70-71-72-73  225,0007 0,90919
Yeniden 14-58-61-69-70 99,62 0,94275
Yapilandirma
HSA [20] 13-18-56-61-69 99,35 0,9428
FWA [29] 14-56-66-69-70 98,59 0,9495
CSA [21] 14-57-61-69-70 98,568 0,9495
GGA [11] 15-59-62-70-71 99,62 —
® Yeniden yapilandrma i¢in Onerilen PSO
1 algoritmast ile elde edilen en uygun anahtarlama
0.99 kombinasyonu IEEE 33 barali test sebekesi i¢in
058 diger algoritmalarla elde edilen
kombinasyonlardan olduk¢a farklidir. Ancak,
oer [\ IEEE 69 barali test sebekesi igin biitiin
F0% algoritmalarla  birbirine yakin  anahtarlama
E 095 kombinasyonlar1 elde edilmistir
o o o Onerilen PSO algoritmasmin uygulanmasiyla,
0.03 kayiplar IEEE 33 baral: test sebekesinde % 45,94
062 ve IEEE 69 barali test sebekesinde ise % 55,72
oo oraninda  azaltilmistir.  Literatiirde  bulunan
— Yeniden Yapilandima calismalarla karsilastirildiginda, onerilen PSO
08 0 20 0 0 0 0 algoritmasinin gii¢ kayb1 agisindan IEEE 33 barali
Bara no test sebekesinde agik ara en iyi sonucu, IEEE 69

Sekil 9. 33 barali test sebekesindeki gerilim profili

69 Dbarali test sebekesi i¢in elde edilen sonuglarin
literatiirdeki diger algoritmalarla karsilastirilmasi Tablo 4’
te verilmistir. Tablodan, biitin algoritmalarla bulunan
anahtar kombinasyonlarinin  birbiriine yakm oldugu
goriilmektedir. Onerilen PSO algoritmas1 ile GGA
algoritmastyla ayni gii¢c kayb1 degeri bulunmustur. Gerilim
profili agisindan ise, gelistirilen PSO algoritmasi ile HSA

algoritmasiyla aymi  gerilim  degerinin  bulundugu
goriilmektedir.
Sonuglar
Bu caligmada,  dagiim  sebekelerinin  yeniden

yapilandirilmast probleminin ¢6ziimii igin ikili parcacik
siiriisii optimizasyonu (IPSO) algoritmas1 kullanilmustir.
Yeniden yapilandirmanin amaci hem sebekedeki aktif gii¢
kayiplarimin - azaltilmast ve hem de baralarin gerilim
seviyelerinin yiikseltilmesidir. Onerilen yéntem, IEEE 33
barali ve I|EEE 69 barali radyal test sebekelerine
uygulanmis olup, her iki test sebekesi i¢in elde edilen
sonuglar literatiirde gelismis genetik algoritma, c¢ekirge
optimizasyon algoritmasi, harmoni arama algoritmasi,
havai fisek algoritmasi ve guguk kusu arama algoritmasi
kullanilarak bulunmus olan sonuglarla karsilagtirilmigtir.
Buna gore,
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barali test sebekesinde ise en iyi degere yakin
sonug verdigi goriilmiis olup, gii¢ kaybi1 degeri
biitiin algoritmalar igin birbirine ¢ok yakin
degerlerde elde edilmistir.

Onerilen PSO algoritmasinin  uygulanmastyla,
baralarin gerilim seviyeleri hem IEEE 33 barali
test sebekesinde ve hem de IEEE 69 barali test
sisteminde biiyiik 6l¢iide yiikseltilmistir.

Sonug olarak, bu g¢alismada dagtim sebekesinin yeniden
yapilandirilmast  problemnin  ¢éziimi  igin,  diger
algoritmalara gére daha basit yapiya sahip olmasi, daha az
parametre ile en iyi sonucu bulabilmesi ve kullanimmin
kolay olmasi gibi tstiinliikleri nedeiyle, PSO algoritmasi
tercih edilmistir. Simiilasyon sonuglarindan, énerilen PSO
algoritmasi ile gncelenen her iki sebeke icin de en uygun
veya en uyguna yakin ¢Oziimiin elde edilebildigi
gorlmiistiir.

Etik kurul onay1 ve ¢ikar ¢catismasi beyani

Hazirlanan makalede etik kurul izni alinmasina gerek
yoktur.

Hazirlanan makale A. Cakir’in yuriticisii oldugum
yiiksek lisans tezinden tiiretilms olup, herhangi bir
kisi/kurum ile ¢ikar ¢catigmasi bulunmamaktadir.
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33 barali test sistemi hat ve yiik degerleri

Ek A

Hat parametreleri

Son baradaki yiik

Hatno  ilkbara Son bara R(Q) X (Q) P_ (kW) Q. (KVAN
1 1 2 0.0922 0.0477 100 60
2 2 3 0.4930 0.2511 90 40
3 3 4 0.3660 0.1840 120 80
4 4 5 0.3811 0.1941 60 30
5 5 6 0.8190 0.0700 60 20
6 6 7 0.1872 0.6188 200 100
7 7 8 1.7114 1.2351 200 100
8 8 9 1.0300 0.7400 60 20
9 9 10 1.0400 0.7400 60 20
10 10 11 0.1966 0.0650 45 30
11 11 12 0.3744 0.1238 60 35
12 12 13 1.4680 1.1550 60 35
13 13 14 0.5416 0.7129 120 80
14 14 15 0.5910 0.5260 60 10
15 15 16 0.7463 0.5450 60 20
16 16 17 1.2890 1.7210 60 20
17 17 18 0.7320 0.5740 90 40
18 2 19 0.1640 0.1565 90 40
19 19 20 1.5042 1.3554 90 40
20 20 21 0.4095 0.4784 90 40
21 21 22 0.7089 0.9373 90 40
22 3 23 0.4512 0.3083 90 50
23 23 24 0.8980 0.7091 420 200
24 24 25 0.8960 0.7011 420 200
25 6 26 0.2030 0.1034 60 25
26 26 27 0.2842 0.1447 60 25
27 27 28 1.0590 0.9337 60 20
28 28 29 0.8042 0.7006 120 70
29 29 30 0.5075 0.2585 200 600
30 30 31 0.9744 0.9630 150 70
31 31 32 0.3105 0.3619 210 100
32 32 33 0.3410 0.5302 60 40
33* 21 8 2.0000 2.0000
34* 9 15 2.0000 2.0000
35* 12 22 2.0000 2.0000
36* 18 33 0.5000 0.5000
37* 25 29 0.5000 0.5000

*: baglanti hatlar
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69 barali test sistemi hat ve yiik degerleri

Ek B

Hat parametreleri

Son baradaki yiik

Hatno  ilkbara Son bara R(Q) X (Q) P_ (kW) Q. (KVAN

1 1 2 0.0005 0.0012 0 0

2 2 3 0.0005 0.0012 0 0

3 3 4 0.0015 0.0036 0 0

4 4 5 0.0251 0.0294 0 0

5 5 6 0.3660 0.1864 2.6 2.2
6 6 7 0.3811 0.1941 40.4 30
7 7 8 0.0922 0.0470 75 54
8 8 9 0.0493 0.0251 30 22
9 9 10 0.8190 0.2707 28 19
10 10 11 0.1872 0.0619 145 104
11 11 12 0.7114 0.2351 145 104
12 12 13 1.0300 0.3400 8 5
13 13 14 1.0440 0.3450 8 55
14 14 15 1.0580 0.3496 0 0
15 15 16 0.1966 0.0650 45.5 30
16 16 17 0.3744 0.1238 60 35
17 17 18 0.0047 0.0016 60 35
18 18 19 0.3276 0.1083 0 0
19 19 20 0.2106 0.0690 1 0.6
20 20 21 0.3416 0.1129 114 81
21 21 22 0.0140 0.0046 5 35
22 22 23 0.1591 0.0526 0 0
23 23 24 0.3463 0.1145 28 20
24 24 25 0.7488 0.2475 0 0
25 25 26 0.3089 0.1021 14 10
26 26 27 0.1732 0.0572 14 10
27 3 28 0.0044 0.0108 26 18.6
28 28 29 0.0640 0.1565 26 18.6
29 29 30 0.3978 0.1315 0 0
30 30 31 0.0702 0.0232 0 0
31 31 32 0.3510 0.1160 0 0
32 32 33 0.8390 0.2816 14 10
33 33 34 1.7080 0.5646 9.5 14
34 34 35 1.4740 0.4873 6 4
35 3 36 0.0044 0.0108 26 18.55
36 36 37 0.0640 0.1565 26 18.55
37 37 38 0.1053 0.1230 0 0
38 38 39 0.0304 0.0355 24 17
39 39 40 0.0018 0.0021 24 17
40 40 41 0.7283 0.8509 1.2 1
41 41 42 0.3100 0.3623 0 0
42 42 43 0.0410 0.0478 6 4.3
43 43 44 0.0092 0.0116 0 0
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44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68

69*

70*

71*

7%

73*

44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
11
66
12
68
11
13
15
50
27

45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
43
21
46
59
65

0.1089
0.0009
0.0034
0.0851
0.2898
0.0822
0.0928
0.3319
0.1740
0.2030
0.2842
0.2813
1.5900
0.7837
0.3042
0.3861
0.5075
0.0974
0.1450
0.7105
1.0410
0.2012
0.0047
0.7394
0.0047
0.5000
0.5000
1.0000
2.0000
1.0000

0.1373
0.0012

0.0084
0.2083
0.70901
0.2011
0.0473
0.1114
0.0886
0.1034
0.1447
0.1433
0.5337
0.2630
0.1006
0.1172
0.2585
0.0496
0.0738
0.3619
0.5302
0.0611
0.0014
0.2444
0.0016
0.5000
0.5000
1.0000
2.0000
1.0000

39.22
39.22
0
79
384.7
384.7
40.5
3.6
4.35
26.4
24

100

1244
32

227
59
18
18
28
28

26.3
26.3
0
56.4
274.5
274.5
28.3
2.7
3.5
19
17.2
0
0
0
72
0
888
23
0
162
42
13
13
20
20

*: baglanti hatlart
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Bu calismada, baslangic seviyesi keman egitiminde kullanmak amaciyla keman Ogrenenlere calma
performanslartyla ilgili bir geri doniit saglayacak karmasik spektral fark yontemi tabanli bir otomatik
miizik transkripsiyon sistemi Onerilmistir. Ayrica, onerilen miizik transkripsiyon sistemine dayali ve
kemandaki temel etiitlerden olan dort bos tel, sol major arpej ve sol major dizi notalarmi tespit eden Matlab
yazilim tabanl bir kullanic1 arayiizii gergeklestirilmistir. Onerilen sistemin performans analizi igin iPad
tablet tabanli profesyonel kayit sistemi kullanarak sekiz katilimcidan elde edilmis bir ses kayit veri seti
olusturulmustur. Onerilen sistemin keman ses kayitlarmin analizini dogru yapabilmesi igin miizik
pargasinin kendisini olusturan notalara uygun boliitlenmesi, bunun i¢in de notalarin baslangi¢ zamaninin
dogru bir sekilde tespit edilmesi gerekmektedir. Piyano ve gitar gibi diger miizik calg1 seslerine kiyasla,
keman sesinin nota baslangic zamam tespiti, sahip oldugu zarf karakteristigi nedeniyle daha zordur.
Onerilen ¢alismada nota baslangic zamam tespiti icin karmasik spektral fark yontemi kullanilmaktadar.
Daha sonra, ¢ikarilan boliite hizli Fourier doniisiimii uygulanarak keman sesinin notasi ve oktavi
belirlenecek sekilde boliitiin temel frekansi bulunmaktadir. Ayrica, gelistirilen arayiiz lizerinde siire ve
giirlik analizleri de yapilabilmektedir. Kiyaslamali sonuglar, 6nerilen sistemin onemli miizik analiz
yazilimlart olan MIRtoolbox ve Essentia’daki yontemlere gore daha basarili performans sergiledigini
gostermektedir.
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In this study, an automatic music transcription system based on complex spectral difference method is
proposed to provide feedback to violin learners about their playing performance for use in beginner violin
education. In addition, a Matlab software-based user interface has been implemented based on the
proposed music transcription system and detecting the four open-string, G major arpeggio and G major
scale notes, which are ones of the fundamental etudes in violin. For the performance analysis of the
proposed system, a sound recording database obtained from eight participants was created using an iPad
tablet-based professional recording system. In order for the proposed system to analyze violin sound
recordings correctly, the music piece should be segmented according to the notes forming the music piece
itself, and for this, the starting times (onsets) of the notes should be determined Compared to other musical
instruments such as piano and guitar, the note onset detection of violin sound is more difficult due to its
envelope characteristic. In the proposed study, the complex spectral difference method is used to determine
the note onset. Then, by applying the fast Fourier transform to the detected segment, the fundamental
frequency of the segment is found so that the note and octave of the violin sound are determined. Moreover,
duration and volume analyzes can also be performed on the developed interface. The comparative results
showed that the proposed system exhibits better performance than the methods existing in MIRtoolbox
and Essentia, which are important music analysis softwares.
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Giris
Keman Hakkinda Temel Bilgiler

Keman, en taninmig orkestra calgist olup dort telli yayli bir
calgidir. Diger yayli ¢algilar ise viyola, viyolonsel (¢ello) ve
kontrbastir. Bu dort telli yayl c¢algilarin fiziksel ebatlari ve
tellere karsilik gelen notalar farklidir. Tablo 1'de dort telli
yaylt calgilarin bos tellerine karsilik gelen notalar ile
calgilarin yaklasik uzunluklart verilmistir [1]. Miizik
notalarinin A (La), B (Si), C (Do), D (Re), E (Mi), F (Fa) ve
G (Sol) harfleriyle gosterimi yaygin kullanilan bir nota
adlandirma sistemidir. Tablo 1°de belirtilen notalar, kalin
sesten ince sese dogru siralanmis olup, notalarin sag alt
tarafindaki rakamlar, oktav numarasini gostermektedir.
Omegin, G3 notasi, 3. oktav Sol notasini belirtmektedir.

Tablo 1. Dort telli yayli ¢algilarin bos tel notalari ve

yaklasik uzunluklari.
Calgi Bos Tel Notalari Uzunluk (cm)
Keman Gs Ds A4 Es 60
Viyola C: Gz Ds A4 66
Viyolonsel C. G D3 As 115
Kontrbas Ei A1 D2 G 200

Sahip oldugu ses rengi, ses sinir1 ve miizikal diisiinceleri
anlatmadaki ses ¢esitliligi nedeniyle pek ¢ok bestecinin en
gozde calgist olan keman, tizerinde en ¢ok eser yazilan ve
calma teknigi gelistirilen calgilardan birisidir [2]. Sekil 1°de
bir kemanin kisimlart goriilmektedir.

Salyangoz

Akord Burgusu
(Kulak)

Bas Esik

Tuge (Klavye)

Govde
(Rezonans Kutusu)

Esik

Fiks
(ince Ayar Vidasi)

Genelik Kuyruk

Sekil 1. Kemanin yapist.
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Kemanin gévde kismi; akcaagag, ¢am, koknar, ladin vb.
agaclardan yapilmakta olup, iist kapak, alt kapak ve onlar
birlestiren kasnaktan olusur. Ust kapak iizerinde bulunan f
seklindeki iki adet delik, ses titresimlerinin disar1 ¢ikmasini
saglar. Kemanin ses karakteristigini belirleyen etmenler,
keman yapiminda kullanilan aga¢c ve yapilan ciladir.
Akcaagactan yapilan keman sapmin ucu, goriiniimiinden
dolay1 salyangoz olarak adlandirilir. Salyangozdan sonra dort
tane akort burgusu ve bas esik yer alir. Burgulara baglanan
teller, sap tzerine yerlestirilmis siyah renk abanozdan
yapilma bir tusenin izerinden gelir ve esikten gecerek
kuyruga baglanir. Esik (veya kopril) telleri yiikselterek sap ile
kuyruk arasinda gecisi saglarken tellerin titregimini st
kapaga iletir. Tellerin kuyruga bagli oldugu yerlerde fiks
(ince ayar vidasi) kullanilarak hassas ayar yapilabilir. Keman
calarken konfor saglayan g¢enelik, kemana haricen monte
edilir. Keman tellerine siirterek ses ¢ikartan arse (yay) ise
genellikle at kilindan imal edilir.

Bos tellerde yukaridan asagtya sirasiyla G (Sol), D (Re), A
(La) ve E (Mi) notalarma akort edilen kemanda parmak
kullanimiyla birlikte daha fazla nota seslendirilebilmektedir.
Tablo 2’de tel bazinda kemanda bulunan notalar ve bu
notalara ait frekanslar gosterilmektedir. Tablo 2°de gortildiigii
tizere kemandaki en pes ses 196 Hz frekansa sahip 3. oktav
Sol (G3) notast, en tiz ses ise 987,7 Hz frekansa sahip 5. oktav
Si (B5) notasidir.

Tablo 2. Kemanda bulunan notalar ve Hz cinsinden

frekanslari.
1. Tel 2. Tel 3. Tel 4. Tel
Nota  Frekans  Nota  Frekans Nota  Frekans  Nota  Frekans
Gs 196.0 D, 293.6 Ay 440.0 Es 659.2
G#s 207.6 D#, 311.1 A#y 466.2 Fs 698.5
As 220.0 E,4 329.6 B4 493.8 F#s 739.9
At 233.1 Fs 349.2 Cs 523.3 Gs 784.0
B3 246.9 F#, 369.9 Cis 554.3 G 830.6
Cy 261.6 G, 392.0 Ds 587.3 As 880.0
C#, 277.2 G#, 415.3 Di#s 622.3 Adts 932.3
D, 293.6 Ay 440.0 Es 659.2 Bs 987.7

Otomatik Miizik Transkripsiyonu ve Onemi

Duygu ve diigiinceleri belli bir amag ve yontemle, belirli bir
giizellik anlayigina gore birlestirilmis seslerle isleyip estetik
bir biitiin olarak anlatan miizik [3]; tiim sanat dallar1 ig¢inde,
insan ruhu {izerinde en derin etkiyi birakan sanat olarak kabul
edilmektedir [4],[5]. Insanlik tarihinde énemli bir yere sahip
olan miizigin [6] insanlarin entelektiiel, sosyal ve kisisel
gelisimleri iizerinde olumlu etkileri olmasi nedeniyle [7],
miizik egitimi her daim insanlarin amatdr veya profesyonel
olarak almak istedikleri bir konu olmustur.

Miizik egitiminin bir boyutu olan galg: egitimi Tiirkiye’de
giizel sanatlar liseleri, konservatuvarlar, {iniversitelerin giizel
sanatlar egitimi boliimleri, miizik 6gretmenligi anabilim
dallar1, miizik dershaneleri, 6zel dersler vb. kurumlar araciligt
ile gergeklesmektedir [8].

Geleneksel hoca-6grenci ¢aligmalarindaki kisitlamalar ve
olanaksizliklardan dolay1 c¢algi egitiminde cesitli zorluklar
yasanmaktadir. Bu nedenle miizik egitiminde yardimci unsur
olarak ¢esitli teknoloji tabanli sistemler 6nerilmistir [9]-[11].
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Bu gibi teknolojik sistemler miizik isaret isleme alaninda
olusturulan yontemlerin uygun yazilimlar yardimiyla degisik
platformlarda  kullanicinin =~ hizmetine  sunulmasiyla
olusturulmuslardir. Bir miizik isaretinin otomatik olarak
notaya dokiimiinii konu alan ve miizik isaret isleme disiplini
icerisinde 6nemli bir yer tutan otomatik miizik transkripsiyon
konusu, bu tiir sistemlerin temelini ise olugturmaktadir [12]-
[17]. Otomatik miizik transkripsiyonu, bir miizik isaretinin
bir sembolik gosterime doniistiiriilme islemidir [18].
Uygulama alani olarak miizik bilgisinin otomatik ¢ikarimi,
miizikolojik analiz ve interaktif miizik sistemleri verilebilir

[19].
Problem Tanim

Yayli galgilar ailesinin en kiigiik bireyi olan keman, diinyanin
bircok yerinde ¢ok sevilen ve oldukga yaygin kullanilan
calgilardan biri olma o&zelligini tasimaktadir. Kemanin
perdesiz bir ¢algi olusu, yay kullanimi1 ve keman ¢aliminda
yapilmasi gereken hareketlerin giinliik yasamda baska higbir
alanda kullanilmamasi, dolayistyla viicudun bu hareketlere
kolay uyum saglayamamasi gibi gesitli etkenler; kemani
basglangi¢ asamasindan itibaren dgrenilmesi zor bir calgiya
doniistiirmektedir.

Kemanin 6grenilmesindeki zorluklar nedeniyle, bu ¢algmimn
O6grenmesini kolaylastiracak bir takim yardimci unsurlara
ihtiya¢ duyulmaktadir [20]. Bu tiir ihtiyaglara yardimci
olabilecek teknolojik sistemler, otomatik transkripsiyon
islemine dayalidir. Kemanin ses karakteristiginin farkli yapist
ve cok farkli keman calis tekniklerinin bulunmasi nedeniyle
otomatik transkripsiyonun yapilmasi, diger enstriimanlara
gore daha zordur [13],[21].

Bu ¢aligmada, baslangi¢ seviyesi keman 6grencilerinin ¢galma
performanslar1 hakkinda geri besleme alabilecekleri bir
sistemin geligtirilmesi amaglanmistir. Bu amagla dgrencilerin
bos tel, arpej ve dizi ¢alismalarindaki performanslari igin geri
doniit alabilecekleri bir otomatik miizik transkripsiyon
sistemi Onerilmis ve bu Onerilen sisteme dayali Matlab
yazilm  tabanli  bir  kullanici  arayiiz  tasarimi
gerceklestirilmistir.

Bu ¢alisma su boliimlerden olusmaktadir:

- Ikinci béliimde otomatik miizik transkripsiyon ve kullanici
arayiizleri ile ilgili literatiirde yer alan ¢alismalar hakkinda
kisa bilgiler verilmektedir.

- Ugiincii bliimde, 6nerilen sistemin analizinde kullanilacak

olan keman ses kayitlari, sonra literatiirde yaygin olarak
kullanilan MIRtoolbox ve Essentia miizik analiz yazilimlari,
bunu takiben ise onerilen otomatik transkripsiyon sistemi ile
bu sistem tabanli gergeklestirilen kullanici arayiiz hakkinda
bilgiler verilmektedir.

- Dordiincii boliimde ise bos tel, arpej ve dizi ¢alisma
kayitlar1 i¢in Onerilen sistemle birlikte MIRtoolbox ve
Essentia’dan elde edilen analiz sonuglar1 verilmektedir.

- Son bolimde, bu c¢alismada elde edilen sonuglar
Ozetlenmekte ve ileride konuyla ilgili yapilabilecek
caligmalar verilmektedir.
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Literatiir incelemesi

Ses kayitlarindan otomatik miizik transkripsiyon ¢alismalari
1977 yilindan itibaren Moorer [22], Piszczalski ve Galler [23]
calismalar1 ile baglamis olup, konuyla ilgili genis incelemeler
2004’te Klapuri [24], 2013 te Benetos vd. [25] ve Tavares vd.
[26] ve 2016’da Gowrishankar vd. [27] tarafindan
yapilmistir. Literatiirde gitar [28], basgitar [29], elektrogitar
[30], piyano [31-33], davul [34]-[36], davul zili [37], zil
canlari [38], sopele [39], Flamenko miizigi [40] ve Hint klasik
miizigi [41] gibi farkli miizik enstriimanlar1 ve tiirleri i¢in
yapilmig ¢esitli otomatik miizik transkripsiyon caligmalart
bulunmaktadr.

Kemanla ilgili literatiirde yapilmis c¢esitli otomatik
transkripsiyon ve sistem gergeklestirme calismalari
bulunmaktadir. Bu ¢calismalar asagida kisaca 6zetlenmistir.

Muto ve Tanaka (2002) bir transkripsiyon sistemi dnermis ve
bu sistemin performansini piyano, fliit, trampet ve kemani
kapsayan enstriimanlar {izerindeki etkilerini tek enstriiman
sesi ve iki enstriiman sesi iizerinde denemislerdir [42]. Elde
edilen sonuglar, Onerilen sistemin tek enstriiman sesleri
arasinda kemanin, iki enstriiman sesleri arasinda ise piyano
ve kemanm en diisik dogruluk oraninda performans
sagladigmni gostermistir. Krishnaswamy ve Smith (2003) ses
isaretinin kisa zamanli Fourier doniisiimii g¢ergevelerinin
oriintii tamima yaklagimini kullanarak hangi tel {izerinde
hangi notanin c¢alindigmi, yayla mi yoksa parmakla mi
calindigint belirlemeye c¢aligmiglardir [43]. Charles vd.
(2004) ViTool adin1 verdikleri keman pedegojisi, ses analizi
ve baslangig ile iyi ¢alict kayitlarmin kiyaslanmasi tabanli bir
keman 6gretim yardimcisi gelistirmek i¢in olasi bir yaklasim
sunmuglardir [44]. Yin vd. (2004) keman miizigi tabanl
olarak bir kemancinin animasyonunu otomatik ¢ikaran bir
sistemin ilk adimini atmiglardir [45]. Bunun igin ilk adim
olarak giris ses isaretinin analizini yapip miizik notalarina
doniistirmeye, daha sonra da bu notalart kullanarak bir
kemancinin animasyonunu sentezlemeye ¢alismiglardir. Yin
vd. (2005) baslangic keman o6grencileri i¢in Digital Violin
Tutor (Sayisal Keman Ogreticisi) isminde bir entegre sistem
onermislerdir [46]. Onerilen sistemin kullanici arayiiziiniin
sol iist bolimiinde Ogretmen c¢alisinin videosu, sag st
bolimde 3 boyutlu avatar animasyonu, sol alt kisimda
6grenci ¢alimindaki hatalarin gosterilmesi ve sag alt boliimde
ise 2 boyutlu olarak keman klavyesi animasyonu yer
almaktadir. Vogel vd. (2005) piyano ve keman sesleri odakli
coklu enstriiman miizik transkripsiyonu igin dinamik
grafiksel bir model sunmuslardir [47]. Her bir enstriiman
zamanda en ¢ok bir nota c¢alacak sekilde sistem
modellenmistir. Boo vd. (2006) kisisel keman 6grenmeyi
desteklemek amaciyla bir ev ortaminda kaydedilmis gercek
zamanli keman ses isaretlerinin transkripsiyonu igin bir
yontem 6nermis olup, burada ayni zamanda iki telin yayla
calindigi durumun tespit edilmesi hedeflenmistir [48]. Burada
dogrudan miizikle alakali bir isaret spektral gosterimi olan
yarim-ton bant spektrogrami kullanmistir. Onerilen sistem
nota boliitlenme tespiti ve perde tahmini adinda iki ana
bloktan olugsmaktadir. Loscos vd. (2006), 6nceki dnerdikleri
otomatik keman transkripsiyonu sistemini [48] bir adim 6te
gotiirmeyi amagladiklar1 bu ¢alismada, transkripsiyon
tekniklerine, yardime1 olma ve hesaplama maliyetini azaltma
icin diisiik seviyeli tamimlayict seti sunmuslardir [49].
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Onerilen sistem igin nota seviyesinde béliitlenme, perde
tahmini ve vibrato analizi konular1 ¢alisilmistir. Charles vd.
(2006) bu galigmalarinda tin1 uzayinda en iyi keman sesini
tanimlayan Oznitelikleri bulmak i¢in isaret igleme
yontemlerinin kullanimi incelemislerdir [50]. Tint kalitesini
tanimlamak i¢in 6 6zniteligin verimliligi ve kullanislilig1 goz
ontinde bulundurulmustur. Wang vd. (2007) ses ve video
tabanli bir keman transkripsiyon sistemi 6nermislerdir [51].
Sistemde sag el yay ¢ekme ve sol el klavye tizerinde parmak
hareketlerinin izlenmesi igin iki kamera kullanilmistir.
Thornburg vd. (2007), monofonik miizikal ses isaretleri i¢in
segmentasyon ve melodi ¢ikarma iglemleri i¢in olasilikli bir
yontem Onermis ve piyano ile keman sesleri igin uygulama
yapmugtir [52]. Yontem kisa zamanli Fourier doniisim
tepeleri lizerine ¢aligmaktadir. Zhang vd. (2007) sadece ses
tabanli keman transkripsiyonunda ortaya ¢ikan zorluklari
dengelemek i¢in keman parmak kullaniminin gorsel analizini
incelemiglerdir [53]. Lu vd. (2008) bir bilgisayar, bir
mikrofon ve iki web kamera tabanli bir isitsel-gorsel sistemi
C++ ortamimda gerceklestirmistir [54]. Bu sisteme iDVT
(interactive Digital Violin Tutor) adin1 vermislerdir. Charles
vd. (2008), bir bilgisayar sisteminin keman ¢alma kalitesini
degerlendirebilmesine yardimci olabilecek uygun 6znitelikler
aranmis ve ¢alinan keman ses drneklerinin kalitesi baglangi¢
ve profesyonel olarak simiflandirilmistir [55]. Bunu yapmakla
nesnel ve kararli bir smiflama yontemi saglama
amaglanmigtir. Maezawa vd. (2009) bir kemanda yayla
¢alman tellerin sirasinin tahmini igin ses tabanli bir smiflama
yontemi ve ii¢ hata diizeltme algoritmasi sunmuslardir [56].
Barbancho vd. (2009) keman perde ve siire bilgileri disinda
vibrato, pizzicato ve tremolo gibi ¢alim tekniklerinin de
tanimlandig1 bir miizik transkripsiyon sistemi 6nermislerdir
[57]. Maezawa vd. (2012), keman ses kayitlarinin analiz
edilmesi ile otomatik parmak transkripsiyonu i¢in bir yontem
sunmuglardir [58]. Bunun igin tel numarasi ve tel boyunca
basilan yerin belirlenmesi ¢aligmast yapilmigtir. Huang
(2008) otomatik keman ¢alan bir ¢alicinin gergeklestirilmesi
i¢in incelemeler yapmis [59] ve Huang vd. (2012) bu sistemi
gerceklestirmislerdir [60]. Carillo vd. (2012) bir kemanct
tarafindan gergeklestirilen eylemler ile bu eylemlerin tirettigi
ses arasindaki iligkiyi modellemeyi amaglamiglardir [61].
Bunun i¢in sinir aglar1 tabanli bir keman tin1 modeli
onermislerdir. Wang vd. (2012), 6zel olarak perde dogrulugu
iizerine c¢aligan keman Ogrenenleri hedeflemislerdir [62].
Bunun i¢in calinan perdeyi tespit edecek bir perde takip
algoritmasi uygulamiglardir. Sonugta dogru perdenin ¢alinip
calinmadig1 bilgisi kullanicilara ger¢ek zamanli olarak
saglanmistir. Ayrica dgretim materyali olarak major dizi ve
arpej skorlar1 da sistem tarafindan kullanicilara sunulmakta,
bunun yani sira seviyelerine bagli olarak farkli tempolarda
pratik yapma olanagi sunulmaktadir. Lin vd. (2014), solo
keman kayitlarinda sunulan her bir notanin zaman-bagiml
analizi igin ¢ergeve tabanl 6zyinelemeli diizenlilik yontemi
onermislerdir [63]. Bu yontem negatif olmayan matris
ayristirma yontemine benzer olarak Fourier biyiiklik
katsayilarindan olusmus matrisi taslak-matris ve siddet-
matrisine ayristirarak yapmaktadir. Pardue vd. (2015),
kemanda performans takibi i¢in diisiik maliyetli ve gercek
zamanli bir yontem Onermislerdir [64]. Hem tel lizerinde yay
takibi hem de klavye iizerinde parmak takibi i¢in ayr ayri
sensorler kullanilmistir. Jo vd. (2015), insanin keman c¢alma
tekniklerini taklit eden keman calan bir robot énermislerdir
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[65]. Liang vd. (2015), nota baslangi¢ zamani kadar
literatiirde fazla iizerinde durulmayan nota bitis zamaninin
tespiti konusunu ele almislardir [66]. Jo vd. (2016) bir robot
tarafindan ¢alinan kemandan fiiretilen sesleri degerlendiren
isitsel geri besleme sistemi gelistirilmesi konusu ele alinmis,
yay hizi ve yay basinci tahmin edilmeye calistimistir [67].
Maruyama ve Uemura (2017), yay mekanizmasi ve yay
kaydirma mekanizmasini barindiran ve ses kontrol ile ¢aligan
bir keman ¢alan robot gelistirmislerdir [68]. Yura vd. (2017),
Matlab Simulink tabanli keman c¢alan bir robot kol
modellemesi iizerinde durmuslardir [69]. Li vd. (2017),
polifonik miizikte vibrato tespiti ve analizi i¢in video tabanli
bir yaklagim 6nermiglerdir [70]. Sonug olarak yiiksek polifoni
durumlari i¢in 6nerilen video tabanli yontemin ses tabanli
yontemlerden daha dogru bir sekilde vibrato tespiti yaptigi
gozlemlenmistir. Pardue ve McPherson (2019), kemanda
entonasyonu gelistirmek icin isitsel ve gorsel geribeslemeli
bir sistem Onermiglerdir [71]. Ortega vd. (2019), keman
performansinda ifade modelleme {izerinde bir yaklagim
onermiglerdir [72].

Bu ¢alismada, literatiirden farkli olarak baslangi¢ seviyesi
keman &grencilerinin bos tel, arpej ve dizi ¢alismalarindaki
performanslart igin geri besleme alabilecekleri bir arayiiz
tasarimimin gerceklestirilmesi amaglanmis, bu dogrultuda
keman seslerinin dogru otomatik transkripsiyonun yapilmasi
hedeflenmistir.

Materyal ve Yontem

Bu boliimde ¢aligmada kullanilan keman ses kayitlari, 6nemli
miizik analiz yazilimlar1 olan MIRtoolbox ve Essentia ile
Onerilen sisteminin gergeklestirilmesi hakkinda bilgiler
verilmektedir.

Keman Ses Kayitlari

Hedeflenen etiitler igin literatiirde uygun veri seti
olmadigindan, oncelikle ¢alismada kullanilacak kayit verisi
olusturulmustur. Miizik Egitimi Anabilim Dalinda 6gretim
elemani olarak calisan dort yayl calgilar egitimcisi ve yayl
calgilar egitimi alan dort lisans &grencisi, Sekil 2’de
gosterilen bir yayli calgilar egitimcisine ait kemant
kullanarak bos tel, sol major arpej ve sol major dizi
caligsmalarmi ¢almiglardir.

Sekil 2. Kayit ¢aligmalarinda kullanilan keman.
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[lk etiit caligmasi olarak sessiz bir ortamda Sekil 3’te verilen
bos tel calismasi ¢alinmig, bu c¢almada c¢alicilar keman
iizerindeki dort bos teli yukaridan asagiya dogru her bir teli
sirastyla ¢ekerek ve iterek toplamda 8 notay: ¢calmiglardir.
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Sekil 3. Bos tel calismasi.
Ikinci etiit calmasi olarak Sekil 4’te verilen Sol majér tonuna

ait iki oktavlik ¢ikici ve inici arpejine ait toplamda 14 nota
calinmstir.

Sekil 4. Sol major arpej ¢aligmast.

Son etiit calmasi olarak Sekil 5’te verilen Sol major tonuna
ait iki oktavlik ¢ikici ve inici dizisine toplamda 30 nota
calmmustir.

Sekil 5. Sol major dizi ¢alismasi.

Keman ¢algi tekniginin gelismesi agisindan major dizi
calismalarinin  yapilmasinin  6nem tasidigi literatiirde
belirtilmistir [73]. Belirtilen {i¢ etiidiin keman c¢alicilart
tarafindan, biitiin yaylarda (tiim kil), forte (kuvvetli) giirliikte
ve 45 metronom hizinda g¢almalari istenilmistir. Bununla
birlikte ayrica Sol major tonuna ait iki oktavlik ¢ikici ve inici
dizinin ve arpejlerinin hicbir miiziksel dinamik (piyano,
forte, diminiendo, ritardando, crescendo, de crescendo vb.)
ve vibrato yapmaksizin ¢alinmas: ve kayit altina alinmast
saglanmigtir. Her ¢alma isleminden sonra kemanin akordu
tekrar kontrol edilmistir. Olusturulan keman sesleri, Sekil
6’da verilen iPad tablet bilgisayar tabanli iTrack Dock
Studio kayit sistemi ile profesyonel anlamda stiidyo
kalitesinde (24 bit ve 48 KHz 6rnekleme oranlari, 105 dB
dinamik aralik) kayit yapilarak bilgisayar ortamina
aktarilmigtir. Bu sekilde, sistem performansinda kullanilacak
“.m4a” uzantili keman ses kayit dosyalari elde edilmistir. Bu
calismada elde edilen tiim kayitlarin analizi lisansli 64 bit
Matlab 2016a programi kullanarak yapilmistir.

Sekil 6. iTrack Dock studio kay1t sistemi.
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Ses analiz yazihmlari: MIRtoolbox ve Essentia

Bu calismada Onerilen sistemin keman ses kayitlarinin
otomatik transkripsiyonundaki performansi, literatiirdeki
MIRtoolbox ve Essentia isimli iki yazilimda bulunan ilgili
yontemlerle kiyaslanarak yapilmigtir.

MIRtoolbox, ses kayitlarindan miizik bilgisi almak icin
kullanilan ve Olivier Lartillot ve Petri Toiviainen tarafindan
2007 yilinda yayinlanmis ve siirekli gelistirilmekte olan bir
Matlab ara¢ kutusudur [74]. Bu ¢alismada MIRtoolbox’in
giincel siirlimii olan 1.7 stirimii kullanilmistir.

Essentia ise, Ispanya’nin Barselona sehrindeki Pompeu Fabra
Universitesi biinyesinde bulunan Music Technology Group
(MTGQ) tarafindan 2013 yilinda yayinlanan ses tabanli miizik
bilgisi alma ve ses analizi i¢in kullanilan agik kaynakli bir
C++ Kkiitiiphanesidir [75]. Bu ¢aligmada giincel siiriim olan
2.1 beta3 kullanilmaistir.

Onerilen Otomatik Transkripsiyon Sistemi ve
Kullanic1 Arayiiz Gergeklestirilmesi

Bu kisimda 6ncelikle keman seslerinin otomatik analizlerini
yapacak olan 6nerilen transkripsiyon sistemi ve sonrasinda bu
sisteme dayali olarak gergeklestirilen kullanici arayiizii
verilmistir.

Onerilen Otomatik Transkripsiyon Sistemi

Bos tel, arpej ve dizi caligmalarina ait ses kayitlarinin analizi
icin olusturulan otomatik transkripsiyon sistemin blok
diyagrami Sekil 7°de verilmistir.

Temel Frekans fs
Tespiti Nota Tespiti
Baslangic
Ses Kayitlan [ g e

Nota Siire
Tespiti
Nota Giirliik
Tespiti

Sekil 7. Onerilen otomatik transkripsiyon sistemi blok
diyagrami.

Baslangic zaman tespiti

Ses kayitlarindan nota yerlerinin tespiti igin dncelikle nota
baglangi¢ zamanlarinin tespiti yapilmasi gerekmektedir.
Literatirde nota baslangic zamani tespiti igin ¢esitli
yontemler bulunmaktadir [13], [76]. Tarafimizca yapilan
analizler sonucu daha iyi sonuglar vermesi nedeniyle bu
calismada nota baslangi¢c zamanlarinin tespiti i¢in karmasik
spektral fark yontemi [76] kullanilmigtir. Baslangi¢ zamani
tespiti i¢in asagidaki islem basamaklart yapilmistir.

(i) Karmasik spektral fark yonteminden tespit fonksiyonun
elde edilmesi: s(n) ayrik zamanli isaretin kisa zamanli Fourier
doniisimii  (STFT) Es. (1)’deki gibi tanimlandiginda,
baslangi¢c zaman tespitinde kullanilacak fonksiyon (8S) Es.
(2)’de belirtilen sekilde spektral farktan bulunur [75].

S (m) = X2 _, s(n)w(mh — n)e /2mk/N (1)

8S = XR=1lSk (m)| = 1S, (m — )| (2)
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Burada w(n) N-uzunluklu ayrik zamanli pencere ve h ardigik
pencereler arasindaki zaman kaymasi olup, bu g¢aligmada
%50 ortiisme orant ve 20 ms uzunlugunda Hamming
penceresi kullanilmigtir. Tespit fonksiyonu (8S) i¢in kemanda
calinan notalarin bulunabilecegi 190 Hz-995 Hz frekans
aralig1 kullanilmigtir.

(ii) Tespit fonksiyonundan baslangigc zamanlarmin elde
edilmesi: 8S tespit fonksiyonu; bos tel, arpej ve dizi
calismalarinda bulunan nota sayisina gore bantlara
boliinmiistiir. Bos tel calismasinda 8, arpej calismasinda 14
ve dizi calismasinda 30 nota seslendirilmistir. Sonraki
islemde bantlar igerisinde yer alan en biiyik genlik
degerlerine karsilik gelen parga numarast (p_m) bulunur.
Bulunan bu parg¢a numaralari, ortiisme orani (n_ort=%50),
pencere uzunlugu (N=20 ms) ve ornekleme frekans: (fs =
48.000 Hz) kullanarak Es. (3)’de verilen islem sonucu saniye
cinsinden baglangi¢c zamanlari bulunur.

Baslangi¢ zamanlart = (p_m). (n_ortusme).(N).(fs)

(3)

Temel frekans tespiti

Nota baslangic zamanlarinin tespit edilmesiyle notalarmn
parca igerisindeki yerleri belirlenmis olur. Sonraki asamada
Hizli Fourier Doniistimi ile her bir notanin spektrumu
bulunmaktadir. Adaptif esik ve segmentasyon ydntemi,
bulunan spektrumuna uygulanir ve sonucta harmoniklerden
ayirt edilmek suretiyle notanin temel frekansi tespit edilir.
Temel frekans tespiti igin su asamalar kullanilmistir:

(i) Par¢amin notalara béliinmesi: Baslangi¢ zamanlarinin
tespit edilmesiyle kayit icerisindeki notalar ayristirilir. Bos tel
calismasinda 8, arpej calismasinda 14 ve dizi ¢alismasinda 30
nota elde edilir.

(ii) Notalarin spektrumlarimin bulunmasi: Elde edilen her bir
notanin Hizli Fourier Doniigiimii alinarak genlik spektrumu
bulunur.

(iii) Her nota icin esik degerlerinin belirlenmesi: Baslangi¢
esik degeri 1 Hz ve ideal nota frekans degerleri ile arasindaki
fark belirlenecek bir maksimum deger alarak esik degeri
tespit edilir.

(iv) Temel frekansmn bulunmasi: Belirtilen esigi gegen genlik
degerleri 1, gegcmeyenler sifir olarak atanir. Egigi ilk gegmis
(yani ilk sifir olmayan) genlikten itibaren esigi gecmis ve
geememis genlik degerleri arasinda maksimum genlige sahip
degerin ve bu maksimum degerinin o toplam veri igerisinde
kaginci sirada yer aldig1 bulunur. Bulunan bu sira kullanarak
frekans bandindan esigi ge¢mis notanin ilk temel frekansi
bulunur.

Nota tespiti

Tablo 3, Tablo 4 ve Tablo 5’te sirasiyla bos tel, sol major
arpej ve sol major dizi notalarmin hangi telde bulunduklari ile
bunlarin isimleri ve ideal frekans degerleri bulunmaktadir.
Tablodaki teller iistten asagiya dogru siralanmigtir. Yani, 1.
tel kemanda en iist, 4. tel ise en alt tele karsilik gelmektedir.
Keman kayitlarindan bulunacak temel frekanslarmn, bu ideal
frekanslara olan yakinlhigi tespit edilerek ses kaydindaki
notalar tespit edilmektedir.
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Tablo 3. Keman bos tel nota ve frekans degerleri.

Tel No Nota Frekans (Hz)
1. Tel Gs 196.0
2. Tel D4 293.7
3. Tel Ay 440.0
4, Tel Es 659.3

Tablo 4. Keman sol major arpej nota ve frekans degerleri.

Tel No Nota Frekans (Hz)
1. Tel Gs 196.0
1. Tel B3 246.9
2. Tel D4 293.7
2. Tel Ga 392.0
3. Tel B4 493.9
3. Tel Ds 587.3
4, Tel Gs 784.0

Tablo 5. Keman sol major dizi nota ve frekans degerleri.

Tel No Nota Frekans (Hz)
1. Tel Gs 196.0
1. Tel As 220.0
1. Tel B3 246.9
1. Tel Cs4 261.6
2. Tel D4 293.7
2. Tel Es 329.6
2. Tel F#4 370.0
2. Tel Gy 392.0
3. Tel A4 440.0
3. Tel B4 493.9
3. Tel Cs 523.3
3. Tel Ds 587.3
4, Tel Es 659.3
4, Tel Fi#s 740.0
4, Tel Gs 784.0

Siire ve giirliik tespitleri

Nota baslangi¢ zamanlari tespit edildikten sonra notalarin
baslangic ve bitis zamanlar1 arasindaki fark nota siiresi
olarak alinmistir. Giirliik analizi igin ise her bir notanin
seslendirilen siire igerisindeki tiim degerlerin mutlak
degerinin ortalamasi alinmistir.

Onerilen Kullamie1 Arayiizii

Onerilen otomatik transkripsiyon islemlerini yapmak iizere
Matlab 2016a programi kullanarak Sekil 8’de verilen bir
kullanici arayiiz tasarlanmistir. Bu arayiiziin ayrintili yapisi,

ileriki  kisimlarda  yapilacak 6rnek uygulamalarda
verilecektir.
4 Keman Caligmasi - e
Bog Tel Calgmasi Arpej Calgmasi Dizi Calgmasi

Sekil 8. Onerilen otomatik transkripsiyon i¢in hazirlanmis
grafiksel kullanici araytiz.
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Bulgular ve Tartisma

Bu boliimde sekiz katilimciya ait bos tel, sol major arpej ve
sol major dizi calma kayitlari igin literatiirdeki 6nemli miizik
analiz araclar1 olan MIRtoolbox ve Essentia ile Onerilen
yonteme ait analiz sonuglar1 verilmektedir.

Bu boliimiin ilk kisminda analizler i¢in kullanilan veri setinin
dalga grafikleri verilmektedir. Ikinci kisimda Matlab’ta
MIRtoolbox kullanarak elde edilen analiz sonuglar
verilmektedir. Ugiincii kissmda ise Essentia kiitiiphanesi
kullanilarak ayni veri seti analiz edilmistir. Son kisimda ise
gerceklestirilen arayiiz kullanarak ayni veri seti analiz
edilmistir.

MIRtoolbox Tabanh Analizler

MIRtoolbox 1.7 siirimiinde atak faz kullanimsiz ve atak faz
kullanimlt olmak iizere iki adet boliitleme yOntemi
bulunmaktadir. Sekil 9.a ve 9.b birinci katilimciya ait bos tel
calisma kaydi i¢in sirastyla atak faz kullanimsiz ve atak faz
kullaniml1 yontemlere ait boliitleme sonuglarini vermektedir.
Atak faz kullanimsiz sonucu elde etmek i¢in Matlab’ta >> o
= mironsets('dosya ad1'); mirsegment(o), atak faz kullaniml
sonucu elde etmek icin ise >> o = mironsets('dosya adr',
'Attacks'); mirsegment(o) komutlar: kullanilmistir.

Il

time (s)

(@)
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0.03 |
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w
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8 10

0.05
0.04 |
0.03} _|
0.02 |

0.01

-0.01 |

-0.02 |

-0.03 |

0 2 4 6 8 10
time (s)
(b)
Sekil 9. Birinci katilimc1 bos tel calmasina ait ses
dalgasinin MIRtoolbox tabanli nota bédliitlenmesi a) atak faz
kullanimsiz b) atak faz kullaniml.
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Sekil 9’daki sonuglardan goriilecegi lizere, keman kaydinin
nota bolitlenmesi MIRtoolbox’ta basarisiz bir sekilde
sonu¢lanmustir, ¢linkii bos tel kayidinda sadece 8 baslangic
zamani ve 8 nota olmasina ragmen, atak faz kullanimsiz
yontemde 28 baglangi¢ zamami ve 28 nota, atak faz
kullaniml1 yontemde ise 16 baslangi¢ zamani ve 16 nota
bulunmugtur. Nota bdliitlenmesi hatali oldugu ig¢in ilgili
kaydin frekans analizi yapilmamistir.

Sekil 9’dan elde edilen bos tel ¢aligmasina ait sonuglarla
birlikte birinci katilimciya ait sol major arpej ve dizi
calismasina ait analiz sonuglart Tablo 6°da verilmistir.
Sonuglar atak faz kullanimli yontemin daha iyi sonuglar
vermesine ragmen her iki yontemin gergek degerlerden
oldukca fazla sayida boliitleme yaptig1 goriilmektedir. Sayfa
sinirlamasindan dolay1r diger katilimcilara ait sonuclara
burada yer verilememis, fakat benzer basarisiz sonuclar
diger katilimci kayitlari igin de elde edildigi goriilmiistiir.

Tablo 6. Birinci katilimciya ait ¢almalar i¢in MIRtoolbox
nota boliitleme analiz sonuglari.

Kayit Nota Atak faz Atak faz
sayisl kullanimsiz Kkullanimh
Bos tel 8 28 16
Arpej 14 40 22
Dizi 30 70 40

Essentia Tabanh Analizler

Essentia kiitiiphanesinde tanimli 6 boliitleme yo6ntemi
bulunmaktadir [77]. Bu yontemler Yin FFT monofonik
perde tahmini (Essentia-1) [78], Melodia monofonik perde
tahmini yontemi (Essentia-1l) [79], Monofonik perde
tahmini (Essentia-111) [77], Klapuri ¢oklu perde tahmini
yontemi (Essentia-1V) [80], Melodia ¢oklu perde tahmini
yontemi (Essentia-V) [79] ve Melodia predominant perde
tahmini (Essentia-V1) [79] yontemleridir. Sekil 10 birinci
katilimciya ait bos tel ¢aligma kaydi i¢in bu alt1 yonteme ait
boliitleme sonuglarini vermektedir.

Sekil 10.a’da verilen Yin FFT monofonik perde tahmini
yontemi tabanli nota boliitlenmesi sonucu, gergekte § adet
olan pargadaki nota sayisi 4 olarak bulunmus ve ayrica
parganin basinda ve sonunda oldukg¢a fazla salinim ortaya
cikmistir. Sekil 10.b’de verilen Melodia monofonik perde
tahmini yontemi tabanli nota boliitlenmesi sonucu, pargadaki
nota sayist 6 olarak bulunmus ve ayrica nota siireleri ¢ok
farkli bir gekilde tespit edilmistir. Sekil 10.c’de verilen
Monofonik perde tahmini yontemi tabanli nota boliitlenmesi
sonucu, parcadaki nota sayist 8 olarak dogru bulunmus, ama
ilk notanin midi perde say1st yanlis bulunmustur. Bunun yani
sira nota siireleri esit ¢alinmasima ragmen notalar arasi
stireler esit bulunmamigtir. Sekil 10.d’de verilen Klapuri
coklu perde tahmini ydntemi tabanli nota bdliitlenmesi
sonucu, par¢adaki nota sayisini ¢ok farkli sayida bulmus,
bunun yan1 sira 6zellikle ilk nota ve parganin sonunda ¢ok
fazla salinim ortaya ¢ikmistir. Sekil 10.e’de verilen Melodia
¢oklu perde tahmini yontemi tabanli nota boliitlenmesi
sonucu, parcadaki nota sayisini ¢ok farkli sayida bulunmus,
bunun yan1 sira par¢anin bir¢ok bdliimiinde ¢ok fazla salinim
ortaya ¢ikmustir. Sekil 10.f’de verilen Melodia predominant
perde tahmini yontemi tabanli nota bdliitlenmesi sonucu,
pargadaki nota sayisini 3 olarak bulunmus, bunun yani sira
son iki nota hicbir sekilde tespit edilememistir.
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Sekil 10. Birinci katilimci bos tel ¢almasina ait kaydin Essentia tabanli nota boliitlenmesi a) Yin FFT, b) Melodia monofonik
perde tahmini, ¢) monofonik nota transkripsiyon, d) Klapuri ¢oklu perde tahmini, ) Melodia ¢oklu perde tahmini ve f)
Melodia predominant perde tahmini.
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Sekil 10°dan elde edilen bos tel ¢alismasina ait sonuglarla
birlikte birinci katilimciya ait sol major arpej ve dizi
calismasina ait analiz sonuglari Tablo 7’de verilmistir.
Sonuglar yer yer bazi yontemlerin dogru nota sayisini tespit
etmekle birlikte, tiim yontemlerin bdliitlemede birtakim

hatalar verdigini gdstermektedir. Sayfa sinirlamasindan
dolayr diger katilimcilara ait sonuglara burada yer
verilememis, fakat benzer basarisiz sonuglar diger katilimct
kayitlari igin de elde edildigi goriilmiistir.

Tablo 7. Birinci katilimciya ait calmalar icin Essentia nota boliitleme analiz sonuglari.

Kayit Essentia | Essentia 11 Essentia 111 Essentia IV Essentia V Essentia VI
- 4 nota tespiti - 6 nota tespiti - 8 nota tespiti - Cok fazlanota - Cok fazlanota - 3 nota tespiti
Bos Tel Basinda ve - Cok farklinota - Yanlis ilk nota tespiti tespiti - Son iki notanin
0% 1¢1 sonunda ¢ok streleri midisi ve farklh - Bagsinda ve - Bir¢ok tespit edilememesi
(8 Nota)  fazla salinim nota stireleri sonunda  ¢cok kisimda  ¢ok
fazla salinim fazla salinim
- Cok fazla -15notatespiti - 14 notatespiti - Cok fazlanota - Cok fazlanota - 11 nota tespiti
_ notatespiti - _ Atlanan sus - Sus isareti (eSPIlI tespiti - Bir adet sus
Arpej - Baginda ¢ok isareti ve yanlis yerine - Parca - Parga yerine bulunan iki
(14 Nota) fazla salmim  tespit edilen yanhslikla tespit igerisinde ¢ok icerisinde ¢ok adet sus
ortadaki notalar  edilen baska bir fazla salinim fazla salinim
nota
- 30 nota -30notatespiti - 32notatespiti - Cok fazlanota - Cok fazla nota - 18 nota tespiti
tespiti - Az siireli son - Nota siireleri €SPIl tespiti - Cok fazla sus
Dizi - Basinda ve iki nota, bazi yanlis bazi - Orta kisim - Birgok yanlis igareti tespiti
sonunda fazla nota aralarinda notalar harig parca nota tespiti, ¢ok
(30 Nota) 1 LY
salmim, kisa kisa siireli sus igerisinde ¢ok fazla salinim
siireli sus isaretleri fazla salinim
isareti

Onerilen Kullanici Arayiiz Sistemi Tabanh Analizler

Bu kisimda 6nerilen kullanici arayiiz kullanarak keman bos
tel, sol major arpej ve sol major dizi kayitlarinin notalara
nasil bolitlendigi sadece birinci katilimeiya ait kayit
iizerinden anlatilmakta, daha sonra da tiim kayitlarla ilgili
sonuglar tablo halinde verilmektedir.

Bos tel calma kaydi icin analiz sonuclar:

Sekil 11.a’da birinci katilimciya ait bos tel kayit érneginin
dalga grafigi ile burada yer alan notalarin baslangic
zamanlar1 goriilmektedir. Olusturulan sistemin ilk basamagi,
nota baslangi¢ zamanlarimin tespit edilmesidir. Boylelikle
kayit igerisindeki her bir notanin yeri belirlenmis olup, ilgili
analiz i¢in uygun temel bilgi elde edilmis olmaktadir. Bu
calismada notalar aras1 duraksama olmadigindan, bir notanin
baglangi¢ zamani, Onceki notanin bitis zamani olarak
degerlendirilmistir. Sekil 11.a’daki grafikte, dikey kirmizi
renkli ¢izgiler nota baglangic zamanlarin1 géstermekte olup,
bu dalga formunda sekiz notanin var oldugu agikc¢a
goriilebilmektedir. Sekil 11.a’da belirtilen nota baslangig
zamanlarini bulma islemini otomatik olarak yapmak iizere
karmagik spektral fark yontemi kullanilmistir. Elde edilen
benzesim sonucu Sekil 11.b’de verilmistir. Burada tepe
noktalara karsilik gelen yatay eksendeki degerler nota
baglangi¢ degerlerini olusturmaktadir. Olusturulan sistemin
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ikinci asamasi, kayit icerisinden ¢ekilen notanin temel
frekansmin adaptif esik ve segmentasyon islemleri
kullanarak bulunmasidir.

Tiim bu iglemleri otomatik olarak yapmak i¢in hazirlanan
arayliz Sekil 12’da goriilmektedir. Bu arayiiz, Sekil 8’de
verilen araylizde ‘Bos Tel Caligmast’ butonu tiklandiginda
cikmaktadir. Arayiizde bulunan kayit yonetiminden birinci
kisiye ait ses kaydi arayiize yiiklenerek ve panel bolimiinden
“Nota Tespiti” secildiginde ilgili kayittaki notalarin oktav ve
nota isimleri ile ideal frekans degerlerinden ne kadar fark ile
calindig1 gosterilmektedir (Sekil 12).

Birinci kayit digindaki diger kayitlar igin de nota tespiti
yapmak i¢in sistem galistirildiginda Tablo 8’de belirtilen
sonuglara ulasilmigtir. Sonuglara bakildiginda en yiiksek
fark degerinin yedinci kayita ait c¢ekerek calinan ES5
notasinda oldugu gorilmektedir. Benzer sekilde fark
degerlerine bakarak hangi kaydin hangi notasinda ne kadar
bir fark olustugu, dolayisiyla katilimeilarin frekans
anlaminda performanslar1 gortilebilir.

Frekans analizi disinda, arayiiziin panel kismmda “Nota
Siire” secildiginde Sekil 13°te verildigi gibi sekiz notanin
saniye cinsinden ne kadar siirede ¢alindiklart da
bulunabilmektedir. Benzer sekilde panel kisminda “Nota
Girlik” secildiginde sekiz notanin ne kadar genlikle
calindiklar1 da bulunabilmektedir (Sekil 14).
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Sekil 11. Birinci katilimciya ait bos tel kayitin a) dalga grafigi ve nota baslangic zamanlar1 b) karmasik spektral fark
yontemiyle bulunan nota baglangi¢ zamani tespit fonksiyonu grafigi.

|4 Keman Bog Tel Galigmasi - X

Kayt ¥@netimi Panel
Islem yapmak icin bir tanesini tiklayiniz.

Kayit Baglat veya Kayit Yokle'den bir
: erEmi e No | Frekansl thav‘ Mota | Fark(Hz]|
CeTRE Dalga Formu Spektrum Nota Siire Mota Girlik 1 1961655 3 G 0.1655
2 1954853 3 <] 0.5147
Kayt Baglat 3 2940634 4 D 0.3634
Kayt Yilkle Zaman grafigi 4 2920824 4 D 16176
Kayt Soniandir ol ' ' T 5 4400620 4 A 00620
0.08 F 6 440.0272 4 A 0.0272
ﬁfd\ . bostel_1.mda - 7 6584040 5 E 0.8960
_EDE (mE HEEE 3 854533 5 B 0.8467
Ornekleme 7, - 43000
Frekansi
Kaytt Dinle
=
=
©
V]
-0.06 -
-0.08 -
01 | | | | |
0 2 4 6 8 10
Ornek zaman

Sekil 12. Bos tel ¢caligmasi birinci kayit i¢in elde edilen nota tespit sonucu.

Tablo 8. Bos tel otomatik transkripsiyon ile bulunan frekans analiz sonuglari
Ideal Frekansa Gore Mutlak Hata (Hz)
Kayit Gs Gz D4 Ds A1 Ar Es Es
01 05 03 16 00 00 09 038
03 05 02 03 06 15 07 04
05 04 19 18 09 17 09 08
00 01 13 06 03 11 12 19
05 07 03 18 18 07 10 24
04 00 15 10 14 21 24 19
11 07 19 01 04 00 25 10
09 06 06 04 18 05 14 17

o~NOoO OB~ WN -
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|4 Keman Bos Tel Caligmasi

Kayt anetimi Panel
Islem yapmak icin bir tanesini tiklay
Kayit Baslat veya Kayit Yokle'den bir
; “tanesini tiklayimiz Mo | Frekans | Oktav| Mota | Fark(Hz)
it A Dalga Formu Spektrum Nota Tespiti Nota Garldk 1 1951655 3 G 0.1655
2 1954853 3 G 0.5147
Kayit Baglat 3 2940834 4 D 0.3634
Kayt ikle 4 2920824 4 D 16176
Kaytt Sonlandir j j j 5 4400620 4 A 0.0620
6 4400272 4 A 0.0272
— : bostel 1.mda 2 7 6584040 5 E 08860
Sire  (s) : 11.608Ts 8 6584533 5 E 0.8467
Ornekleme (Hz)* 43000
Frekansi
Kaytt Dinle
Cikg
Sekil 13. Bos tel ¢aligmasi birinci kayit icin elde edilen nota siireleri.
|4 Keman Bog Tel Caligmasi
Kayit Yanetimi Panel
iglem yapmak igin bir tanesini tiklayiniz
Kayit Baglat veya Kayit Yiikle'den bir
: 'tanesini tikday Mo | Frekans | Oktav| Mota | Fark(Hz)
Y Dalga Formu Spektrum Mota Tespiti Mota Sure 1 1981855 3 G 0.1855
2 1954853 3 G 0.5147
Kayt Baglat 3 2940634 4 1] 0.3634
Kayit Yiikle 4 2920824 4 o 16176
Kayt Sonlandir 0.018 [ ' ' ' 5 4400620 4 A 0.0620
& 4400272 4 A 0.0272
i :  bostel 1.méa 0.016 7 6584040 5 E 0.8960
Sare  (s) : 11.6087s 8 6584533 S5 E 0.8467
Ornekleme (Hz)' 48000 0.014 [
Frekansi
Kayt Dinle 5 0.012
=
b=
O o001
@
=
& 0.008 [
o
=
O 0.006 [
0.004 -
0.002

Ciks

Sekil 14. Bos tel ¢aligmasi birinci kayit i¢in elde edilen nota giirliik degerleri.
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Arpej ¢calma kaydi icin analiz sonuc¢lar

Sekil 15.a’da birinci katilimciya ait sol major kayit 6rneginin
dalga grafigi ile burada yer alan notalarin baslangi¢
zamanlar1 goriilmektedir. Bu grafikte, kirmizi renkli gizgiler
nota baglangic zamanlarint gostermekte olup, bu dalga
formunda 14 nota ve arada bir sus isaretinin var oldugu
acikca goriilebilmektedir. Karmasik spektral fark yontemi
kullanilarak elde edilen nota baslangic zamani tespit
fonksiyonu grafigi Sekil 15.b’de verilmistir. Burada tepe
noktalara karsilik gelen yatay eksendeki degerler nota
baslangic degerlerini olusturmaktadir.

0.1 T T

Genlik

-0.1 I . I L
10 15 20

Zaman (s)

(@)

Bu islemleri otomatik olarak yapmak i¢in hazirlanan arayiiz
Sekil 16°da goriilmektedir. Bu arayliz, Sekil 8’de verilen
arayiizde ‘Arpej Caligmasi” butonu tiklandiginda
cikmaktadir. Kayit yonetiminden birinci kisiye ait wav
uzantili (bu formatla da ¢aligtigini géstermek i¢in) ses kaydi
araylize yiiklenerek ve panel boliimiinden “Nota Tespiti”
secildiginde ilgili kayittaki notalarin oktav ve nota isimleri
ile ideal frekans degerlerinden ne kadar fark ile ¢alindigi
gosterilmektedir (Sekil 16). Birinci kayit disindaki diger
kayitlar icin de nota tespiti yapmak icin sistem
calistirildiginda Tablo 9°da belirtilen sonuglara ulagilmistir.
Sonuglara bakildiginda en yiiksek fark degerinin altinci
kayita ait G5 notasinda oldugu goriilmektedir.

! m
09
08 0
0.7
0l
500 1000 1500 2000 2500
Zaman (s)

Sekil 15. Birinci katilimeiya ait arpej kayitin a) dalga grafigi ve nota baglangi¢c zamanlari b) karmasik spektral fark yontemiyle
bulunan nota baglangi¢ zamani tespit fonksiyonu grafigi.

[\ Keman Arpej Caligmasi - x
Kayit Y onetimi Panel
» . Islem yapmak icin bir tanesini tiklayimiz.
e Bas:::waima\ :TI?‘LHIII‘IH:EI{‘EJEH o ) - - Mo | Frekans | Oktav| Mota | Fark(Hz)
s Dalga Formu Spektrum Nota Tespiti Nota Sire Nota Glrldk 1 1960253 3 G 0.0253
2 2447526 3 B 21474
Kayi Baglat 3 2934386 4 D 0.2614
Kayt Yikle Zaman grafigi 4 3940618 4 G 20619
Kaytt Senlandir 0.1 T T T 5 4933495 4 B 0.5505
6 5876115 5 D 03115
Adi 1ak.wav 7 7845685 5 G 0.5685
Sure  (g) 22289 8 0 0 Es 0
Omneldeme 7y CERED 9 7821981 5 G 18078
Frekansi
10 5864132 5 D 0.8868
Kayt Dinls 11 4928932 4 B 1.0063
e 12 3920670 4 < 0.0670
E 13 2928923 4 D 0.7077
5] 14 2454692 3 B 1.4308
15 1952270 3 G 0.7730
. . . .
Gk ot 5 10 15 20
Ornek zaman

Sekil 16. Arpej calismasi birinci kayit icin elde edilen nota tespit sonucu.
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Tablo 9. Arpej otomatik transkripsiyon ile bulunan frekans analiz sonuglari

Arpej Nota Bazinda ideal Frekansa Gore Mutlak Hata (Hz)

Z
o

G3 Bs D4 Gy B4 Ds

Gs

Gs Ds B4 Gy D4 Bs Gs

0.03
0.64
1.22
0.54
0.20
0.67
0.38
0.04

2.15
2.03
0.93
1.40
1.85
0.94
0.00
1.48

0.26
0.86
0.58
1.09
131
3.18
0.86
2.01

2.06
0.15
0.44
2.30
1.68
3.14
244
1.07

0.55
0.51
0.08
0.09
1.34
0.39
1.78
2.78

0.31
1.16
0.65
0.08
1.12
1.40
0.91
0.47

0 N o o WD

0.57
0.41
0.46
131
0.62
5.27
1.48
2.48

1.80
3.62
0.87
1.65
5.22
1.07
1.62
1.31

0.89
0.66
1.52
0.63
0.18
131
131
0.42

1.01
0.81
1.85
131
0.08
1.34
1.63
1.38

0.07
0.56
0.15
121
1.07
0.02
1.19
1.21

0.71
1.39
0.06
0.96
1.16
1.16
0.61
0.16

1.43
2.57
0.92
0.95
2.35
1.44
0.48
0.96

0.77
0.53
0.07
0.69
0.49
0.77
0.49
0.85

Dizi ¢alma kaydi icin analiz sonuglari

Sekil 17.a’da birinci katilimeiya ait sol major dizi kayit
orneginin dalga grafigi ile burada yer alan notalarin
baslangic zamanlar1 goriilmektedir. Bu grafikte, kirmizi
renkli ¢izgiler nota baglangi¢c zamanlarini gostermekte olup,
bu dalga formunda otuz notanmin var oldugu agik¢a
goriilebilmektedir. Karmasik spektral fark ydntemi
kullanilarak elde edilen benzesim sonucu Sekil 17.b’de
verilmistir. Burada tepe noktalara karsilik gelen yatay

eksendeki  degerler nota  baslangic  degerlerini
olusturmaktadir.
1 |D T T T
0.9
0l
0.8
o7 i
DD DD N

! L

! h . .
1000 1500 2000 2500 3000 3500
Zaman (s)

(a)

L
500 4000 4500

Dizi kaydi otomatik transkripsiyon i¢in hazirlanan arayiiz
Sekil 18’de goriilmekte olup, birinci katilimer icin elde
edilen nota tespit sonucglart da bu sekilde verilmistir. Bu
arayiiz, Sekil 8’de verilen arayiizde ‘Dizi Caligmas1’ butonu
tiklandiginda ¢ikmaktadir. Diger kayitlar iginde sistem
calistirildiginda Tablo 10°da belirtilen sonuglara ulagilmastir.
Sonuglardan en yiiksek fark degerinin besinci kayita ait F#5
notasinda oldugu goriilmektedir.

0.1

0.08
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002 |
-0.04
-0.06 |

-0.08
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(b)

Sekil 17. Birinci katilimciya ait dizi kayitin a) dalga grafigi ve nota baslangi¢ zamanlari b) karmasik spektral fark yontemiyle bulunan
nota baslangi¢ zamani tespit fonksiyonu grafigi.
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|4 Keman Dizi Galigmasi

Kayit ¥dnetimi

Kayit Baglat veya Kayit Yikle'den bir
tanesini tiklayiniz

Kaytt Baglat

Kayt Sonlandir

Ad
Sure (s}
Ornekieme

Frekans: (Hz)

Kayt Yiikle

1dk.mda
4229168
45000

Kaytt Dinle

Cikg

Genlik

-0.02

-0.04

-0.06

-0.08

Panel

Dalga Formu

Islem yapmak icin bir tanesini tiklayimiz.

Spekirum Nota Siire

0.1

0.08
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T T T

. . .
15 20 25 30 35 40
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Nota Giirliik

Mo | Frekans | Oktav| Nota | Fark(F

1 1957930
2 2211480
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4 2597835
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9 4421583
10 494 3141
11 523.0288
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Sekil 18. Dizi ¢caligmasi birinci kayit i¢in elde edilen nota tespit sonucu.

Tablo 10. Dizi otomatik transkripsiyon ile bulunan frekans analiz sonuglari.

Dizi Nota Bazinda ideal Frekansa Gore Mutlak Hata (Hz)

Kayit No
Nota 1 2 3 4 5 6 7 8
Gs 0.20 0.38 0.76 0.42 0.38 0.04 0.25 0.48
Az 1.15 0.85 0.32 1.47 0.38 0.52 0.79 1.29
Bs 0.44 0.39 0.94 1.25 0.99 2.29 0.44 1.35
Cs 1.85 1.01 1.83 2.07 0.51 0.23 0.04 2.38
D4 0.24 0.58 0.01 0.60 0.76 0.39 0.01 1.39
= 1.05 1.15 0.14 4.03 0.90 242 0.76 1.18
F#, 0.38 0.92 1.72 0.80 0.87 1.82 2.57 0.37
G4 0.60 0.56 2.06 2.15 0.33 0.07 1.15 1.37
Ay 2.16 0.50 2.13 0.30 0.02 1.41 0.02 0.19
B4 0.93 1.64 1.75 0.07 0.08 0.07 2.33 0.73
Cs 0.22 1.66 0.12 0.09 0.73 0.01 0.74 1.00
Ds 1.13 1.40 2.40 0.92 1.15 1.99 2.77 1.58
Es 3.01 0.92 1.86 211 6.79 7.65 0.12 3.39
F#s  4.87 2.05 0.72 3.49 6.55 0.59 8.90 0.66
Gs 0.14 5.50 1.84 461 1.68 0.65 1.98 3.02
Gs 4.69 2.27 0.03 8.29 4.74 0.58 3.38 1.03
F#s 233 1.92 0.71 5.65 11.88 5.00 2.08 3.47
Es 1.73 0.04 5.25 1.27 9.55 3.39 2.48 0.88
Ds 7.21 1.77 0.24 0.45 0.24 0.89 0.47 1.83
Cs 3.48 1.88 0.36 4.75 0.88 0.63 1.75 0.98
B, 3.53 4.24 0.93 0.99 4.34 1.88 0.49 1.80
Ay 0.38 0.64 1.47 0.15 0.56 0.34 0.71 0.50
G4 0.85 0.80 1.06 3.26 0.02 2.17 0.41 0.62
F#s 173 231 2.40 0.89 0.37 0.96 3.07 0.36
Es4 0.84 144 3.14 0.42 1.44 3.40 1.35 0.84
D4 0.01 0.09 0.50 1.44 0.86 1.11 0.73 1.31
Cs 0.04 2.99 1.25 3.46 0.58 1.52 0.12 0.71
Bs 0.52 0.88 0.97 0.44 0.45 1.90 2.65 1.73
As 0.67 2.49 2.22 0.84 0.94 0.63 1.35 0.10
Gs 1.63 0.53 1.08 0.15 0.67 0.85 0.76 0.69

242




DUJE (Dicle University Journal of Engineering) 14:2 (2023) Sayfa 229-246

Sonuclar

Bu c¢alismada, baslangic seviyesi keman o&greniminde
ogrencilere yardimci olabilecek bir kullanici arayiiz tasarimi
gerceklestirilmistir.

Onerilen arayiiz, temel keman egitimi etiitlerinden olan bos
tel calma, sol major arpej calma ve sol major dizi ¢alma icin
tasarlanmigtir. Bu sistemi tasarlayabilmek i¢in Oncelikle
keman seslerini notalarina dogru bir sekilde otomatik ayirt
edebilecek bir transkripsiyon sistemi olusturulmustur.
Onerilen otomatik transkripsiyon, dncelikle nota baslangic
zamanlarmi tespit etmeye ve sonra frekans analiziyle
notalarm temel frekansin1 bulmaya dayanmaktadir. Nota
baslangi¢c zamanlari tespiti igin farkli yontemler denenmis ve
bunlar arasinda karmasik spektral fark yonteminin keman
sesleri i¢cin en uygun oldugu sonucuna varilmistir. Kayitlar
notaya basarili bir sekilde boliindiikten sonra, her bir notanin
temel frekanst bulunarak hangi nota oldugu ve ideal
frekanstan ne kadar saptig1 tespit edilmistir. Bununla birlikte
arayliz lizerinde siire ve giirliik analizleri de yapilabilecek
sekilde sistem gelistirilmistir.

Matlab tabanli MIRtoolbox ve C++ tabanli Essentia, ses
sinyalleri i¢in ¢ok cesitli analizlerin yapilabilecegi ve daha
¢ok bilimsel amaglh kullanima sahip iyi bilinen agik kaynak
yazilim kiitiiphaneleridir. Bu kiitiiphaneler keman disindaki
calgilara (daha ¢ok piyano ve gitar gibi) ait ses zarfi gorece
kolay sesler i¢in basarili olmus otomatik miizik
transkripsiyon yontemlerini igermektedirler. MIRtoolbox ve
Essentia yazilimlari, bu ¢aligmada kullanilan sekiz kisiye ait
keman sesi veri seti i¢in uygulandiginda, bu yazilimlardaki
yontemlerin nota baslangi¢ zamani bulmada bazi problemler
yasadiklar1 gézlemlenmistir. Su anki olusturulan sistem bos
tel calma, sol major arpej ¢alma ve sol major dizi ¢alma
etiitlerine ait esit vuruslu sesler igin basarili bir sekilde
calismaktadir. Dolayisiyla, 6nerilen kullanici arayiizii bu tiir
etiitler i¢in 6grencilere faydali bir geri doniit yapabilecektir.

fleriki calisma olarak, farkli tonlarda arpej ve dizi etiitleri icin
calisma kapsami genigletilebilir. Yapilacak etiitler farkli
metronom hizlarinda ve miiziksel dinamikler igerecek sekilde
calinabilir. Ayrica sistem ger¢ek zamanli olarak g¢alisacak
sekilde gerceklestirilebilir.

Etik kurul onay1 ve ¢ikar ¢atismasi beyani

Hazirlanan makalede etik kurul izni alinmasina gerek yoktur.
flgili makale, yiiksek lisans tezinden iiretilmistir.

Hazirlanan makalede herhangi bir kisi/kurum ile ¢ikar
catismasi bulunmamaktadir.

Yazar Katkilar
Tim yazarlar makaleye yeterli derecede katkida
bulunmugtur. Ilgili makale yiiksek lisans tezinden

olusturulmustur. Yazarlar yiiksek lisans tez 6grencisi ve tez
danigmanidir.

-Calisma konsepti ve tasarim (K.A)
-Veri toplama (K.A.)
-Verilerin analizi ve yorumlanmasi (K.A. ve T.S.A.)

-Taslagin olusturulmasi (K.A.)
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- Diger katkilar: Gergeklestirilen ¢alismada KA.
transkripsiyon sisteminin gelistirilmesi, literatiir taramasi,
kullanilan malzemelerin temin edilmesi; T.S.A., literatiir
taramasi, arayliz sisteminin gelistirilmesi baslklarinda
ayrica katki sunmugslardir.

Tesekkiir

Bu caligmanin  yiiriitiilmesi  sirasinda  desteklerini
esirgemeyen Yayli Calgilar Miizik Egitimcisi Prof.Dr. Ahmet
Serkan Ece’ye tesekkiir ederiz.
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Introduction

A pair of inverted pendulum systems on a cart is one of
the systems that have been tested and validated by the
methods proposed in control studies due to their
incompletely driven and non-linear structure. The usage
areas of these systems are quite wide, from human walking
to satellite and rocket modeling, from aircraft landing and
take-off to ship balancing modeling, etc.[1-5]. The double-
inverted pendulum is based on the principle of balancing the
arms with the movement of the cart. This balancing problem
is quite difficult since it is driven by a single motor, and the
continuous movement of the arms leads to the instability of
the system.

In the literature, double-inverted pendulum systems on
a cart (DIPSC) have been tried to be controlled by using
different control types at different times. Furuta et al., [6]
performed the control of a double inverted pendulum on a
cart (DIPSC) system in a simulation and experimental
environment with a computer program called CADOS.
Ceheng et al., [7] performed the control of a real-time
DIPSC system obtained by combining composition
coefficient fuzzy control theory with LQR optimal control
theory. The method was tested on a DIPSC system with a
sampling interval of 4 ms. Zhong and Rock [8] proposed a
method of energy and passivity-based control of a DIPSCs

system. It has been demonstrated in simulation studies that
it can stabilize the system steadily from any initial position.
Bogdanov [9] proposed and simulated controller
approaches for optimal control of a DIPSC system,
consisting of LQR, situational Riccati equation, optimal
neural network control, and their combinations. The
simulations revealed the superior performance of the
controller designed with the situational Ricatti Equation
over LQR and the improvements provided by the neural
networks that compensate for the model deficiencies in
LQR. Cheng-jun et al., [10] performed the control of a
DIPSC and cart system whose boundaries of fuzzy logic
membership functions were determined by a genetic
algorithm optimization method. The method has been
applied in the simulation environment, and it has been
observed that the performance of the system has increased.
Xiong and Wan [11] proposed the optimal LQR control
method for the DIPSC system in numerical simulation. Q
and R matrices, which are the weight matrices of the LQR
method, were obtained using the particle swarm
optimization (PSO) method. Tao et al., [12] proposed an
adaptive fuzzy switch swing-up and sliding control method
for a DIPSC. The efficacy of the suggested method was
demonstrated through simulation studies. In addition, the
effect of chatter is significantly reduced in the method.
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Adeli et al., [13] modeled a DIPSC, an overhead crane,
constructed a Takagi - Sugeno fuzzy model, and designed a
parallel distributed fuzzy LQR controller. The method was
supported by simulation studies. Hassanzadeh et al. [14]
suggested a model-reference adaptive controller approach
for the stabilization of a DIPSC and performed it in an
experimental setting. In the proposed method, an LQR
controller was initially used; however, in the next step, an
LQG controller, which combines Kalman-Bucy filter
estimation and LQR feedback control, is used to achieve
better steady-state performance. LQR and PD control
methods have been suggested to stably control a DIPSC
[15]. The simulation studies revealed that the PD controller
outperforms the LQR controller in terms of performance.
Zhang and Zhang [16] proposed the self-adaptive LQR
controller method for a planar DIPSC system and applied it
in simulation and an experimental environment. According
to the results obtained, the authors concluded that the
method provides fast response and stability. LQR and
LQR-based fuzzy controller design and control in a
simulation environment for a DIPSC system were carried
out in another study [17]. The LQR-based fuzzy controller
has been found to perform better than the LQR method in
controlling the DIPSC system, according to the results.

Wang et al. [18] proposed a Pareto-based Multi-
Objective Binary Probability Optimization Algorithm
(MBPOA)-based LQR controller and this method has been
implemented in the DIPSC in simulation and experimental
environments. A hybrid type-2 fuzzy logic control method
obtained with the help of an RNA genetic algorithm is
proposed for the control of a DIPSC. The parameters of
Type 1 and Type 2 fuzzy logic methods are optimized by
RNA genetic algorithm and compared. Better performance
for DIPSC is achieved by using an optimized type-2 fuzzy
logic control with RNA genetic algorithm [19]. Sultan and
Farej [20] modeled a DIPSC system and simulated it using
the LQR control method. According to the simulation
results obtained, they saw a 57% and 79% decrease in peak
amplitude for the lower arm and upper arm, respectively.
Bandari et al., [21] proposed the LQR control method for
real-time control of a DIPSC system. The successful
demonstration of the controller's ability to restore stability
after imparting impact distortion to both the first and second
pendulums was made by the testing results.

Banerjee et al., [22] proposed the LQR method for the
control of a DIPSC system. The traditional PID method was
also used in the study to compare the performance of the
method. Simulation of the DIPSC system was performed
using the optimal LQR controller method [23]. In this study,
the Q and R parameters of the controller are updated, and
the G gain matrix is optimized using five different
configurations of three different optimization algorithms
(Particle Swarm Optimization (PSO), Artificial Bee Colony
Algorithm (ABC), and Genetic Algorithm (GA)).
Response time and response smoothness were measured for
the outcomes produced by each algorithm, both alone and
in combination. The controller optimized with the GA
algorithm produced the quickest control response, while the

controller optimized with the ABC method had the
smoothest response, according to the results.

The results obtained by using each algorithm were
evaluated in terms of response speed and response
smoothness, in itself and with each other. According to the
results, the controller optimized with GA gave the fastest
control response, while the smoothest response was
provided by the controller optimized with the ABC
algorithm. He et al. [24] have conducted a literature study
on underdrive robotic systems. The challenges in current
research are summarized, and information is provided for
future research. Tijani and Jimoh [25] presented a
comparative study of a DIPSC system, the optimal control
open model predictive control (eMPC), and the linear
quadratic control (LQR) method. The open model
predictive control (the eMPC) method showed an effective
performance compared to the LQR control method,
especially in terms of reducing the peak values. Maraslidis
et al., [26] proposed a fuzzy logic controller (FLC) for the
control of a DIPSC system in a simulation environment. An
LQR is used in the article to compare the results of the
proposed method. According to the results obtained, it has
been seen that the FLC method significantly reduced the
stability and peak levels. Gil et al. [27] implemented
reinforcement learning-based PD control for a DIPSC in a
simulation environment. A DIPSC is simulated using a
passive control method based on operator theory [28]. The
chaotic dynamics of a DIPSC with a large angle of
oscillation are studied based on Hamilton's canonical
equation. It is found that the pendulum can maintain the
equilibrium state as long as one of the coils has an
oscillation angle of O degrees [29]. The oscillation and
constant-time stabilization control of an incompletely
driven DIPSC is carried out in a simulation environment
[30].

This study aimed to model and optimally control a
double-inverted pendulum system on a cart (DIPSC). A
double inverted pendulum system on a cart (DIPSC) was
modeled using the Lagrange-Euler method, and classical
and optimal LQR control methods were designed for the
control of the system. The purpose of the designed
controllers is to keep the arms of the double inverted
pendulum on the moving cart vertically in balance and to
bring the cart to the determined balance position. The
Genetic Algorithm (GA), Particle Swarm Optimization
(PSO), and Grey Wolf Optimization (GWO) algorithms
were used to determine the vitally essential Q and R
parameters of the LQR control method, one of the optimal
control methods. The DIPSC system was checked using
classical LQR and optimal LQR methods. All obtained
results are given graphically. The proposed methods are
presented and analyzed in tabular form using the settling
time and the Mean-Square-Error (MSE) performance
criteria. The rest of this article is structured as follows. In
Chapter 2, the model of the DIPSC system is presented.
Recommended controllers for the system are shown in
Chapter 3. GA, PSO, and GWO algorithms are given for the
optimization of the parameters of the LQR control method.
The simulation results obtained by applying the methods
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suggested in Chapter 4 are given numerically and
graphically. Chapter 5 summarizes the entire article and
provides information on the development of this article and
future work.

Modeling of Double Inverted Pendulum System on a
Cart (DIPSC) System

Model equations, which have an important place in the
control of systems in computer environments, are given
below. The DIPSC was modeled using the Lagrange—Euler
method. The free-body diagram of the DIPSC system is
shown in Figure 1.

Y Axis ,

Figure 1. The physical representation of the DIPSC system

In the DIPSC system given in Figure 1, the variable
parameters x, @, and g, represent the position of the cart,

the angular position of the first pendulum, and the angle
position of the second pendulum, respectively. L; is the
length of the first pendulum, L; is the length of the second
pendulum, mc is the mass of the cart, m; is the mass of the
first pendulum, and m; is the mass of the second pendulum.
F represents the force acting on the cart. I; is the moment of
inertia of the first pendulum, and I is the moment of inertia
of the second pendulum. The total kinetic and potential
energies in the system consist of the kinetic and potential
energies of the car and each bar separately. Since the car
moves linearly on the horizontal axis, it has a kinetic energy
originating from the translational movement only in this
axis. Since the rods make both translational and rotational
movements, their total kinetic energies constitute the
translational and rotational kinetic energy originating from
these movements. These Equations are given below.

xp, =x—1,5inf; — %, =x—16,cos0, (la)

Yp, = licosO, = y, = —1,6,5in6, (1b)

Xp, = X —1;5in6; — l;sin (6; +6,)  (2a)

Vp, = l1€0s6; + 1,c05(6; + 6,) (2b)

Xp, =X — 1,6,c050; —1,(0; + 0,)cos(0; +6,)  (3a)

ypZ = _llélsingl - ll (91 + 92)Sin(91 + 92) (3b)
T, = ;m x? 4
_ 1 . . . 2 1 . . 2
Ty, = 5my, (X = 1,6;5in6,)° —-m,, (=1,0,5in6,)* +
)
S 1p0s (5)

sz = %mpz (J.C - l191C0591 - 11(91 + 92)005(01 +
92))2 + %mpz (_llélsingl - ll(él + 92)Sin(91 +
1 . 2 (2
6,))° + ;1,(61+ 65) (6)
V,, = my, glicose, (7)
V,, = mp,glicosd; + my glicosd;  (8)

The equations of motion of the DIPSC are obtained by
taking the following assumptions in the state-space form as
follows:

0,0, ~0 (%)
sinf,,sin,,sin(6, + 6,) =0 (9b)
cos6,,cos6,,cos(6; +60,) =1  (9¢)

6,250,506, +6, =0 (9d)

The equation of motion of a DIPCS is created in the state
space model; x = Ax + Bu and y = Cx + Du form as
follows. The state variables of the DIPCS with trolley are
trolley position - velocity and angular position - velocity of
each pendulum. The output variables are the car position
and the angular position of the pendulums. These variables
are given in Equation (10).

X X
ol |6
21 e
X 2
w|=|x| y=k 6 6l

X = (10)
X5 91
Xg 9'2
5(1 x2
9.C3 = X4 (11)
X5 X
A
0 0 0 1 0 0
0 0 0 0 1 0
_ o o 0 0 0 1
0 487 -0.16 —35.55 -0.02 0.02
0 766 —319 -—-185.1 -0.37 0.72
0 —-84.3 123.77 203.7 0.72 -=2.06
(12a)
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Controller Design

While designing the controller, it was aimed to keep the
arms of the double inverted pendulum with the linear
moving cart vertically balanced and to bring the cart in a
balanced position. This chapter describes the controller
methods designed for the DIPSC. The control of the DIPSC
aims to design a controller with minimum error to move the
cart so that the actual position of the cart reaches the desired
position. The DIPCS was controlled using the Linear
Quadratic Regulator (LQR) control method. Here, how
parameters of LQR control methods are obtained by using
Genetic Algorithm (GA), Particle Swarm Optimization
(PSO), and Grey Wolf Optimization (GWO) algorithms are
given.

Linear Quadratic Regulator (LQR) Control Design

The Linear Quadratic Regulator (LQR) control method is a
modern optimal control method based on state-space
representation [32]. LQR is a full-state feedback controller.
The primary goal of optimum control is to meet physical
constraints to the best possible extent, while at the same
time extreme (maximizing or minimizing) an appropriate
performance index or cost function. LQR is widely used
since it is an optimal and robust control method [33-34].
Below is a performance index for the control strategy that
was obtained using state-space equations.
] = %fot(xT(t)Qx + uTRu)dt (13)
The control system is optimal when the parameters of the
performance index are chosen to make the function either
minimal or maximal. In classical linear optimal control, the
control vector u(t) is chosen so that the performance index
is minimized. The performance indicator selected for
system control is typically quadratic concerning both x(t)
and u(t). It is desired that the integral of the sum of the
expression containing Q and R matrices be minimum. This
means minimizing Equation 13. Here, Q is a positive semi-
definite symmetric matrix, and R is a positive definite
number. Q and R are the weight matrices (Q = 0,R > 0).
Then, the linear state feedback rule provides the best control
that minimizes J. The control system is optimal when the
parameters of the performance index are chosen to make the
function either minimal or maximal. The control vector u(t)
is chosen in classical linear optimum control so that the
performance index is minimized. The performance index
chosen for system control is typically quadratic concerning

both x(t) and u(t). The integral of the sum of the expression
including the Q and R matrices should be as small as
possible. In this case, equation 13 must be reduced. Here, Q
is a positive semi-definite symmetric matrix, and R is a
positive definite number (Q = 0,R > 0). Q and R are the
weight matrices. Then, the linear state feedback law is given
the optimal control that minimizes J.

u=—-K=+*x (14)

The control strategy in this case aims to reduce the integral
of the quadratic performance indicator. The function's value
demonstrates how closely the system's real performance
matches its intended performance. The given Equation (15)
yields the K optimal feedback gain matrix.

K =T (TT)"'BT = R"!BTP (15)

The value of the P positive definite matrix is obtained with
the help of Riccati's Equation.

ATP + PA—PBR'B'TP+Q =0 (16)

In this study, metaheuristic algorithms GA, PSO, and GWO
methods were used. These algorithms are frequently used in
the literature [35-40]. When using GA, PSO, and GWO to
set the Q and R matrices, the first step is to start the
chromosome in the GA method, swarm particle in the PSO
method, and wolf population in the GWO method. Each
chromosome, particle, and wolf population element is
represented by a vector n representing the Q and R matrices.
n(1) Q(1,1), n(2) Q(3,3), n(3) Q(5,5) and n(4) represent the
R-value. Then, parameters such as the population and limits
of the algorithms are described. An objective function based
on the control input and the Mean Absolute Squared Error
is suggested to determine the best control settings. All three
algorithms search iteratively until it reaches any of the
stopping criteria such as generation or the number of
iterations, function tolerance, and time limit to minimize
this objective function and find the optimal solution. Figure
2 illustrates the block schema of the LQR control method.

Objective function
GA, PSO and
GWO

Cart Postion
1st Pendulum
Angle
2nd Pendulum
Angle

LQR Controller

System

& A §

Figure 2. Block diagram of LQR control method
Numerical Results

This chapter provides simulation studies employing a
DIPSC's model equations. In the control of the system,
optimal LQR control methods were obtained by using
classical LQR and GA, and PSO and GWO algorithms were
used. The control variables of the system are the position of
the cart and the angles of the pendulum. The results were
obtained numerically according to the settling time and the
MSE criteria, which are the performance criteria of the
applied control methods. The physical parameters of
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DIPSC were taken as me=12 kg, myu=0.097 kg,
mp2=0.0127 kg, Lp1= 0.2 m, Ip1=0.16 m, L;»=0.34 m, l,=
0.18 m, b;=0.001 Ns/m, and bp;=by,=0.024 Ns/rad. The
simulation time was set to 10 seconds. It was obtained from
the classical LQR control parameters as R = [1] and Q =
diag {43 5050 11.25 1.50}. In all optimization
algorithms (GA, PSO, and GWO), the number of
populations was taken as 40 and the number of iterations as
100. However, since sufficient convergence could not be
achieved with the GA optimization algorithm, the number
of populations was taken as 50. In addition, the maximum
number of generations in GA was taken as 200, and the
crossover and mutation probability as 0.8 and 0.4. The
lower and upper limit values for the optimized Q and R
parameters are taken as Ib=[11 1 0.01] and ub=[1000 1000
1000 100]. The LQR control parameters obtained using the
GA optimization method are R =[0.021]and Q =
diag {60.3 0.05 0.03 5.06 0.01}. The LQR control
parameters obtained using the PSO optimization method are
R =[0.001] and Q = diag {100 0.1 0.09 190.6 0.15}.
The LQR control parameters obtained using the GWO
optimization method are R = [0.1] and Q=
diag {20 20 600 0 0.15}. In Figure 3, a) The linear and
angular positions, and b) the error graphs obtained using the
classical LQR control method of DIPSC are given.
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Figure 3. a) The linear and angular positions and b) the
error graphs obtained using the classical LQR control
method of DIPSC

As shown in Figure 3, the graph obtained as a result of the
use of the classical LQR control method shows that the
maximum overshoot occurred in the system. It is also seen
that the cart reaches a settling time of approximately 5
seconds. In Figure 4, a) linear and angular positions and b)
error graphs obtained using the GA-based optimal LQR
control method of DIPSC are given.
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Figure 4. a) The linear and angular positions and b) the
error graphs obtained using the GA-based optimal LQR
control method of DIPSC

As seen in Figure 4, the graph obtained as a result of the use
of the GA-based optimal LQR control method shows that
the maximum overshoot in the system is increased
compared to the classical LQR method. However, it is seen
that the cart reaches a settling time of approximately 4
seconds. In Figure 5, a) linear and angular positions and b)
error graphs obtained using the PSO-based optimal LQR
control method of DIPSC are given.
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Figure 5. a) The linear and angular positions and b) the
error graphs obtained using DIPSC's PSO-based optimal
LQR control method

When Figure 5 is examined, it is seen in the graph obtained
as a result of the use of the PSO-based optimal LQR control
method, that the maximum overshoot in the system
decreased slightly compared to the GA-based LQR method,
but increased compared to the classical LQR method.
However, it is seen that the cart reaches a settling time of
approximately 2 seconds. In Figure 6, a) The linear and
angular positions and b) error graphs obtained using the
GWO-based optimal LQR control method of DIPSC are
given.

GWO-LQR
100 T T T T T T
= S0 —f ===
g
&
< 0 ——-x, (mm)
x(mm)
50 . 1 I I 1 I I 1 !
0 1 2 3 4 5 6 7 8 9 10
Time(s)
5 T T T T
——0, (deg)
>
)
T 0
<
5 . 1 . I 1 I I 1 1
0 1 2 3 4 5 6 7 8 9 10
Time(s)
4 T
T
>
)
T 0
<&
2 4
4 . 1 I I 1 I I . I
0 1 2 3 4 5 6 7 8 9 10
Time(s)
a)

252



DUJE (Dicle University Journal of Engineering) 14:2 (2023) Page 247-255

GWO-LQR
0.1 T T T T T
X error(mm)
§ 0.05
5
s of
x
.0.05 I 1 I 1 . I I
0 1 2 3 4 5 6 7 8 9 10
Time(s)
0.1
%
Sk
N
3 0
)
<
0.1 I I L L I I L L I
0 1 2 3 4 5 6 7 8 9 10
Time(s)
0.1 T T
— — 6’2 error (deg)
&
T 005 1
s
L
s 0
&
0.05 . . .
0 1 2 3 4 5 6 7 8 9 10
Time(s)

Figure 6. a) The linear and angular positions and b) the
error graphs obtained using DIPSC's GWO-based optimal
LQR control method

When Figure 6 is examined, it is seen in the graph obtained
as a result of the use of the GWO-based optimal LQR
control method that the maximum overshoot occurs in a
very small amount in the system and that it is considerably
reduced compared to all previous methods. It is seen that
the cart reaches a settling time of approximately 1.4
seconds. Figure 7 is given the convergence graph.

—GA
----PSO
—— 6Wo

Function value

40 50 80 70 80 90 100
Iteration

Figure 7. The convergence graph of optimization
algorithms

When the convergence graph is examined, it is seen that
the best convergence is achieved with the GWO algorithm
and this is achieved in approximately 30 iterations.
Similarly, it is seen that PSO reaches approximately 40
iterations and GA reaches approximately 75 iterations.
Error results will be compared using the performance
criteria given below.

MSE == (> v, - )
i

-t (17)
N

If the desired yg; robot's j. value is yj then it represents the j.
actual value of the robot. y represents the position of the
cart or the angular positions of the pendulums.
j=1,2,3,4...N’ is. Tables 1 a and b show the error results
obtained by using MSE, which is the performance criterion
of classical LQR, GA-based LQR, PSO-based LQR, and
GWO-based LQR control methods.

Table 1. The performance comparisons of the linear and
angular position tracking error (mm) using a) settling time

and b) MSE
a) Settling time
Control  LQR GA- PSO- GWO-
type/ LQR LQR LOR
Criteria
X 5 4 2 1.4
01 2 2.5 1.8 15
02 1.9 1.6 14 1.2
b) MSE
Control LQR GA-LQR PSO- GWO-
type/ LOR LOR
Criteria
X 1.82*10° 1.65*10* 1.52*10* 1.41*10*
01 1.18*10* 2.14*10* 9.12*10° 9.56*10°
02 5.58*10° 4.98*10° 3.75*10° 2.58*10°

According to the results of the performance error criteria
(settling time and MSE-Ilinear/angular position) obtained
using the performance criteria in Tables 1la and b, the
settling error performance for the classical LQR control
method is 5 seconds. The Linear and angular position error
values are 1.82*10° mm, 1.18*10 degrees, and 5.58*10°
degrees, respectively. According to the performance error
criteria given in the table, the settling error performance
obtained by using the GA-based LQR control method is 4
seconds. The linear and angular position error values are
1.65*10* mm, 2.14*10* degrees, and 4.98*10° degrees,
respectively. According to the performance error criteria
given in the table, the settling error performance obtained
by using the PSO-based LQR control method is 2 seconds.
The linear and angular position error values are 1.52*10
mm, 9.12*10-° degrees, and 3.75*10°° degrees, respectively.
According to the performance error criteria given in the
table, the settling error performance obtained by using the
GWO-based LQR control method, which is the last method
recommended, is 1.4 seconds. The Linear and angular
position error values are 1.41*10* mm, 9.56*10° degrees,
and 2.58*10° degrees, respectively. Considering all the
results obtained, the GWO-based LQR control method
outperformed other methods in point of both settling time
and MSE error criteria.

Conclusions

In this study, modeling and optimal control of a double-
inverted pendulum system on a cart (DIPSC) were
performed. The system was modeled using the Lagrange-
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Euler method, and classical and optimal Linear Quadratic
Regulator (LQR) control methods were utilized for the
system's control. The Genetic Algorithm (GA), Particle
Swarm Optimization (PSO), and Grey Wolf Optimization
(GWO) algorithms were used to determine the vitally
essential Q and R parameters of the LQR control method,
one of the optimal control methods. The DIPSC system was
controlled in the simulation environment by using classical
LQOR and optimal LQR methods. The results obtained by
using the proposed methods the settling time and the Mean-
Square-Error (MSE) performance criteria were compared
and examined. Considering all the results obtained, the
GWO-based LQR control method outperformed other
methods in terms of both settling time and MSE error
criteria. The physical parameters used in the method are the
real parameters of real-time DIPSC systems. It will be of
great advantage to use these real parameters during the
experimental implementation of the method. In addition, in
the simulation environment, the noise in the real
environment is added to the control of the system. A 2nd
order low pass filter is used to filter this noise. Also, the
method can be developed using different optimization
techniques and objective functions. In addition, the method
can be developed and applications can be made in a real-
time laboratory environment.
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Introduction

High torque, high power density, quick acceleration, small
volume, low noise, and high efficiency are some of the key
characteristics of Permanent Magnet Synchronous Motors
(PMSM). With these features, PMSMs are widely used in
the industry [1, 2]. Axial misalignment, speed ripples, and
vibrations brought on by unbalanced loads are some of the
drawbacks of using electric motors. Unbalanced loading
can be caused by the character of the load, as well as the
poor mounting of the motor to the load, the misalignment
on the shaft and the load itself being an eccentric load.
Especially at high speeds, this causes permanent damage to
the motors. Specification and elimination of these
fluctuations, which occur for different reasons, are very
crucial for a reliable operation. The speed ripples in
unbalanced loaded motors are attempted to be decreased by
the proposed Adaptive Harmonic Injection (AHI) approach
in this study that investigates the unbalanced load
conditions in an unbalanced PMSM.

Imbalances in the rotor in electrical machines are mostly
caused by eccentricity, shaft misalignment, bearing
failures and unbalanced loads [3, 4]. During the rotation,
this imbalance causes a variation in centrifugal force on the
rotor or the movement of the center of mass in the rotor

away from the center of rotation. This causes vibration in
the motor. One of the most important fault in rotating
machines is axial misalignment in electric motors. The air
gap between the stator and rotor is not equally distributed
when the motor is out of alignment. Misalignment in the
motor causes problems such as the increase in the
amplitudes of the harmonic components of the flux density
in the air gap, fluctuation in speed and torque, decrease in
the average value of the torque, decrease in efficiency due
to the increase in losses, heating of the motor and increase
in noise.

In the literature, there are different studies conducted by
researchers on the unbalanced load caused by axial
misalignment in motors. [5] have presented a method to
simulate the air gap eccentricity in induction machines.
The geometry and winding configuration of the machine
have been used to compute the motor parameters. Thus, the
calculated machine inductances have involved the effect of
eccentricity in this study. In [6], a real-time PMSM drive
system platform is used to test the control algorithm in
order to reduce motor vibration. They have concluded that
the vibrations in the different motor speed have decreased
by the proposed controlled strategy. A PMSM drive
systems, the evaluation of a compact imbalance technique
is suggested in [7]. In this study, a filter is merged with an
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open-loop torque observer and an imbalance estimator to
predict the unbalance. [8] estimated static eccentricity,
dynamic eccentricity and mechanical eccentricity in three-
phase PMSMs using Artificial Neural Networks (ANN).
The simulated current is given a white Gaussian noise
addition, and it is concluded that the sideband frequency is
created in the current and voltage spectra by the
eccentricity defect in the PMSM. In [9], stator current has
been used to estimate the amount of eccentricity occurring
in the Brushless DC Motor. The Morlet main function has
been used to detect whether there is any misalignment. The
experiment has been validated by FFT. In [10], it has been
suggested that model predictive control and iterative
learning control be combined to speed up the system's
response time and significantly lessen speed ripples. The
obtained results confirm the effectiveness of the model
predictive control and iterative learning control scheme. In
[11], it has been recommended to use the virtual cogging
torque control method to suppress the direct-drive PMSM
servo system's speed ripple at low speeds. This study has
shown that the control mechanism utilized to smooth the
speed during low-speed operations is facile and efficient.
Unbalanced loads encountered in motors are mostly caused
by misalignment, curvature of the shaft or loading the
motor with an unbalanced load. In misalignment, the air
gap is not evenly distributed [12]. Axial misalignment is
examined in three categories as static misalignment,
dynamic misalignment and mixed misalignment. The
unbalanced load caused by the load imbalance occurs when
the center of gravity in the motor is different from the
center of rotation. Vibrations occur as a result of oscillation
at the moment of equilibrium. The rotor or mechanical load
imbalance generates vibration at high speeds due to a
bearing or shaft defect, which can cause mechanical
failure. The degree of rotating unbalance must be
determined in real-time in order to prevent malfunction and
reduce mechanical vibration. One of the methods used in
PMSM to reduce speed fluctuations caused by eccentricity
and load imbalance is harmonic current injection. Speed
fluctuations encountered in motors are generally periodic.
Therefore, speed fluctuations can be reduced by injecting
current harmonics with suitable amplitude and frequency
into the motor [1]. In this study, speed fluctuations brought
on by unbalanced loads are reduced using the Adaptive
Harmonic Injection (AHI) method. The decision values of
the various sub-data are linearly combined to form the
basis of the AHI algorithm. In an active coupling approach
based on vertical projections on the convex set defining
these values, the decision values are linearly combined
with online-updated weights. The algorithm and the results
are presented in sections 2 and 3, respectively.

Dynamic Model of PMSM under Unbalanced
Load

One of the conditions that cause the unbalanced operation
of the motor in PMSMs is axial eccentricity. Eccentricity
faults can occur in three different situations: Static
Eccentricity (SE), Dynamic Eccentricity (DE), and Mixed
Eccentricity (ME). SE is a steady amount of shift of the
rotor on the vertical or horizontal axis. The minimum air

gap that occurs in axial misalignment does not change with
time. It creates a constant thrust in the direction of the small
air gap. In DE, unlike SE, the position of the rotor and the
air gap are not fixed due to the rotation of the rotor around
the rotation axis of the stator. These two situations
concurrence in ME [13]. Pulsating radial electromagnetic
forces are caused by eccentricity's induction of an
imbalanced magnetic attraction. As a consequence of that,
additional frequency components are occurred into the
current spectrum. The following is an expression for these
induction motor frequency components:

fon = |R F ) (52) F | o ()

Here n,; and k are integer and in case of SE n, taken as
zero. R is total slot number and s is slip in the formula. Both
of them is taken as zero in PMSM. v is the odd numbered
supply harmonics in the supply frequency p indicates the
number of pole pairs. Thus, in case of ME, harmonic
components can be represented as follows [14]:

fen = fe ¥ k(1/p)fe )

The mechanical system can be simulated as illustrated
in Fig. 1 in order to analyze the mechanical and electrical
phenomena of the PMSM drive with a mechanical
unbalance [7]. A mass of total unbalance (m,) can be used
to express both the rotor unbalance of a PMSM and the load
unbalance of a mechanical system, such as a dynamic
eccentricity. The unbalanced mass m,, and the gravitational
acceleration g produce a gravitational force. When it acts at
a distance e from the center of the rotating parts,
gravitational force generates a torque that is in the opposite
direction of rotation. The torque depends on mechanical
rotor position ,.,, and mechanical rotor speed w;-,.

4 /

‘ (\mu> - bp(’ﬁ’]’l /
\_ 3
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S P
muegl 4730,

Figure 1. Rotational unbalanced model of the motor [7]

The free body diagram for the rotational model,
demonstrated in Fig. 1, is used to calculate the equation of
motion (Egq. 3) for rotational dynamics under the
assumption that the mechanical system with unbalance is
mounted horizontally along its rotating axis..

JWrm + Bwpy = Te—myeg sin 0, 3

where J is the total moment of inertia, B is the coefficient
of friction and T, is the induced electromagnetic torque of
motor. Harmonics in the motor phase currents are caused by
the unbalance's electromagnetic torque.

The stator current's harmonic components have revealed
a dynamic eccentricity, such as an unbalance. Current
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harmonics occurring in unbalanced loading are as defined
for ME in Eq. 2. Electromagnetic torque can be defined as
in Eq. 4 for PMSM:

3 ,
Te = Eplmlq (4)

The electromagnetic torque T, (Eq. 4) is substituted into
the load torque (Eg. 2) to produce the unbalanced g-axis
current at an exact constant speed by ignoring friction and
moments of inertia as follows:

2

iq = 3pAm (my,eg sin 6y,) 5)

As can be seen from Eq. 5, oscillations occur due to
unbalanced load depending on 6,.,,,.

The Adaptive Harmonic Injection Algorithm

In unbalanced loaded PMSMs, torque fluctuations vary
periodically according to rotor position and appear as speed
fluctuations. Thus, injecting the proper current harmonics
into the motor is one of the most effective ways to reduce
speed fluctuations. According to Eq. 2, fluctuations caused
by unbalanced load in PMSM occur in mechanical rotor
frequency. Therefore, ripples can be reduced by injecting
harmonic currents at this frequency into the motor. The
harmonic to be injected can be expressed as in Eq. 6 [1]:

Xp = xpSin (h6 + @) (6)

In the above equation, h is the harmonic order, x,, is the
amplitude of the injected harmonic and ¢ is the phase angle.

X Sin(hO + @) = x,,[sin(hO) cos(Pp) +
sin (¢) cos(h8)] (7

Here, if wl is written instead of x,, cos(¢) and w2 is
written instead of x,,,sin (¢), Eq. 8 is obtained as follows:

X Sin(h6 + ¢)
= w; sin(h@) + w, cos(h) (8)

Any harmonic order can produce a harmonic component
with the required amplitude and phase if the sine and cosine
terms are weighted with the proper values. Appropriate
values are called as weights. The weight values are
determined by the Adaptive Harmonic Injection (AHI)
technique. The Normalized Least Mean Square (NLMS)
technique is used to update the weights. The main drawback
of the pure LMS algorithm is its sensitivity to the scale of
its input X(n). Because of this, choosing a learning rate u
that assures algorithm stability is very difficult [15]. By
normalizing with the input's power, the NLMS, a variation
of the LMS algorithm, resolves this issue.

In order to express this idea mathematically, let w(n) stand
for the filter's old weight vector at adaptation cycle n and
w(n + 1) for its updated weight vector at adaptation cycle
n+1.

ym) = X"TMw®n) = L w;(m)X;(n) (9)

Here $(n) is an estimate of the weighted component y(n)
of any harmonic in step n and the error vector can be written
as follow:

e(n) =y(x,n) -y, n) (10)

The Mean Square Error is minimized in order to update the
weights.

min,,; E[(y(n) — y(n))]? 11

Here E is the expectation operator. If the derivative of the
weight is taken and set to zero:

i=1,...N

= = —2E[(y(n) — 9(m)X,(n)] =
—2E(em)X;(n)) i=1,..N 12)
—2E(emX;(m))=0 i=1,..N (13)

When the Wiener solution is applied to the N equation
group and the necessary adjustments are made, an equation
is obtained as in the NLMS algorithm. In this equation mu
is the update rate.

_ e(n)
wn+1) = wh)+ u O H(n) (14)
This algorithm's primary benefit over competing

approaches is that it includes a controlled feedback
mechanism that depends on the error term. Eq. 14 describes
an online, controllable, and quick adaptive method for
adjusting harmonic weights.

Simulation Results

The simulation of PMSM control using Field Oriented
Control (FOC) is applied as the initial step of the study.
Table 1 provides information on the motor's parameters in
the simulation. The sampling time Ts is 2e-5 s and the DC
link voltage of the inverter is 100 V in the simulation.

Table 1. Motor parameters

Rated power 4 kW
Rated speed 2000 rpm
Armature resistance 0.0485 Q
Armature inductance 0.000395 H
Number of poles 4

First, the effectiveness of the AHE method is investigated
by making up the unbalanced load model of PMSM with
equations (4) and (5). In the calculation, unbalanced loads
are approximately 5 sin6,.,, Nm. In Fig. 2, the simulation
results are given for 300 rad/s speed, both 5 Nm constant
and 5 Nm unbalanced loads. While speed is fluctuating
between 255 and 305 rad/s, with the applying of the method
int =2 s, the fluctuations caused by unbalanced load have
been removed.
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Figure 2. a) Motor speed b) Phase current ¢) Motor torque d) Harmonic injected iq current

In Fig. 3, FFT analysis are given in cases where the method it is observed that harmonics in 12 Hz and multiples with
is applied and not. Top side figures represent that the  motor mechanical frequency are removed when the method
method is not active and bottom side figures represent that is activated. It is also observed that side-band harmonics are
the method is active. In the FFT analysis of the motor speed,  removed in the torque FFT analysis.
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Figure 3. a) Motor speed FFT analysis and b) motor torque FFT analysis
In order to test that the proposed method is adaptable, the 4, there is no impact on the speed when the unbalanced load

motor at a constant speed of 200 rad/s is loaded with  enabled and disabled abruptly.
unbalanced load between t=1 s and t=2s. As shown in Fig.
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Figure 4. a) Motor speed b) Phase current ¢) Motor torque d) idq current

Fig. 5 shows the simulation results regarding the linear ~ commissioning of the method at t=1 s, it has also been
change of the speed between 100 rad/s and -200 rad/s at  observed that the method eliminates the fluctuations in case
Ty=5 Nm constant and 5 Nm unbalanced load. In the study, the rotation direction changes and the motor speed follows
the effectiveness of the method in reducing the speed the reference speed.

fluctuations in case of changing the rotation direction of the

motor under unbalanced load is investigated. With the
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Figure 5. a) Motor speed b) Phase current ¢) Motor torque d) idg current
In another study, the results of the abrupt change of the  With the activation of the method at t=1 s, the speed ripples

speed at 100 rad/s, 200 rad/s and 300 rad/s in Ty=5 Nm  are eliminated, and no speed ripples occurred when the
constant and 5 Nm unbalanced load are given in Fig. 6.  speed changed abruptly.
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Finally, the simulation results regarding the activation of an
unbalanced load of 2.5 Nm at t=1 sand 5 Nm at t=2 s at 200
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25 3

rad/s speed and Ty= 5 Nm constant torque are given in
Fig.7.
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Figure 7. a) Motor speed b) Phase current c) Motor torque d) idg current

When the variation of the speed is examined, there is no
fluctuation in the speed in case of unbalanced loads. It is
observed that the current and torque changes are correlated
with change in the load. The results show that the applied
AHE method is effective in reducing speed fluctuations
brought on by an unbalanced load and that the method is

adaptive to variation in speed and load during motor
operation.

Conclusions

In unbalanced loaded electric motors, speed and torque
fluctuations occur, resulting in harmonics in motor currents.
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This can cause permanent damage to the machine. The
resulting fluctuation generally occurs at the frequency and
multiples of the mechanical speed of the motor. In this
study, unbalanced loads encountered in electrical machines
are analyzed, speed fluctuations occurring in PMSM under
unbalanced load are determined and a method is proposed
to reduce these fluctuations. The proposed AHE method is
based on the Normalized LMS algorithm. Simulation
studies are carried out by creating an unbalanced load model
of the motor and applying Field Oriented Control to the
motor. In the study, the speed of the motor is changed
abruptly and linearly, and the unbalanced load is activated
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Since the beginning of the COVID-19 pandemic, researchers have developed numerous machine learning
models to distinguish between positive and negative COVID-19 sounds. The aim of this study is to
compare the classification performances of convolutional neural networks (CNN) and capsule networks
(CapsNet) on the Coswara dataset, which includes 1404 healthy subjects and 522 COVID-19 positive
subjects, each containing nine different types of sounds. The dataset was preprocessed by using
oversampling and normalization techniques after feature extraction. k-fold cross-validation was used
(where k=10) to train and evaluate the models. The CNN classifiers achieved a 94% ACC, while the
CapsNet classifiers achieved an 90% ACC.

Furthermore, when using leave-one-out cross-validation, the CNN classifier achieved an ACC of 99%. we
also compared the performance of the CNN and CapsNet networks on the Coswara dataset without
preprocessing. Without oversampling techniques, the CNN classifiers achieved an 93% ACC, compared
to 54% for the CapsNet classifiers. When normalization techniques were not applied, the CNN classifiers
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achieved an 86% ACC, while the CapsNet classifiers achieved a 26% ACC.

Introduction

COVID-19 is caused by the highly contagious SARS-CoV-
2 virus [1]. Many people get infected and recover without
the need for special medical care, but the elderly and people
with cancer and chronic respiratory diseases can experience
serious complications. As of February 21, 2023, there were
reportedly (757,264,511) confirmed cases and (6,850,594)
confirmed deaths of COVID-19 globally [1]. Most common
symptoms are fever (98.6%), cough (59.4%), tiredness
(69.6%), and loss of taste or smell [1,2].

The COVID-19 pandemic has had a significant impact on
the world, and one of the biggest challenges has been
accurately detecting the virus in patients. Deep learning
techniques, such as convolutional neural networks and
recurrent neural networks, have been used in COVID-19
detection to improve accuracy and speed up the
process.These deep learning models can analyze medical
images, such as X-rays and CT scans, to identify COVID19
pneumonia patterns. They can also process audio samples
of coughs to detect COVID-19 sounds. With the help of
large datasets and advanced machine learning algorithms,
these models can achieve high accuracy rates in detecting
COVID-19.

Several studies have been conducted using artificial
intelligence to aid in the detection and diagnosis of COVID-

19 based on chest X-ray and CT scan images. For example,
COVID-19 was detected from chest X-ray images using a
CoroNet, a Deep Convolutional Neural Network with
89.6% accuracy [3]. The ResNet50 architecture achieved
96.23% accuracy using computed tomography (CT) images
[4]. Many studies utilized small data sets, and it should be
noted that codes and data are unavailable for several studies.
This poses difficulties in assessing the efficacy of the
methods in clinical settings [5].

Other studies have used cough sounds to detect COVID-19.
For example, Bagad et al. achieved 72% accuracy using the
ResNet18 architecture [6]. Pahar et al. reported achieving
98% accuracy using the ResNet50 architecture with leave-
p-out cross-validation, as well as 73%, 81%, 89%, 95%, and
94% accuracy with the Logistic regression (LR), support
vector machines (SVM), multilayer perceptrons (MLP),
convolutional neural networks (CNN), and long-short term
memory (LSTM) architectures, respectively [7]. Aly et al.
achieved 96% accuracy using simple binary classifiers by
averaging the predictions of multiple models trained and
evaluated separately on different sound types, such as
cough, breathing, and speech [8].

Convolutional neural networks (CNN) and capsule
networks (CapsNet) are two popular types of neural
networks that have been widely used in image and sound
recognition tasks. In particular, researchers have developed
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numerous machine learning models to distinguish between
positive and negative COVID-19 sounds since the onset of
the COVID-19 pandemic. The aim of this study is to
compare the classification performances of CNN and
CapsNet on a COVID-19 sound dataset called Coswara. By
evaluating the performance of these two types of neural
networks on the same dataset, this study aims to shed light
on their respective strengths and weaknesses in detecting
COVID-19 sounds.

Convolutional Neural Networks (CNN) is a feedforward
artificial neural network consisting of layers. In general, a
CNN structure comprises convolutional, pooling, and
activation layers. CNN transmits the important weight
values it has obtained to other layers. The pooling layer in
the CNN structure reduces the data through downsampling.
However, this can result in the loss of features such as depth
and angle of the obtained features relative to each other. To
preserve these properties, capsule neural networks
(CapsNet) that use a dynamic routing algorithm are
recommended. One of the most important goals of this
study is to compare the classification performance of these
two architectures

The aim of this study is to compare the effectiveness of
simplified versions of convolutional neural networks
(CNN) and capsule networks (CapsNet), while also
examining the impact of preprocessing and cross-validation

COSWARA DATASET DATASET CLEANING

FEATURE EXTRACTION

techniques on both. The goal of this study is to understand
the strengths and weaknesses of each neural network when
applied to the Coswara dataset. As neural networks are
increasingly popular in various applications, it is crucial to
compare their performance and identify their optimal use
cases to advance the field of machine learning.

Coswara dataset was used because it is diverse and available
online [9]. The Coswara dataset is a collection of audio
recordings that includes sounds from healthy individuals
and those diagnosed with COVID-19. It consists of nine
distinct sound types, such as coughing, breathing, and
vowel sounds. The dataset has been widely used by
researchers to investigate the potential of machine learning
algorithms for COVID-19 detection. The sound of
coughing was also utilized to extract features, and we
applied preprocessing techniques to train both CNN and
CapsNet to compare their performances.

Material and methods

In this section, we will mention the dataset in detail and
methods used in the study. Figure 1 shows the flow chart of
the model that we followed. The dataset was cleaned to
remove empty and too-short audio files. Features were
extracted, and preprocessing techniques like SMOTE and
Normalization was applied, followed by the application of
the Convolutional Neural Network (CNN) and capsule
network (CapsNet).

CNN

PRE-PROCESSING

CAPSNET

Figure 1. flow chart of the model

Dataset

This study utilized the Coswara dataset, which was curated
by the Indian Institute of Science (11Sc) [10]. The dataset
consists of audio recordings from both healthy individuals
and those diagnosed with COVID-19. Each audio sample

contains nine distinct types of sounds, including cough-
heavy, cough-shallow, breathing-deep, breathing-shallow,
counting-fast, counting-normal, and three vowel sounds:

a”, “e”, and “o0”. Table | presents the different types of
COVID-19 cases within the dataset.

The dataset contains (1,404) healthy cases, and those who
were diagnosed with COVID-19 were divided according to

symptoms into three categories: positive_mild (325),
positive_moderate (127), and positive_asymp (70). All
three categories were collected during feature extraction.
Thus, the total number of cases in the dataset is (522)
infected with COVID-19 compared to (1,404) healthy
cases. The imbalance between the number of healthy cases
and COVID-19 cases in the dataset can lead to biased
training results [7]. This is because the model may tend to
predict the majority class (healthy cases) more frequently,
leading to lower accuracy in predicting the minority class
(COVID-19 cases). To address this issue, we applied the
Synthetic Minority Oversampling Technique (SMOTE)
[11]. In addition, we used the normalization technique to
reduce overfitting and improve accuracy. For this purpose,
we used the Scikit-learn Python library [12].
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Table 1 covid-19 cases
Covid-19 cases
healthy 1404
positive_mild 325
no_resp_illness_exposed 192
resp_illness_not_identified 153

Numbers of samples

positive_moderate 127
recovered_full 103
positive_asymp 70
Total 2374

Feature extraction

To extract features from the audio files, we utilized the
librosa Python package [13] to compute Mel-frequency
cepstral coefficients (MFCCs). Before feature extraction,
we resampled the raw audio samples to 22.50 kHz. Figure
2 provides a visual representation of the feature extraction
process.

-+H-

AUDIO FILE

PRE-PROCESSING

e e —

MFCC

Figure 2 feature extraction
Convolutional Neural Network

CNNs are a class of deep neural networks that are
commonly used for image and video recognition,
classification, and segmentation tasks. In a CNN, the input
is processed through a series of layers, each of which
applies a set of filters or kernels to the input. These filters
extract important features, such as edges or patterns, from
the input, which are then used to classify or segment the
data [14]. A convolutional neural network architecture
contains several layers that work together. These layers are:

e  Convolution layer: applies a set of filters or kernels
to the input data, which extracts important features
such as edges or patterns.

e The pooling layer is responsible for down-
sampling the feature maps created by the
convolutional layer to reduce their spatial
dimensions. The most popular type of pooling is
max pooling.

e A fully connected layer, which is also referred to
as dense layer, is a type of neural network layer in
which each input is connected to every output
neuron by means of a learnable weight [14].

e Activation layer or activation function: applies a
mathematical function to the output of a previous
layer. Common activation functions include
sigmoid, tanh, ReL U, and softmax. Figure 2 shows
an example of a simple CNN classifier.

-E-B-i—1

inputs convolutional

poaling fully connected output

Figure 2. CNN Classifier

For the CNN classifier, we utilized two-dimensional
convolutional layers and max-pooling with a dropout rate
of 0.2, followed by two dense layers.

Capsule network

Capsule Network (CapsNet) is a type of neural network
architecture proposed by Geoffrey Hinton and his team at
the University of Toronto in 2017 [15].

The aim of Capsule networks is to overcome the limitations
of traditional Convolutional Neural Networks (CNNs) such
as the inability to handle variations in object position, size,
and orientation.

The basic building block in a Capsule Network is a capsule,
which is a group of neurons that represent a specific part of
an object and encode various properties of that part, such as
its pose, size, and deformation, capsule’s inputs and output
are vectors [15], Capsules are organized in layers, where
higher-level capsules represent more complex parts of the
object [3]. Figure 3 shows Structure of the capsule network
in Dynamic Routing Between Capsules,2017.

In a capsule network, the convolutional layer performs
feature extraction, and its output is fed into the primary
capsule layer. Dynamic routing connects the primary
capsules to higher-level capsules, allowing the network to
learn how to combine and transform pose vectors for more
complex and abstract input features. The DigitCaps layer
is a fully connected layer with ten 16D capsules, each of
which receives input from all the capsules in the previous
layer. The final layer determines the length of each capsule
in the previous layer, which is necessary to obtain the
probability that the object or entity is present in the input
[15]. To build the capsent classifier, we utilized the code
that was shared on GitHub [16].
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Figure 3 shows Structure of the capsule network in Dynamic Routing Between Capsules,2017.

Results

After extracting features from the Coswara dataset, we used  provides a visual representation of the original confusion
convolutional neural network and capsule network models  matrix. Additionally, Figure 4(b) shows the confusion
to perform a 2-class classification of COVID-19 and health  matrix for the CNN classifier, and Figure 4(c) shows the
by utilizing the train-test-split cross-validation. Figure 4(a)  confusion matrix for the CapsNet classifier.
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(@ (b)
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©

Figure 4(a)shows original confusion matrix (b) confusion matrix for the CNN classifier(c) the confusion matrix for the CapsNet classifier

We used state-of-the-art evaluation metrics, such as detailed description and mathematical expression of these
Accuracy, Recall, Precision, and F1-Score, to assess the  performance metrics used in our study [17].
performance of our classification task. Table 2 displays a

Metrics Description Mathematical Expression
The degree of correctness of COVID-19 measurements was Acc = tp +tn
Accuracy measured by evaluating the number of true values against all T tpt+tn+fp+fn
instances that were assessed.
Sensitivity or ~ The proportion of true positive COVID-19 cases was __tp
- : i Sen = —
Recall calculated by dividing the number of correctly identified tp+ fn
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individuals with the disease by the actual number of people

who have the disease.

The proportion of true positive COVID-19 cases was _tp
Precision calculated by dividing the number of correctly identified pree= tp + fp

individuals with the disease by the predicted number of

people who were expected to have the disease.

The proportion of true negative non-COVID-19 cases was o = tn
Specificity calculated by dividing the number of correctly identified tn + fp

individuals without the disease by the actual number of

people who do not have the disease.

The weighted average of precision and recall is a performance F1 score = 2 sen * spec
F1 Score metric that combines precision and recall using a weighted - sen + spec

average, where the weight corresponds to the proportion of

true positives for a given class.

Table 2 presents the performance comparison of two deep learning models, CNNs and CapsNets, which were trained and

evaluated using the train-test-split cross-validation method

Classifiers  Accuracy (%) Recall (%) Precision (%) Specificity (%) F1-Score (%)
CNN 69 58 59 38 58
CapsNet 69 59 59 39 59

In our study, we compared the performance of two deep
learning models, Convolutional Neural Network (CNN)
and Capsule Network (CapsNet), in a specific classification
task Our initial evaluation using train-test-split cross-
validation showed that the two classifiers achieved
comparable performance. To validate these results, we
conducted k-fold cross-validation with k=10. The
evaluation results revealed that the CNN classifier
consistently outperformed the CapsNet classifier in terms of

Accuracy, Recall, Precision, and F1-Score. We have
presented the detailed performance metrics of the CNN and
CapsNet classifier using k-fold cross-validation in Table 3.
In addition, we generated confusion matrices for both
classifiers, with Figure 5(a) displaying the confusion matrix
for the CNN classifier and Figure 5(b) showing the
confusion matrix for the CapsNet classifier. Based on these
findings, we can conclude that the CNN model may be a
better choice for the classification task than CapsNet.

Classifiers  Accuracy (%) Recall (%) Precision (%) Specificity (%) F1-Score (%)
CNN 94 90 93 91 91
CapsNet 90 86 88 82 87

covid_confusion_matrix
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Figure 5(a) the confusion matrix for the CNN classifier 5(b) the confusion matrix for the CapsNet classifier
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We observed that the training time for CNNs was 222
seconds, while Capsule Networks took 1417 seconds to
train on the same dataset, indicating a significant
disadvantage of Capsule Networks in terms of training time.
Furthermore, using leave-one-out cross-validation with the
CNN network, we achieved the highest accuracy of 99%,
but it took 17,412 seconds to complete the process. As a
result, we did not apply the leave-one-out cross-validation
technique with CapsNet.

In addition, the effect of preprocessing techniques appears
differently on two networks, where the capsule network is
affected greatly as shown in Table 4.

CNN(ACC) CapsNet(ACC)
With normalization,

oversampling and 0.69 0.69
train-test-split

With normalization,

oversampling and k- 0.94 0.90
fold (k=10)

Without normalization 0.86 0.26
Without oversampling 0.93 0.54

Table 6 presents the results of some previous research
conducted on the Coswara dataset.

Research Dataset Model/classifiers Results ACC
Chaudhari et al. Coswara Ensemble Deep Learning Mode 77.1%
[18] Coughvid [19]
Bagad et al. [6] Cough Against Covid ResNet-18 2%
Coswara Shallow classifiers
Aly atel. [8] Coswara Virufy [19] Deep Model 96.4%
Shallow classifiers
Pahar et al. [7] Coswara MLP 87%
SARCOS CNN 94%
LSTM 94%
Resnet50 95%
Allietal. [17] Coswara CNN based on DeepShufNet 90.1
Verde et al. [20] Coswara Naive Bayes (NB) 90%
Bayes Net (BN) 89%
Support Vector Machine (SVM) 97%
This Study Coswara CapsNet (k-fold where k=10) 90%
CNN (k-fold where k=10) 94%
CNN (leave-one-out) 99%

Discussion and Conclusions

In this study, the Coswara dataset was selected and
processed. Then, convolutional neural networks and
capsule networks were applied using three types of cross-

validation techniques. The results show that CNNs achieved
better results, are more flexible and easier to apply, and are
less affected when preprocessing techniques such as
oversampling and normalization are not applied. However,
capsule networks require more training time.
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Integrating systems and unstable systems are two types of systems that are widely used in various
industries, including control engineering and electrical engineering. However, controlling these systems
can be a daunting task due to their inherent complexity. To address this challenge, the PI-PD controller
structure has been widely adopted in the industry, as it has proven to be very successful in controlling
integrating and unstable systems. In this paper, a new design method is proposed to determine the optimal
controller parameters in the control of integrating and unstable systems with time delay. The design
method utilizes a Genetic Algorithm-based optimization technique, which incorporates a new objective
function that is based on the neutrosophic similarity measure. Two different types of plants have been
chosen as examples in this study. The first plant is a time-delayed integrating system. The second plant is
an unstable system, which means the output signal is susceptible to changes or disturbances in the input
signal. This study examines the parameter uncertainties of systems by comparing them with some design
methods from the literature. The results are presented comparatively in figures and tables to show the
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superiority of the proposed method.

Introduction

Unstable and integrating processes with time delay are
common types of systems that require special attention
when designing a control strategy. Unstable processes have
a tendency to oscillate uncontrollably while integrating
processes have a slow response to changes in the input.
Time delay in a process can exacerbate these issues, as it
can introduce additional instability and oscillation. Most
industrial processes are characterized by time delay [1]. It
is important to model these time delays accurately, as they
can have significant impacts on the performance of the
system over time. Transfer functions with time delay are
particularly useful in modeling physical systems, as time
delay is a common feature in many real-world systems [2].
Industrial processes such as heating boilers, level control,
stirred tank reactors, paper drum dryer, and boiler steam
drums are integrating and unstable systems. Since such
systems contain poles at the origin and right half of the
complex plane, these systems are very difficult to control
[3, 4].

Advanced control techniques, including model-based
predictive control, adaptive control, or robust control, are
often required to effectively regulate unstable and
integrating processes with time delay. These techniques are

designed to account for the complex dynamics of the system
and provide stable and robust control in the presence of time
delay. Conventional controllers, such as PID (Proportional
Integral Derivative) controllers, can be used when there is
dead time, but they perform poorly [5]. Also, it is known
that the PID controller is insufficient to control unstable and
integrating processes. Although PI-PD (Proportional
Integral - Proportional Derivative) controllers are similar to
PID controllers, they differ in some points. For example,
while PID controllers have some structural limitations in
providing the desired performance in the control of
unstable, integrating and resonant systems, PI-PD
controllers offer very good results for such systems [6].
While PID controllers have three parameters to be set, the
PI-PD controller has four parameters in its structure. The
P1-PD tuning method is a type of controller tuning method
that is designed to achieve stable and robust control of
integrating and unstable systems with time delay. This
method combines both Pl and PD control action to achieve
improved performance. The Pl part of the controller helps
to address steady-state errors in the system by integrating
the error signal over time and adjusting the control output
accordingly. The PD part of the controller helps to address
the dynamic response of the system by introducing a
derivative term that is proportional to the rate of change of
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the error signal. This derivative term helps to improve the
response speed of the controller. The PD controller
improves the transfer function and response of the system
through the feedback loop. Thus, the poles are better
positioned according to the new transfer function of the
obtained system. Then, in the second loop with the PI
controller, it is tried to reach the desired level of system
performance. The addition of PD feedback in the inner loop
can transform an open-loop unstable system into an open-
loop stable one [6]. This is achieved by designing the
feedback such that the output of the system converges to a
desired set point. Furthermore, the proper position of stable
open-loop poles is provided, meaning that the system is
designed to have a stable response, even in the absence of
feedback. This ensures that the system can handle external
disturbances and can quickly return to a stable state after a
disturbance. In this respect, the PI-PD controller structure is
more advantageous than conventional PID controllers. Pl-
PD controllers are a control structure that provides very
good results in the control of stable, unstable, integrating
and resonant processes. Thus, obtaining the controller
parameters for these controllers is crucial to achieve system
stability. There are many precious studies on this topic in
the literature [7-10]. Obtaining the most suitable parameters
in the determination of controller parameters is a very
serious problem and studies are still continuing on new
methods.

To achieve the expected performance characteristics of a
control system, it is important to tune the controller
parameters. The extensive utilization of PID controllers has
prompted numerous researchers to develop alternative
design techniques for these controllers. The Ziegler-Nichols
[11] and Astrdm-Higglund [12] methods are two of the
most well-known and oldest methods for determining the
controller parameters of classical PID controllers. These
methods have been widely used in industry and academia
for many years and are still commonly used today due to
their simplicity and ease of implementation. The Ziegler-
Nichols method is a heuristic method that involves applying
a step input to the system and adjusting the controller
parameters until the system oscillates at a constant
amplitude. The parameters are then determined based on the
oscillation frequency and amplitude. The Astrom-Higglund
method is a more systematic method that involves
optimizing the controller parameters based on the system's
step response characteristics. While the Ziegler-Nichols and
Astrom-Higglund methods are effective for determining
the controller parameters of classical PID controllers, they
may not always provide optimal performance for more
complex systems with non-linear dynamics and time
delays. In such cases, more advanced control design
methods, such as model-based and optimal control
methods, may be required. In addition to PID tuning
methods such as Cohen-Coon, Wang-Juang-Chan, methods
based on pole placement, gain-phase margin, frequency
analysis, stability analysis, and determination of optimal
controller parameters are also used [13]. Optimization
methods are effective methods that are based on the
minimization of the error signal and are frequently used in
the determination of control parameters. Performance

criteria that incorporate the integral of the error signal have
been developed to compute the optimal controller
parameters, taking into account the error in the closed-loop
control system [14]. For example, Zhuang and Atherton
[15] obtained the PID controller parameters using integral
performance criteria. In their study, they presented new
information about integral performance criteria and
explained how they were included in the MATLAB
program. Padulo and Visioli [16], who presented a set of
parameter setting rules for integer and fractional order PID
controllers, determined the controller parameters by
minimizing with the integral of the absolute of the error
(IAE) performance criterion for systems with different
structures. Deniz et al. [17] determined the fractional order
PID controller parameters based on ISE, ISTE, and IST?E
performance criteria. Works such as [18-20] can also be
given as examples of this topic. Furthermore, the optimal
controller parameters can be determined by minimizing an
objective function, which is defined based on the system
output according to the design criteria. For example, Jun Ye
[21] has proposed a method for determining PID controller
parameters using GA (Genetic Algorithm) by describing an
advanced level of fuzzy logic, a neutrosophic logic-based
objective function. In a similar study, Fu et al. [22] used the
method proposed by [21] to determination the neutrosophic
self-tuning PID controller parameters for speed control of
an AC permanent magnet synchronous motor.

With the understanding that the PI-PD controller provides
superior control performance in many industrial processes,
the number of studies involving this controller has increased
rapidly. For example, Ozyetkin et al. [23] developed a
straightforward and effective PI-PD tuning approach for
time-delayed systems. The method is based on the
determination of the stability regions of the PD and PI
controller parameters by the stability boundary locus
method. Then, the controller parameters are determined by
the weighted geometric center method within this stable
region. The researchers highlighted that their method
produced reliable and robust results. Raja and Ali [4] put
forward a novel method for tuning PI-PD controllers
designed for unstable and integrating systems with time
delay. The controller parameters were determined through
the application of moment-matching technique and Routh-
Hurwitz stability criteria. Another study [24] introduced a
graphical technique utilizing the stability boundary locus to
regulate time-delay unstable systems with a PI-PD
controller. To demonstrate the effectiveness of this method,
the researchers provided simulation examples and an
experimental application in their study. Padhy and Majhi
[25] suggested a design for a relay-based PI-PD controller
that can be used for stable, unstable, and time-delayed
systems. According to their findings, this approach is
straightforward and enhances the performance of PI-PD
controllers in comparison to various other methods. It is
possible to reproduce similar works [26, 27].

The objective of this research is to develop a new PI-PD
tuning method that can effectively control integrating and
unstable systems with time delay while taking into account
desired design criteria to improve control performance. To
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achieve this objective, the researcher proposes a GA
optimization approach that uses a novel objective function
based on the neutrosophic similarity measure to determine
the PI-PD controller parameters. The effectiveness of the
proposed method is evaluated by integrating and unstable
systems with time delay, and its performance is compared
with other studies in the literature under different conditions
such as disturbances input and parameter changes. The
results indicate that the proposed method yields successful
control performance, demonstrating its efficacy in
controlling such systems.

The paper is divided into several sections. The second
section provides an introduction to the neutrosophic
similarity measure. Section 3 concentrates on tuning PI-PD
controller parameters, beginning with a discussion of the
PI-PD controller structure and optimization method
employed in the study. Section 4 demonstrates the practical
application of the proposed method by presenting two
simulation examples, and comparing the results to those of
previous studies in the literature. Finally, the last section
outlines the research’s findings.

Neutrosophic  Logic and

Similarity Measure

Neutrosophic

Smarandache proposed the concept of neutrosophy, which
is a generalized form of intuitionistic fuzzy logic, and
neutrosophic sets based on this concept [28-31]. In this
approach, a phenomenon is fuzzified by using membership
values with three different values called True (T),
Indeterminate (1) and False (F), unlike Fuzzy logic. Known
set operators such as union and intersection used in fuzzy
set theories are performed by considering these three
membership values [31]. For example, the value T
represents the degree of occurrence of an event, F is the
degree of non-occurrence, and | the degree of uncertainty in
the case of occurrence. Some basic definitions for
neutrosophic logic are given below.

Definition 1: The universal set X is defined as the set of all
elements. An arbitrary element in this set is represented by
the symbol x. a neutrosophic set A in the universal set X is
then characterized by three membership functions [31]:

1. The truth-membership function, denoted as Ta(x),
assigns a degree of membership to x in the truth
subset of A.

2. The indeterminacy-membership function, denoted
as la(x), assigns a degree of membership to x in the
indeterminate subset of A.

3. The falsity-membership function, denoted as
Fa(x), assigns a degree of membership to x in the
falsity subset of A.

They presented examples of single-valued neutrosophic
sets (SVNS) suitable for use in real scientific and
engineering applications [32]. The following definitions are
for subsets A and B, which are SVNS in the X universal set.
These definitions apply to all x elements in the universal set
X.

Definition 2: The complement c(A) of a SVNS set A in the
universal set X is defined as follows [32];

Te(X) = Fa(X),
Few(X) =1 —1a(x),
Few(X) = Ta(¥)

Definition 3 (Union): The union of two SVNS, designated
Aand B, isagain an SVNS. The process C = AU B is defined
as follows [32];

Te(X) = max(Ta(x), Te(X)),
Iew(X) = max(Ia(x), 1s(x)),
Few(x) = min(Fa(x), Fe(x))

Definition 4 (Intersection): The intersection of the two
SVNS, indicated by A and B, is again an SVNS. The C=A
N B operation is defined as follows [32];

Tew(x) = min (Ta(x), Te(X)),
Lo(x) = min (Ia(x), 1s(x)),
F e () = max(Fa(x), Fe(x))

Definition 5 (Containment): A being an SVNS, if and only
if the other B SVNS is present under the following
conditions (A< B) [32];

Ta(X)= Ta(x),
1a(X) < 15(X),
Fa(x) < Fa(x)

Definition 6: SVNS A and SVNS B are equal sets if and
onlyifAcBandB < A (A=B) [32].

The similarity measure (SM) is a method used to determine
the degree of similarity between two or more data sets. It is
a mathematical technique that helps to compare the
similarity or dissimilarities between data points. SM can be
used to compare various types of data sets, such as
numerical, categorical, or even text data. The function of
SM is to quantify the similarity between the data, which
helps in better decision-making and problem-solving. Sets
defined according to certain criteria can be used as data sets.
In this way, the degree of similarity between two or more
sets can be determined by this method. This approach is a
widely used method in decision-making problems [33].
Further, this method is widely used in various fields,
including machine learning, data mining, and image
processing. By using the SM, we can quantify the similarity
between datasets and use this information to make informed
decisions. A similarity measure between sets defined in
neutrosophic space is proposed in [34].

In control applications, it is one of the main goals for a
system to reach the control reference in the shortest possible
time and with the least oscillation and to stay at this
reference value. Further, the minimum overshoot value
should be obtained. The process of tuning the PID controller
parameters is geared towards meeting as many of these
specifications as possible. The process of determining the
optimal values of the PID parameters is actually a decision-

275



DUJE (Dicle University Journal of Engineering) 14:2 (2023) Page 273-281

making problem [33]. In recent years, studies have been
carried out in the literature to determine PID controller
parameters using the neutrosophic similarity measure [21,
22, 33]. In these studies, researchers first determine an ideal
neutrosophic set consisting of as many elements as the
number of unit-step characters for the requested unit-step
response (rise time, maximum overshoot, settling time,
peak time, etc.) of the controlled system. While determining
the ideal set, as a general approach, it can be chosen to take
the T value close to 1 and the F and | values close to 0. Then,
each of the unit step characteristics taken from the system
is passed through T, I, and F membership functions, taking
into account the system response expectations and general
control criteria, so that each unit step criterion is converted
to a neutrosophic value in the form of x (T, I, F). As a result,
the PID controller parameters are determined according to
the difference between the ideal set and the real set using
the neutrosophic similarity measure.

Theorem 1: Let the similarity measure between sets A and
B be denoted as SM(A,B) [35];

(i) SM(A,B) = SM(A,B),
(i) 0 < SM(AB) <1,
(iii) SM(A,B) = 1, if and only if A = B.

Definition 7: S;, Sp, Sc are vector similarity measures of
Jaccard, Dice, and Cosing, respectively. These are defined
as follows [21];

Ta ()T () + Ta ()1 (%)
Y (+FA(Xi)FB(Xi) ]

S,(AB)=
n.

(T2 06) + 1,2 () + F2 (%) + 1)
(Te” (%) + 152 06) + Fa* (%))

Ta ()T () + 1A 15 (%)
_(+FA(xi)FB(xi) j

o TaC)Ts (6) + 1, 06)15 (%)
(+FA(Xi)FB(Xi) ]

1 n
So(AB) _H;{(TAZ(XJ-F 12 () +F2 (%))

)
+(Te" () + 1" (6) + Fg” (% ))J

(TA(Xi)TB (x)+ IA(Xi)IB(Xi)}

1 +FA(Xi)FB (Xi)
S.(AB) ==
(AB) n;\/(rf(xihIAZ(xi)+FA2(Xi)) ©

X (T2 (%) + 157 (%) + F? (%)

Theorem 2: The Sy (A, B) similarity measure (where k = J,
D, C) based on the Jaccard, Dice, and Cosine similarity
measures [21] implements the following properties:

(1)) 0<S(A,B)<1,
(i) Sk(A, B) = Sk(A, B),

(iii) Sk(A, B) = 1 if A =B, i.e., Ta(xi) = Ta(Xi),
Ia(xi) = Is(xi) ve Fa(xi) = Fg(xi) all xi € X.

In the study, Jaccard similarity measure is used in line with
the findings of Can and Ozgiiven [33] in their studies.

P1-PD Controller Design

Atherton and Majhi [14] propose a modified version of the
PID controller (Figure 1) where an internal PD feedback is
introduced to relocate the poles of the transfer function to
more desirable positions. The modified controller uses a Pl

controller in the forward loop to improve system
performance.
d
R(s) E(s) Y(s)
Ci(s) G(s) >
Ca(s) &

Figure 1. PI-PD feedback control structure.

The PI-PD controller has four parameters to be calculated.
The equations of this controller structure are given as
follows for the Pl and PD controllers, respectively.

C.(s)=K, +% @)

C,(s) =K, +K;s (5)

In the equations, K, and K are the proportional gain, K; and
Ky are the coefficients of the integral and derivative terms,
respectively.

In this study, an optimization technique is applied to obtain
P1-PD controller parameters. In the optimization technique,
the Jaccard neutrosophic similarity measure given in
Equation 1 is proposed as the objective function. Thus, it is
aimed to contribute to control engineering applications by
making an improvement in the P1-PD design methodology.
The block diagram of the model used in the design process
is given below.

R(s) E(s) Y(s) g
Cy(s) G(s) > 2%
LS v
g
Cals) € 58
. .3 g

Figure 2. Block diagram of proposed optimization
scheme.
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In the study, PI-PD controller designs are carried out for two
different plant structures, integrating and unstable plants. In
the time response of the controlled system, target values of
settling, rise, and peak time as well as overshoot and steady-
state error are determined. Objective functions using the
neutrosophic similarity measure created according to these
values are defined. The objective function used in the
optimization is given in Equation 6.

‘]min :1_83 (A' B) (6)

In Equation 6, S;(A,B) is the similarity ratio of A and B
single-valued neutrosophic sets. In the equation, set A is the
ideal set created for the control performance criteria, and B
is the real neutrosophic set created according to the
performance criteria taken from the system output. Table 1
shows the ideal neutrosophic set A. The representations of
ai given in the table are the neutrosophic elements of the
ideal set A. For example, the representation of a; is a 3-
valued neutrosophic element obtained by passing the rise
time of the system through the neutrosophic membership
functions. The neutrosophic representation of this element
is aj (Ti, |i, Fi).

Table 1. A ideal neutrosophic set.

A ay a as ag as

) Rise Segtllng P_eak 0.5 (%) Steady-

i time time time [1.0.0] state error
[1,0,0] [1,0,0] [1,0,0] v [1,0,0]

Each a; element in the table is obtained with the
neutrosophic membership functions shown in Figure 3.
These membership functions are determined based on
general control criteria and experience. By following the
same method, real set B is created.

AT | F

-—

Neutrosophic
membership values

0

Neutrosophic membership functions

Figure 3. Membership functions used for the unit step
response characteristics.

The MATLAB program contains commands and functions
in the Optimization toolbox that can be used for
minimization or maximization. Genetic algorithm is one of
these optimization algorithms. Genetic algorithms, the first
general form of which is stated by Goldberg (1989), give
more successful results than traditional optimization
methods. By scanning a certain part of the solution space,
they reach the solution in a short time [36]. Genetic
algorithms offer several advantages, such as the ability to
optimize complex and non-linear functions, handle
constraints on the solution space, search for multiple

solutions simultaneously, and avoid getting stuck in local
optima, which makes them applicable to a wide range of
problems. In the study, GA is used to determine the PI-PD
controller parameters. The population size of the GA is
chosen to be 50, the number of iterations 100, and the
optimization is repeated 10 times for each sample. Then, the
PI1-PD controller parameters corresponding to the smallest
objective function value are determined as the optimal
controller parameters.

The proposed method can be summarized as follows.
Step 1. The control scheme is created.

Step 2. Desired time response specifications are determined
for the sample plant.

Step 3. The objective function is defined according to the
Jaccard neutrosophic similarity measure.

Step 4. Variables such as controller parameter lower and
upper bounds, population number, and iteration number are
defined in optimization algorithms.

Step 5. The optimization algorithm is initiated and when the
specified number of iterations is reached, the optimization
algorithm stops.

Step 6. The best controller parameters are determined.

Simulation Studies

For the purpose of illustrating the viability of the suggested
approach, two PI-PD controller designs are made in this
section. One of the example given is time-delay integrating
processes, while the other one is time-delayed unstable
systems. In the examples, the time response specifications
of the systems with controllers are compared with various
methods in the literature and the results are shown with
figures. In addition, the analyses of the systems are made
according to the parameter uncertainties, and the results are
given in the text.

Example 1: Consider

-0.2s
e

G(9)= $(0.15+1)(5 +1.2) )

which is an integrating transfer function with time delay.
The controller design process begins with the determination
of the neutrosophic ideal set according to the definition of
the transient and steady-state specifications for the
processes. In all examples, A neutrosophic ideal set is taken
as in Table 1. The reference maximum values of the
transient and steady-state specifications for this example are
rise time 1.5s, settling time 4s, peak time 4s, maximum
overshoot 5%, and steady-state error 0.005. The
optimization process is started by applying the method
described in Section 3 to the integrating process. When the
specified number of iterations is reached, the optimization
stops and the controller parameters are determined. Table 2
lists the obtained PI-PD controller parameters. Also, the
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table includes the controller parameters that were derived
using various techniques from the literature.

Table 2. Controller parameters for all Examples.

Controller parameters

Tuning method

Kop Ki Kt Kq
Example 1
Proposed PI-PD 2.3096 2.9454 2.9564 2.5511
Kaya I-PD — ISTE [37] - 8.7408 9.073 4.3823
Kaya I-PD — ISTZE [37] - 6.3714 7.7540 3.6831
Chakraborty 1-PD [26] - 0.8676 2.6680 1.1152
Ali and Majhi PID [18] 3.7550 1.6312 - 2.6323
Example 2
Proposed PI-PD 0.1581 0.0363 0.3974 0.4391
Kaya PI-PD [9] 0.0680 0.0340 0.4630 0.3230
Padhy and Majhi PI-PD [25] 0.0848 0.0451 0.4998 0.5000
Tan PI-PD [6] 0.0700 0.0300 0.4130 0.2000
Onat PI-PD [24] 0.1070 0.0393 0.4390 0.3412
Raja and Ali PI-PD [4] 0.1650 0.0314 0.3800 0.3800

The time response characteristics are shown in Table 3 and
the unit step responses are illustrated in Figure 4, after
applying the controller parameters given in Table 2 to the
integrating process. When Figure 4 is examined, it is seen
that the proposed method is quite superior to other methods,
especially in terms of settling time. When the rise and peak
times are compared, it is clear that satisfactory results are
obtained with the proposed method. It is also obvious that
the maximum overshoot value is lower than the results
obtained with other methods. In order to compare the
controller performances, a disturbance input with an
amplitude of -0.5 is applied to the systems at t=15s, and the
results are presented in Figure 4. It is observed that the
proposed method eliminates the disturbance in a very short
time without oscillation.

Since parameter uncertainty often exists in real systems, it
will be useful to examine the performance of the designed
controller under parameter uncertainty. Let's assume that

there is uncertainty in the four parameters of the transfer
function given in Equation 7, and let's assume this system
as in Equation 8.

g 1016,02415

" [0.08,0.12]8° +[1.02,1.22]5% +[L.LL.3]s

G,(s) ®)

By choosing four points for each parameter of the transfer
function in Equation 8, 256 transfer functions are obtained.
When PI-PD controller parameters are applied to these
transfer functions as K,=2.3096, Ki=2.9454, K=2.9564 and
Kg=2.5511 the unit step responses of the obtained closed-
loop system are obtained as in Figure 4. It can be seen from
Figure 4 that the designed controller provides a robust
control for the system with parameter uncertainty.

Table 3. Time response specifications for all Examples.

Time specifications

Tuning method

Rise time Settling time Peak time 0.5 (%)
Example 1
Proposed PI-PD 0.8931 1.6664 3.7639 1.5234
Kaya I-PD — ISTE [37] 0.7950 5.4670 3.0035 11.8100
Kaya I-PD — IST?E [37] 1.0125 3.8730 3.3164 5.9000
Chakraborty 1-PD [26] 4.5106 9.0995 30 0
Ali and Majhi PID [18] 0.6782 6.4836 2.7598 28.8590
Example 2
Proposed PI-PD 3.1591 10.7062 14.3003 1.5074
Kaya PI-PD [9] 6.5245 18.5726 56.9760 0
Padhy and Majhi P1-PD [25] 7.4118 12.9006 20.4859 0.4426
Tan PI-PD [6] 4.6563 20.6927 10.7069 6.2233
Onat PI-PD [24] 3.8028 15.7837 8.6488 1.8784
Raja and Ali PI-PD [4] 3.0613 13.6315 7.5235 4.9563
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Figure 4. System output responses for Example 1 (top: Set-point and disturbance step responses, bottom: Step responses

for 256 transfer functions for parameter uncertainty).

Example 2: Consider the transfer function of an unstable
first order plus dead time system.

4™

Gz(s) = (4s—1)

9)

The classification of a system as unstable is based on the
presence of one or more poles in the right half-plane of its
transfer function. An unstable system is represented by the
chosen sample. The aim is to determine the controller
parameters that stabilize the system and meet the design
requirements set out at the outset. The rise, settling, and
peak times of less than 4s, 11s, and 8s, respectively, are
sufficient for good control. Desired design criteria are that
the maximum overshoot should be less than 4%, and the
steady-state error should be less than 0.005. The
optimization process begins with the definition of the
objective function and the application of the proposed
method to the unstable system. When the optimization
stops, the optimal PI-PD controller parameters are
determined in Table 2.
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The unit step responses obtained by applying the proposed
method and the PI-PD controller parameters found in five
different methods in the literature to the system are given in
Figure 5, and the time response characteristics of these
responses are given in Table 3. In addition, the
performances of the systems are compared by applying -0.1
amplitude disturbance input at t=60s. It is noteworthy that
the controller designed with the proposed method provides
a faster settling time for the system compared to the
controllers designed with other methods. It can be seen from
Figure 5 that the proposed method also performs successful
control in criteria such as maximum overshoot, rise time,
and disturbance rejection.

In this example, as in other examples, the robustness of the
system is tested, and the results are presented in Figure 5. In
Equation 10, uncertainty limits are determined for four
parameters, and a total of 256 transfer functions are created
by choosing four values for each parameter.

3.8,4.2]g 102 1s
G, (s) = o842

= (10)
[3.8,4.2]s —[0.9,1.1]
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Figure 5. System output responses for Example 2 (top: Set point and disturbance step responses, bottom: Step responses

for 256 transfer functions for parameter uncertainty).
Conclusions

In this paper, an optimization method is proposed for tuning
PI-PD controller parameters. The originality of the
proposed method is revealed through the objective function
created using the neutrosophic similarity measure. To test
the performance of the proposed method, integrating and
unstable plants with dead time from literature are selected.
The results are presented in figures and tables in
comparison with studies in the literature. Furthermore,
simulations are carried out assuming that there is parameter
uncertainty in the systems. The proposed method
successfully controls integrating and unstable systems with
time delays, including parameter uncertainty. The proposed
method exhibits superiority over other methods,
particularly in terms of settling time and maximum
overshoot. As a result, the PI-PD controller parameters can
be practically and effectively determined.
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ML kuralli sezici, tek esikli sezici

Bu ¢aligmada, ikili haberlesme sistemleri simetrik Gauss karigim giiriiltiilii kanal igin ¢alisilmaktadir. Tek
esikli sezici ile optimal olan ML kuralli sezici hata olasiliklar1 agisindan karsilastirilmaktadir. flk olarak,
tek esikli sezicinin optimal oldugu yeter kosul sunulmaktadir. Bu kosulun saglanmadigi durumda, tek
esikli sezicinin giirtiltiisiiz kosullarda dahi oldukea diisiik performansa sahip olabildigi belirtilmektedir.
Daha sonra, ayni kosullar i¢in ML kuralli sezici incelenmekte ve asimptotik sonuglar elde edilmektedir.
Son olarak, ¢esitli senaryolar i¢in benzetim sonuglar elde edilmekte ve teorik bulgulart dogrulamak i¢in
sonuglar ayrintili olarak tartigtlmaktadir.
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ABSTRACT

In this paper, binary communication systems are studied in the presence of symmetric Gaussian mixture
noise channels. The performance of single threshold detectors is compared with that of the optimal
maximum likelihood (ML) detector in terms of  error  probability. First,  sufficient conditions for
the single threshold detector to be optimal are presented. It is discussed that if the conditions are not
satisfied, then single threshold detectors could exhibit significantly inferior performance even
in noiseless conditions. In addition, the ML detector is examined for the identical conditions, and
asymptotic results are derived. Finally,  simulation results are obtained for  various scenarios,  and
the results are discussed in detail to verify the theoretical findings.
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Giris

Ortalama gii¢ kisit1 altinda, kanal giiriiltiistiniin unimodal
(tek tepeli) dagilima sahip oldugu ikili haberlesme sistemi
diisiiniildiigiinde, ortalama hata olasiligin1 minimize eden
optimal alici, tek esikli sezici olarak elde edilmektedir.
Onsel olasiliklarin birbirine esit olmasi durumunda, tek
esikli sezici i¢in optimal esik degeri '0' olmaktadir.
Literatiirde, isaret sezici olarak adlandirilan bu sezici,
Olciimiin sadece isaret degerine bakarak karar vermektedir

[1]-[3].

Isaret sezici, basit yapisindan dolay1r yaygmn olarak
kullanilmakla birlikte, kanal giiriiltiisii frekans bozucu
veya diger kullanicilardan dolay1 unimodal dagilima sahip
olmayabilir [4]-[6]. Ornegin, kanal karigmas1 durumunda
glriilti  simetrik  Gauss karistm modeli  olarak
modellenmektedir [4].

Giiriiltinin  unimodal dagilima sahip olmadigt genel
durum digiiniildiigiinde, optimal alict yapist maksimum
sonsal olasilik (MAP) kurall1 sezici seklinde olmaktadir
[1]. Bu sezici kurali i¢in olabilirlik oran fonksiyonu elde
edilmekte ve bu deger esik degeri ile karsilastirilmaktadir.
Onsel olasiliklarin birbirine esit olmas1 durumunda, bu
sezici maksimum olabilirlik (ML) kuralli sezici olarak
adlandirilmaktadir.

Tek esikli sezici ile ilgili ¢alismalar literatiirde
sunulmustur [8]-[11]. Isaret sezici ve tek esikli sezici
ortalama  hata olasiligi  acisindan  daha  Once
karsilagtinlmistir [11]. Aym ¢alismada isaret sezicinin tek
esikli seziciler arasinda optimal oldugu ve olmadigi
kosullar sunulmustur. Ayrica, tek esikli sezici ve isaret
sezicinin ortalama hata olasiliklar1 arasindaki oran i¢in bir
ist siir elde edilmistir.

Tek esikli sezici ve isaret sezici basit yapisindan dolay1
avantajli  goriilmekle birlikte, giliriiltiniin  unimodal
dagilima sahip olmadigt durumlarda olduk¢a kotii
performanslar gosterebilmektedir [11]-[13]. Literatiirde,
giiriiltiiniin simetrik Gauss karigimi olarak modellendigi
galigmalar mevcuttur [14]-[15]. Bu c¢alismada, kanal
giriiltisti  simetrik  Gauss karisim modeli  olarak
modellenmekte ve optimal olan ML kuralli sezici ile tek
esikli sezici karsilastirilmaktadir. Ilk olarak, isaret
sezicinin optimal oldugu kosul sunulmaktadir. Daha
sonra, kanal giiriiltii varyans degerinin ¢ok diisiik oldugu
durumlar i¢in her iki sezici arasinda karsilagtirma
yapilmaktadir.

Problem Tanim

Ikili haberlesme sistemi diisiiniildiigiinde alicida elde
edilen sayil 6l¢iim, agagidaki esitlik ile verilmektedir.

—\/X+n, H,
x/K+n, H,

Burada, A sinyal giictinii gosterirken, n giiriiltiiyli temsil
etmektedir. Ho ve Hi swrasiyla ‘0’ ve 1’ bitlerinin
iletimlerine karsilik gelen hipotezleri gdstermektedir.

y= ®

Sistem  giiriiltiisii, Gauss karistm  modeli  olarak
modellenmekte ve olasilik yogunluk fonksiyonu (OYF),

f,(n) = ZL‘,/li I:f (n;mi,giz)_,_ f (n;_mi,aiz)] (2)

seklinde ifade edilmektedir. Burada, m <m, <-.-<m_
iliskisi gegerli olup,
(n-m )’
2 l ) 20"
f(n;mi,oi): e 3

Joro

OYF’si ortalama degeri m; ve varyansi o’ olan Gauss

dagihmina karsihk gelmektedir. Iletilen bilgi semboliinii
tahmin etmek i¢in, asagida verilen

H,:YU fN(y+x/X)
H, 1Y O£, (y-v/A)

ikili hipotez testini gergeklestirmek gerekmektedir.
Haberlesme sisteminin alici kisminda, tek esikli sezici
olarak adlandirilan ve bit tahminini asagida verilen kurala
gore yapan sezici ¢esidi kullanilabilmektedir [1],[11].

C))

y>r

11
o(y) ={ ®)
0, y<r

Bu sezici kurali, giiriiltiilii 6l¢iimii (y) 6nceden belirlenen
bir esik seviyesi (r) ile karsilastirmakta ve yukarida
belirtilen sekilde karar vermektedir. Esitlik durumunda ise,
‘0’ veya ‘1’ bitlerinden biri segilmektedir. Bu sezici, esik
seviyesinin 0 oldugu (t = 0) 6zel durumda isaret sezici
olarak adlandirilmaktadir. Tek esikli sezici i¢in ortalama
hata olasiligini minimize eden optimal esik seviyesi
belirlenmekte ve bu deger kullanilmaktadir. Bu durumda
elde edilen ortalama hata olasiligi, asagidaki gibi elde
edilebilir [11].

7 =n 2 ng{gﬂ ©
[ |

Burada, r optimal egik seviyesini gostermekte ve Q(-)

verilmektedir [3]. Tek e$1k11 sezici basit yapisindan dolay1
tercih edilip yaygin olarak kullanilmakla birlikte optimal
degildir [7]. Optimal sezici olarak maksimum sonsal
olasilikli (MAP) sezici kullanilmaktadir. MAP kuralli
sezici asagida verilen kurala gore sezim islemini
gerceklestirmektedir [1].

0 —t/2

fonksiyonu, esitligi  ile
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L Ly)>"Y%
5(y) = ,,0

0 L)<
Esitlik durumunda, iki hipotezden herhangi biri segilebilir.

Burada, m ve m sirasiyla ‘0’ ve ‘1’ bitleri igin 6nsel
olasiliklar1 gostermektedir. L(y) olabilirlik oran fonksiyonu

@)

olarak  adlandirilmakta ve asagidaki esitlik ile
verilmektedir.
p.(Y)
L(y)=—— ®)
P (¥)

MAP kuralli sezici igin ortalama hata olasiligi, asagida
verilmektedir [1]-[2].

= [ min[z,p,(y). 7,p,(y)]dy ©

Onsel olasiliklarn esit oldugu (o = 1 = 0.5) dzel durumda
MAP kuralli sezici maksimum olabilirlik (ML) kuralli
sezici olarak adlandirilmaktadir. Bu c¢alismada, oOnsel
olasiliklarin esit oldugu kabul edilmekte ve ML kurall
sezici ¢aligilmaktadir.

Tek Esikli Sezici ve Optimal Sezici

Calismanin bu kisminda ilk olarak tek esikli sezicinin
optimal olmasi igin yeter kosul sunulmaktadir. Asagidaki
O6nermede sunulan bu kosul isaret sezici ile tek esikli sezici
kargilagtirmasmin yapildig: bir baska ¢alismada daha 6nce
sunulmugtur [11].

Onerme 1: Asagidaki esitsizligin saglanmasi durumunda,
denklem (4) te verilen problem i¢in optimal sezici, isaret
sezici seklinde elde edilmektedir.

m <A

Ispat: Tk olarak, denklem (4)’te verilen ikili hipotez igin
kosullu OYF’ler,

(10)

) (y-va-m) ) (y-vasm )
pl 2cr|2 +e 20,2
(11
C(yARm) (A
p (y) 20'|Z +e 20‘,2
0 Z \/_O'
seklinde elde edilmektedir. Burada,
m++A>0 Vie {l, vy L} esitsizligi gecerli
oldugundan, y > 0 durumunda,
(dEmf (yEom)
(12)

e ¥ se ¥ vie{r..L}

esitsizligi  elde  edilmektedir. Ote  yandan,
\/X— m >0 Vie {1, .y L} esitsizligi  de  gegerli
oldugundan,
p-fFenf (R
- 202 - 202 . 13)
e b >e ' Vie{l..,L}

esitsizligi elde edilmektedir. Dolayisiyla, y > 0 durumunda
P, (y) > po(y) sonucu elde edilmektedir. Benzer bir

sekilde, y < 0 durumunda da p,(y) < p,(y)sonucu elde

edilebilir. y =0 durumunda ise p,(y) = py(y) oldugu

goriilmektedir. Sonug¢ olarak, ML sezici dl¢limiin sadece
isaretine  bakarak  sgn(y) seklinde bit tahmininde
bulunacagindan, isaret sezicinin Optimal oldugu sonucuna
varilmaktadir.

Onerme 1°de problem, sinyal giicii ve giiriilti
bilesenlerinin ortalama degerleri agisindan ele alinmis ve
belirtilen sonu¢ elde edilmistir. Ote yandan, giiriiltii
bilesenlerinin varyans degerleri dikkate alinarak, probleme
bir diger agidan yaklasilabilir.

Onerme 2: Asagidaki kosullarin saglanmast durumunda
ve o, —>0Vie(l..L) durumunda, denklem (9)'da

verilen ortalama hata olasiiigi, P; =0 elde edilmektedir.
. mi¢«/K Vie{l,...,L}
. mi—mj¢2x/x Vizj

. mi+mj¢2\/K Vi# ]

ispat:
durumda, o, >0 Vie (4,...,
kosullu OYF’ler

Giiriilti varyans degerinin ¢ok diisiik oldugu
L), denklem (11)’de verilen

pl(y)=§/1i [5(y—\/x—mi)+5(y—ﬂ+mi)]
. (14)
Po(y) = X 45 [ 8y +JA-m) + sy +JA+m)]

seklinde elde edilmektedir. Denklem (14) incelendiginde,
her iki OYF’nin de 2L adet diirtiiniin toplami seklinde
oldugu goriilmektedir. Giiriiltii bilesenlerinin ortalama
degerleri i¢in verilen kosullar saglandiginda, diirtiiler
arasinda ortiisme olmamaktadir. Bu durumda,

min [z, p,(y), 7,p,(y)] =0 (15)

oldugundan, denklem (9)’da verilen
olasiligi, szO

Dolayistyla, ML kuralli sezici i¢in ortalama hata
olasiliginin ‘0’ degerine esit oldugu goriilebilir.

esitligi gegerli

ortalama hata elde edilmektedir.

Girtiiltii gilicti acisindan yukarida belirtilen senaryo tek
esikli sezici i¢in diigiiniildiigiinde oldukg¢a farkli sonuglar
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elde edilmektedir. Alic1 yapisinda tek esikli sezici kurali
uygulandiginda ve sinyal giicii i¢in

m <JA<m, (16)

i+1?

ie{l..,L-1}

kosulu saglandiginda, ortalama hata olasilig1 i¢in alt sinir
olarak,

an

degeri elde edilmektedir [11]. Dolayisiyla, 4, degerlerine

bagl olarak ortalama hata olasiligi olduk¢a yiiksek
sonuclar verebilmektedir.

Teorik sonuglar incelendiginde, her iki sezici igin de
giiriilti  bilesenlerinin ortalama degerleri ve agirlik
katsayilarmimn performansi dogrudan etkiledigi
anlasilmaktadir. Ote yandan, giiriiltii bilesen sayisinmn
dogrudan bir etkisi bulunmamaktadir.

Sayisal Sonug¢lar

Bu boliimde, tek esikli sezici ve ML kuralli sezici ortalama
hata olasiigi  acisindan  farkli  senaryolar  igin
karsilagtirilmaktadir.  Biitiin -~ senaryolarda,  giiriiltii
bilesenlerinin esit varyans degerine sahip olduklar1 kabul

edilmektedir (o, =oVie(l,..,L)). Denklem (1)de

verilen sinyal giici, A = 1 olarak belirlenmistir. 4/6> orani
kullanilarak farklt ¢ degerleri elde edilmistir. Biitiin
senaryolarda, giiriiltii parametreleri belirlenirken 6nerme 1
ve 6nerme 2’de belirtilen kosullar dikkate alinmustir.

[k olarak, énerme 1’de verilen kosulun saglandig1 durum
calistlmigtir. Giiriiltii bilesenleri i¢in ortalama degerler m
= [0.15 0.42 0.60 0.92] ve agirlik katsayilar1 A = [0.30
0.06 0.09 0.05] olarak secilmistir. Bu senaryoda, ortalama
hata olasilig1 her iki sezici i¢in sekil 1’de sunulmustur.
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Sekil 1. Tek esikli sezici ve ML kurall: sezici igin ortalama
hata olasiliklart, m = [0.15 0.42 0.60 0.92] ve X =[0.30
0.06 0.09 0.05]

Grafik incelendiginde, her iki sezicinin biitiin o degerleri
icin ayn1 performans: gosterdigi gozlemlenmektedir. Bu

senaryo i¢in 6nerme 1’de verilen kosul saglandigindan ML
kuralli  sezicinin  isaret sezici seklinde oldugu
goriilmektedir.

Bir diger senaryo olarak onerme 1’de belirtilen sartin
saglanmadig1 parametre degerleri icin calisilmistir. Bu
senaryo i¢in giiriiltii bilesen sayisinin 10 oldugu durum
diistiniilmiistiir. Bu senaryoda giiriiltii bilesenleri igin
ortalama degerler m = [0.10 0.32 1.15 1.30 1.50] ve agirlik
katsayillan A = [0.24 0.20 0.03 0.02 0.01] olarak
secilmigtir. Bu senaryoda ortalama hata olasiliklar1 farkli
A/0? degerleri igin sekil 2°de gosterilmistir.
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Sekil 2. Tek esikli sezici ve ML kuralli sezici igin ortalama
hata olasiliklari, m = [0.10 0.32 1.15 1.30 1.50] ve A =
[0.24 0.20 0.03 0.02 0.01]

Grafik incelendiginde, ML kuralli sezicinin yiiksek o
degerleri igin tek esikli sezici ile ayni performansi
gosterdigi goriilmektedir. Tek esikli sezici i¢in ortalama
hata olasiligmin o degeri azaldikga monoton olarak
azaldigr, bir noktadan sonra ise sabit kaldigi
goriilmektedir. Tek esikli sezicinin ulasabildigi minimum
hata olasiliginin denklem (17)’de verilen alt siira ulagtigi
goriilmektedir. Ayrica, tek esikli sezici igin optimal esik
seviyeleri incelendiginde yiiksek o degerlerinde isaret
sezicinin optimal oldugu gozlemlenirken, diisik o
degerlerinde optimal esik seviyelerinin sifirdan farkli
oldugu godzlemlenmistir. Ayrica, bu senaryoda Onerme
2’de belirtilen sartlarin saglandifi dolayisiyla ortalama
hata olasiliginin ML kurallr sezici i¢in ‘0’ degerine ulastigi
goriilmektedir.

Son olarak, Onerme 2’de belirtilen sartlarin saglanmadig
bir senaryo ¢aligilmistir. Bu senaryoda giiriiltii bilesenleri
icin ortalama degerler m = [0.20 0.38 0.50 1.25 1.50] ve
agirhk katsayilar1 & = [0.23 0.12 0.05 0.09 0.01] olarak
secilmigtir. Bu senaryoda ortalama hata olasiliklar1 farkl
A/o® degerleri igin sekil 3’de gosterilmistir.

Onceki grafikler ile karsilastirildiginda, bu grafikte farkl
bir gozlemde bulunmak miimkiindiir. ML kuralli seziCi
icin grafik incelendiginde, ortalama hata olasiliginin
monoton olarak azaldigi, ancak ‘0’ degerine ulagmadig1
goriilmektedir. Giliriiltii bilesenleri i¢in ortalama degerler

incelendiginde, m, +m, = 2\/K esitliginin gecerli oldugu,

dolayisiyla Onerme 2’de  belirtilen son  kosulun
saglanmadig1 goriilmektedir. Bu durumda, ML kuralli
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sezici i¢in ortalama hata olasihgmin ‘0’
ulasamayacagi Onerme 2’de belirtilmistir.

degerine

— — — — Tek Esikli Sezici
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Sekil 3. Tek esikli sezici ve ML kuralli sezici igin ortalama
hata olasiliklarr, m = [0.20 0.38 0.50 1.25 1.50] ve A =
[0.23 0.12 0.05 0.09 0.01]

ML  kuralli sezici ile kiyaslandifinda,  giirtiltii
parametrelerine  bagl olarak, tek esikli sezicinin
performansinin  kabul edilemez seviyelerde olabildigi
gozlemlenmektedir.

Sonugclar

Bu ¢alismada, ikili haberlesme sistemi, kanal giiriiltiistiniin
simetrik Gauss karigim modeline sahip oldugu durum igin
calistlmigtir. Tek esikli sezici ile optimal olan ML kuralli
sezici karsilastirilmis ve tek esikli sezicinin optimal oldugu
yeter kosul sunulmustur. Bu sartin saglanmadigi ve giirtiltii
bilesenlerinin diisiik giice sahip oldugu durumda ise tek
esikli sezici oldukga yiiksek ortalama hata olasiligina sahip
olabilirken, ML kurall1 sezici i¢in bu degerin ‘0’ oldugu
sartlar sunulmustur. Sonuglari, dogrulamak maksadiyla
say1sal sonuglar farkli senaryolar i¢in sunulmustur.
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In grid-connected power generation systems, dc-link voltage control is needed to prevent energy losses,
reduce voltage fluctuations and provide a stable energy flow. In addition, control of the power factor via
the voltage source inverter is a process that supports the efficient use of the energy produced. Moreover,
keeping the total harmonic distortion (THD) of the current injected into the grid in accordance with IEEE-
519 harmonic standards (<5%), will increase the quality of the grid electrical current. In this study, three
different methods (cascade pi-based, adaptive neuro fuzzy and artificial neural networks methods) were
proposed for dc-link control. In addition, due to its high power factor (PF) and low harmonic distortion
performance, a three-level neutral point clamped (NPC) inverter is modeled for grid-tied proton-exchange
membrane fuel cells (PEMFC). The rated power of the proposed system is 50 kW and the system was
tested under five different operation scenarios. According to the performance results, the THD in the grid
current has been reduced from 8.02% to 3.52% compared to traditional methods, dc-link voltage ripple
was observed to be around 1V (<1%), and also the power factor regulation performance increased as unity

(>0.99).
Doi: 10.24012/dumf.1293293
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Introduction

In recent years, increasing technological developments as
well as environmental and climatic concerns around the
world have led the scientific world to new research in areas
such as the use and control of renewable energy sources.
Since renewable energy sources are affected by natural
phenomena, inevitable performance differences can make
power output uncertain and sometimes impossible to use.
Considering all these, the PEMFCs are a serious candidate
solution, which is highly efficient, noiseless and
environmentally friendly as it does not have any moving
parts and at the same time providing flexibility in
controllable power output [1]. Due to the stated advantages
of PEMFCs, there are many existing application areas such
as aircraft, spacecraft and automobiles. In addition,
especially in recent years, PEMFCs have started to be used
in single-phase and three-phase electricity grid integration
applications [2], [3]. When the grid-connected power
circuit topologies are examined, it is seen that a dc-dc
converter is used to regulate the voltage of the dc energy
produced by the fuel cells and a power interface unit
consisting of dc-ac inverters is used to inject the electrical
energy produced as dc into the ac grid. In addition, the total
harmonic distortion of the current injected into the grid

should be limited to 5% in accordance with IEEE-519
standards. Therefore, the output of dc-ac inverters is
equipped with harmonic damping filters (L, LC, LCL etc.)
in order to comply with the grid connection standard [4].
Another factor as important as suppressing the harmonic
distortion of the current injected into the grid is the control
of the active and reactive power injected into the grid.
While active power is defined as power capable of doing
useful work, reactive power flow adversely affects energy
and transmission capacity and can also cause voltage drop.
In order to overcome this situation, the power factor should
be controlled and the reactive power needs should be
adjusted at the distribution level [5].

According to traditional inverter topologies, multi-level
inverters consist of cascade submodules that reduce energy
losses and electromagnetic interference as it improves
waveform quality. Three-level NPC inverters, one of the
multi-level inverter topologies, have become interesting
because they have low voltage stress in power circuits,
lower total harmonic distortion, and high efficiency [6],
[7]. The energy obtained from hydrogen fuel cells is
converted with the help of a dc-dc converter. Voltage
fluctuations and energy losses may occur during this
conversion process. Also, the input voltage of the
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inverter has to be checked to keep it constant at the
specified reference voltage. In this context, for dc-link
control, three different control methods (two closed-loop
with pi, anfis-based and ann-based) are used in this study.
Although pi controller has several advantages such as
simple structure and easy implementation, they are known
to have a significant time delay problem and poor control
performance. On the other hand, while fuzzy logic control
is an alternative and effective solution for the analysis of
complex, nonlinear and ill-defined systems, artificial
neural networks is defined as an intelligent system that has
effective advantages such as learning, adaptation, speed.
Morover, adaptive neuro-fuzzy inference system technique
has taken its place in the literature as a hybrid research
alternative that incorporates efficient solution proposals of

fuzzy logic and artificial neural network methods [8], [9].
In this study, a three-phase structure is designed for the grid
connection of hydrogen fuel cells. Instead of traditional
inverters, NPC three-level inverter and three different dc-
link control methods are used for dc-link control.
Performance analyzes of the proposed system were carried
out under different operating conditions, under sudden
changing conditions and at different temperatures. The
proposed circuit structure consists of power supply (PEM
Fuel cell), dc-link, multi-level inverter, LCL harmonic
suppression filter, control structures and is presented in
Fig.1. in detail. Matlab/Simulink simulation program was
used for the analysis and circuit setup of the proposed
system.
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Figure 1. Proposed system for grid-connected PEMFC

Overview of the Literature

Meeting the requirements such as low harmonic
distortion, high power factor performance and reactive
power balancing, dc-link control, low economic cost,
optimization of power circuits as much as possible in
order to inject the energy produced by fuel cells into the
grid with high efficiency and reliability. When the
literature studies are examined, it is seen that studies on
fuel cells generally focus on control structures,
economical optimization methods, power circuit
topologies, and grid failures. Literature studies are
detailed in table 1. In ref [10], a multilevel inverter is
modeled in order to reduce the number of circuit
elements and expand the output voltage level. At the
same time, the number of switches has been reduced
compared to traditional topologies, thus reducing the
switching losses. The total harmonic distortion in the
load current was measured as 5.46%. The proposed
study has been tested both in a simulated environment
and in a laboratory environment. In ref [11], a three-
level diode clamped inverter is designed for a multi-
stack fuel cell. The aim of the proposed study is to
provide energy transfer at low total harmonic distortion

level and to reach 85% efficiency. For the proposed
study, 1.54 MW/1400 V¢ prototype was studied. In Ref
[12], an MPPT method is designed to increase the power
output by using a FC coupled system ANFIS technique.
This designed method provides a significant advantage
in reducing the consumption. The proposed FC system
was tested with a power rating of 1.9 kW and a dc-dc
converter together with an independent system
efficiency is 98%.In Ref [13], using the ANFIS method,
a concurrently developed control scheme is designed for
power transfer between the electrical grid and the
battery energy storage system. The proposed scheme
allows charging and discharging the battery with
bidirectional converter. Simulation studies of the system
were carried out on the AC network with a power of 293
W. In Ref [14], a new pulse modulus expansion method
with a two-level inverter is proposed. The proposed
system provides significant advantages in reducing the
harmonics of the inverter connected to the grid,
regulating the maximum power output and power factor.
In the system, the output current harmonic distortion rate
for the two-level inverter is 2.05%, and the harmonic
distortion rate for the new PWM scheme is 1.55%.
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Table 1. Literature Overview

Subject Objectives Rated Energy Source Ref.
Power

Active reactive power control and low THD 6 kW PEM Fuel Cell [5]
Minimize curtailing renewable resources 3.5 MW SO Fuel Cell [15]
Active reactive power control and low THD 1.2 MW Fuel cell [16]
Improve dynamic voltage response, reduce THD, SO Fuel Cell [17]

Control increase power quality

Structure Eliminate input current ripple and reduce THD 1.5 kVA PEM Fuel Cell [18]
Mathematical solution for grid connected fuel cell ~8 kW Fuel cell [19]
Active reactive power control and THD reduction 6 kKW PEM Fuel Cell [20]

Circuit topology  Modular-Multilevel converter and mitigate THD 6 kW PEM Fuel Cell [21]
Optimisation for reducing capital and operating expenses 71 kW SO Fuel [22]

Feasibility Cell/Hybrid
Optimisation for economic profit --- Fuel cell vehicle [23]

to grid
Optimisation for economic profit 0.8 kW SO Fuel [24]
Cell/Hybrid

Grid Failures Maximum power extraction method that also performs in = = 25kW PEM Fuel Cell [25]
case of grid failure mode

Both control dc-link Control, active&reactive power control and low 50 kW PEM Fuel Cell Proposed

structure and THD

Circuit topology

Some of the important issues that fuel cells must
overcome in order to inject energy into the grid
accurately and reliably are the elimination of reactive
power and low total harmonic distortion (must comply
with IEEE-519 standards). The proposed study consists
of two stages. In the first stage, the voltage of the dc
energy obtained from PEMFC is increased to the
determined reference value with the help of dc-dc
converter. In addition, it is controlled by three different
dc-link control methods in order to prevent voltage
fluctuations and to provide an efficient energy flow. In
the second stage, dc energy is converted to ac energy
with the help of multi-level inverter. This conversion
process; In order to have low harmonic distortion and
high power factor, dg- control method is used. Finally,
the LCL harmonic suppression filter was designed and
energy was supplied to the electricity grid. The three-
phase system model is designed with control structures
to inject the energy from PEMFCs into the grid. Instead
of the traditional inverter model and pi-based dc link
control method, a multi-level inverter and three different
dc link control algorithms are designed. Thanks to the
proposed system, it has been determined that the
suppression performance of the current harmonics
injected into the grid and the power factor regulation are
improved compared to the traditional method. In this
case, the energy injected into the grid is more efficient
and of higher quality. In order to ensure low voltage
fluctuation and efficient energy flow, three different
methods

201

have been applied for DC-link control: ANFIS-based,
ANN-based and two closed-loop pi-based. The purpose
of applying these methods is to perform performance
analysis of traditional methods (pi-based) and intelligent
methods (ANFIS and ANN-based). To confirm the
accuracy of the proposed system and control methods
have been tested under different and suddenly changing
operating conditions and performance analysis has been
carried out under different temperatures. LCL Harmonic
suppression filter is designed and applied to the output
of the NPC three-level inverter in order to prevent
possible electrical faults and to improve the electrical
quality.

Material and Methods

Before injecting the dc energy produced by the fuel cells
into the grid, power electronics interface circuits are
needed. They consist of a dc-dc converter to control the
input voltage level of the inverter and then an inverter to
convert dc energy to ac energy. Finally, a filter circuit is
needed to perform harmonic suppression between the
inverter and the grid.

Fuel Cell Stack and DC-Link Control

Fuel Cells are devices that convert the chemical energy
they contain into dc electrical energy as a result of
electrochemical reactions. Considering its low noise,
high power density, high efficiency and low pollution,
PEMFC has become one of the most popular fuel cells
[16]. The equivalent circuit of the PEM fuel cell is
shown in Fig. 2 [2].
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Figure 2. Electrical circuit equivalent of a PEM fuel cell

The voltage value produced by the fuel cell can be found
by following expression.

-Vfc =Voc —Vr—Vy (1)

The open-circuit voltage can be found from the
following equation.

Stack voltage vs current

—44,43

Voo = Ke [V, + (T = 298)
)

Resistive and the absolute polarization overvoltages
can be calculated with the following equations.

}

If the expressions in the above equations are defined; V.
is the output voltage of the fuel cell, Vr is the voltage
loss on the resistor, Vq is the absolute polarization
voltage loss, N is the number of cells in the fuel cell, A
is the tafel slope and i, is the current exchange [2].The
number of cells used in this study was determined as
N=900, rated voltage 625 V and rated power 50kW. The
current, voltage and power characteristics of the fuel cell
used in this study and the relationship between each
other are presented in Fig. 3.
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Figure 3. PEMFC Characteristic Curves

The electrical properties and characteristic values of
PEMFC used as an energy source are presented in Table
2.

Table 2. PEMFC electrical characteristics.

PEMFC Fuel Cell Model and Operating Properties
Matlab Model PEMFC-50kW-625Vdc
Current at nominal operating point (A) 80 A
Voltage at nominal operating point (V) 625V
Current at maximum operating point (A) 280 A
Voltage at maximum operating point (V) 430 A

Fuel cell nominal power (W) 50 kW
Fuel cell maximum power (W) 120.4 kW
Fuel cell resistance (Q) 0.664 Q
Number of Cells 900
Nominal stack efficiency (%) 55%
Operating temperature (°C) 65°-70°
Nominal air flow rate (Ipm) 2100 Ipm
Maximum air flow rate (Ipm) 7350 Ipm
Fuel nominal supply pressure (bar) 1.5 Bar
Air nominal supply pressure (bar) 1 Bar
Nominal fuel consumption (slpm) 501.8 (slpm)
Nominal air consumption (slpm) 1194 (slpm)
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Since the dc energy produced by fuel cells depends on
many parameters, connecting it directly to the inverter
may cause voltage drops and irregular energy flow.
Therefore, as shown in Fig. 4, a dc-dc converter is used
between the inverter and the fuel cell. Due to the low
number of circuit elements, easy installation, effective
and efficient operation, dc-dc boost converter was used
in this study. The rated voltage of the fuel cell, 625V,
was applied three different dc-link controlled dc-dc
boost converters to keep the output at 800V and to feed
the input of the NPC multi-level inverter.



DUJE (Dicle University Journal of Engineering) 14:2 (2023) Page 289-304

Lboost DC-DC Converter
I (350 -
PEMFC —> S —> O +
Temperature + I,J Diode
[ & > | ‘ Vic AJh Choost == vdc
: o -
IL —»
ANFIS
Vref—p b gassed
Vdc—» ANN
DC Link Control

Figure 4. DC Link Control Methods

The relationship between the output voltage of the boost
converter and the voltage of the fuel cell is presented
below.

Vdc_ 1

Vhoost IS the output voltage of the dc-dc boost converter,
and V. is the fuel cell voltage, and D is expressed as the
duty-cycle of the PWM signal feeding the gate of the
semiconductor switch (IGBT).

ANFIS Based DC Link Control

ANFIS-based control structure has been designed for
current control after dq conversion and consists of 5
different layers. The ANFIS-based control structure is
shown in Fig. 5.
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Normalizing
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Figure 5. Adaptive Neuro Fuzzy Inference System Structure

ANFIS-based control system is designed to generate
duty cycle of pwm signal at the output. Accordingly, the
error between the voltages (Vacret-VcLink) and the rate of
change of the error according to time (d(Vacref-
VcLink)/dt)) are given to the input of ANFIS.
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e(t) = Vac(ref) — Vdcyink

pe(t) = WacCref) =Vdevmd Y

Layer 1: In this layer, membership degrees are
generated for the input vectors (ai). (i=1,2,3.)
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0 e<ai
1 bei_—ljzli ai < e < bi
Qr = pai(€) | oie (8)
— bi<e<ei
ei—bi
0 ei<e

Layer 2: Three membership functions are created for
each input, and a total of 3x3=9 different rules are
created. The properties of the input and output
membership functions are shown in Fig. 6 (NB means
negative, ZE means zero and PB means positive) [26],
[27].

QF = W; = min (uui(e) - upi(e)) 9)
M (x)
NB ZE PB
— X
(-1) 0 (1)

Figure 6. Input and output membership function

Layer 3: In this layer, the ratio of the activation level of
each rule to all activation levels is calculated.

w

-

Q> W, =
N

i 3 Z]=1W]

(10)
Layer 4: In this layer, the contribution of each layer to
the total output is calculated with the following function.
Ql4 = VT/,'ZL = V|=/i(kie + miAe + S,:) (11)
Layer 5: In this layer, the sum of the contribution of all
rules is calculated.

Q=

W1Z1+WpZy
Wi+W,

Wiz, = (12)
If the expressions in the above equations are defined; e
represents error, Ae error rate of change with time, N
data number, k, m and s design parameters, w weights,
z output, w(X) membership function and Q represents
layers [26], [27].

ANN Based DC Link Control

In this study, an artificial neural network model is
designed to control the dc link voltage. Input layer; It
consists of reference voltage (Vref) and dc link (Vdc
Link) voltage, while the duty cycle is produced for the
PWM signal in the output layer. A hidden layer with 10
neurons is designed between the input layer and the
output layer. The designed artificial neural network is
presented in detail in Fig. 7 [28].

Feed-Forward Neuron Network Training

[ " antificial WeuEu Wetv%r% O
a I
Vref q \ |
Vdc L|nkl:J “= f(Z Wi Py +b)
1

1+e? |

flx) =
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Output

[ '™ 7 Tevenberg-Marquardt _'l
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;'_ —_—— o —_———_—— -
_U Updated Weight and Bias u

Figure 7. Feed forward artificial neural networks structure

The basic element of artificial neural networks can be
defined as mathematically and logically modeling the
functions of biological neurons. The input layer vector
of the designed neuron is p = [p1, p2, . . ., pR], and w1,
w2, .. wj are weighted by the elements of the W weight
matrix, respectively. The neuron has bias (b), which is
arranged by adding up with the weighted inputs of the
neuron, forming the net inputs of n [29].

n=Y wp;+p=W,+b (13)
After the input layer is weighted and added with bias, it
is passed through the activation function.

a=f(n) (14)
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The tan-sigmoid activation function was used for this
study and is presented as follows.

f=

The following data creation software in matlab
simulation program to generate input and target dataset
for DC link control

(15)

1+e—*
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Matlab Dataset Codes
Vinput=randi([400 10 650], 1, 100000);
Voutput=randi([650 10 900], 1, 100000);
Duty=(Voutput-Vinput)./\Voutput;
Input=[Vinput;Voutput];

Output=Duty;

Two Closed Loop pi-based DC Link Control

VDClLink iL

e2 Duty
[ [

In this study, pi-based dc-link control method with two
closed loops was used. In this control method, three
parameters, dc-link voltage, reference voltage value and
inductance current, are used. The error rate is found by
taking the difference between the reference voltage and
the dc link voltage, then the reference current for the
inductance current is found by passing the pi control.
The error rate is found by taking the difference between
the reference current and the inductance current, and the
duty cycle of the pwm signal to be produced is
determined by passing this error rate again through the
pi control. Finally, the determined duty cycle is
compared with a triangular signal and the pwm signal is
generated for the switching element. It is detailed in Fig.
8.

PWM

Triangle Signal

Figure 8. Two closed loop dc link control methods based on Pl

Expressed mathematically, the first pi control
establishes the reference value for the inductance current
[30], [31], [32].

Iirep = Ky + Ky f e;dt (16)

Where;

e1 = Vpcrer — Vbclink 7)

ILrer can be defined with the following expression.
Vpcref?

ILref = % (18)

The error rate for the second closed loop is expressed by
the following equation.

e, = pzez + Klz f ezdt (19)
Where;
ey = lirer — I (20)
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If the parameters given in the equations are defined, e;
is the first closed loop error rate, e is the second closed
loop error rate, I inductance current reference value,
Vocuink dc link voltage, Vocrer, dc link reference voltage,
I inductance current, Vec fuel cell voltage.

Three Level NPC Inverter with Control method

After the dc energy produced by PEMFC is controlled
by the dc-dc boost converter and given to the dc-link,
this dc energy is used as the input voltage of the NPC
three-level inverter. The designed inverter and LCL
filter convert dc energy into ac energy to inject it into
the grid at low harmonic level. Active reactive power
control is performed by synchronizing the grid current
and voltage and the signals generated from the inverter
output with the dg-based control method. The designed
NPC three-level converter LCL filter and dg-based
control method are presented in Fig. 9.
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Figure 9. Designed NPC Three-Level Inverter (a) DQ based Control Method (b)

The following procedures should be followed to Voltage equations can be written as;

determine the current and voltage equations of the grid-
connected NPC three-level inverter and the dqg
conversion equations of the three-phase system [6],
[33]-[34].
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u, = Ucos(wt)
w, = Ucos(wt — 2”/3)
u, = Ucos(wt + 277/3)

(21)
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If the dqg rotating frame is applied as the transform
method in the three-phase system (abc), the following
equation can be written (The x's in the equation can be
thought of as current or voltage.). abc—dq transform
[6]. [33]-[34];

Xd] _
Xq
Coswt —Sinwt ! X,
\E Cos(wt —120°) —Sin(wt — 1209 | |X,| (22)
Cos(wt + 120%) —Sin(wt + 120%)| LX,
The current equations can be written as:
ig = \E(iaCoswt + i,Cos(wt — 120°) +
i.Cos(wt + 120%)) (23)
iq = —\E (ioSinwt + ipSin(wt — 120°) +
i Sin(wt +120°)) (24)
Similarly, the voltage equations can be written as:
V= \/g(l/aCoswt + V,Cos(wt — 120°) +
V.Cos(wt + 120°)) (25)
V, = —\E (VuSinwt + V,Sin(wt — 120°) +
V.Sin(wt + 120°)) (26)

For the grid connection of the three-phase
system after the ANFIS controller, instead of the
previous abc—dq conversion, dqg—abc conversion is
required to generate reference voltages. Therefore, the
following equation is used for the conversion process.

—Sinwt
—Sin(wt —120°)
—Sin(wt + 120°)

Coswt
\F Cos(wt — 120°)
* |Cos(wt +120°)
After the three-phase reference voltages (Varef, Vbref,
Vcref) are produced, the control process is completed by
generating PWM signals for the semiconductor
switching elements (IGBT) of the NPC three-level
inverter by comparing them with the frequency
determined sawtooth signal.

] @

LCL Filter Design

An LCL filter is designed between the three-level NPC
inverter and the grid to suppress current harmonics. The
equivalent circuit of the three-phase filter designed for
each phase is presented in Fig. 10.
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Verid
o T O

Figure 10. LCL Filter equivalent Circuit

The transfer function between the grid current and the
inverter voltage is expressed in the following equation
[35].

Ig(s) 1
Vinw(s)  L1L2Cs3+(La+L1)s

(28)

In this study, it was calculated as Li=L,=500uH,
C=100puF. The dynamic response of frequency,
magnitude and phase according to the inductor and Fig.
11.

Frequency Response-to-Magnitude

- |

50 \
|

4

Frequency Response to Phase

-270 2
103 10* 10°
Frequency (rad/s)

Figure 11. Bode Diagram of LCL filter

The electrical characteristics and circuit parameters of
the designed system are presented in Table 3.

Table 3. Circuit Parameters and electrical
characteristics.

Parameters Values
Prated 50 kW
Viuel 625 Vdc
Vclink 800 Vdc

fs 20 kHz
Kot 0.9
Ki1 5
Kz 0.02
Kiz 5

f 50 Hz
Lboost 1.07 mH
Choost 20 mF
Lasine 500 uH
Crie 100 pF
Lasite 500 uH
Thuel 65°C-70°C
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Results and Discussion

In this study, 5 different operating conditions were
modeled to confirm the accuracy of the proposed system
and detailed analysis was performed in all operating
conditions. 50kw, 625V PEMFC matlab model was used
as energy source in the study. In the first operating
condition, no reactive power was requested to the grid
and only active power was tried to be injected. In this
operating condition, the phase angle between the mains
current and voltage is measured as 2.7° and the power
factor is >0.99. In the second operating condition, the
active power demand was reduced abruptly and it was
expected that reactive power would not be injected into
the grid. In this operating condition, the phase angle is

State 1

0.95 1
Transmon Point

0.9

S@Wﬂﬂﬂﬂ%ﬂ

1. 55
Transmon Point

TLW

-50

Grid Cunrents (A)

100

State’4 State 5

mwwmmmw

Time (seconds)

measured as 2.09° and the power factor is >0.99. In the
third operating condition, active power was kept
constant and reactive power was expected to be injected
into the grid. In this condition, the phase angle was
measured as 11.1° and the power factor as >0.98. In the
fourth operating condition, more reactive power is
expected to be injected into the grid by keeping the
active power constant. In this operating condition, the
phase angle was measured as 21.12° and the power
factor was measured as >0.93. In the fifth operating
condition, it was expected that the work would suddenly
return to its initial state. In this operating condition, the
phase angle is measured as 2.7° and the power factor is
>0.99. Three mains currents in five different situations
are presented in Fig. 12.
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Figure 12. Grid Current under five different operating States

The performances of dc link control methods on power
factor were compared under five different operating
conditions. The order of convergence times from best to
worst: two closed-loop-based, ann-based, and ampis-
based. The effects of different dc link control methods
on power factor are presented in Fig. 13. In the system
designed using dc link control methods and three-level
NPC inverter in five different situations, the total
harmonic distortion values in the grid current were
measured and presented in detail in Fig. 14 and Table 4.

298

< 1.05
[}]
% St:2 St:5
S 1 st:3 |
o
= 0.9995 St:4
g 0.95 \
0.999 ’—‘

§ 09} S —— St=State
Q 0.9985 ANN Based
u‘: 0.85 | Pl Based
[ 0.998 ANFIS Based
g 0 0.5 1
S os ‘ ‘ ‘ ‘ ,

0 0.5 1 1.5 2 2.5 3

Time (seconds)

Figure 13. Effect of DC Link control methods on
power factor
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Figure 14. The effect of the proposed system on the harmonics in the grid current, Two closed loop pi (a) ANFIS (b)
ANN (c)

Comparison of the harmonic distortion in the grid harmonic distortion performance of the multilevel
current in five different conditions of the system inverter over the conventional inverter is superior in all
designed using a conventional inverter and a multilevel conditions.

inverter is presented in Fig. 15. It is seen that the
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Figure 15. THD(%) performance of conventional and multilevel inverter

The effects of different dc-link control methods on
active and reactive power control in five different
operating states are shown in Fig. 16. It was observed
that while active power fluctuations were <10w in pi-

based closed-loop control, <15w in anfis-based control
and <90w in ann control. In addition, detailed analysis
results are presented in Table 4.
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Figure 16. Active and reactive power fluctuations

PEMFC voltage, dc link voltage, power obtained from
PEMFC, and duty cycle were analyzed under five
different operating conditions. The data obtained by
using different dc link control methods were examined.
The DC link voltage is expected to be kept constant at
800 V and is used as the input voltage of the inverter.
When DC link voltage control performance is compared
in terms of convergence times, two closed-loop pi-based
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control methods show the best performance, while
ANFIS-based control method shows the worst
performance. In terms of DC link voltage fluctuation,
the ANFIS-based control method outperformed the
ANN-based control method. DC link voltage ripple,
duty cycle, PEMFC power and voltage are detailed in
Fig. 17 and Table 4.
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The effects of conventional inverter and multilevel suddenly changing temperature (65°C-70°C) and
inverter on power obtained from PEMFC under performance conditions are presented in Fig. 18.
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Figure 18. PEMFC power under different temperature and operational conditions
The system outputs of the proposed system and the 4.performances of the dc-link control methods in
operating conditions are presented in detail in Table different

Table 4. Detailed presentation of system outputs

Operation DC Link Voltage Power THD PF Grid Power
States Ripple Fluctuaction (Grid (Per Phase)
(AV) (AP) Current) Active Reactive
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Two Closed Loop Pl Based

State 1 <1V 9w 4.73% 0.999 14.6 kW 0.003 kVAR
State 2 <1V 9IW 3.63% 0.999 19 kw 0.002 VAR
State 3 <1V A 3.61% 0.981 19 kW 3.67 KVAR
State 4 <1V TW 3.52% 0.932 19 kw 7.33 kVAR
State 5 <1V 9IW 4.73% 0.999 14.6 kW 0.003 VAR
ANN
State 1 271V 50 W 4.76% 0.998 14.6 kW 0.01 kVAR
State 2 22V 3B’5W 3.65% 0.999 19 kW 0.005 kVAR
State 3 26V 60 W 3.61% 0.981 19 kw 3.68 kVAR
State 4 45V 90 W 3.51% 0.932 19 kw 7.360 KVAR
State 5 21V 50 W 4.76% 0.998 14.6 kW 0.01 kVAR
ANFIS
State 1 12V 15w 4.83% 0.998 14.68 kW 0.005 kVAR
State 2 6V 6W 3.64% 0.999 19 kw 0.003 kVAR
State 3 7V 6W 3.61% 0.981 19 kw 3.67 kVAR
State 4 16V A 3.48% 0.932 19 kw 7.34 kVAR
State 5 12V 15w 4.83% 0.998 14.68kW 0.005 kVAR
Conclusion Ethics committee approval and conflict of

In this study, efficient and low harmonic energy flow is
tried to be provided for grid-connected PEMFC by using
multi-level inverter and different dc link control
methods (ANFIS, ANN, two closed loop based on pi).
The multilevel inverter has outperformed conventional
inverters in total harmonic distortion performance and
complies with ieee-519 standards (<5%) (Figure 15,
Table 4). In addition, the effects of dc link control
methods on voltage and power fluctuations and total
harmonic distortion are examined and presented in Fig.
10,16,17 and Table 4. In addition, while the minimum
level of active and reactive power fluctuations is
obtained in the anfis-based control method, the best
result is obtained in the pi-based two closed-loop control
method when the average power fluctuation
performance is taken into account (Table 4). Based on
the convergence time, the ANN-based control method
performed better than the ampis-based control method
(Fig. 17). In addition, this study has shown that even if
the two closed-loop dc-link control methods based on pi
have more advantageous points, finding the proportional
and integral gain values is an effortful process. In
addition, although multilevel inverters show higher
performance than conventional inverters in terms of
THD (%) and power factor, it is obvious that switching
losses will be higher since more switching elements are
used than conventional inverters. In addition, anfis and
ann-based dc link control methods can be used with
more input parameters and their performance can be
improved with different learning methods. It is obvious
that this study is also a candidate to be an alternative
application for different renewable energy sources
(wind, photovoltaic and etc.), grid connections of
electric vehicles (vehicle to grid technology) and
different power transfer systems.
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sinirlarini degistirebilmektedir. Yapinin giivenli ¢aligmast igin yapisal emniyeti saglamak amactyla sonlu
elemanlar analizi (SEA) sonuglarina gore tasarimlar gergeklestirilip iyilestirilebilmektedir. Sinir degerleri
ve yapisal glivenligi saglamayan araglar veya makineler can kaybina sebep olabilmektedir. Seri tiretim igin
makine tasarimlarinda kullanici istegine gore farkli ve hizli tasarimlar elde edilmesi iiretici firmalar
tarafindan istenilebilmektedir. Bilgisayar destekli tasarim programlarinin, programlama dilleri ile
haberlestirilip araylizler hazirlanarak hizli ve farkli tasarimlar elde edilebilmekte ayrica tasarim igin
uygulanan miihendislik maliyetini azaltabilmektedir. Belirlenen parametrelere goére hazirlanan bu
arayiizler ile parametrik olarak fonksiyonel amaglar1 karsilayan tasarimlar gergeklestirilebilmektedir. Bu
calismada insan veya yiik tagimak icin tasarlanan bir kara aracinin, arazi agilari, birden ¢ok kisilik
kullanimi ve farkli fonksiyonel ihtiyaglar i¢in sasinin uzunlugu, yiiksekligi ve genisligi ana degiskenler
olmak tizere 17 adet degisken parametrik tasarim arayiiziinde tanimlanmistir. Aracin 6nden garpma, yanal
carpma ve sasinin burulmasi konfigiirasyonlar i¢in SEA gergeklestirilmistir. Bu konfigiirasyonlara gore
9 adet farkli tasarim i¢in Taguchi metodu ile optimum tasarim parametreleri belirlenmistir. Optimum
tasarima gore 6nden ¢arpma konfigiirasyonu i¢in 44.7 MPa, yanal ¢arpma durumu igin 25.62 MPa ve
burulma konfigiirasyonu igin 33.66 MPa Von-Misses esdeger gerilme degerleri elde edilmistir. Hareket
sinirlari i¢in tirmanabilme agis1 25°, yanal devrilme agis1 34° ve ivme simir1 14 m/s2 olarak belirlenmistir.
Aracin genel yapi itibariyle emniyetli oldugu belirlenmis ve optimum tasarima gore aracin Uretimi
gerceklestirilmistir.
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* Sorumlu Yazar

Land vehicles are vehicles designed to meet functional needs and to operate structurally safely in post-
production use. The design applied for the terrain conditions can change the movement limits of the
vehicle. In order to provide structural safety for the safe operation of the structure, designs can be realized
and improved according to the results of finite element analysis (FEM). Vehicles or machines that do not
provide limit values and structural safety can cause loss of life. In machine designs for mass production,
it may be desired by the manufacturer companies to obtain different and fast designs according to the user's
request. By communicating computer-aided design programs with programming languages and preparing
interfaces, fast and different designs can be obtained, and it can also reduce the engineering cost applied
for the design. With these interfaces, which are prepared according to the determined parameters, designs
that meet functional purposes parametrically can be realized. In this study, 17 variables, including the
length, height and width of the chassis, are defined in the parametric design interface for the terrain angles,
multi-person use and different functional needs of a land vehicle designed for disabled people. FEM
analyzes were performed for the vehicle's frontal impact, lateral impact and chassis torsion configurations.
According to these configurations, optimum design parameters were determined for 9 different designs
with the Taguchi method. According to the optimum design, von-Misses equivalent stress values of 44.7
MPa for the frontal impact configuration, 25.62 MPa for the lateral impact and 33.66 MPa for the torsion
configuration were obtained. For the movement limits, the climbing angle was determined as 25°, the
lateral tipping angle was 34° and the acceleration limit was determined as 14 m/s2. It was determined that
the vehicle was safe in terms of its general structure and the vehicle was produced according to the
optimum design.
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Giris

Kara araglar1 gibi fonksiyonel amaglar1 karsilayabilmek icin
iiretilen makinelerde ihtiyaclara gore tasarim degisikligi ve
cesitliligi artis gosterebilmektedir. Tasarim degisikliklerinin
fazla olmasi zaman kaybma ve miihendislik maliyetinin
artisina sebep olmaktadir. Gilinlimiizde bazi iriinlerin
parametrik tasarim uygulamalar1 sayesinde tasarimlar hizl
elde edilebilmekte ve maliyet azaltilabilmektedir [1]. Ayrica
tasarimlarin parametrik sekilde uygulanmasi tasarimlarin
stabil bir sekilde ¢ikmasindan dolayir verimliliginde artig
gostermektedir [2]. Bu sebeple miisteri talepleri veya bagka
ihtiyaglardan dolay1 tasarim degisiklerinin fazla olmasi
parametrik tasarim uygulamalarmin geligtirilmesinde 6nem
kazanmaktadir.

Bilgisayar destekli tasarim (CAD) programlarinda bir iiriin
tasarlanirken uygulanan komutlar arka planinda kodlar
vasitasiyla calismaktadir. Solidworks, Catia gibi CAD
programlarinda parametrik tasarim uygulamalart
gelistirilebilmektedir  [3, 4]. Vb.NET, VBA, C++
programlama dilleri ile program uygulama arayiizii (API)
kodlar1 kullanilarak parametrik tasarim uygulamalari
geligtirilebilmektedir. Gelistirilen uygulama ile montaji
olusturan tiim pargalar arasinda bilgi tabanli iliskiler
kurulabilmekte ayrica tasarlanan iiriiniin {iretim maliyeti,
teknik resimleri, agirliklar1 gibi ihtiyag olan 6zellikler tasarim
ciktis1 olarak degerlendirilebilmektedir [5, 6]. Biyomekanik,
hava araglari, otomotiv sektorii, robotik, mobilya sektorleri
gibi CAD tasariminin kullanildigi her alanda bu tiir
uygulamalar gelistirilebilmektedir [7-11]. Ayrica satig
pazarlama elemani gibi tasarim ve CAD programi bilgisi
olmayan fakat hizli tasarim sonuglar1 isteyen kisilerinde
kullanabilecegi  arayiiz  hazirlanarak  avantajli  hale
getirilebilmektedir. Literatiirde farkli alanlardaki parametrik
tasarim uygulamalarinin ihtiyaglarin ve uygulamalarin
artmasiyla beraber bu alanda yapilan c¢alismalar Snem
kazanmaktadir.

Ansys gibi sonlu elemanlar analizi (SEA) gergeklestiren
bilgisayar destekli miihendislik programlar1 tasarlanan
driinin ~ yapisal agidan emniyetli olup olmadigini
degerlendirme araci olarak kullanilmaktadir [12-18].
Parametrik tasarim uygulamalari ile SEA tasarim girdileri
igin pratik siiregler saglanabilmektedir. Tasarlanan iiriiniin
her pargasina gelen gerilmeyi tespit ederek yapisal
biitiinliigiinii incelemek amaciyla yapilan analizlerin tasarim
stireci i¢in parametrik tasarim uygulamalari siire¢ acgisindan
olumlu katkilar saglamaktadir [19, 20].

Deneysel tasarim yontemleri girdilere gore istenilen optimum
¢iktt sonucunun minimum maliyet ile ger¢eklesmesini
saglayan yontemlerdendir. Taguchi metodu ise deney
sayilarinin az olmasiyla verimli olarak kullanilan deney
tasarim  yontemlerinden  birisidir  [21-23].  Girdi
parametrelerine gore farkli ortogonal diziler ile Taguchi
metodu ile analizler gergeklestirilip optimum g¢iktilar elde
edilebilmektedir [24, 25]. Taguchi ortogonal dizisi L9
ortogonal dizi (OA) en verimli yontemlerden birisidir ve az
saylda deneylerle etkili olarak kullanilabilmektedir [26]. L9
ortogonal dizisinde 9 adet sat1 bulunmaktadir ve bu satirlarin
her biri deneyi temsil etmektedir. Taguchi metodunda sinyal
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giriiltiisi (S/N) olarak adlandirilan  istatiksel — bir
degerlendirme yaklasimi kullanilir. S/N orani ortalamanin
(sinyal), standart sapmaya (giiriilti) oram1 olarak

tanimlanmaktadir [27]. Yapilan deneylerin S/N oranina goére
degerlendirmeleri yapilarak optimum sonuglar elde edilmesi
saglanmaktadir [28].

Kara araglarinda yapisal emniyeti saglamakla beraber arazi
sartlarina gore farkli diizlemlere gore devrilme smir agilari
arag emniyeti i¢in 6nemlidir [29]. Tasarim gergeklestirilirken
aracin uzunluk, genislik ve yikseklikleri 6n ve yan
diizlemlere gore devrilme smir agisi, aracin hareket
edebilmesi igin ivme sinir1 gibi parametreler géz Oniin
alinarak degerlendirmeler yapilmasi gerekmektedir.

Parametrik tasarim uygulamalarinin birgok tasarim senaryosu
olusturmasi ile beraber SEA gergeklestirilip sonuclarina gore
degerlendirmeler yapilabilmektedir [30]. Her tasarim
senaryosunda  yapilarda  farkli  esdeger  gerilmeler
olusmaktadir. Bu esdeger gerilmelere gore optimum tasarim
elde etmek amaciyla Taguchi metodu kullanilabilmektedir.
Taguchi metodunun kullanilmasi belirli parametrelere goére
hazirlanan tasarimlar i¢in SEA sonuglarma goére en uygun
parametre optimizasyonu gerceklestirmektedir.

Bu ¢alismada insan veya yiik tagimak i¢in tasarlanan bir kara
aracimin birgok tasarim degisikligi ihtiyacindan dolay1
Solidworks  ve Vb.NET programlama  dilinin
haberlestirilmesiyle parametrik tasarim uygulamasi ve
arayiizii gelistirilmistir. Aracin her pargasinin birbiriyle
iliskisini de iceren bu algoritma ile aracin tiim montaj ve
pargalarmin tasarimimi yazilim arayiiziindeki parametrelere
gore otomatik olusturmaktadir. Gelistirilen bu uygulamada
aracin uzunluk, genislik ve yiiksekligi SEA ve arazi sartlarina
gore sinir agilar1 degerlendirmeleri igin ana parametre olarak
tanimlanip, tasarim degisikligi ihtiyacina binaen diger
parametrelerle beraber 17 adet parametre tanimlanmustir.
Taguchi L9 ortogonal dizisi i¢in 3 ana parametreye gore 9
adet tasarim senaryosu parametrik tasarim uygulamasi ile
olusturulmustur. 9 adet tasarima gore 6nden ¢arpma, yandan
carpma ve burulma analiz konfigiirasyonlarma SEA
gerceklestirilmistir.  Analiz  sonuglarina goére Taguchi
deneyleri gerceklestirilip 3 adet ana parametreye gore
optimum tasarim elde edilmigtir. Optimum tasarima gore
arazi sartlarina gore devrilme sinir agilari ve ivme smir degeri
icin gelistirilen yazilim arayiizii ile degerlendirmeler
yaptlmigtir. Bu ¢alismalar sonucunda oOnerilen bu
degerlendirme yaklagimi ile optimum tasarima gore aracin
tiretimi gergeklestirilmistir [31].

Materyal ve Metot

Aracin SEA analizleri Ansys yaziliminda gerceklestirilmis
olup arag iizerinde belirlenen parametrelere gore 9 adet
tasarim ile analiz sonuglari degerlendirilmistir. Analiz
sonuclarima gore optimum tasarim L9 ortogonal dizi ile
Taguchi metodu ile belirlenmistir.

Parametrik Tasarim Uygulamasi

Insan veya yiik tasima araci olarak tasarlanan aragta
parametrik tasarim uygulamasi i¢in Vb.NET programlama
dili ile Solidworks CAD programi haberlestirilerek
algoritmalar gelistirilmistir. Sekil 1’de gosterildigi gibi
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arayiizde aracin uzunlugu, genisligi ve yiiksekligi ana
degisken parametre olmak tizere toplamda 17 adet degisken
tamimlanmistir. Ana parametreler diginda tanimlanan
parametreler misterilerin talebi veya farkli ihtiyaclara gore
tasarim degisiklikleri icin tanimlanmistir. Algoritmalarin
komutlar1 Solidworks programi icinde kullanilmakta olup
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(c)

arka planda calistirilip sadece hazirlanan bu program
iizerinden c¢aligtirilabilmektedir. Bu degiskenler arayiiz
sekmelerinden gegisler ile ulasilarak CAD veya tasarim
bilgisi olmayan kisiler tarafindan otomatik tasarlanip tiretime
hazir hale getirilebilmektedir.
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Sekil 1. Bir (a) ve (b) Aracin Sasi Parametreleri (c) Salincak Sisteminin Parametreleri (d) Olusturulan Tasarimin 3D Ciktist

Parametrik  uygulamast  olusturulurken aracin  tim
parcalariin ve montajlarinin bir sistem olusturularak diizenli
tasarim ¢iktilar1 saglanmigtir. Uygulamada tiim pargalar
acilip unsur ve bagli oldugu tiim 6lgiiler arayiizde girilen
parametreye gore giincellenmektedir. Pargalarin tasarimi
tamamlandiktan sonra ana montaji olusturan alt montajlar
giincellenmektedir. Tiim pargalar1 ve alt montajlar1 olusturan
unsur ve Olciiler giincellendikten sonra aracin ana montajt
giincellenmektedir. Tasarim tamamlandiktan sonra genel
yapiy1 incelemek amaciyla 3D goriiniimleri olusturulan
program arayiiziine aktarilmaktadir. Bdylelikle CAD
programmin agilmadan arka planda c¢aligmasi saglanmistir.
Satis pazarlama gorevlisi gibi CAD veya tasarim bilgisi
olmayan kisilerinde kullanabilecegi bu uygulama arayiizii ile
miisteri veya farkli ihtiyaglardan dolay: tasarim degisikligi
istenilmesi durumunda hizli ¢6ziimler alinabilmektedir.
Parametrik tasarim yapilirken olusturulan genel sistematik
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diizen ve olusturulan algoritmalar ile hatasiz tasarim ¢iktilart
elde edilmistir.

Olusturulan bu algoritmalar ile gerceklestirilen tasarimlar
ayni zamanda {iretim hatasii azaltmaktadir. Parametrik
tasarim yazilimlart igin farkli algoritmalar veya sistemler
olusturulabilmektedir. Tasarim ihtiyacindaki parametreler
belirlenerek sistematik bir akis diizeni olusturulmaktadir. Bu
ara¢ i¢in her pargcanin unsur, geometrik Olgiiler ve montaj
tasarimlar1  yazillm  kontrol ederek nihai tasarim
olusturmaktadir. Bu c¢alisma da  diger literatiir
calismalarindan bagimsiz olarak Sekil 2’de gosterilen
sistematik akis diizeni olusturulmustur.
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Kullamicr Arayiizi

Girdiler

Komutlarin
Toplanmast
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.I

Mo

Sekil 2. Parametrik Tasarim I¢in Olusturulan Sistematik Diizen

Parametrik tasarim igin arayiiz hazirlanip kodlamalar ile
tanimlamalar yapilirken genel sistematik diizene uyulmus ve
bir algoritma olusturulmustur. Hatasiz tasarim ¢iktilari almak
icin olusturulan bu algoritmanin akis semast Sekil 3’te
gosterilmektedir.

Aracin Belirlenmesi

!

Arag Smir Sartlarimin
Belirlenmesi

l

Parc¢alarin Belirlenmesi

Pargalarin Tasarim

l

Parcalarin Montajlanmas:
Degistirilmesine Gerek Var Mi?

Hayr

Evet—

m
-

vet

- ——————————— -
Otomasyonu

Montajin Giincellenmesi ’

-
/

Hareket Analizi
ine Gerek Var mi?

Hayir

f

imalat Resimleri

Degistiri

Sekil 3. Parametrik Tasarim Uygulamasimin Algoritma Akis
Semasi
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Sekil 4. Aracin hareket siirlari igin sol yan goriiniim
diyagrami

Aragta aerodinamik etkiler ihmal edilmekte olup serbest
cisim diyagramma gore olusturulan Denklem 2’de yokus
sinir, Denklem 3’te ivme siniri, Denklem 4’te virajlar i¢in
kayma sinir ifadeleri belirtilmektedir.

Fxé
k=a ®
a+k) by,

tanag S ——————— 2

K=+ f,

A+
as—————.g 3)
K-+,
Up +tana @

T 1—yptana

Aracin parametrelerine gore tasarimlarin degisken olmasi ve
bu degerlerin siirekli giincellenmesi sebebiyle Sekil 5°te
belirtilen grafiksel programlama dili ile arayiliz olusturulmus
ve hesaplanmistr.
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KA Devrilme Analizi

(b)
Sekil 5. Hareket siirlar1 hesaplamalari i¢in olusturulan
araylzler (a) sol yan goriiniime gore (b) 6n goriinlime gore

SEA Modellemeleri

Aracin SEA modellemeleri i¢in 3 farkli konfigiirasyon
kullanilmistir.  Bu  konfigiirasyonlara gdre analizler
gerceklestirilmis ve yapida olusan esdeger gerilmeler von-
Misses gerilmesine gore incelenmistir. Aracin zorlanma
durumuna gore olusturulan bu konfigiirasyonlarin yiikleme
ve smir sartlar1 Sekil 6’da (a) 6nden darbe durumu igin, (b)
yandan darbe durumu igin, (c) burulma durumu icin

belirtilmektedir.

0.13G

0.045 G

(b)
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Sekil 6. SEA yiikleme ve sinir sartlar1 (a) 6nden darbe
durumu (b) yandan darbe durumu (c) burulma durumu

Aragta AISI 1020 malzemesi tercihi yapilmis olup bu
malzemeye gore caligmalar gergeklestirilmistir. SEA
¢alismalarinda kullanilan AISI 1020 malzemesinin mekanik
ozellikleri Tablo 1’de belirtilmekte olup analizde dogrusal
(lineer) malzeme tanimlamasi yapilarak elastik bolgedeki
davraniglar incelenmistir.

Tablo 1. 4181 1020 mekanik ozellikleri [32].

Ozellik Degeri
Yogunluk [g/cm3] 7.9
Cekme Dayanimi [MPa] 420.507
Akma Dayanimi [MPa] 351.571

Elastikiyet Modiilii [GPa] 200
Kesme Modiilii [GPa] 77
Poisson Orani 0,29
Termal {letkenlik [K] 1.5 e-005

Arastirma Sonugclari ve Tartisma

Aracin yapisal olarak degerlendirilebilmesi igin SEA
gergeklestirilmistir. Arag i¢in genislik, uzunluk ve yiikseklik
parametrelerine gére parametrik tasarirm uygulamasi
kullanilarak 9 adet otomatik tasarim olusturulmustur. Aracin
2 kisilik kullanimi, farkli arazi sartlart i¢in ihtiyacglara gore
parametreler belirlenmis ve bu ihtiyaglara gdre tasarimlar
olusturulmustur. 9 adet tasarimin SEA gerceklestirilerek
esdeger gerilme degerleri bulunmustur. Tablo 2°de
parametrik tasarim uygulamasi ile olusturulan tasarimlarin
numerik degerleri belirtilmektedir.

Tablo 2. Parametrik tasarim uygulamast ile olusturulan

tasarim.
Seri No. Genislik Uzunluk Yiikseklik  Kiitle
[mm] [mm] [mm] [kal
1 450 680 360 25.4162
2 450 880 460 28.2121
3 450 1080 560 31.039
4 770 680 460 31.7028
5 770 880 560 34.4609
6 770 1080 360 34.5369
7 1070 680 560 37.7461
8 1070 880 360 37.5199
9 1070 1080 460 40.3218
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Tablo 2°de belirtilen parametreler parametrik tasarim
uygulamasinda girilerek tasarim otomasyonu
gerceklestirilmistir.  Pratik tasarimlar elde edilmesi igin
Vb.NET programlama dili ile hazirlanan uygulama,
Solidworks CAD programini arka planda calisacak sekilde
kodlar1 hazirlanmis olup 9 adet tasarimi yaklasik 120 saniye
kisa bir siire igerisinde hazirlamistir. Uygulama da aracin

diger yapilari i¢in standart Olgiiler girilmis olup sasinin
optimum tasarimi igin ¢aligmalar gergeklestirilmistir. Diger
yapilarin parametreleri miisteri talebi veya farkl ihtiyaglar
olmast durumu igin hazirlanmigtir. Sekil 7°de parametrik
tasarim uygulamasi ile elde edilen 9 adet tasarim
gosterilmektedir.

Sekil 7. Parametrik tasarimlar

Olusturulan 9 adet tasarim ile Sekil 6’da belirtilen aracin
burulma, yandan c¢arpma ve Onden ¢arpma
konfigiirasyonlar1 i¢in SEA gergeklestirilerek yapilar
iizerinde maksimum von-Misses esdeger gerilmesi
bulunmustur. Bu sonuglara gore Taguchi metodu ile
sinyal giiriiltii oranlari bulunmustur. Optimum tasarim
parametrelerini belirlemek i¢in gergeklestirilen SEA ve
Taguchi metodu ile SN oranlar1 Tablo 3’te
belirtilmektedir.

Tablo 3. Analiz ve Taguchi metodu ile S/N sonuglari

On Carpma Yanal Carpma Burulma
Seri - - -

von- gy Yongy Yo gy
No. Mises Orani Mises Orant Mises Orant

[MPa] [MPa] [MPa]

S1 5449 -3472 303 -29.61 4452 -32.97
S2 473 3349 32,6 -30.25 3521 -30.93
S3  54.04 -34.65 539 -34.62 3735 -31.44
S4 6552 -3632 333 -30.44 30.89 -29.79
S5 6629 -3642 354 -3097 53.73 -34.60
S6 582 -3529 393 -31.87 1747 -44.84
S7  66.69 -36.48 75 -37.49 62.61 -3593
S8 56.1  -3497 595 -3548 79.66 -38.02
S9 5559 -3490 51.8 -34.28 99.95 -39.99

Istatiksel hesaplamalarin ve analizlerinin uygulanmasinda
istatistiksel analiz programi kullanilmistir. Optimum

6l¢iilerin belirlenebilmesi i¢in program yardimu ile sinyal
giiriiltii oranlart igin grafikler ¢ikarilmustir. Sekil 8’de
SEA sonuglari neticesinde olusturulan parametre
seviyeleri i¢in S/N grafikleri gosterilmektedir.
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Sekil 8. SEA sonuclarina gore parametre seviyeleri (a)
Onden carpma, (b) yanal ¢arpma, (c) burulma

SEA sonuglarinin Taguchi metodu ile optimum tasarim
parametrelerinin belirlenmesi igin yapilan ¢aligmalarin
sonucunda geniglik 450 mm, uzunluk 680 mm ve
yiikseklik 460 mm bulunmustur. Optimum tasarim
parametreleri ile yapilan SEA sonuglarina gore 6nden
garpma durumu igin 44.76 MPa, yanal ¢arpma durumu
i¢in 25.62 MPa, burulma durumu i¢in ise 33.66 MPa von-
Misses gerilmeleri bulunmustur. Sekil 9’da SEA
sonuglarina ait sonuglar gosterilmektedir.

(@)

Tirne: 1
12.06.2018 14:39

25,616 Max

(b)

3
ype: Equivalent (von-Mises) Stress
nit: MPa

Time: 1
12.06.2018 14:46

0,00038818 Min

(©

Sekil 9. SEA sonuglari (a) Onden garpma, (b) yanal
carpma, (¢) burulma
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Optimum tasarim parametreleri bulunmus olup aracin
hareket sinirlart degerlerinin bulunmast i¢in hazirlanmis
olan program arayiiziine girilmistir. Aracin tirmanabilme
acist 25.52°, yanal devrilme agisi 34.85°, ivme siniri
14.74 m/s2 bulunmustur. Bu degerler kabul edilebilir
olarak degerlendirilip aracin iiretimi gergeklestirilmigtir.
Sekil 10°’da optimum parametrelerle tasarlanmig insan
veya yiik tasima aracinin iiretimi saglanan goriiniimii ve
tasarimi gosterilmektedir.

Literatiirde bulunan baz1 ¢alismalarda [6] unsur,
geometrik ve montaj tabanli parametrik tasarim
yazilimlar gergeklestirilmektedir. Fakat literatiirdeki bazi
calismalarda sadece tasarim gergeklestirilmis olup bu
calisma da yazilim vasitasi ile tasarim gergeklestirildikten
sonra degerlendirme kriterleri eklenilmistir. Ayrica
Vb.NET programlama dili ile arayiiz olusturulmustur.
Hareket smurlarinin tespiti, esdeger gerilme, toplam
agirlik, optimum tasarim gibi kriterlerin uygunlugu da
degerlendirilmistir. Ayrica bazi calismalarda geometri,
unsur ve montaj tabanli olarak gelistirilen algoritmalar ve
sonrasinda farkli kriterlere gore ihtiya¢ duyulan tasarimlar
elde edilebilmektedir [33, 34]. Baz1 ¢aligmalarda [35] ise
topoloji optimizasyonu gibi tasarim sadelestirme igin
calismalar gergeklestirilmektedir. Bu ¢alisma da ise
parametrik tasarim sonrasi Taguchi metodu ile optimum
tasarim i¢in parametrelerin degerleri tespit edilmistir.

Sonuc¢

Miisterilerin veya farkli ihtiyaglar sebebiyle makine
tasarimlarinda hizli degisiklikler istenilebilmektedir.
Siirenin uzamasi iretim Oncesi siirenin artmasmna ve
miihendislik maliyetinin de artigina sebep olabilmektedir.
Parametrik tasarim uygulamalan ile iriine &zgi
parametreler tanimlanarak bu siireg verimli hale
gelmektedir. Bu calismada insan veya yilk tagima
amaciyla tasarlanan aracin katt modeli i¢in Vb. NET ile
Solidworks CAD programi haberlestirilip 17 degisken
tanimlanacak arayliz hazirlanmigtir. Bu parametrelerin
optimum degerleri SEA ve Taguchi metodu kullanilarak
belirlenmis olup uzunluk, genislik ve yiikseklik ana
parametrelerine gore 9 adet tasarim 120 saniye iginde
olusturulmustur. Olusturulan tasarimlar igin aracin 6nden
¢arpma, yanal carpma ve burulma durumlar i¢in SEA
gerceklestirilmistir. SEA sonuglart neticesinde Taguchi
metodu ile optimum ana degisken parametreleri
belirlenmistir. Optimum tasarima goére SEA sonuglart
onden carpma i¢in 44.76 MPa, yanal ¢arpma durumu igin
26.62 MPa, burulma durumu ic¢in 33.66 MPa
bulunmustur. Aracin yapisal olarak emniyetli oldugu
belirlenmis ve hareket sinirlart i¢in hazirlanan program
araylizli ile tirmanma agis1 25.52°, yanal devrilme agis1
34.85° ve ivme sinir1 14.74 m/s2 bulunmustur. Aracin
yapilan optimizasyon calismasi neticesinde genel yapi
itibariyle emniyetli oldugu belirlenmistir.

Bu c¢alisma neticesinde, makinelerin iretim Oncesi
tasartm ve analiz siiregleri icin bu yaklagim ve
uygulamalar ile gergeklestirilen degerlendirmeler,
miihendislik maliyetini azaltmak, can kaybin1 6nlemek ve
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yapisal emniyeti saglamak igin Onerilmektedir. Ayrica
literatiirde bulunan bazi ¢aligmalardan farkli olarak
parametrik tasarim yazilim arayiizii ile daha pratik ve
kullanish uygulama hazirlanmis olup geometri, unsur,
par¢ca, montaj ve birbirleri ile iligkileri tanimlanarak
olusturulan algoritma ve uygulamalar 6nerilmektedir.

Etik kurul onay ve ¢ikar ¢catismasi beyani

Hazirlanan makalede etik kurul izni alinmasina gerek
yoktur. Hazirlanan makalede herhangi bir kisi/kurum ile
¢ikar ¢atismasi bulunmamaktadir.
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the diffusion-affected region is examined by the optical microscope, and the possible phases are tried to
be determined by the XRD analysis. The micro stiffness values of the connection area are analyzed.

Introduction

Titanium materials have a major role in industrial aviation
in the commercial market because of their resistance to
high strength and temperature corrosion [1] - [3]. GR5
(Ti6Al4V) materials are o+p Ti alloys, and these alloys
contain between 10-50% of the pB-phase at room
temperature [4]. The SX 316 is a version of the SX 304
with enhanced molybdenum and a slightly higher nickel.

The resulting composition of this SX 316 gives the steel
much higher corrosion resistance in many aggressive
environments. Molybdenum makes the steel more resistant
to cavitation and cracks corrosion in chloride-
contaminated environments. A lower overall corrosion
ratio in slightly abrasive environments provides the steel
with a good atmospheric corrosion resistance in dirty
marine atmospheres [5].

The most important alloy element to help ensure corrosion
resistance in stainless steel is chromium, and it must be
weighted at least 11% of the composition. In addition of
nickel and molybdenum to the chemical compound, the
corrosion resistance of steel is increased further [6].

The diffusion source is a process where welded parts are in
close contact by heating up to a certain temperature under
controlled pressure. The diffusion bond, as its name
suggests, contains the internal diffusion of atoms along the
interface of the solid and sometimes liquid welding, and is
a local plastic deformation and maximum surface
approach that allows the creation of atomic diffusion and
high-strength connection be- tween two welded parts [7] -
[9].

The production of quality diffusion weldings with low
plastic deformation appears to be possible by using a soft
intermediate layer between inter surfaces and GR2 and
GR5-rich titanium alloy materials, using the aluminum
arcade, constant pressure in the argon protective gas
atmosphere (5 MPa), constant time (55 min) and 850, 900
and 950°C are combined with diffusion welding method in
a problem-free manner [10], [11].

Titanium and alloys exhibit different characteristics if they
are in the martensite alpha structure and they have a needle
shape. For example, alloys with a coaxial grain structure
have high sponges and strength, high styling capability,
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and high resistance to tensile corrosion cracking, while
alloys with needle grain construction have excellent
creeping resistance and good fracture toughness [12].

Aydin, Hidiroglu, Kaya, and Kahraman have determined
that the diffusion of titanium to copper and copper to
titanium happens at different distances and densities. They
have observed that it is caused by atomic diameters,
activation energies, and cage structures [13].

Akca and Giirsel have investigated the impact and
importance of the intermediate layer in diffusion welding.
They have found that one of the best intermediate layer
materials is copper, based on their results using different
metal duos and different metal intermediate layers because
copper has high thermal conductivity and the ability to
transmit which allows higher heat flows [14]. Akca and
Giirsel have combined aluminum with titanium alloy by
using diffusion welding at a constant temperature of 560-
600-640°C for 60 min and under the influence of argon
gas. They have determined that hardness values increase
when the welding temperature increases and titanium
begins to take place in the B-phase structure [15].

AISI 304 stainless steel has been combined successfully
with (86.86 SiO»%) porous ceramic material with high
silicon by diffusion welding using an intermediate layer,
but there has not been enough fusion at temperatures
below 850°C [16]. Atasoy has argued that the optimal
intermediate material parameters should be selected to
combine titanium and low-carbon steel materials with
diffusion welding and have obtained the highest
intermediary strength in samples combined with 90
minutes and at 850°C in the study [17].

Metal corrosion caused by acids creates a regional
problem near the source of contamination. The main cause
is due to dry air build-up. For metal surfaces in contact
with the soil, the increase in acid in the soil is proven by
data to be a factor that increases the risk of corrosion [18].

The Vickers test is usually easier to use than other
hardness tests because the necessary calculations are
independent of the indent size and the indentation can be
used for all materials regardless of hardness. Precision
cutting is used to separate samples or cut a sample into a
very precise position [19], [20]. Surface roughness is one
of the reasons that affect the quality of the diffusion
welding. Roughness affects the time required for
maximum bonding between welded surfaces. During the
fusion process, especially the wave-length long rough is
important. High pressure and long welding time must be
applied to eliminate gaps. Because diffusion depends on
temperature and time [20].

In diffusion welding studies using a cart, the regions with
the highest hardness values are those close to the interlayer
[22]-[26].

Increasing the temperature in interlayer diffusion welding
works is positive for the formation of more intermetallic
phases [27].

Material and Method
Materials

GR5 (Ti6AIl4V) is a material commonly used in aerospace
and space, biomedical and automobile sectors, consisting
of pure titanium at a minimum of 99% purity. Besides
being lightweight, GR5 is separate from similar materials
with its ability to resist corrosion at high levels and show
high strength. SX steel is high silicon-content austenitic
stainless steel with the ability of good quality of welding
and excellent corrosion resistance in high concentration
sulfuric acid and nitric acid. SX is used in areas such as
acid coolers, acid piping systems, acid distributors, acid
towers and tanks, pumps, nozzles, internals, strainers and
mesh pads. With improving technology, the need for steel-
titanium materials that are resisted to acid and made with
welded joint is increasing. Commercially supplied for
distribution welding, GR5 and SX steel are prepared by
cutting underwater on the precision cutting machine of
10x6 mm. At 99.5% purity of 30pum thickness, the hand-
held Cu foil in Alpha Aesar is used as searchable. The
chemical components of the materials are given in Table
1.The cutting stages of the samples are shown in Figure 1.

Figure 1. 1) Precision cutting machine, 2) Cutting metals.

316



DUJE (Dicle University Journal of Engineering) 14:2 (2023) Page 315-323

Table 1. Chemical components of SX and GR5 materials

Element Fe C Si Mn P S Cr Ni Mo Cu
SX 55 <0.025 50 05 <0.045 <0.030 175 195 04 20
Element Ti \Y Al
GR5 93.32 35- 268
4.20
Table 2. Mechanical properties of materials.
SX GR5 Cu
Density (g/cm?®) 79 4,51 8,96
Melting Point (°C) 1540 1660 1085
Modulus of Elasticity 200 110 120
(MPa)
Thermal 11 219 413
Conductivity(W/m°C)
AFM Analysis observed with AFM analysis. When the wavelength of the

The surfaces of the materials to be combined with the
diffusion welding are polished with 180-240-360-400-600-
800 and 1000 mesh water based sanding and then the
surfaces are made to be ready for surface topography
application with the AFM (Atomic Force Microscope)
device. Surface analysis and surface roughness
measurement with AFM have been applied to all three
material surfaces. The wavelength difference of roughness
on the surface of all three materials has been noticeably
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Figure 2. AFM images of GR5 materials topography.
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SX and copper is examined, a homogeneous surface image
is obtained. However, when looking at the wavelength of
titanium surface roughness, it has been observed that a
more heterogeneous surface formed than the other two
materials (Figure 2, 3, 4). The reason is thought to result
from the fact that surface roughness, arithmetic average
deviation (RA), quadratic average roughness, and the
value of Rq (RMS) on GR5 are higher than the other two
material types (Table 3).
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Figure 3. AFM images of SX materials topography.
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Figure 4. AFM images of GR5 materials and Atomic Force Microscope.

Table 3. Surface roughness values (um).

Materials Ra Rq
Cu 0.0039 0.0046
SX 26.854 33.782

GR5 53.168 60.940

Diffusion Welding

Three groups (M1, M2, and M3) for experiments and three
samples for each group are prepared and the average of the
applied test results is calculated. The samples are welded
with specially prepared equipment for diffusion welding,
sending argon gas with a purity of 99.9% to the high-
temperature oven at a 3 It/min flow rate (Figure 5).

Figure 5. Diffusion welding furnace.

Microstructure Analysis

Samples combined with diffusion welding are cut
perpendicular to the intermediate surface with a precision
cutting device with a diamond disc for microhardness
measurement (Figure 6). The surfaces are then sanded
with 400- 600-800-1000-1200 and 2000 grit respectively,
then polished with 9, 6, and 3um diamond paste, and dried
with dry air (ultrasonic) by applying the alcohol and high-

Figure 6. Schematic view of samples prepared for
diffusion welding.

Test samples are welded at temperatures 980, 1000, and
1020°C in 60 minutes at SMPa constant pressures. The
welding parameters applied to the samples are given in
Table 4.

Table 4. Diffusion Welding Parameters

Parameters M1 M2 M3
Pressure(MPa) 5 5 5
Temperature(°C) 980 1000 1020
Time (min.) 60 60 60

frequency sound waves to a liquid-filled tank. Samples
prepared for analysis with the optical microscope (Nikon
Epiphot 200 Inverted) are etched in solution 6ml HF, 9ml
HNOs3, and 85ml H,O (King water) and dried with hot dry
air after they are washed with distilled water and cleaned
with alcohol.
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Microhardness Measurements

The microhardness values of the samples are measured in
the AOB Vickers hardness device (Figure 7). Hardness
measurement is carried out by applying the 50 grams load
for 10 seconds. Average microhardness values are taken
after approximately 9 different points and 3 measurements
from each point at approximately 10um intervals are
carried out (Figure 8).

Interlayer

[21].

Diftusion Zone

Figure 8. Microhardness measurement points.

Results and Discussion
Microstructure Results

The samples are successfully combined with the diffusion
welding method using Cu intermediate layer. When the
microstructure images of the test samples are examined,
dense diffusion zones are observed in M3 samples at 5
MPa pressure, 1020°C, and 60 minutes of standby time.
The intermediate layer does not create contrast, the
microstructures on both sides of the intermediate layer are
the opposite of each other. In the sample shown in Figure
4, Cu intermediate layer, the area affected by diffusion,
and the martensite-like needle structure directed from GR5
materials to the intermediate layer are observed. In the
welded samples, a good intersurface connection with
optimum mechanical properties is obtained (Figure 9). In

addition, no gaps have been observed in the area adjacent
to the main materials on both sides of the copper interface
and no cracks have occurred in the joint area. During
diffusion bonding, titanium, copper, iron, chrome, and
nickel atoms have mixed in the copper interface. At
welding temperature, iron and nickel have formed
continuous solid solutions in irregular shapes, and the
elements Ti, Ni, Cu, Fe, and Cr have produced the possible
phase distributions seen in Table 3 along the intermediate
layer. It has been observed that more titanium atoms are
enriched in the middle and depleted in the area adjacent to
the main metal. The distribution of iron has shown a
model similar to titanium. The Cu component is
concentrated in the center section and less Cu is detected
on both sides of the center section.
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The microstructure image of sample M3 is shown in
Figure 11 and Figure 12 of the possible phases resulting
from the welding. Based on the EDS analysis result of the

Figure 10. Optical microstructure images of materials M1, M2 and M3
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Table 5. EDS analysis results.

Interlayer

sample, element content is provided in Table 5. According

to the analysis results, both the intermediate layer and the

combined materials have been diffused mutually.

Analysis Ti \Y Al C Fe Cr Cu Ni Si Possible
Points  (at 96) (at%) (at.%) (at%) (at.%) (at.%) (at%) (at.%) (at %) Phases
1 - - - - 54 18 - 20 8 Fe17NicCreSis
2 - - - - 55 15 - 20 10 SinCriFessNiz
3 - - © 219 509 142 125 535 12g | CooCrelNleSlsCunCa
Fe100Crs7Ni19SissCu41Cag

4 ; - - - 525 145 175 - 155  FeyCrsSinCus
5 4961 - - - 2274 575 11,34 636 421  Tihigh level
6 7024 - 5,28 - 893 383 862 310 - Ti high level
7 8765 7 374 161 - - - - - TinAlVaCs
8 9461 - - - - - - - - TizesAlso
9 8749 747 504 - - - - - - TizsrAlaVa
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Figure 11. EDS analysis graph.
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Figure 12. Points and graphics analyzed by EDAX.

When analyzing the EDS analysis of the M3 samples of
the most intensive diffusion, around 75 pm on the GRS
side and 50 um on the SX side, the elemental diffusion is
observed. The presence of low carbon in the analysis is
thought to have caused the increase in Chrome-Nickel
diffusion. Because carbon is a transition element, it has
been observed that the increasing welding speed of high
rates of carbon can reduce the diffusion of the specified
elements.

Microhardness Results

When the microhardness values of the samples are
examined, the hardness of all samples in the diffusion area
has higher values than the main materials (Table 6). The
hardness has made a peak in the intermediate layer area,
then reached the approximate values of the main materials.
Possible phases in the intermediate layer zone have
allowed the sample to achieve extreme hardness values
(Figure 13).
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Table 6. Microhardness table.

Material -40 -30 -20 -10 0 +10 +20 +30 +40
M1 166.6 305.4 462 655.9 559.8 546.3 453.9 412.7 340.4
M 2 168.9 307.6 316.8 464.4 570.9 573.8 568.1 427 369.4
M3 183.4 336.4 325.2 368 533.2 476.8 485.6 419.8 405.8

(Vickers hardness value standard ranges for materials: SX: 210-270 HV, GR5: 330-380 HV, Cu: 40-120 HV)

T e 4 i

8/2022

10:47:34 AM_| 20.00 kV | 5 000 x

—5 pm ——

DUBTAM

Figure 13. SEM image and hardness graph.

General Results

The combination of the GR5 titanium alloy and SX steel
materials is developed at different temperatures using a
copper intermediate layer and the following results have
been achieved. In the combination with GR5 and SX
copper interface, the diffusion of elements has created a
solid solution rich in Fe, Ni, and Ti in the transition zone.
This results in higher hardness values in the intermediate
area. No microfractures or gaps are identified along the
intermediate surface. It may have reduced the possibility
of microfractures in the samples during the high plasticity
diffusion pressure that is likely to occur on the
intermediate surface. Metallographically, the most
significant diffusion zone has been found in M3 samples
combined at 1020°C. The highest hardness value occurred
in M2 samples of 573.8 HV. When examining
intermediary surfaces and diffusion zones of welded
connections, we have extensively found Fei7NisCrsSis,
Si21Cri7FesgNizo, TignAlzV3Cs, Ti1z7AnaVu,
Fe17CrsSizoCus, Fe130CrasNi1aSiesCuzsCos,
Fe190Crs7Ni19SigsCua1Csg phases in all samples with the
XRD analysis results.
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The robot arms often follow a certain trajectory depending on the type of end effector with functions of
spray-painting, arc welding, bonding or machining etc. Therefore, trajectory-tracking control is a very
important issue in robot arm applications. Also, the robot must be able to follow the determined trajectory
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simulation applications. According to simulation studies, successful results were obtained.

Introduction

Robot arms are widely used in industrial application areas
to do certain operations like welding, painting, proper
positioning systems, etc. In these operations, the end
effectors of the robot arms are required to move from one
point to another or to follow certain trajectories as closely
as possible. Trajectory tracking control is used to achieve
desired trajectories. The motion tracking control of robots
is one of the difficulties because of uncertainties such as
load variations, friction, external disturbances, unknown
nonlinearities, and a time-varying dynamics system.
Therefore, trajectory-tracking control has become the most
fundamental research area in the control of robot arms.
Many algorithms and methods in the literature have been
proposed and performed to keep accurate position control
and stability in robot arms.

Computed torque control is an efficient motion control
approach for robotic manipulators [1]. Wijesoma and
Richards [2] suggested a method for robust accurate
trajectory tracking of manipulators based on the computed
torque method and variable-structure systems (VSS) theory.
Researchers also use computed torque control for parallel
manipulators [3], and master-slave robot manipulator
systems [4]. Artificial intelligence methods compared to

analytical methods are widely used for motion control of
manipulators. Saad et al. [5] investigated the trajectory-
tracking problem to control the nonlinear dynamic model of
the SCARA robot with 2 Degrees of Freedom (2 DoFs)
using a DSP-based controller based on neural networks.
The controllers rely on learning from input-output
measurements rather than dynamics based on parametric
models. An adaptive neuro controller for robot
manipulators based on the radial basis function network is
suggested by Lee and Choi [6]. Sun and Wang [7] proposed
an approach based on an adaptive fuzzy control strategy for
robot manipulators. The control system is constructed by
combining three methods that are an independent joint
control strategy, generating initial rules, and online
parameter optimization through learning. An adaptive
decentralized control strategy was described by Hsu and Fu
[8] for the tracking control of robot manipulators driven by
current-fed induction motors. With this strategy, all signals
of closed-loop systems are limited to eliminate all
parametric uncertainties. In another study [9], a control
method called the fuzzy-based generalized predictive
control is applied to a nonlinear system to overcome the
limitations of the PID and the linear generalized predictive
control in operating points that differed from the controller
design specification. The studies of control strategy for
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robot motion control based on fuzzy logic and artificial
neural networks are also given in [10-14]. Sliding Mode
Control (SMC), Proportional-Integral-Derivative (PID),
and adaptive PID control methods have been used
effectively in robot motion control. Huseyinoglu and Abut
[15] implemented the SMC and PID control methods to
control the 2 DoFs robot arm. The dynamic statements of
the robot arm are derived by using the Lagrange-Euler
method. A brand-new kind of fuzzy-sliding mode controller
is addressed in [16]. To provide certain predictable
performances, a sliding mode controller for robust tracking
is initially created on the presumption that imposed system
uncertainties fulfill matching conditions. Mustafa [17]
presented a study using the three PID techniques for the
control of the 2-Revelutejoint robot. A PID control law
depends on neural networks and fuzzy PID controllers have
been used in trajectory tracking control of two DoF robot
arms [18]. Evolutionary algorithms (EAs) have emerged as
an alternative design technique for robot motion control
applications [19] and [20]. Real-time sliding mode and PID
control of triglide robot and RCM mechanism are presented
in [21] and [22]. Abut and Soyguder [23] used the adaptive
computed torque control method for real-time control of
bilateral teleoperation system. Then, they applied the
optimal adaptive computed torque control method to haptic
teleoperation robotic systems in order to eliminate dynamic
uncertainty, which is one of the main problems in haptic
systems [24].

Many researchers have used the Model Predictive Control
(MPC) method [25-27], which provides a more robust
control for robot trajectory. The basic concept of this
control approach is to predict the future behavior of a
system up to a determined finite prediction horizon time by
minimizing the finite horizon cost function defined under
the future states with some determined constraints.
Although the history of MPC dates back to Zadeh and
Whalen [28] and Propoi [29], its popularity has gradually
increased with its use in the chemical process industry [30-
31]. This control method generally relies on a system
attempting to predict the future behavior of the system for
each step in a defined horizon. While doing this, it is
ensured that the horizon objective function created is
minimized under certain constraints [32]. Houzhang et al.
[33], studied controlling a vehicle semi-active suspension
system by using an explicit model predictive control
approach in which the control law computation requirement
is low. Some researchers used MPC for controlling mobile
robots and autonomous ground vehicles under some
determined vehicles [34-35]. Guechi et al. [36], resented a
comparative control study of a planar two DoFs robot arm
by using MPC and LQ control methods. The nonlinear
dynamic equations of the robot were linearized by using the
feedback linearization method and the MPC control
parameters were optimized analytically minimizing a cost
function.

In this study, trajectory tracking control of 2 DoFs Selective
Compliant Assembly Robot Arm (SCARA) under external
force acting on the tip along the trajectory is performed by
using the MPC method.

Kinematic and Dynamic Equations of 2 DoFs
SCARA Robot

In this section, the kinematic and dynamic equations are
given for 2 DoFs SCARA robot. The parameters and the
coordinates of the robot are illustrated in Figure 1 below.

Trajectory line

Figure 1. 2 DoFs SCARA robot arm.

As seen in Figure 1, an external force (F) is applied to the
endpoint of the robot through the trajectory line. This force
is assumed to be perpendicular to link 2. The generalized
coordinates for link 1 and link 2 are 61 and 62, the torques
are t1 and 12 respectively. The lengths of the links are L1
and L2, and the positions of the center of gravity (G1, G2)
of the links c1 and c2. The position of the endpoint of the
robot in the x-y coordinate system can be calculated by
using Equation 1 with the angular displacements and the
dimensions of the links.

x = L, cos(0;) + L, cos(6; +6,) )
y = L, sin(8,) + L, sin(6; + 6,)

For a prescribed endpoint position in the x-y plane (in the
limits of the robot workspace), the required angular
displacements can be calculated by using Equation 2. The
kinetic and potential energy terms for a 2 DoFs robot can
be written for the links with Equation (3)

2 2 2 2
0. = cos—1 (XY —li=13
2 2LL,

2
0. = tan-1 y(Ly + L, cos 0;) — xL, sin 6, @
1 x(Ly + Ly cos 6,) + yL,sin 6,

1 2 52
T, = E(m1c1 +1,)67
Uy = mygcy sin 6y
1262 + c2(6; + 6,)° + -~
TZ =lm2 “‘2L191C2(91+92)C0592 + -
2 1 .. .
"'212(61 +02)
U, = myg(Lysin@; + ¢, sin(6; + 6,))

@)
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(a + 2B cos 0,)8; + (6 + f cos 0,)0, — -
T, = et . CS
! -+ B'sin 0,6,0, — Bsin 6, (6, + 6,)6,
TZ = (6 + B [o{0N Gz)él + 692 + B Sln 92912

Jo

The equations of motion of the SCARA robot are obtained
by using Lagrange Function as follows:

Where,

a=1+1+mc? +my(L% +c2)
B =myLic, (5)
6 = 12 + m2C22

The equations given in Equation 4 are non-linear and do not
contain potential energy terms as the SCARA robot moves
in the parallel plane to the ground. It can be rearranged in
compact form as follow:

Mé+C=1 (6)
Where,
M= [a+2ﬁcos€2 6+ﬁc0592]
15+ Bcosh, 6
é = {91 éz}T 7
C _ |:—2ﬁ Sin 92 919'2 - B Sin 92 922] ( )
f sin 6, 62
t={T1 T}T

Equation 6 is obtained for the system without an external
force. For an external force that is applied to the robot tip as
given in Figure 2, the effect of the force can be obtained
using the virtual work approach. The virtual displacements
of the tip concerning the joints can be written as in Equation
(8) and Equation (9).

<Fx(_Llsin91_L1 C0591 691 _2L2 Sln(91 + 92)_2L2 COS(Ql + 92) 6(91 + 92)) + "')

SRgzp = _L2 Sll’l(@l + 92)6(01 + 02)
6Rg2P == LZ COS(Gl + 92)5(91 + 92)

®)

aRglp = _Ll Sln@l 691 _L2 Sll’l(@l + 92)6(91 + 02)
6R2)/1P = Ll COS@l 691 +L2 COS(91 + 92)6(91 + 92)

Figure 2. The position vectors of the tip according to the
joints
The virtual works done by the applied force to the tip can
be determined with Equation (10).

Q. = F*8R3,p + FY8Ry p

10
Q, = F*8R3 p + FYSRy p (10)

The total virtual work can be obtained with Equation (11).

Q=010
_ (Fx(_Ll Sll‘l91 691 _2L2 Sll’l(@l + 92)5(91 + 92))
- A Fy(Ll COSQl 691 +2L2 COS(Ql + 92)6(91 + 92]

(11
)

The calculated moments acting on Joint 1 and Joint 2 can
be obtained with partial differential concerning 6; and 6.

(12)

0Q
T91 B E B A Fy(L:LCOSHl_Ll Sll’l91 691 +2L2 COS(91 + 92)_2L2 Sln(91 + 92) 5(91 + 92))
T _ a_Q _ <FX(_2L2 Sln(91 + 92)_2142 COS(91 + 92))5(91 + 92) + "‘)
%27 90,  \ -FY(2L,cos(8; + 6,)—2L, sin(6; + 6,) 5(6, + 6,))

The dynamic model of the robot with tip force is
rearranged as follows.
Mi+C+T=1 , T={Ty

To, 3" (13)

MPC Controller Design

In this section, the design of the MPC controller, which
is designed to follow the trajectory under the influence of
an external force acting on the tip of the SCARA robot,
whose general motion equations are given by Equation
(14) is given. Model predictive control (MPC) as
mentioned in previous sections is a robust control

method that minimizes a cost function with some
constraints for dynamical systems through a finite
horizon time [32]. The concept of this control method
depends on the prediction of the future response of the
examined dynamic system for each instance up to
horizon time by minimizing a cost function. An MPC
control block diagram is illustrated in Figure 3
schematically, where r, u, y, and z represent the desired
input, control signal, output, and disturbances
respectively.
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Figure 3. MPC controller system block diagram.

Equation (13) can be written as follows, together with the
related variables.

M@©6)6+C(6,8)+T®) =71 (14)

The error functions can be written as follows where
subscript (d) represents the desired condition.

e(t) = 04(t) —0(t)
é(t) = 64(t) — 6(t)
é(t) = 64(t) — 6(t)

(15)

By rearranging Equation 14, the following expression
can be obtained.

§ =M@ (‘r —c(0,6) - T(®)) (16)
Where u is the synthetic control vector as follows [36]:
u={u

Uz}’ (17

The actual control torque can be written by using this
synthetic control torque with Equation (18).
T=M@O)u+C(6,0)+T(®) (18)

The linearized decoupled equations are given as follows:
(19)

In the case of the selection of the control law as
proportional-derivative (PD) [36].

w = ki(014 —61) + kz(ém - 91)
. . (20)
Uy = k3(09 — 6,) + k4(92d - 92)
Where,
ki = wi; ky =200,
ks = w3 ; ks = 20,0, (21)
Using Equations (15-16) the following linearized

expression can be written for input to the system.
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u=0,+M©)(c(6,0)+T®) —1) (22)

Then the computed torque can be expressed with
Equation (23).

T=M(6)(6s—u)+C(6,0) +T(6) (23)

The input torque can be obtained using the control law as
follows.

T=M(6)(8, + K6 + Kpe) + C(0,0) + T(6) (24)

The prediction model can be written in the determined
time interval with horizon t to t+h assuming u(t)=u is
constant as follows:
9. (t + h’l) = u1h1 + él(t)
1
0,(t+hy) = u1h1 +6,(t)hy + 6,(t)
6,(t + hy) = u2h2 +6,()
1
0,(t + hy) = uzhz +6,(0)h, + 6,(0)

(25)

With constant reference angles, the cost functions can be
written with Equation (23).
= ef(t + hy) + ps€f(t + hy)

(26)
= eZ(t + hy) + p,e3(t + hy)

Here, p1 and p, are the weight factors. The required
control gains can be calculated with Equation (27).

o2 2R +4p,
1_h%+4,01’ 2_hi'|'4',01h1 97
oo 2 .k=2h%+4—p2 @
ST hZ4+4p, " Tt B3 +4p,h,

Using Equation (21) the following expressions can be
obtained.

6,(s) kK
014(s) B

0 _ ks
s2+kys+ky 0,5(8)  s?4kus+ ks

(28)

Equation (29) can be written using Equation (21) and
Equation (28) [36].

210, = 23hf + 4p, D wd = — 2

2+ aph, R
2w, = 23h§ + 4p, wf=—

12+ 4pyh, 1Z + 4p,

The weight factors can be calculated with Equation (30).

232 272
— wihy 2 — wshs
=—; =—" 30
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The roots of the equations obtained by substituting
Equation (30) into Equation (29) can be calculated as
follows [36].

/11,2 =20+ ’4(12 -2
/13,4 =20t /4‘622 -2

From Equation (31), for the positive weight factors
Equation (32) can be written.

24t -2 -4 /4512 —2<0
2453 -2) -4, /4522—2 <0

By choosing {1, &, w1 and w; as design parameters, hy,
and h; can be determined.

(1)

(32)

Trajectory Control Simulations

In this section, some simulation studies are given to show
the effectiveness of the MPC method for control
applications of the SCARA robot. The physical and
mechanical parameters of the robot used for simulation
studies are given in Table 1.

For simulation studies, a trajectory line illustrated in
Figure 1 was created between two points in the
workplace of the robot as (x1=0.438, y1=0.315; x,=0.168,
y2=0.491). The external force was assumed to be
perpendicular to link 2 through the trajectory line. The
linear position graphs with and without external force are
obtained for both the actual and the desired conditions
comparatively in Figure 4.

Table 1. The physical and mechanical parameters of

the SCARA robot.
Parameters Values
Li: Length of link 1 (m) 0.390
Lo: Length of link 1 (m) 0.156
cu: Center of gravity of link 1 (m) 0.195
C2: Center of gravity of link 2 (m) 0.078
m1: Mass of link 1 (kg) 3.3
m1: Mass of link 2 (kg) 0.3
I1: Mass moment of inertia for center of
gravity link 1 (kgm?) 0.12550
I.: Mass moment of inertia for center of 0.00183

gravity link 2 (kgm?)
F: External force (N) 1

61 Rotational displacement of link 1 (degree)
6, Rotational displacement of link 2 (degree)
71: Torque of link 1 (Nm)
72 Torque of link 2 (Nm)
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Figure 4. Comparison of the linear positions of the
actual and desired conditions for each link (a) without
external force, (b) with external force.

In addition, the angular positions for the desired and the
obtained conditions are given in Figure 5. The required
torques for the trajectory tracking through the determined
trajectory line are given in Figure 6 for free and with
external force conditions comparatively.
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Figure 5. Comparison of the angular positions of the
actual and desired conditions for each link (a) without
external force, (b) with external force.
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Figure 6. Comparison of the errors for each link (a)
without external force, (b) with external force.

Results and Discussion

In this study, trajectory control of a SCARA robot with 2
DoFs was carried out under the influence of a certain
external force acting on the tip of the robot through the
trajectory line. For this, the MPC method, which is a very
robust control method, was used. The PD control rule
was preferred as the control law to be used in the MPC
method. A trajectory line was created to be followed by
the tip of the robot arm. An external force with constant
magnitude was applied to the tip to be perpendicular to
link 2 through the trajectory line. Performing some
simulation studies, the desired and the controlled
position graphs were obtained for both with and without
external force conditions. The required input torques are
larger for the case of external force as expected.
According to the simulation results, the control of the
robot for both cases was performed successfully by using
the MPC method.
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Bu ¢aligmada, ultrasonik islemin diigiik dereceli linyit kdmiiriiniin kolon flotasyonu iizerindeki etkisi
aragtirtlmigtir. Ayrica ultrasonun giicii ve muamele siiresi flotasyon siireini 6nemli derecede etkilemis ve
en iyi degerler 60 Watt ultrason giiciinde ve 3 dakikalik muamele siiresinde elde edilmistir. Ultrasonik
islemin gii¢ degerlerinin ve muamele siiresinin daha fazla artmasi flotasyon basarisini olumsuz yénde
etkilemistir. Optimum kiil i¢erigi ve yanabilir verim degerleri 1000 g/ton toplayici ve 2000 g/ton kopiirtiicii
konsantrasyon degerlerinde elde edilmistir. Ultrasonik islemin uygulanmas: flotasyon reaktiflerinin
aktivitesini artirarak flotasyon siirecini iyilestirmistir. Ayrica ultrasonla yapilan deneylerde temas agisi
degerlerinin ayni deneysel kosullar altinda klasik yapilan deneylere gore daha yiiksek oldugu tespit
edilmistir. Sonug olarak,% 28,01 kiil igerigine sahip komiir, ultrasonik islem kullanilarak% 13,94 kiil
icerigi ve % 76,25 yanbilir verim ile zenginlestirilmistir.
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In this study, the influence of ultrasonic treatment on column flotation of low-grade lignite coal was
investigated. In addition, the power of ultrasonic and the time of treatment significantly influenced the
flotation process, and the best values were obtained at an ultrasound power of 60 Watt and a treatment
time of 3 min. The increase in the power values and treatment time of the ultrasonic process had a negative
effect on the flotation success. The optimum the ash content and combustible efficiency values were
obtained at 1000 g/ton collector and 2000 g/ton frother concentration values. The application of ultrasonic
treatment improved the flotation process by increasing the activity of flotation reagents. In addition, it was
found that the contact angle values were higher in the experiments performed with ultrasound compared
to the experiments performed without ultrasound under the same experimental conditions. As a result, coal
with an ash content of 28.01% was enriched with an ash content of 13.94% and a combustible yield of
76.25% using ultrasouic process.
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Giris

Ince boyutlu komiirlerin zenginlestirilmesinde flotasyon,
yag aglomerasyonu ve flokiilasyon yontemleri kullanilmakta
ve bu yontemlerde organik ve inorganik bilesenlerinin yiizey
ozelliklerindeki farkliliklardan yararlanilmaktadir.
Flotasyon isleminde, mineraller, uygun reaktiflerle muamele
edildikten sonra bazi mineralin yilizdiiriilmesi bazi
minerallerin ise bastirilarak  minerallerin  birbirinden
ayrilmast  saglanmaktadir. Kolon flotasyonunda ise
zenginlestirme, ince tane boyutuna sahip minerallerin
secimliligini  artirmak  i¢in  ters akim  teknigine
dayanmaktadir. Ayrica, konsantre ve artik {irlinlerinin
kolaylikla kontrol altinda tutulabilmesi, se¢imliliginin
yiiksek olmasi ve enerji tasarrufu saglamast kolon
flotasyonunun sagladigi bazi 6nemli avantajlardir [1]. Kolon
hiicreleri, 6zellikle yiiksek hidrofobisiteye sahip cevherlerde
oldukga iyi sonuglar vermektedir.

Ultrases dalgasi, nadir ve sikistirma dongiileri olarak sirayla
yayilirken, nadir dongiide olusan mikro kabarciklar,
stkistirma dongiisiinde anlik bir ¢okmeye neden olarak
lokalize bir enerji patlamasi olusturur. Buna kavitasyon denir
ve ultrason igleminin en 6nemli dzelligidir [2-5]. Kavitasyon
kabarciklar1 “gecici kavitasyon” ve "stabil kavitasyon"
olarak ikiye ayrilir [3]. Gegici kavitasyon kabarciklari,
boyutlarinin geniglemesinden sonra pozitif basing yart
dongiisii sirasinda siddetli bir sekilde ¢oker ve bir¢ok kiiglik
kabarciga boliiniir [3,6]. Kavitasyon kabarciklarinin yapilari,
kabarciklar ve parcaciklar arasindaki mineralizasyonun
verimliligini etkilemektedir. Son yillarda, ince komiir
parcaciklarinin flotasyon performansini iyilestirmek igin
ultrasonik islem kullamilmaktadir [2, 4, 5, 7-16]. Ultrases
isleminin flotasyon c¢alismalarinda olumlu etkisinin nedeni
olarak, akustik kavitasyonun partikiil yiizeylerini temizledigi
ve reaktiflerin  etkisini kolaylastirmak igin  slam
kaplamalarini en aza indirdigi ve bdylece reaktif tiiketimini
azalttig1 belirtilmektedir [17]. Ayrica, flotasyon islemi
sirasinda ultrasonik kavitasyon sonucu olusan mikro
kabarciklarin, kabarcik-kdmiir baglanma verimliligini
artirdig belirtilmistir [7]. Bununla birlikte, ultrases isleminin
fiziksel ve kimyasal etkileri heniiz agiklanamamstir.
Ultrasonik islemin farkli yogunluklarda ve siirelerde
kullanimmin yani sira farkli yontemlerde (6n islem ve
eszamanli) kullanimi da farkli sonuglara yol agmaktadir.
Ultrases isleminin 6n islem olarak kullanildigi flotasyon
calismalarinda flotasyon basarisindaki artis, mineral ylizeyin
gecici kavitasyon etkisi ile temizlenmesine ve dolayisiyla
flotasyon reaktiflerinin siispansiyonda daha iyi dagilmasina
baglanmstir [9,10,13,14,18,19].

Bu calismada yiiksek kiil igerikli linyit komiiriiniin kolon
flotasyonu ile zenginlestirilmesi ve ultrases on iglemin etkisi
arastirilmistir.  Ayrica, optimum c¢alisma kosullari tespit
edilerek ultrasonik 6n iglemin komiirlin yanabilir verim, kiil
icerigi ve temas acist degerleri {lizerindeki etkisi
belirlenmistir.

Malzeme ve Yontem

Malzeme
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Deneylerde Konya'nin Ilgin ilgesinden temin edilen linyit
ornegi kullanilmistir. Linyit numunesinin 6zellikleri Tablo
1’de verilmistir. Nem analizi, ASTM D 3173-03 2010
Standart Test Metoduna gore yapilmistir [20]. Kiil analizi,
ASTM D 3174-04 2010 Standart Test Metoduna gore
gergeklestirilmistir [21]. Komiiriin kalorifik degeri tayini
standartlara uygun olarak Leco AC-350 marka cihaz
kullanilarak belirlenmistir [22]. Komiir 6rneklerinin sabit
karbon igerikleri ise; nem, kiil ve ugucu madde igerikleri
toplaminin 100°den ¢ikarilmasiyla hesaplanmigtir. Partikiil
boyut analizi bir lazer kirinim dlger (Malvern Mastersizer
2000, UK) kullanilarak yapildi ve 6giitiilmiis numunelerin
dgo boyutunun 140 pm oldugu tespit edilmistir (Sekil 1).
Toplayici olarak kullanilan gazyagi, yerel petrol biirosundan
tedarik edildi ve gazyaginm yogunlugu 0.8 g/cm® olarak
bulundu. Kopiirtiicii olarak %98 saflik derecesine sahip
Metil izobiitil Karbinol (MIBC- C¢H140) kullanilmistir. Bu
calismada Bandelin (Sonopuls HD 3200) marka ultrasonik
cihaz kullanilmig ve cihaz 20 Khz frekansa sahiptir.

Tablo.1. Linyit 6rneginin kuru bazda 6zellikleri

Kiil Nem Sabit Kalori
(%) (%) Karbon Degeri
(%0) (MJ/kg)

28.01 245 16.9 14.1
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Sekil 1. Ogiitiilmiis numunenin tane boyut dagilimi

Kolon flotasyon deneyleri ve ultrasonik islem
Flotasyon deneylerinin yapildigi kolon 1 L hacminde ve 40

cm yiiksekligindedir. Kolon igerisine hava bir kompresor
yardimiyla verilmekte ve verilen havanin debisi 300
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cmS/dak’dlr. Flotasyon deneyleri i¢in siispansiyon cam
silindirik bir beherde 5 g kémiir numunesi ve 100 cm?®
damitilmig  su kullanilarak  hazirlanmistir.  Hazirlanan
stispansiyon manyetik karistirict ile 1000 dev/dak karistirma
hizinda 3 dakika karigtirildi. Daha sonra gazya@i yagi
stispansiyona eklendi ve siispansiyon 5 dakika tekrar
karistirilarak  sistem durdurulmustur. Kolon flotasyonu
hiicresine kopiirtiicii ilave edildikten sonra hazirlanan
siispansiyon sabit bir hizla kolona verilmistir. Yiizen {iriin
alinarak filtre edilip, kurutulduktan ve tartildiktan sonra
yanabilir verim denklem (1) kullanilarak hesaplanmistir.
Yanabilir verim ( %)

A (100 — Akiil)

= 1005500 = Bran)

(1

Burada, A= Temiz kémiir yilizdesi, Ak = temiz komiir kiil
icerigi, B= besleme yiizdesi, ve Bk = besleme kiil igerigi

Yikama Suyu
- A
A

—~— Konsantre

Besleme
_—

Hava |

Kompresdr

l—' Artik

Sekil 2. Kolon flotasyonu deney diizenegi

Temas acis1 olciimleri

Flotasyon deney sonucunda yiizen malzeme filtrelenip,
kurutulduktan sonra 0.4 gram numune alinarak hidrolik pres
yardimiyla 25 MPa basing uygulayarak piiriizsiiz yiizeyli
peletlere déniistiiriilmiistiir. Ozel bir simga ile kati
yiizeylere bir damla su konularak ve elde edilen a¢1 otomatik
temas agist dlger (KSV ,CAM 101) ile dl¢iilmiistiir.

Bulgular ve Tartisma

Ultrasesin gii¢ degerleri ve muamele siirelerine bagli olarak
komiirtin kil igerigi ve yanabilir verimi iizerindeki etkisi
Sekil 3‘de sunulmustur. Sekil 3’a da gorildigi gibi
ultrasesin belirli bir gii¢c degerine (60 W) kadar komiiriin kiil
icerigi azalmakta, yanabilir verim artmaktadir, fakat daha
yiksek giic degerlerinde kiil igerigi degerleri artmus,
yanabilir verim degerleri azalmistir. Ote yandan, ultrases
muamele siiresin artmast komiir kiil icerigini ve yanabilir
verim degerlerini olumsuz etkilemistir. Flotasyon {izerine
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yapilan c¢alismalarda da islemin basarisinin ultrases gii¢
degerleri ve muamele siiresine bagli olarak degistigi ifade
edilmistir [18,23-25]. Uzun siireli ultrases muamelesinin
verimi azaltmasi, ultrasonik islemin komiir pargaciklarim
parcalamasi, pargaciklarin boyutlarindaki azalmaya bagh
olarak yiizey alanlarini arttrmasi ve bunun sonucunda
kullanilan  toplayict  miktarinin  yetersiz  kalmasina
baglanabilir. Bir¢ok c¢alismada, komiir boyutundaki
azalmanin verimde bir azalmaya yol ac¢tigini belirtilmistir
[8,26-31]. Ayrica, Ozellikle korna tipli ultrasonik
cihazlarinin kavitasyon kabarciklarinin ¢ékmesi sonucu gok
giiclii bir fiziksel kesme kuvveti olusturdugu ve bu kuvvetin
flotasyon iglemleri sirasinda kabarcik-pargacik baglanmasini
azaltigi kaydedilmistir [16,18,32]. En iyi sonuglar, 60
Watt'lik bir ultrases gii¢ degerinde ve 3 dakikalik bir islem
stiresinde elde edilmistir.
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Sekil 3. Ultrasesin gii¢ ve muamele siiresine bagli olarak
komiirtin kiil icerigi ve yanabilir verim tizerine etkisi
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Sekil 4, ultrasonik islemin  toplayicinin  farkh
konsantrasyonlart igin linyit silispansiyonunun kolon
flotasyonu iizerindeki etkisini ortaya koymaktadir. Tim
deneylerde kil igerigi degerleri belirli bir gazyagi
konsantrasyonuna (1000 g / ton) kadar azalmig ve ardindan
gazyagl konsantrasyonunun artmastyla artmigtir. Ote
yandan, ultrases igleminin kullanildig1 deneylerde de kiil
icerigi degerleri toplayict konsantrasyonuna bagli olarak
benzer sekilde degismekle birlikte, daha diistik kiil igerigi
degerleri elde edilmistir. Ultrases muamelesinin uygulandigi
deneylerde kiil igerigindeki azalma ultrasonik islemin
temizleme etkisine baglanabilir. Mao ve digerleri (2019b),
tarafindan yapilan flotasyon ¢alismasinda da benzer sonuglar
kaydedilmistir [14]. Bu galismada ultrasonik 6n islemin
geleneksel flotasyona gore kiil icerigini daha fazla azalttigimi
belirtmislerdir. Celik (1989) tarafindan yapilan ¢alismada
ultrasonik 6n islemin hidrofobik kat1 yiizey iizerinde temiz
ylizeyler ve mikro kabarciklar olusturdugunu ve kabarcik-
partikiil baglanmasinda artiga neden oldugunu belirtmistir.
Ghadyani ve digerleri (2018), ultrasonik 6n islemin yiiksek
kiil igerikli komiiriiniin flotasyon iizerindeki etkisini
aragtirdilar ve SEM analizi sonuglarina gore, organik olarak
zengin pargaciklarin yilizeyinin, islenmemis numunelere
kiyasla goériiniiste daha temiz oldugunu gostermislerdir [10].
Xu ve digerleri (2017), komiir yiizeyindeki hidrofilik
oksitlenmis tabakanin, komiiriin flotasyonunu ve verimini
iyilestiren  ultrasonik  islemin kavitasyon etkisiyle
uzaklastirildigimi belirtmislerdir [9]. Ote yandan, komiir
siispansiyonunun yanabilir verim degerleri 1000 g/ ton
toplayict konsantrasyonunda en yiiksek degerine ulasmis,
ancak daha yiiksek toplayict konsantrasyonlarinda ise
azalmistir. Sekil 4 den goriildiigii gibi ultrases muamelesi
komiir slispansiyonunun yanabilir verim degerlerini
artirmistir.  Flotasyon c¢alismalarinda, ultrasesin irettigi
kavitasyon etkisiyle birgok kii¢iik kabarciklarin olustugu ve
bu kabarciklarin flotasyon islemine yardimci olarak
flotasyon verimliliginde artisa neden oldugu belirtilmistir
[13-15,33,34].
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Sekil 4. Ultrasonik iglemin toplayict konsantrasyonuna bagl
olarak komiiriin kiil igerigi ve yanabilir verim lizerine etkisi

Sekil 6, ultrasonik islemin, kopiirtiicii konsantrasyonunun bir
fonksiyonu olarak komiir siispansiyonunun flotasyon
tizerindeki etkisini gostermektedir. Klasik flotasyon
deneylerinde, kopiirtiicii dozajina baglh olarak kiil icerigi
degerleri azalmig ve yanabilir verim degerleri artmustir.
Ultrasonik islem kullanilarak yapilan deneylerde, kopiirtiicii
dozajmin kiil igerigi ve yanabilir verim degerleri iizerindeki
etkisi benzerdi, ancak daha basarili sonuglar elde edildi.
Kopiirtiicii konsantrasyonuna bagl olarak ultrasonik iglemin
yanabilir verimi artirmasi kopiirtiiciiniin ~ slispansiyon
icerisinde daha iyi dagilmasma baglanabilir. Ultrasonik
islem uygulanan flotasyon deneylerinde flotasyon
basarisindaki artig, mineral yiizeyin gegici kavitasyon etkisi
ile temizlenmesine ve dolayisiyla flotasyon reaktiflerinin
siispansiyonda daha iyi dagilim saglamasina baglanabilir
[9,10,13,14,18,19].
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konsantrasyonuna bagli olarak komiiriin kiil icerigi ve
yanabilir verimi iizerine etkisi

Sekil 6. Hava hizinin kolon flotasyonu iizerindeki etkisini
sunmaktadir. Kolon flotasyonunda, flotasyon basarisini
etkileyen parametrelerden biri hava hizidir. Sekilden
goriilebilecegi gibi, 10 L/dak hava hizina kadar kiil igerigi
degerleri azalmig, yanabilir verim degerleri artmistir. Ancak
hava hizimin daha yiiksek seviyelere c¢ikarilmast kiil
iceriginin artmasina dolayisiyla yanabilir verimin de
azalmasina yol agmistir. Yiiksek hava hizlarinda yanabilir
verimin azalmasi, kolon igerisinde fazla hava nedeniyle
kabarciklarin birlesmesine ve kabarcik ylizey alanmin
azalmasina baglanabilir. Literatiirden, hava hizi artmasiyla
verimin maksimum noktaya ulastigi, ancak kritik bir
noktadan sonra agsir1 kill artmasi nedeniyle azaldig
bilinmektedir [35-38]. Sonug olarak sistem i¢in en uygun
hava hiz1 10 L/ dak’dir. Bu hava hizinda yanabilir madde
verimi en yiiksek degerini almis olup, %76,25 olarak
bulunmustur.  Ultrasonik iglem kullanilarak  yapilan
deneylerde, hava hizina bagh olarak kil igerigi ve yanabilir
verim degerleri egrisi benzer sekilde degisim gostermekle
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birlikte daha yiiksek verim ve daha disik kil icerigi
degerleri elde edilmistir.
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Sekil 6. Hava hizina bagli olarak komiiriin kiil icerigi ve
yanabilir verimi

Sekil 7, (a) ultrasonik islem uygulanmamais ve (b) ultrasonik
islem uygulanmis komiir siispansiyonunun farkli toplayici
konsantrasyonu degerleri i¢in temas agisi 6l¢iim sonuglarint
vermektedir. Komiir siispansiyonunun temas agisi degerleri,
gazyag1 konsantrasyonuna bagli olarak artmistir, ancak bu
arti, ultrases muamelesinin uygulandigi deneylerde daha
yiiksek olmustur. Sekil 7°de goriildigi gibi, klasik
deneylerde temas agis1 degeri 123.21 ° iken, 1000 g/ton
gazyag1 konsantrasyonunda ultrasonik iglem ile 137 °’ye
yiikselmigtir. Benzer sonuglar, Giingoren ve digerleri (2020),
tarafindan da elde edilmis ve bu ¢alismada ultrasonik iglemin
belirli ¢alisma kosullarinda temas agisii arttirdigini
belirtmislerdir. Ultrasonik iglemin galen flotasyonu
iizerindeki etkisi Giingdren ve digerleri (2020) tarafindan
aragtirtlmis ve 2 dakikalik kondisyonlama siiresi boyunca
ultrases kullanilmadan yapilan deneylerde 43° olan temas
acist  degerinin  kondisyonlama  sirasinda  ultrases
uygulanmasi ile 55 °’ye yiikseldigini kaydetmislerdir [39].
Xu ve digerleri (2017), oksitlenmig komiiriin temas agisinin
belirli bir ultrasonik 6n iglem siiresinin uygulanmasiyla
arttigini, ancak islem siiresinin uzamasmdan olumsuz
etkilendigini belirtmiglerdir [9]. Ultrasonik muamele ile
temas agisindaki artigin nedeni literatiirde heniiz ayrintili bir
sekilde agiklanmamustir, ancak bu artis, toplayici ile mineral
ylizey arasinda koprii olusturan kavitasyon kabarciklarina
baglanabilir. Zhou ve digerleri (2009), tarafindan yapilan
flotasyon calismasinda hidrodinamik kavitasyon ile tiretilen
kiiclik kabarciklarin katilarin temas agilarini arttirdigini ve
oksit tabakasini ¢ikararak reaktif tiiketimini azalttigini tespit
etmislerdir [40]. Kursun ve Ulusoy (2015, ayrica hidrofobik
partikiillere yapisan kavitasyon kabarciklarinin temas agisini
artirarak kabarcik—partikiil ¢arpisma verimliligini artirdigini
ve boylece flotasyon verimde de artisa neden oldugunu
belirtmiglerdir [41].
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Sekil 7. Ultrases muamelesinin toplayict konsantrasyonuna
bagli olarak temas agisi iizerine etkisi

Sonuglar

Bu ¢aligmada ultrasonik enerjisinin yiiksek kiil i¢erikli linyit
komiiriiniin kolon flotasyonu performansi iizerindeki etkisi
arastirtlmistir. Ultrasonik 6n islemin kolon flotasyonunda
uygulanmast komiiriin kiil icerigi degerlerini azaltmig ve
yanabilir verim degerlerini artirmigtir. Ayrica, ultrases gii¢
degerleri ve muamele siireleri, komiiriin kolon flotasyonu
basarisint 6nemli dlglide etkilemis ve diisiik giic degerinde
kisa siireli ultrasonik iglem ile daha olumlu bir etki elde
edilmistir. Optimum gazyagi konsantrasyonunun 1000 g/ton
olarak bulunmus ve yiiksek konsantrasyonlarda gazyagi
kullanimi kil igeriginde artisa ve yanabilir verimde
azalmaya yol agmustir. En diisiik kiil igerigi ve en yiiksek
yanabilir verim, 2000 g/ton kopiirtiicii konsantrasyonunda
elde edilmistir. Ultrasonik islem kopiirtiici ve toplayici
konsantrasyonuna bagli olarak flotasyon basarisini
iyilestirmistir. Bu iyilesme, ultrasonik islemin mineral
yiizeyini kavitasyon etkisi ile temizlemesine ve dolayisiyla
flotasyon reaktiflerinin  aktivitesinin  artmasina ve
siispansiyonda daha iyi dagilmasina baglanmistir. Kolon
flotasyonu i¢in 10 L/dak hava hiz1 yeterli olmus, ancak daha
yiiksek hava hizlar1 komiir stispansiyonunun kiil igerigini
artirmig ve yanabilir verim degerlerini azaltmigtir. Komiir
siispansiyonunun ~ temas  ac¢1  degerleri, toplayici
konsantrasyonun artmasiyla artmistir ve ultrasonik islem ile
daha yiiksek temas agisi degerleri elde edilmigtir. Temas
agist ol¢timleri kolon flotasyon sonuglarini
desteklemektedir.

Etik kurul onay1 ve ¢ikar ¢catismasi beyani

Bu makalenin yazar1 bu ¢alismada kullanilan materyal ve
yontemlerin etik kurul izni ve / veya yasal-0zel izin
gerektirmedigini beyan etmektedir.
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Yazar herhangi bir ¢ikar catismasi olmadigmi beyan
etmektedir
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Bu calisma, Ce(IIl) baskili (IIP) ve baskisiz (NIP) polimerler kullanilarak cesitli lantanid iyonlarinin
varliginda cevher biinyesinde bulunan ve li¢ islemi ile ¢ozelti ortamina alinmis Ce(I1l) iyonunun ¢ozelti
ortamindan segici olarak ayrilmasi amactyla yapilmistir. Bu amagla kullamlan fyon baskili polimer (ITP)
ve baskisiz polimer (NIP) siispansiyon polimerizasyonu teknigi ile hazirlanmistir. Polimer sentezinde
Fonksiyonel monomer olarak N-metakriolilamido folik asit (MAFol) kullanilmistir. Hazirlanan
fonksiyonel monomer, kompleks monomer, baskili ve baskisiz polimerlerin karakterizasyon iglemleri
yapilmis bu sayaede beklenen yapisal degisiklikler desteklenmistir. Optimum deney kosullarini belirlemek
amaciyla pH, temas siiresi ve baglangic Ce(lll) konsantrasyonu gibi farkli degiskenlerin baglanma
ozellikleri tizerindeki etkileri arastirilmis olup elde edilen optimum kosullarda; pH 5-6 araliginda ve ideal
temas stiresi 15 dakika oldugu tespit edilmis olup, bu kosullarda Ce(III) baskili polimerin ve baskisiz
polimerin Ce(lll) baglama verimleri sirastyla 24,4 mg Ce(l1l) g* polimer ve 3,0 mg Ce(lll) g* polimer
olarak tespit edilmistir. Ce(IIl)'un cevher biinyesinde bulunan Th(IV), La(Ill) ve Eu(IIl) iyonlarinin
varliginda baglanma calismalar1 da Ce(Ill) baskili polimerler kullanilarak gerceklestirilmis olup
baskilanmis polimer, Ce(Ill) iyonlarina kars: yiiksek secicilik sergilemistir. Rekabet¢i kosullar altinda
tespit edilen baglanma sirasinin Ce(III) > La(III) > Th(IV) > Eu(IlI) oldugu yapilan deneyler neticesinde
tespit edilmistir.
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This study was carried out with the aim of selectively separating Ce(lIl) ion from the solution medium in
the presence of various lanthanide ions by using Ce(l11) imprinted (11P) and non-imprinted (N1P) polymers.
lon imprinted polymer (I1IP) and non-imprinted polymer (NIP) used for this purpose were prepared by
suspension polymerization technique. N-methacriolylamido folic acid (MAFol) was used as a functional
monomer in the synthesis of the polymer. The characterization processes of the prepared functional
monomers, complex monomers, imprinted and non-imprinted polymers were carried out and the expected
structural changes were supported. In order to determine the optimum experimental conditions, the effects
of different variables such as pH, contact time and initial Ce(l1l) concentration on the bonding properties
were investigated. It has been determined that the ideal contact time is in the pH 5-6 range and the ideal
contact time is 15 minutes, and the Ce(l11) binding yields of the Ce(l1l) imprinted polymer and the non-
imprinted polymer are 24.4 mg Ce(l11) g** polymer and 3.0 mg Ce(l11) g™ polymer respectively. Binding
studies of Ce(lll) in the presence of Th(IV), La(lll) and Eu(lll) ions in the ore were also carried out using
Ce(lll) imprinted polymers, and the imprinted polymer exhibited high selectivity towards Ce(lll) ions. It
was determined as a result of experiments that the binding order determined under competitive conditions
was Ce(Ill) > La(lll) > Th(1V) > Eu(lll).
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Giris

Stiper iletkenler, ikincil piller, manyetik ve
liiminesans o6zellikli malzemelerin yapiminda
mikro katki maddeleri olarak ve lazer
malzemelerinin yapiminda kullanildiklarindan
dolay1 seryum gibi nadir toprak elementlerinin
analitiksel metodlarla zenginlestirilmeleri son
yillarda bu yonde yapilan bilimsel ¢aligmalarin
ilgi odag1 olmustur [1,2]

Seryum ve diger nadir toprak elementlerinin
bulunduklart matrix ortamindan seg¢ici bir sekilde
ayrilmalar1t ve zenginlestirilmeleri i¢in cesitli
ekstraksiyon = metodlari, ekstraksiyon ve
kromatografik metodlar kullanilmistir [3-10].
Ancak wuzun yillardan beri kullanilan bu
geleneksel yontemlerin yiiksek ¢oziicii ve enerji
tiketimi ve diisiik secicilik gibi 6nemli
dezavantajlar1 vardir. Bu nedenle, daha yiiksek
secicilige, daha az islem adimina ve daha diisiik
zaman Ve enerji gereksinimlerine sahip yenilik¢i
teknolojilere ve islemlere ihtiyag vardir.

Iyon ve molekiil baskilama teknolojisi hedef
molekiil ya da iyonun ti¢ boyutlu (3D) sekline ve
islevlerine uyarlanmis gozenekli polimerik
yapida baglayic1 gruplara sahip olan oldukga
yiiksek secicilige sahip malzemelerin sentezi i¢in
kullanilan bir yéntemdir [11,12]. Iyon/molekiil
baskilama siirecinde, bir polimerik adsorbanin
seciciligi, fonksiyonel monomerin 6zgiilliigiine,
koordinasyon geometrisine, hedef iyon ve
molekiillerin  koordinasyon sayisina, varsa
yiiklerine ve tanecik boyutlarina baghdir [13-21].
Son yillarda, eser diizeydeki metal ve nadir
toprak iyonlarinin iyon baskili polimerler
(ITP'ler) kullanilarak segici olarak ayrilmalar1 ve
zenginlestirilmeleri ~ olduk¢a  6nemli  bir
analitiksel ayirma konusu haline gelmistir [22-
30].

Bu c¢alismada, Ce(Ill) iyonlarinin bastnazit
cevherinden ve sulu ¢ozeltilerden segici olarak
ayrilmast icin iyon baskili polimer (IIP)
sentezlenmistir.  Bu  amagla  sentezlenen
polimerde fonksiyonel monomer olarak N-
metakrilamido folik asit (MAFol) ve capraz
baglayict olarak da etilen glikol dimetakrilat
(EDMA)  kullanilmistir. Hazirlanan  Ce(III)
baskili (IIP) ve baskisiz (NIP) polimerlerin
yapisal karakterizasyonlar1 (FT-IR, SEM, EDX)

gerceklestirilmis ve cevher bilinyesinden ¢ozelti
ortamina alinmig Ce(III) iyonlarinin segici olarak
baglanma davranislart analiz edilmis ve oldukga
basarili ayirma sonuglar1 elde edilmistir.

Materyal ve Metod

Calismada, kullanilan  kimyasallar ~ Sigma
Aldrich marka Folik asit, Ce(NO3)3.6H20,
La(NO3)3.6H20, Eu(NO3)3.6H20, Th(NO3)a,
benzotriazol, poli(vinilalkol) (PVA) (MW
27000), 2,2'-azobis (izobiitironitril) (AIBN),
etilen glikol dimetakrilat (EDMA) ve HPLC
dereceli ¢oziiciiler kullanilmustir.

Karakterizasyon caligmalarinda Fourier
doniisimii  kizilotesi  spektroskopisi  (FT-IR)
analizleri Perkin—Elmer Model Spectrum 400
spektrometresi ile, sentezlenen polimerlerin
spesifik ylizey alan1 analizleri Nova 2200 Model
ylizey alan1 ve gbézenek boyutu analiz cihaz ile,
Taramali  elektron = mikroskobu  (SEM)
goriintlileri ve EDX bilesen analizleri ise FEI
Quanta marka FEG 250 SCE model cihaz
kullanilarak yapilmistir.

Ce(lll) ve diger nadir toprak elementlerinin
analizleri Agilent 7700 Serisi indiiktif olarak
eslesmis plazma-kiitle spektroskopisi (ICP-MS)
sistemi kullanilarak yapilmistir. Cihazin ¢alisma
kosullar1 RF giicii= 1600 W, 6rnekleme derinligi
= 6 mm, analiz cihaz1 basin¢ = 5,47x 107° Pa,
carpisma hiicresindeki helyum akist = 4,99
mLmin? ve plazma sicakhigi = 9876 K olacak
sekilde ayarlanmistir. Biitlin analizler % 95
giiven seviyesinde 3 defa tekrar edilmistir.

Fonksiyonel Monomer (N-methacryloylamido
Folic Acid (MAFol)) Sentezi

Fonksiyonel monomer olarak kullanilan N-
methacryloylamido Folic Acid (MAFol, asagida
aciklandig gibi daha 6nce literatiirde kaydedilen
yonteme [28] gore hazirlanmistir. Folik asit 1 m
mol olacak sekilde 50 mL deiyonize su iginde
¢oziildii. Cozelti ortaminda anyonik formda folat
iyonlar1 elde etmek i¢in ortam pH’1 1 M NaOH
ile 9—-10'a ayarlandi. Daha sonra bu c¢ozeltiye
dioksan igerisinde ¢Ozlilmiis  metakriloil
benzotriazol ¢ozeltisinden stokiyometrik oranda
ilave edildi. Olusan karisim oda oda sicakliginda
30 dakika kanstinldt  ve  reaksiyonun
tamamlanmasi, ince tabaka kromatografisi
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(TLC) ile izlendi. Reaksiyon sona erdikten sonra
¢Oziicii olarak kullanilan dioksan vakum altinda
buharlastirilarak  uzaklastirildi.  Reaksiyonun
sonunda sulu fazin pH'in1 5—6'ya ayarlamak igin
0.1 M HCI ilave edildi ve son olarak sulu faz,
%85 verimle sar1 bir mikro kristal olan MAFol
monomerini elde etmek igin vakum altinda
buharlastirildi. MAFol fonksiyonel monomerinin
sentezi Sekil 1'de sematik olarak verilmistir.

0, OH

0
L @K N”K/\/"”
N N§/\NH Z 0
2/

-/N N | Dioxane
:;iQ ' H,N’QN/ N "
0
Methacryloyl benzotriazole Folic acd
0, OH
b
OH N NH OH
0PN N W
N-Methacryloylamido folic acid (MAFol)
Sekil 1.  Fonksiyonel ~ Monomer  (N-
methacryloylamido Folic Acid (MAFol)) Sentezi
MaFol-Ce(l1l1)  Kompleks  Monomerinin
Hazirlanmasi
Kompleks ~ monomer  olarak  kullanilan

MAFol—-Ce(IlIl) sentezi icin MAFol (0.50 g, 2.0
mmol), 15 mL kloroform i¢inde ¢oziildii. Daha
sonra bu ¢ozeltiye yavas yavas Ce(NO3z)3.6H20
(0.22 g, 1.0 mmol) ilave edildi ve oda
sicakliginda 24 saat karigmasi saglandi.
Sentezlenen kompleks monomer siiziildii, etanol
ile yikand1 ve 24 saat 50°C'de vakumlu bir firinda
kurutuldu.

Ce(IIT) Baskili Polimerin Hazirlanmasi

Ce(I1) baskili polimer asagida aciklandigi gibi
siispansiyon polimerizasyon teknigi kullanilarak
hazirlanmistir [28]. Bu amagla 6ncelikli olarak
0.2 g poli(vinil alkol) (PVA) 50 mL deiyonize su
icinde c¢oziilerek sulu dispersiyon ortami
hazirlandi. Daha sonra onceden hazirlanmig
MAFol-Ce(lll) kompleks monomeri 5,0 mL
dimetil siilfoksit (DMSO) i¢inde ¢oziildii ve bu
¢ozelti EDMA/toluen (2,0 mL/10,0 mL) karisimi
ile birlikte karistirildi ve son olarak reaksiyon
ortamina baglatict olarak 30 mg AIBN ilave

edildi. Hazirlanan ¢6zelti cam polimerizasyon
reaktoriine yerlestirilmis dispersiyon ortamina
aktarild1 ve oncelikli olarak 5 dakika azot gaz1 ile
temizlendi. Polimerizasyon reaktorii once 70
°C'de sicakliktaki termostatli bir su banyosuna
daldirilarak 6 saat boyunca 600 rpm sabit
karistirma hizinda karistirildi. Daha  sonra
sicaklik 90°C'ye yiikseltilerek 3 saat siiresince
karistirma islemi devam ettirildi. Polimerizasyon
isleminin sona ermesinden sonra reaksiyona
girmemis baslatici, monomer, ¢apraz baglayici,
diger raektif ve  ¢oOzeltileri  ortamdan
uzaklagtirmak amaciyla etanol-deiyonize su
karigimi ile birkag defa yikandi. Polimerin
icerisine  baskilanmig  Ce(III)’un  polimer
yapisindan uzaklastirilmasi amaciyla 5 M HNO3
ile 24 saat etkilestirildi ve bu islem sonucunda
sadece Ce(III) iyonuna 6zgii baglanma bolgeleri
olusturuldu. Hazirlanan Ce(III) baskili polimerin
sematik gosterimi  Sekil 2'de  verilmistir.
Calismalarda tiim deneylerde baskilamanin
avantajin1 géstermek amaciyla kullanilacak olan
baskisiz polimerin (NIP) sentezi de ayni teknik
ile gerceklestirilmistir.

5o 'Ce("]) ».-’- ~OM,

.
OH,

H,0 .

& N
N " :

HNT [ N / =N NH
HO <( & X Vk N ]/ ’(‘I =0
HO

s

Sekil 2. Ce(lll) Baskili Polimerin Sematik
Gosterimi

Karakterizasyon Calismalari

Hazirlanan Ce(III) baskili ve baskisiz polimerler
FT-IR, SEM, EDX ve sisme testleri ile
karakterizasyon ¢aligsmalar1 yapildi.

Polimerlerin  FT-IR spektrumlart igin, kuru
polimer partikiilleri (yaklastk 10 mg) KBr
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(yaklasik 100 mg) ile karistirildi ve pellet teknigi
ile tablet formuna preslendi ve ardindan
spektrumlari alindi.

Polimerlerin SEM analizi ig¢in, iletkenlik
saglamak ve 151 hasarindan korumak i¢in altin
nanopartikiilleri ile kaplandi ve hazirlanan
polimer partikiilleri platin yilizey {izerinde
biriktirildi. Daha sonra 5000 kat ve 13000 kat
bliyiitmeler ile elde edilmis SEM goriintiileri
cekildi.

Polimerlerin su ile sisme davraniglar1 baglama
performanslari icin nemli bir parametredir ve bu
nedenle  hazirlanan  polimerlerin  sisme
davranislart degerlendirilmistir. Polimerlerin
sisme davranigini degerlendirmek icin, NMR
tiipleri 1 cm'ye kadar kuru polimer ile dolduruldu
ve polimer partikiillerinin 2 saat distile suda
dengelenmesi saglandi. Daha sonra sisme orani

Sisme Oram (%) = Vﬁismis - Viuru / Viuru (1)
formiilii ile hesaplanmaistir.

Optimizasyon Calismalari (Temas Siiresi, pH,
Baslangi¢c Ce(I1I) Derisimi EtKisi)

pH'!n Ce(Ill) iyonlarinin baskili ve baskisiz
polimere baglanma {izerindeki etkisini incelemek
amaciyla her bir polimerden (IIP ve NIP) 25’er
mg almip pH 2-9 arasinda ¢ozeltilerde
hazirlanmis 10 ppm Ce(Ill) ¢ozeltileri ilave
edilmistir. Hazirlanan bu ¢ozelti 30 dk
etkilestirildikten sonra her karigimdan 1 mL'lik
¢ozelti alind1 ve ICP-MS ile analiz edilmistir.

Temas siiresinin baglanma verimine etkisini
incelemek amaciyla belirlenen optimum pH’da
25’er mg polimerler ile 2 mL 10 ppm Ce(l)
cozeltisi ilave edilip 5, 10, 15, 20, 25 ve 30
dakikalarda karisimlardan 1’er ml’lik 6rnekler
alinip ICP-MS ile analiz edilmistir.

Baslangi¢c Ce(Ill) derisimin etkisini incelemek
amaciyla 10 mM NHsAc (pH: 5,5) tamponlari
igerisinde hazirlanmis farkli  derisimlerdeki,
Ce(lll) ¢ozeltileri ile 25’er mg polimerler
etkilestirilmis ve 15. dakikanin sonunda her bir
¢ozeltiden 1’er mL’lik 6rnekler alinarak ICP-MS
ile analiz edilmistir.

Tekrar Baglanabilme Calismalar

Hazirlanan Ce(III) baskilt polimerin tekrar tekrar
kullannmim1 ~ belirlemek  amaciyla yapilan
deneylerde, 25 mg baskili polimer alinmig tespit
edilen optimum kosullarda ayr1 ayr1 Ce(III)
cozeltileri ile en az 10 kez etkilestirilmis ve
baglanma verimlerinde azalma yada degisiklik
olup olmadig: aragtirilmigtir.

Secicilik Calismalari
Ce(IIT) baskilt polimerin Ce(Ill) iyonuna
seciciligine  yonelik  yapilan  deneylerde,

Ce(II)-La(Ill), Ce(I)-Th(IV) ve Ce(II)-
Eu(Ill) ayr1 ayrt ikili karigimlar1 belirlenen
optimum kosullar altinda 25’er mg’lik
polimerlere ilave edilmis ve islem sonunda her
bir ¢ozeltiden 1’er mL alnmis ICP-MS ile analiz
edilmisgtir.

Ce(111) iyonunun baskil1 polimer ve sulu ¢ozelti
arasindaki dagilim katsayisi, asagidaki denklem
kullanilarak belirlenmistir:

Kg=(Cb—Cs/Cs) X (V/m) 2)

denklemdeki Kqg dagilim katsayisi olup Cp ve Cs
sirastyla baslangic ve son cozelti
konsantrasyonlaridir. denklemdeki V ¢dzeltinin
ml tiiriinden hacmi olup, m ise baskili polimerin
gram olarak kiitlesidir.

Gergcek oOrneklerde Ce(IIl) iyonu ile birlikte
bulunabilecek iyonlarin varliginda Potansiyel
olarak karisan iyonlarin varlifinda secicilik
katsayis1 (k) ve baskili polimerin baskisiz
polimere gore segicilik katsayisi (k') olarak
gosterirsek;

k= K(Ce(l 1)) / K(kal’l$tlr101iy0n) (3)

k' = Ky /Kinip) (4)

denklem 3’teki Kceayy Ce(lll) iyonunun
dagilma oranmi ve Kanstunciyon), 1S€ Ortamda
bulunabilecek yabanci iyonlarm  dagilma
oranidir.

Bastnazit Cevherinde Bulunan Ce(III)’un
Secici olarak Ayrilmasi

Bastnazit cevherinde bulunan Ce(lll) iyonunun
hazirlanan baskili ve baskisiz polimerler ile
cevher bilinyesinde bulunan diger lantanidlerin
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varhiginda tespit edilen optimum kosullarda
baglanma verimlerini incelemek amaciyla
yapilan deneylerde, oncelikli olarak cevher
numunesinden 1 g alinmis ve derisik HNO3 ve
H>SOs kullanilarak  mikrodalga destekli ligi
yapilmistir. Li¢ isleminden sonra ¢ozelti ortamina
alman Ce(Ill) ve diger lantanid ¢ozeltisi ph’1
5,5’e ayarlanmig ve saf su ile 100 ml’ye
tamamlanmigtir. Hazirlanan bu li¢ ¢ozeltisi ile
tespit edilen optimum kosullarda baskili ve
baskisiz polimerler etkilestirilmis islem sonunda
alinan 6rnekler ICP-MS ile analiz edilmistir.

Deneysel Bulgular
Karakterizasyon calismalari

Sentezlenen fonksiyonel monomer (MaFol) ve
kompleks monomer (MAFol—Ce(III))
karakterizasyon caligmalarinda FT-IR
spektroskopisi kullanildi. Sekil 3’te goriildigi
iizere MAFol monomerinin O—H esnemesi
(~3228 cm™), COO— grubu esnemesi (~1690
cm?), N-H esnemesi (1606 ve 1510 cm™) ve
C—-H biikiilmeleri nedeniyle ana karakteristik
absorpsiyon bantlar1 (1406 ve 1334 cm™)
gozlendi.
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Sekil 3. Fonksiyonel Monomer ve Kompleks
Monomerin FT-IR Spektrumlari

Hazirlanan Ce(Ill) baskili  polimerin ve
baskilanmamis polimerin karakterizasyonlar1 da
FT-IR spektroskopisi kullanilarak yapildi. Sekil
4'te goriildiigii izere polimerlerin omurga yapilari
benzer oldugu icin birbirine ¢ok yakin FT-IR
spektrumlar1 gozlendi. FT-IR spektrumlarinda
capraz baglayiciddan  kaynakli  fonksiyonel
monomerden COO— grubu esnemesi (~1650 cm"
1), C-H esnemesi (~2900 cm™) ve C-O esnemesi

(~1000 cm?) gibi  absorbsiyon pikleri
gozlenmekle birlikte yapiya Ce(IIl) iyonu girmesi
ile 1650 cm™deki absorbsiyon pikinde
komplekslesmeden kaynakli ¢atallasma ve diger
pik bolgelerinde diisik miktarda kaymalar
gozlendi.
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Sekil 4. Baskili (MIP) ve Baskisiz (NIP) Polimerin
FT-IR Spektrumlar

Ce(I1I) baskil1 polimerlerin 5000 kat ve 13000 kat
oraninda biiylitiilmiis SEM goriintiileri Sekil 5'te
verilmistir. SEM goriintiilerinden de gorildiugii
tizere sentezlenen polimerik taneciklerin kiiresel
yapida ve gozenekli olduklar tespit edilmistir.

DOBTAM |00 15 | DUBTAM 100260 S

Sekil 5. Ce(lll) Baskili Polimerin SEM
Goritintiileri (a) 5000 kat biiyiitiilmiis (b) 13000
kat biiyiitiilmiis

Ce(IlT) baskili ve baskisiz polimerlerin temel
bilesimlerini  belirlemek amaciyla enerji
dagilimhi X-151n1 analizi (EDX) spektrumlarn
alinmis EDX spektrumlar Sekil 6’da verilmistir.
Sekil 6(a)’daki EDX spektrumunda goriildigi
tizere baskisiz polimerin metal bolgesinde pik
olmadig1, buna karsin sekil 6(b)’deki Ce(III)
baskili polimerin EDX spektrumunda metal
bolgesinde pik meydana geldigi ve polimerik
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yaptya Ce(Ill) iyonunun baglandigimi agikg¢a
gostermektedir.
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Sekil 6. Baskili (IIP)  ve Baskisiz (NIP)

Polimerlerin EDX Spektrumlar

Hazirlanan baskili ve baskisiz polimerlerin sisme
deneyleri distile saf su kullanilarak NMR tiipleri
icerisinde gerceklestirilmis olup Ce(Ill) baskili
polimerin ve baskisiz polimerin denge sisme

oranlar1 sirasiyla %44.7 ve %21.4" olarak tespit

edilmistir.

Ce(IIT) Baglanmasinda Optimum Kosullarin
Belirlenmesi

(a) Optimum pH Tespiti

Cozelti ortamindan metal

baglanmasini etkileyen en onemli

parametrelerden biri pH faktoriidiir. pH faktorii

yani ortamin hidrojen iyonu derisimi metal

iyonlarinin ortamdaki ¢oziiniirligiinii ve polimer
yapt lzerindeki fonksiyonel gruplar1 igeren

baglanma bolgelerinin iyonizasyon durumunu

etkileyebilir. Yapilan deneylerde uygun asit, baz
kullanilarak  ¢ozelti
2.0-9.0 araligina

ve tampon ¢Ozeltiler
ortamindaki pH degerleri

EIP ENIP

% BAGLANMA

i

8 9

PH

Sekil 7. Ce(Ill) Baglanma Verimine pH Etkisi

Sekil 7°den de goriildiigii lizere diisik pH’da
baglanma veriminin diisik olmasi ortamdaki
pozitif yiiklii hidrojen iyonu derisiminin yiiksek
olmasi ile polimerdeki baglanma bolgelerini
protonlamasi ile agiklanabilir. Yiiksek pH'da ise
baglanma veriminde meydana gelen azalma ise
yiiksek pH’larda ortamda meydana gelen OH™ ve
O? iyonlarindan dolay1 Ce(III) iyonlarmin oksi
ve hidroksi formlarina doniisiip polimerik yiizeye
baglanma istegini kaybetmesi ile agiklanabilir.

(b) Optimum Temas Siiresi Etkisi

Temas siiresinin Ce(III) baglanmasi {izerine
etkisini incelemek amaciyla yapilan deneylerde
25’er mg baskili ve baskisiz polimerlerin
bulundugu ortamlara 2 ml 10 ppm Ce(lll)
¢oOzeltileri ilave edilmis 5, 10, 15, 20, 25 ve 30
dk’larda deney ortamindan c¢ozeltiler alinarak
ICP-MS cihazinda analizleri yapilmis ve
baglanma i¢in yeterli olan siire tespit edilmistir.
Elde edilen sonuglar sekil 8’de verilmistir.

tyonlarinin
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TEMAS SURESI (DK)

verimlerinin degisimi incelenmis ve elde edilen

sonuglar Sekil 7'de verilmistir. Sekilden 7’de
goriildiigi tizere Ce(lll) maksimum baglanma

Sekil 8. Ce(lll) Baglanma Verimine Siire Etkisi

veriminin pH 5.0—6,0 pH araliginda oldugu tespit

edilmistir.
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Sekil 8’de goriildiigi iizere Ce(Ill) baskili
polimerin olduk¢a hizli bir sekilde Ce(III)
iyonlarin1  bagladigi ve ¢ozelti ortamindaki
Ce(III) iyonlarmin tamaminin baglanmasi igin 15
dk’lik bir siirenin yeterli oldugu tespit edilirken
tespit edilirken, ayn1 baglanma etkinligi
baskilanmamis polimerde goriilmedigi tespit
edilmistir.

(c) Baslangi¢c Ce(IlI) Derisimi ve Baglanma
Kapasitesi Tespiti

Ce(Ill) derisimine bagli olarak tespit edilen
optimum pH ve siirede baglanma kapasitelerini
belirlemek amaciyla yapilan deneylerde ayni
miktar baskili ve baskisiz polimer {izerine farkli
derisimlerde Ce(IIl) ¢ozeltileri ilave edilmis ve
etkilestirilmistir. Islem sonunda geriye kalan
Ce(ll1) analizleri ICP-MS ile yapilmis ve elde
edilen sonuglar sekil 9’da verilmistir.
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Sekil 9. Ce(lll) Baglanma Verimine Derisim
Etkisi

Sekil 9’dan da goriildiigli iizere iyon baskill
polimerin  baglanma etkinligi 2000 ppm
diizeyindeki Ce(Ill) derisiminde sabitlenmeye
basladigt  tespit  edilmis  olup  yapilan
stokiyometrik hesaplamalar sonucu baskili
polimerin maksimum baglama kapasitesinin 24,4
mg Ce(Ill) g polimer oldugu tespit edilmistir.
Ayn1  kosullarda baskilanmamis polimerin
maksimum baglama kapasitesi ise 3,1 mg Ce(lll)
g polimer oldugu tespit edilmistir. Elde edilen
bu sonu¢ baskilanmis polimerin avantajini agik
bir sekilde ortaya koymaktadir.

Secicilik Calismalar:

Hazirlanan baskili ve baskisiz polimerler ile
cozelti ortaminda bulunan Ce(Ill) iyonunun
yaninda bulunabilecek diger nadir toprak
elementlerinin yaninda segici olarak baglanma
kosullarm1  incelemek  amaciyla  yapilan

caligmalarda Ce(III)-La(Ill), Ce(II[)~Th(IV) ve
Ce(lID—Eu(Il) seklinde hazirlanmis  2’li
karigimlar ~ belirlenen  optimum  kosullarda
polimerler ile etkilestirildi. Elde edilen sonuglar
Tablo 1’de verilmistir.

Tablo 1. Ce(lll), La(lll), Th(lV) ve Eu(lll)
iyonlarimn  baskili  (11P) ve baskisiz (NIP)
polimerler ile baglanmasinda  hesaplanan
Dagilim Katsayisi (Kp), Segicilik Katsayisi (k) ve
Bagil Secicilik Katsayisi (k') Degerleri

% Binding Ko (mL/g) k
lon 1P NIP 1P NIP 1P NIP
Ce(l11) >99,9 37,8 8340,0 42,9
La(lll) 22,4 33,4 26,4 26,7 246,6 0,73
Th(Vv) 18,5 37,6 21,5 23,4 301,5 0,81
Eu(lll) 15,5 35,8 18,7 20,0 274,0 0,87

Tablo 1°den de goriildiigii tizere Ce(IlI) baskili
polimerin ¢ozelti ortaminda bulunan diger iyonlar
yaninda Ce(Ill) iyonuna oldukca yiiksek bir
secicilik gosterdigi tespit edilmistir. Baskisiz
polimerde ise biitiin iyonlar icin ylizey
adsorbsiyonu kaynakli bir miktar baglanma
aktivititesi goriilmektedir.

Tekrarlabilirlik Calismalar:

Ce(IID) baskilt polimerin yeniden
kullanilabilirligini  test etmek icin Ce(lll)
baglama ve eliisyon dongisi 10 kez

tekrarlanmistir. Sekil 10°da gortilebilecegi lizere
baskilt polimerin 10. Dongilide bile baglanma
etkinliginde bir degisme olmadig1 tespit
edilmistir.

% BAGLANMA,

TEKRAR DENEY SAYIS

Sekil 10. Tekrarlanabilirlik Deneyi
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Ger¢cek Numune Cahsmalarn (Bastnazit
Cevherinden Ce(III)’un  Secici Olarak
Ayrilmasi)

Bastnazit cevherinde bulunan Ce(lll) iyonunun
secici olarak cevher bilinyesinden ayirma
deneylerinde, ilk olarak temin edilen cevher
numunesi uygun tanecik boyutuna getirildikten
sonra HNO3-H2SO4 li¢i islemine tabi tutulmus ve
cozelti ortamina alinmistir. Cozelti ortaminin ph
degeri uygun tamponlarla 5-6 arasina getirilmis
ve blinyesinde bulunan Ce(III) iyonlarinin segici
olarak ayrilmast i¢in hazirlanan baskilt ve
baskisiz polimerler ile etkilestirilmis, islem
sonunda ICP-MS cihaz1 ile yapilan analizler
sonucu Sekil 11°de verilmistir.

100

P NIP

% BAGLANMA

Sekil 11. Bastnazit Cevherinde Bulunan Ce(Ill)
iyonunun Segici Ger¢ek Numune Calismalar

Sekil 11°den goriildiigii iizere belirlenen optimum
kosullarda cevher biinyesinde bulunan Ce(IlI)
iyonlarinin tamami baskili polimere baglanirken,
baskisiz polimere ise ayni kosullarda % 38’ler
diizeyinde Ce(ll) baglandig: tespit edilmistir.

Sonu¢

Ce(III) iyonlarina karsi yiiksek segicilikte afinite
gosteren  Ce(IIl)  baskili  polimer  (IIP)
hazirlanmistir. Hazirlanan baskili polimer ytiksek
ve secici baglanma etkinligi nedeniyle sulu
¢ozeltide bulunan La(lll), Th(IV) ve Eu(lll)
varliginda seg¢ici olarak Ce(IIl) iyonlari ayirma
potansiyeline sahip oldugu tespit edilmistir. Elde
edilen optimum kosullarda yeniden baglanma
calismalari IIP'nin baglanma bolgeleri ile Ce(l11)
iyonlar1 arasinda yiiksek afinite etkilesimlerinin
oldugunu gostermis olup; belirlenen optimum
baglanma kosullarinda bastnazit cevherinde
bulunan  Ce(lll) iyonunun segici olarak

ayrilmasinda oldukga etkili ve basarili sonuglar
elde edilmistir.
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Bu calismada; Kahramanmaras’ta yer alan bir termik santralden temin edilen C tipi UK, farkl: siirelerde
ogiitiilerek farkli oranlarda ¢imento ile ikame edilmis ve Alkali silika reaksiyonu (ASR) tizerindeki etkisi
incelenmistir. Tlk 6nce ugucu kiil igermeyen referans numune karigimlart ASTM C 1260 standardina gore
hazirlanmigtir. Daha sonra UK’nin, 0, 10 ve 20 dk 6giitme siireleri sonrasinda inceltilen malzemenin her
birini betonda ¢imento yerine % 10 ve % 30 ikame edilerek har¢ numuneleri hazirlanmistir. Elde edilen
numunelerin 3, 7, 14 ve 28 giinliik kiir siiresi sonrasinda ASR genlesme olgiimleri gergeklestirilmistir. Elde
edilen sonuglara gore; UK nin eklendigi numunelerin referans numunesine gére ASR boy degisim oranlari
azalmigtir. Ayrica 6glitme siiresinin ve ikame oraninin artmasiyla birlikte ASR boy degisim degerlerinde
diistis meydana geldigi goriilmistiir. Genel olarak 0, 10 ve 20 dk 6glitme sonrasi elde edilen farkli blaine
incelik degerine sahip UK’lin % 10 ve % 30 ikame oranlarinda ¢imento yerine kullanilarak hazirlanan harg
orneklerinin 3,7 ve 14 giinliik kiir siireleri sonrasinda ASR boy degisim degerlerinde artig gézlemlenmistir.
28 giinliik kiir siiresi sonrasinda ise artig gozlemlenmis ancak bu diger kiir siireleri sonrasinda elde edilen
degerlere kiyasla daha diisiik oldugu belirlenmistir. Boylece; UK ’iin 6giitmeye bagli olarak inceliginin ve
ikame oranimin artmastyla birlikte betonun biinyesindeki bosluklari doldurmasi sonucunda gegirimsiz bir
beton olugsmus ve betonda olusan ASR etkisini azaltmistir. Ayrica dgiitiilmiis ugucu kiiller har¢ 6rneklerinin
gecirimsizlik 6zellik kazandirmasinin yani sira toz baglayicihigindaki alkali (Na,O ve K;O) miktarini
azaltmasi ve Ca(OH),’yi C-S-H jellerine doniistiirmesini saglayarak ASR olusumunu engellemistir.
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In this study, the effect of the C-type fly ash from a power plant in Kahamanmaras on the Alkali silica
reaction (ASR) was examined as a result of the addition of different grinding times and different substitution
rates to concrete. First, reference sample mixtures without fly ash are prepared according to ASTM C 1260
standard. After the FA grinding times of 0, 10 and 20 minutes, mortar samples were prepared, replacing each
thinned material with cement in concrete with 10% and 30%. ASR expansion measurements were performed
after the 3, 7, 14 and 28 day curing period of the samples obtained. According to the results obtained, the
ASR height variation rates have decreased according to the reference sample of the samples where the FA
is added. It has also been seen that the reduction in ASR height variation values has occurred as the grinding
time and the substitution rate have increased. In general, an increase in the ASR height change values was
observed after the 3, 7 and 14 days of exchange of mortar samples prepared using cement at the FA's 10%
and 30% substitution rates with a different blaine thinness value obtained after 0, 10 and 20 min grinding.
After the 28-day curing period, the increase was observed, but it was determined that it was lower than the
values obtained after these other courtship periods. Thus, as the FA increased its fineness and substitution
rate due to grinding, it formed a non-permeable concrete and reduced the ASR effect of concrete as a result
of filling the gaps in the concrete. In addition, grinded fly ash has prevented the formation of ASR by
allowing mortar samples to be impasted, as well as reducing the amount of alkali (Na,O and K;0) in the dust
connector and converting CA(OH); into C-S-H gels.
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Giris

Betonun durabilitesini  etkileyen en onemli kimyasal
reaksiyonlardan biri Alkali Silika Reaksiyonu (ASR)’dur.
Betonda patoloji olarak bilinen en yaygin ve genel kimyasal
bozulma olaymin Alkali-Silika Reaksiyonu (ASR) oldugu
sOylenebilir. Bu reaksiyon portland ¢imento igerikli beton ve
harglar arasinda olusmaktadir. Bilindik bu reaksiyon reaktif
ince/kaba agregalardaki silisli fazlar ve ¢imento hamurunun
gozenek  c¢ozeltisindeki  hidroksil  iyonlar1  arasinda
olusmaktadir. Bu reaksiyon olusumu, gelisimi ve
stirdiiriilmesi, yeterli nem (beton i¢inde % 80 veya daha fazla
bagil nem), yiiksek alkalinite ve reaktif silisli fazlar gibi {i¢
temel kosulun bir arada olmasindan meydana gelmektedir
[1]. Bu kosullarin bir arada olmas1 sonucu jel (silisli-kalsitli-
alkali) meydana gelmektedir. Bu jel beton igerisinde bulunan
suyu emmesi sonucu i¢ basing olusturmaya bu da betonda
geniglemeye ve catlak olusturmaya neden olmaktadir [2].
Kalsiyum ASR olusumunda aktif role sahip olup reaksiyona
kismen katildig1 zaman ¢imento pastasi i¢erisinde genisleyen
jelin olusmasina sonucu bosluk ¢ozeltisinde alkalilerin
miktarinin artmasia sebep olmaktadir [3], [4]. ASR, yiiksek
su emme Ozelligine sahip alkali-silika jel olusturarak baslar.
Cimentodaki alkali oksitler (Na;O + 0.658 K0O) ile beton
icerisinde agregadaki reaktif silika (SiO2) kimyasal
reaksiyona girerek ASR reaksiyonunu olusturmaktadir [5].
ASR olusumunda reaktif agregalar; amorf silika (silikat
camlar1 ve opal), kararsiz kristal silika polimorflart
(kristobalit ve tridimit), koti sekillendirilmis kristal silika,
kafes yapisinda kusurlu kuvars ve mikro kristal kuvars igeren
kayaglar basta gelmektedir[1], [6]. Jelin igerisinde kimyasal
olarak betona zarar veren silika, kalsiyum, potasyum ve
sodyum bulunmakta olup zarar verme derecesi jelin
bilesimine, betonun gozenekliligine, partikiil boyutuna ve
kristal derecesine baghdir[7]-[11]. ASR jelinin suyu emme
ve sigme yetenegi Ca/Si orani1 belirlerken bu oran 0.20 olmasi
durumunda maksimum su emme ve sisme Kkabiliyeti
gostermektedir [11], [12].

ASR  Dbetonda yer degistirmelere, yiizeysel tortu
olusturmasina, catlamaya, parga atmasma ve genlesmeye
sebep olmaktadir. ASR olusumunu; kullanilan agrega
ozellikleri, betonun alkali igerigi, betonun gegirimliligi, nem
durumu, ortam sicakligi, dis alkaliler, buz ¢6ziicii tuzlar gibi
faktorlerin  etkiledigi bilinmektedir. ASR olusumunu
engellemede diisiik su/cimento orani se¢imi, mineral katki
kullanimi1 (ugucu kiil, silis dumani, yiiksek firin ciirufu vb.)
ile betonun gegcirimlilik 6zelliginin azaltilarak biinyesinde yer
alan nem ve alkalilerin hareketini kisitlayarak ASR
olusumunu azaltmak miimkiindiir. Ugucu kiil baglayicili
betonlar, ¢imento baglayicili betonlara gore ASR olusum
stirecinde farkli roller tistlenmektedirler[13]-[23]. Ugucu kiil
katkili betonlarda ASR genlesme potansiyeli sadece ¢imento
katkili betonlara gore daha diisiiktiir. Bu gibi Onemli
farkliligin altinda yatan ana sebep aliiminyum agisindan
zengin ugucu kiillerde aliimiina silikat kaynagi bulunmasidir.
Yiiksek alkali ortamda ugucu kiil aliiminyumun ¢éziinmesini
tesvik ederek agregada bulunan reaktif silisin ¢dziinmesini
engellediginden ASR olusumunu azaltmaktadir. Ayrica
ucucu kiilde kalsiyum igeriginin diisiik olmasi viskoziteyi
azaltarak hacmi stabil hale getirmesi ile ASR jelinin sismesini
azaltmaktadir [18], [24]. Ayrica; puzolanlar, ¢gimento harcinin
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pH icerigini diisiirmesi ile kirecin  ¢dziinmesini
engellemektedir. Kire¢ ¢oziinmediginden miktarmnda her
hangi bir degisiklik meydana gelmez ve bu sayede zarar
verici durum olusturmaz. Disik pH igerigi, silikanin
cozlniirligiinii diistirmesiyle alkali-silika jelin olusumunu
engellemektedir. Bunun yami sira ugucu kiiller betonda
bulunan bosluklar1 doldurmasi sonucu permabiliteyi
azaltmaktadir.  Permabilitenin  azalmasi ve  bosluk
¢ozeltisinde ASR sonucu olusan zararli iriinlerin hareket
mekanizmasi ile yayilimmin engellemesi ASR’nuna bagh
olusmast muhtemel zararlari minimuma digirmeyi
saglamaktadir [25].

Ucucu kiiller ve ¢imento arasinda olusan puzolanik
reaksiyona sonrasinda C-S-H jeli olusmaktadir. Puzolanik
reaksiyon karisimdaki kalsiyum miktarini diistirmekte, yani
ucucu kiiliin diisiik UK/SiO» oranina sahip olmasi yiiksek
alkali baglama 6zelligi gdstermesini saglamaktadir. Boylece
gozenek cozeltisinde bulunan alkalilerin miktarmi azaltarak
ASR reaksiyonunu kontrol altina almaktadir [26]. Soyle ki
¢imento hidratasyonu sonucu ag¢iga ¢ikan portlanditin
(Ca(OH)2) yiiksek kalsiyum igerigine bagli olarak ASR
olusturmada biiyiik etkisi vardir. Hidratasyon sonrasi olusan
portlandit ancak ugucu kiiliin puzolanik reaksiyonu sirasinda

farkli  bilegiklere  doniistiiriilerek ASR  olusumunu
engellemektedir [27]. Ayrica; betonda Ca(OH), varligi,
reaktif ~alanlarin  etrafinda yar1 gecirgen alanlar

olusturmaktadir [28]. Bu alanlar sayesinde Na* iyonlarinin
iceri gegisini, Ca*?>, OH" ve H,O molekiillerinin ise disari
cikisin1  engellemektedir. Sayet ortamda ugucu kiiliin
olmamasi ve porlandit ile reaksiyona girmeme durumu sz
konusu durumlarda ASR olugsmasi kaginilmazdir. ASR
olusmas: ile Si** iyonu malzemelerin reaktif alanlara
pompalanmasina ve zarar vermesine neden olmaktadir.
Ancak ortamda kalsiyumun bulunmamasi ya da ugucu kiiliin
puzolanik reaksiyon sonrasi kalsiyumu farkli bilesiklere
doniistiirmesi, ASR {iriinleri amorf silika sekline gegmekte ve
zarar verici boyutunu engellemektedir [29]. Ugucu kiiliin
puzolanik reaksiyonu ile betonda diisiik Ca/Si oranlarinin
kristal yapida olmasi, ASR iiriinlerinin olusmasma ve ASR
jelinin stabil sekilde olmasina neden olur. Bu jel ise beton
bilesiminde ugucu kiiliin kullanilmasi ve kiiliin bilesiminden
gelen yiiksek Ca ile bir araya gelmesi sonucunda C-S-H
yapisina doniismektedir [30], [31]. Ugucu kiiller beton
igerisinde kullanildiginda ¢imento hidratasyonu sonrasi a¢iga
¢ikan Ca(OH); bilesimini puzolanik reaksiyona dahil etmesi
ASR olusumunu engellemektedir. Ancak ugucu kiiliin beton
igerisinde ¢imento yerin kullanilmamasi durumunda da kireg
eklemek mikro yapisinda 2 tabaka seklinde kalsiyum, yiiksek
sodyum ve potasyum bandi olusturmaya neden olur ve bu da
genlesmeye, i¢ gerilmelerin artmasina sebep olmaktadir [32].
Bu yiizden ucucu kiil; kalsiyum igerigini ve ASR olusumuna
neden olan alkali miktarin1 azaltarak olusturdugu ASR
hasarim1  engellemektedir [33]. Son yillardaki yapilan
arastirmalarda ugucu kiiliin, bosluk ¢ozeltisi i¢erisinde reaktif
agregay1r kontrol ederek ASR yayilim mekanizmasimi
engellemektedir. Cozelti icerisinde ucucu kiiliin rolii silikanin
yiizey alanina diigen her bir OH" iyonu ve yiiksek aliiminyum
oksit (Al;03) miktarlarin1 azaltarak ASR  yayilimini
engellemektedir [26]. Yapilan mikro yapisal analizler ile
orneklerin aliminyumlu NaOH ile doyurulmasi ¢ok az reaktif
agreganin ortaya ¢ikmasma neden olmaktadir [34]. Ayrica
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ASTM C 1260 [35] standardinda 6rneklere hizlandirilmig
har¢ gubugu deney yontemi uygulanmistir. 25X25x285 mm
boyutlarinda hazirlanmig 6rnekler 24 saat sonra kaliplardan
almarak ilk boy degisim degerleri Olglilmistiir. Kalip
sokiimiinden 1 giin sonra 80 °C derece suda bekletilerek boy
Olctimleri alinan 6rnekler, takip eden kiir siireleri i¢in 80 °C
derece 1IN NaOH (900 ml. saf suya 40 g sodyum hidroksit)
cozeltisinde bekletilerek boy degisim degerleri oOlg¢iiliir.
Ornekler %1-3 amorf toz aliiminyum hidroksit etkili
hizlandirilmis gaza maruz kaldigindan ASR genislemesini
engellemekte ve boy degerlerinde degisim gézlenmemektedir
[36]. Al elementinin ASR’nu {izerinde bir diger etkisi ¢6zelti
icerisinde reaksiyona déahil olarak C-A-S-H yapisinin
olusumunu arttirmaya buda gézenek ¢ozeltisinde pH degerini
diigtirmesi ile alkalileri baglamaya neden olmaktadir [37],
[38]. Ugucu kiilin kimyasal bilesiminde bulunan Al,QOs,
ASR’ye neden olan kalsiyum ve portlandit tiiketim
kabiliyetini azaltmaktadir [39], [40]. Ayrica ugucu kiil
icerisinde yiiksek aliiminyum oksit (Al»O3) iceriginin etkisi
kisaca beton bosluk cozeltisi icerisinde reaktif agreganin
¢oziinmesini kontrol altina aldig1 i¢in betonda kisa dénemde
daha etkili oldugu, uzun dénem ise heniiz ¢ok fazla bir
etkisinin olmadig1 goriilmiistiir [41].

Bu ¢alismada; C tipi ugucu kiiliin 0 dk, 10 dk ve 20 dk &giitme
siireleri sonrasinda inceltilmesi ile harg igerisinde ¢imento

yerine %10 ve %30 ikame edilerek 6rnekler hazirlanmistir.
Hazirlanan bu numunelerin 3, 7, 14 ve 28 giinliik kiir siiresi
sonunda ASTM C 1260 standardi kapsaminda alkali silika
reaksiyonunun (ASR) gelisimi izlenmistir. Kiir siireleri
icerisinde  har¢  Orneklerinin  genlesme  degerleri
belirlenmistir. Elde edilen sonuglara gore ugucu kiillerin
farkl1 incelik ve ikame oranlarinda c¢imento yerine
kullanilmasi ile genlesme degerleri {izerinde etkisi
degerlendirilmistir. Bdylece har¢ 6rnekleri icerisinde ugucu
kiiliin 6giitme siiresinin ve ikame oraninin artmasiyla birlikte
ASR olusum durumu azalmaistir.

Materyal ve Yontem

Bu calismada; c¢imento, agrega, Afsin Elbistan Termik
Santrali’nden elde edilen C tipi ugucu kil (UK) ve sebeke
suyu kullanilmastir.

Kullanilan Malzemelerin Ozellikleri

Calismada kullanilan CEM 1 42.5 R Portland ¢imentosu
Gumiishane Askale Cimento Fabrikasindan, UK ise Afsin
Elbistan Termik Santralinden temin edilmistir. Bu
malzemelerin belirleyici 6zellikleri Tablo 1’de verilmistir
[42].

Tablo 1. Ugucu kiil ve ¢imentoya ait tanitict 6zellikler [42].

Kimyasal Analiz (%0) Fiziksel Testler UK

Bilesenler UK  Cimento Ozellikler UK Cimento Blaine incelik Degerleri (cm?/g)
SiO2 29.24 18.59 incelik (45 p elek iistii %) | 50.68 8.58 Ogiitiilmemis (0 dk) 1555
Al203 11.49 4.65 10 dk 1632
Fe203 6.67 3.04 L

Ozgiil Agirlik 3.08
CaO 37.84 60.34
MgO 1.86 102 20 dk 2347
NaxO 0.38 011 Ozgiil Yiizey (cm?/g) 1555 4145
K20 0.69 0.60 .
SO 470 289 Priz Basglangici (saat-dk) | 2 saat-30 dk | 2 saat-36 dk o e ot
Cr20s 0.054 _ . 1mento viekani ZzelliKlerl
Mn2Os 0.059 i Priz Sonu (saat-dk) 3 saat-15 dk | 3 saat-19 dk
:_285 8334 i Hacim Geniglemesi (mm) 0.7 Basm¢ Dayanimi
ZI O2 0.001 - (Rtmm’)

n : B ihti 0 2.Giin 23.9
KK 231 719 Su IThtiyac1 (%) 29.10 53 Giin t11
Toplam 96.27 99.42 .
sca0 451 03g | Sumikan (@) ]

Calismada hazirlanan referans ve ugucu kiil katkili harg
orneklerinde kullanilan kireg tagi agregasi Giimiishane
yoresinden temin edilmistir. Ayrica; har¢ karigimlariin
bazilarinda Afsin Elbistan Termik Santral atig1 olan C tipi
ucucu kiili ¢imento malzemesi yerine iki farkli ikame
oraninda kullanilmistir. Bu ikame oranlarindan biri % 10
olarak belirlenmis ve bu belirlemede ugucu kiiliin harg
karigimi igerisinde en diigiikk degeri olarak kabul edilmistir.

Ucgucu kiilin en diisiik degerinde elde edilen ASR bagh
genlesme etkisi belirlenmistir. Ikinci olarak % 30 gibi bir oran
diistintilmiistiir. Bu oranin sec¢ilme nedeni yapilan 6nceki
calismalardan yola ¢ikilarak ugucu kiillerin optimum
performans gosterdigi bir ikame orani olup ASR fizerinde
etkisi gdzlemlenmistir. Ogiitiilmemis ugucu kiile ait kivama
bagh su ihtiyaci, genlesme ve priz siiresi TS EN 196-
3+A1[43] standardina gore belirlenmistir. Ugucu kiiliin farkli
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ogiitme siirelerine (0, 10 ve 20 dk) ve ¢imentoya ait blaine
incelik degerleri TS EN 450-1 [44] standardina bagh olarak
belirlenmistir.

Tablo 2’de gorildiigii iizere; hizlandirilmis har¢ ¢ubugu
deneylerinde kullanilan agrega, ugucu kiil, sebeke suyu ve

¢imento malzemeleri kullanilarak hazirlanan karigimlara ait
miktarlar verilmistir. Ayrica karisimlarda Gilimiighane ili
sebeke suyu kullanilmustir.

Tablo 2. Deneylerde kullanilan malzeme karisim miktarlari.

Elek Serisi

Kariim Tiirii | 475236 2.36-118  1.18mm- 600-300 300-150 | g | SU | Cimento | Ugucu
mm mm 600 pm pm pm (ml) ) Kiil (g)
% 10 % 25 % 25 % 25 % 15

Referans 99 ¢ 248 g 248 g 248 g 149¢ 0.47 207 440 0

% 10 Ugucu

Kill Katkalt 99 g 248 g 248 g 248 g 149 g 0.47 207 396 44

% 30 Ugucu

Kill Katkalt 99 g 248 g 248 g 248 g 149 g 047 207 308 132

Hizlandirilmis Har¢ Cubugu Deneyi

ASTM C 1260 (2021) standardina gore; elek araliklart i¢in
belirlenen miktarlarda ugucu kiil igermeyen ve UK igeren
karisimlar seklinde hazirlanmis ve Tablo 2°de sunulmustur.
Daha sonra Tablo 2’de verilen elek araliklarina ve malzeme
miktarlaria gore UK i¢ermeyen referans numuneleri, 10 dk
ve 20 dk siirelerle dgiitiilmiis C tipi UK lin her biri igin % 10
ve % 30 ikame oranlarma sahip numuneler ASTM C 1260
standardina gore har¢ 6rnekleri hazirlanmistir. Her bir kiir
siiresi (3, 7, 14 ve 28 giin) i¢in 3 adet hizlandirilmis harg
¢ubugu numunesi Uretilmigtir. Hazirlanan harg ¢ubuklar: saf

su igerisinde bekletilmistir. Daha sonra etiivde (80 + 2.0 °C
sabit 1s1da) bekletildikten (24 saat) sonra beton 6rneklerinin
ilk boy degerleri Ol¢iilmiistiir. Her bir saf suya (900 ml)
sodyum hidroksit (40 g) eklenerek elde edilen NaOH ¢6zeltisi
iceren numuneler, hazirlanan ASR kabinine yerlestirilmistir.
ASR kabininin sicaklig sabit 1sida (80 °C) tutulmus ve kiir
siirelerine kadar beton har¢ 6rnekleri ASR kabini igerisinde
bekletilmistir. Hazirlanan her bir karigima ait harg
orneklerinin 3, 7, 14 ve 28 giin sonundaki ASR boy degisim
6l¢timleri yapilmistir. Sekil 1°de yapilan deneylerin agamalart
gosterilmisgtir.

Sekil 1. Hizlandirilmig harg gubugu deney asamalari.
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Birim boy degisim yiizdelerini belirlemede asagidaki Esitlik
1 kullantlmagtir:

% L=(AL/L)x100 1)
Esitlikte;

%L = Boy degisim ylizdesi,

AL = Ornegin boy degisimi (mm),

L = Ornegin ilk uzunlugunu (mm) gostermektedir.

Hizlandirilmig har¢ gubugu standardmma (ASTM C 1260)
gore; 14 giin bekletildikten sonra har¢ 6rneklerinin limit

degeri <% 0.10 ise reaktif degil, % 0.10 - % 0.20 arasinda ise
stipheli, > % 0.20 ise reaktivite oldugu belirtilmektedir.

Bulgular ve Tartisma

Bu ¢alismada; ucucu kiil icermeyen referans, 6giitiilmemis %
10 ve % 30 ugucu kiil katkili, 10 dk ve 20 dk 6giitme islemine
tabi tutulmus her bir 6gilitme siiresi i¢in de ayr1 ayri ¢gimento
yerine % 10 ve % 30 oranlarinda ugucu kiil ikame edilerek
harg 6rnekleri hazirlanmistir. Hazirlanan harg¢ drnekleri 3, 7,
14 ve 28 giinliik kiir siireleri sonunda alkali silika reaksiyonu
(ASR) boy olgtimleri gerceklestirilmistir. Beton igerisinde
cimento yerine % 10 ve % 30 ucucu kiil ikame edilmesi ile
hazirlanan karisimlara ait alkali silika boy degisim sonuglar1
Sekil 2-3, dgiitme siiresine bagli ASR degisimleri ise Sekil 4-
6’da verilmistir.

—&#— Referans —®& -0dk —e - 10dk

- » =20dk

1,00 A
0,90
0,80
0,70
0,60
0,50
0,40
0,30
0,20
0,10

Boy Degisimi (mm)

0,00

Zaman (Giin)

Sekil 2. Harg igerisinde ¢imento yerine % 10 ugucu kiil ikamesi ile hazirlanan karigimlarin 6giitme siiresine bagl olarak
alkali silika boy degisimleri

Sekil 2’de goriildiigii gibi; % 10 ikameli 0, 10, 20 dk
ogiitiilme iglemine tabi tutulmus ugucu kiil katkili harg
Orneginin boy degisim degerine gore diislis gostermistir. %
10 ikameli UK numunelerinin kiir siiresine bagli olarak boy
degisiminin biitiin 6glitme siirelerinde 14. giine kadar arttig1,
14. giinden sonra 10 dk ve 20 dk 6giitme siireli numunelerin
ASR degerlerindeki artigin devam ettigi, 0 dk 6giitme siireli
(6gitiilmemis) numunenin ASR degerinde ise diisiisiin
meydana geldigi goriilmektedir.

% 30 ikameli 0, 10, 20 dk ogiitiilme islemine tabi tutulmus
ucucu kiil katkilt harg 6rneklerinin 3, 7, 14 ve 28 giinliik ASR
sonucu boy degisim degerlerinde, sadece ¢imento katkili
referans har¢ Orneginin boy degisim degerine gore diisiis
meydana getirmistir. % 30 ikameli UK numunelerinin kiir
siiresine bagli olarak boy degisiminin biitlin 6giitme
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stirelerinde 14. giine kadar arttig1, 14. giinden sonra 0 dk, 10
dk ve 20 dk ogiitme siireli numunelerin ASR degerlerinde
diismenin meydana geldigi goriilmektedir (Sekil 3).

Sekil 4’te goriildigii lizere 6giitiilmemis ucucu kiil katkili
harg 6rneklerinin 3, 7, 14 ve 28 giinliik kiir siiresi sonucunda
ASR ile elde edilen boy degisim degerleri ¢imento katkili
referans betonun boy degisim degerlerine goére disiis
gostermistir. Referans, % 10 ikameli UK ve % 30 ikameli UK
numunelerinin kiir siiresine bagli olarak boy degisiminin 14.
giine kadar artt1g1, sonrasinda ise ¢ok az miktarda azalmanin
oldugu goriilmektedir. Bununla birlikte; ¢imento yerine
ikame edilen UK miktarmm artmasiyla ASR degerinin
diistiigli gorilmektedir.
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Sekil 3. Harg igerisinde ¢imento yerine % 30 ugucu kiil ikamesi ile hazirlanan 6rneklerin 6giitme siiresine bagl olarak alkali
silika boy degisimleri.
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Sekil 4. Ogiitiilmemis (0 dk) ucucu kiilii harg icerisinde ¢imento yerine % 10 ve % 30 ikame edilmesi ile hazirlanan drneklere ait
alkali silika boy degisim degerleri.

10 dk dgiitiilmiis ugucu kiil katkili harg¢ 6rneklerinin 3, 7, 14
ve 28 giinliik ASR sonucu boy degisim degerleri ¢imento
katkil1 referans 6rnegin boy degisim degerlerine gore diisiis
gostermistir. Referans, % 10 ikameli UK ve % 30 ikameli UK
numunesinin kiir siiresine bagli olarak boy degisiminin 14.
gline kadar arttig1, 14. giinden sonra %10 ikameli UK
numunesinin ASR degerindeki artisin devam ettigi, % 30
ikameli UK numunesinde ise ASR degerinde diisiisiin
meydana geldigi goriilmektedir. Bununla birlikte; ¢imento
yerine ikame edilen UK miktarinin artmasityla ASR degerinde
diistis gerceklesmistir (Sekil 5).

Sekil 6°da goriildiigi gibi, 20 dk &giitme islemine tabi
tutulmus ugucu kiil katkili har¢ 6rneklerinin 3, 7, 14 ve 28
giinlik ASR sonucu boy degisim degerlerinde, ¢imento
katkili referans har¢ 6rneginin boy degisim degerine gore
diigiis gostermistir. Referans, % 10 ikameli UK ve % 30
ikameli UK numunesinin kiir siiresine bagli olarak boy
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degisiminin 14. giine kadar artt181, 14. giinden sonra % 10
ikameli UK numunesinin ASR degerindeki artisin devam
ettigi, % 30 ikameli UK numunesinde ise ASR degerinde
diistisin meydana geldigi goriilmektedir. Bununla birlikte,
¢imento yerine ikame edilen UK miktarmin artmasiyla ASR
degerinde diisiis gerceklesmistir.

UK o&giitme sonrasi, incelik degeri ve ikame oraninin da ki
artisa baglh olarak har¢ 6rneklerinin ASR sonucu birim boy
degisim degerleri lizerinde disiirticti etkisi olmustur. Oruji ve
ark., [45] taban kiiliini bilyeli degirmende ogiitmiisler.
Ogiitme islemi sonrasinda 858.6 m%kg ve 1101.9 m?kg gibi
iki farkli blaine inceliginde sahip ugucu kiil malzemesini
olusturmus. Ogiitiilmemis ugucu kiiliin blaine inceligini
379.6 m?kg ve calismada kullanilan ¢imentonun blaine
inceligini ise 388.3 m?/kg olarak belirlenmisler. Belirlenen
farkli blaine inceligine sahip her bir ugucu kiil ¢cimento yerine
%9.1, % 23.1, % 33.3, % 41.2 oranlarinda kullanmislar. Elde
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etikleri sonuglarla bu c¢aligmada elde edilen sonuglar
kiyaslandiginda benzer egilimde oldugunu go6stermistir.
Yapilan ¢aligmalarinda en yiiksek ASR boy uzama degerini
portland c¢imentolu katkili betonlardan, taban kiiliiniin
inceligine bagl olarak boy uzama degerlerinde disiis
meydana geldigi ve en fazla diisiisiin ucucu kil katkili
karigimlarda oldugunu ifade etmislerdir. Farkli incelige sahip
taban kiili iceren numunelerin ASR degerleri referans
numunesine gore daha diisiik deger almistir. Ancak sadece

UK igeren numuneler taban kiiliiniin farkli incelik degerlerine
kiyasla ASR’ye bagli boy degerlerinde olusturdugu diisiiste
daha etkili oldugunu goriilmiistiir. Bu ¢alismada ise ugucu
kiilin oglitme siiresi ile ASR sonucu birim boy uzama
degerlerinde diisiisiin daha fazla meydana geldigi tespit
edilmistir. Ayrica 6giitiilmemis ucucu kiil katkili betonun,
referans numunesi ile kiyaslandiginda diisiisiin oldugu ancak
ogiitiilmiis ucucu kiillere nazaran daha yiiksek oldugu
gorilmiistiir.

—#— Referans —a& -10%

—& - 30%

0,30
0,20
0,10

1,00 -
090
£ 080
£ 0,70
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'S 040
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>
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0,00

10
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15 20 25 30

Sekil 5. 10 dk 6giitiilmiis ugucu kiilii harg igerisinde ¢imento yerine % 10 ve % 30 ikame edilmesi ile hazirlanan 6rneklere ait
alkali silika boy degisim degerleri.
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Sekil 6. 20 dk 6giitiilmiis ugucu kiilii harg igerisinde ¢imento yerine % 10 ve % 30 ikame edilmesi ile hazirlanan 6rneklere ait
alkali silika boy degisim degerleri.

Oruji ve ark., [45] UK artan incelik ve ¢imento igerisindeki
ikame oranina gore ASR boy degisimin en az oldugu karisimi
% 41.2 oraninda ugucu kil katkili beton &rneklerinde
rastlamislar. Bu c¢alismada ise ASR boy degisimi ¢imento
yerine % 30 UK ikame oraninda kullanilan harg¢ drneklerinde
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rastlanmigtir. Alkali silika reaksiyonu iizerine ucucu kiiliin
incelik ve ikame oranmim etkisi 6nemsenmeyecek kadar
biiyiik boyutlarda olsa da farkli faktorler devreye girdiginde
etkinlikte degisiklikler olusturdugu goriilmektedir. Bu
faktorlerin basinda ¢Oziiniir alimiina igerigi, gozenek
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solisyonu, alkalite ve gozeneklilik gibi degiskenlerin neden
oldugu distiniilmektedir [26]. Ayrica bu c¢alismada
ogiitiilmiis ugucu kiilin kullanimi ile ASR {izerinde 0, 3, 7
giinliik kiir siireleri sonunda azaltici roliiniin olmasi artan
Ogiitme siiresine bagli olarak ince malzeme olugmasina ve bu
malzemenin de karisim igerisinde bosluklar1 doldurucu etki
olusturmasindan ileri gelmistir. 14 ve 28 gilinlik kiir
stirelerinde meydana gelen degisikliklerin nedenleri ise
puzolanik reaksiyonun olusumundan ileri anlagilmistir. Bu
etki ozellikle % 30 oraninda ugucu kiilii ¢imento yerine
kullanildiginda erken doénemde ASR’ye bagli daha az
genlesme olusturdugu ilerleyen giinlerde (850 giin sonra) ise
ASR genlesme oran1 daha yiiksek oldugunu gosteren
caligmalarda ortaya konmaktadir [1]. Ozellikle 6giitmenin
etkisi ile ince boyuta getirilen ugucu kiiliin, filler (dolgu)
etkisi olugturmasi ASR mekanizmasinin olusumuna neden
olan bosluklardaki nem ve alkalilerin tasmnmasini engelleyici
ozellik kazandirmaktadir. Ayrica UK inceliginin kimyasal
olarak puzolanik reaksiyonu arttirict 6zellik gostermesi;
reaksiyon sonrasi daha fazla C-S-H iiriiniiniin agiga
cikmasina, zararli alkalileri baglamaya, daha kompakt ve
bosluklar1 doldurmasi ile ASR olusturma mekanizmasini
engelleyici Ozellik gdstermesinden kaynaklanmaktadir.
Ramjan ve ark., [46] calismalarinda ugucu kiilii eleme
yontemi ile iki farkli boyuta getirip % 20 oraninda ¢imentoyla
yer degistirerek har¢ o6rnekleri hazirlanmis ve ugucu kiil
katkisiz harca gore ASR boy degisim degerlerini
karsilastirmislardir. Elde ettikleri sonuglara gdre ucucu kiil
inceligindeki artisla beraber ASR boy degisim degerinin
diistiigiinii tespit etmislerdir. Ozellikle 6giitme sonras1 olusan
UK inceliginin etkisi 14 giinliik kiir stiresine sahip 6rneklerde
ASR boy degisim degerlerinde % 50 degerinde azalma
meydana getirdigini belirtmislerdir. Bu ¢alisma da ise 14 giin
sonrasinda UK &giitme ile inceligin ASR degerleri {izerinde
cok fazla bir degisiklige neden olmadigi gorilmiistiir [47],
[48]. ASR’nu onlemede ugucu kiilii 6giiterek ince boyuta
getirmek eleme yontemi ile boyutsal degisimden daha etkin
bir yontem oldugu yapilan calismalarda agikca
belirtilmektedir. Ozellikle ASR betonun durabilitesini
etkileyen kimyasal bir reaksiyon olup durabilite {izerinde UK
inceliginin  etkisi ¢ahsilmistir. Hsu ve ark, [49]
calismalarinda ugucu kil inceliginin durabilite 6zellikleri
iizerine etkisini incelemisler. Burada F tipi ugucu kiilii bilyeli
degirmende &giitme ile 4610 cm?(g, 5690 cm?g, ve 6300
cm?g, blaine incelik degerleri elde etmisler. Bu inceliklerin
her birini ¢imento yerine % 0, % 10, % 15 ve % 20 oraninda
kullanarak har¢ ornekleri olusturmuslar. Elde ettikleri
sonuglara gore inceligi 5690 cm?/g, olan ugucu kiilden % 20
oraninda hazirlanan har¢ Orneklerinden en yiiksek basing
dayanimi, en diisik su ve porozite degerini verdigini
belirtmislerdir. Ugucu kiil inceliginin ve ikame oranmin
artmasi ¢imento hidratasyonu sonucu agiga ¢ikan Ca(OH)
miktarin1 azaltarak olusturulan katkili ¢imento harglarinin
ozelliklerini olumlu yonde etkilemesi ile durabiliteyi
gelistirdigi sonucuna varmislardir. Yiiksek durabilite
ozelligine sahip ugucu kiil katkili har¢lar normal ¢imento
katkil1 harglara gére daha az ASR boy degisim olay1 meydana
gelmistir. ASR mekanizmasina bagli boy degisim degerleri
ucucu kiil katkili har¢larda ya da beton iiretiminde ugucu
kiiliin incelik ve ikame oranina baglh poroziteyi diisiirmesi ile
boy degisim degerlerinde diistisii saglamistir. Hsu ve ark.,
[50] calismalarinda ise ugucu kiilii 3150 cm?/g, 5690 cm?/g,
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iki farklin incelik degerinde betonda ¢imento yerine % 30, %
40 ve % 50 oranlarinda ikame etmislerdir. Calismalarinda
basng dayanimi, su emilimi, klor gecisi ve civa
porozimetresi iizerine etkisini aragtirmiglar. Arastirma
sonucuna gore ugucu kiiliin incelik degerinin 5690 cm?/g, ve
% 40 oraninda betonda ¢imento ile yer degistirilerek iiretilen
betonlarin 6zelliklerinin degisimi ve yiiksek performans
sagladigini ifade etmislerdir. Yapilan birgok caligmada ve bu
calismada ucucu kiiliin incelik ve ikame oranmin artmasi
cimento pastasini, harcini ve betonun sadece ASR sonucu
olusan boy degisim degerleri {lizerinde etkisinin yani sira
malzemenin 6zelliklerini arttiran ve daha dayanikli duruma
gelmesini saglayan birgok 6zellik iizerine etkisini ortaya
koymuslardir.

Sonug¢

Bu ¢aligmada; ugucu kiiliin (C tipi) farkli 6glitme siirelerinde
(0 dk, 10 dk ve 20 dk) farkli ikame oranlarinda (% 10 ve %
30) beton karisim 6rnekleri hazirlanmistir. Hazirlanan bu
numuneler; 3, 7, 14 ve 28 giinliik kiir siiresi sonunda ASTM
C 1260 standardina gore alkali silika reaksiyonu (ASR)
degerleri 6l¢iilmiistiir. Elde edilen farkli 6glitme siireli ve
ikame oranli ucgucu kiil katkisinin betonun ASR 6zelligi
iizerine olusturdugu etkisi konusunda degerlendirmeler
yapilmistir. Sonug olarak ¢alisma kapsaminda asagidaki
sonuglar elde edilmistir:

7

s % 10 ve % 30 ugucu kiil ikameli har¢ 6rneklerinin
ASR boy uzama miktarlar1 referans numunenin
degerine gore daha az oldugu ve ugucu kiil
ikamesinin  ASR degerinde diislis sagladig
anlasilmistir.

+ Ugucu kiil ikame oraninin artmastyla birlikte harg
orneklerinin ASR 6zelliginde meydana gelen diisiis
miktar1 da artmustir.

% Opgiitme siiresinin  artmastyla  birlikte ASR

degerlerinde de diisiisler meydana gelmistir.

« Har¢ Ornekleri igerisinde ugucu kiiliin 6giitme
stiresinin ve ikame oraninin artmasiyla birlikte ASR
olusum durumu azalmaktadir.

«» Harg igerisinde ugucu kiil kullanim1 ve o6zellikle
ucucu kiiliin o6gitiilerek inceliginin arttirtlmast

sonucunda ornekler gecirimsiz ozellik
kazandirilmasi ile bosluklarin azaltilmasina katki
saglamustir.

s Bu durum; bosluk miktar1 azalan 6rneklerde ASR
sonucu olusabilecek hasara kargt uzun Omiirlii
beton  karigimlarinin  olusturulmasma  katki
saglayacaktir.

Bu konuda daha sonra yapilacak c¢alismalarda; daha fazla
Oglitme sliresine sahip ucucu kiillerin  kullanimiin
aragtirtlmas1 ve farkli tip ugucu kiillerin ASR {izerindeki
etkisinin aragtirilmasinin yerinde olacag diistiniilmektedir.
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Etik kurul onay1 ve ¢ikar catismasi beyani

“Hazirlanan makalede etik kurul izni alinmasina gerek
yoktur”

“Hazirlanan makalede herhangi bir kisi/kurum ile c¢ikar
catigsmasi bulunmamaktadir”
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Introduction

Steel special moment frames (SMFs) are widely used as
seismic force-resisting systems (SFRS) in high-seismic
regions due to their architectural flexibility and high
ductility capacity. The unexpected non-ductile failure of
seismically designed steel moment connections observed
after the Northridge, California earthquake prompted
extensive research into the behavior of these SMFs.
Significant studies have been conducted to examine the
cyclic behavior and design of beam-to-column
connections, including work by the SAC Joint Venture
[1]. While the cyclic behavior of beams has been
extensively investigated, as plastic hinging is anticipated
in an SMF, the behavior of columns has received less
attention.

Various experimental studies have shown that a structural
component's hysteretic behavior depends on numerous
factors that significantly influence its deformation and
energy dissipation characteristics. Consequently, collapse
assessment methodologies for structural systems with
component deterioration have been proposed by [2] and
[3], based on the fundamentals outlined by [4]. Lignos and
Krawinkler [5] revised the deterioration models for beams
with reduced beam sections (RBS) and non-RBS

members. Newell and Uang [6] evaluated nine full-scale
W14 columns for use in braced frames, demonstrating that
stocky columns can achieve substantial inelastic story drift
capacities (0.75Py) even under strong axial stresses.

Before the Northridge earthquake, shallow columns
(section depth less than 356 mm) were commonly used in
these SFRSs. However, to meet code-enforced story drift
criteria and achieve design economy, deeper columns
have become increasingly popular in recent years. Despite
their widespread use, limited research has been conducted
on the behavior of these columns under axial compression
and cyclic drift. Examining the behavior of deep columns
is crucial, as they have higher slenderness ratios and are
more susceptible to both local and global buckling. Newell
and Uang's [6] numerical studies revealed that deep W27
columns subjected to high axial loads experience rapid
strength degradation due to simultaneous flange and web
local buckling.

Elkady and Lignos [7] later employed finite element
modeling to investigate the behavior of deep beam-
columns, observing both axial shortening and significant
strength deterioration as a result of local buckling. Cheng
et al. [8] subjected nine wide-flange cantilever members
with large width-to-thickness ratios to cyclic lateral
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displacement under constant axial loads for weak-axis
bending. Local instabilities were identified as the cause of
each member's failure mechanism, leading the authors to
conclude that the section categorization procedures in the
current design requirements are unsuitable for wide-flange
sections bent around their weak-axis.

Fogarty and El-Tawil [9] used detailed finite element
models to assess the response of deep columns, finding
that many deep columns meeting the AISC high ductility
criteria were unable to achieve 4% lateral drift under axial
loads between 0.2Py and 0.4Py. The web's width-to-
thickness ratio has a greater impact than the flange's.
Suzuki and Lignos [10] tested lighter W14 cantilever
columns using various loading protocols, determining that
realistic loading histories are necessary for calibrating
component deterioration models. These protocols should
also capture the member's ratcheting effect before failure.
Wu et al. [11] emphasized the importance of selecting
appropriate loading histories when analyzing the collapse
of deep columns using finite element modeling.

To explore the cyclic response of these columns for use in
SMFs, Ozkula et al. [12] and [13] conducted forty-eight
full-scale deep column tests. This test program’s data were
used to: (1) calibrate analytical models; (2) build a
comprehensive database on deep columns; (3) classify
sections according to their buckling modes; (4) assess the
suitability of AISC 341's design provisions for seismic
design of new construction; and (5) evaluate ASCE 41's
design provisions for seismic assessment of existing
construction. Although the cross-sections of these
columns met the highly ductile (1,4) condition outlined in
the AISC Seismic Provisions or AISC 341 [14], the
authors demonstrated that deep columns could undergo
significant buckling and axial shortening for use in SMFs.
Web local buckling (WLB) interacted with flange local
buckling (FLB), which was not considered by AISC 341,
resulting in substantial shortening. Testing shallow and
stocky W14 columns [6] did not reveal significant column
shortening, as WLB did not occur. Some column tests also
uncovered an "unexpected" failure scenario involving
both local buckling and lateral-torsional buckling (LTB).
A parametric analysis of 110 beam-columns was
conducted using high-fidelity ABAQUS [15] nonlinear
finite element simulations to cover a wide range of
slenderness ratios, axial force levels, and yield stresses,
aiming to improve the database for both cyclic modeling
and design recommendations.

Majority of the previous studies focused on member-level
analysis of deep columns. In this study, ABAQUS CAE
[15] was used to model a subassembly of deep columns to
investigate the effects of column bracing, beam bracing,
column stiffening, and the Strong Column Weak Beam
(SCWB) ratio. The findings indicated that bracing deep
columns at the top and bottom levels of the beam flanges
and adding stiffeners to the web of these columns could
enhance the performance of SMFs. The concept is that by

increasing the SCWB ratio, column shortening can be
prevented.

Arctype Building

Prior studies [13] have shown that the hysteretic response
of columns is characterized by the beam-column buckling
mode. The governing buckling mode, or failure mode, can
be categorized into three types: (1) Symmetric Flange
Local Buckling (SFB) mode, (2) Anti-symmetric Local
Buckling (ALB) mode, and (3) Coupled Buckling (CB)
mode. Ozkula et al. [13] proposed predicting these modes
using a parameter based on the section slenderness
properties within a certain limit of L/ry. In this study, the
observed column behaviors are explained using the failure
mode classifications suggested by Ozkula et al. [13].

The primary motivation for the configuration of the new
archetype building was the use of deep slender columns
tested by Ozkula et al. [13]. As the main objective in the
design of the archetype building was to validate the
accuracy of the component-level test results, the first-story
columns for the archetype building were selected from the
columns tested by Ozkula et al. [12] and Newell and Uang
[6]. This allowed for the observation of the behavior of
sections that failed in SFB, ALB, and CB failure modes.
Harris and Speicher's study [16] was utilized to define the
prototype building and its applied loads (dead, live, and
seismic). Lateral loads were resisted by the symmetrically
located special moment frames along the East-West (E-W)
direction and special concentrically braced frames along
the North-South (N-S) direction in the prototype building.
However, only the assessment of the moment frames will
be presented in this study.

Figure 1 displays the plan and elevation view of the
archetype building, with the location of tributary gravity
loads allocated to the frames shaded. Span lengths are 9.1
meters (30 ft) and 6 meters (20 ft) in the E-W and N-S
directions, respectively. The number of bays and bay
widths affect the range of axial load ratios at the column
ends. Analysis revealed that axial forces applied to the
first-story columns ranged from 5% to 20%. Elkady and
Lignos [7], Fogarty et al. [9], Wu et al. [11], and Ozkula et
al. [12] demonstrated that the initial column axial force,
which results from gravity loading, plays a crucial role in
determining the cyclic responses of deep columns.
Consequently, instead of using the shaded tributary area,
15% of the yield capacity of the column was generally
applied as axial forces to the first-story columns.

The set of archetype buildings encompassed design
variables addressing key issues related to the behavior of
deep columns, such as the level of seismic design load,
strong column weak beam (SCWB) ratio for boundary
condition effects, and cyclic loading effects.
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Figure 1 4-story Steel Moment Frame: (a) Isometric View of MC4 Prototype Building, (b) Plan View, (c)

Elevation View

Table 1 presents the frame designations, with each frame
named according to the failure mode criteria. The initial
letters represent buckling modes, such as symmetric flange
buckling (SFB), asymmetric flange buckling (ALB), and
coupled buckling (CB). The second part of the designation
provides information about the strong column weak beam
ratio (SCWB), which is approximately 1 or 2. The final part
of the designation offers details about the first column and
beam bracing. All beams have slabs, so the top flange of the
beams is braced, while the bottom flange is braced
according to either AISC [17] requirements or the stiffening
method proposed by Igawa and Ikarashi [24].

For example, the frame CB-SW1-CBTBS-IK has the
following characteristics: CB represents coupled buckling;
SW1 indicates an SCWB ratio of around 1; CBTBS denotes
that the column (C) is braced at the bottom and top (BT) and
the beam (B) has a slab (S); and IK signifies that stiffeners
were used at the web of the beam based on the Igawa and
Ikarashi method. In accordance with the failure mode
classification presented by Ozkula et al. [13], Figure 2
illustrates the expected failure modes for the selected first-
story column sections utilized in the study.

Finite Element Analysis of Arctype Building
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Four-story moment frames were modelled with ABAQUS-
CAE [15]. Four-node shell elements (SR4) were only used
for the first story beams and columns while the remaining
story elements were modelled with 2-node linear beam
elements which adopts Timoshenko beam theory. However,
Table 1 Frame Designation

since beam ends are the energy dissipation points,
concentrated plasticity model suggested by Lignos and
Krawinkler [5] utilized at these points.

Failure SCWB .
st
Frame Designation 1t Story Members Mode Ratio Lateral Bracing
Column Beam Column Beam
Bottom & with Slab &
SFB-SWI-CBTBS Top AISC Bracing
with Slab &
SFB-SW1-CBTBS-IK BOt}‘(’)m & Ikarashi
W14x370 W21x201 SFB 1 P Bracing
with Slab &
SFB-SW1-CTBS Only Top AISC Bracing
Through the with Slab &
SFB-SW1-CSBS length AISC Bracing
Bottom & with Slab &
ALB-SW1-CBTBS Top AISC Bracing
with Slab &
ALB-SW1-CBTBS-IK BOt;%m & Ikarashi
W24x131 W27x94 ALB 1 P Bracing
with Slab &
ALB-SW1-CTBS Only Top AISC Bracing
Through the with Slab &
ALB-SW1-CSBS length AISC Bracing
Bottom & with Slab &
CB-SW1-CBTBS Top AISC Bracing
with Slab &
CB-SW1-CBTBS-IK BOt}%m & Ikarashi
W24x176 W27x114 CB 1 P Bracing
with Slab &
CB-SW1-CTBS Only Top AISC Bracing
Through the with Slab &
CB-SW1-CSBS length AISC Bracing
SFB-SW2-CBTBS ~ WI14x500  W21x201 SFB 2 Bottom & - with Slab &
Top AISC Bracing
ALB-SW2-CBTBS  W30x173 W27x94 ALB 2 Bottom &~ with Slab &
Top AISC Bracing
CB-SW2-CBTBS  W30x261  W27x114 CcB 2 Bottom & = with Slab &
Top AISC Bracing
< (=425 (=8 Column buckling only expected to occur at the column
bases in moment frames therefore, it was crucial to model
W61 these columns with local buckling sensitive elements such
T W14%370 W30XI3 as shells. However, since continuum finite element
tr 2 W1l W24%131 analysis are computationally expensive, by using the shell
(r) N elements only at the first story columns, cut the
v computational effort significantly in this study.
~f First story RBS sections was modelled carrying out the cut
o ‘ of the beam flanges while at the upper floors, which beam
0 1 5 3 4 elements were used to model columns and beams, an

Figure 2 Buckling Modes of 1% Story Columns (Ozkula
et al, 2023)

equivalent section with equal height but smaller width
flange able to simulate the reduce section was introduced
[see Figure 3(a)]. The width of the flange of equivalent
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section was found starting from the definition of the plastic
moment Zp. as shown in Eqgn. (1).

Zp, = %[(A —t,d)(d+d) + (t,d%)] 1

where ty, d and A are the web thickness, the depth and the
area of the section, and d’ is the height of the web,
respectively. Imposing Zp. equal to the plastic modulus
Zgras of the reduced section, Eqn. (1) can be solved in
function of the area A and thus of the flange width 5’ of the
equivalent section can be calculated.

Fix boundary conditions were applied at the frame columns
while pin boundary conditions were used for leaning
columns. Rigid body constraints capable to avoid possible
local stress concentration and able to ensure that the
relative positions of points remain constant throughout the
analysis were used to tie the second floor’s column top
edges and the third floor’s column bottom edges to a
common reference point. Flexible supports with out-of-
plane rotations and displacements restrained were used to
prevent out of plane movement of the frame. Beam
elements of the leaning columns are connected with hinges
at each floor level [see Figure 3(b)].

The isotropic and kinematic hardening behaviors may both
be simulated using a model from the ABAQUS-CAE
material library. The hardening law, which contains both
nonlinear isotropic and nonlinear kinematic hardening
components, is based on the Von Misses yield surface,
together with a related flow rule and its yield surface. This
work made use of cyclical material features that had
previously been examined by Ozkula et al. [12].

The initial geometric flaw is another element that affects
the column capacity. By superimposing buckling modes
generated from eigenvalue analysis, geometric flaws may
be added to finite element models to cause local and global
instabilities. According to AISC [17], L/1,000 is the

recommended global out-of-straightness imperfection.
ASTM [18] limits the local web and flange defects that are
typical of the production process. Initial imperfections
were also included in this study.

Results of Arctype Building and Discussion

The following issues were identified as the critical
parameters for FE models to investigate the behavior of the
first story columns in moment frames.

Cross Sectional Effect

Recent member-level test studies have revealed that cross-
sectional differences influence column behavior and
performance. The strong-axis dominance of slender
sections renders them more susceptible to global buckling,
such as lateral torsional buckling (LTB), while higher
width-to-thickness ratios can increase the section's
vulnerability to web or flange local buckling (LB). Within
a specific limit of L/ry, Ozkula et al. [13] proposed a
parameter based on section slenderness properties to
predict the governing buckling mode, which is utilized in
this study.

Sections with high ductility and moderately low web and
flange slenderness ratios often exhibit symmetric flange
buckling (SFB) as the primary failure mechanism
(commonly observed in shallow columns such as W12 and
W14 columns). This method prevents out-of-plane, global-
type member buckling by inducing in-plane plastic hinging
at the column ends (or solely at the bottom end of first-
story columns in a special moment frame (SMF) during
practical implementation). These columns display
remarkable consistency in their hysteresis response, even
at higher drift levels. As section slenderness ratios increase,
both flange and web local buckling modes emerge because
the web is unable to provide sufficient rotational restriction
to maintain fixed-ended boundary conditions for the half-
width, unstiffened flange elements.

(@)

(b)
Figure 3 Finite Element Model of Frames: (a) Details RBS section, shell and beam elements, (b) Boundary Conditions
of Moment Frame
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(@)

The overall behavior of these sections proved to be more
critical compared to symmetric flange buckling (SFB) type
sections, as web and flange buckling led to a significant
loss of strength when local buckling initiated. The coupled
buckling (CB) mode is unique and encompasses several
distinct characteristics. First, the column flanges were
identified as stockier, with lower A, values, and highly
ductile. Second, the yielding length—also known as the
"plastic hinge" length—was substantial. The regions near
the column ends continued to strain harden and achieve
high flexural strength due to the delayed local buckling of
these stockier sections, resulting in a considerably longer
yielding zone at each end. Consequently, the column
experienced lateral torsional buckling (LTB) due to the
compressive flange's propensity to buckle along its strong
axis. Third, the ductility (or capacity for inelastic
deformation) was high.

Following Ozkula et al.'s [13] classifications, first-floor
column sections were selected as shown in Table 1, and
finite element modeling of these frames was performed to
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investigate the overall behavior and axial shortening of
these sections. Figure 4 displays the failure modes of the
selected first-story columns, which are consistent with the
observations obtained from the experiments.

Effect of Axial Force Level

Columns in moment frames are subjected to combined axial
and lateral loads. Axial loads consist of the loads at the
governing tributary area and additional cyclic axial forces
due to global overturning moments. Recent studies have
determined that the cyclic behavior of deep columns
exhibits significant strength degradation as a result of local
buckling, and an increase in axial load level drastically
exacerbates the post-buckling strength degradation and
axial shortening of the column. To examine the effect of
axial force level on the moment frame, three different axial
load levels (C,=0.15, 0.30, 0.60) were selected. Consistent
with component-level test results, frames with low axial
load levels also performed better compared to their high
axial force level counterparts, as demonstrated in Figure 5.
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(a)

L
t

Figure 6 Buckling Mode of Section W24x176 under Monotonic and Cyclic Loading: (a) Monotonic Loading, (b)

Cyclic Loading

Effect of Monotonic vs. Cyclic Loading

The performance of moment-resisting frames can be
significantly influenced by load and deformation history
(Lignos and Krawinkler [5], Fogarty et al [9], Ozkula et al
[12], FEMA 355C [19]). A comparison of monotonic and
cyclic loading effects revealed that cyclic loading exposes
specimens to a substantial amount of yielding and strain
hardening, which results in global instabilities v(Ozkula et
al, [12]). Due to the limited opportunity for significant
yielding and strain hardening experienced by the column
under monotonic loading, member-level column
simulations indicated that out-of-plane global instability
might not occur. Frame-level analyses were conducted, and
the results of monotonic and cyclic loading corroborated
the findings from member-level tests, as illustrated in
Figure 6.

Effect of Strong Column Weak Beam Ratios

Due to inelastic deformations occurring in some stories,
Scheider et al. [20] demonstrated that weak-column-
strong-beam (WCSB) frames result in localized increases
in seismic demands. To account for strain-hardening and
mitigate the effects of concentrated plastic deformation,
Nakashima and Sawaizumu [21] advised that column
strength should exceed 120% of the beam's plastic moment
capacity. Suita et al.'s [22] testing of a four-story moment
frame on the E-Defense shaking table revealed increased
beam strength due to strain hardening, slab effects, and
material heterogeneity. The strong-column-weak-beam
(SCWB) ratio was 1.5, and the columns were thin-walled
tubes. However, a high slenderness ratio led to decreased
column strength due to local buckling and reduced flexural
strength. Lignos et al [5] proposed that using an SCWB

ratio greater than 2 could prevent the first story collapse
mechanism of this structure.

Current AISC seismic provisions aim to control column
yielding by regulating the SCWB ratio, which balances the
probable plastic capacity of the column. Recent research
has shown that strain hardening during inelastic
deformation, material variability, composite effects,
variations in geometric corrections required for
transferring beam moment capacities to the column, and
fluctuations in inflection points' locations in beams and
columns during seismic loading indicate that the current
SCWB ratios do not prevent column yielding.
Consequently, the SCWB ratio of the selected sections was
revised and increased to 2, as shown in Table 1. With the
SCWEB ratio increased to 2, larger column sections had to
be chosen, although beam sizes remained the same as those
in frames with an SCWB ratio of 1. Figure 7 presents a
comparison of SCWB ratios for various column depths.
Figure 7(b) indicates that stiffness increases as the SCWB
ratio rises for ALB-type columns, while this increase is
limited for SFB-type and CB-type columns. Results also
demonstrated that higher post-yield stiffness was obtained
with lower SCWB ratio designs. This is primarily because
column local buckling reduces significantly once the
SCWB ratio increases; however, due to excessive buckling
at the beam ends, the post-stiffness of the overall behavior
decreases more.

Effect of Beam Bracing

AISC Seismic Provisions [14] require that the lateral
support for beams should be applied at all plastic hinge
locations, and that additional bracing needs to be applied at
regular intervals (Ly) from these locations.
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Figure 7 Effect of SCWB Ratio under Monotonic Loading: (a) SFB-SW1-CBTBS vs. SFB-SW2-CBTBS, (b) ALB-SW1-
CBTBS vs. ALB-SW2-CBTBS, (c) CB-SW1-CBTBS vs. CB-SW2-CBTBS

Figure 8 Beam Bracing Samples

Trahair [23] provides an extensive overview of studies on
the stability of lateral torsional buckling (LTB). Practice has
led to the derivation of the form for elastic LTB for
continuous bending of a doubly symmetric broad flange
section under pure bending, which is a function of warping
constant, Cy, torsional constant, J, the moment of inertia
about the weak axis, ly, LTB modification factor Cy, .

AISC Seismic Provision requires use of stability bracing to
restrain the LTB of structural steel or concrete-encased

beams subjected to flexure. Beam bracing shall have a
maximum spacing as shown in Egn.(2).

L, = 0.19r,E/(R,F,) ©

AISC 341 suggests using these bracing members near
concentrated forces, changes in cross section, and other
locations where analysis indicates that the plastic hinge
will likely occur.
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Figure 9 Analytical Model [Igawa and Ikarashi (2020)]

However, there is no requirement on the strength and
capacity of the stability braces which are utilized in
moment frames. Figure 8 shows some stability samples
widely used in US.

Transition and rotation of the upper flange of the beam
cross section is continuously and intermittently restrained
by the floor slab which restraint acts effectively against the
out-of-plane lateral buckling. Igawa and Ikarashi [24]
proposed that using stiffener-plates is one of the effective
methods of stiffening against the buckling of members
rather than adding external bracing members.

Figure 9 shows the analytical model used by Igawa and
Ikarashi [24] to define the location of the stiffener plate
from fix-end to the stiffener plate. lgawa and Ikarashi [24]
utilize an equation to predict if the buckling mode of the
beam will be local or global buckling. In this study, Igawa
and lkarashi [24]’s approach is compared with the AISC
defined stability bracing requirement [see Eqn.(2)] to be
able to eliminate the stability braces which was shown in
Figure 8.

Table 2 tabulated the expected failure modes and stiffener
locations of the beams. Figure 10 and Figure 11 shows the
buckling modes of beam elements (zero axial force) with
section W27x114 and W21x147 which expect to have CB
and ALB failure modes, respectively. Both Ozkula et al.
[13] and, Igawa and Ikarashi [24] predicts the same failure
modes with different approaches. Figure 10 shows the
buckling modes under different bracing conditions. If the
same section braced at the top flange but remains unbraced
at the bottom flange [Figure 10 (b)], CB still observed
however as show in Figure 12 strength degradation of this
section is much more compare to the section braced at the
top and bottom flanges. Once the section braced at the top
and bottom flange or stiffened at the certain location
defined by Igawa and Ikarashi [24], the strength
degradation reduces since the local bucking delayed (see
Figure 12). Figure 11(a) shows that if the unbraced length
of the section is too long (30 ft), LTB mode governs.
However, once the global slenderness ratio is less than 120,
same section buckles in ALB mode. Unlike CB type
section (W27x114), behavior of ALB type beam member
(W21x147) did not affected by the bracing as shown in
Figure 12.

Table 2 Beam Failure Modes and Stiffener Locations from the Beam-to-Column Joint

WF lkarashi A
Frame Name Beam Section —_— Lse Buckling Ozkula !Bu.ckllng
A - Prediction
b Prediction
W27X114 1.290753 101.8552 LB CB
SFB-SW1-CBTBS W27X102 1.367448 103.4535 LB CB
W27X94 1.462859 18.68677 PLB ALB
ALB-SW1-CBTBS W27X84 1.614272 17.8222 PLB ALB
W21X201 1.314322 99.86283 LB CB
CB-SW1-CBTBS W21X147 1.639897 20.26742 PLB ALB
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Figure 10 Bracing Conditions of Section W27x114: (a) Top & Bottom Flange Unbraced, (b) Bottom Flange
Unbraced, (c) AISC Bracing, (d) Stiffener at the Web

I\Oﬂ’ \
(@) (b)
(c) (d)

Figure 11 Bracing Conditions of Section W21x147: (a) Top & Bottom Flange Unbraced, (b) Bottom Flange
Unbraced, (c) AISC Bracing, (d) Stiffener at the Web
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Figure 13 illustrates that the application of stiffeners to
beam sections is only effective when ALB-type columns
are utilized. As SFB-type sections do not experience

extensive local buckling and CB-type sections are subject
to global buckling, beam bracing does not contribute to
enhancing the post-strength of the frame.
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Figure 13 Effect of Beam Bracing under Monotonic Loading: Base Shear vs. SDA: (a) SFB-SW1-CBTBS vs. CBTBS-IK,

(b) ALB-SW1-CBTBS vs. CBTBS-IK, (c) CB-SW1-CBTBS vs. CBTBS-IK

(a)
Figure 14 Column Bracing Samples: (a) Bracing at the Top Flange, (b) Bracing at the Top and Bottom Flange

Effect of Column Bracing

Warping constant, Cy, is depend upon the square of the
distance between the centroid of the flanges, deeper wide
flange sections generally have higher torsional resistance,
however this occurs through increased resistance to
warping torsion rather than St. Venant torsion. Slender
column sections may experience higher normal stresses due

(b)

to warping restraint, and therefore earlier yielding of
flanges. The warping component of LTB is more severely
reduced by a longer unsupported length, Ly. As a result,
LTB capacity of deep columns is expected to be much more
depend on the lateral support than shallow columns, which
are dominated by St. Venant torsion. Even though, AISC
specifies the maximum length of stability braces for beam
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elements, there is no requirement for column bracing
throughout the length. However, AISC Seismic Provisions
[14] suggests that when the webs of the beams and column
are coplanar, and column is shown to remain elastic outside
of the panel zone, column flanges at beam-to-column
connections shall require stability bracing only at the level

bottom beam flanges as shown in Figure 14(b). Figure 15
shows that bracing column at the top and bottom flange
level slightly improves the overall behavior for ALB and
CB-type columns however it is not effective for SFB-type
columns. Quasi static loading case also shows similar trend
as shown in Figure 16. Column bracing at the top and

of the top flanges of the beams [see Figure 14(a)]. When a
column cannot be shown to remain elastic outside of the
panel zone, it can be braced at the levels of both top and

bottom of the column also helped reducing the axial
shortening of the column as shown in Figure 17.
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Figure 15 Effect of Column Bracing under Monotonic Loading: (a) SFB-SW1-CBTBS vs. CTBS, (b) ALB-SW1-CBTBS vs.
CTBS, (c) CB-SW1-CBTBS vs. CTBS
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Figure 16 Effect of Column Bracing under Cyclic Loading: (a) SFB-SW1-CBTBS vs. CTBS, (b) ALB-SW1-CBTBS vs. CTBS,
(c) CB-SW1-CBTBS vs. CTBS
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Figure 17 Effect of Column Bracing under Cyclic Loading: (a) SFB-SW1-CBTBS vs. CTBS, (b) ALB-SW1-CBTBS vs.
CTBS, (c) CB-SW1-CBTBS vs. CTBS
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Figure 18 Effect of Column Bracing with Stiffeners under Monotonic Loading: (a) SFB-SW1-CBTBS vs. CSBS,
(b) ALB-SW1-CBTBS vs. CSBS, (c) CB-SW1-CBTBS vs. CSBS

Effect of Column Bracing with Stiffeners

The impact of beam bracing through the addition of
stiffeners has been previously discussed. Although the
equations proposed by Igawa and Ikarashi [24] were based
on analytical and experimental test results for beam
sections, their approach was also applied to column
stiffening in this study. Figure 18 reveals that, similar to
beam bracing conditions, column bracing only enhances the
performance of ALB-type sections. However, the
elimination of braces contributes to a reduction in
construction costs and frees up space in the beam-to-column
connection regions (see Figure 14). Further research could
be conducted to account for the effect of axial force in the
equation.

Summary and Conclusions

The comprehensive seismic design of frames in this study
has been carried out by adhering to the US design codes,
specifically the ASCE 7-16 [25] and the AISC Seismic
Provisions [14]. These design codes provide detailed
guidelines and requirements for designing structures to
withstand seismic forces to ensure their safety and stability
during earthquake events. In this context, the AISC quasi-
static loading is considered for the design and analysis of
the frames. Quasi-static loading refers to the slow
application of loads on a structure, which simulates the
effects of seismic forces without the need for a full
dynamic analysis. This method is particularly useful in
assessing the performance of the structural system,
including its strength and stiffness, under various load
conditions that mimic the impact of earthquakes. The
ASCE 7-16 [25] code defines the procedures for
calculating seismic loads, such as the seismic base shear
and story forces, which are used in the design and analysis
of the structural system. The code also establishes the
criteria for selecting appropriate seismic design categories,
response modification factors, and system overstrength
factors, which are essential in determining the structural
system's seismic performance requirements.

To evaluate the behavior of deep columns compared
to their shallow counterparts, multiple ABAQUS analyses
were performed. A total of fifteen four-story steel SMFs
were investigated, focusing on four key factors: 1) Column

bracing; 2) Beam bracing; 3) Column stiffening; and 4)
Strong Column Weak Beam (SCWB) ratio. Three
governing buckling modes defined by Ozkula et al. [12]
were utilized in this study: symmetric flange buckling
(SFB), anti-symmetric local buckling (ALB), and coupled
buckling (CB) to categorize the moment frames (see Table
1 for frame designations).

From the numerical simulation results, the following
conclusions can be drawn:

e Previous member-level test results demonstrated that
the ratio of local slenderness ratios (4,/4,,) for local
buckling had a significant effect on the buckling mode
(local versus global buckling), as long as the member
slenderness (4;) is less than 120, as proposed by
Ozkula et al. [12]. Frame analyses also confirmed the
importance of these parameters.

e Analyses showed that the level of axial force
significantly influences the plastic rotation capacity
and post-buckling stiffness. The presence of axial
compression produced significant local buckling and
axial shortening, which created additional stresses on
adjacent beams.

e Since the column did not have the chance to undergo
considerable yielding and strain hardening as its cyclic
counterpart did, member-level column simulations
revealed that out-of-plane global instability might not
occur under monotonic loading. The results of the
member-level tests were validated by the frame-level
analysis, as well as by the results of monotonic and
cyclic loading.

e Comparing -CBTBS versus -CTBS frames showed
that additional lateral bracing at the level of the top
flange of the beam moderately improved the capacity
of the frame for ALB-type columns, slightly for CB-
type columns, and did not affect the behavior for SFB-
type columns.

e Comparing -SW1-CBTBS and -SW2-CBTBS
suggests that stiffness increases as the SCWB ratio
increases for ALB-type columns, while this increase is
limited for SFB-type and CB-type columns. Results
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also showed that higher post-yield stiffness was
obtained with lower SCWB ratio design. This is
mainly because the column local buckling reduces
significantly once the SCWB ratio increases; however,
due to excessive buckling at the beam ends, the post
stiffness of the overall behavior decreases more.

o lgawa and lkarashi [24]’s approach was compared
with the AISC-defined stability bracing requirement to
potentially eliminate stability braces. Analysis results
showed that adding stiffeners to the beams slightly
improved the overall capacity of the frame but did not
change the failure mode of the columns.

e Even though AISC specifies the maximum length of
stability braces for beam elements, there is no
requirement for column bracing throughout the length.
However, AISC Seismic Provisions suggest that when
the webs of the beams and column are coplanar, and
the column is shown to remain elastic outside of the
panel zone, column flanges at beam-to-column
connections shall require stability bracing only at the
level of the top flanges of the beams. Therefore, two
frames (-CBTBS and -CTBS) were compared to
investigate the behavior of column bracing at the top
and bottom flanges. Results showed that additional
lateral bracing at the level of beam bottom flanges for
beam-to-column connections slightly improved the
capacity of the frames with ALB and CB-type
columns, while it did not affect the capacity for SFB-
type columns. Therefore, it is suggested to brace
columns at both the top and bottom of the beam
flanges, except for the SFB-type sections.

e Although the equations proposed by Igawa and
Ikarashi [24] were based on the analytical and
experimental test results of beam sections, their
approach was also utilized for column stiffening in this
research. Results demonstrated that adding stiffeners
to the column slightly improved the capacity of the
ALB-type columns only.

In conclusion, this study provided valuable insights into the
behavior of steel special moment frames, considering
various factors such as column and beam bracing, column
stiffening, and SCWB ratios. The results can guide future
research and potential improvements to the AISC Seismic
Provisions, with the aim of enhancing the performance of
steel structures in seismic events.
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cross-section by observed traffic variables, such as numbers of vehicles and occupancy values, using radial
basis function neural network (RBFNN), generalized regression neural network (GRNN) and the feed-
forward back propagation neural network (FFBPNN) models. A comparison was fulfilled between

different neural networks and checked against multivariate linear regression (MVLR), a conventional
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statistical model. After each simulation of neural networks, results show that different forecasts were
obtained under the same conditions. The best forecasting is made by FFBPNN, GRNN, and RBFNN,
respectively. When compared with multivariate linear regression (MVLR), FFBPNN performs better than

MVLR, but GRNN and RBFNN perform lower than it.
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Introduction

The principle of artificial neural networks (ANN) is based
on the biological nervous system. The main resource is the
human brain and how it processes information. The human
brain consists of a very large number of neurons, which of
them are completely interconnected. The basic element of
each ANN is the neuron. The basic scheme of the neuron is
shown in Figure 1. The connection of elements in multiple
ways causes different architectures of neural networks [1-
2].
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Figure 1. Nonlinear model of a neuron.

The model of a neuron used to create artificial neural
networks is shown in Figure 1's block diagram. The bias bk
affects the activation function's net input by raising or
reducing it. The pair of equations below can be written to
represent a neuron k [2]:

Uy, = Z Wi ks (1)

Vi = O(Vi + 6) @)

Here, x is the input stimulus, wk is the synaptic weight of
the k neuron, Vk is the linear collector output based on the
input stimulus, 6k is the bias, ¢(.) is the activation
function, and yk is the neuron's output stimulus.

In most cases, short-term traffic flow predictions were made
using neural networks for traffic engineering [3-7]. The
backpropagation learning algorithm and feed-forward
neural networks were most often utilized, along with hybrid
methods like neuro-fuzzy and Kohonen maps [8].
Additionally, neural networks were used to estimate the
typical travel duration [9-10]. Also, the efficiency of public
transportation was predicted by Costa and Markellos in
1997 using neural networks [11]. Furthermore, Celikoglu
(2006) used extended regression neural networks and radial
basis functions to specify non-linear utility functions for
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simulating travel mode choice [12]. A radial basis function
was utilized by Celikoglu and Cigizoglu in 2007 to estimate
the daily trip flows of public transportation [13].

Recently, there have been studies in which different
artificial neural network methods are used to solve several
transportation problems. These studies examine the use of
artificial intelligence technologies and deep learning
methods in different aspects of transportation systems
including traffic forecasting [14, 15, 16, 17, 18, 19, 20],
bike-sharing demand forecasting [21], vehicle destination
forecasting [22, 23], traffic flow and speed estimation [24,
25], traffic signal timing [26] and travel time estimation
[27], and traffic accident estimation [28]. Most of the
research has been carried out using graphical neural
networks, deep learning methods, various machine-
learning techniques, and different feature extraction
methods, especially developed using data with a graphical
structure. While these studies show the development of
applications of artificial intelligence technologies in
transportation systems, they can also guide future research
and projects.

The neural networks also do have not prior knowledge of
the nature of non-linear functions, but they can approximate
solutions. The neural networks are decomposed complex
problems into different components. Thus, it can be easy to
compete with each of them through neural networks. In this
work, it was purposed to estimate the average speed of a 6-
line road’s cross-section by observed traffic variables, such
as numbers of vehicles and occupancy values, using radial
basis function neural network (RBFNN), generalized
regression neural network (GRNN) and the feed-forward
back propagation neural network (FFBPNN) models. A
comparison was fulfilled between different neural networks
and checked against multivariate linear regression
(MVLR), a conventional statistical model. The flow chart
of the study is given in Figure 2.
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Figure 2. The flow chart of the study

This paper has the following structure. After the
introduction, the methodology is summarized in the second
section. The comparison of ANN methods for the applied
model is presented in the fourth section. Finally, discussion
of findings and potential future extensions in the conclusion
section.

Methodology
Neural network methods

In the introduction section above, the general working
principle of neural networks was tried to be explained by
giving the diagram model. For the FFBPNN, GRNN,
RBFNN and MVLR methods to be used in this study, the
code was written in the MATLAB 2022b [29] and toolbox
algorithms/functions were used for the related methods.
These algorithms/functions are  “feedforwardnet”,
“newgrnn”, “newrb”, “mvregress” for FFBPNN, GRNN,
RBFNN and MVLR, respectively. Detailed theories of the
methods involved will not be given here. However, details
about these methods can be obtained from the study given
in [12].

Error evaluation metrics

In this study, mean-square error (MSE) and R? metrics were
used to detect and evaluate error values. One of these
commonly used metrics, the MSE formula is given in
Equation (3).

1 n
MSE = (i = 5’ @)
i=1

Here, n is the number of variables, y observed values, and
¥ predicted values. A measure of an estimator's quality is
the MSE. It is always a positive number that becomes
smaller as the error gets closer to zero since it is derived
from the square of the Euclidean distance.

Another metric used here is R? given in Equation (4). The
metric also named the coefficient of determination which is
the percentage of the dependent variable's variance that can
be predicted by the independent variable ().

SSres

R*=1-
SStot

(4)

Here, SS,.s is residual sum of squares and SS;,; is total
sum of squares.

Traffic data and analysis

The data of this study were obtained from the sum of the
24-hour-daily Remote Traffic Microwave Sensor (RTMS)
data between 01-28 February 2019 in the European side of
Istanbul Fatih Sultan Mehmet Bridge before the tollbooths
section of the TEM highway. The data was measured with
the detector every other 2 minutes at the 6-line road’s cross-
section during a month. 19388 data were obtained from
these observations. A few of these data, edited and
processed for analysis, are given as an example in Table 1.
The data involves long vehicle (Vi) numbers, private car
(Vp) numbers, occupancy (O) values in percent, and speed
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(S) values. Due to the calibration of the detector, a few
speed data, that measured during the empty line as 240
km/h, was required adjustment. Otherwise, the time series
characteristic of data failed. In the estimation problem, 12
input vectors and 1 output vector are purposed. The first 6
input vectors consist of V. and V, numbers of per line that
are added as in Equation 5. The second 6 input vectors
consist of occupancy values in percent per line. The final
vector is the output one that calculated the average speed
value of the road’s cross-section.

Table 3. Statistical information on the analyzed data set of

occupancy.
Statistical Occupancy (0) (%)

V. Linel Line2 Line3 Line4 Line5 Line6
Xmin 0 0 0 0 0 0
Xmax 100 100 94 90 83 60
Mean 3.28 7.19 8.52 9.04 7.41 4.68

Stand. dev. 6.56 12.18 12.81 1201 10.05 7.01
Skewness  4.68 4.07 3.88 3.68 3.87 4.08

Veicey = Vorieey + Viei— 5 L .
c-6) = Tp(1-6) T TLA-6) ®) Table 4. Statistical information on the analyzed data set of

Table 1. Edited and processed data ready for analysis. speed.

Data Vp+ Vpot Vet 5 o o s Statistical : . .Speed (.S) . .

no. Vi Vo " Vi ! 2 e V6 V. Linel Line2 Line3 Line4 Line5 Line6
1 016 039 .. 032 001 005 .. 0.02 0.82 Xonin 0 2 0 2 5 9
2 033 043 .. 037 002 006 .. 003 081
3 023 033 .. 032 001 006 .. 002 081 Kax 114 126 134 131 134 147
4 019 036 .. 034 002 005 .. 003 0.78 Mean 7150 76.96 8218 77.04 9151 104.67
5 016 030 .. 037 001 004 .. 002 0.79
6 029 037 .. 026 002 006 .. 001 082 Stand. dev. 16.58 17.29 21.27 2142 19.84 19.52
7 029 040 ... 036 002 006 .. 0.02 081 Skewness -092 -249 -171 -125 -235 -1.99
8 014 033 .. 033 001 005 .. 002 084
9 019 046 .. 034 001 007 ... 002 083 In order to get a better performance, the data of analyses are
10 019 046 ... 033 002 006 .. 002 0.79 scaled/normalized between 0 and 1 as which is divided by
11016 045 .. 014 001 006 .. 001 084 maximum one. Simulations are written in MATLAB 2022b
12 021 033 .. 025 002 005 .. 001 0.80 . . -
13 023 054 ... 025 001 007 .. 002 089 version [29] and run on a computer with thg following
14 023 038 .. 028 001 005 .. 002 0.82 properties: Intel(R), Core(TM) i7-4720HQ,
15 030 040 .. 029 002 006 .. 0.02 0.80 CPU@2.60GHz, RAM:16 GB, AMD-Radeon Graphics,
16 034 049 .. 038 003 007 .. 003 081 1.0 TB HDD.

19386 0.4 021 .. 017 002 002 .. 0.0L 0.74

19387 011 026 ... 020 001 004 .. 001 0.74 Neural networks analyses

19388 0.17  0.25 0.26 0.02 0.03 0.01 0.78

V,: private car V. long vehicle O: occupancy S: speed

In addition, the central, dispersion and skewness parameters
of the data given in Table 1 were calculated. Maximum-
minimum values, mean, standard deviation and skewness
values of the vehicles are given in Table 2. These values are
given in Table 3 and Table 4, respectively, for the
occupation and velocity values.

In the problem, the time-series model was not used. The
random utility model (RUM) applied that one variable
(average speed) is estimated by two other different variables
(vehicle numbers and occupancy values) [10, 30]. For
comparison, the speed value, obtained from the prediction
of the NNs relationship as in S: f[(V.+V,)), O], is compared
with the observative one. So, the appropriate configurations
of RBFNN, GRNN, and FFBPNN are investigated by
simulation. Results are then compared with observations
and another comparison by MVLR.

Table 2. Statistical information on the analyzed data set of
vehicle numbers.

Statistical Vehicle (VL+Vp)

V. Linel Line2 Line3 Line4 Line5 Line6
Xmin 0 0 0 0 0 0
Xmax 70 87 83 75 75 76
Mean 1551 26.42 25.18 26.40 29.94 28.48

Stand. dev. 1259 16.72 16.69 16.70 18.10 20.32
Skewness 1.26 028 037 012 -0.16 0.00

Feed-forward back-propagation neural network
(FFBPNN)

The FFBP neural network structure consisted of 6 input
layers (3-vehicle numbers and 3-occupancy values) and 6
hidden layers (3-vehicle numbers and 3-occupancy values)
and one output layer (speed values). Firstly, FFBPNN was
run with 19388 data; there was seen high incidence of
correct estimation as shown in Figure 3. Since the figure is
too long for the whole data, it is clipped and given here for
a part of it.

In the figure, it is seen that the velocities decrease at certain
intervals. The reason for the decreases is the congestion
during the traffic peak hours during the day, as the traffic
data consists of observations made around the clock. During
the day, the peak hours are 7-9, which is the morning
commute, and 17-20, which is the evening after work.
During these peak hours of traffic, there may be traffic
congestion, especially at bridge entrances and important
arteries. This congestion brings along speed drops. In
addition, in Figure 4, there is a concentration at certain
intervals. Because the speed drops due to peak hour traffic
are around 20-30 km/h, which is the reason why the speeds
are concentrated at that point. Apart from that, it is seen that
it is concentrated between 70-110 km/h points, which we
can call the average traffic flow speed.
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Figure 3. Comparison of FFBP neural network estimation
with the observation.

Also, mean square error (MSE) = 20.39 and the coefficient
of determination (R?) = 0.9323 value and regression line can
be explained with high accuracy estimating of speed
according to observative values as drawn in scatter plot in
Figure 4. Moreover, during the analysis, it was understood
that changing the input layer and hidden layer node
numbers do not affect the estimating performance so much.
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Figure 4. Scatter plot of FFBP neural network estimation.

After the first running, FFBPNN was run with 1250 data,
this value is a commonly shared value of RBFNN, GRNN,
and FFBPNN analyses. For comparison on an equal basis,
that value was selected. Because other than FFBPNN,
RBFNN and GRNN could not analyze all data. The data
that the three of them ran together was 1250. The range in
which the velocity decreases in the figure is from the peak
hour congestion in the observed highway region, as
explained above. Similar speed drops are seen in other
Figures in the next sections as the same data is used.
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Figure 5. Comparison of FFBP neural network estimation
with the observation.
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In despite of lower data, analyzing of FFBPNN seems to be
closely approximated to observation data as drawn in Figure
5 and Figure 6. The MSE = 24.68 and R? = 0.9235 for
FFBPNN estimation. Although the observation data
decreased from 19388 to 1250, a very successful estimation
was made with a very small decrease in the R? value.
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Figure 6. Scatter plot of FFBP neural network estimation.
Radial basis function neural network (RBFNN)

The RBF neural network structure consisted of 6 input
layers (3-vehicle numbers and 3-occupancy values) and 6
hidden layers (3-vehicle numbers and 3-occupancy values)
and one output layer (speed values).

The RBF neural network could not run for all data (19388).
So, we needed to restrict it. The maximum data that RBFNN
was run is 1250. The result shows the RBF neural network
estimation was not approximated to the observation. As
shown in Figure 7, estimating values line does not fit the
observative one. Also, the MSE =211.21 and the coefficient
of determination (R?) = 0.3087, and the regression line are
highly different as they are seen in Figure 8.
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Figure 7. Comparison of RBF neural network estimation
with the observation.
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Figure 8. Scatter plot of RBF neural network estimation.
Generalized regression neural network (GRNN)

The GRNN structure also consisted of 6 input layers (3-
vehicle numbers and 3-occupancy values) and 6 hidden
layers (3-vehicle numbers and 3-occupancy values) and one
output layer (speed values).
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Figure 9. Comparison of GRNN estimation with the
observation.

Similar to the RBFNN application, GRNN analyzing could
not run the all data. It implemented only 1250 data. But, as
a result, forecasting of GRNN was approximated to
observed data as in Figure 9. In addition, the coefficient of
determination (R?) = 0.8792 value, regression line in Figure
10, and MSE = 47.26 all indicate that the estimation is

highly accurate.
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Figure 10. Scatter plot of GRNN estimation.
Multivariate linear regression (MVLR)

MVLR is used to determine the relationship between
dependent and independent variables. Due to the correlation
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between the variables, the relationship is considered to be
linear. This technique is used to forecast the behavior of the
response variable based on its related predictor factors after
multivariate regression has been performed to the dataset.
Therefore, in this study, MVLR was used to compare NNs
methods.

Multivariate linear regression (MVLR) output shows high
consistency with the observative data as shown in Figure 11
and the mean square error (MSE) is 24.54. Besides, the
coefficient of determination (R?) = 0.9116 as shown in
Figure 12.
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Figure 11. Comparison of MVLR estimation with the
observation.
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Figure 12. Scatter plot of MVLR estimation.
Comparison of the methods

After each simulation of neural networks, different
forecasts were obtained under the same conditions. The best
forecasting was made by FFBPNN and GRNN and
RBFNN, respectively. However, when MVLR compare
with NNs, the performance of MVLR is higher than GRNN
and RBFNN, but lower than FFBPNN as it is shown in
Figure 13. Moreover, in Table 5, the rankings for the
methods are given as a result of the comparison made
depending on the MSE and R? values.
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Figure 13. Comparison of all methods.

The FFBP neural network only one that could run the all
data. In spite of lowering data from 19388 to 1250, there is
a little difference between high accuracy estimation as
shown in Figure 4 and Figure 6. Although the data
decreased by almost 94%, the prediction success remained
almost the same as can be seen from the R? value.

Since the features of the computer used in this study are not
capable of performing big data analysis for all NN methods,
the data set has been reduced. Although this is one of the
limitations of the study, it is especially worth emphasizing
here that FFBPNN performs better for small data. As the
number of data increases, the performance of the methods
used may change.

Table 5. Forecasting methods and success rankings.

Comparison of NNs and MVLR
Rankings Analyses Type MSE R?

#1 FFBPNN 24.68 0.9235

#2 MVLR 26.54 0.9116

#3 GRNN 47.26 0.8792

#4 RBFNN 211.2 0.3087
Conclusions

In this study, data estimation of neural network methods,
which are widely used in traffic engineering and
autonomous systems, has been investigated. For this, the
traffic data obtained as a result of the observation was used.
As a result of the analyzes made for FFBPNN, RBFNN and
GRNN, the following results were obtained;

e When compare multivariate linear regression with
NNs, performation of MVLR higher than GRNN
and RBFNN, but lower than FFBPNN.

e The FFBP is the only neural network that can run
all data. It is a great advantage that it can run large
data without a high-specification computer
infrastructure and predicts with high accuracy.

e The R? value of the estimation made with 19388
data in FFBPNN was 0.9323, and the R? value of
the estimation made with 1250 data was 0.9235.
As can be seen, although the data set was reduced
by 94%, the estimation accuracy was almost the
same.

e Due to the properties such as easy application,
short training duration and coding in a short time,
and high accuracy estimation, FFBP is more
feasible than the other neural networks
applications to conventional stochastic and
statistical methods in estimating studies.

e In future studies, research can be made for neural
network methods that have been popular recently
such as probabilistic, and convolutional neural
networks.
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Beton, bulundugumuz yiizyilin en yaygin kullanilan yap1 malzemesidir. Agir beton ise 6zel iiretilmis bir
beton ¢esididir ve birim hacim agirlig1 yiiksek olan betonlari tanimlamaktadir. Agir beton iretimi i¢in agir
agregalarin kullanilmas1 gerekmektedir. Teknolojinin ilerlemesi ve artan insan niifusu ile insanlar,
radyoaktif 151 ve dalgalara daha ¢ok maruz kalmaktadir. Uretilecek 6zel yap1 malzemeleri ile bu etkiden
kaginmak miimkiindiir. Agir betonlar bu tiir 1sinlara karst olusturduklari zirh etkisi ile canlilart korur. Hali
hazirda birgok hastane ve askeri birimlerde kullanilan agir betonlar {iretimi kolay ve kesin ¢6ziim sunan
bir yontemdir. Ozellikle niikleer calismalarm hz kazandigi bu donemde, agir betonlar yiiksek birim
agirliklar: nedeniyle olasi patlama, 151 yaymimi, ayrica yiiksek sicaklik ve ses etkisinden yiiksek korunma
saglar. Bu ¢alismanin amaci son yillarda agir beton ve ultra yiiksek dayanimli agir beton ile ilgili yapilan
calismalardaki gelismeleri takip etmektir. Arama indekslerinde yakin tarihli yapilan literatiir aragtirmasi
sonucunda agir betonlar ile ilgili genel bir bakis agis1 sunan galismaya rastlanmamistir. Literatiirdeki bu
eksigin kapatilmasi adina bu ¢alismanin yapilmasina ihtiyag duyulmustur.
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Concrete is the most widely used building material of the current century. Heavy-weights concrete, on the
other hand, is a specially produced type of concrete and defines concrete with a high unit volume weight.
Heavy-weights aggregates must be used for heavy-weights concrete production. With the advancement of
technology and the increasing human population, people are more exposed to radioactive rays and waves.
It is possible to avoid this effect with special building materials to be produced. Heavy-weights concretes
protect living things with the shield effect they create against such rays. Heavy-weights concrete, which is
currently used in many hospitals and military units, is an easy and precise method to produce. Especially
in this period when nuclear works accelerate, heavy-weights concretes provide high protection from
possible explosion, radiation, and high temperature and sound effects due to their high unit weights. The
aim of this study is to follow the developments in the studies on heavy-weights concrete and ultra-high
strength heavy-weights concrete in recent years. As a result of the recent literature search in search indexes,
no study has been found to provide a general perspective on heavy-weights concretes. This study was
needed to close this gap in the literature.
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Giris

Modern teknoloji ¢aginin en temel unsurlari radyasyon ve
radyoaktivite olmustur. Son zamanlarda radyasyonun saglik
alaninda, temel bilimlerde, endistri alaninda, askeri
amaglarda ve tarimda kullanilisi ile ileri derecede gelismeler
gozlenmistir. Radyoaktif 1gmlar kanserojen olmakta ve canli
viicuduna zarar vermektedir. Bu nedenle arastirmacilar
tarafindan radyoaktif yapilarda olabilecek sizintilara karsi
tehlikeli 1smlardan korunmak amaciyla agir betonlar
gelistirilmistir. Agir betonlar rontgen odalarinda, niikleer
reaktorlerde, savunma amacl sigmaklarda, su alt1 petrol gaz
ve petrol boru hatlarinda, onkoloji hastanelerinde, koprii
ayaklarinda, beton agirlikli barajlarin gévde kisimlarinda,
istinat duvarlar1 gibi devrilmeye ve kaymaya kars1 giivensiz
betonarme yapilarda agirlik-devrilme iliskisiyle devrilmeye
karg1 momenti artirmak amaciyla kullanilmaktadirlar [1].

Agir beton, birim agirligi 2600 kg/m*iin iizerinde olan ve
genellikle 6zgiil agirligi 3°den yiiksek olan yogunluklu kaba
agrega kullanilarak iretilen beton olarak
siniflandirilmaktadir. Agir agregalarla iiretilen betonlar
normal agregalar kullanilarak iretilen betonlara gore
yaklagik %50-100 daha yiiksek birim agirliga sahiptir ve
hafif agregali betonlara gore ¢ok daha maliyetlidir. Agir
beton i¢in kullanilan malzemelerin se¢iminde en 6nemli
faktér, yapidaki Dbilesenlerin  mevcudiyetidir. Agir
betonlarda yaygin olarak barit, manyetit, limonit, siderit,
hematit gibi dogal agregalar da kullanilmaktadir. Ayrica agir
metal oksit, demir, kursun parcaciklar1 gibi sanayi atiklari
olan yapay agregalarda kullanilabilmektedir [2].

Hibrit bir kursun-gelik fiber sistem ile agir betonun birim
agirhgmi arttirmaktadir. Celik lifler, radyasyon kalkanima
herhangi bir katki yapmadan mekanik G6zelikleri
iyilestirirken kursun lifler ise betonun mekanik o6zeliklerini
iyilegtirmeden bir radyasyon kalkani olusturmaktadir [3].
Agir agregalar kullanildigi takdirde, lineer zayiflatma
katsayist ve yogunlugu artarken basing dayanimi ve ¢ekme
dayanimi azalmaktadir. Agir betonun E-modiilii normalden
daha yiiksektir [4]. Portland ¢imentosunun kismen
degistirilmesi i¢in demir atik malzemelerinin (nano boyutlu
manyetit (Fe30.), yiiksek ¢inko oksit igerikli siiper ince ¢elik
tozu ve ferritik duman tozu gibi) kullanimi iizerine
calismalar yapilmistir. Agir betondaki agrega bilesimi,
degiskenlik nedeniyle radyasyon kalkani ozelliklerinde
6nemli bir degere sahiptir [5].

Radyasyondan korunmada kullanilacak betonlarda ¢imento
icerigi, agregalar ve s/¢ orani gibi faktdrler onemlidir. Bu
nedenle yapilan bir calismada, agir manyetit betonun en
biiylik agrega boyutu 12.5, 19 ve 25 mm, ¢imento igerigi
(C=350, 400 kg/m®) ve s/¢ oram (s/¢=0.45, 0.65) olarak
belirlenmistir. Agir manyetit betonun vy (gama)
radyasyonuna da karsi koruma &zelliklerine sahip oldugu
gozlemlenmistir. Sonug olarak agrega boyutu arttik¢a ve s/¢
oran1 azaldik¢a radyasyon iletim akisinin azaldigi ve agir
manyetit ~ betonun  koruma  kapasitesinin  arttig1
goriilmektedir. Betonlara yiiksek sicaklik dayanimi
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kazandirmak i¢in manyetit ve silis kumu ilave edildiginde
radyasyondan korunma kapasiteleri agisindan silis kumuna
gore biraz daha iyi oldugu belirlenmistir [6].

Giintimiizde kromit (FeCr;04), volframit [(20Fe, 80Mn)
WO4], hematit (Fe»Os), titanyum dioksit (TiO2), aliimina
(Al03), limonit [FeO(OH)'nH.O] ve barit (BaSOs)
kullanilarak hem yiiksek sicaklik dayanimi hem de iyi
radyasyon kalkani Ozelligine sahip yeni tip agir betonlar
iiretilebilmektedir. Hem benzesim hem de deneysel sonuglar
parafin esasli ve normal beton ile karsilastirildiginda yeni
agir betonlarm, parafin esasli ve konvansiyonel betona gore
yiiksek radyasyon zayiflatma kabiliyetine sahip oldugu
gozlemlenmistir [7]. Gilinimiizde kursun, y radyasyon
kalkan1 i¢in yaygin olarak kullanilmaktadir. Kursunun
toksik etkisi oldugundan sanayide zararli maddelerin
kullanimint kisitlayan EU RoHS 1 direktifine gore kursun
kullanimi simnirl olmaktadir. Bu nedenle alternatif malzeme
aragtirma ve gelistirme ¢alismalar1 devam etmektedir.

Bu ¢aligmanin amaci son yillarda agir beton ve ultra yiiksek
dayanimli agir beton ile ilgili yapilan ¢aligmalardaki
gelismeleri  takip etmektir. Literatiirdeki caligmalar
incelendiginde agir betonlar ile ilgili genel bir bakis agisi
sunan caligmaya rastlanmamugtir. Literatiirdeki bu eksigin
kapatilmas1 adina bu c¢alismanmn yapilmasina ihtiyag
duyulmustur.

Literatiir Arastirmasi

Gilinliimiizde bilim insanlar1 radyasyonun insan ve c¢evre
saglig1 {izerindeki olumsuz etkilerinin daha ¢ok farkina
varmiglardir. Bunun sonucu olarak bilim diinyasi beton
kompozitlerin radyasyon kalkan1 olarak kullanilabilecegine
dair giincel galismalara yonelmistir. Sekil 1, 1949-2022
yillar1  arasinda radyasyon kalkani olarak  beton
kompozitlerin kullanimi hakkinda yapilan bilimsel ¢alisma
sayilarmi gostermektedir. Sekil 1 incelendiginde 1950’li
yillarda radyasyon zirh1 olarak c¢imentolu sistemlerin
kullanimi ile ilgili kisith sayida aragtirma yapildig
goriilmiistiir. Ancak son yillarda o&zellikle radyasyon
probleminin farkindaligmin artmasi ile bilim insanlari
radyasyona karst dayanikli betonlarmn iretilmesine
yonelmiglerdir. 2023 yili hari¢ 2022 yilina kadar ¢imento
veya beton radyasyon kalkani konularinda toplam 541
arastirmanin yapildigi gézlenmistir [8]-[11].
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Sekil 1. Scopus tarafindan taranan radyasyona dayanikli
betonlar ile ilgili yayinlanan aragtirmalar [1].
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Ulkemiz radyasyona direngli beton iiretimi {izerine en ¢ok
aragtirma yapan iilkelerin basinda gelmektedir (Sekil 2).
Tiirkiye bilim insanlar1 tarafindan bu konuyla ilgili (2022
yili sonuna kadar) toplam 52 arastirma yapilmis olup, ilgili
caligmalara toplam 2040 atif yapilmistir.
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Sekil 2. Radyasyon kalkani olarak beton kompozitlerin
kullanim1 konusundaki yaynlanan arastirmalarin iilkelere
gore degisimi [1].

Sekil 3 literatiirde yapilan arastirmalarin  anahtar
kelimelerini ve radyasyon kalkan1 olarak ¢imentolu
kompozit malzemelerinin  kullanildigr  ¢aligmalardaki
anahtar  kelimeleri  kargilagtirmaktadir. Sekil 3
incelendiginde en ¢ok arastirma gama isinlari, dogrusal
zayiflama katsayisi, kalkan katsayisi ve beton ortii kalinligi
iizerine yapilmustir.
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Sekil 3. Anahtar kelime haritasi (a) ve radyasyon kalkani
olarak ¢imento kompozitlerinin kullanildig1 aragtirmalarda
anahtar kelimelerin (b) {ist {iste ¢akistirilmasi ile meydana

gelen gorsel harita [1].

Farokhzad vd. [4], yaptiklar1 ¢aligmada Farkli ylizdelerde
ferrofosfor ve normal agregalar, celik tozu ve nano silika
tozu ile yapilan agir beton numunelerinin basing dayanimini
incelemiglerdir. Belirtilen malzemelerin farkli yiizdelerine
sahip 60 adet 15 cm’lik kiip beton numunesi tretilmis ve

387

basimng dayanimlar1 28 giinde ayni yiikleme hizinda
Ol¢iilmiigtiir. Basing dayanimi belirlendikten  sonra,
numunelerin lineer zayiflama katsayist sezyum-137
kaynagindan vy 1sm1 ve radyasyon ile belirlenmistir.
Sonuglar, basing dayanimini arttirmada en etkili faktorlerin
sirastyla ferrofosfor agregalari, nano silika tozu ve ¢elik tozu
oldugunu gostermektedir. Dogrusal zayiflama katsayisin
arttirmada en etkili faktorler sirasiyla ferrofosfor agregasi,
celik tozu ve nano silika tozudur. En yiiksek basing
dayanimlari, 28 giinde %100 ferrofosfor, %20 celik tozu ve
%S5 nano silika ile yapilan ve yaklasik 52 MPa basing
dayanimi elde edilen numunelerde gézlenmistir. En diisiik
basing dayanimi, %25 ferrofosfor, %10 ¢elik tozu ve nano
silika olmadan elde edilen 25 MPa dayanima sahip olan
numunede elde edilmistir.  Ayrica numunelerin lineer
zayiflama katsayis1 deneyi sonuglarina gore, en yiiksek
lineer zayiflama katsayis1 % 100 ferrofosfor, % 30 ¢elik tozu
ve % 5 nano silika ile yapilan numunelere ait olup, en diisiik
lineer zayiflama katsayis1 0,295 olup, % 8 nano silika ile
ferrofosfor ve ¢elik tozu kullanilmadan yapilan numune ise
bu deger 0.1514 dir.

Mahmoud vd. [12], y-1stm1 yayan fotonlar i¢in bir¢ok
radyoaktif izotop (Ba-133, Na-22, Eu-152, Cs-137 ve Co-
60) kullanarak 81 keV'den 1408 keV'ye genisletilmis
enerjinin beton {izerindeki etkilerini arastirmiglar, 662
keV'lik y-foton enerjisinde metalik atik igeriginin agirlikca
%0 ila %30 arasinda yiikselmesi ile zayiflatma katsayisi (p)
degerinin  yaklagik olarak %33 oraninda bir artis
gosterebilecegini gozlemlemislerdir (Sekil 4) [12].
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Sekil 4. Betonlarda metal atik orani ile zayiflatma katsayisi
arasindaki iligki [12].

Azeez vd. [5], yaptiklar1 ¢aligmada ¢elik ciirufu, celik bilye
ve demir cevheri iceren farkli yiiksek yogunluklu iri
agregalar kullanilarak hazirlanan agir beton karigimlarmin
radyasyondan Kkorunma performansimi incelemislerdir.
Normal agirlikh kiregtasi agregasi, bazi agir beton
karisimlarinda yiiksek yogunluklu agregalarin kismen
degistirilmesinin yan1 sira  kontrol karisiminda da
kullanilmistir. Normal ve yiiksek yogunluklu iri agregalarin
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farkli kombinasyonlari goz oOniinde bulundurularak ve
¢imento icerigi ve s/¢ orani sabit tutularak toplam 19 agir
beton karisimi hazirlanmig ve bunlarin kuru yogunlugu,
basing dayanimi ve niikleer radyasyon tepkisi incelenmistir.
Normal agirlikta kiregtasi agregasi i¢eren kontrol karigimi
disinda, 18 agir beton karigimmmn tamaminda Kkabul
edilebilir (2600-3563 kg/m?® araliginda) kuru birim agirhga
ulasilmis, 26-45 MPa araliginda degisen karigimlarin basing
dayaniminin, tiimiiniin yapisal bir betonun gereksinimlerini
karsiladig1 goriilmiistiir. Radyasyon 6nleme performanst, iri
agrega tipine ve beton karisiminin dayanim smifina
bakilmaksizin beton karigimlarmin birim agirligindan
etkilenmektedir. Deneysel verilere dayali olarak, radyasyon
kalkan1 performansinin gostergesi ile betonun birim agirligi
arasindaki korelasyonlar ile yiiksek derecede uyum elde
edildigi bildirilmistir. Gasthi vd. [13], yiiksek firin ciliruflu
ve normal betonlarm gama ve ndtron radyasyonlar
uygulandiginda etkilerini arastirmiglardir. Mineral katkilt
betonlarda ndtron ve gama isinlarina karsi daha yiiksek
radyasyon direnci gozlemislerdir [13].

Mehrnejad [14], ¢alismasinda radyasyondan kaynaklanan
gesitli  zararli  etkilerden korunmak i¢in  betonun
zithlanmasinda kullanilabilecek en uygun malzemeleri
belirlemigtir. Betonun x ve y 1ginlart gegirmemesi igin barit
agregast (yiksek yogunlukta), nétron pargaciklarinin
olumsuz etkilerini azaltmak i¢in ise bor, bor-Karbit ve galena
malzemeleri kullanilmistir.

Bakirhan [15], c¢alismasinda maden ocaklarmndan g¢ikan
kursun madeni atiklarindan olusan agregalar ile tiretilen agir
betonlarin radyasyon zirhlama 6zelligini incelemistir. Beton
karigiminda kursun madeni atiklari, manyetit, barit gibi
agregalar %25 ve %75 degerler araliginda kullanilarak
C16/20, C25/30 ve C35/45 sinifi betonlar tiretmistir.
Aragtirmasinda radyasyon enerjisi artmasina karsilik olarak
kiitle azaltma katsayisinda diisiis oldugu gozlemlemistir.
Ayrica manyetit-pasa agregasi karisimi ile hazirlanan farkli
dayanimli betonlar ilizerinde 4 farkli enerji seviyesinde
radyasyon sogurma katsayilari incelenmis ve tim enerji
seviyeleri i¢in karisimda sadece manyetit agregasinin
kullanildigr ve en yiiksek radyasyon sogurma katsayisi
C35/45 sinifindaki betonda elde edilmistir.

Demirci [16], calismasinda s/¢ oranmm 0.4, 0.5 ve 0.6
oldugu, pirit, krom, manyetit ve normal agregayla iiretilen
agir betonlar {izerinde arastirma yapmis, s/¢ oraninin
arttiginda; basing dayanimi, E-modiilii ve artan enerji ile
sogurma katsayilarin1 azalttigi sonucunu elde etmistir.
Ayrica manyetit agregali betonlarin radyasyonu en iyi
soguran beton oldugunu bildirmistir. Kharita, vd. [17],
yaptig1 ¢alismada karbon tozu ilavesinin hematit radyasyon
kalkanli  betonunun  Ozelikleri  {izerindeki  etkisini
incelemigtir. Koruyucu o6zellikler iizerindeki etkilerini
aragtirmak i¢in hematit agregalart ile hazirlanan betona farkl
yiizdelerde karbon tozu ilave edilmis, hazirlanan betonlarin
mekanik ve radyasyon zayiflama &zelikleri belirlenmistir.
Betona %6 (agirlikca) karbon tozu ilavesinin beton
iizerindeki  dayanimi  yaklasik %15  artirabilecegi
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bulunmustur. Artan karbon tozu igerigi ile hem y hem de
nétronlar i¢in koruma etkinligi azalmigtir. Ancak hem y
isinlart hem de nétronlar igin koruma etkinligindeki bu
kayip, %6’lik karbon tozu ilavesi i¢in Olglim hatalart
araliginda  olmaktadir.  Deneysel  olgiimler  igin
simiilasyonlar, karbon tozunun nétronlara karsi koruma
etkinligi {izerindeki etkilerini arastirmak i¢in Monte Carlo
(MCNP) kodu kullanilmigtir. Simiilasyon ve deneysel
sonuglar arasinda iyi bir uyum yakalandig: bildirilmistir.

Nikbin, vd. [18] ¢imento esasli kompozit malzemelerde
¢imento yerine %8 oraninda nano-TiO; konulmasi ile gama
radyasyonu ismlarmin 6nemli Olglide engellenebilecegi
sonucuna ulasmiglardir [18].

Rezaei Ochbelagh, vd. [19], yaptig1 ¢aligmada 59,5 ve 661
keV foton enerjilerinde toplam kiitle zayiflama ve dogrusal
zayiflama katsayilari, yar1 deger kalliklari, etkin atomik
sayilari, etkin elektron yogunluklari ve atom kesitlerini
Ol¢iilmistiir. Olgiilen ve hesaplanan degerler
karsilastirilmistir. Kaydedilen degerlerin enerji ve beton
bilesimi ile bir degisim gosterdigi de bildirilmistir. Ayrica;
kursunun mekanik 6zelikleri ve radyasyona etkisi betonun
korunmasi da incelenmistir. y 1sm1 radyasyonunun beton
basing dayanimi lizerindeki etkisini incelemek igin gesitli
numuneler hazirlanmastir. Gelistirilen betonun yogun yapisi
SEM mikroskobu ile dogrulanmustir. Farkli kursun yiizdeleri
ile karigtirilan konik giritin y 1511 korumasi da incelenmis,
%90 kursun tozu ve %10 ¢imento igeren betonun en yiiksek
dayanim ve y 1sm1 koruyucu Ozelliklerine sahip oldugu
sonucuna ulagilmistir.

Akkurt, vd. [20], ¢alismasinda farkl karisimlarda (%0, %10,
%30 ve %50) agrega olarak zeolit igeren beton i¢in dogrusal
zayiflama katsayisi Ol¢iilmiigtiir. Dort beton blok iizerinde
Olgiilen dogrusal zayiflama katsayisi, zeolit miktarinin
artmastyla azalmigtir. Betonda agrega olarak zeolit
ilavesinin radyasyondan korunma amaciyla kullanilacak
alternatif bir secenek olmadig1 goriilmiistiir.

Korkut, vd. [21], yaptiklar1 ¢aligmada kolemanit, iileksit ve
tinkal ~ cevherlerinin  ndtron  koruyucu  Gzelligini
incelemiglerdir.  Numuneler  mikroskobik  kesitlerle
incelenmis ve ayrica toplam makroskopik kesitleri simiile
etmek igin FLUKA Monte Carlo kodu kullanilmistir. Artan
bor atomu konsantrasyonlarinin segilen cevherlerin nétron

koruyucu ozelligini  giliglendirebilecegi  bildirilmistir.
Revuelta, vd. [22], yaptiklar1 ¢aligmada agir betonun
iretiminde ayrismay1 incelemistir. Farkli oranlarda

akiskanlastirict ve barit agregasi kullanarak agir beton
tiretmiglerdir. Yaptiklari aragtirmada %1,8 kimyasal katki
konularak kendiliginden yerlesen beton 6zelligi gdsteren
agir beton iiretmiglerdir. Sadece taze betonda kusmalar
gozlemlenmistir. Yine agir beton iretiminde ayrigma
olusmamasi i¢in ince taneli malzeme miktarmin 160-240
[t/m® olmas1 gerektigi sonucuna da ulasmistir. Caki [23],
calismasinda agir betonlarin E-modiiliinii incelemistir. Barit
agregasi kullanilarak, en biiyiik dane ¢ap1 16 mm olan farkli
s/¢ (0.63, 0.54 ve 0.46) oranlarma sahip 3 farkli agir beton
iiretmis, iretilen agir betonlarin basing dayanimlarinin
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sirastyla 46.69 MPa, 63.69 MPa ve 62.24 MPa oldugu
gozlenmistir [23]. Uretilmis agir betonlarin E-modiillerinin
ACI, TS 500 ve CEB’de tanimlanan E-modiilii degerlerine
olduk¢a yakin oldugu, bu nedenle barit agregali beton
tasarimmda ACI 318-95, TS 500 ve CEB’deki E-modiilii
formiiliiyle hesaplanabilecegi gdzlenmistir.

Giires [24], c¢alismasinda, Kahramanmaras Sekeroba
yoresinde bulunan barit agregasinin agir beton tizerindeki
etkisini arastrmistir. Agir beton iiretiminde kullanilacak
olan Sekeroba barit agregalarmin yogunlugu 4.0 kg/m*iin
iizerinde olup su emme degerleri sirastyla %0.4 ve %0.3
olarak belirlenmistir. Bu 6zelliklere sahip barit agregalarinin
agir beton iretiminde kullanilmasinda uygun oldugu
sonucuna varilmistir. Karigimda kullanilan agregalarin
agimmmaya karst direncinin diisiik olmasi nedeniyle betonun
kaliplara  diizglin  yerlestirilmesine ~ dikkat edilmesi
gerektigini, ayrica taze betonun islenebilirliginde olumsuz
bir etkinin olmamas: i¢in karisim tasarim ve {retimde
onlemler alinmasi gerektigi ifade edilmistir. Khan, vd. [25],
yaptiklar1 ¢aligmada kumun kismen ultra ince pargaciklar
olan ve kumdan yaklasik iki kat daha agir olan hematit
tozuyla degistirilmesiyle bes agir ultra yiiksek performansli
beton karisimini degerlendirmistir. Bu karisimlarin kuru
yogunlugu, yaklagik 2600 kg/m® ila 2900 kg/m® arasinda
degismistir ve bunlarm tiimi, agir agirhik kategorisi altinda
degerlendirilmek i¢in en diisiik kuru yogunluk gerekliligini
karsilamaktadir.

Ultra yiiksek dayanimli agir beton karigimlart farkli kuru
yogunluklara sahip olmalarina ragmen, mekanik &zelikleri
onemli 6l¢iide degismemis ve kum ikamesinin olumsuz bir
etkisi goriilmemistir. Radyasyon kalkani, karisimlarin kuru
yogunlugundaki artisla birlikte artmistir. Bununla birlikte,
ultra yiiksek dayanimli agir betonun y radyasyon kalkani,
ayn1 kuru yogunluga sahip olan geleneksel agir betonuna
gore daha yiiksek oldugu bulunmustur. Bu da mikro yap1
yogunlugunun, beton yogunlugunun yani sira radyasyon
kalkanlamasini da gelistirdigini gostermektedir. y radyasyon
kalkan1 deney diizeneginin numune iceren ve icermeyen
durumu Sekil 5’de gosterilmistir.

Sekil 5. y radyasyon kalkan1 deneyi, numune konmamig
(sol) ve numune konulmus hali (sag) [25].
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Son yillarda agir beton mekanik 6zeliklerini iyilestirmek,
radyasyon korumasi saglamak, iyi islenebilirlik, yiiksek
dayanim ve dayaniklilik, yiiksek catlama direnci, diisiik
gegirgenlik ve diisik biizillme igin ¢esitli caligmalar
yapilmugtir. Bu belirtilen 6zeliklerin gelistirilmesi adina El-
Sayed [26], yaptig1 ¢calismada %15 piring kabugu kiilii, %3
polietilen, %0.3 borik asit, %3 nano silika ve yiiksek oranda
su azaltict yerine, manyetitin kaba ve ince agregasi
kullanilarak alt1 karisim hazirlanmigtir. Tiim karigimlar 0.4°
liik bir s/¢ oran1 ve 440 kg/m?® ¢imento dozaj1 kullanarak ultra
yiksek dayanimli agir betonun taze haldeki ve sertlesmis
haldeki mekanik 6zelikleri incelenmistir. Deneysel sonug
olarak, %3 polictilen ile manyetit agrega karigimimin
mekanik Ozelikleri benzer beton karigimlarina gore
iyilestirdigi ancak %15 piring kabugu kiilii iceren manyetitin
basing dayammnin, ¢imento ikame malzemeleri olarak
kullanilan %3 polietilen ile manyetitten daha yiiksek
oldugunu gostermistir. Bu nedenle, %3 polietilen iceren
manyetit, radyasyondan korunma i¢in agir betonun mekanik
Ozeliklerini gelistirdigi anlagilmistir. Bu ¢alismada, genel
olarak, %3 polietilenli manyetitin nétron radyasyon kalkani
(Sekil 6) icin optimum beton karigimi oldugunu
bulunmustur.

Sekil 6. Betonlardaki ndtron radyasyon deneyi [13].

Aygiin, vd. [27] yaptiklar1 galismada, farkli tipte mineraller
(krom cevheri, hematit (Fe.Os), titanyum oksit (TiOy),
limonit [FeO(OH)nH,0] ve siderit (FeCOs3), krom oksit
(Cr203) ve mangan oksit (MnQO2)) nétron ve y kalkanlama
etkinligi agisindan incelemis, gelistirilen betonlarin mekanik
deneylerinde 30 MPa'ya kadar dayanima sahip oldugu
gozlemlenmistir. Sicaklik ve dayanim deneylerinde
sonuglarin istenilen seviyeye kadar c¢iktigi bildirilmigtir
(Sekil 7).
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Sekil 7. Karisimlarin emdigi y 1sin1 miktarlart [27].
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Elde edilen sonuglar parafin esasli beton, siradan betonlar ve
bazi agir betonlar ile karsilagtirilmistir. Hem teorik hem de
deneysel hesaplamalar, tiim yeni agir betonlarmn, referans
numunelerden daha yiiksek oranlarda y ve ndtron
radyasyonu emdigini gostermektedir. Ozellikle, D3
numunesi, %55 krom cevheri igceren maksimum nétron
zayiflatma doz degerine sahiptir. D2 ise stiin y koruyucu
betondur ve bu karisim %60 krom cevheri, %10 hematit ve
%5 TiO; icermektedir. Bu ¢aligma ile yeni gelistirilen ultra
yiiksek dayanimli agir betonlarin, niikleer enerji
uygulamalart i¢in  alternatif koruyucu malzemeler
olabilecegi tespit edilmistir.

Ultra Yiiksek Performansh Beton

Son zamanlarda, ultra yiikksek performansli beton (UHPC),
0zel bilesimi nedeniyle ¢ok yiiksek dayanima (150 MPa’nin
lizerindeki basing dayanimi), yiiksek E-modiiliine, kirllma
tokluguna ve mitkemmel dayaniklilik ozelliklerine sahip
yeni bir yapt malzemesi olarak ortaya c¢ikmaktadir.
UHPC'nin mekanik 6zelikleri ve dayaniklilik agisindan
saglamliginin anahtari, ¢ok miktarda ¢imento ve ultra ince
mineral dolgu, ¢ok ince kuvars kumu, celik lifler
kullanilarak elde edilen yiiksek yogunluklu mikro yapisidir.
Diisiik su/baglayici oranit ve matristen kaba agregalarin
cikarilmast UHPC"nin yiiksek performansli betondan
(HPC) ¢ok daha iistiin mekanik ve dayaniklilik 6zeliklerine
sahip oldugu rapor edilmistir. HPC ile karsilastirildiginda,
UHPC’nin basing dayanimi 2-3 kat daha yiiksek, egilme
dayanimi1 2-6 kat daha yiiksek, E-modiilii 1.5 kat daha
yiiksek, permabilitesi 50 kat daha disiik, kloriir iyonu
difiizyonu 25 kat daha diisiik ve korozyon oran1 8 kat daha
diigiiktiir.  UHPC, miikemmel mekanik oOzeliklere ve
dayaniklilik performansina sahip akilli bir yapi malzemesi
olarak niikleer santrallerde yapi elemanlarinin yapiminda
kullanilmaktadir. Bununla Dbirlikte, UHPC niikleer
radyasyonlara maruz kalmaya karsi hassastir. Bir
malzemenin niikleer radyasyona kars1 korunmasini etkileyen
ana faktér, daha Once agiklandigi gibi yogunlugu
oldugundan, bir niikleer santralde kullanilabilecek UHPC
kartsiminin HWC kriterlerini kargilamasi gerekmektedir.
Kapsamli bir literatiir arastirmasi, UHPC'nin radyasyon
zithlamadaki etkinliginin yani sira mekanik o6zelikler ve
dayaniklilik 6zellikleri agisindan performansi hakkinda ¢ok
az sayida ¢alismanin rapor edildigini gostermektedir [3].

Gokege [28], yaptig1 ¢aligmada agir, yiiksek performansl
fiber takviyeli c¢imento esasli kompozit (HPFRCC)
karigimlart gelistirmistir. HPFRCC karigimlari, bir durumda
ince agrega olarak barit kullanilarak ve baska bir durumda
ince agrega olarak graniile demirli atik kullanilarak ayr1 ayri
hazirlanmigtir. HPFRCC karigimlarinin mekanik 6zelikleri,
ince bir agrega olarak silika kumu-kuvars tozu karigimindan
olusan referans UHPC karigimminkiyle karsilagtirilmastir.
Graniile demirli atik agrega iceren HPFRCC karisimin,
reolojik ve mekanik 6zelikler agisindan gelisme gostermekte
oldugu bildirilmigtir. Ancak HPFRCC karisiminda ince
agrega olarak barit kullanilmasi mekanik o6zelikleri
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azaltmaktadir. Caligmada sonu¢ olarak tim HPFRCC
karigimlart igin radyasyon korumasina yonelik performansta
onemli bir artis oldugu belirlenmistir.

Agir Betonlarin Ozelikleri ve Kullanim Alanlar

Bu baglik altinda agir betonlarin son yillarda kesfedilen,
arastirilan ve literatiire kazandirilan bazi 6zeliklerinden
bahsedilecektir. Yapisal anlamda bir¢ok farkli islevi olan
agir betonlarin, bilinmeyen 6zelikleri ve genisleyen kullanim
alanlari1 bu kisimda incelenecektir. Giimiis, vd. [29]
calismalarinda agir betonlarin  goézenek bosluklarini
incelemede ultrases gegis hizi deneyi uygulamistir. Bu
kapsamda, normal beton (NB), barit igeren agir beton (BB),
siderit igeren agir beton (SB) iiretilerek basing dayanimlari
ve ultrases gecis hiz1 degerleri Sekil 8’de verilmistir. Sekil
incelendiginde basing dayanimi arttik¢a ultrases gegis
hizinin arttigr gézlemlenmistir. Dolayisi ile agir agregali
betonlarin basing dayanimi yiiksek, bosluk orani ise diigiik
olmaktadir.
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Sekil 8. Basing dayanimlari ve ultrases gecis hizi [29].

Radyasyon

Radyasyon en genel anlamiyla, maddenin elektromanyetik
dalgalar seklinde yayilmasidir. Madde ile etkilesimlerine
gore radyasyon cesitleri Sekil 9’da gosterilmistir [30].
Pargacik tipi radyasyonu Alfa (o), Beta (B) ve nétron kozmik
1sinlarindan olugmaktadir. Dalga tipi radyasyon ise titresim
yoluyla ilerleyen kiitlesiz enerjilerin  yayilmasidir.
Iyonlastiric1 ve iyonlastirici olmayan dalga tipi radyasyonlar
151k hiziyla esdeger hizda yayilmaktadir [31].

LaNgoiashogs

RADYASYON (

. i iyonlastirici i

Kizilotesi

Sekil 9. Madde ile etkilesimine gore radyasyonlar [30].
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Burada hedeflenen radyasyonla insanlar iizerinde
olusabilecek zararli etkileri azaltmaktir. Zararli etkileri
azaltmak i¢in radyasyona neden olan kaynak ile insan
arasma radyasyon emici yerlestirilerektedir. Zararh
isinlarmin diger cisimlere ¢arpmasi sonucu ortaya ¢ikan
ndtron 1smlart ise kiigiik atom agirlikli elementler ile
olumsuz etkileri azaltilmaktadir [32].

Zirhlamadaki Zararh Isinlar

Radyoaktif ortamlarda zirhla korunmasi gereken zararli
1sinlarin 6zelikleri asagida aciklanmaktadir:

Alfa (o) Parcaciklar:

o pargacigl, ndtron-proton orani ¢ok diisiik oldugu durumda
yiiksek enerjiye sahip helyum cekirdekleridir. Cogunlukla
atom numarasinin yiiksek oldugu izotroplarda gozlenen bu
olay c¢ekirdekten o parcaciklarinin kopmasiyla olusur.
Gilinlimiiz teknolojisinde o parcaciklarini ¢ok ince tabakali
maddeler ile durdurulabilmektedir. o parcaciklarinm
enerjilerini kolay kaybetmeleri nedeniyle dis radyasyon
tehlikeleri bulunmamakta olup 10 cm’lik bir hava tabakasi
yeterli zirh olarak kabul edilmektedir [29].

Beta (P) Parcaciklar:

B parcaciklart o pargaciklari gibi gectikleri maddeler
igerisinde iyonlagmaya neden olmaktadirlar. B parcaciklar o
parcaciklarindan daha hafiftirler. Bu nedenle iyonlasma
kapasiteleri de o pargaciklarina gore daha dusiiktir.
parcaciklarinm bir diger ozelligi ise bir madde igerisine
oldukca yiiksek oranda niifuz edebilme kapasitesine sahip
olabilmeleridir. Giiniimiizde [ pargaciklarinin olumsuz
etkilerinden  korunmak i¢in  aliiminyum levhalar
kullanilmaktadir [29].

Notronlar

Yiiksiiz durumdaki ndtron parcaciklari maddeler igerisine
yiiksek oranda niifuz edebilmektedirler. Nétronlar dogrudan
iyonlagsma oOzelligine sahip olmasalar da atomlar ile
etkilestiklerinde B, o, y ve x 1smnlarn gozlemlenmektedir.
Notronlar1  parafin, su ve Dbeton kiitleleri ile
durdurulabilmektedir [29].

Gama (y) ve Rontgen (x) Isinlar

Elektromanyetik 1smnlar olan y ve x 1sinlarimin dalga boylari
(0.1-100 A) arasinda olduk¢a diisik seviyededir. x-
isinlarinin frekanst goriiniir 15181n frekansindan 1000 kat
daha biiyliktiir. x-15mnlar1 dalga ve tanecik oOzellikleri
gostermeleri nedeniyle cift karakterlidirler. Tanecik 6zellik
gosteren radyasyona foton denilmektedir. Gama 1sinlar1 ise
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radyoaktif izotroplarin ayrismasiyla ortaya c¢ikmaktadir.
Zihrlamanm amact y ve X i1sinlari ile nétronlara karst
korumadir.

Kullanilacak zirhin se¢imi ve zirh kalmligi; malzemenin
radyasyon zayiflatma katsayist ve malzemenin kimyasal
bilesimine, radyasyon tiirii ve enerjisine bagli olmaktadir
[33]. Radyasyon zirhlamasinda agir agrega kullaniminin
radyasyon zirhlamaya etkileri incelenmis, agir agrega olarak
farkli oranlardaki katsayilar1 Sekil 10°da yer almaktadir ve
beton icerisinde bulunan barit arttikca betonun radyasyon
sogurma 6zelligi de artmaktadir [23],[33].
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Sekil 10. Zayiflatma katsayilarinin enerji grafigi [33].

Sekil 11°de a, B, y ve nétron gibi radyoaktif ismnlarin
gecebildigi ve etki edebildigi elementler gosterilmektedir.
Alfa 1ginlart insan teninden gecemezken beta 1smlari insan
tenini gecgerek aliiminyumda sogurulmaktadir. y 1sinlari ise
aliminyumu gecerken kursun elementini gegememektedir.
Notronlar ise biitiin bu elementlerden gecerken agir agrega
iceren agir betondan gegememektedir [34].

Beta

Gama
P ]

Su,

Beton Kagt

Kurgun

Aliiminyum

Sekil 11. a, B, ndtron, y ve x 1sinmnin etkileri [34].

x ve vy 1smlart madde ile etkilesimi {i¢ farkli yolla
gergeklesmektedir. Bunlar; foto elektrik olayi, Compton
olay1 ve ¢ift olusum olaylaridir. Bu olaylarm olusma
olasiliklari, x ve y 1sinlart ile etkilesen maddenin atom
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numarasina gore degiskenlik gostermektedir  [35].
Radyasyon siddetinde azalma olmasina radyasyonun
zayiflamasi, x ve y 1sinlart ile etkilesen maddeden
uzaklastirilan enerjiye ise sogrulma denilmektedir.

Lineer ve Kiitle Zayiflatma Katsayilar

X ve v 1sinlart malzeme iizerinden gegtigi esnada fotoelektrik
olayi, Compton sagilmasi, 1sin demetlerinin siddetlerinde
azalma meydana gelmesidir. Ik asamada Io siddetindeki bir
foton, Ax kalinligindaki bir malzemenin iginden gegtigi
esnada siddeti dI kadar azalmaktadir. Isin siddetindeki bu
azalma, dogrudan malzemenin kalinlig: ile iliskilidir (Sekil
12) ve denklem (1) ile bulunmaktadir [34].

— M
’
? ;
::,.
_In,_ I
;
)

Sekil 12. x ve y 1511 sogurmalari [20].

di/Ax = —pdx (1)

Denklem 1’de x’e gore (kalinligina) integrali alindiginda, bir
151n demetinin sogurucudan gectigi siradaki foton siddetinin
degisimi Denklem 2 yardimiyla hesaplanabilir [34].

I=loe-px

)

Denklemde p katsayisi (birimi cm™) sogurma katsayisidir
[36],[37]. Lineer zayiflatma katsayisi (LZK) sogurulan
sartlarda birim uzunlugun etkilesmesi olasiligidir. Compton,
Fotoelektrik ve ¢ift olusum etkilesimleri o, © ve «
sembolleriyle gosterilirler. Kismi zayiflama katsayisi ve
toplam zayiflama katsayisi o, T ve x etkilesmesi sonucu
meydana gelen zayiflatma katsayisi toplamidir (Denklem 3)
[38],[39].

p=t +o+K 3)

Fotonun ne kadar soguruldugunun belirlenmesinde
kullanilan bu bagmti, bir foton 151n demetinin tamamen
sogurulmasinin miimkiin olmadigini belirlemistir. Ancak
uygulamada sogurma ¢ok yiiksek oranda (algilanilamayan
diizeyde) olabilmektedir. Bu oran kiitle zayiflama katsayisi
(KZK) pp ile gosterilmektedir. KZK, denklem (4) ile
hesaplanmaktadir [34].

um=p/p 4
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Sekil 13, kullanilan fotogogaltici tiip (iginde bir fotokatod ile
kademeli olarak artan voltaj olan bir dizi elektrot bulunan
havast bosaltilmig cam bir tiip), yiikselteg, ¢cok kanalli
analizorden ve Onyiikseltegten olusan sistemin sematik
olarak gosterilmektedir. Olgiim 6ncesinde y spektrometre
cihazinin kalibrasyonunun yapilmasi gerekmektedir.

Pb

iLE |

Radyoaktif Beton
Kaynak

Sekil 13. Fotogogaltici tiip ve yiikselteg [40].

Elde edilen dl¢iimler neticesinde KZK Beer-Lambert esitligi
yardimiyla hesaplanabilmektedir.

®)

Burada x mineral katkili (YFC) betonun kalinligmi, Io
detektor ve kaynak arasindaki pik alanini (beton
bulunmadigi durumda) ve I detektdr ve kaynak arasinda
beton bulundugu durumdaki pik alani temsil etmektedir [40].

T
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Zararh Isinlara Kalkan Kullanimi

Yari deger kalinlik (YDK) bir malzemenin iizerine gelen 1smn
demetlerinin yarisinin kalinligidir. Malzeme iizerinden
gecen 151 demetlerini %90 oraninda diistiren kalinlik ise
10°da bir deger kalinligidir (ODK). Malzemelerin yari1 deger
kalinliklar1 ve onda bir deger kalinliklari Denklem 6 ve
Denklem 7 yardimlariyla hesaplanilabilir ve bu denklemler
yiiksek zirhlama yapmak i¢in kritik 6neme sahiptirler [34].
Bu denklemler v 1ginlarinin zirhlanmasinda da etkilidir [34].
Bir malzeme igerisinden gegen radyasyon malzemenin atom
numarasi, 0z Kkiitlesi ve foton enerjileri ile yakindan
iliskilidir. YDK bir radyasyon ¢esidinin malzeme igerisine
ne derecede niifuz ettigini belirlemek i¢in en sik tercih edilen
yontemdir. $6yle ki YDK ve ODK degerleri dogru
belirlendiginde radyasyonun malzemenin diger
kaliliklarindaki niifuz etme oranlari da belirlenebilmektedir
[34]. Radyasyonun bir diger sekli de herhangi bir elektrik
yikii tagimayan notronlardir. Notronlar, yalnizca atom
cekirdekleri ile  c¢arpigmalar1  sonucu  yavagslarlar.
Malzemelerde notron zirhlamasi yapmak igin lic sinif
malzemenin birlestirilmesi gerekmektedir. Olusturulmasi
gereken zirh atom numarasi yiliksek elementlerden meydana
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gelmelidir. Boylece hizli hareket eden nétronlar garpigsma
sonucu yavaslatilabilmektedir [29].

YDK=In2/p
ODK=In10/p

(6)
™

Radyasyona karg1 malzeme giriciliklerinin Kargilagtirilmasi
Sekil 14’de gosterilmistir.

o -
—D
P P
X-151nlar1
n

kagit aliiminyum kursun beton

Sekil 14. Radyasyona karsi malzeme giriciliklerinin
karsilastirilmasi [35],[41].

Agir Betonda E-Modiilii

Yapisal beton c¢ok bilesenli (kompozit) bir malzeme
oldugundan dolay1 betonun E-modiiliinii, yogunlugunu ve
hacmini  bilesimine giren malzemelerin  &zellikleri
belirlemektedir. E-modiiliine etkiyen biitiin faktorler aslinda
betonun basing dayanimini etkiyen faktorlerin kendisi
olmaktadir. Agir beton tasarimi yapilirken kullanilan yiiksek
E-modiillii iri agregalar, betonun E-modiiliinii de
arttirmaktadir. Ayrica E-modiiliine etkiyen diger unsurlar;
¢imento hamurunun bosluklu yapisi, agregalarin Dmaks.
degeri, agregalarin dagilimi ve yiizey sekli olmaktadir.

Agir Beton Agregalarn

Baglica beton bilegenleri ¢imento, agrega ve su’dur [42].
Beton iiretiminde maliyeti diisiirmek ve dayanimi arttirmak
i¢in yaklasik %60-80 oraninda agrega (kirma kum, kirmatas,
cakil vb.) kullanilmaktadir. Agir beton iretmek igin
kullanilmas1 gereken agreganm o&zgil agirliklart 4.0
gr/lcm®iin iizerinde olmalhdir. Agir beton iiretiminde
kullanilan baglica agregalar limonit (2Fe203.2H,0), barit
(BaS0s), hematit (Fe,O3), manyetit (FesOa), viterit (BaCO3),
ilmenit (FeTiO,), geotit (Fe203.H20) vb. dogal agregalardir.
Yapay agrega olarak ise kursun pargaciklari, demir
sagmalari, ferrofosfor (Fe203-P203) ve ferrosilikon
kullanilabilmektedir. Agir beton iiretiminde genellikle birim
agirhigim 3600 kg/m®e kadar cikarabilen barit (baryum
siilfat) kullanilmaktadir [34].
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Barit Ozelikleri

Agir beton iiretiminde siklikla tercih edilen baritin 6zgiil
agirligi 4.2-4.6 kg/dm? arasinda olup, erime noktasi yaklagik
olarak 1580 °C’dir. Barit soguk asit ve su i¢erisinde erimez.
Ancak kaynayan siilfiirik asit icerisinde az miktarda
eriyebilecegi belirlenmistir. Yaklagik olarak %90 safliktaki
bu kaya¢ kirma tas olarak kullanilabilmektedir. Baritin
kimyasal Dbilesimi en ¢ok baryum mineralinden
olugmaktadir. Baritin i¢erisinde demir ve karbon bulunmasi
nedeniyle farkli renklerde (kirmizi, kahverengi, sari, siyah,
mavi) olabilmektedir. Baritin icerigini yaklagik %94’1 saf
BaSO, olusturmakta olup, ayrica demir oksit, silis ve pirit
mineralleri bulunmaktadir. Agir beton iiretmek igin
kullanilan baritin igeriginde (daha yiiksek dayanim elde
edebilmek i¢in) %3-5 oraninda silis minerali iceren kayaclar
tercih edilmektedir [43]. Barit 0zgiil agirhigi yiiksek
olmasina ragmen kolayca ufalanabildiginden beton
iretiminde  karigtirma  asamasinda  ozenli  olmak

gerekmektedir. Dogal durumdaki barit cevheri Sekil 15°de
gosterilmistir. Barit kayaglari iilkemizde kolay ulasilabilir
olmalar1 nedeniyle agir agregali beton iiretiminde siklikla
kullanilmaktadir [44],[45].

Sekil 15. Barit cevheri [1].

Radyasyona direngli bir beton {iiretmek, yiiksek basing
dayanimi  ve yiiksek dayaniklililk ile miimkiin
olabilmektedir.
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Sekil 16. Barit oran1 kuru birim hacim agirliklari [43].
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Ciinki beton biinyesinde catlaklar meydana gelmesi
durumunda x ve y isinlart beton igerisinden kolaylikla
gegebilmektedir. Sekil 16 beton smifina goére kuru birim
hacim agirliklarii kargilagtirmaktadir. Yukaridaki sekilde,
K ile kontrol numunesi gosterilmis, devaminda ise
karigimdaki baritin artmasi ile birlikte sirasiyla %20, 40, 60,
80 ve 100 oranindaki karigimlarin degerleri verilmistir. Sekil
17°de kuru birim hacim agirlik barit kullanimi ile kontrol
numunesine gore artmis fakat barit yiizdesi arttikga
diismistiir [43]. Sekil 17°de goriilecegi tizere karisimdaki
barit yiizdesinin artmasi ile basing dayaniminda kayda deger
artislar  gerceklesmistir. Fakat barit oranmin %100
kullanilmasi, %40’a gére daha az basing dayanim degeri
saglamistir, bunun nedeni kullanilan barit tozunun dayanima
olumsuz etki etmesidir [43].
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Sekil 17. Ogiitiilmiis barit oram1 basing dayanimlari [43].

Hematit Ozelikleri

Hematit agregasinin kimyasal bilesimi Fe,Os’tiir. Hematit
madeni ¢elik grisi-siyah, pak siyah renklidir. Sertlik derecesi
5-6 arasinda degismekle beraber 6zgiil agirliklar: 5.26°dur.
Bir demir minerali olan hematit agregasi hidrotermal
damarlarda ve magmatik kayaglarda aksesuar minerali
olarak bulunmaktadir [1].

Limonit Ozelikleri

Limonit (Fe;03-xH0), genellikle sar1 renkli, yumusak veya
kahverengi, sert bir demir minerali olup, demir cevheri
icerdigi igin pigment olarak da kullanilmakta, %60 demir
cevheri  igeriginden agir beton iiretiminde de
kullanilmaktadir. Sertligi 5-5.5 degerleri arasinda olup
yogunlugu 3.8-4.3 gr/cm?® arasinda olmaktadir. Saf limonit
%60 oraninda demir %14 oraninda ise su igermektedir.
Rengi demir siyahidir [1]. Limonit, manyetit ve hematit’den
daha disiik kalitede olarak baslica Fransa, Kiiba ve
Kanada’da bulunmaktadir. Esen [46] normal ve limonit
donatili betonun radyasyon zirhlama 6zellikleri ve bazi
fiziksel ve mekanik 6zelikleri iizerinde deneysel bir ¢aligma
yapmistir. Bu amagla standartlara gore hazirlanan normal
betonlar yerine aymi oranlarda limonit eklenmesi ile
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agregalar hacimce yaklasik olarak %20, 40, 60, 80 ve 100
oranlarinda azaltilmig agir beton karigimlari hazirlamistir.
Limonit takviyesi ile {iretilen betonun su emme miktari
artmig, basing ve egilme dayanimi ise azalmistir. Ayrica
radyasyon gegcirgenligi de onemli 6l¢iide azalmistir.

ilmenit Ozelikleri

Fe*?Ti03 formiilii olan ilmenit cevheri bircok magmatik ve
metamorfik kayaclarda bulunan bir aksesuar minerali olup,
masif, tanesel bir kristal bigimine sahip olmaktadir. Sertlik
indeksi 5-6 degerleri arasinda, 6zgil agirlhig: ise 4,72°dir.
IImenit cevheri siyah-kahverengimsi renge sahiptir. Ilmenit
cevheri hematitten ¢izgilerinin renkleriyle ayristirilmaktadir.
Pegmatitlerde, kuvars damarlarinda ve bazi gnayslarda
kalkopirit ve hematit ile bulunmustur [1].

Manyetit Ozelikleri

Manyetitin kimyasal bilesimi FesOa, Kristal kafes yapisi
kiibik, 5,5-6,5 derecesinde sertlige sahiptir. Metalik bir
parlakliga sahip olan bu agreganin yogunlugu 5,175-5,197
gricm® degerleri arasindadir. Manyetit agregasini diger
agregalardan ayiran en Onemli Ozelligi kuvvetli ¢cekme
kabiliyeti ve siyah ¢izgi rengine sahip olmasidir. Manyetitler
metamorfik kayaglarda, siilfit yataklarinda, pegmatitlerde
vb. kayaclarda olusmaktadir [1].

Ferrofosfor Ozelikleri

Ferrofosfor, yiiksek 06zgiil agirligi nedeniyle agir beton
yapiminda kullanilan bir mineraldir. Bu mineral fosfor
iretiminde meydana gelmekte, dogal ve yapay agrega olarak
zith betonu iiretmek icin kullamlmaktadir. Iceriginde
yaklagik olarak %70 oraninda demir bulunmaktadir. Ozgiil
agirhgr yaklagik olarak 5,72-6,8 arasindadir. Ferrofosfor
cevherleri  sikistirnildiginda  yiiksek  basingli  gazlar
olusturmaktadir. Bu nedenle bu agregalar betonda
kullanilmadan 6nce laboratuvarda test edilmelidir [15].

Siderit Ozelikleri

Kimyasal bilesimi FeCOs olan siderit cevheri, hegzagonal
kristal kafes yapisina sahiptir. Sertligi 3,5-4, 6zgiil agirlig:
3,96°dir.  Siderit cevheri genellikle acik sari, sari gri
karisimi, acik yesil, sarimsi kahverengi, gri, koyu kahverengi
renklere sahip olmasmnin yani sira nadiren beyaz ya da
renksiz de olabilmektedir. Ayrica saf halde %48’e kadar
demir igermektedir [1].

Kolemanit Ozelikleri

Kolemanit, notron radyasyon zirh betonlarinda agrega
olarak kullanilabilen dogal bir borattir. Kimyasal formiili
CaB3;04(OH):H,0, kristal kafes yapisina sahiptir. Sekil
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18’de goriilen kolemanitin sertligi 4.5, yogunlugu ise 2.42
g/cm®diir. Renksiz bir yapiya sahip olan kolemanit, kristal
yapist ve dizilimi miikemmeldir. Genellikle kurak iklim
bolgelerindeki tuz gollerindeki boraks ile birlikte olusan
kolemanitin goriiniimii Sekil 18°de gosterilmistir [15].

Sekil 18. Kolemanit goriiniimii [15].

Celik Sacma ve Parcalar

Celik sagma ve parcalarm yogunlugu 6,2-7,8 g/cm? arasinda
olup, agir beton iretiminde yapay agrega olarak
kullanilmaktadir. Celik sagma ve pargalarina ait goriiniim
Sekil 19°da verilmistir [15].

Sekil 19. Celik sagma ve parcalarin goriiniimii [15].

Agir Agregalarin Kullanim

Agir agregalar, koselinin keskin olmalar1 nedeniyle beton
iiretiminde kullanilmalari bazi problemlerle karsilagiimasina
neden olabilmektedir. Bu sorunlari bertaraf edebilmek i¢in
incelik modiili diisik agregalarin tercih edilmesi
gerekmektedir. Ayrica betonun yeterli islenebilirligi
kazanabilmesi amaciyla ek tedbirlerin de alinmasi biiyiik
onem arz etmektedir. Ayrisma olusmamasi i¢in karigim
tasarlanirken kaba ve ince agregalarin yiiksek yogunlukta
olmasma  ozen  gosterilmelidir.  Onceki  yapilan
aragtirmalarda agir beton iiretiminde, iki asamali olarak (6n
agrega yerlestirilmesi ve gomiilii pargalarin etraflarina beton
dokiimii) ayrigmanin azaltilabilecegi belirlenmistir [29].

Agir betonlarin aginmalarinin normal betonlara gore yiiksek
olmasi da agir betona avantaj saglamistir (Sekil 20). Ancak
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agir beton ortalama biiziilmesi geleneksel betonlarinkinden
%30 daha fazladir. TS 3440 [47] kriterlerine gore iiretilen
geleneksel betonlarin dayanikliliklarinin  yiiksek olmasi
istenmektedir. Radyasyona direngli bir beton iiretmek i¢in
ise zararli su, zemin ve gazlara kars1 6nlem alinmasina gerek
bulunmaz. Ancak; radyasyona direngli agir beton 28 giinliik
basing dayanimi en az 60 MPa olmalidir [34].
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Sekil 20. Schmidt sertliginin barit orani ile degisimi [43].

Sekil 21, agir betonda kullanilan kursun ctiruf, hematit, barit
ve  serpantin  agregalarmin  dogrusal  zayiflama
katsayilarindaki  artis  oranlarin1  karsilastirmaktadir.
Serpantit ve barit agregalariyla liretilen betonlarin radyasyon
isinlarini korumada daha etkili olabilecegi belirlenmistir
[48]-[51].
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Sekil 21. Agir beton iiretiminde kullanilan kursun ciiruf,
hematit, barit ve serpantin agregalarmin dogrusal zayiflama
katsayilarindaki artig oranlarinin karsilagtirilmasi [8].

Agir Betonlarin Karisim Yontemleri

Agir beton karigim hesap yontemlerinde TS 802 [52]’de
belirtilen yontemlerle uygulanmaktadir. Agir beton
tasariminda kullanilan 6zel ve yogunlugu yiiksek olan
agrega daneleri arasinda bosluk oran1 ve ¢atlama riskinin en
az diizeyde olacak sekilde tasarlanmasina dikkat edilmelidir.
Homojen ve dayanikli agir beton elde etmek igin agrega
graniilometri egrisinin Sekil 22°de belirtilen standartlarda
verilen egriler arasinda kalmasma ozen gosterilmelidir.
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Ayrica agir beton iiretimi sirasinda karigim diizgiin bir
sekilde karigtirilmali, sonra yerlestirilme islemlerinin dogru
yapilmasina, ¢imentonun hidratasyon reaksiyonunun
saglanmasi i¢in uygun miktarda karisim suyu kullanilmasina
dikkat edilmelidir. Beton tasarimindaki en 6nemli husus s-¢
oraninin se¢imi olmaktadir. Secilen ¢imento dozajinin hem
radyoaktif gecirimsizlik i¢in yiiksek olmast hem de rétreden
kaynaklanan ¢atlaklarin olugsmamasi i¢in ¢imento dozaji 350
kg/m® den biiyiik ve s/¢ oran1 0.50’nin altinda olmalidir [1].

N\
4

RS Bl #53

Sekil 22. Dmaks. 16 mm agrega graniilometri egrisi [1].

Agir Betonun Yerine Yerlestirilmesi

Bilinen yontemler karistirma ve yerlestirme igin
kullanilabilmektedir. Bununla birlikte mikserin asir1
yiiklenmesine genellikle celik tiirii agir agregalar yol
acmaktadir.  Betonun  yerlesmesi  vibrasyon ile
saglanmaktadir. Agir beton igerisinde kullanilacak olan
karigim suyunun ise temiz ve berrak olmasma dikkat
edilmeli ve icinde kil, yag, alkali ve asitler bulunmamalidir
[1]. Agir beton iiretim agsamasinda mikserin tamamen
doldurulmamast gerekmektedir. Asir1  karigtirma  iri
agreganin dibe ¢okiip taze betonun ayrigmasina yol
acmaktadir. Agir agregalarin, temel sorunlarindan biri
ayrisma olusturmasidir. Beton tabakasi en fazla 25 cm
kalinhiginda olmasi gerekmektedir [43]. Agir betonlarin
iletilmesinin zor olan yapilarda enjeksiyon ya da prepakt
teknikleri uygulanmahdir [15]. Bu amagla harglarda 6zgiil
agirhigr 3.0-3.5 arasi olan barit kumu ve yaklasik 0.8 s-¢
orani kullanilir. Bu yoéntem normal beton yerlestirilmesinde
de kullanilmaktadir.

Radyasyondan Korunma

Giliniimiizde radyasyonun insanlar iizerindeki olumsuz
etkileri oldukga fazla oldugundan radyasyona olabildigince
az maruz kalmmalidir. Radyasyondan kagmilmasi imkansiz
oldugu durumlarda ise birtakim Onlemlerin alinmasi
gerekmektedir. Bu siirecin  tamamima radyasyondan
korunma denir. Serbest ve dis kaynakli radyasyon etkisinden
kaginmanin 3 o6nemli yolu Sekil 23’de gosterilmistir
[23],[29]. Radyasyonun zirhlanmasi; radyasyonun nasil
olustugunu, malzemede nasil degisiklikler gosterdigini ve
alinmasi gereken onlemleri inceleyen bir bilim dalidur.
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[IRHLAMA

Sekil 23. Dis radyasyondan korunmanin kurallari [29].

ZAVAN MESAFE

Zaman Kurah (Time Rule)

Radyasyon yaymiminin oldugu tehlikeli bir bdolgede
viicudun maruz kaldigi radyasyon etkisi zamanla dogru
orantilidir, yani bulunulan bolgede ne kadar fazla kalinirsa
maruz kalman doz da o derece artmaktadir. Dolayisiyla
boyle bir tehlike durumunda boélgeden acilen uzaklagilmali
ve bolge tecrit edilmelidir. Tehlikeli hal bitene kadar higbir
canlinin bolgeye girilmesine izin verilmemelidir [23],[29].

Uzaklik Kural (Distance Rule)
Radyasyonu olusturan kaynaktan uzaklastik¢a radyasyonun
olusturabilecegi olumsuz etki de azalabilmektedir. Bu
nedenle radyasyondan korunmanin en etkili yolu radyasyon
kaynagidan uzaklagmaktir [34].

Zirhlama Kurah (Shielding Rule)

Radyasyon olusturan merkez ile diger canlilar arasina, bu
etkiyi azaltacak engeller konulmasi zirhlamadir. Bu engeller
agir betonlar ve kursun levhalar ile olmaktadir [53].

Radyolojik Olaylar ve Kazalar

Teknolojik gelismeler ile artan radyoaktif madde kullanimi
niikleer kazalarin meydana gelmesine neden olabilmektedir.
Bilim insanlart olusabilecek niikleer kazalarm boyutunu
belirlemek i¢in yeni bir yontem gelistirmislerdir. Gelistirilen
Olcege gore iki seviye arasinda 10 kat onemli olaylarin
oldugu belirlenmistir.

A Bk kaza

Ciddi kaza

Genis sonuglar ile kaza

Belirtilmemis sonugclar ile kaza

Kaza

Ciddi olay

Olay

Olgek asagisi

Y

Sekil 24. Uluslararasi niikleer ve radyolojik 6lgegi [29].
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Uluslararasi niikleer ve radyolojik olay olgegi Sekil 24°de
gosterilmistir. Sekil 24 incelendiginde radyasyonun g¢ok
genis bir alana etki edebilecegi belirlenmistir. Ornek olarak
Ukrayna’da meydana gelen niikleer kaza (Cernobil) ¢ok
genis bir bdlgeyi etkilemistir. Verilebilecek bir diger drnek
ise Japonya’da 2011’de meydana gelen deprem sonrasi
tusunami olugmasi ve Fukushima Daiichi Niikleer Enerji
Santrali'nde biiyiik hasar olusturmasidir. Bu niikleer hasar
yaklagik 500 bin kisinin evlerinden olmasina neden olmugtur
[29].

Sonuc ve Oneriler

Bu aragtirma ile agir betonlar ve ultra yliksek dayanimli agir
betonlar iizerine yapilmig son yillardaki ¢aligmalar
derlenmistir. Aragtirma sonucunda agir betonlar hakkinda
genel Dbilgiler verildikten sonra, bu konu hakkindaki
yenilikler ve gelismeler gozden gegirilmistir. Calismadan
cikarilacak genel sonuglar asagida maddeler halinde
Ozetlenmistir.

e Agir betonda dozaj 350 kg/m¥den fazla ise hidratasyon
1s1s1 diistik ¢imentolar kullanilmalidir. Agir betonlarda
agreganin agirligi nedeniyle ayrigsma riski bulunmaktadir.
Bunu onlemek i¢in karigtirma siiresi olabildigince az
tutulmal1 ve agrega dagiliminda ince taneler secilmelidir
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