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OZET: Endiistrinin degisik alanlarinda, makinelerin baz1 aksamlarinda plastik malzemeden iiretilen
burg, makara ve rulman gibi makine elemanlar: kullanilir. Bu makine elemanlarina bazen kullanim
sartlarina bagl olarak farkli yiikler etki etmekte bazen de bu pargalar farkli hizlarda ¢aligmaktadir.
Etki eden sartlara bagl olarak malzemenin ¢alisma 6mrii belirlenir. Bu ¢alismada, saf poli-eter-eter-
keton (PEEK) polimeri ile agirlik¢a %30 oraninda karbon elyaf (CE) takviyeli poli-eter-eter-keton
(PEEK-30KE) kompozitin tribolojik performanslari arastirilmistir. Tribolojik deneyler disk iizerinde
pim cihazi kullanilarak oda sicakliginda ve kuru kayma sartlarinda gergeklestirilmistir. Deneylerde
30N ve 100N olmak tizere iki farkl yiik, 1, 2, 3 ve 4m/s olmak iizere dort farkl hiz kullanilmistir.
Deneyler sonucunda saf PEEK polimer ve %30 oraninda karbon elyaf takviyeli PEEK kompozitinin
sirtiinme katsayisi, pim sicaklifi ve spesifik asinma orani belirlenmistir. Optik mikroskop
kullanilarak deney malzemelerinin asinma yiizeyi incelenmistir. Deneyler sonucunda kayma hizina
bagli olarak hem saf PEEK hem de karbon elyaf takviyeli PEEK kompozitin siirtiinme katsayisi
azalirken aginma orani artis gostermistir. Karbon elyaf takviyeli PEEK kompozitin saf PEEK
polimerine gore ortalama %50 oraninda daha yiiksek aginma direncine sahip oldugu tespit edilmistir.

Anahtar Kelimeler: PEEK, Karbon Elyaf, Asinma Orani, Siirtiinme Katsayisi, Kompozit.
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Comparison of Friction and Wear Performances of Pure Poly-ether-ether-ketone Polymer
and Carbon Fiber Reinforced Poly-ether-ether-ketone Polymer Composite for Bushing and
Bearing Applications

ABSTRACT: Machine elements such as bushings, rollers and bearings made of plastic materials are
used in some parts of the machines in different areas of the industry. Sometimes different loads affect
these machine elements depending on the usage conditions and sometimes they work at different
speeds. Depending on the affecting conditions, the working life of the material is determined. In this
study, the tribological performances of pure poly-ether-ether-ketone (PEEK) polymer and 30% by
weight carbon fiber (CE) reinforced poly-ether-ether-ketone (PEEK-30CE) composite were
investigated. Tribological experiments were carried out using pin-on-disk device at room temperature
and dry sliding conditions. Two different loads, both 30N and 100N, and four different speeds (1, 2,
3 and 4 m/s) were used in the experiments. As a result of the experiments, the friction coefficient, pin
temperature and specific wear rate of the pure PEEK polymer and 30% carbon fiber reinforced PEEK
composite were determined. In addition, the microstructures of the wear surfaces were examined
using an optical microscope. As a result of the experiments, depending on the sliding speed, the
friction coefficient of both pure PEEK and carbon fiber reinforced PEEK composite decreased while
the wear rate increased. It has been determined that the carbon fiber reinforced PEEK composite has
an average of 50% higher wear resistance compared to the pure PEEK polymer.

Keywords: PEEK, Carbon Fiber, Wear Rate, Friction Coefficient, Composite.

1. GIRIS

Birgok geleneksel malzeme ile karsilastirildiginda polimerler, iiretim kolayligi, hafiflik,
kendinden yaglama etkisi ve miikemmel korozyon direnci gibi {istlin avantajlara sahip oldugundan,
endiistrinin neredeyse her alaninda yaygin olarak kullanilmaktadir (Yan ve ark., 2020; Yang ve ark.
2020). Rulmanl ve burclu yataklar, birbirlerine gore izafi hareket eden iki parca arasindaki dogrusal
veya donme hareketi sirasinda siirtiinmeyi azaltmak ve kuvvet dogrultusunda hareketlerine engel
olmak i¢in kullanilan makine pargalaridir. Yatagin sekli, yatak icin kullanilan malzemenin cinsi,
yaglayict ozellikleri ve yaglama sekli yataklarin siirtiinme mekanizmalarint belirler (Harris ve
Kotzalas, 2007). Kayar siirtlinme prensibinden faydalanilarak tiretilen yataklara kaymali, yuvarlanma
stirtiinme prensibinin kullanildig: yataklara rulmanli yataklar denir (Kog, 2006). Sekil 1°de kaymali
ve rulmanli yataklar sematik olarak goriilmektedir.

duy boloa'k
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Sekil 1. Kaymali ve rulmanli yataklarin sematik resimleri a) kaymali yatak b) rulmanli yatak (Giingér, 2016)
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Cesitli polimerik malzemelerden ve polimer matrisli kompozitlerden rulmanlar ve burglar
yapilabilmektedir. Polimerik malzemelerin 6zellikleri metal esaslt malzemelerden bir hayli farklilik
gostermektedir. Polimer matrisli malzemelerin en biiyiik avantajlar1 korozyon ve kimyasallara kars1
yiiksek direng, elektrik yalitkanligi, iyi sontimleme kabiliyeti, kolay islenebilirdik, hafif olmalar1 ve
diisik maliyetleridir. Polimerik malzemeler diislik siirtiinme katsayisi, kuru ortamda yaglayici
gerektirmeden c¢alisabilmeleri, yliksek asinma ve yorulma dayanimlar1 sayesinde nem ve
kimyasallara karsi direncin yiiksek olmasi istenilen ortamlarda rulman ve bur¢ uygulamalarinda
tercih edilmektedir (Karacam, 2012). Sekil 2’de polimer malzemelerden iiretilmis rulman ve burg
goriilmektedir.

o™
3) ?
6 49
Lo

Sekil 2. Polimer malzemeden iiretilmis rulman ve yatak

PEEK polimeri ilk defa 1980’lerin basinda ‘ICI Advanced Materials’ firmasi tarafindan
iiretilerek “Victrex PEEK’ adi altinda piyasaya stirilmistir. PEEK polimeri, yart kristalin
termoplastik yapili bir malzemedir. PEEK karbon, hidrojen ve oksijen atomlar1 sayesinde tam
aromatik, yliksek kararlilikta ve yar1 kristalin yapiya sahiptir. Termal 6zellikleri miikemmel olan
PEEK -60 °C ile 260 °C sicakliklar arasinda ozelliklerinde herhangi bir kayip olmadan
kullanilmaktadir. Ayn1 zamanda PEEK rijit ve tok bir malzemedir. Siirtlinme ve asinma dayanimi
yiiksek, stirtinme katsayist diisiiktiir. Bu 6zellikleri sayesinde sterilizasyon ve radyasyona karsi
oldukga direnglidir (Safak, 2001). PEEK ucak sanayinde, elektrik endiistrisinde, takim aletlerinde,
giysi parcalarinda, 6lgme pistonlarinda, siirtlinmeli yataklarda, yuvarlak valf contalarinda, petrol
kuyularinda, plaka desteklerinde ve kablo endiistrisi gibi bir¢ok alanda kullanilmaktadir. Ayrica
regine olarak da kullanilabilen PEEK riizgar tiirbin kanatlarinda, batarya kiliflarinda, tutugsmasi zor
olan tekstil iiriinlerinde, robotik ve otonom sistemlerde de tercih edilmektedir (Yilmaz, 2002). PEEK
lif olarak da kullanilmaktadir. Polieter eter keton (PEEK) lifleri iyi fiziksel 6zellikleri ve dayaniklilig:
ile giiniimiizde bir¢cok endiistri dalinin vazge¢ilmez hammaddesi haline gelmistir. Monofilament,
multifilament ya da stapel lifler olarak ¢esitli formlarda ve yapilarda iiretilebilen PEEK lifleri; 6rme,
dokuma, dokusuz yiizey gibi temel tekstil formlarinda, {i¢ boyutlu kumaslarda, kompozit ve membran
yapilarda da kullanim alanina sahiptir (Hu, 2008; Hanchi ve ark., 1997). PEEK lifleri saf bir yapiya
sahip oldugu i¢in iiretimi sirasinda stabilizasyon igin ilave kimyasallar kullanilmamaktadir. Bundan
dolay1r EEC (European Economic Commission) ve FDA (Food and Drug Administration) tarafindan
medikal alanda ve yiyecekler ile temas halinde kullanilmast uygun goriilmiistiir (Hearle, 2001;
Kalayc1 ve ark., 2017). PEEK on yildan daha uzun siiredir yapay kafa plakalarinda, parmak ve diz
eklemlerinin bilesenlerinde, omurga implantlarinda, kemik splintleme vidalarinda, kardiyak
uygulamalarda ve norolojik uygulamalarda kullanilmaktadir (Schmidlin ve ark., 2010; May, 1998).
Karbon elyafin ilk {iretimi 1800’lerin sonunda ger¢eklesmistir. Bambu liflerinin karbonizasyonu
sonucunda elde edilen karbon elyaflar akkor lambalarda filament olarak kullanilmistir. Kompozit
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malzemelerdeki kullanimi ise 1950’lerde baglamistir. Union Carbide Corporation firmast gelismis
malzemeler liretmek amaciyla poliakrilonitrilin karbonizasyonu ile karbon elyaf tireterek Rayon ticari
ismi ile satisga sunmustur. Poliamidler, fenolik regineler poliesterler ve polivinil alkol gibi
polimerlerden de karbon elyaf iiretimi yapilmissa da zift ve PAN’1n karbonizasyonu ile iiretilen
elyaflarin mekanik 6zelliklerinin diger elyaflardan daha iistiin oldugu tespit edilmistir. Giiniimiizde
karbon elyaflar %90 civarinda PAN’dan iiretilmektedir (Mazumdar, 2002; Baird, 2001; Catak, 2016).
Karbon elyaflarin birim fiyatlarinin diismesi sonucunda kullanim alanlar1 giderek artmaktadir. Birgok
arastirmaci, polimerlerin, metallerin, seramik matris fazli malzemelerin 6zelliklerini gelistirmek i¢in
karbon nanotiipti ve karbon elyafi katki malzemesi olarak kullanmaktadir (Topcu, 2018). Karbon
elyaflarin hafif ve yiilksek mukavemetli olmas1 6zellikle havacilik sektoriinde kullanimini arttirmigtir.
Karbon elyaf takviyeli kompozit malzemeler otomobil ve tren kaportalarinda, saftlarinda, rulmanl
yataklar ile hidrojen kullanan otomobillerin yakit depolarinda tercih edilmektedir. Karbon elyaflar
bisikletler, kanolar, tenis masalari, golf sopalari, sorf tahtalar1 gibi kullanimlarinin yaninda, enerji
alaninda riizgar giillerinde, medikal sektoriinde tekerlekli sandalye, yapay kol ve bacak protezlerinde
ve elektronik alanindaki bir¢cok uygulamalarda tercih edilmektedir (Geng, 2008). Daha 6nce (Kumar
ve Rajmohan, 2019; Gao ve ark., 2022; Kog ve ark., 2019; Yetkin ve ark., 2013, Yi-Lan ve ark., 2019;
Zhua ve ark. 2020; Houve ark., 2018; Juanjuan ve ark., 2020; Samyn ve ark., 2007) benzer ¢alismalar
yapmislardir. Bu ¢alismada burg ve yatak uygulamalari i¢in saf PEEK ve karbon elyaf takviyeli PEEK
kompozitlerin siirtiinme ve aginma performanslari karsilastiriimali olarak incelenmistir.

2. MATERYAL VE YONTEM

Asinma deneylerinde kullanilan saf PEEK, Ketron PEEK-1000 ticari koduyla 10 mm ¢apinda
ve 1000 mm uzunlugunda ¢ubuk formunda temin edilmistir. Karbon elyaf takviyeli PEEK ise Ketron
PEEK-CA30 ticari koduyla yine 8 mm ¢apinda ve 1000 mm uzunlugunda ¢ubuk formunda temin
edilmistir. Deneylerde kullanilan saf PEEK ve %30 karbon elyaf takviyeli PEEK kompozitin fiziksel,
mekanik ve termal 6zellikleri Tablo 1°de verilmistir. Siirtlinme ve asinma testleri, pim-disk asinma
test cihazinda 2000 m kuru kayma sartlar altinda ve oda sicakliginda yapilmistir. Sekil 3’te pim-disk
cithazinin gematik resmi verilmistir.

Sekil 3. Pim-disk agsinma test cihazi sematik gosterimi

Asinma deneylerinde 6 mm ¢apinda ve 50 mm uzunlugunda test numuneleri kullanilmaktadir.
Cubuk formundaki numuneleri bu olgiilere getirebilmek icin revolver torna tezgahi kullanilmis ve
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numuneler hassas bir sekilde tornada islenmistir. AISI 304 paslanmaz ¢elik ise karst disk malzeme
olarak kullanilmistir. Celik disk malzemesi 90 mm c¢apinda ve 5 mm kalinliginda olacak sekilde 6nce
kesilmis sonra alin ve silindirik yiizey tornalamasi yapilmis ve daha sonrasinda ise diizlem ylizey
taglama cihazinda taslanmistir. Taslama yapilan diskin ylizey piiriizliliigii olgiilmiis ve yiizey
puriizliliigi 0,30-0,40 Ra araliginda oldugu tespit edilmistir. Siirtiinme katsayis1 yanal kuvvetin,
normal uygulanan kuvvete orani olarak ifade edilir ve esitlik 1 ile hesaplanir. Burada, p: Stirtiinme
katsayisini, Fs: polimerin yanal siirtiinme kuvveti (N) ve Fn ise Normal kuvveti (N) ifade eder.

H=T 1)

Her bir asinma testinden dnce ve sonra saf PEEK polimeri ile cam elyaf takviyeli PEEK
kompozit pimlerin agirliklar1 dl¢lilmiis, aradaki fark alinarak agirlik kaybi (Am) tespit edilmistir.
Asagida verilen formiil kullanilarak, asinma test numunelerinin spesifik aginma oranlari(W) Esitlik 2
ile hesaplanmistir. Burada; Am: agirlik kaybi (g), L: kayma mesafesi (m), p: malzemenin yogunlugu
(g/cm3), F: uygulanan yiik (N).

W = Am @
L*xp*F
Pim yiizey sicaklilar1 kizil6tesi termometre ile deney siiresince Olgiilerek bilgisayara
kaydedilmistir. Celik disk ylizey piiriizliiligii icin PCE-RT 2300 marka cihaz kullanilmigtir.

Cizelge 1. Saf PEEK ve %30 karbon elyaf takviyeli PEEK kompozitin fiziksel, mekanik ve termal 6zellikleri
Saf PEEK  PEEK+%30KE

Ozellik Degeri Birimi Test standard
Yogunluk 1.31 1.40 g/cm? ASTM D792
Su emme, (24 saat) 0.06 0.05 % ASTM D570(2)
Cekme mukavemeti 115 144 MPa ASTM D638
Elastik modiilii (¢cekmede) 4300 9200 MPa ASTM D638
Kopmadaki % uzama 7 5 % ASTM D638
Termal iletkenlik 0.25 0.92 W/ m.°K -
Sertlik 105 102 Rockwell M ASTM D785
Ergime sicakligi 340 340 °C ASTM D3418
Maksimum siirekli ¢aligma sicaklig 250 250 °C

3. BULGULAR VE TARTISMA

Sekil 4°te saf PEEK polimerinin farkli yiikler ve farkli hizlarda yapilan deneylerden elde edilen
stirtinme katsayist kayma hizi grafikleri verilmistir. Kayma hizinin artmasi ile birlikte hem 30 N ve
hem de 100 N yiikte yapilan deneylerde siirtinme katsayis1 azalmistir. 30 N asindirma yiikii altinda
yapilan tiim deneylerin siirtiinme katsayis1 100 N ile yapilan deneylerden daha yiiksek ¢ikmistir. En
yiiksek siirtiinme katsayist 30 N yiikk ve 1m/s hizda yapilan deneyde p: 0,54, en diisiik siirtiinme
katsayisinin degerinin ise 100 N asindirma yiikii altinda 4m/s hizda p: 0,2 oldugu goriilmiistiir.
Siirtiinme katsayisinda en fazla azalma 1m/s hizda asindirma yiikiiniin 30 N’dan 100 N’a ¢ikarilmas1
ile elde edilmistir. Bu azalma yaklasik %52 oranindadir. Daha 6nce yapilan ¢alismada (Kumar ve
Rajmohan, 2019) yiiksek yiikte ¢elik disk iizerinde asindiric1 etkinin daha fazla oldugunu, siirtiinme
kuvvetinin PEEK matris kompozitlerini daha yumusak hale getirmek i¢in yiiksek bir termal etki
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sagladigini belirtmislerdir. Daha yiiksek kayma hizlarinda, ¢elik disk ylizeyinin daha kolay modifiye
edilebildigini ve transfer filmin daha hizli olusmasi soncunda yumusak polimer yiizeyin sert metal
yiizeyden koruma sagladiginim ifade etmislerdir. Ayrica kayma hizinin artmasi ile siirtiinme
katsayisindaki azalmayi ise diisiik kayma hizinda, hem PEEK kompozitlerinin hem de ¢elik muadili
kayma ylizeylerinin piiriizlii olmas1 nedeniyle yiiksek siirtiinme katsayisi ile sonuglanan giiclii bir
"kilitleme" meydana getirdigini ancak hizin artmasi ile bu mekanizmanin zayiflamasi sonucunda
siirtlinme katsayisinin azaldigini belirtmislerdir. Sonuglar literatiir ile uyum gostermektedir.

0.6
T 1 054
S OF1=30N ®F2= 100N
0517 045
] — 0,41
= 04 1| — 038
g 1
2 ]
g 03 :_ 0,26 025
2 1 ’ 023
£ ] 02
:1-5: 02 T
i ]
0.1 1
0 . . .
1 2 3 4

Kayma hizi, m/s

Sekil 4. Saf PEEK polimerinin farkli yiikler altindaki siirtiinme katsayisi-kayma hizi iligkisi

Sekil 5’te %30 karbon elyaf takviyeli PEEK polimer kompozitlerin farkli yiikler altindaki
siirtiinme katsayisi-kayma hizi iliskisi verilmistir. Katkisiz PEEK polimerinde oldugu gibi kayma
hizinin artmasi ile siirtiinme katsayisinda azalma gozlemlenmistir. Benzer sekilde asindirma yiik{iniin
artmasi ile de siirtlinme katsayisinda da azalma olmustur. Ancak PEEK+%30KE iceren kompozitlerin
stirtlinme katsayis1 degerlerinde katkisiz PEEK ile kiyaslandiginda ¢ok onemli oranlarda azalma
olmustur. Katkisiz PEEK polimerinin 30 N yiik ve 1 m/s hizda siirtiinme katsayist degeri 0,54 iken
PEEK+%30 KE’in ise siirtiinme katsayisinda %52 azalma olmus ve bu deger 0,26’ya gerilemistir. 30
N asindirma yiikii altinda yapilan deneylerde ve 2 m/s hizda siirtiinme katsayisinda %49, 3 m/s hizda
%354, 4 m/s hizda yapilan deneylerde ise %52 azalma olmustur. 100 N asindirma yiikiinde ise 1 m/s
hizda %39, 2 m/s hizda %40, 3 m/s hizda %39 ve 4 m/s hizda ise %37 azalma oldugu tespit edilmistir.
PEEK igerisine ilave edilen %30 KE siirtiinme katsayisini 6nemli oranda azaltmigtir. Baska bir
calismada (Gao ve ark., 2022) PEEK igerisine ilave edilen KE’nin siirtiinme katsayisini diisiirdiigiini,
asinma ylizeyinde transfer film olusturmada etkili oldugunu ve olusan filmin asinma yiizeyinin
topografik yapisiyla ilgili oldugunu belirtmislerdir. Siirtiinme katsayisindaki azalma malzemenin
servis sirasindaki performansini olumlu yonde etkileyecektir.
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Sekil 5. %30 karbon elyaf takviyeli PEEK polimer kompozitinin farkli yiikler altindaki siirtiinme katsayisi-kayma hizi
iliskisi

Sekil 6’da saf PEEK polimerinin farkli yiikler ve farkli hizlarda yapilan deneylerden elde edilen
kayma hizi-pim sicaklig iliskisi verilmistir. Deneylerden elde edilen veriler incelendiginde yiikiin ve
hizin artmasi ile pim sicakliginin da arttig1 sdylenebilir. En diigiik pim sicakligi 1 m/s hizda ve 30 N
asindirma yiikiinde 39°C ve en yiiksek pim sicakligi ise 4 m/s hizda 100 N agindirma yiikii altinda
99°C olarak 6l¢iilmiistiir. Kayma hizinin benzer oldugu yiikiin 30 N’dan 100 N’a ¢ikarilmasi ile pim
sicakligindaki degisim en ¢cok 1 m/s hizda 48 °C, en az degisim ise 2 m/s hizda 35 °C olmustur.
Asindirma ytikiintin 30 N oldugu deneylerde 1 m/s hizda pim sicakligi 39 °C, 2 m/s hizda 54 °C, 3
m/s hizda 56 °C ve 4 m/s hizda 59 °C’ye yiikselmistir. Ayn1 yiikte hizin 1 m/s’den 2 m/s’ye ¢ikmasi
ile pim sicakliginda 15 °C artis olmustur. Ancak 2 m/s-4 m/s hiz araliginda yapilan deneylerde pim
sicakliginda sadece 5 °C’lik artis gergeklesmistir. 30 N alindirma yiikiinde 1-4 m/s hizlarda yapilan
deneylerde pim sicakligindaki degisim 20 °C’dir. 100 N asindirma yiikiinde ise 1 m/s hizda pim
sicakligr 87 °C, 2 m/s hizda 89 °C, 3 m/s hizda 93 °C ve 4 m/s hizda 99 °C olmustur. Ayn1 yiikte 1-4
m/s hizlarda yapilan deneylerde pim sicaklifindaki degisimi 12 °C olarak ol¢iilmiistiir. Bu veriler
dogrultusunda kayma hizina ve asindirma yiikiine bagl olarak pim sicakliginda énemli oranda
degisimlerin oldugu sOylenebilir. Benzer sekilde (Kog¢ ve ark., 2019) artan yiik ile deney
numunelerinin sicakliginin da yiikseldigini belirtmislerdir. Bir bagka caligmada ise (Yetgin ve ark.,
2013) benzer sonuglar bulmuslardir.
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Sekil 6. Saf PEEK polimerinin farkl1 yiikler altindaki kayma hizi-pim sicakligr iligkisi
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Sekil 7°de %30 karbon elyaf takviyeli PEEK polimer kompozitlerin farkli yiikler altindaki
kayma hizi-pim sicaklig iliskisi verilmistir. Katkisiz PEEK polimerinde oldugu gibi kayma hizinin
ve asindirma yiikiiniin artmast ile pim sicakliginda artis meydana gelmistir. Ancak bu artig daha sinirlt
olmustur. PEEK+%30 KE kompozitlerin pim sicakligi tiim deneylerde katkisiz PEEK polimerinden
daha diisiiktiir. PEEK+%30 KE kompozitlerde en diisiik ylizey sicakligi 1 m/s kayma hizinda ve 30
N asindirma yiikii altinda 34 °C olarak dlgiilmiistiir. Bu sicaklik degeri katkisiz PEEK polimerine
gore 5 °C daha diisiiktiir. En yiiksek pim 81 °C sicakligina 4 m/s kayma hizinda ve 100 N asindirma
yiikiinde ulasilmistir. Benzer sartlarda yapilan deneyde katkisiz PEEK polimerine gore 18 °C daha
diistiik oldugu belirlenmistir. Yiikiin 30 N’dan 100 N’a ¢ikarilmasi ile pim sicakligi 1 m/s kayma
hizinda 21 °C, 2 m/s kayma hizinda 32 °C, 3 m/s kayma hizinda 37 °C ve 4 m/s kayma hizinda 40 °C
artis olmustur. Katkisiz PEEK polimerlerde benzer deneylerde sicaklik artisinin daha fazla oldugu
goriilmiistiir. Pim sicakligindaki bu azalma, PEEK icerisine eklenen KE ile 1s1l iletkenligin artmasi
ve kendi kendine yaglama 6zelliginin gelismesinden kaynaklanmaktadir. Benzer ¢alismada (Yi-Lan
ve ark., 2019) grafitin yiiksek termal iletkenliginden dolay1 kayma sirasinda temas sicakligini
diisiirdiigiinii ve temas alanini1 azaltarak siirtiinmeyi azalttigini belirtmislerdir. Pim sicakligindaki
onemli azalmanin gercek ¢aligsma sirasinda ¢ok onemli avantajlar saglayacagi asikardir.
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Sekil 7. %30 karbon elyaf takviyeli PEEK polimer kompozitinin farkli yiikler altindaki kayma hizi-pim sicakligi iliskisi

Sekil 8’de Saf PEEK polimerinin farkli yiikler altindaki spesifik asinma oraninin yiike ve
kayma hizina goére degisimi verilmistir. Polimere uygulanan agindirma yiikiiniin artmasi ile asinma
oraninda artis goriilmiistiir. Asindirma yiikiiniin 30 N’dan 100 N’arttirilmast ile 1 m/s hizda 3,8x10°
mmS3/Nm’den 8,3x10° mm3/Nm’ye, 2 m/s hizda 6,4x10° mm®/Nm’den 11,3x10°® mm3/Nm’ye, 3m/s
hizda 12,8x10°% mm®Nm’den 14,2x10°® mm3/Nm’ye, 4 m/s hizda ise 13,7x10® mm®Nm’den
18,1x10° mm?®Nm’ye yiikselmistir. En fazla degisim 2 m/s hizda 4,9x10° mm3/Nm ve en az degisim
3m/s hizda 2,4x10°® mm®Nm olmustur. Kayma hizinin artmast ile asinma orani1 da artmistir. Kayma
hiz1 en diisiik 1 m/s hizda 3,8x10® mm?3/Nm ve en yiiksek ise 4 m/s hizda 18,1x10° mm*/Nm degerine
ulagmustir. 30 N agindirma yiikii altinda kayma hizinin 1 m/s hizdan 4 m/s hiza yiikselmesi ile asinma
oraninda %360 artig olmustur. Bu oran 100 N agindirma yiikiinde ise %218 civarinda olmustur. Bagka
bir galismada (Zhua ve ark., 2020) agindirma yiikiiniin artmasi ile birlikte spesifik asinma oraninin da
arttigin1 belirtmislerdir. Sekil 7’de goriildiigii gibi deney sirasinda yiikiin ve hizin artmasi ile
sicaklikta ciddi artig olmustur. Sicaklik artisinin polimer zincirlerinin gevsemesine ve PEEK matrisin
mukavemetinin diismesine neden oldugu sanilmaktadir. Bunun sonucunda asinma oraninda artis

gozlemlenmistir.
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Sekil 8. Saf PEEK polimerinin farkli yiikler altindaki asinma orani- kayma hiz1 iligkisi

Sekil 9’da %30 karbon elyaf takviyeli PEEK polimer kompozitlerin farkl ytikler ve hizlardaki
asinma oraninda meydana gelen degisim verilmistir. Kayma hizinin artmasi ile birlikte hem 30 N
asindirma yiikiinde ve hem de 100 N asindirma yiikiinde asinma oraninda artig goriilmiistiir. Asinma
oraninin yiik ve hiza gore degisimi bakimindan katkisiz PEEK ile KE katkili PEEK polimerlerin
benzer davranis gosterdigi soylenebilir. Ancak aginma orani degerlerinde ¢ok ciddi farklarin oldugu
gbzden kagmamasi gereken 6nemli bir parametredir. Tiim deney parametrelerinde KE katkili PEEK
polimerlerin aginma oran1 degerleri katkisiz PEEK’e gore ¢ok daha diisiiktiir. Katkisiz PEEK’in 4
m/s hiz ve 30 N yiikteki asinma orani 13,7x10® mm3/Nm iken KE katkili PEEK’i 7,14x10®
mm?®Nm’dir. Bu polimerlerin 100 N’daki asimnma oranlari ise katkisiz PEEK’in 18,1x10® mm3/Nm
iken KE katkili PEEK’in 8,93x10% mm3/Nm’dir. 100 N yiik ve 4 m/s hizda asinma oraninda azalma
%352 olmustur. Baska bir ¢alismada (Hou ve ark., 2018) PEEK matrise ilave edilen grafen oksit
sayesinde, asinma yiizeyinde yiiksek mukavemet ile miikemmel aginma davranisina sahip olan yogun
ve diizgiin bir transfer filminin olugmasi sayesinde, kayma yilizeyine uygulanan yiikiin biiyiik bir
kismini tagtyabilecegi, bunun sonucunda da asinma oraninda azalma oldugu ifade edilmistir. PEEK
icerisine ilave edilen KE ile spesifik aginma oranindaki biiyiik oranda azalma, malzemenin servis
omriinli uzatarak maliyetinde diisiis saglayacaktir.
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Sekil 9. %30 karbon elyaf takviyeli PEEK polimer kompozitlerin farkli yiikler altindaki asinma orani- kayma hizi iligkisi
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Sekil 10°da katkisiz PEEK polimerinin 1 m/s ve 4 m/s hizda 100 N yiikteki pim ve disk
yiizeylerinin optik mikroskop goriintiileri yer almaktadir. Katkisiz PEEK polimerinin pim ve disk
yiizeylerinde aginma izleri oldukca belirgindir. Sekil 10a’da aginmaya maruz kalan pim ylizeyinden
tabakalar halinde polimerin koparak ayrildigi, Sekil 10b’de ise disk yiizeyinde herhangi bir koruyucu
film tabakasinin olmadigi, sadece pim yiizeyinden kopan polimer pargalarinin oldugu goriilmektedir.
Sekil 4 ve 5’te goriilen siirtiinme katsayisinin daha yiiksek olmasinin sebeplerinden biri de budur.
Sekil 10c incelendiginde hiz 4 m/s oldugunda pim yiizeyindeki asinmanin karakterinin degistigi ¢ok
sayida kiiciik parcalarin ylizeye yapistigi, asinma mekanizmasinda adezyonun etkili oldugu
sOylenebilir. Sekil 10d’de gosterilen disk yiizeyi de bu aginma mekanizmasini dogrulamaktadir. Artan
1s1 etkisiyle polimer parcalarinin disk ylizeyine yapismis ve homojen olmayan kalinlikta film tabakasi
olusturmustur. Genel olarak katkisiz polimerlerin bircogunda benzer asinma mekanizmasiyla
karsilagildigi sdylenebilir.

c) d)
Sekil 10. Katkisiz PEEK polimerinin 1 m/s ve 4 m/s kayma hizinda asinan pim ve disk yiizeylerinin optik mikroskop
gorintiileri (Yiik:100 N), a) saf PEEK pim (100 N, 1 m/s), b) saf PEEK/¢elik disk (100 N, 1 m/s), c) saf PEEK pim (100
N, 4 m/s), ve d) saf PEEK/¢elik disk (100 N, 4 m/s)

Sekil 11°de %30 karbon elyaf takviyeli PEEK kompozitlerin 1 m/s ve 4 m/s kayma hizinda 100
N yiikteki asinan pim ve disk yiizeylerinin optik mikroskop goriintiileri mevcuttur. Sekil 11a’da
goriilen pim yiizeyi incelendiginde derin tabaka halinde kopmalarin, ¢iziklerin ve oyuklarin olmadig,
katkisiz PEEK e gore asinma ylizeyinin diizglin oldugu sdylenebilir. Sekil 11b’de ise pim yiizeyinde
asinma mekanizmasini olumlu yonde etkileyen film tabakasinin Sekil 10b’ye kiyasla ¢cok daha fazla
olustugu goriilmektedir. Sekil 11¢’de derin olmayan kayma yoniinde asinma ¢izgileri vardir. Ancak
asinma yiizeyinde tabaka ayrilmasi ve yapigmasi goziikmemektedir. Sekil 11c’deki resim
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incelendiginde ise disk ylizeyinin neredeyse tamamen koruyucu film tabakasi ile kaplandig:
sOylenebilir. Karbonun kat1 yaglayici 6zelliginin olmasi aginma mekanizmasi iizerindeki etkinligini
gostermistir. Bunun sonucunda malzemedeki kiitle kayb1 azalmis ve PEEK+%30KE kompozitlerin
asinma direnci artmistir. Samyn ve arkadaslart yaptiklari ¢alismada (Samyn ve ark., 2007) kati
yaglayicilarin, aginma sirasinda daha homojen bir transfer film olusturmasi nedeniyle diisiik siirtiinme
ve aginma i¢in en uygun katkilar oldugunu belirtmislerdir. Bagka bir ¢alismada ise Gao ve arkadaglari
(Gao ve ark., 2022) karbon fiberlerin kuru siirtinme ortaminda transfer film olusturmada etkin
olduklarini ifade etmislerdir. Sekil 8’de bu olumlu etki agik bir bigimde goriilmektedir.

c)
Sekil 11. %30 karbon elyaf takviyeli PEEK kompozitlerin 1 m/s ve 4 m/s kayma hizinda agman pim ve disk yiizeylerinin
optik mikroskop goriintiileri (Yiik:100 N), a)30 KE-PEEK pim (100 N, 1 m/s), b) 30 KE-PEEK/¢elik disk (100 N, 1 m/s),
¢) 30 KE-PEEK pim (100 N, 4 m/s), d) 30 KE-PEEK/¢elik disk (100 N, 4 m/s)

4. SONUC

Bu ¢aligmada burg ve yatak uygulamalar i¢in saf PEEK ve karbon elyaf takviyeli PEEK
kompozitlerin siirtiinme ve asinma performanslar1 karsilastirilmali olarak incelenmis ve asagidaki
sonuclara ulasilmistir.

e PEEK icerisine %30KE ilave edilmesi sonucunda siirtinme katsayisinda %52’ye kadar
azalma oldugu tespit edilmistir. Bu azalma malzemenin asinma direncini arttiracaktir.

e Katkisiz PEEK polimerlerin aginma sirasinda pim sicakliklar1 39-99 °C arasinda iken
PEEK+%30KE ilave edilmis kompozitlerin asinma sicakliklari 34-81 °C araliginda
Ol¢iilmiigtiir. Pim sicakligindaki azalma ¢alisma sirasinda avantaj saglayacaktir.
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e KE ilave edilmis tiim PEEK kompozitlerin asinma oraninda %52’ye kadar azalma oldugu
tespit edilmistir. Asinma oranindaki bu azalma servis Omriiniin uzamasini saglayacaktir.

e Agmma ylizeylerinin optik resimleri incelendiginde katkisiz PEEK polimerinin pim
yiizeylerinde daha derin asmmma izlerinin oldugu, disk ylizeylerinde ise koruyucu film
tabakasinin yeterince olusmadiglr goriilmiistiir. KE katkili PEEK polimerlerin asinma
yiizeylerinde ise daha az derinlikte ¢izilmeler ve 6zellikle disk yilizeyinde transfer film
olustugu tespit edilmistir. Olusan koruyucu film aginma sirasinda avantaj saglayacaktir.

e Yapilan ¢alisma sonucunda KE katkili PEEK polimerlerin rulman ve yatak uygulamalarinda
kullaniminin avantaj saglayacagi sdylenebilir.
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1.2436 Takim Celiginin Mekanik ve Mikroyapisal Ozellikleri Uzerine S1g Kriyojenik Islemin
Etkilerinin Arastiriimasi

OZET: Bu calisma, sig kriyojenik islemin 1.2436 celigin mikroyapisi, sertligi ve asinma direnci
izerindeki etkilerini arastirmaktadir. Bu amagla, su verilmis (QT) 1.2436 ¢elik numunelere -80 °C'de
12 saat (SCT12) ve 18 saat (SCT18) i¢in s1g kriyojenik islem uygulanmistir. Numuneler iizerinde
sertlik Olciimli ve aginma testi gergeklestirilmis ve numuneler mikroyapisal olarak incelenmistir.
Calisma sonucunda kriyojenik islemin 1.2436 ¢eligin mikro yapisinda daha yogun ve homojen bir
karbiir dagilimi sagladig1 gézlemlenmistir. 18 saat siire s1g kriyojenik islem ile mikroyapidaki karbiir
miktar1 yaklasik %18,80 oranda artmistir. Sertlik ve asinma testleri sonucunda kriyojenik islemin
1.2436 ¢eligin sertligini ve asinma direncini olumlu yonde etkiledigi tespit edilmistir. Yalnizca su
verilmis numune ile karsilastirildiginda, 18 saat boyunca kriyojenik islem gormiis numune %9.64
daha ytiksek sertlik ve %34.37 daha az asinma sergilemistir.

Anahtar Kelimeler: 1.2436 Celigi, Kriyojenik Islem, Mikroyapi, Sertlik, Asinma Direnci.

1. INTRODUCTION

Heat treatment is the controlled heating and cooling process applied to give the steel the desired
properties. Heat treatments applied to steel are related to microstructural transformation. The
composition of the steel and the change in its structures directly affect the mechanical properties of
the steel. Many thermal methods have been developed for microstructural transformation. These
methods depend on the type of steel and the expected properties (such as hardness, strength,
toughness, and wear resistance) (Callister and Rethwisch, 2011; Rajan et al., 2011; Altan Ozbek and
Sarag, 2021; Talas et al., 2020). The word cryogen, which means cold science, comes from the Greek
"kryos" meaning cold. Cold science is a simple materials science that significantly changes the
properties of materials at low temperatures (Kalia, 2010). Cryogenic treatments are complementary
to conventional heat treatment, which has recently been used to improve metals' mechanical and
microstructural properties. In steels, a residual austenite phase is formed in the material after
traditional heat treatment. This phase is soft and negatively affects the material's mechanical
properties. Cryogenic treatment is an effective method for removing the residual austenite phase. The
subzero process includes gradually cooling the material to a specified temperature below zero
(between -50 and -196 °C), keeping it at this temperature for a specified time, and then gradually
reheating it to room temperature. It is known that the cryogenic process provides high hardness and
wear resistance in the material, thanks to secondary carbide precipitation and conversion of residual
austenite to martensite (Kara et al, 2020; Ozbek, 2020; Kara et al., 2021; Zhirafar, 2007; Nas and
Altan Ozbek, 2020; Kayali, 2016; Ozbek et al., 2014; Ozbek, 2021; Ozbek et al., 2016)

Yildiz and Altan Ozbek (Y1ldiz and Altan Ozbek, 2022) investigated the effects of cryogenic
treatment on the mechanical properties of AISI 431 martensitic stainless steel. Their study reported
that the cryogenic treatment increased approximately 3.89% and 62% in the hardness and wear
resistance of martensitic stainless-steel samples. In the literature, Altan Ozbek et al. (Altan Ozbek et
al., 2018) applied cryogenic treatment on AISI H11 steel at -80 °C for 6 hours. The cryogenic
treatment significantly reduced the residual austenite phase and provided new carbide precipitation.
However, it has been determined that the cryogenic process provides a slight increase in the hardness
of AISI H11 tool steel but also provides a significant increase in wear resistance. Koneshlou et al.
(Koneshlou et al, 2011) reported that the cryogenic treatment applied on AISI H13 tool steel at -72
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°C for 8 hours decreased the residual austenite phase and increased its mechanical properties (tensile
strength, hardness, impact energy and wear resistance). Bensely et al. (Bensely et al., 2009) found
that the cryogenic treatment applied on En353 steel at -80 °C for 5 hours significantly reduced
residual austenite and increased the fatigue life of the steel by up to 71%.

In their study, Das et al. (Das et al., 2009) aimed to determine the cryogenic treatment holding
time that will provide maximum wear resistance to AlSI D2 cold work tool steel. Deep cryogenic
treatment was applied on the steel samples at different times as 1, 12, 36, 60, 84, 132 hours. As a
result of the wear tests, it was reported that the highest wear resistance was obtained with the
cryogenic process applied for 36 hours. Altan Ozbek et al. (Ozbek et al., 2014) investigated the effects
of deep cryogenic treatment on tungsten carbide tool at different holding times on hardness and wear
resistance. The study applied deep cryogenic procedures in five different periods, 12, 24, 36, 48 and
60 hours. Maximum hardness and wear resistance were obtained after cryogenic treatment applied
for 24 hours. Gu et al. (Gu et al., 2014) investigated the effects of deep cryogenic treatment applied
at different holding times on the hardness and wear resistance of Ti-6Al-4V alloy. The study applied
deep cryogenic procedures in three periods, 3, 48 and 72 hours. It was determined that the maximum
hardness and wear resistance were obtained after the cryogenic treatment applied for 72 hours.

1.2436 tool steel is a cold work tool steel with a ledeburitic structure with 12% chromium. This
steel is widely used in the powder metallurgy industry to manufacture powder-forming dies. It is used
as a die and punches in cutting, drilling and cold forming processes (Mohamad et al., 2018). In the
literature, there are mostly studies on deep cryogenic processing applications. There is very little work
done on the shallow cryogenic process. At this point, this study, which was carried out by applying
the shallow cryogenic treatment on 1.2436 steel, which has a wide usage area, will have an important
place in the literature. This study applied shallow cryogenic treatment on 1.2436 steel samples for 12
and 18 hours. The effects of cryogenic treatment on the hardness and wear resistance of 1.2436 steel
were investigated. In addition, all samples were also examined microstructurally.

2. MATERIALS AND METHODS

The chemical composition of 1.2436 steel is shown in Table 1. 1.2436 steel samples were
subjected to quenching after kept at 920 °C for 25 minutes. After quenching was applied to the steel
samples, cryogenic treatment was applied at -80 °C for 12 and 18 hours. Steel samples were subjected
to tempering heat treatment at 300 °C for 2 hours after cryogenic treatment. Heat treatments applied
to steel samples are given in Figure 1, and details of heat treatment sequences are given in Table 2.

Table 1. Chemical composition of 1.2436 steel
Element C Cr \Y Mo Mn Si W
% 2.28 11.58 0.14 0.24 0.4 0.25 0.59

For microstructural analysis, samples were etched using Murakami solution. Microstructure
images were taken using a Quanta FEG 250 model scanning electron microscope. Experimental
parameters were determined by examining the studies in the literature for micro hardness
measurement (Vickers hardness) and wear test, and the parameters were decided after preliminary
measurements/experiments. Microhardness measurements were carried out by applying 500 grams
of load in 20 seconds. The hardness values of the samples were determined by taking the average of
five different measurements. The wear tests were performed on a computer-controlled TRD Wear pin

disk device (Figure 2). AISI M2 steel is used as the abrasive disc. The wear tests were carried out
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under a load of 30 N, with a speed of 0.75 m/s and a sliding distance of 900 m. The load was given
in one direction, and no lubricant was used. After the wear tests, the amount of wear on the samples
was determined with an electronic balance with a precision of = 0.0001 g. Before the samples were
weighed, no action was taken. The wear rates (Ws) were calculated using Equation 1.

Am

(1)

N

- LxpxF

With Am: Mass loss (kg), F: Normal load (N), p: Density (kg-m-3) and L: Sliding distance (m).

Temperature Quenching

25 min
920 °C +

Tempering Tempering Tempering
2h 2h 2h

300 °C +

21°C

-80°C T

Shallow cryogenic treatment

Figure 1. Heat treatments applied on 1.2436 steel.

Table 2. Details of heat treatment sequences.
Sample  Details of heat treatments

QT Quenching - Tempering at 300 °C for
(at 920 °C for 25 min) 120 min

SCT12 Quenching Shallow treatment at -80 °C for Tempering at 300 °C for
(at 920 °C for 25 min) 12 h 120 min

SCT18 Quenching Shallow treatment at -80 °C for Tempering at 300 °C for
(at 920 °C for 25 min) 18h 120 min

Figure 2. TRD wear tester.
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3. RESULTS AND DISCUSSION

Figure 3 shows the XRD analysis results of QT and SCT18 steel samples. In Figure 3, it is seen
that, in general, phase peaks are at the same 20 degrees as a result of both heat treatments. In XRD
analysis, it is seen that MsC, M7Cs carbides and Austenite phases can be found in the microstructure
of steel samples. Figure 4 shows the carbide distribution of SEM photographs of steel samples using
the image processing program. Although there are large and small carbides in all samples, it is seen
that large carbides are much more concentrated in certain regions in the microstructure of the QT
sample. Compared to the non-cryogenically treated sample, the cryogenically treated samples have
a higher carbide content and appear to have a more uniform distribution. As a result of the image
processing analysis, the carbide density of the QT, SCT12 and SCT24 samples was found to be
21.64%, 25.46% and 25.71%, respectively. From this, it can be said that the carbide content of SCT12
and SCT18 samples increased by approximately 17.65% and 18.80% compared to the QT sample. In
the literature, Kursuncu et al. (Kursuncu et al., 2018) reported that eta carbide increased by
approximately 18% in carbide cutting tools after cryogenic processing using the image processing
method. Kursuncu (Kursuncu, 2020), in another study, determined that the cryogenic process greatly
increased the amount of eta carbide in carbide cutting tools.

Figure 5-7 shows the microstructure photographs of 1.2436 steel taken by SEM. The carbide
grains (dark colour) in all samples are clearly visible in the microstructure photographs. In the
microstructure photographs, the larger carbides are M7Cs, and the smaller ones are MsC carbides.
EDS analyses confirmed this. M3C (Point A) is an iron-rich carbide. M;Cs (Point B) is a chromium-
rich carbide (Vander, 2004). EDS analysis of the smaller carbides in the microstructure photographs
confirmed that there are MsC carbides with more Fe than Cr and some W and Mo. EDS analysis from
the larger carbides also confirmed the M7Cs carbide with more Cr than Fe.

M
M,C,

M;Cs M,C;
Austenite
Austenite

M,C

M,C

Intensity (a.u.)

Figure 3. XRD analysis of QT and SCT18 heat-treated 1.2436 steel samples
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Figure 4. Image processing photographs of different heat-treated 1.2436 steel samples a) QT, b) SCT12, and ¢) SCT18

Wt% At%
C 5.27 20.18
Si 0.18 0.29
Cr 4964  40.89
Fe 43.08 38.12
Ni 0.11 0.08
W 1.72 0.43
Total 100.00  100.00

Fe

1.00 2.00 3.00 4.00 s$.00 6.00 7.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00

V keV keV
Figure 5. Microstructure photograph of QT heat-treated 1.2436 steel sample taken by SEM and EDS analysis
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Figure 6. Microstructure photograph of SCT12 heat-treated 1.2436 steel sample taken by SEM and EDS analysis

M;C M;C;
Element Wt At% Element Wt At%
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= si 033 065 si 008 014 e
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Figure 7. Microstructure photograph of SCT18 heat-treated 1.2436 steel sample taken by SEM and EDS analysis
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Figure 8 shows the micro hardness of the steel samples. When the graph is examined, the first
thing to notice is that subzero treatment increases the hardness of 1.2436 steel. It was observed that
higher hardness occurred at a higher subzero treatment holding time. Compared to the QT sample,
the hardness of the SCT12 and SCT18 samples is 6.27% and 9.28% higher. This increase in the
hardness of 1.2436 steel is thought to be due to the more homogeneous carbide distribution, new
carbide precipitation, and conversion of residual austenite to martensite by subzero treatment.
Koneshlou et al. (Koneshlou et al., 2011) reported that the shallow cryogenic treatment applied on
AISI H13 steel for 8 hours increased the hardness of the steel by approximately 4.08%. Akhbarizadeh
et al. (Akhbarizadeh et al, 2009) found in their study that shallow cryogenic treatment increased the
hardness of AIDI D6 steel by up to 3.54%. Altan Ozbek (Ozbek, 2020) found that after 6 hours of
shallow cryogenic treatment, the hardness of the tungsten carbide cutting tool increased by
approximately 4.4% compared to the untreated cutting tool.

When Figure 9 is examined, it is seen that the cryogenic treatment greatly increases the wear
resistance. In the tests carried out under the same conditions, the cryogenically treated samples were
less worn than the QT sample. The highest wear resistance was obtained in the SCT18 sample, which
was worn 34.37% rate less than the QT sample. Similarly, the SCT12 sample has 25% rate less worn
than the QT sample. Cryogenic treatment increased the hardness and, therefore the wear resistance
of the steel samples, thanks to the changes in the microstructure. Akhbarizadeh et al. (Akhbarizadeh
et al, 2009) reported that shallow cryogenic treatment provides up to 3.54% increase in wear
resistance of AIDI D6 steel. Altan Ozbek et al. (Altan Ozbek et al., 2018) and Koneshlou et al.
(Koneshlou et al., 2011) reported that shallow cryogenic treatment increases wear resistance of AlSI
H11 and AISI H13 steels.
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Figure 8. Microhardness graph of different heat-treated 1.2436 steel samples

Figure 10 shows the 1000X magnification SEM images of the worn surfaces as a result of the
wear tests. It is observed that plastic deformation occurs with the sliding mechanism due to friction
in all three samples. It is observed that oxide layers are formed during wear on the worn surfaces of
all samples. It is perceived that the oxide layer acts as a protecting film, which reduces the wear rate
of the steel (Prince et al., 2020). Similarly, Kursuncu (Kursuncu, 2021) argued in his study that
oxidation on the worn surface positively affects wear resistance. Again, it is seen that there are
adhesions from the abrasive disc on the worn surfaces of all samples. In addition, micro cavities were
formed in the untreated sample, but not in the cryogenically treated samples.
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Figure 9. Wear rate graph of different heat-treated 1.2436 steel samples
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Figure 10. SEM images of different heat-treated 1.2436 see saples worn surfaces a) QT, b) SCT12, and ¢) SCT18
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4. CONCLUSION

This study investigated the effects of shallow cryogenic treatment on the microstructural and
mechanical properties of 1.2436 tool steel. The results obtained from the study are as follows.

e Shallow cryogenic treatment positively affected the microstructure, hardness, and wear
resistance of 1.2436 tool steel.

e Shallow cryogenic treatment provided a denser and more homogeneous carbide distribution
in 1.2436 steel. After the shallow cryogenic treatment, the carbide content of the steel
sample increased by approximately 18.80%.

e Higher hardness was obtained in the cryogenically treated 1.2436 steel samples. Compared
to the QT sample, the hardness of the SCT12 and SCT18 samples is 6.27% and 9.28%
higher.

e Cryogenic treatment improved the wear resistance of 1.2436 steel. The SCT12 and SCT18
samples were 25% and 34.37% less worn than the QT sample.

e Shallow cryogenic treatment applied for 18 hours gave better microstructural, hardness and
wear resistance results.

e Plastic deformation, oxide layers and adhesions were observed on worn surfaces. Micro-
cavities were formed on the worn surface of the QT sample.

5. ACKNOWLEDGEMENTS
This work is supported by Diizce University Scientific Project (2021.22.01.1177).

6. CONFLICT OF INTEREST

Authors approve that to the best of their knowledge, there is not any conflict of interest or
common interest with an institution/organization or a person that may affect the review process of
the paper.

7. AUTHOR CONTRIBUTION

Nursel ALTAN OZBEK contributed determining the concept of the research and research
management, Nursel ALTAN OZBEK and Onur OZBEK contributed design process of the research
and research management, data analysis and interpretation of the results, critical analysis of the
intellectual content, preparation of the manuscript, and final approval and full responsibility.

8. REFERENCES

Akhbarizadeh A., Shafyei A., Golozar M. A., Effects of cryogenic treatment on wear behavior of D6
tool steel. Materials and Design 30(8), 3259-3264, 2009.

Altan Ozbek N., Ozbek O., Kara F., Investigation of the effects of cryogenic treatment on AISI H11
steel. International Marmara Science and Social Sciences Congress (IMASCON’2018), 23-25
November, 2018, Kocaeli.

Altan Ozbek N., Sarag E., Effects of tempering heat treatment temperatures on mechanical properties
of carbon steels. Gazi Journal of Engineering Sciences 7(1), 17-25, 2021.

160



Altan Ozbek, N., Ozbek, O. JournalMM (2022), 3(2) 151-162

Bensely A., Shyamala L., Harish S., Mohan Lal D., Nagarajan G., Krzysztof Junik, Rajadurai A.,
Fatigue behaviour and fracture mechanism of cryogenically treated En 353 steel. Materials &
Design 30(8), 2955-2962, 2009.

Callister W. D., Rethwisch D. G., Materials science and engineering. Wiley, pp. 1-122, 2011.

Das D., Dutta A. K., Ray K. K., Optimization of the duration of cryogenic processing to maximize
wear resistance of AISI D2 steel. Cryogenics 49 (5), 176-184, 2009.

Ebrahimnia M., Baghjari H., Ajdari M., Hajesmaeli A., Hojati M., Application of a low heat input
deposition process for refurbishment of worn pm forming dies using Fe-Ni based filler metal.
Powder Metallurgy Progress 18(2), 116-120, 2018.

Gu K., Junjie W., Yuan Z., Effect of cryogenic treatment on wear resistance of Ti — 6Al — 4V alloy
for biomedical applications. Journal of the Mechanical Behavior of Biomedical Materials
30(29), 131-139, 2014.

Kalia S., Cryogenic processing: A study of materials at low temperatures. Journal of Low
Temperature Physics 158(5-6), 934-945, 2010.

Kara F., Ozbek O., Altan Ozbek N., Uygur, 1., Investigation of the effect of deep cryogenic process
on residual stress and residual austenite. Gazi Journal of Engineering Sciences 7(2), 3-11, 2021.

Kayali, Y., Kiiresel grafitli dokme demirlere uygulanan farkli 1s1l islemlerin mekanik 6zelliklerine
etkisi. Afyon Kocatepe University Journal of Sciences and Engineering, 16(1), 192-197, 2016.

Koneshlou M., Meshinchi Asl K., Khomamizadeh F., Effect of cryogenic treatment on
microstructure, mechanical and wear behaviors of AISI H13 hot work tool steel. Cryogenics
51(1), 55-61, 2011.

Kokli U., The drilling machinability of 5083 aluminum under shallow and deep cryogenic treatment.
Emerging Materials Research 9(2), 323-330, 2020.

Kursuncu B., Influence of cryogenic heat-treatment soaking period and temperature on performance
of sintered carbide cutting tools in milling of Inconel 718. International Journal of Refractory
Metals and Hard Materials 92, 105323, 2020.

Kursuncu B., Caliskan H., Guven S. Y., Panjan P. Improvement of cutting performance of carbide
cutting tools in milling of the Inconel 718 super alloy using multilayer nanocomposite hard
coating and cryogenic heat treatment. International Journal of Advanced Manufacturing
Technology 97 (1-4), 467-479, 2018.

Kursuncu B., The Effect of cryogenic treatment on dry sliding wear mechanisms in hard coatings.
Industrial Lubrication and Tribology 73(1), 97-102, 2021.

Nas E., Altan Ozbek N., Optimization of the machining parameters in turning of hardened hot work
tool steel using cryogenically treated tools. Surface Review and Letters 27(5), 1950177, 2020.

Altan Ozbek N., Cigek A., Giilesin M., Ozbek O., Investigation of the effects of cryogenic treatment
applied at different holding times to cemented carbide inserts on tool wear. International Journal
of Machine Tools and Manufacture 86, 34-43, 2014.

Altan Ozbek N., Investigation of the effects of cryogenic treatment applied on coated tungsten carbide
tools on machinability of AISI H11 steel. Duzce University Journal of Science &Technology
8(2), 1650-60, 2020.

Altan Ozbek, N., Cicek, A., Giilesin, M., Ozbek, O. Application of deep cryogenic treatment to
uncoated tungsten carbide inserts in the turning of AISI 304 stainless steel. Metallurgical and
Materials Transactions A 47(12), 6270-6280, 2016.

161



Altan Ozbek, N., Ozbek, O. JournalMM (2022), 3(2) 151-162

Ozbek, O., Investigation of the effects of temper temperature, holding time and cooling environment
on the hardness of Al 7050-T7451 alloy after cryogenic processing. International Marmara
Sciences Congress (IMASCON 2021 Autumn), 10-11 December 2021, Kocaeli.

Prince R.M.R., Selvakumar N., Arulkirubakaran D., Singh S.C.E., Ramkumar T., Kumar R. M.,
Surface structural features and wear analysis of a multilayer Ti6Al4V-B4C thin film coated
AISI 1040 steel. Materials Research Express, 7(1), 016436, 2020.

Rajan T. V., Sharma C. P., Sharma, A., Heat treatment: Principles and techniques, New Delhi, PHI
Learing Private Limited, pp. 1-276, 2011.

Talas S., Seyit Sar1t M., Sow A., Aktas, H., Heat treatment and microstructural analysis of 54SiCr6
and 60SiMn5 spring steels, Journal of Materials and Mechatronics: A (JournalMM) 1(2), 76-
84, 2020.

Vander G. F., Metallographic techniques for tool steels, Metallographic techniques for tool steels, pp.
644-669, 2004.

Yildiz E., Altan Ozbek N. Effect of cryogenic treatment and tempering temperature on mechanical
and microstructural properties of AISI 431 steel. International Journal of 3D Printing
Technologies and Digital Industry 6 (1), 74-82, 2022.

Zhirafar S., Rezaeian A., Pugh M., Effect of cryogenic treatment on the mechanical properties of
4340 steel. Journal of Materials Processing Technology 186(1-3), 298-303, 2007.

162



JOURNAL of

MATERIALS and MECHATRONICS:A

e-ISSN 2717-8811
JournalMM, 2022, 3(2), 163-178
https://doi.org/10.55546/jmm.1117441

Arastirma Makalesi / Research Article

The Effects of Using Brass and Copper Wires on the Cutting Quality of Sleipner Cold Work
Steel Cut by WEDM

Ferhat CERITBINMEZ*, Erdogan KANCA?

1 Haier Europe, Candy - Hoover Group, Research and Development Center, Eskisehir, Tiirkiye,
ORCID ID: https://orcid.org/0000-0002-5615-3124, ferhatceritbinmez@gmail.com
2 Iskenderun Technical University, Department of Mechanical Engineering, Hatay, Tiirkiye,
ORCID ID: https://orcid.org/0000-0002-7997-9631, erdogan.kanca@iste.edu.tr

Gelis/ Received: 16.05.2022; Kabul / Accepted: 14.07.2022

ABSTRACT: Wire electric discharge machining (WEDM) is widely used in dies, punches,
aerospace and automotive sectors, since materials with high hardness, and temperature resistant,
which are not possible to be cut with conventional machining methods, can be cut with high precision
using the WEDM method. In this study, cutting speed (mm/min), material removal rate (mm?*/min),
wire consume (g), machining time (sec), finish measure (mm) and surface roughness (um) changes
as a result of cutting high hardness cold work tool steel using copper and brass wire in WEDM method
were investigated. In addition, worn wire and workpiece residues on the machined surfaces were
detected by SEM (Scanning Electron Microscope) and EDX (Energy Dispersive X-Ray) analyzes as
well as topography and composition were examined. In the case of using copper wire instead of the
brass wire, wire consumption and processing time decreased by 23.30 % and 66.29 %, respectively,
while MRR increased by 50 % because the copper wire electrode has higher electrical and thermal
conductivity than brass wire electrode. In addition, the average dimensional deviation of the parts cut
with copper wire decreased from 27 pm to 8§ um compared to the use of brass electrodes, and more
precise measurements were obtained.

Keywords: WEDM, Stell, Wear, Surface Roughness, Material Removal Rate.

*Sorumlu yazar / Corresponding author: ferhatceritbinmez@gmail.com

Bu makaleye atif yapmak icin /To cite this article

Ceritbinmez, F., Kanca, E. (2022). The Effects of Using Brass and Copper Wires on the Cutting Quality of Sleipner
Cold Work Steel Cut by WEDM. Journal of Materials and Mechatronics: A (JournalMM), 3(2), 163-178.


https://doi.org/10.55546/jmm.1117441
https://orcid.org/0000-0002-5615-3124
https://orcid.org/0000-0002-7997-9631

Ceritbinmez, F., Kanca, E. JournalMM (2022), 3(2) 163-178

WEDM ile Kesilen Sleipner Soguk s Celiginin Kesim Kalitesine Pirin¢ ve Bakar Tel
Kullanimimn Etkileri

OZET: Geleneksel isleme yontemleriyle kesilmesi miimkiin olmayan yiiksek sertlik ve sicakliga
dayanikli malzemeler tel elektrik desarjli isleme (WEDM) yonteminde yiiksek hassasiyetle
kesilebildiginden; bu yontem kalip, zimba, havacilik ve otomotiv sektorlerinde yaygin olarak
kullanilmaktadir. Bu ¢alismada, yiiksek sertlige sahip soguk is takim celiginin WEDM yonteminde
bakir ve piring teller ile kesilmesi neticesinde elde edilen kesme hizi (mm/dak), talas kaldirma orani
(mm?®/dak), tel tiiketimi (g), isleme zamani (sn), bitis dl¢iisii (mm), yiizey piiriizligii (um) degisimi
incelenmistir. Ayrica SEM (Taramali1 Elektron Mikroskobu) ve EDX (Energy Dispersive X-Ray)
analizleri ile islenen yiizeylerde asinmis tel ve is parcasi kalintilar1 tespit edilerek topografya ve
kompozisyon incelenmistir. Piring tel yerine bakir tel kullanilmas1 durumunda tel tiikketimi ve islem
stiresi sirastyla % 23.30 ve % 66.29 azalirken, bakir tel elektrot piring tel elektrota gore daha ytiksek
elektriksel ve 1s1l iletkenlige sahip oldugundan talas kaldirma oran1 % 50 artmistir. Ayrica bakir tel
ile kesilen pargalarin ortalama 6l¢iisel sapmasi piring elektrot kullanimina gére 27 pum'den 8 um'ye
diismiis ve daha yiiksek ol¢iisel hassasiyet elde edilmistir.

Anahtar Kelimeler: WEDM, Celik, Asinma, Yiizey Piiriizliigl, Talas Kaldirma Orani.

1. INTRODUCTION

Wire Electric Discharge Machining (WEDM) method is a non-conventional processing method
in which conductive materials with high hardness are cut by thermoelectric method without
mechanical contact, regardless of their hardness and shape (Magabe et al., 2019; Gaitonde et al.,
2019). In this method, material erosion occurs as a result of sparking between the workpiece and the
electrode material used, and then this debris is usually removed from the environment by spraying
deionized water (Mukhopadhyay et al., 2019; Kumar et al., 2011). This method is widely used in dies,
punches, aerospace and automotive sectors, since materials with high hardness and temperature
resistant, which are not possible to be cut with conventional machining methods, can be cut with high
precision using the WEDM method (Chaudhary et al., 2018; Ramaswamy et al., 2020; Lodhi and
Agarwal., 2014; Alias et al., 2012). Uddeholm Sleipner material, which is a steel with high hardness,
is used in the parts needed in automotive, civil and military aircraft, satellites and spacecraft areas as
well as in the cutting, drilling and drawing molds used in these sectors. This steel is a chromium-
molybdenum-vanadium alloy, general purpose cold work tool steel with high hardness and wear
resistance (Pantazopoulos et al., 2006; Kirkhorn et al., 2012). It is very costly and difficult to cut such
hard steels and alloys, which are increasingly used in industrial applications, with high dimensional
accuracy and surface quality. For this reason, it has become imperative to determine the most accurate
cutting methods and parameters and to obtain successful results by using these parameters.
Ceritbinmez examined finish measure, surface roughness and hardness of the cut surfaces by cutting
the cold work steel X153CrMoV12 material with different cutting passes and copper electrode in the
WEDM method. The author emphasized that as the precision of the wire used in the WEDM method
increases, the cutting quality increases, and a smoother surface can be obtained as the amount of
rough stock allow left for finishing cutting decreases (Ceritbinmez, 2021). Biswas et al. analyzed the
cutting of Al 7075 material with brass wire in the WEDM method. They used multi-objective genetic
algorithm to optimize the WEDM process parameters such as pulse-on time, pulse-off time and wire
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tension for this alloy. As a result of experiments and analyzes, they recommended the use of pulse-
on time (Ton = 0.2 ps), pulse-off time (Toff = 50 ps) and wire tension (Wt = 1.1 kg) parameters,
respectively, for the best surface quality and machinability (Biswas et al., 2020). Patnaik et al. cut Ti-
6AIl-4V material using uncoated brass and zinc coated brass electrode wire with main/rough and
finish/trim cutting strategy in WEDM method to analyse kerf width, material removal rate (MRR),
phenomena of wire wear, and finally, surface integrity of the end product. They reported that the use
of coated electrodes resulted in narrower kerf and higher MRR, respectively, compared to the use of
uncoated electrodes. Also, Cu and Zn elements originating from weared wires were found on the
machined surfaces. According to the results of the XRD analysis, Oxides of titanium, vanadium, and
aluminum were detected on the WEDMed surface. They reported that oxides can form on the
machined surfaces and that these oxides can increase the surface hardness (Patnaik et al.,2019).
Sudhakara and Prasanthi used the Taguchi Method for the analysis of the surface roughness obtained
as a result of cutting the VANADIS 4e (Powder metallurgical cold worked Tool steel) material with
the WEDM method using coated brass wire of 0.25 diameter as electrode. As a result of their analysis,
they suggested peak current (11-13 Amperes), wire tension (2-8 grams), spark gap set voltage (18-68
volts), water pressure (8-14 kg/cm?), pulse on time (108-128 psec), pulse off time (47-63 usec)
intervals for ideal surface roughness (Sudhakara and Prasanthi, 2014). Ramaswamy et al. analyzed
the optimization of the process parameters necessary for the successful cutting of D3 die steel in the
WEDM method using response surface methodology (RSM). They suggested 180 A current, pulse
on time (Ton) 124 ps, pulse off time (Toff) 40 us, 8 kg/cm? wire tension, 6 m/min wire feed and brass
wire as optimal parameters to obtain minimum surface roughness (SR), wire consumption rate (WCR)
and maximum material removal rate (MRR). They reported that the increase in current increased the
MRR but negatively affected the SR. They determined that the wire consumption increased with the
increase of wire feed and pulse interval, and that the increase of wire feed could cause wire breaks
during machining (Ramaswamy et al., 2020). Ozkul et al. kept the pulse off time, voltage, pressure
of fluid circulation, velocity of wire, wire tension and wire diameter parameters at constant values on
the other hand used the pulse on time, feed rate, and the current value parameters as variables to drill
the Uddeholm Sleipner cold-work tool steel material with WEDM. They reported that increasing the
feed rate increases both roughness and deviations, while increasing current increases roughness but
decreases deviations. In addition, they reached an average of 2,578 pm surface roughness values,
with a minimum of 2,400 pm and a maximum of 3,021 pm in the cuts they made. Aldas et al.
conducted a study to estimate the surface roughness with adaptive neuro-fuzzy inference system
(ANFIS)-based approach as a result of the processing of Sleipner cold work tool steel in WEDM
using feed rate, current, and pulse on time parameters as independent variables. Considering the
average error rate, they reported that the Gaussian membership type at 5.53 % was better than the
Bell-Shaped membership function at 13.23%.

There are many studies in the literature on the cutting of materials with different properties by
WEDM method, but the absence of a similar study on the cutting of Sleipner steel with a hardness of
60-62 HRC using copper and brass electrodes makes this study unique and pioneering. In general,
when the literature studies are examined, the processing of different materials with WEDM
parameters and the effects of these parameters on the workpiece are reported. But the subjects needed
in the industry; processing time, cost, dimensional accuracy and performance of cut quality.

In this study, Sleipner steel, which is increasingly used in the mold industry, is discussed also
the material properties and WEDM cutting quality are studied in a way that has never been done
before. In the light of this information, cutting speed (mm/min), material removal rate (mm?*/min),
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wire consume (g), machining time (sec), finish measure (mm), surface roughness (um) changes as a
result of cutting high hardness cold work tool steel using copper and brass wire in WEDM method
were investigated. In addition, worn wire and workpiece residues on the machined surfaces were
detected by SEM (Scanning Electron Microscope) and EDX (Energy Dispersive X-Ray) analyzes as
well as topography and composition were examined. As a result, process performance and workpiece
surface quality were analyzed when copper wire is used instead of brass wire. Although the use of
copper wire provides advantages in metal removal rate and machining speed, it has been determined
that the machined surfaces are rougher than the use of brass electrodes due to the high electrical and
thermal conductivity of copper wire.

2. MATERIALS AND METHODS

2.1 Materials

In this study, cold work tool steel Uddeholm Sleipner, which is increasingly used in industry,
was used as workpiece. Thanks to its chrome - molybdenum - vanadium alloy components, this steel
has features such as high wear resistance and strength, high hardness and compatibility with heat
treatment, and suitability for WEDM (Wire Electric Discharge Machining) and EDM (Electric
Discharge Machining) machining. The technical specifications of this steel, which is supplied from
Alseko Metal company as hardened billet with dimensions of 250 x 300 x 90 mm, are given in tables
1 and 2, respectively. The test sample sizes used in the experiments were 14.5 x 10 x 90 mm, and
these samples were sliced using a WEDM bench from hardened billet material of 250 x 300 x 90 mm.

Table 1. Mechanical and physical properties of Sleipner

Heat Specific heat Modulus of Thermal

Hardness . . . . Density
(HRC) conductivity  capacity elasticity  expansion (g/em?)
(W/me°C) (J/kg+°C) (kN/mm?)  coefficient g
60-62 400-500 460 205 12.7x10°® 7.73
Table 2. Chemical Composition (% wt.) of Sleipner Stell
Carbon  Silisium Manganese Chrome Molybdenum Vanadium lIron
(C) (Si) (Mn) (Cr) (Mo) (V) (Fe)
0.9 0.9 0.5 7.8 2.5 0.5 Remnant

The Sleipner used in this study is a high alloy tool steel with a very specific profile. It is also a
very good steel for any surface treatment. This combination means that Uddeholm Sleipner is a
versatile and classic tool steel for medium duty cold work tools. It is widely used in thin die cutting,
die cutting and forming, cold working applications, powder compaction processes due to these
properties. It has a special place among modern tool steels, especially with its legendary toughness,
very high hardness and very good barrel strength. Sleipner has a very high wear resistance thanks to
the mixture of carbon and molybdenum it contains. Originally produced for the mold industry,
Sleipner is in the semi-stainless class. Although it is mentioned as stainless steel in some sources due
to its high corrosion resistance, it is definitely not stainless. However, thanks to its 7.8 % chromium
content and high production technology, it is well above the average in terms of corrosion resistance.
In addition, 0.9 % C (Carbon) expressed in table 1 has an effect on wear resistance and hardness, 7.8
% Cr (Chrome) is important for tensile strength and cutting edge durability, 2.5 % Mo (Molybdenum)

166



Ceritbinmez, F., Kanca, E. JournalMM (2022), 3(2) 163-178

increases the machinability and strength of steel, 0.5 % Mn (Manganese) determines hardness and
brittleness, 0.9 % Si (Silisium) increases the strength of the material, while 0,5 % V (Vanadium) is
very important for wear resistance, it is a major factor in hardening (heat treatment) of steel.

2.2 Machining Methods

In this study, “Charmilles Robofil 290P” brand WEDM machine was used to cut Sleipner cold
work tool steel. Since this bench has a cutting precision of 0.003 mm, it is widely used in many
industrial areas. It is known in the literature and industry that materials such as Brass, Zinc coated
brass, Diffused brass, Molybdenum etc are used as electrodes in the WEDM method (Deshmukh et
al., 2019). In this study, “Sodick e35” brand Brass (copper-zinc alloy) and “Bedra topas plus X” brand
Copper (zinc rich brass double layer coating) wires with a thickness of 0.25 mm were used as
electrodes. As shown in figure 1, the color of the copper wire is brown and the color of the brass wire
is shiny gold color. Also, deionized water was used to remove the debris from the workpiece during
cutting.

a)
Figure 1. Work Materials; a) Machining centers, b) Brass Wire (E35), ¢) Copper Wire (SWX-25)

c)

In this study, the regions to be analyzed according to the cutting direction of the test samples
cut with the dimensions of 14.5 x 10 x 90 mm are shown in figure 2. Three different regions of this
cut piece were examined as headpiece, middle and underside. Surface roughness and dimensional
measurements were made separately from these regions of the test samples cut with copper and brass
electrodes. The surface structure and especially the dimensional sensitivity of these areas are very
important in terms of their compatibility with the installation site and their service life.

Wire supply wheel Wire (Electrode)

Upper nozzle

Deionized water
(Gauge pressure)

Wire (Iirecﬁnn*

Deionized water
(Sub pressure)

Headpiece

Middle
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2.3 Analysis Methods of Cut Parts
Mitutoyo digital micrometer with 0-25 mm measurement range and 0.001 mm measurement
accuracy was used for dimensional checks. In addition, for the surface roughness test, measurements
were made from the cut surface of each sample by Mitutoyo SJ-210 and average values were reported
as shown figure 3. Measuring force and stylus tip of the roughness measuring device used were 0.75
mN and 2 umR 60°, respectively. The average values of 3 different measurements for each surface
were reported. Average surface roughness value (Ra), which is the most used surface roughness
measurement parameter in the literature, were taken into account in surface roughness measurements.
This value is the absolute arithmetic average of the profile fluctuations that occur upwards from the

center of the material (Nalbant et al., 2007).

Figure 3. Surface roughness measurement device (Mitutoyo SJ-210)

The topography and composition of the sample surface in the machined regions were analyzed
using the “Thermo Fisher Scientific Apreo S” Scanning Electron Microscopy (SEM). Cetin et al. used
this instrument to also analyze the microstructural, wear and corrosion properties of boronised AlSI
904L super austenitic stainless steel (Cetin et al., 2021). Energy Dispersive X-Ray Analysis (EDX)
was used for chemical element detection of worn electrode and workpiece residues on machined
surfaces. The EDX is an analytical technique used for the elemental analysis or chemical
characterization of a sample (Mandaloi et al., 2016). A scanning electron microscope is a type of
electron microscope that obtains images by scanning the sample surface with a focused beam of
electrons. Electrons interact with atoms in the sample, producing different signals that contain
information about the topography and composition on the sample surface. Energy dispersive x-ray
spectroscopy, also called EDX, EDS or EDAX, provides a better understanding of the surface
material during the SEM analysis process. EDX analysis is used to obtain the elemental composition
of a sample and provides a more quantitative result than can be achieved with SEM analysis alone.

3. RESULTS AND DISCUSSION

3.1 Test Parameters and Key Findings
In this work, as a result of industrial applications and machine safe working parameters, the
most suitable processing parameters for cutting with copper and brass wire are selected and given in
table 3. In addition, these values are the parameters of the WEDM machine that prevent wire breakage
and provide the highest performance. After the copper and brass wire selection in the “Robofil 290 P
WEDM” machine, the wire tension values were automatically 1.1 and 1.2 kg for copper and brass,
respectively. This is related to the strength and electrical conductivity of copper and brass materials.

In the literature, there are cutting qualities such as roughing, semi-finishing, finishing in cutting with
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WEDM and E2, E3, E7 parameters that can be adjusted according to these cuts (Gilinen et al., 2022).
However, only one cut was made in this study. In addition, 40A current, 80V voltage, 1 pus pulse on
time and 21 ps pulse off time machine parameters were used.

Table 3. Experimental set-up and cutting parameters

Wire Wire

Feed Gauge Sub

%’/‘;E Tension  Speed Rate Pressure pressure
(kg) (m/min) (mm/min)  (bar) (bar)

Copper 11 13 70 7.4 7.3

Brass 1.2 13 70 7.4 7.2

After the selected cutting parameters, the cutting speed, MRR values shown in table 4 were
read and recorded on the machine control panel. In the wire consumption calculation, the wires
consumed in each section were removed from the scrap boiler and weighed on a “Etasis Electronic

Scale” (0.001 precision). The processing time was also determined using a stopwatch.

Table 4. Experimental results

Finish Measure
(mm)

Surface

(nm)

Roughness

Head Middle Under

Head Middle Under

Wire Speed MRR Wire P.rocessmg
Type (mm/min) (mm?3/min) Consume Time

(9) (sec)
Copper  1.20 32.40 1333.00 3170.00
Brass 0.80 21.60 1748.00 4782.00

10.012 10.003 10.008
10.050 10.014 10.017

2.707 2.937 2.809
2.653 2.710 2.573

Since the surface roughness is one of the most important parameters in manufacturing, studies
have been carried out on the parameters affecting the surface roughness by cutting materials such as
AISI 1040, 2379, 2738 steel materials in the WEDM method (Gokler and Ozanozgii, 2000). Lodhi et
al. reported that the current (A) and pulse on time (um) parameters are the most effective parameters
affecting the surface roughness in the WEDM method (Lodhi et al., 2019). In this study, the effects
of the wires used in WEDM cutting on the SR of the machined surfaces were examined and it was
determined that the average surface roughness was lower in the use of brass wire than in the use of
copper wire, due to the lower cutting speed as shown in fig.4 and 5. In addition, the high arc formed
in the use of copper wire increased the amount of melted and evaporated material, thus making the

surface rougher.

Copper Wire

E’ 15.00

Finish Measure (m

Head

2.937

9.00
6.00
3.00 -
0.00

Middle

Under

Cutting zone of the test part

 Speed e Finish Measure

(mm/min) (mm)

Figure 4. Effects of copper wire usage on cutting Quality

—e—Surface Roughness
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Surface Roughness (Ra)

The fact that the cutting speed is lower in the use of brass wire compared to the use of copper
wire is due to the fact that the conductivity of the copper wire is higher than that of the brass wire.
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Due to the high electrical conductivity of the copper wire, the arc between the workpiece and the
electrode has increased, allowing more material to be cut in a shorter time. For these reasons, more
MRR and lower machining time were obtained in the use of copper wire compared to the use of brass
wire as shown in fig 6. The WEDM method is a thermal material removal method based on the intense
sparking, heat and evaporation principle between the workpiece and the electrode. These situations
cause sudden heating in the workpiece and cause sudden cooling when the dielectric liquid in the
environment comes into contact with the workpiece. This affects the surface morphology of the
workpiece, and both the workpiece and the electrode material are worn.

Brass Wire

18.00 2.750
2,710

15.00 2.700
12.00
ZEE 2,650
2,573 2.600
o J J j

Finish Measure {mm}
o
8

Surface Roughness (Ra)

2.550

2.500
Head Middle Under

Cutting zone of the test part

— Speed mm Finish Measure —e— Surface Roughness
(mm,/min) (mm) (Ra)

Figure 5. Effects of brass wire usage on cutting quality
The brass wire consumption was higher than copper wire consumption because of same rotation

speed of the wire spool in the use of both copper and brass electrodes as well as the copper wire
cutting more material in a shorter time as shown figure 6.

Average Performance Comparison
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Figure 6. Average performance comparison of using Copper and Brass wire
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Figure 7. SEM analysis of surfaces cut with Copper Wire; a) Headpiece, b) Middle, ¢) Underside

Reolon et al. emphasized that in cutting Inconel alloy IN718 material with WEDM, the zinc-
coated copper wire has a higher performance in wire feed rate and wire consumption than uncoated
brass wire (Reolon et al., 2018). In this study, the use of zinc rich brass-coated copper wire reduced
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the processing time and wire consumption by 66.29 % and 23.30 %, respectively, compared to the
use of brass wire. Wang et al. analyzed that better machining performance can be achieved by
reducing the vibration of the wire electrode used in the WEDM method (Wang et al., 2021).

HV spo WD mag O 11
10.00kV 11.0 10.0mm 2000x 8:
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Figure 8. SEM analysis of surfaces cut with Brass Wire; a) Headpiece, b) Middle, c) Underside
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Zhang et al. reported that wire vibration affects not only the geometry profile of the components
but also the recast layer thickness, material removal rate, surface morphology (Zhang et al., 2018).
Rao et al. reported that wire tension has an effect on kerf width and surface roughness, in addition,
less surface roughness and smooth surface profiles can be obtained as a result of low current and high
wire tension (Rao et al., 2020). Regarding this issue, Straka et al. emphasized that the geometrical
accuracy of the eroded surface has deteriorated significantly due to increasing flushing pressure
(Straka et al., 2021). The “Charmill Robofil 290P” WEDM machine used in this study sprays water
on the upper and lower parts of the cut area of the workpiece during cutting. The sprayed water
ensures that the melted material and eroded wire residues are removed from the workpiece as a result
of thermal effects. As a result of the measurements made, it has been determined that since the water
sprayed on the upper and lower parts of the workpiece first contacted the upper and lower parts of the
machined surfaces, it caused the surface roughness of these regions to be lower than the surface
roughness of the middle parts. It is clearly seen in the middle regions of figures 7 and 8 that the effect
of the washing liquid on the middle parts is low and the washing cannot be done properly, causing
the melted materials to stick to the surface again and thus increasing the roughness. Similarly, due to
the change of wire stability depending on water pressure, dimensional accuracy increased in the
middle parts of the cut workpiece compared to the lower and upper parts. SEM images of regions
headpiece, middle and underside cut with copper and brass wire are shown in figure 7 and 8
separately. The element percentages determined according to the EDX analysis results of the middle
part of the workpiece cut with copper and brass wire are given in table 5.

Table 5. Average weight % values of the elements contained in the middle regions cut with copper and brass wire
Wire Type c O Si \Y Cr Mn Fe Cu Zn Mo
Copper 850 22.02 122 018 281 038 4342 385 1645 114
Brass 536 19.17 0.71 021 256 041 3443 1470 2154 0.88

The average values of EDX results from 3 different regions of machined surfaces as shown in
figures 9(a) and 10(a) are listed in table 5. The chemical content of the Sleipner work piece used in
this study consists of carbon (C), silisium (Si), manganese (Mn), chrome (Cr), molybdenum (Mo),
vanadium (V) and iron (Fe), but elements such as copper (Cu) and zinc (Zn) were found on the
machined surfaces as shown in figure 9 c¢), d), e) and 10 c), d), €). These elements, which are not
found in the chemical structure of the workpiece, are eroded electrode residues. Since the outer
coating of “Bedra topas plus X copper wire is zinc rich brass double layer coating, residues of the
coating material on the wire surface were found on the processed surfaces as shown in figure 9. It has
been determined that the Zn ratio of the worn coating material on the processed surfaces in the use of
copper wire is higher than the Cu ratio as shown in table 5. “Sodick €35 contains 63-67 % copper
(Cu), 37-33 % zinc (Zn) in its brass wire structure and is called copper/zinc alloy. Cu and Zn elements
were found intensively on the surfaces of the cuts made using brass wire as shown in figure 10. In
general, according to the EDX analysis results, it was observed that the rate of corroded wire on the
machined surfaces was higher in the use of brass wire than in the use of copper wire. In addition,
worn elements contained in the structure of the work piece Sleipner material were found on the
machined surfaces. In this study, the cutting surfaces of cold work tool steel cut in the WEDM
method, which has not been seen before in the literature, were examined by dividing into 3 different
areas such as headpiece, middle and underside. As can be seen from the analysis and measurement
results, it has been proven that these three different surfaces show different properties from each
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other. In addition, two different electrode materials such as copper and brass were used to minimize
the differences of these surfaces and to obtain better surface quality.

cud(1) Image Name: cu4(l)
Image Resolution: 512 by 340
Image Pixel Size:  0.41 ym
Acc. Voltage: 10.0 kV
Magnification: 2000
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Figure 9. EDS analysis of Copper electrode residues found on machined surfaces
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The dimensional accuracy obtained in this study is of great importance in adapting the cut
workpiece to the mounting location. Having suitable values for surface roughness, which is another
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quality parameter, increases the fatigue strength and corrosion resistance of the material, as well as
makes it look aesthetically pleasing (Sangwan et al., 2015). MRR, time and wire consume, which are
indispensable for performance and cost evaluation in industrial applications, are the most followed
parameters. The analysis of all these values as a result of cutting a high-hardness tool steel with copper
and brass electrodes arouses curiosity for users. In addition, as can be seen from the SEM and EDX
results obtained in this study, the presence of elements other than the chemical composition of the
material on the processed surfaces proved the effect of the processing method on the material. Maybe
this situation can be a remarkable issue in the use of mold materials such as Sleipner cold work tool
steel in medical applications and food industry.

4. CONCLUSION

The main conclusions are as follows:

e In the case of using copper wire instead of brass wire, wire consumption and processing time
decreased by 23.30 % and 66.29 %, respectively, while MRR increased by 50 %. In addition,
the average dimensional deviation of the parts cut with copper wire decreased from 27 um to
8 um compared to the use of brass electrodes, and more precise measurements were obtained.

e The fact that the cutting speed is lower in the use of brass wire compared to the use of copper
wire is due to the fact that the conductivity of the copper wire is higher than that of the brass
wire. Due to the high electrical conductivity of the copper wire, the arc between the workpiece
and the electrode has increased, allowing more material to be cut in a shorter time. For these
reasons, more MRR and lower machining time were obtained in the use of copper wire
compared to the use of brass wire.

e It has been determined that since the water sprayed on the upper and lower parts of the
workpiece first contacted the upper and lower parts of the machined surfaces, it caused the
surface roughness of these regions to be lower than the surface roughness of the middle parts.
Similarly, due to the change of wire stability depending on water pressure, dimensional
accuracy increased in the middle parts of the cut workpiece compared to the lower and upper
parts.

In general, according to the SEM and EDX analysis results, it was observed that the rate of
corroded wire on the machined surfaces was higher in the use of brass wire than in the use of copper
wire. In addition, worn elements contained in the structure of the work piece Sleipner material were
found on the machined surfaces.
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Sinter-Aliiminize T/M Celiklerin Ozellikleri ve Korozyon Davramsi

OZET: Bu ¢alismada, Distaloy SA tozlarindan toz metalurjisi (P/M) yontemiyle iiretilen ¢eliklerin
farkli soguk presleme basinci ve sinterleme ortaminin mikroyapi, mikrosertlik ve korozyon
davranislarina etkisi incelenmistir. P/M numuneler; 150 MPa ve 200 MPa olmak {lizere iki farkl
soguk presleme basinciyla presleme islemi sonrasi; aliiminyum ile argon olmak iizere iki farkl
sinterleme ortaminda 1000 °C'de 5 saat sinterleme islemine tabi tutulmustur. Sinter-
aliminyumlanmis ve sadece sinterlenmis 6rneklerin yogunluk ve yiizey piiriizliiliikleri 61¢tilmiis olup
yogunluklarinin soguk presleme basimncinin artmasiyla arttigi yiizey piriizliiliigiiniin ise azaldigi
belirlenmistir. P/M numunelerin mikroyapisal 6zelliklerinin belirleme islemi X- 111 kirininmu
difraksiyonu (XRD), taramal1 elektron mikroskobu (SEM) ve enerji dagilimli X-1gin1 spektroskopisi
(EDS) cihazlar1 kullanilarak gerceklestirilmistir. Korozyon deneyleri elektrokimyasal olarak %3,5
NaCl ¢ozeltisinde gergeklestirilmistir. Sinter-aliminyumlanmis numunelerin yiizeyinde olusan
FexAly fazlarina bagl olarak argon ortaminda sinterlenmis numunelere gore daha yiiksek korozyon
direnci gosterdigi tespit edilmistir. Dolayisiyla sinter-alliminyumlama iglemi P/M malzemelerin
korozitif ortamlardaki kullanimlar1 i¢in umut vadetmektedir.

Anahtar Kelimeler: Toz Metalurjisi, X-Ismn1 Difraksiyonu, Sinter-Aliiminyumlama, Korozyon.

1. INTRODUCTION

Powder metallurgy (PM), used in producing advanced technology materials, is a technique used
for powdering metals and metallic alloys through mechanical and physicochemical methods and
producing work pieces utilizing pressure and temperature without melting the powders. It consists of
mixing and pressing the powders obtained from metals and metallic alloys and then sintering them to
form a bond among the powder particles (German, 1998; Xiao-Su and Shanyi, 2017; Wu et al., 2019).
While the pressing process is generally performed at room temperature, the sintering process is
performed under the melting temperature of the powder with the highest melting temperature among
the powders in the mixture (generally 70°C) and in a protective atmosphere (German, 1998). The
pressing process determines the mechanical and physical characteristics of the material, and the
density of the piece differs as per the applied pressing pressure and mode of action (Xiao-Su and
Shanyi, 2017).

The most critical factors in replacing conventional metal forming methods with powder
metallurgy are low energy cost, low material production costs, and availing of the material at the
maximum level. In addition, the method’s characteristics such as diversity, production of pieces in
complex forms, microstructural and microchemical homogeneity increase its importance in the
production of advanced materials (Cavdar and Cavdar, 2015). Nuclear power fuel elements,
biomedical prostheses, aircraft brake linings, high-temperature filters, gears, Tungsten filament
lamps, electric contacts, orthopedic equipment, rocket fuels, explosives, jet engine pieces may be
provided as examples of pieces produced from metal powders by the PM method (Yazic1 and Cavdar,
2017; Alshammari et al., 2019; Sharma et al., 2019; Chavez et al., 2020).

The applications on the material surface are actualized to improve the material's functional
characteristics such as physical, chemical, electrical, electronic, magnetic, or mechanical
characteristics. In this context, new materials are produced by improving the metallic and non-
metallic plating methods. In the industry, surface engineering methods based on plating processes
such as painting, dipping, sol-gel processes, cold and thermal spraying, chemical and electrochemical
methods (anodization, electroplating, electroless plating, and electrophoretic deposition), plasma-
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assisted technologies, physical vapor deposition (PVD), chemical vapor deposition (CVD) are used
in order to improve the surface characteristics of steels and alloys. The low setup cost in
thermochemical processes, and the obtainment of equivalent surface characteristics enabled the use
of this method in powder metallurgy (Erdogan et al., 2020; Turgut and Giinen, 2020).

The thermochemical process is the process of diffusion on the surface of the metal and/or non-
metal (B, N, Cr, Ti, V, Al etc.) atoms by the use of the thermal diffusion method at high temperatures
in order to change the chemical and microstructure of the material’s surface (Cavdar and Cavdar,
2015; Giinen et al., 2015). Aluminum and its alloys stand out due to their easy accessibility, low
density, chemical and physical compatibility, higher wear resistance as well as their superior
corrosion resistance in many environments (Erdogan et al., 2020). As a result, depending on the
process selected, the borides or intermetalides (aluminates, chromites) diffuse on the surface of the
material by temperature activation and cause the change of material’s surface and the formation of
new phases (Choy, 2003; Mittemeijer and Somers, 2014; Cavdar and Cavdar, 2015; Giinen et al.,
2015; Erdogan et al., 2020). This change actualizes employing diffusion, unlike the processes such
as electrolytic or vapor precipitation, and the layer covers the atoms of original material and foreign
elements diffused on it. The construct, thickness, and composition of the new phases formed change
depending on parameters such as composition and chemistry of initial materials, characteristics of
substrate materials, temperature, exposure time, and gas pressure (Medvedovski, 2016). Depending
on the atom diameter of the diffused element, two different surface modifications form. If the atom
diameter of the diffused element is small, the substrate material diffuses, and interstitial solid solution
or exterior layer forms, and if the atom diameter of the diffused element is large, a compound forms
on the surface as in the chromizing and aluminizing. Thermochemical processes are used in many
fields of application, such as machinery, automotive, toolmaking, petroleum drilling, mining, and
defense (Cavdar and Cavdar, 2015).

Thermochemical processes or plating with diffusion are divided into impregnation with non-
metals (carburizing, nitriding, nitrocarburizing, and boronizing) and impregnation with metals
(aluminizing, chromizing, siliconizing, vanadiumizing, and berylliumizing) depending on the
element diffused. The practice of aluminizing, one of the processes of impregnation with metals from
among thermochemical processes, is a preferred method due to its characteristics such as simplicity,
reliability, and economy. It was informed by many studies that the corrosion resistance of steels
increases as a result of the aluminizing process (Xiang and Datta, 2006; Lu et al., 2019). The materials
obtained from the aluminizing process have been interesting for industrial applications thanks to their
many properties. Heating element in furnaces or dryers, power units and incinerator pipes, piston
valve, exhaust manifolds, petrochemical facilities are some of the areas where these materials are
used. The aluminizing process is divided into low activity and high activity aluminizing, depending
on the temperature and activity of aluminizing. The low activity aluminizing process is actualized at
high temperatures such as 950-1050°C for preserving operation time, and the high activity
aluminizing process is actualized at low temperatures such as 700-900°C (Dubiel et al., 2008;
Mojaddami et al., 2012).

This plating compound bonds to crystal structures and sublayers by strong and short covalent
bonds with high thermodynamic characteristics. High lattice energy ensures more stability in crystal
structures and a high covalent bond in solids. It correlates with the materials’ chemical stability and
integrity in mediums that may damage the material. These platings, along with not covering free Fe
and other elements, are not in free from in the elements added. Moreover, this prevents the possibility
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of interaction of metals with the anions of the corrosive medium and ensures the increase of corrosion
resistance (Grabke and Schutze, 1998; Ladd and Ladd, 1999).

When the studies in the literature were examined, Triani et al., in order to produce iron aluminite
platings on stainless-steel substrates, obtained FeAl layers on the surface by performing the
aluminizing process through exposing the stainless-steel substrates to thermochemical process in a
slurry consisting of polyvinyl butyral, ethyl alcohol, Al, AICl3, and Al.Os for 2, 4, 6 and 8 hours at
500-650°C. By the result of the study, it was specified that the homogenous FeAl layer of excellent
ductility had formed by the increase of temperature and processing time and that this layer had
significantly improved the oxidation resistance of the alloy (Triani et al., 2020).

Furthermore, in the study performed by Liu et al. in 2008, they explained the basic technological
process of the hot-dip aluminized technique by emphasizing the features such as corrosion resistance,
high temperature oxidation resistance. In addition, they summarized the applications of hot-dip
aluminized steel in the field of engineering and gave information about its developing aspects (Liu et
al., 2008).

Wang et al. (2018) used the single-stage powder pack method to prepare AIN/aluminized
plating, having high corrosion resistance, on carbon steel. They examined the phase compositions by
X-ray diffraction (XRD), and they examined the cross-sections by scanning electron microscopy
(SEM) equipped with energy dispersive spectroscopy (EDS). They measured the corrosion resistance
of AIN/aluminized plated sample by electrochemical test and expressed that the plating had improved
the material's corrosion resistance (Wang et al., 2019).

Considering the studies performed in recent years, it has resorted to aluminizing process to
improve the oxidation and corrosion resistance of the materials. High oxidation and corrosion
resistance, provided for the material by the aluminum element, arises from the Al.O3 layer that
continues to protect the primary metal as remaining on the material’s surface. For this reason, superior
oxidation and corrosion resistance through the Al>O3 layer, obtained through plating materials with
aluminum in the medium of high temperature and different corrosive characteristics that the materials
cannot resist, has become a more and more meaningful practice. For this purpose, in this study, the
microstructure characteristics, hardness, and corrosion resistance -in different mediums- of samples
of Distaloy powders that were produced with the PM method under two different pressures and that
were sintered in different sintering mediums (Ar and Al), were examined and compared with each
other. Considering the usage areas, the hardness and wear resistance properties of the material can be
determined in further studies. In this way, the effect of the aluminizing process on hardness and wear
is determined and studies for use are carried out.

2. MATERIALS AND METHODS

Initially, commercially available Distaloy SA powders with chemical composition Fe-1.84Ni-
1.49Cu-0.8Zn-0.5M0-0.5C-0.6Zn, and 50-100 um average grain size were subjected to mechanical
alloying for 24 hours to obtain a homogeneous powder mixture. Then, the powder mixture was
weighed and cold-pressed by applying different pressures (150 and 200 MPa) to produce samples
with a diameter of 40 mm, and thickness of 5 mm. The surfaces of the cold pressed samples were
sanded with 320-1200 grit SiC paper before sintering, washed with distilled water and sonicated in
methanol to obtain clean and smooth surfaces. The samples to be sintered in an argon environment
were placed in crucibles made of stainless steel, their mouths were tightly closed and sintered at
1000°C for 5 hours. In the sintering process in aluminum environment, after the samples were placed
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in a stainless-steel crucible, all sides were covered with a powder mixture of 45 wt.% Al + 45 wt.%
Al>O3 + 10 wt.% NH4CI. Then, the mouth of the crucible was tightly closed and sintered for 5 hours
by placing it in an electric muffle furnace preheated to the aluminizing temperature (1000 °C). After
sintering in argon and aluminum environments, the crucible was removed from the furnace and the
samples were left to cool at room temperature. Finally, the aluminized samples were removed from
the crucibles and their surfaces were cleaned with a brush to remove any adhesion from the aluminum
powder.
Process parameters and exemplary nomenclature for the samples are given in Table 1.

Table 1. Sample nomenclature and process parameters used in the process

sample Sintering Sintering Pressing Pressure  Sintering
Temperature (°C) Medium (MPa) Duration (h)
Sl 150 5
S2 Ar 200 5
> 1000°C 150 5
S4 Al 200 5

The density measurements of the PM materials were determined by including the weights,
measured in air and pure water, in the Equation 1. based on Archimedes’ principle.

. Wopw
p= w, —w',

The surface roughness (Ra) of the samples was measured using a Wave System Hommelwerke
T8000 2D profilometer. Surface roughness was determined as the average of 5 measurements made
on each sample surface based on 1mm/s speed and 4mm length.

Metallographic samples were prepared with a precision cutting device for SEM, EDS, and XRD
analyses by the end of the sintering and sinter-aluminizing process. Then, the samples were subjected
to conventional grinding with 280-2500 SiC paper polished with 6 um Al>O3 and 0.25 um Al203
solution and then etched with 3 wt.% Nital solution to reveal microstructural details.

Metallographic studies were carried out on polished and etched cross-sections of the samples
using Thermo Scientific Apreo-S SEM equipped with UltraDry EDS Detector and Quasor 11 EBSD
system equipped with EDS. The thicknesses of the aluminite layers were measured by SEM, and the
presence of phases (FeAl) formed on the surface of PM samples was identified by X-ray diffraction
(XRD) analyses using a computer-controlled Rigaku SmartLab X-ray diffractometer. The diffraction
patterns were obtained with Cu Ka radiation at a wavelength of A = 0.154 nm over a 20 range from
30° to 90°. Diffraction data were collected with 2.0 deg/min speed and step width of 0.02 degrees.

Corrosion characteristics of the samples were evaluated with the CHI 608E electrochemical
workstation, controlled by a computer. A standard setup consisting of three electrodes, one platinum
counter electrode, one Ag/AgCl electrode as a reference electrode, and one working electrode (1cm?
exposed area) was selected for the corrosion assessment studies. All the corrosion tests were carried
out using 3.5 wt.% NaCl aqueous solution. Open circuit potential (OCP) measurements of the samples
were made over 3600s and plotted as a function of time after stabilization. Potentiodynamic corrosion
tests were performed in the potential range of -250mV to +250mV at a scan rate of 0.1 mV/s. The
Tafel extrapolation method was applied to reckon the corrosion current densities of the samples over
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the linear portion of the anodic and cathodic graphs. The corrosion tests were repeated three times to
ensure reproducibility, and the results were averaged.

3. RESULTS AND DISCUSSION

3.1 Density and Surface Roughness
The density and surface roughness values of Distaloy SA powder samples, which were initially
pressed under two different pressures and were sintered in two different sintering mediums (Ar and
Al), are given in Table 2.

Table 2. The density and roughness of the P/M specimens subjected to sintering and sinter-alumizing heat treatment

Sample Density Relative density Surface roughness Rz
(gr/em®) (%) (Ra, pm) (nm)

S1 5.95 76.28 2.60 10.72
S2 6.02 77.17 2.27 9.54
S3 6.13 78.59 1.93 7.86
S4 6.18 79.23 1.75 7.66

When the density and surface roughness values of samples sintered in argon and aluminum
mediums were examined as per the pressing pressures applied prior to sintering, it was determined
that while the density values increased from 5.95 to 6.02, and from 6.13 to 6.18 by the increase of
pressing pressure, the surface roughness values decreased from 2.60 to 2.27, and from 1.93 to 1.75,
respectively. The density and surface roughness values of the samples differed as per the sintering
medium. It was observed that density values were a bit higher and that the roughness values were
lower along with filling of pores with aluminum in sinter-aluminized samples compared to samples
sintered in Ar medium (Bagliuk, 2012; Sundaram et al., 2018).

The increase in the density of samples and the increase in pressing pressure may be explained
by reducing air gaps among the powder particles. Gokmese et al., by their study performed in 2013,
expressed that the density values were increasing along with the increase of pressure and that the
pores among the particles were closing as the result of the pressing pressure applied from 250 MPa
to 625 MPa on alloys prepared by the use powder metallurgy (Gékmese and Bostan, 2013).

Moreover, the surface roughness values of sinter-aluminized samples being lower compared to
that of samples sintered in Ar medium may be attributed to the filing of porosity and gaps, remaining
on the surface following cold pressing, with a secondary powder (sinter-aluminizing powder), and to
the plating layer formed on the surface following the thermochemical process.

Considering these factors that affect the density and surface roughness, as the S4 sample is a
sample that was sinter-aluminized and pressed under high pressing pressure, it has the highest density
and lowest surface roughness among all the samples.

3.2. Characterization of Microstructure

SEM microstructure images, and EDS analyses of Distaloy steel PM samples, sintered for 5
hours in Ar medium are given.
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Figure 1. SEM microstructure view and EDS analysis of produced from Distalloy powders by P/M method a)150 MPa,
b) 200 MPa pressing pressure after 5 hours at 1000 °C in Ar environment

As seen in Fig. 1, it was observed that the sample generally exhibited a homogenous
distribution, but at some parts of the microstructure, oxide areas were being the characteristic of iron-
based materials produced by powder metallurgy. Despite a decrease in the oxide contents (Fig. 1b
EDS point) by the increase of pressing pressure from 150 MPa to 200 MPa, they were not completely
removed. Due to the reduction of air gaps among powders and the increasing pressing pressure, the
porosity decreased, and the density increased. Furthermore, the chemical bond formation among
powder metal pieces is more substantial (Gokmese and Bostan, 2013; Turgut and Giinen, 2020).

Moreover, by examining EDS analyses of the samples, it was observed that the construct was
substantially comprised of iron and that low rates of carbon, oxygen, aluminum, and nickel were also
present in the construct. It was also determined that the oxide content of the samples was 2.48-7.05
wt.%.

In Fig. 2, SEM images and EDS analyses of samples of Distaloy powders, subjected to cold
pressing under 150 MPa and 200 MPa, and sinter-aluminizing for 5 hours at 1000°C, are given.
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Figure 2. SEM microstructure view and EDS analysis of produced from Distalloy powders by P/M method a) 150 MPa
b) 200 MPa pressing pressure after 5 hours at 1000 °C in a sinter-aluminizing medium

When the sectional views of samples, subjected to a sinter-aluminizing process for 5 hours
period in Al medium by the use of 10 kV energy in scanning electron microscopy (SEM), were
examined, it was observed that 3 different areas formed on the surface of the samples. These areas
were i) intense aluminizing area, ii) diffusional aluminizing area, and iii) matrix area not affected by
the aluminizing process. Moreover, EDS analyses were obtained from different points of plating
layers and the matrix of each sample. It was determined that the contents of layers located at the
plating area, being precise in the results of the metallographic examination, were exhibiting
differences (Kayali, 2013).

The FeAl layer obtained was examined in terms of content, while about 47.71-54.80 wt.% Al
was determined at the dense area, the Al rate at the diffusional area was determined as 13-21 wt.%.
It was observed that the concentration of Al element decreased from the plating layer’s outmost
surface towards the matrix and that the plating layer concentrated in places. These areas, where the
Al element concentrated, were the gray areas also observed in the results of EDS analysis, and this
status conforms with the FeAl platings obtained in literature (Maki, 2019; Perez et al., 2002).

By the end of the plating process, it was determined that the thickness and contained phases of
the plating layer formed on Distaloy SA steel did not differ. It was observed that the thickness of the
diffusion layer, formed in samples subjected to the sinter-aluminizing process, was similar to that of
samples subjected to different sintering periods. The cause of having no change in the diffusion layer
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thickness is the uniformity of sintering temperature. Diffusion speed is directly proportional with
temperature, and changes to be made in sintering temperature will change the concentration of
diffused aluminum, and accordingly, it causes changes in the layer thickness (Callister, 1991; Li et
al., 2008).

When the plating players obtained were examined in terms of morphology, it was determined
that aluminum atoms were not intense on the surface as in the aluminizing layers obtained on the
alloys produced through casting and forging. This status may be linked to accumulation at a place of
aluminum atoms among powders bonded to each other only with mechanical bonds due to powder
metallurgy process and their diffusion towards more inner parts instead of making chemical bonding
with the elements there. Hence, the obtainment of iron-aluminum layers, which were much thicker
than casting and forging alloys, supports this matter.

3.3. XRD Analyses

XRD analyses of samples produced with the PM method and sintered in Ar and Al mediums

were performed, and the phase matching of the results obtained was actualized by using the library
in PDXL software (Fig. 3).
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Figure 3. XRD diagram of samples produced from Distalloy SA powders and sintered in aluminum medium

As the result of examining X-ray diffraction (XRD) patterns, it was determined that the
dominant phases on Distaloy SA steels produced under different pressing pressures and sintering
mediums varied. As the result of XRD analyses, the primary Fe and FeAl compounds were
determined. In samples subjected only to the sintering process, Fe phase, in the 229: Im-3m space
group with card number ICDD: 01-087-0722, was dominant on the construct. This phase
corresponded to peaks at angle values 44, 64, 82 in the XRD diagram.

Moreover, in the samples subjected to a sinter-aluminizing process for 5 hours at 1000°C,
characteristic peaks of the construct, at angle values of 44, 64, and 81 of the FeAl phase with card
number ICDD: 00-033-0020, were obtained. The phase desired to form in the aluminum plating

process by the thermochemical method is the FeAl phase being present at the part rich in iron on the
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Fe-Al balance diagram. In the study performed, the presence of this phase was observed. In the
aluminizing process, it is avoided from the formation of phases with high Al content as they increase
the fragility of the aluminite layer and decrease the oxidation resistance. FeAl phase, forming on the
surface of the plating layer, has a high melting point, high resistance, high hardness, high corrosion
and oxidation resistance, high elasticity module, and high electric resistance (Martinez et al., 2006).

3.4. Corrosion Analyses
The corrosion resistance of samples produced by sintering of Distaloy SA 6906033 powder in
two different mediums (Ar and Al) was evaluated using open circuit potential measurement and
potentiodynamic polarization curve measurement. The graphs of samples’ corrosion tests, performed
in 3.5 wt.% NaCl solution is given in Fig. 4.
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Figure 4. a) OCP curves, b) Tafel curves in NaCl solution of the sintered and sinter-aluminized samples

The potential value is measured in the OCP technique while no current passes from the circuit.
The potential value, measured from an ionic solution, is the balance potential of the cathodic and
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anodic reactions. Potential difference values, forming due to metal corrosion in a corrosive
environment, are recorded as corrosion potential (Figure 4a). It is known that the corrosion resistance
of samples of curves, being closer to the positive side on the OCP graphs, is higher (Oztekin, 2014).

When Figure 4a is examined, while samples subjected to sinter-aluminizing were at the narrow
range from -0.39 to 0.42 V, it is observed that the samples subjected only to sintering continuously
decreased as beginning from -0.33 V towards the potential of -0.48 V, and that they did not reach a
stable course by the end of 3600 sec. This status revealed that the samples subjected to sinter-
aluminizing were positioned on a more positive side than the samples subjected only to sintering and
that they were more stable, and thus their corrosion potential was lower. The corrosion potential
exhibited a decrease in Ar-200; Ar-150; Al-150; Al-200, respectively.

Considering the studies in literature, it was expressed that a passive aluminum film was forming
on the surfaces of the steel samples through plating with aluminum and that it did not cause a
significant change in the anode reaction while slowing down the cathode reaction. Moreover, as a
result, they specified that a decrease occurred in the corrosion potential determined by the balance
between the two reactions (Chen et al., 2007; Heakal et al., 2011).

The semi-logarithmic current-potential curves, drawn in anodic or cathodic direction as
beginning from the corrosion potential, are known as Tafel curves. The current, where the point -on
the corrosion potential-, where the Tafel curves intersect -when their linear parts are reversely
extrapolated-, is determined, is the corrosion current (Oztekin, 2014). The extrapolation of Tafel
curves, Ecorr (corrosion potentials), Icorr (corrosion current), and corrosion speed were calculated,
given in Table 3. Ecorr value represents the samples’ thermodynamic tendency for corrosion, and
Icorr value represents the corrosion rate. The Ecorr values of Ar 150, Ar 200, Al 150, and Al 200
samples were -0.555 V, -0.520V, -0.464V, and -0.422V, respectively; and their Icorr values were
1.56x10* pAcm?, 8.52x10° pAcm, 5.54x10° pAcm, and 4.50x10° pAcm, respectively. It was
observed that the Ecorr values of samples subjected to sintering in argon medium were lower
compared to the Ecorr values of samples subjected to sinter-aluminizing. Furthermore, this indicates
that the corrosion resistance of PM samples subjected to sintering in Ar medium are lower than
samples subjected to sinter-aluminizing.

Table 3. The Ecorr (corrosion potential), lcorr (COrrosion current density), and corrosion rate values were determined from
the polarization curves

Sample Solution Ecorr lcorr Corrosion rate
\2) (nAcm?) (gr/h)

Ar 150 -0.555 1.56x10* 16.30x10°

Ar 200 -0.520 8.52x10°% 8.90x10°

Al 150 %3.5 NaCl -0.464 5.54x106 0.58x10°%

Al 200 -0.422 4.50x10° 4.70x10°

When Tafel graphs were examined, it was observed that the samples subjected to sinter-
aluminizing were positioned more to the right compared to samples subjected only to sintering as in
the OCP graphs. This status conforms with the Ecorr values given in Table 4. However, it was
observed that the Al-200 sample, which was positioned at the rightmost side in terms of Ecorr values,
did not exhibit the lowest corrosion current (4.50x107°) and that the Al-150 sample exhibited the
lowest corrosion current as 5.54x10°®. This status indicates that the samples’ log (current/A) values
are essential and their Ecorr values in corrosion losses. Because the lowest log (current/A) values
were determined in the Al-150 samples among all the samples, and it was the sample in which the
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corrosion losses were the lowest. The Icorr values of samples subjected to sinter-aluminizing were
lower than the samples subjected only to sintering, and their corrosion resistance was higher. Briefly,
in terms of the corrosion resistance of samples produced from Distaloy SA 6906033 powder by the
sinter-aluminizing process, an improvement was ensured at the range of 1.90 times (Ar-200/Al200)
and 15.34 times (Ar-200/Al-150) compared to samples subjected only to sintering.

WE% C-K 0-K Na-K Si-K w% |ck |ok |sk |sik |crx | Fer
pt-1 2.14 30.82 0.00 0.22 pt-1 | 534 | 3253 027 [oes [251 [s870
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Figure 5. a) Ar medium, b) sintered in Al medium SEM and EDS views taken after corrosion treatment in NaCl solution
of samples

When the SEM images of samples after corrosion were examined, it was observed that crevice
corrosion had formed on the surface of samples subjected to sintering in argon medium and that
pitting corrosion formed on the surface of samples subjected to the sinter-aluminizing process. For
the development of pitting corrosion, the presence of halogen ions is required in the medium. In the
study performed, NaCl was preferred as the corrosion medium, and CI ions had caused pitting
corrosion. This corrosion begins with an anodic reaction formed at any point of the metal surface,
and by the effect of environmental conditions, the anodic reaction continues by a series of
autocatalytic reactions that give rise to each other and causes the formation of the pit at that point.

The higher Ecorr values of samples subjected to sinter-aluminizing, compared to samples
subjected only to sintering, indicate better corrosion resistance. Al-150 sample exhibited the lowest
Icorr value (5.54x10°° pAcm™) attributed to the thick and relatively less porous plating surface. Al-
200 sample had a higher Icorr value (4.50x10° nAcm) than the Al-150 sample, and the reason for
this was the presence of relatively larger pores and micro-cracks on its surface.
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4. CONCLUSION

Distaloy SA 6906033 alloys were pressed with cold pressing method under the pressures of 150
MPa and 200 MPa, and they were subjected to sinter-aluminizing process and only to sintering
process for 5 hours at 1000°C. The changes in the microstructural, mechanical, and corrosion
behaviors of samples obtained were examined.

While the densities of samples, sintered in argon and aluminum mediums, increased by pressing
pressure, their surface roughness decreased. Considering the microstructure characteristics, while the
Fe phase was dominant on the construct in samples subjected to sintering in argon medium, a surface
structure forming of FeAl phase was subject in samples subjected to sinter-aluminizing. Porosity was
present in both the samples subjected to sintering and sinter-aluminizing, and porosity decreased by
the increase of cold pressing pressure, but it was not obliterated. Considering the corrosion behaviors,
the corrosion potentials of samples subjected to sinter-aluminizing in NaCl medium were lower than
those subjected only to sintering. Moreover, when evaluated among themselves, it was determined
that the corrosion potential was decreasing along with the increase of cold pressing pressure (Ar-150
> Ar-200; Al-150 > Al-200). The lowness of Ecorr values, obtained as the result of corrosion tests,
of samples subjected to sintering compared to samples subjected to only sinter-aluminizing, and the
highness of Icorr values, obtained as the result of corrosion tests, of samples subjected to sintering
compared to samples subjected to only sinter-aluminizing, indicate that these materials exhibit higher
corrosion resistance. Sinter-aluminizing of Distaloy SA 6906033 alloys positively affected the
material’s corrosion resistance as well as its structural and mechanical characteristics. The
actualization in a single step of the sintering process of the alloy along with aluminizing is essential
in terms of processing time and energy. The study results indicated that the sinter-aluminizing process
is promising in the usage of PM materials in corrosive environments.
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OZET: Bu calismada toz metaliirjisi (TM) teknigiyle Fe esasli Fe-Ni-Cu matrisine agirlikca farkli
oranlarda (%10-20-30) kobalt (Co) ilave edilerek iiretilen numunelerin mikroyap1 ve bazi mekanik
ozellikleri incelendi. Sinterleme; 920 °C’ de, 35 MPa basing altinda, 4 dk siireyle argon gazi
atmosferinde yapildi. Numunelerin mikroyapisal karakterizasyonu X-1sinlar1 analizi (XRD), taramali
elektron mikroskobu (SEM), enerji dagilim spektrometresi (EDS) ile incelendi. Yogunluk 6l¢timleri
yapilan numuneler, sertlik ve {i¢ noktali egme deneylerine tabi tutuldu. Sonug olarak; takviye oraninin
artmast ile porozitede azalma meydana geldi. En yiiksek sertlik ve yogunluk degerinin %20 Co ilaveli
numunede oldugu goriildii. Co orani ilavesiyle baslangicta egme gerilmesi ve ylizde uzamanin arttig1
ve artan Co oraniyla birlikte egme gerilmesi ve ylizde uzamanin azaldig1 gozlendi.
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The Effect of Co on Fe-Based Fe-Ni-Cu Diamond Cutting Tool Produced by Powder
Metallurgy Method

ABSTRACT: In this study, microstructure and some mechanical properties of the samples were
investigated produced by adding different weight (10-20-30%) cobalt (Co) to Fe-based Fe-Ni-Cu
matrix by powder metallurgy (TM) technique. Sintering; It was carried out at 920 °C, under 35 MPa
pressure, for 4 minutes in an argon gas atmosphere. Microstructural characterization of the samples
was examined by X-ray analysis (XRD), scanning electron microscope (SEM), and energy
distribution spectrometry (EDS). Density measurements were made and the samples were subjected
to hardness and three-point bending tests. As a result; The porosity decreased with the increase in the
reinforcement ratio. It was observed that the highest hardness and density value was in the sample
with 20% Co added. It was observed that the bending stress and percent elongation increased with
the addition of Co ratio and the bending stress and percent elongation decreased with increasing Co
ratio.

Keywords: Diamond Cutting Tools, Powder Metallurgy, Cobalt, Iron-Based Alloy.

1. GIRIS

Elmas, bilinen en sert malzeme oldugu i¢in kesim ve asindirma islemlerinde kullanilmaktadir.
Dogal elmas bigaklarinin kullanilmasiyla ytiksek sicaklik ve yiliksek basingli elmas sentezi ile sentetik
elmaslarin tiretimi baglamistir. Alet yapimcilar1 polikristal elmas kesme takimlarinda, dogal elmas
kullanmak yerine sentetik elmas kullanmay1 tercih etmistir. Bunun sebebi; dogal yapili elmaslarin
farkli kesikleri veya kirilma yiizeyleri sonucunda meydana gelen kristal morfolojileri yerine sentetik
elmasta belirli kafes diizlemlerinde kristal biiylime olasiliginin daha avantajli olmasidir (Kulaksiz,
2007). Elmas kesici takimi iretiminde toz metaliirjisi (TM) iiretim ydntemi yaygin olarak
kullanilmaktadir. Ayrica tozlar basingsiz sinterleme (Burgers, 1978; Thakur, 1978; Dwan, 1998;
Haman ve ark., 1999; Gasik ve ark., 1999), sicak izostatik presleme (Cram, 1995), veya ikisinin
kombinasyonu (Ojeda ve ark., 1998, ekstriizyon (Samvelion ve Manoukion, 1995), lazer ergitme
(Griineis, 1998) sicak presleme ve lazer kesimin kombinasyonu (Schmid, 1995; Fiechter, 1995) gibi
birgok teknikle iiretilebilir.

Toz metaliirjisi yontemi (TM), metal tozlariin belli oranlarda karistirilarak oda sicakliginda
hassas kaliplarda istenilen teknik degerlere uygun basinglarda sikistirilmasi ve sonrasinda kontrollii
atmosfer sartlarinda firinlanmasiyla parga lretme yontemidir. Toz metaliirjisini diger tiretim
yontemlerine kiyasla ilgi ¢ekici kilan avantajlar1 karmasik sekilli ve diisiik boyutsal toleransa sahip
parcalarin iiretilebilirliginin yam sira iiretimin yiiksek kalitede ve ekonomik olusu, nispeten diisiik
enerji tiiketimi ve malzeme verimliliginin yiiksek olmasidir (Fayed ve Otten, 1997; German, 1994;
German, 2007; Chang ve Zhao, 2013). TM iiretim yontemi ile kontrol edilebilir gézenekli yapiya
sahip metaller de seri olarak iretilebilir. Bu iiretim yontemi genel olarak uygun kargim oranlarina
sahip metal tozlarinin bir karistirict ile karistirilmasi ve ardindan bir kalip igerisine preslenmesi
esasina dayanir (Froes ve ark., 1980; Qian ve Froes, 2015).

Toz formlardaki kobalt (Co) elmasli kesici takimlarin metal matris bilesimlerinde kullanilan
esas metal malzemelerindendir. Clinkii kobalt, bu tiir elmas tutucu metal matrislerin asinma dayanimi
ve elmas tutma kapasitesi gibi ¢cok onemli iki fonksiyonel Ozellik parametresinin degerlerini
artirmaktadir (Konstanty, 2021; Konstanty ve Tyrala, 2021). Bunlarin yani sira, diger metallerden
ayr1 olarak kobalt tozlar1 ¢cok degisik tiirlerde tane biiytikliiklerine, tane sekilleri, tane dagilimlar1 ve
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kimyasal safliklara sahip olabildiginden eklendikleri matrislerin fonksiyonel parametrelerini genis
skalalarda kontrol etme ve ayarlanabilme imkani sunmaktadir. Yine teorik yogunluga kismen daha
diisiik sicaklik ve basing kosullari altinda yapilan sicak presleme iglemleriyle ulagilmasini saglayarak
maliyeti diisirmesi kobalt kullaniminin bir diger avantajidir (Konstanty, 2021; Konstanty ve Tyrala,
2021). Elmash kesici takimlarda kobaltin gérevi matrisin tok ve dayanikli olmasini saglamaktir.
Diinya ¢apinda iiretilen kobalt tozunun %75°1 kesici ve elmasl takim endiistrisinde kullanilmaktadir.
Bu da her y11 3500 ton civarlarindadir. Fakat pazar her yil %2,7— 2,8 biiylimektedir (Oishi, 1979).
Calismada Fe-Ni-Cu matris malzemesine agirlik¢a farkli oranlarda (%10-20-30) Co takviye
edildi. Numuneler 4 dk boyunca argon gazi atmosferinde 35 MPa basing altinda ve 920 'C sicaklikta
sinterlendi. Daha sonra numunelere sertlik, yogunluk ve ii¢ nokta egme deneyleri yapildi. Mikro
yapidaki analizleri irdelemek amaciyla SEM (taramali elektron mikroskobu), EDS ve XRD yapildi.
Ug noktali egme mukavemeti ve % uzama degerleri, artan Co katkisi ile azaldi. SEM analizinde
kobaltin katki orani arttikca porozite ¢ukurlarinin azalmis oldugu goriildii ancak ii¢ kat (%30 Co)
katkilama olsa da tamamen azalmayip yer yer derinlesmis ¢cukur ve oksitlesmelerin oldugu gorildii.

2. MATERYAL VE YONTEM

Calisma kapsaminda kullanilan %99.9 safliktaki Fe, Ni, Cu ve Co elementel tozlar1 piyasadan
ticari olarak temin edildi. Deneyde Direkt Direngli Sicak Presleme teknigi ile 4 dakika siire boyunca
35 MPa basing altinda 920 ‘C’de sinterlenerek 40x10x7 mm boyutlarinda numuneler iiretildi. Sekil
1’ de deneyde kullanilan akis semas1 ve yapilan dlglim islemleri verilmistir. Deneyde kullanilan
numune kodlar1 ve numune igerikleri ise Cizelge 1°de verilmistir.

Toz Malzemelerin Temini

Fe, N1, Cu, Co . -
(999.9 safldk 24 pm ) gore hassas terazide

tartildi.

mm capinda krom rulman bilyelerle plastik numune bidonlar icinde
CELMAEK PM2 marka kangtincada 35 dev/dk iz ile 25 dk kuru halde

kanigtinilds.

Kanigimlar ag. %2 PEG ve Cr kapli bilyeler
eklenerek 20 dk daha 1slak olarak karigtirilds.

s D l

Kangim mumunelenn  sinterleme  dncesinde

Kangim oranlarina Karisim numunelerine ag. %2 Polietilen Glikol (PEG) ilave edilerek 10

OLCUM ISLEMLERI 40x10x7 mm boyutlu grafit kalplara
verlestirildi.

* Yogunluk

+ Mikroyapi karakterizasyoru

* SEM ve EDS ( kirik yiizey)

- HB30 Sertlik degerleri Sinterleme  1glemi  920°C, -500 mmHg

vakumda 35 Mpa basmng altinda CELMAEK
. XRD (X- 131{11 Kirmimi) — HPV 120 marka vakumlu siwcak pres
* Ug noktali egme (TRS) kullamlarak 4 dk boyunca koruyucu N2

atmosferinde yapild:.

A /

Sekil 1. Deneysel Islem Akis Semasi ve Olgiim Islemleri (Giines, 2022)

Cizelge 1. Deneyde Kullanilan Numune Kodlar1 ve Igerikleri

NUMUNE KODU NUMUNE ICERIGIi
NO %85 Fe+%10 Ni+%5 Cu
N1 NO0+%10 Co
N2 NO0+%20 Co
N3 N0+%30 Co
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Matrisi olusturan %85 Fe-%10 Ni-%5 Cu (% ag.) oraninda olan toz karisimi hazirlanarak
agirlikca farkli oranlarda (%10-%20-%30) Co tozu matrise eklendi. Deneyde kullanilan tozlarin
Taramal1 Elektron Mikroskobu goriintiileri Sekil 2°de gosterilmistir.

MUNZUR UNI 15.0kV 5.9mm x5.00k SE = '10.0pm M UNI15.0kV 6.0mmx5.00k SE ' '10.0um
- 7 : ¥ > >

A N
3 =

MUNZUR UNI 15.0 m x5.00k SE = 10.0pm  MUNZUR UNI 15.0kV 6.0mr 50 SE

Sekil 2. Deneyde Kullanilan Tozlarin Taramali Elektron Mikroskobu Gériintiileri (Giines, 2022)

Numuneler soguk presleme islemi yapilmadan 6nce direkt grafit kalip icerisinde iiretildi. Ik
olarak katki elementlerinin % bilesimine gore teorik 6z kiitleleri hesaplandi. Numuneler 0,1 gr
hassasiyetinde tartildi. Ardindan toz karisimlari preslenmek icin grafit kaliplara yerlestirildi.
Numunelerin sicak presleme isleminde; kiitle kaybinin olusmamasi, grafit kaliba yapismamasi ve
kaliptan zarar gérmeden cikartilabilmesi igin kaliplara sivi formda bor nitriir siiriildii. Uretilen
numunelerin ylizeyleri 180 mesh su zimparasi kullanilarak kir, kalint1 ve ¢apaklardan armdirildi.
Numuneler epoksi regine igine alinarak 180, 300, 400, 600, 800, 1200 ve 2000 mesh’lik su
zimparastyla zimparalandi. Zimparalanan numuneler elmas pasta ve etil alkol kullanilarak parlatildi.
Parlatilan yilizeyler SHNO3+5CHCOOH+1H3PO4+11H20 daglayicisi kullanilarak mikro yap1
incelemesine hazir hale getirildi. Sertlik degerlerinin elde edilmesi i¢in numunelerin her iKi
yiizeyinden HB30 Brinell sertligi cinsinden dl¢timler yapildi. Her bir numuneden 6 adet sertlik degeri
alind1 ve bu degerlerin aritmetik ortalamasi alinip sertlik degerleri belirlendi. Yogunluk 6l¢iimii,
Arsimet prensibine gére ASTM B-311 standardina uygun olarak yapildi. Ug noktali egme testi ASTM
B 528-16 standartlar1 temel alinarak 1 mm/dk hizinda 20 mm alt destek boslugunda gergeklestirildi.
SEM analizi numunelere epoksi recgine kaliptan ¢ikarmadan elektrigi iletmesi i¢in pargaya bir bakir
kablo baglanarak yapildi.

3. BULGULAR VE TARTISMA

Sicak presleme teknigi ile liretilen numuneler; sertlik, yogunluk, mikro yap1, 3 noktali egme ve
XRD agisindan yorumlanmaistir.

3.1 Sertlik Ol¢iim Sonuclar:
Brinell cinsinden yapilan sertlik 6l¢iim sonuglar1 Sekil 3’te verilmistir. Matrisin (%85 Fe+%10
Ni+%5 Cu) ortalama sertlik degeri 162 Brinell olarak 6l¢iildii. Co elementinin ilave edilmesiyle N1,
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N2 ve N3 numunelerinin sertlik degerleri sirasiyla 182, 190 ve 180 Brinell olarak belirlendi. Soketin
sertliginin kullanildig1 yere uygun olmasi kesici takimlarda oldukc¢a dnem teskil eder. Yapilan bu
caligmada; Co ilavesi ile bu durumun elde edilmesi istendi. Kobaltin (Co) tane boyutu 2 pm, sertligi
ise 700 Brinell dir. %30 Co katkili olan N3 numunesinde sertligin azaldigi goriildi. Kobalt katkisi ile
sertlik sonucunun artarak azalmasi tane boyutuna bagli olarak sinterleme sirasinda poroziteye neden
olmasidir.

Sertlik (HB30)

195 190
190

185 182 180
180

175

170

165

160

155

150

145

162

Katkisiz 10% 20% 30%

=@=C0

Sekil 3. Numunelerin artan Co oranina karsilik sertlik grafigi

3.2 Yogunluk Ol¢iim Sonuclar1

Numunelerin ASTM B 311 standard1 ve Arsimet prensibine gore yapilan yogunluk 6l¢iim
sonuglar1 Sekil 4’te gosterildigi gibidir. Bu grafige gore % Co katkilama orani arttik¢a yogunluk 6nce
artmis daha sonra eksponansiyel olarak azalmaya baslamistir. Matris malzemesinin (%85 Fe+%10
Ni+%5 Cu) yogunluk degeri 7.71 gr/cm?®iken Co katkili N1, N2, N3 numunelerinin yogunluk
degerleri sirastyla 7.93, 7.96 ve 7.81 gr/cm?®olarak belirlenmistir. Artan Co orani ile yogunluk
degerinde artis beklenirken %30 Co katkili numunede azalmanin meydana geldigi goriilmiistiir.
Bunun nedenini tane boyutuna bagli olarak Co’in yapr igerisinde %20 oranindan sonra daha fazla
poroziteye neden oldugu diisiiniilmektedir.

mCo

Katkstz {00000 7,7
7
5, L0% T 7 93
=
E.) 20% e 2 8
=
>

30% - .8

7,55 7,6 7,65 7,7 7,75 78 7,85 79 7,95 8
Sekil 4. Numunelerin katkilama oranina bagli yogunluk degerleri
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3.3 Mikroyapi Incelemeleri
Co elementinin mikroyap1 etkisini analiz edebilmek i¢in 250X ve 1000X biiylitmelerde SEM
goriintiileri alinmistir. NO numunesi ile Co katkili N1, N2 ve N3 numunelerinin 250X biiyiitmedeki
SEM goriintiileri Sekil 5°te verilmistir. Artan takviye oranina bagl olarak porozite ¢ukurlarinda
azalma oldugu goriilmiistiir. %30 takviyeli olan N3 numunesinde porozitenin tamamen azalmadigi
ve yer yer derinlesmis ¢ukur ve oksitlerin oldugu goézlendi.

"
3 B ¥

A o

=2 g 2 25 3

MUNZUR UNI 20.0kV 8.3mm x250 SE 200pm  MUNZUR UNI 20.0kV 5.1mm x250 SE 200pm

N2 G e e N3

MUNZUR UNI 20.0kV 5.5mm x250 SE 200pm  MUNZUR UNI 20.0kV 5.0mm x250 SE

Sekil 5. Matris malzemesi olan NO ile Co takviyeli N1, N2 ve N3 numunelerinin 250X biiyiitmedeki SEM goriintiileri

NO matris numunesi ile kobalt (Co) katkili N1, N2 ve N3 numunelerinin 1000X biiyiitmedeki
SEM goriintiileri Sekil 6’ da verilmistir. Takviye oranmi arttik¢a porozite ¢ukurlarinda ve oksitlerde
azalma gorildi. %30 Co ilaveli olan N3 numunesinde porozitenin azalmis olmasina ragmen
derinlesmis porozite ¢ukurlar1 daha ayrintili sekilde gozlendi. Karaduman ve arkadaglarinin 2019 da
yapmis olduklari c¢alismada porozitenin azaltilmasi igin sinterleme sicakligi ve basincin
arttirltlmasiyla saglanabilecegini belirtmislerdir (Karaduman, 2019).
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\
MUNZUR UNI 20.0kV 8.3mm x1.00k SE

N2 (.

Sekil 6. Matris malzeme51 olan NO 11e Co takv1yeh NI, N2 ve N3 numunelerlnm 1000X buyutmedekl SEM goriintiileri

Numune gruplarmin referans NO matris numunesi ile karsilastirmali kirik yiizey EDS
goriintiileri Sekil 7°de verilmistir. NO referans numunesinin EDS goriintiisiinde kirmizi yerler Fe,
yesil renk Ni, agik mavi yerler Cu gostermektedir. N1, N2 ve N3 numunesinde olan Co ise turkuaz
rengindedir. Goriintiilerdeki koyu siyah bolgeler ¢atlak veya porozite bosluklarini temsil etmektedir.
NO numunesindeki renklerin dagilimi Fe esasli FeNiCu malzemesinin kompozisyonuna uygun
sekilde meydana gelmistir. N1-N3 numunelerine ait renkli EDS goriintiilerine bakildiginda tek katl
(%10) Co katkili N1 numunesine Co’1n matris i¢inde homojen dagildigini ancak karanlik bosluklarin
ve oksitlerin fazla miktarda var oldugu goriildii. Takviye orani iki katina (%20 Co) ¢iktiginda irili
ufakli cok sayida ve sekilde yerlesmis Co (yesil renkli) ile kapl tanelerin olustugu gézlendi. Bu
durum yogunlugu arttirmistir. Kobalt orani {i¢ katina (%30 Co) ¢ikarilan N3 numunesinde, N2 (%20
Co) numunesinde gozlenen bazi kiigiik tanelerin irilestigi gdzlenmistir. ideal orandan fazla takviye
oraninin ilavesi yogunlugu azaltabilen bir etken olabilmektedir. Fazla katkilamanin tane irilesmesine
neden olan yogunluktaki eksponansiyel azalma; sertlik, egme gerilmesi ve ylizde uzama degerlerinde
de goriilmektedir.
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W% Loywrd brwsc B

Fe ka1 i Ka Cu Kal > Kol o <ar €0 g

NiKol
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Sekil 7.Referans NO ile kobalt katkili N1, N2 ve N3 numunelerinin kirik yiizey EDS goriintiileri

3.4 Noktali Egme (TRS) Deneyi Sonug¢lari
Sekil 8’de li¢c noktali egme sonuglar1 gosterilmektedir. Deney numunelerinin Gerilme (MPa) ve
uzama (%) degerleri ise Cizelge 2°de verilmistir.

Cizelge 2. Uretilen deney numunelerinin Gerilme (MPa) ve uzama (%) degerleri

Numune Adi Gerilme (MPa) Yiizde Uzama (%)
NO 1276 10.72
N1 1612 16.60
N2 1609 14.92
N3 1417 11.23
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N1, N2 ve N3 numunelerinin ii¢ noktali egme mukavemetleri sirasiyla 1612, 1609 ve 1417
MPa’dir. % uzama degerleri ise 16,6, 14,92 ve 11,23 tiir. U¢ noktali egme mukavemeti ve % uzama
degerleri artan Co katkisi ile azalmaktadir. Co toz metalurjisi i¢in 6nemli matris metallerinden biridir.
Ozellikle 2 mikron boyutundaki Co, tane boyutu islatabilme kabiliyeti ve mekanik &zellikleri
bakimindan matrisin egme mukavemetinde artisa neden olmustur (Nguyen, 2020). Fakat artan Co
orani ile li¢ noktali egme mukavemet degerinin artmasi1 gerekirken azalmaya neden olmustur. Bu
durum Sekil 6’da 1000X biiyiitmeli mikro yap1 resimlerinden anlasilmaktadir. Artan Co orani ile
yapidaki mikro porozite sayist azalmis ancak %30 asir1 bir Co katkilamasiyla tanelerin biiylimesine
ve arada kalan poroziteler iglere dogru derinleserek toplam hacimsel yiizde porozite oraninin diger
numunelerden daha yiiksek olmasina neden olmustur. Bu durum artan Co orani ile matriste tane
irilesmesinin meydana geldigini gostermektedir (Nguyen, 2020). Fe, Ni, Cu ve Co metallerinin ylizey
enerjileri arasinda Ni>Co>Fe>Cu seklinde bir biiyiikliik iliskisi (Tyson, 1975) vardir ve sinterleme
gibi 1s1l islemlerde yiizey enerjisi biiyiik olan metale dogru diflize (akma) egilimindedirler (Uhlmann
ve ark., 2020).
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Sekil 8. NO, N1, N2 ve N3 numunesinin 3 noktali egme deneyi sonucu grafigi

3.5 XRD Olciim Sonuclar

Sinterleme sonrasi elde edilen X-151m1 kirinim desenlerini gosteren XRD grafikleri Sekil 9 ve
Sekil 10°da verilmistir. Elde edilen tiim numune XRD desenlerinde gozlenen en yiiksek pikler (110)
atomik kayma diizlemli a-faz (bcc) yapisindaki Fe demir (ferrit) pikleridir (Jamrozek, 2020; Li, 2016;
Konstanty, 2021; Konstanty ve Tyrala, 2021). Bunun sebebi demirin tiim numunelerde kiitlece
oldukc¢a baskin oranda kullanilmasidir. Bu ana demir piklerinin haricinde baska yonelimli (Miller
diizlem indisli) demir ve diger element esasli intermetalik ara faz veya bilesik yapili pikler de
gozlenmistir. Yine biitiin numunelerde ikinci en ¢ok miktarda bulunan temel alagim metali olan nikel
(Ni) pikleri de tim grafiklerde belirmistir. Tiim numunelerde kullanilan temel alagim bileseni olan
bakir (Cu) elementi miktar1 az oranda oldugundan Cu pikleri yalnizca bazi numunelerde
gozlenebilmistir. Bunlardan ayri olarak yine tiim numunelerde 20° civarlarinda bir veya iki adet kiigiik
s1g karbon (C) pikleri gozlenmistir ki bu karbon piklerinin XRD 6l¢timii hazirliginda numunelerin
kaplandig1 reg¢ine maddesindeki karbon esasli bilesige ait oldugu disiiniilmektedir. N1-N3
numunelerinde kobalt (Co) elementleri kullanildigindan bu elementlere ait piklerin olustugu da
gozlenmistir. Tim numuneler arasinda ise en az polikristal yapida (Ghosh, 2018) olan referans NO

numunesidir, digerlerinde ise dahil olan element say1 ve miktar ¢esitliliginin artigina bagl olarak ara
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faz veya bilesik olusumlarinin sayisi ve ¢esidi artmistir. Bu tane kiiciilmeleriyle birlikte olusan kiiglik
fazli yapilar (polikristal yapilar) elmas tutucu matrislerin elmas tutma kapasitelerini (Celik, 2009)
veya performanslarini artiran bir durumdur.
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Sekil 9. Uretilen NO numunesinin XRD grafigi
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Sekil 10. Uretilen N1, N2 ve N3 numunesinin XRD grafigi

4. SONUC

Calisma kapsaminda Fe esasli Fe-Ni-Cu matris igerisine agirlik¢a %10-%20-%30 oranlarinda
Co takviye edilerek sicak presleme teknigiyle numuneler {iretildi. Deneylerde elde edilen sonuglar
asagidaki verildigi gibidir.

= Numunelerin HB30 sertlik degerleri kobalt ilavesi ile eksponansiyel olarak artarak
azalmistir. %30 Co ilavesi ile artmadan sonra azalma meydana gelmistir.

*  Yogunluk verileri irdelendiginde Fe-Ni-Cu matrise kiyasla %10 Co takviyesi ile artis
meydana gelmis, %20 Co oraninda artis devem etmistir. Ancak takviye orani %30
oldugunda bir miktar azalma goriilmiistiir.

= En yiiksek porozite %30 Co takviyeli numunede gozlenmistir.
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= SEM ve kirik yiizey renkli EDS goriintiilerinde kobalt ilavesi ile tane irilesmesi
gorilmiistiir.

= 910 Co takviyeli numunede egme dayanimlari ve ylizde uzama degerleri katkisiz
numuneye gore artig1 goriilmiis ve bu artis artan Co oraniyla azalmistir.

5. CIKAR CATISMASI

Yazarlar, bilinen herhangi bir ¢ikar ¢atismasi veya herhangi bir kurum/kurulus ya da kisi ile
ortak ¢ikar bulunmadigini onaylamaktadirlar.
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OZET: Giiniimiizde enerji tiikketiminin giderek arttig1, ¢evre koruma bilincinin gelistigi ve enerji
piyasalarindaki serbestlesmenin istikrarli sekilde ilerledigi goriilmektedir. Bu nedenle, yeni
teknolojiler yardimi ile yenilenebilir enerji kaynaklarindan (YEK) daha fazla yararlanmaya yonelik
politikalar iiretilmekte ve dagitilmig {iretim sistemlerine olan ilginin artmasi saglanmaktadir. Mikro
sebekeler YEK ’lerin sebekeye entegrasyonunda dnemli avantajlar saglayan bir ¢6zlim olarak ortaya
cikmistir. Mikro sebekelerin yapilarinda bulunan YEK’lerin degisken {iiretim yapilar1 gibi bazi
belirsizliklere sahip olmasi, bu sistemlerde frekans kararliligini 6nemli problemlerden biri haline
getirir. Bir mikro sebeke modeline etkin bir yiik frekansi kontroliiniin (YFK) saglanmasi, bu
sistemlerin kararliligr ile ilgili iyilestirmelere 6nemli 6lgiide katkida bulunur. Bu ¢aligmada, mikro
sebekede, YFK’de karsilagilan zorluklarin iistesinden gelmek i¢in bir fuzzy oransal integral tiirev(P1D
- Proportional-Integral-Derivative) kontrolor yapisi onerilmistir. En uygun kontrolor parametrelerinin
belirlenmesi i¢in lig sampiyonas1 algoritmas: (LSA), karinca koloni algoritmas1 (KKA) ve pargacik
stirii optimizasyon (PSO) algoritmalar1 kullanilmigtir. Ayn1 zamanda, fuzzy PID kontroloriiniin
kazanglarinin en uygun degerlerinin elde edilmesi i¢in zaman agirlikli mutlak hatanin toplami (ITAE
- Integral Time-weighted Absolute Error) maliyet fonksiyonu kullanilmistir. Calisma sonucunda
onerilen kontroloriin performansi klasik PID kontrolor ile karsilagtirilmistir.

Anahtar Kelimeler: Biyoyenilenebilir Enerji, Mikro Sebeke, Yiikk Frekans Kontrol, Fuzzy PID
Kontrolér.
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Fuzzy PID Controller for Load Frequency Control of Biorenewable Energy Based Micro
Grid

ABSTRACT: Today, it is seen that energy consumption is gradually increasing, environmental
protection awareness is developing and liberalization in energy markets is progressing steadily. For
this reason, with the help of new technologies, policies are produced to benefit more from renewable
energy resources (RES) and the interest in distributed generation systems is increased. Micro grids
have emerged as a solution that provides significant advantages in the integration of RES to the grid.
The fact that RES in the structures of micro grids have some uncertainties, such as variable generation
structures, makes frequency stability one of the important problems in these systems. Providing
effective load frequency control (LFC) to a micro grid model contributes significantly to
improvements in the stability of these systems. In this study, a fuzzy proportional-integral-derivative
(P1D) controller structure is proposed to overcome the difficulties encountered in LFC in micro grid.
League championship algorithm (LCA), ant colony algorithm (ACA) and particle swarm
optimization (PSO) algorithms were used to determine the most suitable controller parameters. At the
same time, the integral time-weighted absolute error (ITAE), cost function is used to obtain the
optimal values of the gains of the fuzzy PID controller. As a result of the study, the performance of
the proposed controller was compared with the classical PID controller.

Keywords: Biorenewable Energy, Micro Grids, Load Frequency Control, Fuzzy PID Controller.

1. GIRIS

Artan niifus, sanayilesme ve modern yasam tarzindaki degisiklikler nedeniyle diinya ¢capinda
meydana gelen asir1 enerji talebi, ekosistemimizi tahrip eden zararhi atiklar1 ¢ogaltmaktadir. Bu
durum, atiklar1 kullanan biyoenerji gibi yenilenebilir yesil enerji liretimine yonelik baz1 alternatif
coziimlere yonelimi zorunlu kilmaktadir. Mevcut yenilenebilir enerji/biyoenerji kapasitesi, su anki
devasa giic talebine kiyasla ¢ok kiiciik olmakla beraber atiklar1 azaltmak ve yesil enerji iiretmek i¢in
tiim olas1 yenilenebilir-biyoenerji kojenerasyon tabanli hibrit mikro sebekeler ile kiiresel enerji talebi
karsilanabilir (Tucho ve Nonhebel, 2017). Uzak ve kiigiik yerlesim yerleri, riizgar/giines-biyoenerji
kojenerasyon tabanli hibrit mikro sebekeler ile kendi gili¢ gereksinimlerini liretebilirler. Giiniimiizde
basta Hindistan olmak {izere bazi iilkelerde yenilenebilir/biyoelektrik kojenerasyonunu tesvik etmeye
yonelik bazi programlar baslatilmistir (Barik ve Das, 2020).

Dagitilmis enerji kaynaklari, mikro sebeke igerisinde hem dagitilmis itiretim hem de dagitilmis
depolama enerji seklinde olabilmektedir. Dagitilmis iiretim teknolojileri; igten yanmali motorlar, gaz
tiirbinleri, kombine ¢evrim gaz tiirbinleri, hidrolik tlirbinler, yakit hiicreleri, riizgar tiirbinleri, PV
giines panelleri, 1s1, jeotermal enerjisi, biokiitle, gel-git enerjisi ve dalga enerjisi gibi liretim birimleri
olarak siralanmaktadir. Bu tiretim birimleri incelendiginde riizgar tiirbinleri, PV, kii¢lik hidrolik
tiirbinler, jeotermal enerji ve yakit pillerinin diinyada toplam gii¢ liretiminde piyasa payini arttirmast
beklenmektedir (Al-Dhaifallah ve ark., 2018). Enerji depolama birimleri ise volanlar/ugan
tekerlekler, siiper kapasitorler, siiper iletken manyetik enerji depolama sistemleri ve elektrokimyasal
piller olarak siralanmaktadir (Parmar ve ark., 2012).

Temel sebekenin bir pargast olan ve endiistriyel/ticari tiiketici uygulamalarindan olusan bir
mikro sebeke, sebekeden bagimsiz veya sebeke baglantili mod olarak ¢alisabilir (Kocaman, 2014).
Mikro sebekelerin yapisinda riizgar tiirbinleri, hidrolik tiirbinler, yakit hiicreleri ve PV (Photovoltaic)
modiiller gibi kaynaklar yer almaktadir. Mikro sebekeler, gii¢ elektronigine dayali doniistiiriictilerle
bir arayiiz birimi ilizerinden sebekeye baglanirlar. Gii¢ elektronigi doniistiiriiciileri incelendiginde,
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bunlarin sisteme girmesinin hem bagli oldugu sistemin gii¢ kalitesini etkiledigi hem de yeni kontrol
diizenlemeleri gerektirdigi belirlenmistir (Baykal ve Beyan, 2004; Subramanyam ve ark., 2014).

Elektrik gii¢ sistemlerinde ve mikro sebekelerde iiretim ve tiikketim arasindaki uyum 6nemlidir.
Bu ikisi arasindaki uyumun bozulmasi, sistemde frekans sapmalarina neden olur (Mordjaoui ve ark.,
2017). Uretim ve tiiketim arasindaki dengeyi koruyarak frekans sapmalarini siirlamak i¢in gereken
mekanizma, yiik frekansi kontrolii (YFK) olarak adlandirilir (Elkawafi ve ark., 2016; Yildirim ve
ark., 2021). Adali modda ¢alisan mikro sebeke ana sebekeden yardim almadigindan, YFK bu modda
en temel operasyonel gereksinimlerden biri haline gelecektir (Yildirim, 2021). Adali biyoyenilebilir
enerji tabanli mikro sebekenin YFK's1 i¢in simdiye kadar ¢esitli kontrol yaklagimlart gelistirilmistir.
Barik ve Das’in yaptig1 ¢alismada biyoyenilebilir enerji tabanli mikro sebeke sistemin YFK’da PID
kontroldr kullanilmis ve bu kontroldriin parametre degerlerini belirlemek i¢in QSHO (quasi-
oppositional selfish herd optimization) optimizasyon algoritmasi kullanilmistir (Barik ve Das, 2020).
Barik ve Das’in yaptiklar1 bagka bir ¢alismada ise, biyoyenilebilir enerji tabanli mikro sebeke
sistemin YFK’da PID kontrolor kullanilmis ve bu kontroloriin parametre degerlerini belirlemek igin
GOA (Grasshopper Optimisation Algorithm) optimizasyon algoritmasi kullanilmistir (Barik ve Das,
2018). Barik ve arkadaslarinin yaptiklari diger bir ¢alismada ise, biyoyenilebilir enerji tabanli mikro
sebeke sistemin YFK’da PID kontrolor kullanilmis ve bu kontroloriin parametre degerlerini
belirlemek i¢in PSO optimizasyon algoritmasi kullanilmistir (Barik ve ark., 2019).

Bu c¢aligmanin amaci; biyoyenilenebilir enerji tabanli mikro sebekenin YFK i¢in Fuzzy PID
kontrolor kullanmak ve bu kontrolor parametrelerinin en uygun degerlerini LSA, KKA ve PSO
optimizasyon algoritmalar1 vasitasiyla belirlemektir. Her ne kadar literatiirde farkl gii¢ sistemleri ve
mikro sebeke sistemlerde YFK icin bu algoritmalar kullanilmissa da (Bevrani ve ark., 2012; Ozdemir
ve ark., 2017; Ozdemir ve Oztiirk, 2017; Yildirim, 2021) bu calisma biyoyenilebilir enerji
kaynaklarina dayali mikro sebeke sistemlerin YFK i¢in literatiirde bir ilk olma 6zelligini tasimaktadir.
Ayrica bu biyoyenilenebilir mikro sebeke sistem i¢in Fuzzy PID kontrolor yapisinin kullanimi bu
caligmanin diger yeniligidir.

2. MATERYAL VE YONTEM

2.1 Mikro Sebeke Modeli

Bu calismada kullanilan ¢ok birimli izole yenilenebilir mikro sebeke modeli, yenilenebilir
kaynaklarin optimum kullanimi1 ile ekolojik yonler ve ekonomik operasyon g6z Oniinde
bulundurularak olusturulmustur. Bu mikro sebeke sistemi MHTG (Micro-Hydro Turbine Generator)
iinitesine, BCHP (Biomass Fired Combined Heat and Power) iinitesine, AE (Aqua electrolizer)
iinitesine, FC (Fuel Cell) {initesine, PV {initesine ve lineer yiiklere sahiptir. Optimal YFK i¢in mikro
sebekenin dogrusallastiritlmis modeli Sekil 1'de goriilmektedir. Ayrica bu boliimde her birimin
matematiksel modellemesi kisaca sunulmustur (Barik ve Das, 2018).
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Sekil 1. YFK i¢in dnerilen yenilenebilir mikro sebekenin blok diyagrami

2.1.1 PV iinitesi
PV {initesi, glines enerjisini elektrik enerjisine doniistiiren PV panel dizilerinden olusmaktadir.
PV initesinin diisiik frekans alan analizi i¢in dogrusallagtirilmig transfer fonksiyonu Esitlik 1. de
verilmistir.

1
Gpy(s) = 11T )
PV

2.1.2 MHTG iinitesi
Atik su bazli MHTG iinitesinin dogrusallagtirilmis transfer fonksiyon modeli, hiz regiilatorti,
cebri boru ve hidro tirbin fonksiyonlari goéz oniinde bulundurularak geleneksel diistik diisii
hidroelektrik {iretim sistemine referansla Esitlik 2. de verilmistir.

1 1+ STRS 1- STHT >
G = 2
murc(S) (1 + STHCv') (1 + STRH) (1 + 0.55Tyr @

2.1.3 BCHP iinitesi
Kati atik bazli BCHP {initesinin dogrusallastirilmis transfer fonksiyonu modeli, hiz regiilatorti,
yeniden 1sitic1 ve buhar tiirbini fonksiyonlar1 géz 6niinde bulundurularak geleneksel fosil yakitl
termik {iretim sistemine referansla Esitlik 3. de gdsterilmistir.

Goonr®) = (15757 ( )( ) :
sene () =\ T m— I\ "Tsr,, )\ T 05sTo @)

2.1.4 AE ve FC iiniteleri
AE {initesi, Hidrojen (H2) gazlar tiretmek i¢in yogun olmayan saatlerde mikro sebekenin fazla
giiciinii ¢eker. Bu H» gazlari, yogun saatlerde giic tiretmek i¢in FC iinitesinde yakit olarak kullanilmak

209



Oztiirk, D., Yildirim, B., Dogan, G. JournalMM (2022), 3(2) 206-224

tizere depolanir. AE ve FC birimlerinin dogrusallastirilmis transfer fonksiyon modelleri sirastyla
Esitlik 4. ve Esitlik 5. de verilmistir.

1

= — 4

Gag(s) 1T 5T, (4)
1

Grc(s) = T+ T, (5)

2.2 Sistem Dinamigi ve Generator Modeli
Onerilen sistem i¢in herhangi bir anda giigteki net degisim, Esitlik 6. daki gibi ifade edilebilir;

AP, = Ppy + Pypre + Pecup + Prc — Pag — Py (6)

Burada, karsilik gelen alt simge, ilgili birimler i¢in giicii tanimlar ve mikro sebekenin genel
sistemi i¢in esdeger generator dinamigi modeli Esitlik 7. ile formiile edilebilir.

Af 1
AP D +sM

= Gsys(s) (7)

2.3 Amag¢ Fonksiyonu
Glig sistemleri incelendiginde bunlarin analiz ve tasarimi igerisinde kontroldriin performansini
belirleyen indeksler kullanilmaktadir. Burada oOzellikle sistem degiskenlerinin  farkli
kombinasyonlarinin kullanilmasiyla bir¢ok performans indeksi olusturulabilmektedir. Bunlarin
icerisinde en yaygin olarak kullanilanlari ise ISE, IAE, ITSE ve ITAE indeksleridir (Kili¢ ve
Ozdemir, 2019). ITAEye ait hesaplama formiilii Esitlik 8.de verilmistir.

oo

ITAE = f tle(t)|dt (8)
0

Onerilen sistem iki kontrolérden olusmaktadir; Kontrolérl, MHTG ve BCHP birimlerinin giic
cikisint kontrol ederken, Kontrolér2, AE ve FC birimlerinin islevlerini kontrol etmektedir. Amag
fonksiyonu, onerilen sistem igin PID kontrolor parametrelerini ayarlamak i¢in ITAE kriteri dikkate
almarak formiile edilmistir.

Onerilen mikro sebeke sisteme ait parametre degerleri asagidaki Cizelge 1°de verilmistir.

Cizelge 1. Onerilen biyoyenilenebilir mikro sebeke sisteme ait parametre degerleri

Semboller Degerleri
Tpy 1.8s

Tuc, Tur 0.2s, 1.0s
Trs» Try 5s, 28.75s

Tsse, Tser 0.08s, 0.3s
Kggr, Tr 0.3, 10s
Trc, Tag 4s, 0.5s
M,D,R 0.2,0.012,2.4
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2.4 Kontrolor Yapisi

Kural tabanl fuzzy kiime teorisi, sistemleri tasarlamada ve takip etmesi kolay dilsel gosterimde
gozlemleri ifade etmede daha fazla esneklik saglar. Ayrica, girigleri ve ¢ikislar arasinda dogrusal
iliski olmayan sistemler i¢in fuzzy mantik kapali ¢evrim kontrol uygulamalarinda kontrolor
parametrelerinin ayarlanmasinda daha iyi performans gosterir. Klasik kontrolorler, orantisal, integral
ve tiirev terimleri i¢in sabit kazang degerine sahip hatalarin girdileri temelinde ¢alisir. Bu nedenle,
dogrusal olmayan ve karmasik sistemler i¢in kontrolor performansi beklenen diizeyde degildir. Sabit
kazang yerine orantisal, integral ve tiirev terimleri i¢in dinamik kazang degeri dahil edilmeye
caligilabilir. Bir klasik PID kontrol yapisindaki kazanci dinamik olarak degistirmek, kontrolor
performansini artiracak ve yiikk degisimi ve harici rahatsizliklar sirasinda sistem ¢ikigini hizli bir
sekilde kararli duruma getirecektir. Bu hususlar géz 6niinde bulundurularak, bu ¢alismada, klasik PID
kontrol semast ile birlestirilmis bir fuzzy mantik yapisi 6nerilmistir. FPID (Fuzzy PID) kontrol yapist,
PID kontrolor ile kural tabanli fuzzy denetimin bir birlesimidir. Bu kontrol stratejisinde FLC (Fuzzy
Logic Control), orantisal, integral ve tiirev terimlerinin 6l¢ekleme faktoriinii elde etmek igin sistem
hatasi ve tlirev hatasi girdilerini kullanmak {izere tasarlanmistir. Bu 6lgekleme faktorlerini kullanarak,
kontrolor kazang biiytlikliigii her 6rnekleme periyodunda giincellenecektir. Tipik bir FPID kontrol
yapisinin ¢ergevesi Sekil 2'de gosterilmektedir.

Fuzzy lojik kontrol
t) Klasik PID Mikrosebeke A
kontrol&r dstem

d/dt

Sekil 2. Fuzzy PID kontroloriiniin blok diyagrami

Onerilen kontrol yapisinda FLC, hata ve hatanin tiirevi girdilerini kullanir ve orantisal, integral
ve tlirev terimleri i¢in Olgekleme faktoriinii hesaplar ve daha sonra bu degerler klasik PID
kontroloriiniin  kazang parametrelerini gilincellemek igin kullanilir. Dolayisiyla, klasik PID
denetleyicisi i¢in kp, k;Vve kp'nin nihai kazang degerleri asagidaki ifadeden hesaplanir:

kp = Kp + AKP (9)
k[ = KI + AKI (10)
kD = KD + AKD (11)

Burada Kp, K; ve K klasik PID kontroloriin baglangi¢ degerleridir. AKp , AK; ve AKj, ise fuzzy
lojik kontrol tarafindan hesaplanan 6l¢eklendirme faktorleridir. Giris ve ¢ikis fuzzy kiimeleri i¢in
iicgen iiyelik fonksiyonlari kullanilmig ve Mamdani tipi fuzzy ¢ikarim sistemi uygulanmistir. Girdiler
ve kesin ¢ikt1 tiretmek icin li¢ liyelik fonksiyonu, ¢iktilar i¢in ise bes {iyelik fonksiyonu secilmistir.
Her bir ¢ikt1 i¢in kullanilan kural taban1 Cizelge 2'de gosterilmektedir. Bu ¢izelgede N (Negatif), S
(Safir), P(Pozitif), NK (Negatif kiigiik), NB (Negatif biiyiik), PK (Pozitif kiiciik) ve PB (Pozitif biiylik)
dil degiskenlerini ifade eder. Her bir durumun girdileri ve ¢iktilar1 arasindaki iliski, Sekil 3'te ylizey
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goriinlimiinde gosterilmektedir. Yiizey goriiniimii, dlgekleme faktorii degerinin giris hatasina ve hata
biiyiikliigiindeki degisiklige bagli olarak nasil degisebilecegini belirtir (Al-Dhaifallah ve ark., 2018).

Cizelge 2. Fuzzy dilsel kural tabani1 ve yiizey goriiniimi

Ae
AKpe N S P
N NB NK S
S NB NK NK
P PK PK PB
a)
Ae
AK,e N S P
N NB NK NK
S NK S PK
p S PK PB
b)
Ae
AKpe N S P
N NK NK S
S S S PK
p S PK PK
c)

Sekil 3. Girise kars1 ¢ikis igin yiizey goriiniimleri. a) AKp b) AK; ¢) AK),

2.5 Sezgisel Optimizasyon Algoritmalar:
Diinyada teknolojinin gelismesiyle birlikte bilgi kullanim miktarinin arttig1 ve buna bagli olarak
problemlerin ¢ok boyutlu hale geldikleri goriilmektedir. Bu nedenle problemleri ¢c6zme hiz1 biiytlik
onem kazanmistir. Bilim adamlar1 problemlerin en uygun ve hizli ¢éziimiinii bulmak i¢in stirekli
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caligmakta ve yeni yontemler gelistirmektedir. Optimizasyon kavrami bu ¢aligmalar sonucu ortaya
cikmis ve kullanilmaya baslanmistir.

Klasik optimizasyon algoritmalarinin ¢ok boyutlu ¢alismalarda ve karmasik problemlerin
cozlimiinde yetersiz kaldig1 goriilmiistiir. Bu nedenlerden dolay1 sezgisel algoritmalara yonelim s6z
konusu olmus ve calismalar yapilmistir. Sezgisel algoritmalar kullanilan metaforlara gore farkli
acilardan siniflandirilabilir. Bu metaforlara 6rnekler su sekilde siralanabilir;

e Dogadan ilham alan algoritmalar (PSO, KKA)
e Sosyal olaylardan esinlenen algoritmalar (Tabu arama, LSA)
e Politik olarak esinlenen algoritmalar (Yayilmaci rekabet algoritmasi)

Dogadan esinlenilmis olan algoritmalar incelendiginde bunlarda genel yakinsama, dogadaki
fiziksel ve ekolojik islemler ile algoritmanin kendi optimizasyon mekanizmalarmin simiilasyonu
yoluyla gergeklestirilmektedir. Bunun sonucunda da etkin sonuglar elde edilmektedir (Karaboga,
2005; Husseinzadeh, 2009).

2.5.1 Lig Sampiyonasi Algoritmasi (LSA)

Bir metasezgisel algoritma olan LSA, spor liglerindeki sampiyonluk siirecinden esinlenerek
gelistirilmistir (Husseinzadeh, 2009). Yapay spor takimlari, yapay bir ligde sezon sonuna kadar
miicadele ederler (iterasyon). Numaralandirilan takim ¢iftleri haftalik lig programina bagli olarak
oynarlar ve sonuglar kazanan, kaybeden ve beraberlik olarak belirlenir. Her takimin gelistirilmeyi
hedefledigi oyun giicii, takimin kazanip kaybetmesini yakindan belirleyen bir faktordiir. Takimlar,
belirli takim formasyonuna/diizenlemesine (¢6ziime) sahiptirler ve bir sonraki oyunu kazanabilmek
icin bir onceki oyun tarzinda yapilmasi gereken degisiklikleri (yeni bir ¢6ziim) yaparlar. Boylece
sampiyona sezon sonuna (durma kosuluna) kadar devam eder. Popiilasyona dayali bir algoritma olan
LSA’da takimlar PSO’daki parcaciklara benzemekle beraber ¢ok farkli arama yoluna sahiptirler.
Bireylerin karsilastirilmasina odaklanan LSA, arama fikrini iceriye ve disariya dogru etkileyerek
kazanacak veya kaybedecek bireyleri belirler. Boylece daha iyi ¢oziime sahip takimin kazanma
oraninin daha biiylik olmasi saglanir. Bu sekilde arama dogrultusunun kazanan takima yaklagmasi ve
kaybeden takimdan uzaklasmasi beklenir (Husseinzadeh, 2009; Ozdemir ve ark., 2017; Bingdl ve
Alatas, 2015; Yildirim, 2021).

2.5.2 Par¢acik Siirii Optimizasyonu (PSO)

PSO 1995 yilinda James Kennedy ve Russel Eberhart tarafindan kus ve balik siirtilerinin besin
bulma davranislarindan esinlenerek gelistirilen siirii zekasina dayali bir optimizasyon algoritmasi
olarak tanimlanmaktadir (Kennedy ve Eberhard, 1995).

Bu optimizasyonda siiriiniin her bir bireyinin ¢6ziim uzayinda dolastig1 goriilmektedir. Burada
goriilen her bir parcacigin optimizasyon probleminin birer aday ¢dziimiinii gosterdigi belirlenmistir.
Optimizasyonun, arama uzayinda tiim parcaciklarin rasgele bir konum almasi sonucunda bagladigi
goriilmektedir. Burada devam eden adimlar incelendiginde parcaciklarin, komsularmin en iyi
koordinatlar1 ile kendi en 1yi koordinatlarina gére pozisyonlarmi gilincellendikleri goriilmektedir.
Burada en 1y1 sonucun bulunmasi i¢in arama isleminin bu sekilde devam edecegi belirlenmistir.

2.5.3 Karinca Koloni Algoritmasi
KKA; meta sezgisel bir algoritma olup popiilasyon temelli bir yaklasim olarak goriilmektedir.
Karinca kolonisi algoritmasinin temel ilkeleri ilk olarak Marco Dorigo ve arkadaslari tarafindan
ozellikle ayrik optimizasyon problemlerini ¢6zmek i¢in ortaya konulmustur. Bu algoritma, karinca
kolonilerinin salgiladiklar1 feromon hormonu yardimiyla yiyecek kaynaklari ile yuvalar1 arasindaki
en kisa yolu bulmalarindan esinlenerek olusturulmus olan bir tekniktir (Dorigo ve ark., 1999).
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Dorigo; karinca kolonilerinin davraniglarinin matematiksel modelleri iizerine dayandirdig:
algoritmasini ilk kez gezgin satic1 problemi iizerinde uygulayarak olumlu sonuglar elde ettigini
gostermistir. Bunun sonucunda karinca kolonisi algoritmalar1 diger arastirmacilar tarafindan
kullanilmaya baslanilmis ve giiniimiizde yaygin olarak kullanilan bir yapay zeka teknigi haline
gelmistir (Dorigo ve Gambardella, 1997).

Bu makalede mikro sebeke sistemin YFK islemini ger¢eklestiren kontrol yapisina ait genel akis
semasi sekil 4’te verilmistir.

3. BULGULAR VE TARTISMA

3.1 PSO ile Optimize Edilen Klasik PID ve Fuzzy PID Kontrolor

Bu boéliimde PSO kullanilarak mikro sebeke sistemde YFK i¢in kullanilan Klasik PID ve Fuzzy
PID kontrolorlerin en 1iyi frekans yanitim1 veren parametre degerlerinin hesaplanmasi
gerceklestirilmistir. Elde edilen sonuglar yardimi ile mikro sebeke sistemde YFK’de klasik PID
kontrolér ve fuzzy PID kontroloriin sonuglar1 karsilagtirilmistir. Analiz ¢alismalarinda sisteme t=30
sn.’de AP=0.1 p.u.’luk bir yiik degisikligi uygulanmistir. Mikro sebeke sistem i¢in klasik PID ve
fuzzy PID kontrolorlere ait elde edilen sonuclar asagida verilmistir.

Sekil 4.’de PSO ile optimizasyon islemi gerceklestirilen Klasik PID kontroldr i¢in mikro sebeke
sisteme ait frekansin zamana gore degisimi gosterilmistir. Burada optimizasyon islemi sonucunda
elde edilen en iyi ITAE performans kriteri i¢in elde edilen PID kontrolor parametrelerine ait degerler
Cizelge 3.’de verilmistir. Benzer bigimde Sekil 5°te ise PSO ile optimizasyon islemi gerceklestirilen
hem klasik PID hem de Fuzzy PID kontrolor i¢in mikro sebeke sisteme ait frekansin zaman gore
degisimleri gosterilmistir.
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Bagla

\
Optimizasyon agoritmasi
baslangic dederlerini ayarla

\
Optimizasyon algoritmasini
baslat

\
Mikrogebeke sistemini
caligtir

\i

Amagfonksiyonunu hesapla

Hayir Maksimum En iyi performanskriterini
iterasyona saglayan kontrolor
ulagildi mi? parametreler

Optimizasyon bitis
Kkl K Ko
o) o Klask PD .|  Mikrosebeke LI
o kontrolér o Ystem o
A A A
4ol K| A

d/dt Fuzzy lojik kontrol

\

Sekil 4. Mikro sebeke sistem YFK semasi

Cizelge 3. PSO i¢in Kontrolor 1 ve Kontrolor 2 ye ait parametre degerleri

Kpl 1.38668534 1. kontroldr Kp degeri
Kil 3.00947908 1. kontrolor Ki degeri
Kd1 0.85619338 1. kontrolor Kd degeri
Kp2 8.28458295 2. kontroldr Kp degeri
Ki2 -35.11750388 2. kontrolor Ki degeri
Kd2 -24.19755357 2. kontroldor Kd degeri

Sekil 5. ve Sekil 6.’da verilen frekansin zamana gore degisimleri karsilastirildigi zaman genel
olarak Fuzzy PID kontroldr bulunan sistemin frekans yanit1 dinamik olarak daha iyi sonu¢ verdigi
goriilmektedir. Sekiller incelendiginde Fuzzy PID kontroldrlii sistemin hem maksimum agma
yoniinden hem de siirekli duruma erisme zamani agisindan daha iyi bir performans sergiledigi
goriilmektedir.
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Sekil 5. PSO klasik PID i¢in frekansin zamana gore degisimi
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Sekil 6. PSO klasik PID ve fuzzy PID igin frekansin zamana gore degisimi

Cizelge 4. PSO i¢in Klasik PID ve Fuzzy PID kontrolorler ile elde edilen performans verilerinin karsilastirilmasi

Kontrolér Tevpe ' Yerlesme ITAE Siirekli
degeri zamani durum hatast

Klasik PID 0.2731 40.92 17.8984 0.0073

Fuzzy PID 0.2637 38.05 17.4987 0.002

Cizelge 4.”de Klasik PID kontroldre sahip mikro sebeke sistem ile Fuzzy PID kontrolore sahip
mikro sebeke sistemlerde frekans degisimi i¢in hesaplanan performans verilerine ait degerler
verilmistir. Burada tepe degeri, yerlesme zamani ve siirekli durum hata degeri 30. sn’de
gerceklestirilen yiik degisimi sonrasina ait degerlerdir. ITAE degeri ise t=0’dan simiilasyon sonuna
kadar stiredeki hataya aittir. Yerlesme zamani, frekans yanitinin siirekli durum degerinin belirli bir
yiizdesine ulagmasi i¢in gegen siireyi ifade eder ve bu degerin kiigiik olmasi sistemin dinamik
yanitinin daha iyi oldugunu gostermektedir. Tepe degeri, yanitin siirekli durum degeri ile ulastigi
maksimum deger arasindaki farki gosterir ve bu degerin de kii¢iikk olmasi istenmektedir. Stirekli
durum hatasi ise analiz sonunda yanitin siirekli durum degerinde hata degerini gosterir ve yine bu
degerin kiiciik olmasi sistemin yanitinin iyi oldugunu gostermektedir. ITAE performans kriter
degerleri karsilastirildigi zaman Fuzzy PID kontrolore sahip sistemin ITAE performans Kkriter
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degerinin daha kii¢iik oldugu goriilmiistiir. Performans kriter degerinin kiiciik olmas1 bu kontrolore
sahip mikro sebeke sistemin performansinin daha iyi oldugunu gostermektedir. Burada elde edilen
degerler ayrica yukarida agiklanan maksimum agsma ve yerlesme zamani gibi diger dinamik analiz
sonuclar1 ile uygundur. Ayrica siirekli durumdaki hata degerleri karsilastirildigi zaman Fuzzy PID
kontrolor kullanilmas1 durumunda daha diisiik bir siirekli durum hatasi elde edildigi goriilmektedir.
Yukarida gosterilen veriler sonucunda mikro sebeke sistemde PSO ile parametre degerleri belirlenen
Klasik PID ve Fuzzy PID kontrolérlerin kullanimi agisindan Fuzzy PID kontrolér kullaniminin
sistemde daha iyi bir dinamik yanit saglayacagi sonucuna varilmistir. Bulanik mantik kullanan Fuzzy
PID kontrol semasindaki ¢evrimi¢i kazang modifikasyonu nedeniyle, oransal, integral ve tiirev
terimlerinin kazang faktorii, kontroloriin daha iyi performans gostermesini saglayacak sekilde her
ornekleme zamaninda giincellenir. Buradaki analiz sonuglarindan, Fuzzy PID kontroloriiniin bu
caligmada verilen mikro sebeke sistemin YFK i¢in daha uygun oldugu rahatlikla sdylenebilir.

3.2 LSA ile Optimize Edilen Klasik PID ve Fuzzy PID Kontrolor
Bu boliimde biyoyenilebilir mikro sebeke sistemin YFK igin kullanilan kontrolorlerin
parametre degerlerinin belirlenmesinde LSA kullanilmistir. Yapilan analizlere ait elde edilen
sonuclar yukarida verilen boliime uygun sekilde LSA icin de gergeklestirilmistir. Cizelge 5 de
kontroldrlere ait parametre degerleri verilirken Cizelge 6’da ITAE performans kriteri i¢in elde edilen
sonuclar verilmigtir.

Cizelge 5. LSA icin Kontrolor 1 ve 2 ye ait parametre degerleri

Kpl 0.65980542 1. kontrolor Kp degeri
Kil 1.54979079 1. kontroldr Ki degeri
Kd1 0.90730012 1. kontrolor Kd degeri
Kp2 1.54664092 2. kontrolor Kp degeri
Ki2 5.78725279 2. kontroldr Ki degeri
Kd2 -6.99802265 2. kontroldr Kd degeri

Sekil 7 ve 8’de verilen frekansin zamana gore degisimleri karsilastirildigi zaman genel olarak
Fuzzy PID kontrolor bulunan sistemin frekans yaniti dinamik olarak daha iyi sonu¢ verdigi
goriilmektedir. Sekiller incelendiginde Fuzzy PID kontroldrlii sistemin hem maksimum asma
yoniinden hem de siirekli duruma erisme zamani agisindan daha iyi bir performans sergiledigi
goriilmektedir.

0.4
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0.1 i
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A f(p.u)

-0.1 - »
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Sekil 7. LSA Klasik PID i¢in frekansin zamana gore degisimi
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Sekil 8. LSA Klasik PID ve fuzzy PID igin frekansin zamana gore degisimi

Cizelge 6. LSA icin Klasik PID ve Fuzzy PID kontroldrler ile elde edilen performans verilerinin karsilastirilmasi

Kontrolor Tevpe ' Yerlesme ITAE Siirekli
degeri zamani durum hatast

Klasik PID 0.2333 39.2628 15.9513 0.0004

Fuzzy PID 0.2362 34.92 11.3876 0.00006

Cizelge 6.’da Klasik PID kontrol6re sahip mikro sebeke sistem ve Fuzzy PID kontroldre sahip
mikro sebeke sistemlerde frekans degisimi icin hesaplanan performans verilerine ait degerler
verilmistir. Klasik PID ve Fuzzy PID kontroldre sahip sistemlere ait ITAE performans kriter degerleri
karsilastirildigi zaman Fuzzy PID kontrolore sahip sistemin ITAE performans kriter degerinin daha
kiiciik oldugu goriilmistiir. Burada Fuzzy PID kontrolor yapisi kullanilmasi maksimum asma
yoniinden klasik PID kontrolore gore daha kotli bir performansa sahip iken yerlesme zamani
acisindan sisteme onemli bir iyilestirme gergeklestirmistir. Ayrica siirekli durum hatasi degerleri
incelendigi zaman sistemde bu agidan da Fuzzy PID kontrolor yapisinin kullanilmasi 6nemli bir
iyilestirme saglamistir. Yukarida elde edilen veriler sonucunda mikro sebeke sistemde LSA ile
parametre degerleri belirlenen Klasik PID ve Fuzzy PID kontrolorlerin kullanimi agisindan Fuzzy
PID kontrolor kullaniminin sistemde daha iyi bir dinamik yanit saglayacagi sonucuna varilmistir.

3.3 KKA ile Optimize Edilen Klasik PID ve Fuzzy PID Kontrolor
Bu bolimde biyoyenilebilir mikro sebeke sistemin YFK igin kullanilan kontrol6rlerin
parametre degerlerinin belirlenmesinde KKA kullanilmistir. Yapilan analizlere ait elde edilen
sonuglar yukarida verilen boliime uygun sekilde KKA icin de gerceklestirilmistir. Cizelge 7°de
kontrolorlere ait parametre degerleri verilirken Cizelge 8’de ITAE performans kriteri i¢in elde edilen
sonuglar verilmistir.

Cizelge 7. KKA i¢in Kontroldr 1 ve 2 ye ait parametre degerleri

Kpl 1.24242424 1. kontroldr Kp degeri
Kil 2 1. kontroldr Ki degeri
Kd1 0.75757575 1. kontroldr Kd degeri
Kp2 2 2. kontroldr Kp degeri
Ki2 2 2. kontrolor Ki degeri
Kd2 -1 2. kontrolor Kd degeri

218



Oztiirk, D., Yildirim, B., Dogan, G. JournalMM (2022), 3(2) 206-224

Sekil 9 ve 10°da verilen frekansin zamana gore degisimleri karsilastirildig1 zaman genel olarak
Fuzzy PID kontrolor bulunan sistemin frekans yaniti dinamik olarak daha iyi sonu¢ verdigi
goriilmektedir. Sekiller incelendiginde Fuzzy PID kontroldrlii sistemin hem maksimum asma
yoniinden hem de siirekli duruma erisme zamani agisindan daha iyi bir performans sergiledigi
goriilmektedir.
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Sekil 9. KK A Klasik PID i¢in frekansin zamana gore degisimi
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Sekil 10. KKA Klasik PID ve fuzzy PID i¢in frekansin zamana gore degisimi

Cizelge 8. KKA i¢in Klasik PID ve Fuzzy PID kontroldrler ile elde edilen performans verilerinin kargilagtiritlmasi

Kontrolor Tevpe. Yerlesme ITAE Siirekli durum
degeri zamani hatast

Klasik PID 0.2733 38.64 15.1015 0.0021

Fuzzy PID 0.2604 36.95 14.6865 0.00026

Cizelge 8.’de Klasik PID kontrol6re sahip mikro sebeke sistem ve Fuzzy PID kontroldre sahip
mikro sebeke sistemlerde frekans degisimi i¢in hesaplanan performans verilerine ait degerler
verilmigtir. Klasik PID ve Fuzzy PID kontroldre sahip sistemlere ait ITAE performans kriter degerleri
karsilagtirildigr zaman Fuzzy PID kontrolore sahip sistemin ITAE performans kriter degerinin daha
kiigtik oldugu goriilmiistiir. Burada elde edilen degerler ayrica yukarida agiklanan maksimum asma
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ve yerlesme zamani gibi diger dinamik analiz sonuglar1 ile uygundur. Siirekli durum hatasi
performans degerine gore karsilastirma yapildigt zaman Fuzzy PID kontrolor kullanimi sistemi
onemli dlgilide iyilestirmektedir. Yukarida elde edilen veriler sonucunda mikro sebeke sistemde KKA
ile parametre degerleri belirlenen Klasik PID ve Fuzzy PID kontrolorlerin kullanimi agisindan Fuzzy
PID kontrolor kullaniminin sistemde daha iyi bir dinamik yanit saglayacagi sonucuna varilmastir.

34 PSO, LSA ve KKA icin Klasik ve Fuzzy PID Kontrolor Yanitlarinin
Karsilastirilmasi
Biyoyenilebilir mikro sebeke sistemi, ITAE maliyet fonksiyonu kullanilarak hem Klasik PID
kontroldr hem de Fuzzy PID kontroldr durumlari i¢in 3 farkli optimizasyon algoritmasi ile ayr1 ayri
optimize edilmistir. Bu boliimde bu islemlere ait elde edilen sekiller ve degerler verilmistir. Burada
cizelge 9 ve 10°daki tepe degeri, yerlesme zamani ve siirekli durum hata degerleri 30. sn’de
gerceklestirilen yiik degisimi sonrasina ait degerlerdir. ITAE degeri ise t=0’dan simiilasyon sonuna
kadar stiredeki hataya aittir.

Cizelge 9. Klasik PID i¢in LSA, KKA ve PSO ile elde edilen performans verilerinin karsilastirilmasi

Optimizasyon Tepe Yerlesme ITAE Siirekli
yontemi degeri zamani durum hatast
LSA 0.2333 39.2628 15.9513 0.0004
KKA 0.2733 38.64 15.1015 0.0021
PSO 0.2731 40.92 17.8984 0.0073

Cizelge 9°da mikro sebeke sistemde YFK isleminin bir klasik PID kontrolor tarafindan
gerceklestirildigi duruma ait performans veri degerleri verilmistir. Cizelge 9’un verileri incelendigi
zaman en iyl maliyet degeri KKA icin elde edilirken en kotii sonu¢ PSO algoritmasinda elde
edilmistir. En iyi tepe ve siirekli durum hata degeri LSA ile elde edilirken en iyi yerlesme zamani
degeri ise KKA ile elde edilmistir.
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Sekil 11. Klasik PID LSA, KKA ve PSO ig¢in frekansin zamana gore degisimi

Sekil 11°de 3 farkli optimizasyon yontemleri ile parametre degerleri optimize edilen klasik PID
kontrolor i¢in mikro sebekenin frekansinin zamana gore degisimi gosterilmistir. Sekil incelendiginde
ilk 10 sn. lik frekans degisimi esnasinda her ne kadar LSA ile optimize edilmis sistemin frekans
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degisimi negatif yonde biiyiik bir agma gergeklestirmisgse de genel olarak sistemin daha az salinima
sahip olmas1 ve 6zellikle 30. sn’de meydana gelen yiik degisimi sonras1 gostermis oldugu daha iyi bir
dinamik cevap nedeniyle PSO’ya gore daha diisiik bir ITAE performans degerine sahiptir. Sekilde
ayrica KKA ve PSO ile optimize edilen sistemler i¢in frekans degisimleri incelendigi zaman elde
edilen sonuglarin Cizelge 9 degerleri ile uygun oldugu goriilmektedir. Sekil 11°de goriilecegi lizere
klasik PID kontrolorler KKA algoritmasi ile elde edilen degerlere sahip iken en iyi dinamik zaman
yanitina sahiptir.

Cizelge 10. Fuzzy PID i¢in LSA, KKA ve PSO ile elde edilen performans verilerinin karsilastiriimasi

Optimizasyon Tepe Yerlesme Siirekli
. . oo ITAE
yontemi degeri zamant durum hatasi
LSA 0.2362 34.92 11.3876 0.00006
KKA 0.2604 36.95 14.6865 0.00026
PSO 0.2637 38.05 17.4987 0.002

Cizelge 10°da mikro sebeke sistemde YFK isleminin bir Fuzzy PID kontrolor tarafindan
gergeklestirildigi duruma ait ITAE performans kriter degerleri verilmistir. Cizelge 10’un verileri
incelendigi zaman en iyi maliyet degeri LSA i¢in elde edilirken en kotii sonu¢ PSO igin elde
edilmistir. En iyi tepe, stirekli durum hata degeri ve yerlesme zamani degeri LSA ile elde edilmistir.

Sekil 12°de 3 farkli optimizasyon yontemleri ile parametre degerleri optimize edilen Fuzzy PID
kontrolér i¢in mikro sebekenin frekansinin zamana gore degisimi gosterilmistir. Sekil incelendigi
zaman hem ilk 10 sn. lik frekans degisimi esnasinda hem de 30. sn’de meydana gelen yiik degisimi
sonrasinda en iyi dinamik cevap LSA ile optimize edilen sisteme aittir. Sekilde ayrica KKA ve PSO
ile optimize edilen sistemler i¢in frekans degisimleri incelendigi zaman elde edilen sonuglarin Cizelge
10 degerleri ile uygun oldugu goriilmektedir. Sekil 12°de goriilecegi tizere Fuzzy PID kontrolor LSA
ile elde edilen degerlere sahip iken en iyi dinamik zaman yanitina sahiptir.

——Fuzzy PID LSA
——Fuzzy PID KKA| |
Fuzzy PID PSO

A f(p.u.)

Zaman (sn)
Sekil 12. Fuzzy PID LSA, KKA ve PSO igin frekansin zamana gore degisimi

4. SONUC

Yapmis oldugumuz bu ¢alismada biyoyenilenebilir enerji tabanli mikro sebekelerde YFK icin
klasik PID kontrolér ile fuzzy PID kontroldr sonuglari karsilastirilarak incelenmistir. Bu ¢alismada,

klasik PID kontrolér ve fuzzy PID kontroloriin en uygun parametre degerlerinin belirlenmesi i¢in
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LSA, KKA ve PSO algoritmalar1 kullanilmistir. Farkli optimizasyon algoritmalar ile en uygun
parametre degerlerinin belirlenmesi i¢in ITAE maliyet fonksiyonundan yararlanilmistir. Calismada
elde edilen sonuglara gore, klasik PID ve fuzzy PID kontroldre sahip sistemlerin frekans yanitlar
karsilastirildiginda 3 farkli optimizasyon algoritmasi i¢in fuzzy PID kontrolor daha iyi sonuclar
vermistir. Bu sonuglar hem frekansin zamana gore degisimleri hem de performans veri degerleriyle
gosterilmistir. Fuzzy PID kontrol yapisi klasik PID kontrol yapisina gore LSA ile elde edilen
kontrolor parametre degerleri durumunda ITAE performans kriterinde %28,61, PSO optimizasyon
degerleri icin %2.23 ve KKA optimizasyon degerleri i¢in %2.74 oraninda daha iyi sonuglar elde
edilmesini saglamistir. Fuzzy PID kontrol yapisinin bulanik mantik sistemi, ¢evrimig¢i kazang
ayarlama mekanizmast araciligiyla kontrolor performansini artirmaktadir. Ayrica ¢aligma
sonuglarinda fuzzy PID kontroloriin parametre degerlerini ayarlamak i¢in en uygun optimizasyon
algoritmasinin LSA oldugu belirlenmistir.

5. CIKAR CATISMASI

Yazarlar, bilinen herhangi bir ¢ikar ¢atismasi veya herhangi bir kurum/kurulus ya da kisi ile
ortak ¢ikar bulunmadigini onaylamaktadirlar.

6. YAZAR KATKISI

Dursun OZURK, ¢alismanin kavramsal ve tasarim siireglerinin belirlenmesi ve yonetimi, veri
toplama, veri analizi ve yorumlama, makale taslaginin olusturulmasi, fikirsel igerigin elestirel
incelenmesi ve son onay ve tam sorumluluk, Burak YILDIRIM, ¢alismanin kavramsal ve tasarim
siireglerinin belirlenmesi ve yonetimi, makale taslaginin olusturulmasi, fikirsel icerigin elestirel
incelenmesi ve son onay ve tam sorumluluk, Gizem DOGAN, calismanin kavramsal ve tasarim
siireglerinin yonetimi, veri toplama, veri analizi ve yorumlama, fikirsel igerigin elestirel incelenmesi
ve son onay ve tam sorumluluk kisminda katkida bulunmustur.
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OZET: Yapay Sinir Aglar1 (YSA), giiniimiizde sinyal isleme, optimizasyon, tahmin, karar verme ve
kontrol gibi bir ¢ok miihendislik alaninda yogun sekilde kullanilmaktadir. YSA yapilarinin ¢aligsmasin
dogrudan etkileyen 6nemli boliimlerinden birisi de Transfer Fonksiyonlaridir (TF). Dogrusal olmayan TF
tasarimlarinin  gergek zamanli tasarimi dstel fonksiyon igerdiginden oldukga zor bir sekilde
gerceklestirilmektedir. Bu calismanin ilk asamasinda, literatiirdeki ¢aligmalardan farkli olarak dogrusal
olmayan Logaritmik Sigmoid (LogSig) ve Tanjant Sigmoid (TanSig) TF, 32-bit (161-16Q) 1Q-Math
formatinda VHDL dilinde tasarlanmstir. Ikinci asamada, VHDL dilinde FPGA ciplerinde ¢alismak iizere
ornek bir ti¢ giris-ti¢ ¢ikigh bir YSA (ileri beslemeli) yapis1 32-bit 1Q-Math formatinda modellenmistir.
Tasarimin gizli katmaninda 8 adet noron, gizli katmanda LogSig ile TanSig TF ve ¢ikis katmaninda ise
PureLin TF kullanilmistir. Ornek YSA tasarimi iki farkli TF tasarimi igin ayri bir testbench dosyasi
olusturulmus ve bu tasarimlar VHDL ile Xilinx ISE DS programi ile test edilmistir. Elde edilen
simiilasyon sonuglarina gore niimerik tabanli LogSig ve TanSig TF igeren YSA tasarimlari i¢in MSE ve
RMSE hata analizleri yapilarak sonuglar sunulmustur. Ardindan her bir tasarim XC7K70T-3FBG676
FPGA (Kintex-7) i¢cin sentezlenerek Place-Route prosesi gergeklestirilmistir. Place-Route prosesinden
elde edilen FPGA ¢ip kaynak kullanimu istatistikleri sunulmustur. Tasarimlara ait hata analizi sonuglarina
gore YSA-LS (LogSig-tabanli YSA) tasarimi 8.86E-06 MSE ve YSA-TS (TanSig-tabanli YSA) tasarimi
7.92E-02 MSE sonuglar1 elde edilmistir. Bu ¢calismadan elde edilen sonuglar ile 1Q-Math tabanl LogSig
ve TanSig aktivasyon fonksiyonu tasarimlarinin ger¢ek zamanli YSA uygulamalarinda giivenli bir sekilde
kullanilabilecegi gosterilmistir.

Anahtar Kelimeler: Transfer Fonksiyonlari, IQ-Math Say1 Standardi, YSA, FPGA, VHDL, LogSig,
TanSig.
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Design and Implementation of FPGA Based LogSig and TanSig Transfer Functions in 1Q-
Math Number Standard

ABSTRACT: Artificial Neural Networks (ANNSs) have been used extensively in engineering fields
where many processes such as optimization, prediction, signal processing, decision making and
control today. Transfer Functions (TF) used in these operations affect directly the output of the result
by affecting the ANN structure. In the first stage of this study, apart from the studies in the literature,
non-linear LogSig and TanSig TF have been coded using VHDL in accordance with the 32-bit (161-
16Q) 1Q-Math standard. The exponential function e™, which is common to these two TF structures,
has been designed using the CORDIC-LUT approach. In the second stage, an FPGA-based sample
three-input-three-output ANN has been performed. 8 neurons have been used in the hidden layer of
this design. LogSig and TanSig TF have been used in the hidden layer and PureLin TF has been used
in the output layer. The sample ANN has been coded using VHDL with 32-bit 1Q-Math standard for
two different TF. A separate testbench file has been created for each design, and all these designs
have been tested using VHDL with the Xilinx ISE DS. For the simulation results obtained, MSE and
RMSE error analyzes were performed using numerical-based LogSig-TanSig TF and ANN designs,
and the results were presented. Then, each design has been synthesized for the XC7K70T-3FBG676
FPGA (Kintex-7), and the chip statistics have been presented by performing the Place-Route process.
As a result, ANN-LS (Artificial Neural Networks-LogSig) design produced more successful results
with 8.86E-06 MSE and 2.98E-03 RMSE error analysis results. In future studies, real-time ANN
applications can be realized on FPGA chips by using these ANN and TF designs.

Keywords: Activation Functions, 1Q-Math Number Standard, ANN, FPGA, VHDL, LogSig, TanSig.

1. GIRIS

Yapay zekanm alt c¢alisma alanlarindan olan Yapay Sinir Aglar1 (YSA-(Artificial Neural
Networks)) gliniimiizde goriintii isleme, kaotik osilator tasarimi, optimizasyon, rasgele sayi iireteci,
kontrol, haberlesme ve otomotiv gibi genis bir alanda yaygin bir sekilde kullanilmaktadir. Bu nedenle
miihendislik uygulamalarinda bu aglara yaygin olarak rastlamak miimkiindiir. Bu aglarin kullanildig:
baz1 miithendislik uygulamalarina, otomotiv sanayi (Ahmed ve ark., 2015), optik (Mello ve Ventura,
2020), rasgele sayi iiretegleri (Algin ve ark., 2021), haberlesme (Kaur ve Sivia, 2020), uzay sanayi
(Wang ve ark., 2020) ve robotik (Du, 2011) 6rnek verilebilir.

YSA-tabanli ¢alismalar genellikle yazilimsal ve donanimsal olmak {izere iki ana bagliga
ayrilmaktadir (Koyuncu ve ark., 2019). Yazilimsal YSA c¢alismalar1 hiz, paralellik ve yogun
matematiksel hesaplamanin ¢ok 6nemli oldugu ger¢ek zamanli YSA uygulamalarinda performans
acisindan yetersiz kalmaktadir. Bu yiizden donanimsal YSA calismalarinda, FPGA (Field
Programmable Gate Array-Alan Programlanabilir Kapi Dizileri), ASIC (Application Specific
Integrated Circuit-Uygulamaya Ozel Tiimlesik Devre) ve GPU (Graphic Processor Unit-Grafik
Islemci Birimi) gibi birgok platform kullanilmaktadir. Bu platformlar icerisinde FPGA ¢ipleri diisiik
giic tiiketimi, yiiksek ¢aligma frekanslari, tekrar tekrar programlanabilme, hizli ilk prototipleme,
paralel calisma ve esneklik gibi 6nemli avantajlar1 bir araya getirmektedir. FPGA platformlar1 bu
avantajlar1 sayesinde YSA uygulamalarinda gerekli olan yiiksek hiz ve yiiksek performansi
saglamaktadir (Akcay ve ark., 2020).

Literatiirde FPGA platformlarinda yapilan YSA calismalarinda, Sahin ve Koyuncu tarafindan
LogSig (Logarithmic Sigmoid), TanSig (Tangent Sigmoid) ve RadBas (Radial Basis) Transfer
Fonksiyonlar1 (TF) kullanilarak FPGA-tabanli 32-bitlik IEEE 754-1985 kayan noktali standardinda
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YSA tasarimi gergeklestirmislerdir. Sunulan ¢alismada, FPGA ¢ipinde 10 ya da daha fazla nérona
sahip bir YSA tasariminin kolaylikla uygulanabilecegi gosterilmistir (Sahin ve Koyuncu, 2012).

Adetiba ve arkadaslari, FPGA tabanli olarak Cok Katmanli Perseptron YSA (Multi-Layer
Perceptron-Aurtificial Neural Networks-MLP-ANN) yapisin1 gergeklestirmislerdir. TanSig ve LogSig
TF kullanilarak ndron test edilmistir. Sonugta, TanSig TF ile daha verimli sonuglarin alindig ifade
edilmistir (Adetiba ve ark., 2014).

Gupta ve digerleri, FPGA yongalarinda ¢alisabilecek ve gomiilii uygulamalarda siklikla tercih
edilen SNN (Spiking Neural Networks) modelini gelistirmislerdir. Tasarim Xilinx firmas1 Virtex-6
FPGA ¢ipi i¢in ger¢eklenmistir. Sunulan ¢aligmaya gore 800 néronlu bir ag analiz edilebilmektedir
(Gupta ve ark., 2020).

Cavuslu, parcacik siirli optimizasyonu algoritmasi ile FPGA tabanli YSA egitimi uygulamasi
tasarlamiglardir. Tasarim Altera firmasina ait EP2C35F672C6 FPGA c¢ipi igin ger¢eklenmistir.
Gergeklenen yapida, giris katmaninda 2, gizli katmanda 2 néron ve ¢ikis katmaninda ise 1 adet néron
bulunmaktadir (Cavuslu ve ark., 2010).

Jiang ve Kong, FPGA tabanli ektopik ventrikiiler atimlarin siniflandirilmasina yoénelik bir
caligma yapmislardir. Calismada gelistirilebilir blok-tabanli (Block-based Neural Networks) yapi ile
FPGA platformlarinda kullanilmak tizere bir siniflandirici tasarimi yapilmistir. Sonugta, YSA
yapisindan % 98.1 oraninda bir ag hassasiyeti elde edilmistir (Jiang ve Kong, 2007).

Algin tarafindan yapilan ¢alismada, Pehlivan-Uyaroglu kaotik sistemi YSA iizerinde ¢alismak
tizere modellenmistir. Yapilan YSA-tabanli tasarim, Xilinx FPGA ¢ipleri lizerinde ¢aligsmak iizere
gergeklenmistir. Calismada son olarak FPGA ¢ipleri tizerinde YSA tabanli kaotik sistemlerin basarilt
bir sekilde modellenebilecegi belirtilmistir (Al¢in ve ark., 2016).

Yilmaz tarafindan jeotermal enerji destekli hidrojen tiretimi sistemine ait ekonomik analiz
calismas1 gerceklestirilmistir. Calismada sunulan Cok Katmanli ileri Beslemeli (Multi-Layer Feed
Forward) YSA modelinde 3 giris ve 3 adet ¢ikis bulunmaktadir. Tasarimin gizli (hidden) katmaninda
8 adet noron vardir. YSA gizli katmaninda TanSig TF kullanilarak tasarima ait MSE hata analizleri
yapilmistir (Yilmaz ve ark., 2019).

Bu ¢alismada, literatiirdeki ¢alismalardan farkli olarak 32-bit IQ-Math say1 formatinda VHDL
(Very High Speed Integrated Circuit Hardware Description Language-Cok Yiiksek Hizli Tiimlesik
Devre Donanimi Tanimlama Dili) ile dogrusal olmayan LogSig ve TanSig TF kodlanmistir. Daha
sonra FPGA tabanli 6rnek bir {i¢ giris-li¢ ¢ikish bir YSA (ileri beslemeli) yapist tasarlanmistir.
Tasarlanan YSA yapisinda bir adet gizli katman ve bu katmanda 8 adet néron kullanilmistir. Yapinin
gizli katmanina LogSig ve TanSig TF, ¢ikis katmanina ise dogrusal PureLin TF yerlestirilmistir.
Ornek YSA tasarimu iki farkli TF icin 32 bit IQ-Math standard: ile VHDL dilinde kodlanmustir. iki
TF ve ornek YSA tasarimlart Xilinx ISE Design Suite 14.7 (X-ISE-DS) ortaminda simiile edilerek
test edilmistir. Bu islemden elde edilen simiilasyon sonuclar1 kullanilarak MSE (Ortalama Karesel
Hata-Mean Square Error) ve RMSE (Root Mean Square Error-Kok Ortalama Karesel Hata) hata
analizleri yapilmis ve analizlerden elde edilen sonuglar sunulmustur. Bu asamadan sonra tasarlanan
YSA yapilann Xilinx firmas: tarafindan gelistirilen Kintex-7 gelistirme karti iizerinde bulunan
XC7K70T FPGA igin sentezlenmistir. Bu islemden sonra gerceklestirilen Place-Route prosesinden
elde edilen FPGA kaynak kullanimn istatistikleri verilmistir. Calismanin ikinci Boliimiinde YSA ve
FPGA c¢iplerinden &zet bilgiler ifade edilmistir. Ugiincii Boliimde FPGA tabanli LogSig ve TanSig
TF tasarimlar ile 6rnek YSA tasarimi sunulmustur. Dordiincii Boliimde tasarimlardan elde edilen
sonuglar yorumlanarak degerlendirilmistir.
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2. MATERYAL VE YONTEM

2.1 Yapay Sinir Aglar

Insan beyni en kompleks yaprya sahip sistemlerden birisidir. Insan beyninin muhtesem yap1 ve
isleyisinin incelenmesi ve matematiksel modellenmesi ile YSA calisma alan1 meydana gelmistir.
YSA’da her giris verisine kendi agirligr ile carpma islemi uygulanmakta ve daha sonra toplama
fonksiyonunda sonuglar esik degeri ile toplanmaktadir. Buradan ¢ikan sonucun aktivasyon
fonksiyonunda islenmesi ile ¢ikis bilgisi iiretilmektedir. Aktivasyon fonksiyonu sonucu dogrudan
etkilemekte ve ¢ikis bilgisini gerekli sonlu araliklarda sinirlandirmaktadir. Bu fonksiyonlar YSA
uygulamalarinda dogrusal veya dogrusal olmayan bi¢imlerde yaygin olarak tercih edilmektedir. Bu
caligmada kullanilan LogSig TF’ye ait matematiksel esitlik Esitlik 1°de ve LogSig TF’ye ait grafik
Sekil 1°de verilmistir.

1)
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1
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Sekil 1. LogSig TF degisim grafigi

Bu ¢alismada kullanilan TanSig TF’ye ait matematiksel esitlik Esitlik 2°de ve TanSig TF ye ait
grafik Sekil 2’de verilmistir.

TanSig (x) = (2)

1+e‘2"_1
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Sekil 2. TanSig TF degisim grafigi

YSA giris katmani, gizli katman ya da katmanlar ve ¢ikis katmanindan meydana gelmektedir.
Uzerinde galisilan probleme gore gizli katman ve bu katmandaki noron sayisi, tercih edilen TF
farklilik gdstermektedir. Bu calismada giris ve ¢ikis katmanlarinda iiger néron gizli katmanda ise 8
noéron bulunan ileri beslemeli bir YSA tasarlanmuistir.

2.2 FPGA Cipleri

Glinlimiizde oldukca popiiler sayisal sinyal isleme platformlarindan birisi olan FPGA
(Alan(da)/Saha(da) Programlanabilir Kap1 Dizileri-Field Programmable Gate Array) ¢iplerinin diger
sayisal platformlara gore disik giic tiiketimi, yiiksek c¢alisma frekanslari, tekrar tekrar
programlanabilme, hizli ilk prototipleme, paralel ¢aligma ve esneklik gibi Onemli avantajlar
bulunmaktadir. Bu nedenle sinyal-goriintii isleme (Paukstaitis ve Dosinas, 2009), modelleme (Tuntas,
2015), kaos (Koyuncu ve ark., 2018), rasgele say1 iiretimi (Al¢in ve ark., 2019), algoritma hizlandirma
(Sahin, 2010), tip (Abdullah ve Younis, 2019), YSA (Koyuncu ve ark., 2017), robotik (Bargsten ve
Fernandez, 2020), modiilasyon (Mohammed ve Abdullah, 2020), giivenli haberlesme (Savran, 2017)
ve hidrojen tretimi (Yilmaz ve ark., 2019) gibi bir¢ok c¢aligma alaninda bu yongalar siklikla
kullanilmaktadir. Ayrica FPGA c¢ipleri System C, VHDL, Handel-C ve Verilog gibi farkli dillerde
kodlanabilmektedir. Sekil 3’te Xilinx Kintex-7 FPGA kart1 gosterilmistir.

Sekil 3. Xilinx Kintex-7 FPGA karti
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2.3 1Q-Math Say1 Standardi
IQ-Math sabit noktali say1 standardini isaret biti (S), tam say1 kismi (integer-I) ve kesirli kisim
(fractional-Q) olusturmaktadir. Kayan noktali sayilardan farkli olarak bu say1 standardinda tam say1
ve kesirli say1 kisimlar1 tasarimcinin ihtiyact dogrultusunda ayarlanabilmektedir. Sabit noktali say1
standardi1 Sekil 4’te gosterilmistir. Bu sekildeki S isaret bitini temsil etmekte ve 0 degerini aldiginda
ilgili say1 pozitif, 1 degerinde ise negatif olmaktadir. Ilgili saymin tam sayr kismindaki bitleri

hesaplamak i¢in sayinin tam kismu ikilik say1 tabanma gevrilmektedir (Erick, 2007, Ozkan ve ark.,
2011).

Isaret Biti (S) | Tam Sayt Kismi (I) Kesirli Kisim (Q)
0/1 Lo LILLI O Q:Q.Q,Q,

Sekil 4. |Q-Math sabit noktali say1 formati gosterimi

3. BULGULAR VE TARTISMA

3.1 FPGA Tabanh TF ve YSA Tasarimlari

Sunulan bu caligmada dogrusal olmayan LogSig ve TanSig TF 32-bit 1Q-Math formatinda
VHDL dilinde FPGA tabanli olarak tasarlanmistir. Bu iki TF yapisindaki e* {istel fonksiyonun FPGA
tabanli olarak gergeklestirilmesinde CORDIC-LUT (COordinate Rotation Dlgital Computer-Look-
Up Table) ikili yaklasimlar1 birlikte kullanilmistir. TF tasarimlarin X-ISE-DS ortaminda her bir
tasarima farkli bir testbench dosyasi olusturularak simiilasyonu yapilmistir. Simiilasyon sonuglari
kullanilarak MSE ve RMSE hata analizleri yapilmistir. Bunun ardindan tasarimlar Xilinx firmasina
ait Kintex-7 FPGA ¢ipi i¢in sentezleme islemi gergeklestirilmistir.

Sentez isleminin ardindan Place-Route prosesi gerceklestirilmistir. Bu siire¢ yerlestirme ve
yonlendirme islemlerini kapsamaktadir. Yerlestirme isleminde tasarimin hangi konumdaki
kaynaklara yerlestirilmesi ve bu kaynaklar arasindaki baglantilarin nasil yapilmasi gerektigi
belirlenmektedir. Bu islemi takiben yonlendirme isleminde FPGA yonga yapisindaki hiicrelerin kendi
arasindaki ve Girig/Cikis bloklar1 arasindaki baglantilar tanimlanmaktadir. Bu proseste kaynak
kullanim1 optimize edilmektedir. Diger bir ifade ile tasarimin FPGA yapisinda en dar alana
yerlestirilmesi ve bu yerlesimin olusturacagi toplam baglanti yolunun en kisa seviyede olmasi
hedeflenmektedir (Lortoglu 2019). Place-Route prosesinin tamamlanmasi ile elde edilen FPGA
kaynak kullanim oranlar1 sunulmustur. 32-bit 1Q-Math-tabanli LogSig ve TanSig TF blok semalari
stras ile Sekil 5 ve 6’da verilmistir. Bu sekillerde gozlemlenen IEEE-754-1985 kayan noktali say1
(floating point number standard) ve 1Q-Math say1 standardindaki tiim toplayici, ¢ikarici, garpici,
boéliicii ve doniistiiriicli gibi Uniteler Xilinx Design Tools tasarim aracglari tarafindan gelistirilen IP
CORE Generator kullanilarak otomatik olarak olusturulmustur. Sekil 5’te x giris sinyali negatifleyici
iinitesinde negatifleme islemine tabi tutulup ¢arpici tinitesinde ilgili say1 ile ¢arpilmaktadir. Ardindan
doniistiiriicii initesinde 32 bit degerindeki sinyal 23 bit degerine doniistiiriilmektedir. Elde edilen bu
sinyal, saymin tam ve kesirli say1 kismini ifade eden sirastyla t ve k kisimlarina ayrilmaktadir. Daha
sonra t degerine gecikme {initesinde 25 saat darbesi gecikme islemi uygulanarak ROM (Read Only
Memory) hafizaya iletilmektedir. Bu iinitede ROM hafiza LUT islevinde kullanilmigtir. ROM
hafizaya €' degerleri t=(-64..+63) tam say1 araliginda olarak onceden hesaplanmis ve
kaydedilmistir. Bu iiniteden ¢ikan sinyal kayan noktali say1 standardina sahip oldugundan dolay1
dontistiiriicii initesinde [Q-Math sabit noktali say1 standardina doniistiiriilmektedir. Diger taraftan
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girdi sinyalinin kesirli kismini ifade eden k degeri 2 bit degeri genisletilerek 18 bit olarak ¢arpict
iinitesine iletilmektedir. Carpici {linitesinde 0.75 ve k degerleri carpilarak elde edilen sonug ¢ikisa w
sinyali olarak aktarilmaktadir. Bu sinyal CORDIC iinitesinde islenerek ¢ikistan IQ-Math sabit noktali
say1 standardina sahip sinh(w) ve cosh(w) degerleri es zamanli olarak elde edilmektedir. Ardindan
toplayici iinitesinde sinh(w) ve cosh(w) degerlerine toplama islemi yapilarak w degerine gore e
degeri hesaplanmaktadir. Hesaplanan bu deger doniistiiriicii {initesinde 20 bit degerinden 32 bit
degerine doniistiiriilerek gecikme tinitesinde 6 saat darbesi geciktirilmektedir. Bu sayede " degeri
ile €% degeri senkron olarak carpici iinitesinde islenmektedir. Carpim sonucunda garpma
tinitesinden €™ degeri elde edilmektedir. Bu deger toplayici iinitesinde 1 sayisi ile toplanarak
doniistiiriicii iinitesine iletilmektedir. Bu sinyal, doniistiiriicii tinitesinde 1Q-Math sabit noktali say1
standardindan kayan noktali say1 standardina doniistiiriilmektedir. Daha sonra bdliicii {initesinde 1
sayist bu degere boliinmektedir. Elde edilen bu sinyal kayan noktali say1 standardina sahiptir ve
dontstiiriicii iinitesine iletilerek 1Q-Math sabit noktali say1 standardina doniistiiriildiikten sonra
LogSig TF ¢ikisina 32-bit 1Q-Math-tabanli olarak aktarilmaktadir.

1.0 1.0
32 &Fixed 32 i’Float
32 - 32
FIXED 2| FoxED-FLOAT [ 2] L. oo
TOPLAYICI [Fied | DONUSTURUCU | Fioat
32 ) Float
o*0.75 t
27%32 BIT ROM | *2 | FLOAT-FIXED FLOAT-FIXED

32
e == FOut
DONUSTURUCU |f¢roq

(LUT) ot [PONUSTURU CU

! Fixed § 7

20 —32 BIT
DONUSTURUCU

t Fixed
20 4 Fixed
Fixed 4 0.75
32 23 BIT FIXED
DONUSTURUCU TOPLAYICI

Cosh(w)

Sekil 5. LogSig fonksiyonun 1Q-Math sabit noktali say1 tabanli blok semast

Sekil 6’da 32-bit 1Q-Math-tabanli TanSig TF’nin blok semasi verilmistir. Semada g¢arpici
iinitesinde x giris sinyali 2 sayisi ile ¢arpilmaktadir. Ardindan elde edilen sonug negatifleyici
{initesinde negatifleme islemine tabi tutulmaktadir. Daha sonra semada goriildiigii iizere &> degerinin
elde edildigi carpici iinitesine kadar yapilan islemler LogSig TF tasarimi ile benzer niteliktedir.
Ardindan ¢arpici iinitesinden ¢ikan X degeri toplayici iinitesinde 1 saysi ile toplanmaktadir. Elde
edilen sonug sinyali doniistiiriicii tinitesinde 1Q-Math sabit noktali say1 standardindan kayan noktali
say1 standardina donistiiriilmektedir. Bu sinyal bdliicii iinitesine iletilerek 2 sayisi bu degere
boliinmektedir. Elde edilen bu sinyal kayan noktali say1 standardina sahiptir ve doniistiiriicii tinitesine
iletilerek 1Q-Math sabit noktali say1 standardina doniistiiriilmektedir. Ardindan bu sinyal ¢ikarici
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tinitesine iletilmektedir. Cikarici tinitesinde bu degerden 1 sayisi ¢ikarilmakta ve bu elde edilen sonug
TanSig TF yapisinin ¢ikisina 32-bit 1Q-Math-tabanli olarak gonderilmektedir.

1.0 2.0
32 &Fixed 32 &Float
32 FIXED-FLOAT 32 R
FIEEED) _ bl BOLUCU
TOPLAYICI Fixed |[DONUSTURUCU | Float
er-(). 75 32 &Float
27x32 BIT RoM | 32| FLOAT-FIXED 32 32 FLOAT-FIXED

1.0 |DONUSTURUCU

32 [Fixed 32 &Fixed
CIKARICI —<» FOut

Fixed

(LUT) ot |[PONUSTURU CO

20 —32 BIT
DONUSTURUCU

20 4 Fixed

Fixed £

FIXED
TOPLAYICI

32 -23 BIT
DONUSTURUCU

1.0
0.75 Fixed

Cosh(w)

20 32
Fixed
32

X

Fixed

Sekil 6. TanSig fonksiyonun 1Q-Math sabit noktali say1 tabanli blok semasi

LogSig ve TanSig TF tasarimlarinin ardindan Ornek ileri beslemeli bir YSA tasarimi
gergeklestirilmistir. Sekil 7°de gizli katmaninda LogSig TF’nin kullanildigi YSA-LS tasariminin,
Sekil 8’de ise gizli katmaninda TanSig TF’ nin kullanildig1 YSA-TS tasariminin ikinci seviye FPGA
blok semalar1 verilmistir. Tasarlanan YSA-LS ve YSA-TS yapilari igerisinde bulunan agirlik ve bias
degerleri dogrudan VHDL dilinde 32-bit std logic vector tiirlinde signal sinifi ile tanimlanarak
saklanmugtir. 32-bit IQ-Math-tabanli LogSig ve TanSig TF blok semalarinda iki adet Gecikme Unitesi
kullanilmistir. Qlgili {initeler tasarimlardaki pipeline hattin korunarak sistemin senkron bir sekilde
caligabilmesi amaci ile 6 saat darbesi ve 25 saat darbesi gecikme saglamak icin tasarlanmiglardir.
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Sekil 7. FPGA-tabanl1 YSA-LS tasariminin ikinci seviye blok semasi
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Sekil 8. FPGA-tabanli YSA-TS tasariminin ikinci seviye blok semasi
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Tiim tasarimlar X-ISE-DS ortaminda bir testbench dosyasi olusturulmustur. Bu islemin
ardindan tasarimlar test edilmis ve simiilasyon sonuglart gosterilmistir (Sekil 9-12).
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Sekil 9. FPGA-tabanli LogSig fonksiyonun X-ISE simiilasyon sonuglari
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Sekil 10. FPGA-tabanli TanSig fonksiyonun X-ISE simiilasyon sonuglar1
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Sekil 11. FPGA-tabanli YSA-LS tasariminin X-ISE simiilasyon sonuglari
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Sekil 12. FPGA-tabanli YSA-TS tasariminin X-ISE simiilasyon sonuglari
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Ardindan tiim tasarimlarin simiilasyon sonuglari ile niimerik tabanli sonuglar karsilagtirilmistir.
Karsilagtirma isleminden elde edilen MSE ve RMSE hata analiz sonuglart asagida sunulmustur
(Cizelge 1). Tasarimlarin test edilebilmesi i¢in negatif degerleri de kapsayacak bigimde 27 farkl
deger kullanilarak MSE ve RMSE hata degerleri hesaplanmustir.

Cizelge 1. TF ve YSA tasarimlarinin hata analizleri

Transfer Fonksiyonlari-Yapay Sinir Aglan MSE RMSE

LogSig TF 8.64E-11 9.30E-06
TanSig TF 2.31E-10 1.52E-05
YSA-LS 8.86E-06 2.98E-03
YSA-TS 7.92E-02 2.81E-01

Yapilan tiim TF ve YSA tasarimlar1 test asamasindan sonra Xilinx firmasiin tarafindan
gelistirilen XC7K70T FPGA (Kintex-7 kiti) i¢in sentezleme islemi gergeklestirilmistir. Bu islemin
ardindan Place-Route prosesi gerceklestirilmistir. Bu islemden elde edilen FPGA ¢ip istatistikleri
asagida sunulmustur (Cizelge 2). Sunulan ¢aligmada oncelikle LogSig ve TanSig AF ve ardindan bu
iki AF kullanilarak LogSig-tabanlt YSA (YSA-LS) ile TanSig-tabanli YSA (YSA-TS) olmak iizere
4 farkl tasarim gergeklestirilmistir. Asagida verilen Cizelge 2’de bulunan ilk 2 siitun LogSig ve
TanSig AF tasarimlarina ve diger siitunlar ise LogSig ve TanSig tabanli YSA tasarimlarina ait I[OB
degerlerini ifade etmektedir.

Cizelge 2. TF ve YSA tasarimlarinin FPGA ¢ip istatistikleri

FPGA Cip Istatistikleri LogSig TanSig YSA-LS YSA-TS
Mak. Calisma Frekans 168.990 168.990 168.990 168.990
(MHz2)
Slice Resisters S 3696/ 82000 3729/ 82.000 31926/ 82000 31646 / 82000
ice Registers Sayisi (% 4) (% 4) (% 38) (% 38)
Stice LUTs S 3073 /41000 3100 / 41000 26878 / 41000 26658 / 41000
ice s Sayisi (%7) %7) (% 65) (% 65)
[OBs S 67 /300 67 /300 195 / 300 195/ 300
S Sayist (% 22) (% 22) (% 65) (% 65)
BUFG/BUFGCTRLS 1732 1/32 1/32 1/32
Sayisi (%3) (% 3) (% 3) (% 3)
DSPASELS S 71240 71240 188 / 240 195/ 240
S Sayist (% 2) (% 2) (% 78) (% 78)

Cizelge 3’te literatiirdeki bir ¢aligmada yapilan 4 girisli YSA noron tasarimlari ile sunulan
calisma kapsaminda tasarimlar1 yapilan LogSig ve TanSig AF ile olusturulan 4 girisli YSA
noronlarinin FPGA ¢ip kullanimlari, kullanilan platform ile platformun néron kapasitesi ve ¢alisma
frekans1 bakimindan karsilastirilmasi verilmistir. Elde edilen sonuglara gore sunulan calismada
tasarlanan AF tasarimlarinin FPGA kaynak tiiketimi agisindan daha diisiik kaynak kullanmistir.
Ancak literatiirde sunulan kayan noktali say1 standardi tabanli AF tasarimlari ise maksimum c¢alisma
frekans1 bakimindan daha avantajli oldugu goriilmektedir.
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Cizelge 3. FPGA-tabanli dort girisli LogSig ve TanSig AF-tabanli YSA tasarimlarinin ¢ip istatistikleri

. Slice Slices Cahsma
Calisma Kul}:gllan s tai?l}:r a Klll:llljaél/ldl\an EZC?SIR(%% LUTs Utilization Frekansi
Y sayisi (%) (%) (MH2)
32 Bit Xilinx
Koyuncu ) ;s IEEE754  virtex-6 10 18 22 304.53
vd. (2017) g-19 Floating-  xC6VLX75 :
point T
sunulan 32 bit (161- Xilinx
Calisma LogsSig 16Q) 1Q- Kintex-7 5 9 17 168.99
; Math XC7K70T
|53EZEB7its4 xlin
Koyuncu . ) Virtex-6
vd. (2017) TanSig Floating- X CevLX75 10 18 23 304.53
point T
Sunulan 32 bit (161- Xilinx
Cal TanSig 16Q) 1Q- Kintex-7 11 12 22 168.99
alisma Math XC7K70T
4. SONUC

Sunulan bu calismada, YSA yapilarinin FPGA ¢ipleri lizerinde gergeklenmesi i¢in ihtiyac
duyulan kaynak tiiketimini azaltmak amaci ile 32-bit 1Q-Math say1 standardinda dogrusal olmayan
LogSig ve TanSig TF VHDL dili kullanilarak kodlanmistir. Ardindan FPGA ¢iplerinde ¢alismak
iizere 1Q-Math sayr tabanli 6rnek bir li¢ girisli-lic ¢ikishh bir YSA (ileri beslemeli) yapisi
tasarlanmigtir. Tasarimin gizli katmaninda 8 adet noéron, gizli katmanda LogSig ile TanSig TF ve
cikis katmaninda ise PureLin TF bulunmaktadir. Sunulan iki farkli YSA yapisinin test edilebilmesi
icin testbench dosyast olusturulmus ve bu tasarimlar VHDL ile X-ISE-DS programu ile test edilmistir.
Test simiilasyon sonuglarina gore LogSig-tabanli YSA tasarimindan 8.86E-06 MSE ve TanSig-
tabanli YSA tasarimdan 7.92E-02 MSE sonuglari elde edilmistir. Tasarimlar test i¢in simiile edilerek
MSE ve RMSE hata analizleri bakimindan incelendiginde LogSig TF ve YSA-LS tasarimlarinin daha
basarili sonuglar tirettigi gozlemlenmistir. Son asamada ise her bir tasarim (XC7K70T-3FBG676
¢ipini igeren Kintex-7 kiti) FPGA igin sentezlenerek Place-Route prosesi gergeklestirilmistir. Bu
islemden elde edilen FPGA kaynak kullanimi oranlar1 sunulmustur. Sonucglara gore her iki YSA
tasariminin maksimum c¢aligma frekanst 168.990 MHz olarak elde edilmistir. Gelecekteki
caligmalarda, derin 6grenme ve YSA uygulamalarinda kullanilan diger aktivasyon fonksiyonlari
FPGA c¢iplerinde calismak tlizere 1Q-Math tabanli olarak gerceklestirilebilir.

5. TESEKKUR

Bu calisma 19.FEN. BIL.14 proje numaras: ile Afyon Kocatepe Universitesi Bilimsel
Arastirma Projeleri Koordinasyon Birimi tarafindan desteklenmistir.

6. CIKAR CATISMASI
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ABSTRACT: With the industrial revolution 4.0, machine learning methods are widely used in all
aspects of manufacturing to perform quality prediction, fault diagnosis, or maintenance. In the steel
industry, it is important to precisely detect faults/defects in order to produce high-quality steel plates.
However, determining the exact first-principal model between process parameters and mechanical
properties is a challenging process. In addition, steel plate defects are detected through manual, costly,
and less productive offline inspection in the traditional manufacturing process of steel. Therefore, it
is a great necessity to enable the automatic detection of steel plate faults. To this end, this study
explores the capabilities of the following three machine learning models Adaboost, Bagging, and
Random Forest in detecting steel plate faults. The well-known steel plate failure dataset provided by
Communication Sciences Research Centre Semeion was used in this study. The aim of many studies
using this dataset is to correctly classify defects in steel plates using traditional machine learning
models, ignoring the applicability of the developed models to real-world problems. Manufacturing is
a dynamic process with constant adjustments and improvements. For this reason, it is necessary to
establish a learning process that determines the best model based on the arrival of new information.
Contrary to previous studies on the steel plate failure dataset, this article presents a systematic
modelling approach that includes the normalization step in the data preparation stage to reduce the
effects of outliers, the feature selection step in the dimension reduction stage to develop a machine
learning model with fewer inputs, and hyperparameter optimization step in the model development
stage to increase the accuracy of the machine learning model. The performances of the developed
machine learning models were compared according to statistical metrics in terms of precision, recall,
sensitivity, and accuracy. The results revealed that AdaBoost performed well on this dataset,
achieving accuracy scores of 93.15% and 91.90% for the training and test datasets, respectively.
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1. INTRODUCTION

A product must be manufactured to meet the defined permissible upper and lower limits of each
attribute and any deviation from these specified limits is considered a defect (Ozkat et al., 2017a; Liu
et al., 2019; Kahveci et al., 2022). Without an effective monitoring and control strategy, today's
complex manufacturing systems tend to produce faulty parts more frequently. These defects, defined
by undesirable system dynamics, can lead to serious consequences such as a reduction in production,
great economic losses, and unwanted downtimes (Ozkat et al., 2017b; Bektas et al., 2019; Gao et al.,
2020). Early detection of defects and fault diagnosis is an important task in manufacturing to enhance
the quality of the product and optimize the cost. With the integration of computer technology into
production systems with Industry 4.0, the human factor has been minimized at every stage of
production and it has enabled production to take place faster, with low cost and with a low margin of
error (Xu et al., 2018; Kurt, 2019; Alkan & Bullock, 2021).

Steel is one of the most widely used materials in most engineering applications due to its
strength, ductility, and recyclability (Lennox et al., 2000; Backman et al., 2019). One of the major
challenges for the entire steel industry is the quality assurance of steel during manufacturing since
steel goes through many different manufacturing processes from casting to drawing, pressing, to
rolling (Widodo & Yang, 2007; Nkonyana et al., 2019). As a result, there are usually several kinds
of defects on the steel plate that need to be localized and classified.

Traditionally, statistical processing control (SPC) methods have been deployed for monitoring
quality during production, but they cannot predict the actual values relevant to product quality or
estimate when the failure will occur. Because of this situation, machine learning (ML) models have
been applied in a wide range in the field of manufacturing during recent years to solve real-world
classification problems (Bektas et al., 2018; Ceryan et al., 2021; Ozkat et al., 2021). The classification
aims to accurately assign the sample to one of the predefined classes.

One issue regarding the steel quality control problem is the lack of large-scale, high-quality,
industry-level, open-source datasets (Zhang et al., 2020). Due to the limited datasets, the well-known
steel plate failure dataset has been used in many studies. The dataset is provided by the Semeion,
Research Centre of Sciences of Communication, via Sersale 117, 00128, Rome, Italy (Buscema et
al., 2010, Kaggle, 2017). The aim of many research works using this dataset is to correctly classify
faults in steel plates employing the traditional ML models, neglecting the applicability of the
developed ML models to real-world problems. With the integration of good and accurate models into
manufacturing, defective steel plates can be identified as plates as early in the manufacturing process
as possible, saving time and cost. However, manufacturing is a dynamic process, and constant
adjustments and improvements are made. If the ML models cannot be updated with new data, they
will quickly become obsolete and suffer a decline in accuracy. Therefore, it is necessary to establish
artificial learning processes that determine the best model based on the arrival of new information.

The learning process often includes four main stages: data preparation, dimension reduction,
model development, and model selection. Dimension reduction deals with the elimination of non-
critical features without significant loss of information from the original dataset. This stage helps
reduce computation time and develop a simpler structure in the machine learning model. Moreover,
hyperparameter optimisation, which is one of the steps of the model development stage, is an
important part of achieving a more accurate and updatable model. Regarding the studies using the
steel plate fault dataset, the following ML models, namely: logistic regression (LR) (Fakhr and

241



Ozkat, E. C. JournalMM (2022), 3(2) 240-256

Elsayad, 2012; Simi¢ et al., 2014; Kharal, 2020; Gamal et al., 2021), support vector machine (SVM)
(Simi¢ et al., 2014; Tian et al., 2015; Nkonyana et al., 2019; Srivastava, 2019; Gamal et al., 2021;
Tasar, 2022), k-nearest neighbour (KNN) (Srivastava, 2019; Gamal et al., 2021; Tasar, 2022), naive
Bayes (NB) (Kazemi et al., 2018; Gamal et al., 2021), decision tree (DT) (Fakhr and Elsayad, 2012;
Chen, 2018; Kazemi et al., 2018; Srivastava, 2019; Gamal et al., 2021; Tasar, 2022), random forest
(RF) (Chen, 2018; Nkonyana et al., 2019; Srivastava, 2019; Kharal, 2020; Gamal et al., 2021; Tasar,
2022), neural network (NN) (Fakhr and Elsayad, 2012; Simi¢ et al., 2014; Zhao et al., 2015; Kazemi
et al., 2018; Nkonyana et al., 2019; Gamal et al., 2021; Tasar, 2022) have developed to address the
fault classification problem. However, among all these ML models, studies involving hyperparameter
optimization are rarely addressed (Tian et al., 2015; Zhao et al., 2015; Nkonyana et al., 2019; Kharal,
2020), while studies involving dimension reduction using feature selection step are not available.
Instead, some studies have reduced the number of target classes (Zhao et al., 2015; Chen, 2018;
Kazemi et al., 2018; Kharal, 2020; Gamal et al., 2021; Tasar, 2022). As a matter of fact, the
description of the currently used dataset already states that the seventh target class is not unique. In
addition, it is clearly stated in some studies that the data set is not divided into training and test data
sets, and the success of the developed ML model is calculated over the entire data set (Srivastava,
2019; Tasar, 2022).

In contrast to the previous studies, this article provides a systematic modelling approach that
includes the normalization step in the data preparation stage to reduce the effects of outliers, the
feature selection step in the dimension reduction stage to develop an ML model with short
computation time, and hyperparameter optimization step in the model development stage to increase
the accuracy of the ML model. Furthermore, the ensemble machine learning model, which is a recent
trend in the classification problems to overcome the individual drawbacks of each ML model (Yang
et al., 2021; Pham et al., 2022; Xiong et al., 2022), was utilized to provide intelligent multi-class
diagnostics for steel plates. The basic purpose of implementing ML models is to help operational
decision-makers to organise effective and efficient manufacturing. The classification performances
of the proposed models were computed using the following four statistical metrics: precision, recall,
sensitivity, and accuracy score.

The rest of the paper is organized as follows: Section 2 presents a brief overview of some of
the studies conducted using the provided dataset. Section 3 introduces the methodology used in the
presented study in detail. Section 4 provides the results and is followed by concluding remarks in
Section 5.

2. RELATED STUDIES ON THE STEEL PLATE FAULT DATASET

Classification is the process of finding which classes that new data belong to in a given dataset.
The steel plate fault diagnosis dataset has been widely studied in machine learning for automatic
pattern recognition. In this regard, relevant literature is summarized below.

Fakhr and Elsayad, (2012) employed a decision tree with boosting, a multi-perception neural
network with pruning and logistic regression with step forward models, and tested their effectiveness
using accuracy, specificity, and sensitivity. According to their results, the decision tree with boosting
algorithm has achieved a remarkable performance with 97.25 and 98.09% accuracy on training and
test sets. Similarly, Kazemi et al., (2018) studied decision tree, multi perception neural network,
Bayesian network and ensemble random forest models. The data set is partitioned into 70% training
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and 30% testing. It was indicated that the decision tree was superior to other models with reaching an
accuracy score of 95.66 in both training and test.

Simi¢ et al., (2014) utilized a remarkable approach by hybridizing random forest and bagging
algorithms, called as Treebagger, and compare this novel algorithm against support vector machine,
logistic regression, and multi perception neural network classification algorithms. The dataset was
divided into training and test by the ratio of 70:30 in percentage, respectively. It was demonstrated
that the Treebagger outperformed the other models in both training and test. However, the time
required to create the tree bagger model reached up to four minutes, which is the most time-
consuming task among others. A recent study conducted by Chen, (2018) reported that Adaboosting,
another hybrid approach, could achieve 100% and 88.57% accuracy in the training and test set,
respectively. In this study, ten-fold cross-validation was applied to each machine learning model, and
other fault class was eliminated from the dataset in which the number of classes became 6.

Another important aspect of machine learning methodology is hyperparameter optimization. It
is possible to further improve the performance of the model by choosing an optimal combination of
hyperparameters that minimizes a predefined loss function. For example, Tian et al., (2015) utilized
genetic algorithm (GA), grid search (GS) and particle swarm optimization (PSO) optimization
methods to obtain the optimum hyperparameters for the support vector machine classification model.
In addition, the classification accuracy was improved by normalizing all features. The implementation
of GS, GA, and PSO in SVM vyielded accuracy scores of 94.6%, 95.2%, and 88% for training, and
77.7%, 77.2%, and 78% for testing, respectively. Similarly, Zhao et al., (2015) integrated the local
outlier factor (LOF) anomaly detection method with a back-propagation neural network to classify
steel plate faults. Levenberg—Marquardt was employed to obtain optimal hyperparameters. As a
result, the average training and test accuracy scores were 94.68% and 88.05%, respectively.

Kharal, (2020) performed the classification of faults on steel surfaces by applying optimization.
It was found that the features in this dataset were imbalanced and to handle this problem
undersampling, oversampling and synthetic minority oversampling technique methods were
employed to balance the dataset. The best classification performance was obtained from an optimized
random forest with 10-fold cross validation. Gamal et al., (2021) utilized the most common
classification machine learning algorithms namely, decision trees, k-nearest neighbour, random
forest, support vector machine, naive Bayes, logistic regression, and multi-layer perceptron neural
network. The dataset was divided in half (50:50%) as training and test sets, and 10-fold cross
validation was applied to each machine learning model. It was demonstrated that the accuracy scores
of the listed machine learning methods were 91.14%, 82.86%, 93.29%, 86%, 59%, 88.29% and
73.86%, respectively. The lowest score was achieved using the naive Bayes model, whereas the
highest score was obtained using the random forest model. More interestingly, it was reported that
the faults such as stains were easily classified, but other faults class could not be easily classified
using any of these machine learning models. In addition, some faults such as Z scratch, and K scratch
could be classified with less error depending on the performance of the machine learning.

Srivastava, (2019) showed that the random forest algorithm using a 20-fold cross validation
achieved 79.23 % accuracy with 0.203 root mean square error on contrary to the k-nearest neighbour,
decision tree, support vector machine, and deep neural network. In a tremendously similar and the
most recent study conducted by Tasar, (2022) investigated the performance of linear discriminant, k-
nearest neighbour, decision tree, support vector machine, random forest, and deep neural network
machine learning model without applying data partitioning and feature selection. The accuracy score
of each model was found as 90.136%, 91.7880%, 93.013%, 93.287%, 95.479%, and 96.986%,
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respectively. The essential idea in machine learning is to test the performance of the developed model
on a dataset completely independent of the data used during model development. In the presented,
the data set was not divided into two as training and testing, and any feature selection method was
not employed, but the cross-validation technique was applied for the developed models. In such a
modelling method, it was thought that the models memorized the data set rather than learning.
Therefore, the reliability of the obtained results is open to discussion.

To sum up, Table 1 groups the listed publications in terms of the feature selection step in the
dimension reduction stage and the hyperparameter optimization step in the model development stage
to increase the accuracy of the ML model.

Table 1. Comparison table for related studies on ML models for steel plate fault diagnosis

Hyperparameters
Optimization
Feature No Yes
Selection
Fakhr and Elsayad, 2012
Simi¢ et al., 2014 Tian et al., 2015
Chen, 2018
- Zhao et al., 2015
No Kazemi et al., 2018
. Nkonyana et al., 2019
Srivastava, 2019 Kharal. 2020
Gamal et al., 2021 '
Tasar, 2022
Yes N/A Proposed in this study

3. METHODOLOGY FOR MULTICLASS FAULT DIAGNOSIS IN STEEL PLATES

The methodology flow used in the presented work is illustrated in Figure 1. The fishbone
diagram consists of four main stages which are (i) data preparation, (ii) dimension reduction, (iii)
model development (iv) model selection. The detailed information required for each stage is given in
the following sections.

Data Model
Preparation Development

Data Split Hyperparameters Optimization

Normalization Cross Validation

Data Selected
Set Model
Feature Selection Model Evaluation

Target Class Selection

Dimension Model
Reduction Selection

Figure 1. The methodology flow used in this study
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3.1 Dataset Description
The dataset used in this study is a public dataset and it can be accessed through the online data
science platform Kaggle (Kaggle, 2017). The dataset contains 1941 experiments. Each experiment
has 27 independent features and one of 7 different types of classified steel surface defects, which are
Dirtiness, Stains, Pastry, Z-Scratch, K-Scratch, Bumps, and Other Faults. The failure types and
corresponding sample numbers are listed in Table 2, and detailed information on the 27 independent
features is given in Table 3.

Table 2. Types of faults and sample sizes

Fault class Failure types Sample numbers
1 Dirtiness 55
2 Stains 72
3 Pastry 158
4 Z-Scratch 190
5 K-Scratch 391
6 Bumps 402
7 Other Faults 673

Table 3. Independent features of the faulty steel plates data set

Number Feature Type Number Feature Type

1 X Minimum Numerical 15 Edges Index Numerical
2 X Maximum Numerical 16 Empty Index Numerical
3 Y Minimum Numerical 17 Square Index Numerical
4 Y Maximum Numerical 18 Outside X Index Numerical
5 Pixels Areas Numerical 19 Edges X Index Numerical
6 X Perimeter Numerical 20 Edges Y Index Numerical
7 Y Perimeter Numerical 21 Outside Global Index Numerical
8 Sum of Luminosity Numerical 22 Log of Areas Numerical
9 Minimum of Luminosity Numerical 23 Log X Index Numerical
10 Maximum of Luminosity Numerical 24 Log Y Index Numerical
11 Length of Conveyer Numerical 25 Orientation Index ~ Numerical
12 Type of Steel A300 Categorical 26 Luminosity Index ~ Numerical
13 Type of Steel A400 Categorical 27 Sigmoid of Areas Numerical
14 Steel Plate Thickness Numerical - - -

3.2 Data Preparation

3.2.1 Data split

The most crucial item of data preparation in machine learning methodology, which should not
be neglected, is the separation of data into training and test sets. Training data is utilized to learn the
patterns in the data and develop the machine learning model. Testing data is employed to test the
model on unseen data to validate the results across different models. The factor to be considered here
is the separation rate. The training set should not only contain a large amount of data to enable
learning, but also a small amount of data so that the pattern in the data is not memorized. For this
purpose, the dataset has been randomly split into 80% training data and 20% test data.

3.2.2 Normalization
Another step that should be applied in the data preparation stage in order to improve the
machine learning performance is normalization. The purpose of this step is to move the values of only
the numerical data into a common scale, without distorting the differences in the value ranges of the

numerical data. The Z-score normalization technique was applied in this study, each numerical feature
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was centred and scaled by the corresponding weighted mean and standard deviation. The method of
Z-score normalization is given in Equation 1.

¥ = Xij — Hxi,j (1)
LJj

Ox,i,j

where i is the index of the feature, j is the index of the sample, x; ; is the ith feature of the jth
sample, xﬁi is the ith normalized feature of the jth sample, . ; ; is mean and o, ; ; is standard deviation

of the ith feature of the jth sample. It is very important to emphasize that normalization was first
applied to the training dataset. The mean and standard deviation of each feature obtained in the
training dataset was utilized to normalize the test dataset. The reason behind this approach is that test
data should be independent of the training data in terms of information content.

3.3 Dimension Reduction

3.3.1 Target class selection

Traditionally, dimension reduction has been applied to features in machine learning, but in this
study, it has been applied to both target classes and features. The reason for this is that target class 7
(i.e., Other Faults), as stated in the dataset definition, is not a specific kind of fault but a combination
of several faults that are different fault from 1 to 6. It is quite difficult to determine samples of the 7th
failure class as samples belonging to this class do not share certain features, also it is difficult to find
dominant features to train. In addition, some features in class 7 may have similar properties to features
in other classes. There are 673 samples of Other Failures that are not clearly classified. For this reason,
as in some studies in the literature (Tian et al., 2015; Kazemi et al., 2018; Gamal et al., 2021), class
7 was excluded from the data set, as it would significantly affect the modelling.

3.3.2 Feature selection

It is not correct to use all the features in the model development stage. Since some features will
cause errors and the developed model can diverge; hence, it is of great importance to detect and
remove these features that are not relevant to the target class. Many methods are utilized to determine
the features used in model development, among which the widely accepted method is Principal
Component Analysis (PCA). Since it transforms high-dimensional data into low-dimensional data
using the computationally simple linear algebra method, as it enables machine learning methods to
converge faster when trained on the principal components rather than the original dataset. The main
steps to be followed in PCA are standardization of the data, calculation of the covariance matrix and
finding the eigenvalues and eigenvectors for the covariance matrix, respectively. While the
eigenvector determines the principal component, the eigenvalue determines the magnitude
corresponding to this principal component. Dimension reduction is performed by determining the
eigenvectors corresponding to the eigenvalues with a magnitude above the pre-defined threshold
value.

3.4 Model Development
Classification in machine learning is the problem of determining which class set a new
observation belongs to, based on a training set containing examples of the known classes. Ensemble
machine learning methods combine multiple ML models to obtain better predictive performance than
could be obtained from any of the ML model alone. The final classification depends on the combined
outputs of the individual models. The common ensemble classification techniques include boosting,
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bagging and random forest. This section explains about different machine learning algorithms used
in this study. All the proposed models were developed in the MATLAB R2022a environment. During
model development, random seeds were used at training in hyperparameters optimization that
performs reproducibility of models.

3.4.1 Hyperparameters optimization

Adaptive Boosting (Adaboost) is an ensemble model in which different weak classifiers are
trained on the same training set and then these weak classifiers are combined to create a stronger
classifier with a certain weight. This weak classifier can be any algorithm such as decision tree, and
k near neighbour. In addition, the weight of a classifier is calculated according to the accuracy error
that the model will make during the training phase. The boosting algorithm adopts an iterative
approach which will tend to give more weight to misclassified samples in the hope that the next model
will be more accurate. In this study, the weak classifier is selected as decision tree and three
hyperparameters, maximum number of splits, number of learners and learning rate. These
hyperparameters were varied in the range of 1-1014, 10-500, and 0-1, respectively.

Bootstrap Aggregation (Bagging) is another ensemble model which aims to create a set of
classifiers having the same importance unlike boosting. The bagging and boosting algorithms appear
the same, but the way to train the base classifier is completely different. For instance, given a data set
containing “n” samples, select randomly one point from the training dataset and repeat this selection
“N” times without replacement, eventually resulting in a new dataset in which some samples may
appear several times while others may never appear. With this process, different training datasets and
therefore different classifiers are created. Since the training method of each base classifier is
independent and identical, an equal weighted strategy is used to vote by the classifier. Each model
will vote on the outcome of the prediction and the overall output will be the class that has received
the most votes. In this study, the weak classifier is selected as decision tree and three hyperparameters,
maximum number of splits, number of learners and number of predictors to sample. These
hyperparameters were varied in the range of 1-1014, 10-500, and 1-15, respectively.

The random forest model is an ensemble method that operates by building several decision trees
trained on randomly sampled training data using the bootstrap sampling method. For each decision
tree, a dataset is created by the bootstrap procedure. Constructing a large number of trees and
aggregating them reduces the overfitting problem of a single tree and thus improves the generalization
ability of the random forest. Two hyperparameters, minimum number of leaf sizes, and number of
trees need to be optimized to obtain a good model. These hyperparameters were varied in the range
of 1-500 and the minimum number of leaf sizes was chosen using the Bayesian method.

3.4.2 Cross validation

Cross validation is a method that ensures that the developed machine learning model is
independent of the separation of the data set into training and test sets. Typically, the training dataset
is divided into k parts. The machine learning model is trained on k—1 parts of the data, and the rest of
the data is used for validating the model. This process is repeated k times to reduce the variance. The
k-fold cross-validation method gets its name from this process. The results of each k-fold can then be
averaged to produce a single result of the machine learning model. In the presented work, 10-fold
cross-validation was applied to each developed model.

3.5 Model Selection
The developed machine learning models aim to determine the failure types that a steel plate
may have using the selected features as inputs. Since it is a classification problem, the models
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developed are evaluated using the following statistical metrics: precision, recall, sensitivity and
accuracy. These metrics explain how well a target class is predicted or how bad if a prediction has
missed the class. In addition, these metrics are defined using the confusion matrix. It has two
dimensions matrix; the rows of the matrix represent samples of the actual classes and the columns
represent the samples of the class predicted by the machine learning model. Generally, the confusion
matrix is a result of the binary classification problem, which has only two classes to be classified,
preferably one positive class and one negative class. However, the presented work is a multi-class
classification problem that classifies samples into one of six classes, and no generalized formulae are
provided for calculating the precision, recall, specificity, and overall accuracy of the model, having
many classes to consider. Let us suppose that N, i and j represent the number of samples, the actual
and predicted classes, respectively. An example of the multi-class confusion matrix is given in Table
4,

Table 4. An example of the multi-class confusion matrix

Predicted
Classes .
Actual Class 1 Class 2 Class j
Classes
Class 1 N1 N1z N3j
Class 2 N21 N2z Naj
Class i Nit Niz Nij

The numbers of true positive (TP), true negative (TN), false positive (FP), and false negative
(FP) for each class i are computed in Equations 2-5., respectively (Markoulidakis et al., 2021). In
addition, the formulation of the following metrics used in this study, precision (P), recall (R), and
specificity (S) for each class i and the accuracy score (A) are given in Equation 6-9., respectively
(Markoulidakis et al., 2021).

TP, = Ny; (2)
n n
TN; = Njx
e )
jei k#i
n
FPi = Z Nji
= (4)
ji
n
FNi = Z NU
=1 ©)
i%]
p—__Th
‘= TP, + FP, (6)
R—_h
‘= TP, + FN, )
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o__TN
{ TN, + FP, (8)
n _TP.
A= =1 14
S Ny ©)

4. RESULTS AND DISCUSSION

The quality and quantity of the dataset have a huge impact on the performance of machine
learning models. In this regard, the features and target classes of the dataset were initially thoroughly
examined. As stated in Table 2, the type of steel is a categorial feature so it is important to examine
the errors that occur according to the steel type before data splitting. Figure 2 illustrates the radar plot
of fault classes by steel type. Upon closer inspection, only one sample of K Scratch and Stains was
found for type A300 steel. Additionally, Dirtiness is also infrequent for this type of steel. On the other
hand, Z Scratch is a relatively rare class of failure for steel type A400. Therefore, these samples along
with samples that contain other faults class were excluded from the data set in order to improve the
performance of the machine learning methods before data splitting.

——Steel A300
‘Bumps ——Steel A400

|Other Faults

Stains

275.0

41 410.0
K Scratch| 146.0 1460 Z Scratch
2750 275.0
410.0 410.0
Dirtiness Pastry|

Figure 2. Fault classes according to the steel type

The dataset initially contains 1941 samples, after excluding samples with other faults class,
along with samples with lesser fault classes when fault classes are classified according to the steel
type, 1239 samples remained in the dataset. The dataset was randomly split into 80% training data
(992 samples) and 20% test data (247 samples) before normalization. In the presented work, ‘Type
of Steel” and ‘Outside Global Index’ were considered as categorial features. The dimension reduction
was conducted to the remaining features by ranking the metric and eliminating features that did not
reach a certain score. In order to determine the most important feature influencing the target classes,
PCA was conducted, and the importance score is presented in Figure. 3. It is evident that the elbow
point is observed at ‘X Maximum’ feature which implies that the number of important features is 13,
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and adding the two categorical features, the most important features obtained for modelling are 'Sum
of Luminosity', "X Minimum’', 'Orientation Index’, 'Minimum of Luminosity', 'Empty Index’, 'Outside
X Index', 'Y Minimum’, 'Edges Y Index’, 'Y Perimeter’, 'Length of Conveyer', "X Perimeter', 'X
Maximum', ‘Type of Steel” and ‘Outside Global Index’.

0.7 T T T T T T

0.6

o e o
w N [

Feature importance score

o
[N}

0.1

Figure 3. Feature importance ranking for dimension reduction

The optimum model was observed in the Adaboost model (i.e., ML1) with a learning rate of
0.9851, number of learners was 311, and maximum number of splits was 59. Similarly, the values of
optimal hyperparameters for the Bagging model (i.e., ML2) were 174 for the number of learners, 345
for the maximum number of splits, and 15 for the number of predictors to sample. Moreover, the
Random Forest model (i.e., ML3) performed best when the number of trees was 300, and the
minimum number of leaf size was 1. The hyperparameters of each machine learning model were
obtained during the training phase with 10-fold cross validation and, then, the trained models were
utilized to predict the test set. Since the purpose of this study is to classify steel plate faults utilizing
a machine learning model, it is important to determine the best models among the models developed.

Three statistical metrics namely, precision, recall and specificity are introduced to access the
performance of the models developed. The results of these metrics for the training and test datasets
are given in Tables 4 and 5, respectively. Moreover, the results are given in percentages, which means
that a value close to 100 represents a good correlation between actual and predicted classes.

In brief, precision indicates the classifier’s certainty of correctly predicting a particular class.
In other words, it is the ratio of the number of TP to the total positive prediction including TP and
FP. Therefore, FP, which is the cost of the model, are represented as part of precision. Once the
models are accessed based on the precision value, the model with the highest precision would be
chosen as the final model. On the other hand, recall and specificity represent the number of correct
positive (TP) and negative (TN) predictions out of the total true positive and negatives, respectively.
They assess the usefulness of the model in a single class. In this regard, the results clearly confirm
that Adaboost (i.e., ML1) is the most effective model in fault detection with respect to all the
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performance measures. The second-best effective model for detecting the faults in steel plates is the
Bagging (i.e., ML2) model.

In Table 5, it can be observed that the highest precision is obtained using the Adaboost (i.e.,
ML1) model. With the ML1 model, a score of 100% was obtained in Dirtiness, K-Scratch and Z-
Scratch, fault classes, and all the classes predicted as positive were found to be positive. For Recall,
the highest scores were obtained with the ML1 model in the Bumps and Dirtiness fault classes, with
the Bagging (i.e., ML2) model in the K-Scratch and Pastry fault classes, and with the Random Forest
(i.e., ML3) model in the Stains and Z-Scratch fault classes. Accordingly, it was determined that the
values estimated as TP in the fault classes related to each model were estimated correctly at the
highest level. For specificity, the highest value in the Pastry fault class was obtained with the ML3
model, but the highest value in other fault classes was obtained with the ML1 model. Thus, it was
determined that the values estimated as TN by the ML1 method were estimated correctly at the highest
level.

Table 5. Precision, Recall and Specificity results for each fault class obtained from the training dataset
Training dataset
Fault Class Precision (%0) Recall (%0) Specificity (%)
ML1 ML2 ML3 ML1 ML2 ML3 ML1 ML2 ML3
Bumps 87.826 87.021 91.447 94.099 91.615 86.335 93.731 93.433 96.119

Dirtiness 100 93.939 82927 89.189 83.784 91.892 100 99.791 99.267
K-Scratch 100 98.722 95.652 98.397 99.038 98.718 100 99.412 97.941
Pastry 79.487 78.992 74194 73228 74.016 72441 97.225 97.11 96.301
Stains 96.364 94.444 91525 94.643 91.071 96.429 99.786 99.679 99.466
Z-Scratch 100 97.761 95.775 97.826 94.928 98.551 100 99.649 99.297

ML1: Adaboost, ML2: Bagging, ML3: Random Forest Ensemble models

The values of the statistical metrics, precision, recall, and specificity of each model were
computed using the test dataset and presented in Table 6. According to the presented results, in
particular, the ML1 model has come to the fore, similar to the results obtained with the training set
for the recall and specificity values, while the ML2 and ML3 models have been put forward for the
precision value, and this situation is evident for the stain fault class. However, the average precision
is the highest for the ML1 model. Dirtiness has the highest precision, recall and the specificity values
for the ML1 model. To sum up, the Adaboost (i.e., ML1) model is the most suited for detecting these
fault classes.

Table 6. Precision, Recall and Specificity results for each fault class obtained from the test dataset

Test dataset
Fault Class Precision (%) Recall (%) Specificity (%)
ML1 ML2 ML3 ML1 ML2 ML3 ML1 ML2 ML3
Bumps 88.608 89.474 95522 875 85 80 94.611 9521 98.204
Dirtiness 100  88.889 72.727 88.889 88.839 88.889 100 99.58 98.739
K-Scratch 97.468 98.701 93.902 98.718 97.436 98.718 98.817 99.408 97.041
Pastry 79.310 77.143 73529 74194 87.097 80.645 97.222 96.296 95.833
Stains 93.750 100 100 100 100 100  99.569 100 100

Z-Scratch 94.444 94.286 89.474 100 97.059 100 99.061 99.061 98.122
ML1: Adaboost, ML2: Bagging, ML3: Random Forest Ensemble models
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In the current problem precision and accuracy are the key metrics to compare the models.
Generally, the accuracy score is a measure of how often the model predicts correctly. The Adaboost
model provides accuracy scores of 93.15% and 91.90% for training and testing, respectively.
Similarly, the Bagging model provides accuracy scores of 91.83% and 91.90% for training and
testing, respectively. In the same way, the Random Forest model provides accuracy scores of 90.93%
and 90.28% for training and testing, respectively. According to the test set, which is the unseen data
set, the accuracy scores of Adaboost and Bagging are the same. Since the precision of Adaboost is
better than other models for both training and test sets, it is found to be better to utilize the Adaboost
model in the classification of faults.

The multiclass confusion matrix for the steel plate failure classification derived using the
Adaboost model for both the training and test datasets is illustrated in Figure 4. The results of the
statistical metrics presented for the ML1 model given in Tables 5 and 6 were calculated using the
values given in Figure 4. The results in Figure 4 are parallel to the results in Tables 5 and 6.

Bumps 17 2 Bumps 2 6 2
Dirtiness | 1 33 3 Dirtiness | 1 8
wn [7)] T
i K Scratch| 1 307 S K Scratch | 1 77
5 cratc S
© ©
2  Pastry 34 93 2 Pastry| 7 23 | 1
< <
Stains| 3 53 Stains 15
Z Scratch| 3 135 Z Scratch 34
) 56 O‘(\ \_d . (\‘5 0‘{\ S 56 0\(\ \’(\‘ - (\9 o‘(\
o 0@%\&(@ %da’\ Q= @ ‘5‘3‘6\ @g@%\&o@ %c;fc\\ 02 @ %Gﬂ’é\
a) A is b) A
Predicted Class Predicted Class

Figure 4. Multiclass confusion matrix for steel plate fault classification obtained from a) training dataset, b) test dataset

The performances of the developed models are compared with the related studies in the
literature using the steel plate fault dataset in Table 7. The performances of the developed machine
learning models were compared according to statistical metrics in terms of precision, recall,
sensitivity and accuracy. However, in most of the studies, the majority of the aforesaid metrics are
not given, instead only the accuracy score can be easily obtained. In some studies, the data set is also
not divided into two as training and testing. Therefore, the values that cannot be found are marked as

Not Given (NG).
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Table 7. Comparison of the performance of the ML models with respect to related studies

Training Dataset Training Dataset
References Ml\c/)ltlj_el Metrics Metrics
A% P@®%) R S(%) A®%) P®%) R(®%) S (%)
DT 98.09 NG NG NG 97.25 NG NG NG
Fakhr and Elsayad, (2012)
NN 79.14 NG NG NG 74.79 NG NG NG

GS-SVM 94.6 NG NG NG 77.7 NG NG NG
Tian et al., (2015) GA-SVM 95.2 NG NG NG 77.2 NG NG NG
PSO-SVM 88 NG NG NG 78.0 NG NG NG

Zhao et al., (2015) NN 94.67 NG NG NG 88.05 NG NG NG
DT 93.57 NG NG NG 85.43 NG NG NG
RF 100 NG NG NG 90.29 NG NG NG

Chen, (2018)
Adaboost 100 NG NG NG 88.57 NG NG NG

Bagging 9630 NG NG NG 9000 NG NG NG

DT NG NG NG NG 76.04 NG NG NG
RF NG NG NG NG 79.9 NG NG NG
Srivastava, (2019) kNN NG NG NG NG 71.35 NG NG NG

Adaboost NG NG NG NG 78.41 NG NG NG

SVM NG NG NG NG 74.90 NG NG NG
SVM NG NG NG NG 73.6 NG NG NG
Nkonyana et al., (2019) NN NG NG NG NG 69.6 NG NG NG
RF NG NG NG NG 77.8 NG NG NG
LR 89.13 NG NG NG 70.56 NG NG NG
Kharal, (2020)
RF 94.18 NG NG NG 91.25 NG NG NG
DT NG NG NG NG 91.14 91.29 NG 91.14
RF NG NG NG NG 91.29 91.86 NG 91.29
Gamal et al., (2021)
SVM NG NG NG NG 86.00 74.57 NG 86.00
LR NG NG NG NG 88.29 86.71 NG 88.29

kNN 91.78 86.00 87.15 87.05 NG NG NG NG
SVM 93.28 88.02 89.28 88.44 NG NG NG NG

Tasar (2022) DT 93.01 8847 89.30 88.82 NG NG NG NG
RF 95.47 9209 9317 92.37 NG NG NG NG
NN 96.98 94.75 9554 94.87 NG NG NG NG
Adaboost  93.15 93.95 9123 9846 91.90 9226 9155 98.21
This study Bagging 91.83 9181 89.08 98.18 9190 9142 9258 98.26
RF 90.93 8859 90.73 98.07 90.28 87.53 91.38 97.99
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5. CONCLUSION

This article presents a comparative study of ensemble machine learning models such as
Adaboost, Bagging, and Random Forest for multiclass fault classification of steel plates. The
classification performance of the proposed models is presented using statistical metrics precision,
recall, sensitivity and accuracy. The dataset provided in this study contains 27 independent features
and 7 different failure classes. The dimension reduction method PCA was applied before training
machine learning models. It is found that removing 12 insignificant features improves the
performance of models. In addition, the other failure class, which was one of the failure classes, was
excluded from the dataset since it was not a specific kind of failure class, but it was a combination of
several classes. In conclusion, it can be said that the innovations and main contributions of this article
are two-folds. First, this work discusses existing ML models using a steel plate failure dataset, and
then, this work provides a comprehensive modelling approach to construct a computationally cheaper
and more accurate ML model by applying the feature selection and hyperparameter optimization
steps. Thus, it is thought that the developed model can more accurately adapt to sudden changes
during production by determining the best model based on new information. Furthermore, in contrast
to the previous studies, this article provides a systematic modelling approach that includes the
normalization step in the data preparation stage to reduce the effects of outliers, the feature selection
step in the dimension reduction stage to develop an ML model with a short computation time, and
hyperparameter optimization step in the model development stage to increase the accuracy of the ML
model. As the basic conclusion, this work determines that the Adaboost model is the most suitable
model for fault detection problems. It can achieve high accuracy compared with the Bagging and
Random Forest models. The Adaboost model achieves accuracy scores of 93.15% and 91.90% for
training and test datasets, respectively. The second-best model is the Bagging model, which shows
accuracy scores of 91.83% and 91.90% for training and test datasets, respectively. In conclusion, this
study shows that ensemble machine learning models have the ability to accurately classify faults that
occur during manufacturing, and they can replace manual inspection in decision support systems
despite potential problems in practice.
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9. NOMENCLATURE

A accuracy score NB  naive Bayes
DT decision tree NN  neural network
FN false negative P precision
FP  false positive PCA principal component analysis
GA genetic algorithm PSO particle swarm optimization
GS grid search R recall
i the index of actual class RF  random forest
j  theindex of predicted class RMSE root mean square error
KNN k-nearest neighbour S specificity
LOF local outlier factor SPC statistical processing control
LR logistic regression SVM  support vector machine
ML machine learning TN  true negative
N number of sample TP true positive
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1. INTRODUCTION

In recent years, the flux-weakening capability of an electric machine has grown increasingly
crucial in specific applications such more electric vehicles, aircraft, rail traction, and ship propulsion.
It is frequently necessary to increase an electric machine's speed control range. The highest possible
inverter voltage, and consequently the voltage that is available for a particular back-electromotive
force (EMF) amplitude, set a limit on the speed. In the case that the motor is fed by an inverter using
voltage to frequency (V/f) regulation, the speed range is roughly two to three times the base speed
(Dubey, 1989). The flux-weakening concept, machine parameter changes, and inverter rating can all
be used to some extent to extend the speed range.

Many different methods have been proposed to improve the flux-weakening capability of
electric machines. Among these methods, winding reconfiguration/changeover and number of turn
change techniques (Swamy et al., 2005; Maemura et al., 2005; Kume et al., 1991; Giindogdu, 2022)
and double fed or dual inverter method (Tang et al., 2017; Takatsuka et al., 2014; Fuchs et al., 2008;
Schraud et al., 2008; Hijikata et al., 2012; Lin et al., 2020) are the most popular ones. The electrical
winding changeover technique is an effective way to extend the speed control range (Kume et al.,
2004; Swamy et al., 2005; Maemura et al., 2005; Kume et al., 1991; Gilindogdu, 2022). Making the
power losses in the converter as modest as feasible is another crucial factor to take into account for
motor drive systems (Glindogdu, 2022; Tang et al., 2017; Takatsuka et al., 2014). In (Glindogdu,
2022), the windings number of turn change method has been successfully implemented into an IPM
machine and a significantly improved torque at constant power region and increased efficiency at
constant torque region has been achieved. It has been reported in (Tang et al., 2017) that the
reconfigurable windings enable a reduction in motor size for a given power rating as well as an
increase in motor output power for a given size, while also enhancing system drive cycle efficiency.
In order to achieve high efficiency motor driving, (Takatsuka et al., 2014) describes an electronic
winding changeover technique that effectively controls the low- and high-speed winding modes.
Using electronic switches, it has been suggested in (Fuchs et al., 2008) and (Schraud et al., 2008) to
increase the speed range by reconfiguring the windings in real-time. The windings can be switched
from one containing a variable number of poles to another, or from one connecting in series to
another, depending on how many turns are in each phase. In a similar study (Hijikata et al., 2012), an
online winding reconfiguration method is proposed to change the winding layout from conventional
to concentrated or vice versa in order to change the motor's whole characteristics. Moreover, the
winding reconfiguration method is utilized for a line-start permanent magnet machine to improve the
starting and steady-state performance characteristics (Lin et al., 2020).

A comprehensive study on double-fed IPM machines has been presented in (Gundogdu, 2022).
It is reported that the proposed double winding with double inverter topology provides a good field-
regulation capability without magnet demagnetization. In (Fukuda et al., 2019) and (Barcaro et al.,
2010), a multi-phase double-winding permanent magnet machine with an integrated inverter is
proposed to reduce the current per output power, extend speed range and also to increase the fault
tolerance. Moreover, improved drive characteristics, fault-tolerant features, and redundancy of a
double-winding permanent magnet machine have been experimentally shown (Noguchi et al., 2018).

By switching the coil arrangement from series to parallel or altering the number of turns per
coil, windings can be reconfigured in order to alter the flux-weakening properties. This could result
in losses directly correlated to rotor speed due to an undesired voltage unbalance between winding
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groups and circulating currents, or even failures. Therefore, transient response and circulating
currents for machines with reconfigurable or dual windings have been studied by many researchers
(Copt et al., 2015; Daniels et al., 2019; Im et al., 2019; Sin et al., 2020; Sadeghi et al., 2012).

In this study, the flux-weakening capability and also the efficiency map of an IPM machine
having dual windings have been investigated together with transient response during operation mode
change. Activation of windings according to different operation modes has been determined for
different maximum current levels. In addition, how to design a cost-effective drive with inverters
having low current levels is presented. The main idea behind dual winding and inverter topology is
to change the number of turns of windings and hence change the inductance in order to reduce the
level of induced voltage and consequently increase the torque level at constant power region by
keeping the current level at high. Firstly, the steady-state and the flux-weakening performance
characteristics, including torque/speed curves, power/speed curves and efficiency maps of the
DWIPM machine have been calculated and compared to its single-fed counterpart. Then, transient
responses, including phase current and torque pulsations, occurring during operation mode change
have been investigated. It has been found that significantly improved flux-weakening characteristics
can be achieved thanks to the proposed topology. In addition, the significant level of torque and
current pulsations occurring during operation mode change can be minimized by gradually changing
the current level of inverters.

2. OPERATION MODES AND STEADY-STATE PERFORMANCE

2.1 Design Specifications and Steady-State Performance

Dual windings, each accommodated in the same stator slots and fed by separate inverters, are
proposed in order to alter the main flux and so enhance the flux-weakening capability of an IPM
machine. The proposed IPM machine is designed using the primary geometric and operational
requirements of the Toyota Prius 2010 IPM machine which has 48-stator slot, 8-pole and conventional
(integer slot distributed winding) single-layer windings. Note that the dual winding counterpart
(proposed) IPM machine of the Toyota Prius 2010 IPM machine has the identical winding layout.
The design specifications, material properties and also the some key steady-state performance
characteristics of the proposed IPM machine is listed in Table 1. The 2D view of the proposed IPM
machine’s model, mesh structure and also the steady-state flux distributions are shown in Figure 1(a),
(b), (c) and (d), respectively. In addition, the BH curve and core loss characteristics for various
frequencies are illustrated in Figure 2. For the numeric calculations, the ANSYS Electronics program,
which is based on the 2D, non-linear, time-stepping finite element method (FEM), is employed to
calculate the transients and steady-state characteristics. Note that once both windings (main and aux)
are excited simultaneously, the proposed IPM machine works as a conventional single three phase
machine. More details about the operation modes of the proposed IPM machine is given in Section

2.2.

Table 1. Design, operating, and material specifications of the IPM machine together with the steady-state (rated)
performance characteristics

Parameter Unit Value
Phase Current A 236
Max. Inverter Voltage \Y 650
Rated Speed rpm 950
Rated Torque Nm 222
Torque Ripple @ 950 rpm % 8.43
Back-EMF Amplitude @ 950 rpm \Y% 65
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Table 1. (Continued) Design, operating, and material specifications of the IPM machine together with the steady-state
(rated) performance characteristics

Parameter Unit Value
Back-EMF THD @ 950 rpm % 14.3
Efficiency @ 950 rpm % ~81
Max. Speed rpm 20000
Stator Outer Diameter mm 264
Stator Inner Diameter mm 161.9
Stator axial length mm 50.8
Rotor Inner Diameter mm 51
Air-gap mm 0.73
Number of Slot 48
Turns per coil 11
Parallel brunches 2
Coils in series per phase 8
Number of turns per phase 88x%2
PM dimensions (Wx T) mm? 35.76x7.16
Slot fill factor 0.45
Core Material M270-35A
Hysteresis loss coefficient (Kn) 179.04
Classical loss coefficient (Kc) 0.375
Excess loss coefficient (Ke) 0.262
Mass density (p) kg/m?® 7650
Stacking factor (Ks) 0.93
PM material NdFeB35
Permeability 1.05
Conductivity (o) s/m 625000
Coercivity (Hc) A/m -805399.8
Mass density p kg/m?® 7607

Figure 1. Machine model and magnetic field distributions: (a) IPM Machine model; (b) mesh stracture; (c) magnetic flux
distribution; (d) flux density distributions
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Figure 2. Magnetic properties of M270-35A core material

2.2 Operation Modes

In order to drive the DWIPM machine in accordance with traction applications, the IGBT
inverters, consisting of IGBT power modules to assure high frequency and voltage/power switching
operations, can be utilized. Depending on the inverters' maximum current, it is feasible to determine
the number of turns for the windings. The same torque amplitude can be obtained by utilizing a
parallel branched winding arrangement because the output torque is a function of MMF, or indeed
the number of turns multiplied by current amplitude. Thus, cheaper excitation system (batteries and
inverters) with low current levels can be utilized to operate the machine without sacrificing the torque
amplitude. The both topologies have been shown in Figure 3. As can be seen, it is possible to operate
the proposed dual winding IPM machine by connecting the identical inverters in parallel and changing
the excitation current level. Thus, high efficiency at low-speed (cruise mode) operation and high-
power at high-speed operation mode can be achieved.

88-turns per phase (with 2-parallel branches per phase)

Aux
472A
650V Inverter A |
(236 A) |
Battery
Inverter M |_
(236 A) |-
- Aux: 11-turn
Main

Main: 11-turn

a) 236A Inverter (DWIPM-1)
Figure 3. Parallel connected identical inverters for improved flux-weakening capability and redundancy
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176-turns per phase (with 1-parallel branch per phase)

Aux
236A
650V Inverter A | _
(118 A) |
Battery
Inverter M | _
(118A) |-
Main Aux: 11-turn

Main: 11-turn

b) 118A Inverter (DWIPM-2)

Figure 3. (Continued) Parallel connected identical inverters for improved flux-weakening capability and redundancy

Different operation modes and corresponding inverter current (I,,,,) rates and also the phase
resistance (Rppqse) and the maxsimum torque (T,q,) amplitudes are given in Table 2. Note that
‘M//A’ indicates that the main ‘M’ and auxiliary ‘A’ windings are connected parallel through the
inverters and excited simultaneously. As can be seen, thanks to the dual windings, it is possible to
obtain cruise, hill climbing, and high-speed modes. Depending on the road conditions, the possible
highest efficiency can be achieved thanks to the orientation of the active winding and hence the
inverter. Each winding group has 11-turn per phase with 2-parallel branches. Therefore, the total
number of serial turns per phase is 11. As seen in Figure 3, two identical inverter whose maximum
current rates are 236A is used for each winding group. Note that, if the battery current is limited to
236A (see Figure 3(a)), then the maximum inverter current rate can be reduced to half. However, in
order to maintain the torque, the number of turns should be doubled. It can be done easily by reducing
the parallel branch number from two to one. Thus, all the electromagnetic performance characteristics
will remain the same for the constant torque region. However, since the voltage requirement is
doubled, theoretically, the power at high speed will be halved. If the inverter voltage doubled
(2x650V), then the similar performance with the 236A excitation can be obtained. Moreover, it is
advantageous to use more stranded windings in terms of avoiding extra eddy current losses at high-
speed operations.
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Table 2. Operation modes and corresponding inverter currents at constant torque region

Mode Active [max per Rphase @ Tmax @
Winding inverter (A) 100°C (QQ) 1krpm (Nm)
1 Cruise 1 M/IA 59 0.0248177 64.61
- 2 Cruise 2 M/IA 118 0.0248177 136.33
=
é % 3 Hill M/IA 236 0.0248177 239.3
B 4 High-Speed 1 M 236 0.04737 139.3
5 High-Speed 2 M 118 0.04737 65.03
= S 1 Cruise 1 M/IA 29.5 0.10087 64.61
<
S @ 2 Cruise 2 M/IA 59 0.10087 136.33
<
5 3 Hill M/IA 118 0.10087 239.3
&=
z % 4 High-Speed 1 M 118 0.19248 139.3
&2 5 High-Speed 2 M 59 0.19248 65.03

As a conclusion, if very high-power is not required for the high-speed operations, then in order
to reduce inverter cost and size; 118A design can be more reasonable candidate. The investigation of
design with 118A (with doubled number of turns as shown in Figure 3(b) corresponding to DWPIM-
1 in Table 2) has been considered in this study.

3. FLUX-WEAKENING CHARACTERISTICS ACCORDING TO OPERATION
MODES

The torque/speed and power/speed characteristics, calculated based on Table 2 for various
operation modes, are illustrated in Figure 4 and Figure 5, respectively. ‘M A’ indicates that both the
main and auxiliary windings are excited simultaneously and ‘M’ indicates that only the main winding
is excited. Note that the flux-weakening characteristics of ‘MA (236A)’ mode is identical to Toyota
Prius 2010 IPM machine’s performance. Because, as mentioned previous, once both windings are
excited simultaneously with the maximum inverter current, it acts as a conventional single-fed
machine. As seen in the figure, by reducing the current of the auxiliary winding to zero, it is possible
to change to the number of turns from 88 to 44 per phase. Consequently, it is possible to achieve quite
high power at high-speed operations. In the same manner, it is possible to achieve high torque at the
constant torque region by simultaneously exciting the both the main and auxiliary windings with the
maximum current (236A). Corresponding efficiency maps for each operation mode are illustrated
between Figure 6 and Figure 8.

250
MA (59A) M (59A)

200 1 ——MA (118A) ----M (118A)
= ——MA (236A) -----e- M (236A
5150 | N (2568 (2565
F
S 100 1 N e
= S _______.._.'_"_':: ..........

50 CTeesSlliioe

O T T T T T T T 1 1

0 2 4 6 8 10 12 14 16 18 20
Speed (krpm)
Figure 4. Torque/speed characteristics for different operation modes
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Figure 5. Power/speed characteristics for different operation modes

In order to determine which winding group excitation at low-speed operation mode has the
advantage in terms of torque and efficiency, the torque/power-speed and efficiency maps can be
compared. Considering efficiency map graphs, it can be deduced that at low-speed operations the
‘MA’ ensures higher torque and higher efficiency at the same current excitation level as the ‘M’. In
the same manner, at high-speed operations, excitation of the ‘M’ ensures higher torque and efficiency
than that of the ‘MA”’.
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a) ‘MA’ (59A)
Figure 6. Efficiency map of 59A operation modes with (a) MA
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In order to reveal the merits of the proposed method, the torque/power-speed characteristics of
the DWIPM machine is compared with the original (ORG) IPM machine having conventional single
3-phase, single-layer windings and single inverter. It is obvious that thanks to the dual inverter drive,
the maximum power at deep-flux weakening region is increased from ~40kW to ~100kW without
sacrificing the maximum torque at the constant torque region as seen in Figure 9.

250 120
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Figure 9. Integrated torque/power-speed characteristics
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Figure 10. Integrated efficiency map showing all the available operation modes

The efficiency map, integrated from all the available operation modes, is shown in Figure 10.
As clearly seen, 96% covers the larges area and the maximum efficiency is 97% achieved between
~1.8krpm and ~9krpm. Considering the original IPM machine’s efficiency map (see Figure 8(a)), the
efficiency at the cruise mode operation is increased significantly.

In conclusion, thanks to the proposed DWIPM topology, much higher efficiency in cruise mode
and much higher power at the high-speed operation mode have been achieved when compared to
single-excitation operation.

4. TRANSIENTS OCCURING DURING OPERATION MODE CHANGE

In this section, transient-state of the DWIPM machine during the operation mode change has
been examined. Normally, the voltage and hence current level can be adjusted smoothly for operating
mode changes by changing the voltage amplitude slowly. However, in some road conditions, fast
voltage chance or winding changeover can be required. Therefore, it is necessary to investigate the
transient response during operation mode changes. The electromagnetic torque and phase current
transient responses during changing winding or voltage have been investigated by FEM. In order to
observe the transients during the mode changes, different voltage injections have been assigned to
the phase windings. Operating modes and corresponding phase current excitations are illustrated in
Figure 11. Operating modes of the DWIPM is summarized as follows.

— Both inverters are active and the control is identical I, = I,

— Both inverters are active, the control is not identical I, = I 4, and Iy = 0
— Only one inverter feeding the main windings is active, I, = L4y

[D] — Only one inverter feeding the main windings is active, I, — 0

Note that I, and I, indicate the auxiliary and main winding inverter current amplitudes,

respectively. Considering the operation modes and Figure 11, it can be deduced that transients occur
only ‘A’ and ‘B’ regions since both inverters are activated.
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Figure 11. Operating modes and corresponding winding currents

4.1 Operation Region A

In this section, the transient response during region ‘A’ operation, illustrated in Figure 11, is
investigated. The imposed speed is 1krpm and the maximum inverter current is taken as 118A. In
order to observe the transient responses, the simulations have been set up to be run at (a) 29.5A and
then (a") 63A peak current. The torque and phase current pulsations occurring during voltage change
from (a) to (a') are illustrated in Figure 12 and Figure 13, respectively and summarized in Table 3. It
can be observed that if the current is increased to its two times higher amplitude directly, very high
pulsations occur. Therefore, it would be very safe to perform the operation mode changes should be
done gradually with several steps. For instance, in order to avoid the high pulsations, ripples, faults,
and any other devastating effects, instead of increasing the current from 29.5A to 59A directly, it can
be increased by 5A by 6-steps. As seen in Figure 13, a very smooth transition can be obtained by
gradually increasing the current amplitude. It has been shown that it is possible to reduce the torque
pulsations ~5 times by increasing the current gradually rather than increasing the current according
to direct current increment. Investigation of the pulsation for the 118 A maximum inverter current is
also investigated and the obtained results have been shown in Figure 14 and Figure 15. It has been
revealed that once the current amplitude is increased, the fault time is shortened. The peak-to-peak
(T2p) and average torque (T,,,4) amounts are shown in Figure 14. Considering the findings presented
for the operation region ‘A’, it can be deduced that in order to reduce the transient response and its
effects, current regulation should be done by relatively small steps.
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0 25 50 75 100 125 150 175 200
Time (ms)
Figure 12. DWIPM machine electromagnetic torque and its transient response during the mode changing operation in
region ‘A’
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Table 3. Torque and current pulsation percentages
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State Iphase Tripple (%) Tpr (%) Tripple (%) Ipr (%)
Resultant Before Fault During Fault After Fault During Fault
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Figure 13. Current pulsations during the mode change operation in region ‘A’
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Figure 14. Torque pulsations for maximum inverter current
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Figure 15. Current pulsations for maximum inverter current

4.2 Operation Region B
For the operation region ‘B’, the imposed speed is selected as 3krpm, and the maximum inverter
current is taken as 118A. Since the inverters do not feed the windings with identical current
amplitudes and angles, this operation region is the most critical operating region. Because of the
coupling effect of the main and auxiliary windings (see Figure 16), a certain amount of voltage is
induced in the auxiliary windings.

Aux La Lm Iain
™ ™
@ 3] |€ @
Inverter Aux | e o Inverter Main
Coupling

Figure 16. Schematic representation of coupling between the main and aux windings

In addition, if the amount of the induced voltage is higher than that of the inverter’s voltage,
the direction of the power is changed. Which means that if the current of the inverter is lower than
that of the aux winding due to the coupling effect, inner circuit and circulating currents cause the

inverter to failure. Therefore, an additional control algorithm is required in order to protect the
270



Gundogdu T. JournalMM (2022), 3(2) 257-274

inverter from the induced voltage due to the coupling between the auxiliary and main windings. The
torque and current pulsations that occurred during the operating mode change are shown in Figure 17
and Figure 18.
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Figure 17. DWIPM machine electromagnetic torque and its transient response during the different mode changing
operation
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Figure 18. Current pulsations for maximum inverter current

As can be observed, in the operating region ‘B’, the amount of the current should be reduced in
order to waken the flux. Therefore, while the main windings are fed with the maximum inverter
voltage, the voltage of the auxiliary windings is reduced from 270V to 240V and 40V to OV. As seen
in the figures, the pulsations are not very high. On the other hand, as explained before, even if the
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voltage of the auxiliary is reduced to OV from 40V (inverter of the auxiliary winding should be open
circuit for OV), because of the coupling effect of the main windings, the current level of the auxiliary
winding is increased. Therefore, it can be concluded that the inverter voltage of the auxiliary winding
is already lower than the induced voltage of the auxiliary windings. Therefore, since the direction of
the power is turned from the motor to the generator, the current coming from the inverter is decreased
the amplitude. However, once the auxiliary inverter is open-circuited, the induced voltage of the
auxiliary windings is increased (Figure 18(b)). Therefore, in order to avoid possible failures, an
additional control algorithm should be added to the control scheme of the inverters for the operating
region ‘B’.

5. DISCUSSION ON FINDINGS AND CONCLUSION

In this study, a comprehensive investigation of the steady-state performance, flux-weakening
characteristics, and transient response of an IPM machine with dual three—phase windings supplied
by two parallel inverters have been presented. This dual winding strategy gives IPM machines an
extra degree of control by allowing them to adjust the amount of series turns each phase and provides
redundancy. It has been revealed that the reconfiguration of the IPM machine’s windings with dual
windings and excitation with dual inverters significantly improves the flux-weakening capability and
makes it possible to minimize the transient torque and current during operation mode change. Thanks
to the proposed dual winding topology, the followings have been achieved;

e Significantly improved torque/speed and power/speed characteristics;

e Significantly increased efficiency, particularly in cruise mode;

e Reduced transient response and its effects thanks to the current regulation by relatively small
steps;

e Very smooth operating mode changes: it is possible to reduce the torque pulsations ~5 times
via gradually incensement of current;

Moreover, it has been revealed that the circulating currents due to the coupling effect between
the dual windings should be considered with care to avoid failures.

A synopsis of the future work includes demagnetization analyses and an investigation into the
influence of the number of phases on the performance characteristics and transient response.
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ABSTRACT: Autonomous vehicles are one of the increasingly widespread application areas in
automotive technology. These vehicles show significant potential in improving transportation
systems, with their ability to communicate, coordinate and drive autonomously. These vehicles,
which move from source to destination without human intervention, appear to be a solution to various
problems caused by people in traffic, such as accidents and traffic jams. Traffic accidents and traffic
jams are largely due to driver faults and non-compliance with traffic rules. For this reason, it is
predicted that integrating artificial intelligence (Al)-based systems into autonomous vehicles will be
a solution to such situations, which are seen as a problem in social life. Looking at the literature,
VGGNet, ResNet50, MobileNetV2, NASNetMobile, Feed Forward Neural Networks, Recurrent
Neural Networks, Long-Short Term Memory, and Gate Recurrent Units It is seen that deep learning
models such as these are widely used in traffic sign classification studies. Unlike previous studies, in
this study, a deep learning application was made for the detection of traffic signs and markers using
an open-source data set and models of YOLOV5 versions. The original data set was prepared and
used in the study. Labeling of this data set in accordance with different Al models has been completed.
In the developed CNN models, the training process of the data set containing 15 different traffic sign
classes was carried out. The results of these models were systematically compared, and optimum
performance values were obtained from the models with hyper parameter changes. Real-time
application was made using the YOLOv5s model. As a result, a success rate of 98-99% was achieved.
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1. INTRODUCTION

The growth in total number of vehicles in the world has increased exponentially over the last
ten years. Population growth in the world causes increased traffic density, increasingly congested
roads, transportation problems, air pollution, accidents with injury or loss of life (Jain et al., 2018).
These events are undesirable but important consequences of modern transportation systems (Satria
and Castro, 2016). The approach of existing rules and regulations to prevent traffic accidents is often
not effective enough. Raising awareness, strict enforcement of traffic rules, and scientific engineering
measures are seen as the needs of the society to prevent this public health problem (Gopalakrishnan,
2012). These reasons necessitate the optimization of the traffic network to meet the transportation
needs of the city (Dorokhin et al., 2020).

The adoption of autonomous vehicle technology is known to have many benefits compared to
conventional vehicles, such as higher reliability, better traffic flow, and reduction in traffic congestion
(Fagnant et al., 2015). Al, the basis of autonomous vehicle technology, is a general term that can
interact with the environment, aims to simulate human intelligence, and implies the use of a computer
to model intelligent behavior with minimal human intervention (Glikson and Woolley, 2020). In other
words, it is defined as the ability of a system to correctly interpret external data, learn from such data,
and use these learnings to achieve specific goals and tasks through flexible adaptation (Kaplan and
Haenlein, 2019). Due to the exponential increase in popularity and use of Al-based techniques in
various applications over the past few years, there has been a thriving increase in the use of
autonomous vehicles around the world (Miglani and Kumar, 2019). Thanks to this increase, it is
expected that traditional vehicles will be replaced by smart vehicles that can decide on their own and
perform driving tasks in the near future. (Kulkarni et al., 2018). These vehicles, which move to a
specific destination without human intervention, emerge as solutions to various problems such as
accidents and traffic jams (Sarkar et al., 2018; Rajabli et al., 2020). Deep learning-based detection of
traffic signs, which have an important place in the regulation of traffic flow, plays a key role in the
decision mechanism of autonomous cars. Therefore, it is predicted that integrating deep learning-
based systems into autonomous vehicles will be a solution to the problems seen in social life. In the
studies to be carried out for this purpose, image processing-based leather learning applications come
to the fore. Image processing is a method of performing some operations on an image to obtain an
enhanced image or extract useful information from it. It is a type of signal processing where the input
is an image, and the output can be an image or features associated with that image (Kour et al., 2012;
Wiley and Lucas, 2018; Bayram, 2020). In the field of image processing, feature and feature
determination operations play a very important role. Before the features are obtained, binarization,
thresholding, resizing, normalization, etc. are performed on the sampled image. Various image
preprocessing techniques are performed. Then, feature extraction techniques are applied to obtain
features that will be useful in classification and recognition of images. (Kumar and Bhatia, 2014).
Autonomous decision support systems that provide enhanced image recognition performance can be
developed by using the data obtained by image processing techniques as training data in various deep
learning algorithms (Guo et al., 2016; Zhou et al., 2019; Khan et al., 2018; Hasan et al., 2020; Shrestha
etal., 2019; Sampedro et al., 2017; Zhao et al., 2019; Huval et al., 2015; Kulkarni et al., 2018; Miglani
etal., 2019; Eraqi et al., 2017).

Lim et al. proposed a method that uses real-time traffic sign detection based on GPGPU
(General-Purpose Graphics Processing Unit) and performs zone detection and recognition using a
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hierarchical model. This method produces stable results in low-illumination environments. It
performed both detection and hierarchical recognition in real-time, and the proposed method reached
an F1 score of 0.97 in the aggregated data set. (Lim et al., 2017). Cetin and Ortatas have created
different datasets of six signs related to traffic signs and markers used in Turkey. Trained the model
with the Haarcascade machine learning algorithm and tested the training data by simulating the
behavior of the autonomous vehicle on the track. (Cetin and Ortatas, 2021). Palandz and Bayrak¢1
trained using the data set consisting of 4000 traffic signposts, ResNet50, MobileNetV2, and
NASNetMobile models. They achieved an accuracy of 97.62% in the ResNet50 model, 97.8% in the
MobileNetV2 model, and 98.56% in the NASNetMobile model. (Palandiz and Bayrakgi, 2021).
Swaminathan et al. performed image recognition application for the detection of traffic signs using
Convolutional Neural Network (CNN). They tried to design a system that could respond in real-time
with an Arduino-controlled autonomous car. To examine the performance of this road sign
recognition system, they conducted various experiments using the Belgian Traffic Signs dataset and
achieved 83.7% accuracy with this approach (Swaminathan et al., 2019).

In this study, the accuracy and execution time performances of different deep learning models
in real-time were systematically compared on autonomous vehicles. The original data set of various
traffic signs prepared by us was included in the study and examined more comprehensively. The data
was systematically learned in current deep learning models such as YOLOv4, YOLOv4-tiny,
YOLOv5s, YOLOvSm, YOLOV5X, Faster R-CNN, Mask R-CNN. In the classification process, it
was seen that the YOLOv5x model performed better than other models.

The rest of the work is organized as follows. In Chapter 2, the material and method part is given.
In this section, general information about the dataset and models used is given. As a result of the
different model trainings carried out in Chapter 3, the confusion matrix was examined, and the model
efficiencies were compared. 4. Finally, the conclusion section is concluded by reporting the results
of the most efficient model and talking about the general outlines of the study.

2. MATERIALS AND METHODS

The flow chart of the work carried out is presented in Figure 1. In the first stage, there is the
process of preparing the data set containing the traffic signs, which will constitute an important part
of the learning stage for different classes (Stop, Green Light, Park, etc.). The next step is to perform
different label operations for the data set containing 26 different classes, for the deep learning models
(YOLOv5s, YOLOvV5m, YOLOV5X) to be used. The labeling process distinguishes itself in the form
of rectangles, polygons, points, lines, etc. The reason for this distinction is that the desired output
form from deep learning models is not the same. The training outputs may differ with applications
such as masking, segmentation, and detection. For this reason, it is important to carry out labeling
processes in accordance with the deep learning models that are desired to be used. The learning phase
begins with the introduction of the data set, which has been labeled and made ready for the learning
phase, to different deep learning models. Then there is a systematic comparison of the learning
performances of the models. Among the models that are systematically compared, the best model is
determined according to the output data. TensorRT technology is used to make this model compatible
with the hardware. As a result of this process, it is aimed to test the model suitable for the hardware
in real-time in the field and to report the results.
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Figure 1. 1 Deep learning process for traffic sign classification

In this study, the traffic sign images were taken in Afyonkarahisar province, and a data set
containing 1249 traffic sign images in total was used. Video recording was taken in Afyonkarahisar
province by using the camera placed on a standard road vehicle. A total of 1249 traffic sign images
were obtained from this video recording and a data set was created. For the preprocessing, the outlier
images and tags in the data set were separated, and then the labeling process was carried out on the
“makesensei.ai” site. More than 5000+ labeling processes (Figure 9 in Appendix) were performed for
26 different classes in 1249 images. 80% of this images data (1000 pieces of data) was used for model
training (Figure 10 in Appendix), and the remaining 20% (249 pieces of data) was used in the testing
phase. The distribution of the data set by classes is shown in Table 1

Figure 2 shows an example CNN architecture. Convolutional neural networks are formed by
the combination of certain layers. The CNN algorithm consists of layers such as pooling, convolution,
full connection, and activation. The convolution layer is the main building block of the neural network
architecture. It is responsible for detecting the features of the picture. This layer applies some filter
operations to the image to extract the features found in the image. In this way, a new image is obtained
by extracting essential features from the image. The activation layer is the layer where the activation
function is applied. Activation functions determine how neuron outputs must undergo a change. There
are various functions that can be used in the activation layer. Some of these are step, sigmoid, tanh,
ReLU, softmax, softplus, swish, and hyperbolic functions.

The pooling layer is generally preferred to reduce the size of the images. The size reduction
process causes some information to be lost and, therefore to a decrease in performance. However, it
prevents the model from memorizing and reduces the computational load. There are multiple
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processes in the pooling layer. These are Minimum pooling, maximum pooling, and average pooling.
Among these methods, it is observed that the maximum pooling process is preferred more frequently.
Full link layers are usually found at the end of the convolutional neural network architecture and are
used to optimize results such as class prediction. In this layer, each neuron is connected to the next
neuron.

Table 1. Distribution of data set by classes

“Traffic Sign” “Train + Test Data”
No Park Stopping 64
50 Km/h 51
30 Km/h 37
70 Km/h 26
Stop Give Way 57
Main Road 45
Stop 60
Red Light 55
Green Light 43
Park 48
80 Km/h 30
60 Km/h 35
Pedestrian Crossing 52
Station 57
40 Km/h 45
No Entry 54
Uneven Road 53
Risk of Ice 34
Bend to Right 44
School Crossing 48
Caution 59
No Turn Right 38
No Turn Left 36
Side Road 44
Level Crossing with Gate 37
Bend to Left 27
\ FEATURE INFERENCE LAYERS
. Y )} |—Main Road
i — Red Light
= —
POOLING —— 50 km/h
INPUT CONV + RelU FULLY CONNECTED EXIT
LAYER

Figure 2. CNN Architecture

One of the important factors affecting the processing performance of convolutional neural
network layers is hyper parameters. These parameters are; data size, batch size, dropout, epoch,
learning coefficient, etc. It is aimed controlling the sufficient and insufficient learning status of the
model by changing these parameters.
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The reason for using the YOLO algorithm is that while the YOLO algorithm operates with the
one stage method, the other discussed algorithms operate with the Two Stage Method. For example,
unlike the prediction filter applied by the R-CNN algorithm to the image data, the YOLO algorithm
tries to predict all objects by passing the picture through the neural network at once. In other words,
it treats the detection process as a single regression problem. The most prominent feature that
distinguishes the YOLOv5 model, which was chosen in line with these features, from different deep
learning models is PyTorch-based development and GPU (Graphics Processor Unit) support. Since
the separation of CUDA cores is more problematic and inefficient by image processing libraries such
as OpenCV, it has been selected with YOLOV5 to ensure that it works optimally on the mission
computer, for example, NVIDIA Jetson Nano. The human eye can see an average of 18-25 FPS
(Narang et al. 2015). For this reason, it is aimed to improve the situations where the human eye is
inadequate by choosing better hardware (Jetson Nano / 28 FPS) than the performance of the human
eye.

Figure 3 shows the comparison of different YOLO models according to GPU speeds and loU
(intersection over union) metrics (Web Site 1). The loU measures the intersection between 2
predictive values. It is used to measure how much the position of the predicted object coincides with
the target position. When the graph in Figure 4 is examined according to these metrics, the GPU and
loU performances of the YOLOvV5s, YOLOv5m, YOLOv5x models used for this study are seen.
According to these results, it is seen that the YOLOv5m model gives better results than other models.

50 7 YOLOv5x
Better ‘\ -
45
g
% 40
S
S YOLOvSs —e— YOLOVSs
35 4 YOLOvV5m
—eo— YOLOVSI
—e— YOLOV5x
30 «— EfficientDet
0 10 15 20 25 30

5
Faster = GPU Speed (ms/img)
Figure 3. YOLO model comparisons according to GPU Performances and loU averages (Web Site 1)

Deep learning models that provide learning produced outputs (F1 score, confusion matrix,
accuracy value, etc.). According to these results, calculations are made on learning metrics, especially
the confusion matrix and F1 score. Values are ranked according to their height status, and their
comparisons are evaluated.

The model weight file is formed as a result of the learning. The weight file contains the
architecture of the model, the learning weights, etc. contains information. TensorRT technology aims
to improve the model weight file by NVIDIA company with five optimization items such as
calibration, layers and tensor fusion, automatic core tuning, dynamic tensor memory, and multi-
stream execution (parallel processing). The model weight file, which has evolved into a simpler and
more efficient state for the hardware as a result of the optimization, is used for real-time tests. FPS
results of the real-time tests are shown in Figure 11 in Appendix.
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For real-time studies, operations are carried out on Jetson Nano hardware with TensorRT
transformation of the model file. With the execution of the "Engine" extension TensorRT file, the
model learning metrics are successful is expected to start the target recognition process. The tests are
reported considering the high FPS value, which is one of the important criteria in the real-time test
phase, and the extent to which the model has achieved the target during this period. LOGITECH C920
HD Pro is used as camera hardware in real-time studies. The camera used provides a 30 FPS video
recording feature with clear and detailed 1080p image clarity. The camera's 78° field of view and HD
auto light correction were key factors in real-time testing.

3. RESULTS AND DISCUSSION

When the output data of the YOLOv5m model, which provides learning, are examined, it is
seen that a success rate of 99.07% is achieved in the confusion matrix for 150 epochs and 16 batch
sizes. When Figure 4 is examined, it is calculated that the f1 score value of the training is 0.97, taking
into account the precision and recall values. The training results are presented graphically in Figure
4,
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Figure 4. Confusion matrix, model results, and graphs for 150 epochs of the YOLOv5m model
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Compared to the YOLOv5m model, the YOLOV5s model, which has a less complex structure,
shows success of 98.65% when the confusion matrix is analyzed as a result of the learning performed
for 150 epochs and 16 batch "size" values. It is calculated that the training f1 score value is 0.95 as a
result of calculating precision and recall values when examined in figure 5. Graphs related to the
learning parameters of the training are shown in Figure 5.
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Figure 5. Confusion matrix, model results, and graphs for 150 epochs of the YOLOv5s model

In the YOLOv5x model, which has a more complex structure than the other YOLO models
used, a success rate of 98.61% was achieved when the confusion matrix formed as a result of the
training for 150 epochs and 16 batch sizes was examined. When Figure 6 is examined, it is calculated
that the training f1 score value is 0.97 as a result of processing with precision and recall values.
Graphics showing the training status of the train are shown in Figure 6.
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Figure 6. Confusion matrix, model results, and graphs for 150 epochs of the YOLOv5x model

In line with all these results, it has been determined that the YOLOv5m model is the model that
gives the most optimum results when the test results and detection times are examined. Experimental
studies were carried out in Microsoft Visual Studio Code environment on Intel (R) Core (TM) i7-
10700 CPU 2.90GHz, 128 GB RAM, NVIDIA GeForce RTX 3080 Graphics card.

Examining the training results on the YOLOV5s, YOLOv5m, and YOLOv5x models, it was
seen that the f1 score and confusion matrix results of the YOLOv5m model were higher than the
others. When the YOLOV5s model results are compared with the YOLOv5m model, it is seen that
the f1 score of the YOLOv5s model is lower by 0.02. However, YOLOv5s was preferred as the
learning model in the real-time study. Considering the weight file size, training and detection time,
and FPS (Frame Per Second) of the YOLOV5s model, it is seen that it has high-performance results
compared to the YOLOv5m model. Although the learning results of the YOLOv5m model are higher,
it has been decided that the YOLOvV5s model is more suitable for real-time work. The YOLOV5s
model has been tested in real-time on Jetson Nano and Raspberry Pi4B models. When tests were
made for different image size values, it was seen that the best FPS values with acceptable accuracy
were provided for 320x320 image size on both cards. As a result, for 320x320 image size, a maximum
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of 8.2 FPS was obtained when using Jetson Nano and TensorRT conversion, and a maximum of 28.1
FPS after TensorRT conversion. As a result of the studies on Raspberry Pi4B 4GB and Raspberry
Pi4B 8GB models, it has been seen that the 4GB model gives 0.5 FPS, and the 8GB model gives a
maximum of 2.1 FPS for 320 image size. When the real-time test phases were completed, processing
on the Jetson Nano mission computer was determined to be suitable in terms of model efficiency,
detection time, and accuracy. The steps of the implementation and decision process are shown in the
flow chart in Figure 7.

YOLOvS Versions

[ YOLOvSs I YOLOvSmM I YOLOvSx J

v

Images Sizes

{ 640x640 I 544x544 I 420x420 ]\ 320x320 1 280x280 ]

v

YOLOvSs + 320x320 Image Size
Figure 7. Models and Tested image size values

In Table 2, a comparison of the prominent studies on the classification of traffic markers with
deep learning algorithms and the presented study is given. As can be seen from the table, using
different CNN models, Lim et al. obtained an F1 score of 0.97. Cetin et al. developed models with a
sensitivity of 0.97, and Paladiz et al. developed a sensitivity of 0.83. However, in the presented study,
a sensitivity of 0.98 was achieved by using the YOLOv5s model, unlike the previous studies.

Table 2. Comparison of existing studies and presented study

YOLOv5s YOLOvoim  YOLOv5x F1 Score Accuracy Rgspberry Jetson
Model Model Model PI4B FPS Nano FPS
Limetal. X X X 0.97 X X X
Cetin et al. X X x X 0.97 X X
Palandiz et al. X X x X 0.83 X X
0.97 0.99
. (YOLOvV5m) (YOLOv5m) 15 23.3
This paper v v v 095 0.98
2.1 28.2

(YOLOv5s) (YOLOVv5s)

The outputs showing the training status of the model as a result of the determination made on
the test class in the training dataset are presented in Figure 8. The “Stop” class of the model is 98%,
the “Stop Parking Forbidden” class is 99%, the “Sharp Corner to the Left” class is 98%, the “Rough
Road” class 1s 98%, the “Give Way” class is 98%, the “No Entry” class is 98%, It is seen that it
detects the "Stop™ class with an accuracy of 99%, the "Hidden Icing” class with an accuracy of 98%,

284



Aysal, F. E., Yildinim, K., Cengiz, E. JournalMM (2022), 3(2) 275-289

the "Pedestrian Crossing™ class with 98%, and the "Controlled Railway" class with an accuracy of
98%. One of the important criteria not included in other studies is the Frame Per Second (FPS) value.
When the model obtained as a result of the training is used with Raspberry Pi4B, it reaches 2.1 FPS,
while 28.2 FPS values can be reached with Jetson Nano.

Bus Station 0.98

Bend To Left 0.98
—

A ]

Stop s :

e
“g: —

Give Way 0.98
i
5
o oo

B

."' i Level Crossing With Gate 0.98
i sexmm S

Figure 8. Test results showing the learning status of the model

4. CONCLUSION

In this study, using different YOLOV5 deep learning models, a data set containing 26 different
traffic sign images were trained. There are 1249 image data in total in the prepared data set
(Repistority: https://drive.google.com/file/d/10HKNKTIKZrL rtGcCj7pnjbTd5NkJIXzJ/view?usp=sharing).
80% of this data (1000 pieces of data) was used for model training, and the remaining 20% (249
pieces of data) was used in the testing phase. The best results were obtained in the YOLOv5m model
in computer studies. Accordingly, the f1 score of the developed model is 97%. However, when real-
time testing was performed using YOLOv5m, 1.5 and 23.3 FPS values were obtained on Raspberry
P14B and Jetson Nano, respectively. On the other hand, the f1 score of the YOLOv5s model was
calculated as 95%. However, when real-time testing was performed with YOLOvV5s, 2.1 and 28.2
FPS values were captured on Raspberry P14B and Jetson Nano, respectively. For this reason, although

the f1 score of the YOLOvV5m model is higher, it is more appropriate to prefer the YOLOv5s model
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in real-time study. It is thought that these success rates obtained with computer technologies will help
the traffic movements of autonomous vehicles in detecting traffic sign images with the help of deep
learning models.

In addition to this study, adding new images with different backgrounds and angles to the
classes in the dataset will help to increase the training and detection rate. Testing the models in real-
time on different hardware will be more efficient in terms of the applicability of the study and testing
the model efficiency.
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Figure 10. YOLOvV5 model training screenshot
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of wear and corrosion is a problem that leads to very considerable economic losses nowadays. By
applying lubrication and cooling to the material’'s surface during operation, the destructive effects of
wear and corrosion on the material may be reduced. This study investigates the influence that different
machining and lubrication/cooling environments have on vibrational stabilization-based acceleration
as well as power consumption during the turning of AISI 420 stainless steel under dry, minimum
quantity lubrication (MQL), and cryogenic settings. In all of the turning trials, the cutting speed and
the depth of cut were maintained at the same levels. When the data were analyzed, a change from the
dry environment to the MQL condition resulted in a drop of 7.04% and 5.2% in power consumption
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1. INTRODUCTION

Surface treatments using different machining methods are directly or indirectly affected by
machining parameters (Danish et al., 2021). Machining parameters that are not chosen well to cause
economic losses such as breakage, rapid wear, and burning of cutting tools, as well as economic losses
such as deterioration of the workpiece or low surface quality (Sharif et al., 2017). Machining has an
important place among other manufacturing methods. In all manufacturing methods, besides the size
and geometric tolerances of the product, a satisfactory surface roughness quality is also of great
importance (Zhou et al., 2021). The surface structure of the machine parts is directly affected by the
change of the workpiece, the tool, the machining conditions or any of the workbench, that is, the
machining regime (lyappan and Ghosh, 2018). The functioning of the manufactured parts as required,
their mechanical life and resistance to external influences depend on the surface quality as well as
other factors (Sarikaya et al., 2021). Therefore, there is a need to determine or estimate how roughness
occurs with numerical values. It is possible to use the contact vibration (chatter vibration) between
the tool and the workpiece in the estimation of the actual value of the roughness, which affects the
function and cost of the part (Tiirkes and Neseli, 2014; Takahashi et al., 2021). Because of this
importance of surface quality, manufacturer’s attention has been focused on reducing the surface
roughness of machined parts (Gupta et al., 2020). Chattering or machine tool vibrations, damage to
the structure of the work material, tool wear or irregularities of chip formation contribute to surface
deterioration during machining (Turkes et al., 2011). Estimating the surface roughness and evaluating
the compatibility of machining parameters such as feed or cutting speed increases the product quality
and sheds light on obtaining the desired surface roughness (Dubey et al., 2021). Mechanical vibrations
should be well known in order to understand chatter vibrations in machine tools. The periodic
movement of an object around its equilibrium position is called mechanical vibration (Pecat and
Brinksmeier, 2014). In general, vibration is an unwanted and unnecessary energy state. It is a fact that
it makes noise, breaks parts and transmits unwanted forces, especially in machine tools (Szaksz and
Stepan, 2021). For these reasons, vibration reduction is necessary. In vibration problems, it is
necessary to solve the equation of motion. The system is first simplified in terms of mass, spring and
damping elements that express its existence, elasticity and friction (Mojahed et al., 2018). The
equation of motion is expressed in terms of displacement as a function of time or to give the distance
of the mass from the equilibrium position at any moment of motion (Chen et al., 2022). The natural
frequency, which is the most important property of the systems, is obtained from the equation of
motion. The main source of error in each machining operation is the relative dynamic movement
between the tool and the workpiece (Wang et al., 2022). The relative motion between the tool and the
workpiece is a natural frequency system and due to the unstable behavior, that occurs with large
amplitude relative displacements, it can greatly damage the machined end surface and the cutting
tool. If this movement develops beyond the acceptable limits, this phenomenon is called chatter, and
the resulting chatter leads to poor surface results, poor dimensional accuracy, increased tool wear,
frequent tool breakage and indirectly shortened machine life (Ni et al., 2020).

In dry conditions, researchers have proposed many ways for machining difficult-to-cut
materials, including the use of surface texture on cutting inserts (Rao et al., 2021), coated tools (Erden
etal., 2021), as well as the use of self-lubricating tools (Akhtar, 2021). All of these approaches, when
compared to traditional machining, have shown a decrease in machining forces and friction
coefficient. Tool wear and machined surface quality, on the other hand, continue to be a problem.
The use of cutting fluids for the machining of difficult-to-cut materials is thus advised. Cutting fluids,

on the other hand, provide a variety of health risks to operators as well as significant environmental
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consequences (Bertolini et al., 2021). The literature investigates alternative sustainable settings such
as compressed air, cryogenic, and minimum quantity lubrication (MQL), among others, except for
the assessment of vibrational stabilization. The effect of cutting parameters on natural frequency and
surface roughness in turning aluminum alloy AA2024 was investigated by Rogov and Siamak (Rogov
and Siamak, 2013) using a TiC-coated carbide insert and two different cutting tools made of AISI
5140 and the predicted optimal cutting parameters were obtained by Taguchi. Kusuma et al. (Kusuma
et al., 2014) aimed to investigate the effects of cutting parameters such as depth of cut, feed rate, and
spindle speed on tool vibration and surface quality by using microelectromechanical systems
(MEMS) accelerometer on a high precision CNC milling machine. The results showed that in the
milling machine, the depth of cut was more effective on surface roughness and vibration was more
influenced by spindle speed. Zagorski and Kulisz (Zagorski and Kulisz, 2019) aimed to demonstrate
the work on vibration and acceleration estimation in milling through artificial neural networks. It was
also seen that the extent to which cutting speed, feed rate, and depth of cut affected the acceleration
values ax, ay, and az during the milling process performed on the AZ91D magnesium alloy with a
PCD cutting tool in this study. Maet al. (Ma et al., 2020) aimed to demonstrate that vibration control
is an important issue during both end-milling and micro-end-milling of complex surfaces to improve
machining quality and extend tool life. The results showed that spindle speed had the greatest effect
on cutting vibration when compared with the axial depth of cut and feed rate. They also revealed that
among axial, feed, and transverse acceleration during micro end milling of the straight groove, the
largest acceleration is the transverse acceleration, and the smallest acceleration is the axial
acceleration. The machining of AISI 304 steel under minimum quantity cooling lubrication (MQCL)
and flood-cutting conditions were experimentally examined by Liu et al. (Liu et al., 2021) to evaluate
both tool vibration using the response surface methodology and surface roughness characteristics
using the power spectral density. They found that both feed rate and MQCL conditions significantly
affected not only surface roughness but also radial and axial vibration. Emami and Karimipour
(Emami and Karimipour, 2021) analyzed the influence of cooling and lubrication on the dynamic
stability of the turning process both theoretically and experimentally. It was obtained from the results
that wet cooling and MQL during the machining process could change the chatter stability limit to a
remarkable range. In addition, it was seen that the chatter stability in wet machining was higher than
MQL machining in the spindle speed from 550 rpm to 1668 rpm but at spindle speeds above 1668
rpm, the stability in the MQL machining was higher than the stability in wet machining.

Numerous machining experiments using dry, MQL, and cryogenic cooling conditions and
outputs of surface roughness, cutting forces, tool wear, etc. can be found in the literature. In addition,
there are machining research on vibrational stabilization in dry circumstances exclusively. However,
there are no or limited studies on vibrational stabilization with MQL or cryogenic cooling conditions.
As the novelty, this study emphasized the effect of machining and lubrication/cooling environments
on vibrational stabilization-based acceleration as well as power consumption in the turning of AlSI
420 stainless steel on dry, MQL, and cryogenic conditions to fill this gap in the literature.

2. MATERIALS AND METHODS

For the purpose of carrying out the turning tests on the AISI 420 stainless steel, a Taksan TTC-
550 CNC lathe was used. As can be seen in Figure 1, the length of the bar is 250 mm, and it has an
outer diameter of 50 mm. The chemical composition is 0.15%~C, 1.0%~Si, 1.0%~Mn, 13%-~Cr,
0.04%~P, 0.03%~S and the balance is Fe. After heat treatment, the material hardness and tensile
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strength increased to 50 HRC, 1570 MPa, respectively. CNMG 120404 ML cutting inserts produced
by Korloy was used in the study. In addition, the cutting speed was kept constant at 180 m/min.
throughout all of the tests, and the depth of cut was maintained at 0.5 mm. The feed rate was varied
between 0.1, 0.15, and 0.2 mm/rev. depending on whether the environment was dry, MQL, or
cryogenic. Experiments which are repeated 2 times were carried out in a variety of environments,
including dry, MQL, and cryogenic settings. The Werte StN 15 MQL system, which was built by the
Werte Mist Company, was deployed for MQL testing. The biodegradable vegetable-based essential
oil WerteLubri was used as the cutting fluid, and it was applied with a nozzle having a diameter of 2
mm, which was positioned at a fixed distance of 45 mm from the cutting zone and at 45°. The flow
rate was 100 mm/h, and the pressure was 5 bar (Camli et al., 2022). The YDS-10 liquid nitrogen tank
that was manufactured by Low-Temp Company was utilized in the research involving cryogenic
cooling (Figure 1). The cutting region was sprayed with liquid nitrogen (LN2) having the flow rate
of 0.71 cm®/s using a vacuum hose that had been custom-made for the purpose, with a nozzle that had
a diameter of 3 mm and a pressure of 0.5 bar throughout (Korkmaz et al., 2022). Cryogenic machining
requires the use of a nozzle that is positioned at a constant distance of 45 mm at 45°, just as the MQL
nozzle. The experimental setup is shown in Figure 1, which may be found here.

The sample measurement length used for this evaluation was 5 mm. Before beginning each
measurement, the validation block was navigated to in order to calibrate the instrument.
Measurements of acceleration based on vibration were carried out with the help of the PCE-VD 3-
Axis Vibration Datalogger that measures 3-axis shock/vibration via a built-in accelerometer sensor.
The power consumption (total consumption over the turning process) measurements have been
performed by KAEL Network Analyzer (Turkey) which is logged to CNC system by parallel
connection. The values have been directly read from the analyzer.

Accelerometer g

— oy |
Accelerometer |

Cryogenic :—--—
Y Nozzle B

Figure 1. Experimental setup
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3. RESULTS AND DISCUSSION

3.1 Evaluation of Acceleration (Vibrational Stabilization) Results

During the turning of AISI 420 stainless steel, the radial acceleration values a, were observed.
The observation results are depicted in Figure 2, regarding feed rates (f = 0.1 mm/rev, f = 0.15 mm/rev,
f = 0.2 mm/rev), and cutting environments (dry, MQL and cryogenic). The maximum and minimum
values of radial vibration acceleration were obtained using experimental results and then its root mean
square (RMS) values were calculated. As shown in Figure 2, the radial vibrations gradually increased
with an increase the feed rate from 0.1 mm/rev to 0.2 mm/rev at all cutting environments because
vibration values increase as the feed rate increases.

The vibration values in the machining process can be divided into several different steps. As
shown in Figure 2, it was seen that the fastest cutting speed in the dry testing condition resulted in the
largest acceleration, which was 1.601 m/s? at its peak value. The largest acceleration values at low
and medium feed rates were observed to be 1.110 m/s? and 1.490 m/s?, respectively. An increase in
feed rate from 0.1 to 0.15 mm/rev resulted in an increase in acceleration of about 34%. As the feed
rate goes from 0.15 to 0.2 mm/rev, there was a corresponding increase in the acceleration about 7.4%.
The acceleration for the cryogenic test condition came out to be 0.864 m/s? as the experiment was
run with a low feed rate. In the cryogenic tests, the acceleration was found as 1.180 m/s? at medium
feed rate, while the acceleration value was obtained as 1.280 m/s? at high feed rate. In the cryogenic
test, whereas the feed rate is increased from 0.1 to 0.15 mm/rev or from 0.15 to 0.2 mm/rev,
respectively, the measured acceleration values were increased by 36.6% and 8.5%, respectively.
While the dry experiments were changed with the experiments conducted in a cryogenic state, the
acceleration value for the low feed rate dropped by 20.2%. When the dry environment was changed
with the MQL condition, there was a 5.2% drop at the low feed rate. During the parameters for the
MQL test were moved to the cryogenic one with the low feed rate value, average acceleration values
dropped by 14.3%. These values for decrease come in at 15.2% for medium feed rates and 18.1% for
high feed rates, respectively.
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Figure 2. Vibrational evaluation based on acceleration for the different cutting environments, a) f=0.1 mm/rev,
b) f=0.15 mm/rev, c) f=0.2 mm/rev
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Due to the large contact area between the workpiece and the tool, material accumulation occurs
in the same area, and this limits the heat dissipation. As the friction between the workpiece and the
tool increased, the chips constantly sticking to the tool edge developed more accumulated edges.
Because of this, the temperature has risen sharply. It also increased the cutting resistance, and so tool
vibration increased significantly (Liu et al., 2021).

As seen in Figure 2, according to the test results, the vibration values under the cryogenic
conditions were lower than the vibration values under both dry cutting and MQL technology. This
difference was due to the effect of the cryogenic cooling in tool-workpiece interaction very high
temperature occurs. The effect of heat dissipation was supplied at a low temperature, and this also
reduced the cutting resistance of the removed material. When the vibration values in the machining
performed under dry cutting and cryogenic cooling technology are compared, it was seen that the
vibration values in the machining performed under cryogenic cooling technology were less than the
under the effect of dry cutting as shown in Figure 2. This can be attributed to the fact that cryogenic
machining conditions resulted in a better surface finish for the finished part. This is because cryogenic
machining conditions resulted in better chip breakability and less accumulation of chips near the
cutting zone. As a result, frictional contact between the chips and the finished workpiece was avoided
(Jerold and Kumar, 2012). Moreover, MQL is also better than dry condition due to lubricant effect.
It was delivered to the cutting zone to provide adequate lubrication and so it formed an interface with
the help of oil droplets between the tool and the workpiece. As a result, vibration was reduced due to
the reduction of friction force. The reason why this was so similar to the machining under MQL.
Because it provided an extra interface between the tool and the workpiece, reducing the friction force
in the region and allowing the heat dissipation. However, the interface formed for the reduction of
the friction force did not reduce the friction force that much since it was not composed of oil as in the
machining under MQL. Therefore, although it was understood that the vibration values in the
machining performed under the MQL technology created more vibration than the cryogenic cooling
technology, it had been observed that they finally created less vibration than dry cutting (Krolczyk et
al., 2019).

3.2 Power Consumption

The use of electrical power in the machining process may be broken down into a few distinct
steps. As shown in Figure 3, it was discovered that the highest feed in the dry testing condition
resulted in the largest power consumption, which was 2928 W at its peak value. In terms of the amount
of electricity that is used, the low and medium feed rates utilize 2556 W and 2664 W, respectively.
The increase in feed rate from 0.1 to 0.15 mm/rev resulted in an increase in power consumption that
was 5%. As the feed rate value goes from 0.15 to 0.2 mm/rev, there is a corresponding increase of
9.4% in the power consumption value. The power consumption number for the cryogenic test
condition came out to be 2328 W when the experiment was run with a low feed rate. In the cryogenic
tests, cutting at a medium feed rate required 2544 W of power, while cutting at a high feed rate used
2664 W of power. When the feed rate in cryogenic testing is increased from 0.1 to 0.15 mm/rev or
from 0.15 to 0.2 mm/rev, respectively, there is a 9.3% and 4.7% increase in the amount of power that
is consumed. When the dry experiments were switched out for those conducted in a cryogenic state,
the value for the low feed rate dropped by 8.9%. When the dry environment was switched out for the
MQL condition, there was a 7.04% drop at the low feed rate. When the parameters for the MQL test
were moved to the cryogenic one with the low feed rate value, the overall power consumption dropped
by 2.02%. These values for decrease come in at 1.38% for medium feed rates and 4.38% for high

feed rates, respectively. It is understood from the values that the cryogenic machining required
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considerably less power than dry environment. As claimed by Khanna et al. (Khanna et al., 2020),
this is due to the cryogen ability to rapidly remove the heat created during dry machining.
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Figure 3. Power consumption based on the different cutting environments, a) f=0.1 mm/rev, b) f=0.15 mm/rev,
c¢) f=0.2 mm/rev

The production of a lubricant-film between two moving surfaces, a reduction in the friction
coefficient, and the prevention of wear on the moving surfaces are the goals of lubrication (Korkmaz
et al., 2022). Lubricity is intended to make movement simpler by doing these things. The majority of
coolants work to minimize friction, while cryogenic cooling works to lower the high temperature in
the cutting zone. Together, these effects lessen the amount of power that must be used to machine a
given material. This will not only cut down on the amount of energy that is consumed, but it will also
lower the amount of heat that is produced (Gupta et al., 2019). When there is less heat produced, there

is an increase in the tool life, and the surface integrity of the material being worked on is maintained
(Hong and Ding, 2001).

4. CONCLUSION

This experimental investigation was carried out to investigate the machinability of AISI 420
stainless steel in order to determine the impact that employing dry, MQL, and cryogenic cooling had
on the machining outputs, namely acceleration based on vibrational stabilization, as well as power
consumption. The following are some of the conclusions that may be drawn from this study:

e The increase in feed rate from 0.1 to 0.15 mm/rev led to a rise in the measured acceleration
was equal to 34% more. When the value of the feed rate is increased from 0.15 to 0.2 mm/rev,
there is a corresponding rise in the value of the power consumption that is 7.4% higher.

e When the dry environment was switched out for the MQL condition, there was a 5.2% drop
in acceleration. On the other hand, when the MQL test settings were transferred to cryogenic
cooling conditions, there was a 14.3% decrease in acceleration.
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e The increase in feed rate from 0.1 to 0.15 mm/rev led to a rise in the amount of consumed
power was equal to 5% more. When the value of the feed rate is increased from 0.15 to 0.2
mm/rev, there was a corresponding rise in the value of acceleration that is 9.4% higher.

e When the dry environment was switched out for the MQL condition, there was a 7.04% drop
in power consumption. On the other hand, when the MQL test settings were transferred to
cryogenic cooling conditions, there was a 2.02% decrease in power consumption.

e |t is anticipated that this study will be useful to research and development centers in the
machining industries regarding stainless steels. In particular, it is anticipated that this study
will be useful to research and development centers that are focused on improving cooling
technologies in the machining of stainless-steel components.
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ABSTRACT: Storage is one of the most important issues of the last decades. In particular, storage
systems are needed in order to benefit more effectively from renewable energy systems where
production cannot be controlled. One of the most important problems in storage is that as the amount
of energy desired to be stored increases, the need for space also increases. Therefore, it is of great
importance to manage energy effectively in such systems. In this study, a battery management system
(BMS) that can be used for lead acid batteries has been designed. This BMS has a measurement and
control system based on STM 32 microcontroller and is controlled via an interface prepared in the
MATLAB Simulink environment and the test data is imported into the MATLAB Workspace
environment. The designed system can also perform battery charge-discharge experiments in
accordance with the battery characteristics. Charge-discharge experiments were carried out using the
designed system, and a model was developed to determine the state of charge (SOC) of the battery
using the data collected during these experiments. With the model developed based on EIman Neural
Networks, the SOC of battery could be estimated at an error level of less than 1%.
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1. INTRODUCTION

The depletion of fossil fuel resources, the energy crisis and global warming have motivated the
development of clean energy for electricity generation and smart grids (Hossain Lipu et al., 2021;
Ansari et al., 2022). In addition, renewable energy sources come to the fore in this period due to their
sustainability and the realization of consumption at the point of production. Among these renewable
resources, solar and wind are the most scalable methods of producing clean energy (Zhao et al., 2020).
Since the availability of solar and wind energy depends on weather conditions, it becomes difficult
to manage the grid, so it becomes essential to develop strategies to ensure uninterrupted supply and
develop energy storage systems (Tawalbeh et al., 2022). Lead acid batteries are frequently used in
various areas, such as renewable energy systems, uninterruptible power systems, etc., since they are
inexpensive, safe, and require less maintenance (Somasundaram et al., 2022). As with all battery
types, these batteries should be observed and kept under control when used together. For this purpose,
battery management systems (BMS) are used. The BMS is like a brain that monitors and controls
parameters such as the cell's current, voltage, and temperatures to prevent damage and deterioration
of cells and to extend the cell's life span by keeping it within safe operating ranges (Ren et al., 2019).
Batteries are used in many areas, such as portable electronic devices, electric vehicles, smart grids,
and battery management systems are needed for safe and effective use. A BMS can undertake a wide
variety of tasks such as input/output current and voltage monitoring, charge-discharge control, inter-
cell charge balancing, prediction of battery health, prediction of battery charge status, battery
protection, and fault diagnosis (Cui et al., 2022; Corkhuff et al., 2018). One of the main tasks of the
BMS is to accurately determine the state of charge (SOC) of the battery. The battery's SOC reflects
its remaining power. In this context, accurate SOC estimation can improve battery efficiency, extend
service life, and ensure battery reliability and safety (Wu et al., 2022; Lv et al., 2021). There are many
studies in this field in the literature.

Ren et al. (2019) design a BMS to monitor and control the battery's temperature, SOC and state
of health (SOH), thereby increasing the efficiency of rechargeable batteries. In the study, lithium-ion
batteries were used for storage, and an active balancing system was preferred. In the study, the
battery's remaining capacity was estimated based on each cell terminal voltage measurement. In the
balancing process, the output voltage ripples are taken under control by taking into account the SOC
estimates. Experimental results show that output voltage ripples can be minimized with more accurate
SOC estimations (Ren et al., 2019). Okay et al. (2022) develop a prototype BMS for a grid-connected
residential-photovoltaic (PV) system with lithium-ion batteries. It provides safe operation conditions
by monitoring and controlling the battery parameters during the charge/discharge process.
Furthermore, the BMS manages the energy flow between the PV system, battery, grid, and load (Okay
et al., 2021). Liu and Yu (2022) use the square root unscented Kalman filter (SR-UKF) method for
SOC estimation on lithium cobalt oxide batteries. They also construct a MATLAB/Simulink model
for evaluating experimental results with less than 25 mV error. The experimental results show that
more successful results were obtained with the SR_UKF model than with the traditional Kalman filter
model (Liu and Yu, 2022). Jin et al. (2021) develop a second-order RC equivalent circuit model for
lithium-ion batteries which considers the influence of discharge rate. An extended Kalman filter
(EKF) model is employed for SOC estimation. Experiments show that under the condition of
intermittent pulse discharge with gradually decreasing amplitude, the precision of estimating SOC
can be significantly improved using the proposed approach (Jin et al., 2021). Cui et al. (2022)
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construct the Thevenin equivalent circuit model of lithium-ion batteries. The extended Kalman filter
approach is used for SOC estimation, and it is shown that this approach eliminates the Gaussian error.
A test system is constructed in MATLAB/Simulink environment, and the performance tests are
shown that a better performance is achieved than the traditional one (Cui et al., 2022). Singh et al.
(2020) propose a model for SOC estimation. The model is utilized from the coulomb counting
method, open circuit voltages, and ANFIS, and the effect of the temperature is also considered. The
superiority of the proposed method has been demonstrated by experiments carried out under the same
load conditions in a laboratory environment (Singh et al., 2020). Kuchly et al. (2021) propose using
neural networks in the SOC estimation of a lithium-ion battery. Unlike the existing literature, the
past-past current integral is used as input instead of instantaneous information in the proposed
method. The results of the presented study revealed the success of artificial neural networks in SOC
prediction (Kuchly et al., 2021).

In this study, Lead-acid batteries are selected since these kinds of batteries are preferred in
uninterrupted power supplies and renewable energy systems. Serial-connected three 12 VV 7 Ah Valve
Regulated Lead Acid (VRLA) batteries are used in the experiments. A BMS based on STM32
microcontroller is designed. It is aimed to design a battery management system based on STM
microcontroller. The designed BMS can carry out charge-discharge experiments according to battery
characteristics and observe parameters such as current, voltage, and temperature during the
experiments. Furthermore, passive balancing can be done with the designed system to ensure battery
safety. In this scope, several experiments are performed, and parameters are collected. In the second
part of the study, the ElIman Neural Network based model is constructed for battery SOC estimation
in a computer environment using collected data via an embedded system. The experimental results
revealed the success of the proposed model.

2. THE EXPERIMENTAL SETUP

The experiment platform consists of a microcontroller development board, personal computer
(PC), control board, test batteries, balancing resistors, discharge resistors, and power supply (Figure
1). At the center of the experimental platform is an STM32 Discovery F4 development board. The
development board is connected to the PC via two USB ports that perform debugging and data transfer
functions. On the control card, some relays controlled balancing resistors and charge-discharge
phases, and current, voltage, and temperature sensors conditioning circuits are taken part. In addition,
there are suitable terminals for power supply, batteries, temperature sensors, balancing resistors and
discharge resistors, power supply connections, and connectors where the cables connecting to the
development board are attached. The tested batteries consist of three cells, and the cell temperatures
are sensed by the LM35 device attached to the bodies of the batteries. The firmware and user interface
are graphically designed in the MATLAB Simulink environment. These components of the
experimental setup are detailed below.
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Figure 1. Block diagram of experimental setup

1. Development card and designed expansion shield:

STM32 Discovery-F4 development board has a microcontroller based on ARM Cortex M4
series STM32F407VGT6. The development board also has an ST-LINK/V2-A debugging unit that
can be used for programming and debugging the microcontroller. The development board is attached
in an expansion shield designed for this study (Figure 2). This shield has two connectors for digital
and analog signals, one serial communication ports terminal, and an SD card module. In addition,
low-pass filters were added to analog input ports.

DRSSk ¥4Q
i i

] __Eﬁ | FT]

Ul

i il
N

Figure 2. Designed expension shield for STM32 Discovery-F4

2. The control and measurement card:

The control card is sized to fulfill the power control and measurement tasks of three battery
cells. The connections between the power control and measurement card and the expansion card are
designed to provide electrical isolation. For this purpose, ACS712 series hall-effect based current
sensors are used for current measurements, while ACPL series optical insulation-based voltage
sensors are used for voltage measurements. In industrial/real applications, although an insulation
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standard is not observed as much as in the measuring circuits used in this study, it has been tried to
establish a high insulation standard in this presented R&D study. In addition, relays are used to initiate
the charge or discharge phases and to activate and deactivate passive balancing resistors. Thus, any
high voltage transitions from the power stage that may disrupt the micro-controller inputs or outputs
can be prevented. A view of the power control and measurement board of the designed BMS is
presented in Figure 3.

3. Firmware software:

The microcontroller's firmware was designed model-based, and for this, MATLAB Code
generation, Simulink plugins, IAR Embedded Workbench development, and STM32CubeMx
configuration software were used. This firmware performs many functions, such as managing the
sampling times of analog signals from current, voltage, and temperature sensors, controlling
balancing resistors, starting and stopping the charge and discharge phases, and data transfer via the
user interface.

In the firmware design, the microcontroller is firstly configured on STM32CubeMx software
(Figure 4). The general purpose input-output (GP1O) pins, an analog-digital converter (ADC), timers,
and universal synchronous-asynchronous receive transmit (USART) peripheral modules are
configured with the software, and a configuration file (*.ioc) is created. The configuration determines
many design parameters, such as ADC channel sampling times, interrupt timing, direct memory
access (DMA) dimension, USART baud rate, and DMA receive-transmit buffer dimension.

Figure 3. Designed control card
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Figure 4. The microcontroller configuration software

After producing the configuration file, ADC sampling, ADC processing, USART sending and
receiving, and battery equalizing tasks are programmed as model based in MATLAB/Simulink
environment (Figure 5). In the study, the ADC sampling time is set to 4 milliseconds (ms), and ADC
results are buffered with the DMA unit. After the buffer is full (total 128x11 words) root mean square
(RMS) value of each channel is computed and sent via the USART. The data-packed, which includes
the GPIO output logic levels produced by the BMS algorithm operated in the user interface and sent
over the serial port at 500 ms intervals, are met with the USART data receive interrupt and buffered
with DMA. Finally, the outputs are driven according to receiving data via USART.
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Figure 5. The model-based firmware design

The model prepared in the MATLAB/Simulink environment is built with the Code Generation
tool, and C codes compatible with the IAR compiler are created (Figure 6). This way, C codes are
produced effortlessly, and prototyping times can be considerably shortened. The generated code can
be embedded in the microcontroller via the ST-LINK debug port, and debugging can be performed
on the IAR-embedded workbench.
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Figure 6. IAR integrated development environment.

4. User interface:

The main function of the user interface (Figure 7) is to display and store the test results. In this
application, however, the initiation of the charge and discharge phases and the operation of the BMS
passive balancing algorithm are also performed in the user interface. It is considered that these
algorithms will be embedded in the firmware in the future. The Cortex M4 series microcontroller
used in the study has 1MB flash program memory and 192+4KB RAM memory capacity, which can
operate up to 168 MHz. Therefore, when the BMS algorithm running on the interface is embedded in
the microcontroller, the algorithm can be run in real-time without any problems.
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Figure 7. User interface for BMS
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3. ELMAN NEURAL NETWORKS

In this study, EIman Neural Network is used for SOC estimation of Lead Acid Batteries. EIman
neural network is a dynamic recurrent network proposed by J. L. Elman for solving a signal
processing problem (Akarslan, 2022; Elman, 1990). Unlike other types of neural networks, it has a
load-bearing layer and therefore provides a better prediction performance (Zhao et al., 2020). The
input layer node acts as a signal transmission, while the output layer node works as a linear weight
function. A linear or non-linear transfer function can be used in the hidden layer node. The previous
value of the hidden layer can be hidden by the additional context layer, called one-step time delays
(Zhang et al., 2019). In training, the context layer receives the feedback signal from the hidden layer
and puts the previous output of the hidden layer into its input via the memory link. The basic
schematic view of ENN is presented in Figure 8. In this study, battery voltage, temperature, and main
branch current values are used as inputs for EIman Neural Network, and the network's output is the
battery state of charge (SOC).

.................................
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Figure 8. The principle schema of the EIman neural network (Li et al., 2018)

4. EXPERIMENTAL RESULTS

In this study serial connected three 12 V 7 Ah VRLA battery system is used for experiments,
and a BMS system is designed. The designed BMS has some abilities, such as performing charge-
discharge experiments, collecting current, voltage, and temperature data, providing passive
balancing, etc. In this scope, the abilities of the designed BMS are tested. By using designed system,
the data set containing 11 time series related to the current, voltage, temperature and ambient
temperature of the battery cells is transferred to the MATLAB Workspace screen (Figure 9).

This figure also shows a time graph of the battery voltage in the charge-discharge cycle of the
battery. While the battery is being discharged in the first part of the graph (in this part, a linear
decrease in voltage is observed since the battery is discharged under constant load in this part), it is
charged in the second part. In the charging part, after a sudden increase in voltage is observed with
the start of charging, it is observed that the voltage increases almost linearly. In the last part of the
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graph, fluctuations in voltage can be seen. This section shows that the passive balancing system is
activated.

Figure 10 illustrates the variation of main branch current with time. In the discharge phase, it is
seen that the current that can be drawn from the battery decreases over time, while the current drawn
by the battery in the charging phase remains constant for a long time. This is provided by the BMS
(in accordance with the battery characteristic). It was stated in the battery endurance that it would be
appropriate for the battery to draw a maximum current of 2.1 A during charging, and this was also
provided by BMS. Figure 5 illustrates the temperature variations in different experiments.
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Figure 9. A view of the MATLAB workspace screen with experimental data
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Figure 10. Time graph of main branch current in a discharge-charge cycle
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In the study, two charge-discharge cycle experiments were carried out every day, and the graphs
in the same color in this figure show the experiments performed on the same day. In the experiments
carried out, there is no mechanism to keep the temperature constant, and it is seen that the temperature
increases over time (Figure 11). This effect of temperature was also taken into account when
evaluating the results. The results mentioned so far show that the state of charge of the battery is
related to the current, voltage and temperature values of the battery. For this reason, an EIman neural
network model was developed to predict the state of charge of the battery using the three mentioned
parameters as inputs.
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Figure 11. Temperature values observed in the discharge phase of a battery in different experiments

In this context, the data of 12 experiments out of the data of 18 experiments were used in
training, and data from 6 experiments were used in the testing phase. Since three battery cells of the
same model were used in the experimental setup, the SOC value is estimated for any battery cell at
any time, regardless of which battery cell it belongs to, using the specified parameters. However, in
order to compare their performance, the performance of the model created in the case of only
charging, only discharging, and using all values without knowing which phase they belong to, as
mentioned above, is examined. In the created EIman Neural Network, after various trials, it was
decided to have two hidden layers and six and eight neurons in these layers, respectively. While tansig
and logsig activation functions are used in the hidden layer, the linear activation function is used in
the output layer. The variation graph of error in the training phase for the EIman Neural Network is
illustrated in Figure 12. In Table 1, the performance values for the estimations in the case of only the
charge phase data, only the discharge phase data, and all data are presented.

Table 1. Performance results on SOC estimation

RMSE RMSE(%) MBE r r2
Discharge 0.2885 0.61 -0.003 09993  0.9986
Charge 0.2879 0.47 -0.0019 09995  0.999
Both (C/D) 0.2983 0.53 0002  0.9996  0.9992
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Figure 12. Variation graph of error in training phase for EIman Neural Network

The Root Mean Square Error (RMSE), Mean Bias Error (MBE), correlation coefficient (r), and
specificity coefficient (r2) parameters are used as performance criteria. When Table 1 is examined, it
is seen that the RMSE value in the SOC estimation is 0.2983 when all data are used. In order to see
what this value is compared to the size of the data in the data set, the percentile RMSE value was also
calculated and the error was determined to be 0.53%. It shows that quite successful predictions were
made. The MBE value was determined as 0.002, which indicates that these estimates are quite
balanced. It is seen that the correlation and specificity coefficients are at the level of 0.99. The
closeness of these values to 1 reveals the success of the estimation. Figure 13 shows the correlation
graph between the actual and predicted values for all data. As seen from the figure, the data were
collected on the diagonal axis, indicating the prediction's success.
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Figure 13. Correlation graph of actual values and predicted values

310



Akarslan, E., Cinar, S. M. JournalMM (2022), 3(2) 300-313

In order to compare the results obtained from the study with the existing studies, the results
obtained from various methods used in the literature are presented in Table 2. When Table 2 is
examined, it is seen that very successful estimations are made with the approach used in the study.

Table 2. SOC estimation error comparison

Method Battery Type RMSE (%)
Linear Matrix Inequalities (Shen and Rahn, 2013) Lead- Acid 4.93
Switched Model (Shen and Rahn, 2013) Lead- Acid 0.35
Dynamic data-driven (Li et al., 2016) Lead- Acid 2.08
Extended Kalman Filter (Wang et al., 2017) Li-ion 1.33
Elman Neural Network (This study) Lead- Acid 0.2983

5. CONCLUSION

In this study, it was aimed and realized to design an STM-based battery management system.
The developed BMS has features such as carrying out charge-discharge experiments, controlling the
charge-discharging process in accordance with the battery characteristics, observing and recording
parameters such as current, voltage, and temperature during the experiments, and protecting the
system in case the measured parameters go out of the determined limits. In addition, the designed
BMS is capable of passive balancing. The designed BMS was tested on a system with three lead acid
batteries connected in series. In the first part of the study, the ability of the BMS to fulfill the desired
features was tested and it was observed that the desired features were provided. The designed system
can be controlled via a computer, or the system can operate independently of the computer. In the
second step, an EIman Neural Networks-based prediction model was created that can predict the
battery state of charge at any time by determining the parameters related to the state of charge of the
battery. The current, voltage, and temperature data of the batteries are selected as features and used
as inputs of the algorithm. The test results show that the state of charge of the battery can be predicted
with errors less than 1%. In the presented study, the SOC prediction process is executed on computer
using data from the embedded system. It is planned as a future study to carry out the whole process
in the embedded system, including the SOC estimation.
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