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HIGHLIGHTS

= The effect of artificial intelligence technologies used in single-source amputee patient rehabilitation

= Comparison of the most used artificial intelligence technologies in amputee patient rehabilitation

= BCI technology is more preferred in amputee patient rehabilitation

= Researchers can find artificial intelligence technologies used in amputee patients from a single source

Avrticle Info ABSTRACT
Received : 1 February 2024 Amputation is the loss of all or part of an extremity due to accidents, diabetes, cancer,
Accepted : 3 March 2024 tumours, osteomyelitis, dysvascular diseases. Amputation affects the motor functions and

quality of life of millions of people worldwide. In addition, people with this disability are
psychologically affected as well as reduced mobility. This research aims to examine the effect
DOl: of artificial intelligence-based exoskeletons, which are the source of hope for amputees, on
10.53525/jster.1430072 amputee rehabilitation and to compare the artificial intelligence technologies used. For this
purpose, the literature was reviewed and a qualitative meta-analysis of the researches of the
last 10 years on the effects of artificial intelligence technologies such as brain-computer
interface, machine learning, deep learning, artificial neural networks on amputee patient
Merve Corekei rehabilitation was performed. As a result of the qualitative meta-analysis, it was seen that the
merve.corekci@st.uskudar.edu.tr most commonly used artificial intelligence technology in amputee patient rehabilitation is the
brain-computer interface and all of the artificial intelligence-based exoskeletons used have a
positive effect on rehabilitation, and thanks to these artificial intelligence technologies, the
mobility limitations of patients with amputation are reduced.

Keywords: Amputee rehabilitation, Artificial intelligence, Brain-computer interface, Deep
learning, Exoskeletons.
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INCELEME MAKALESI
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ONE CIKANLAR/HIGHLIGHTS

= Tek kaynakta ampute hasta rehabilitasyonunda kullanilan yapay zeka teknolojilerinin etkisi

= Ampute hasta rehabilitasyonundaen ¢ok kullanilan yapay zeka teknolojilerinin karsilastirilmasi

= Ampute hasta rehabilitasyonunda BCI teknolojisinin daha ¢ok tercih edilmesi

= Arastirmacilar tek kaynakta ampute hastalarda kullanilan yapay zeka teknolojilerini bulabilmeleri

Makale Bilgileri / Article Info OZET /| ABSTRACT

Amputasyon; kazalar, diyabet, kanser, tiimér, osteomiyelit, disvaskiiler hastaliklar gibi
Gelis Tarihi : 1 Subat 2024 nedenlerden dolayr herhangi bir ekstremitenin tamaminin ya da bir kisminin yoklugudur.
Kabul Tarihi: 3 Mart 2024 Amputasyon diinya ¢apinda milyonlarca insanin motor fonksiyonlarini ve yasam kalitelerini

etkilemektedir. Bu arastirma, ampute hastalarin umut kaynagi olan yapay zeka tabanl dis
iskeletlerin ampute rehabilitasyonuna etkisini inceleyip kullanilan yapay zeka teknolojilerini
karsilastirmayr amacgladi. Bu amag¢ dogrultusunda literatiir taranarak yapay zeka
teknolojilerinden beyin-bilgisayar arayiizii, makine ogrenimi, derin 6grenme, yapay sinir
aglarmin ampute hasta rehabilitasyonuna etkisi ile ilgili son 10 yilin aragtirmalarin nitel meta
analizi yapildi. Nitel meta analiz sonucunda ampute hasta rehabilitasyonunda en ¢ok
kullanilan yapay zeka teknolojisinin beyin-bilgisayar arayiizii oldugu ve kullanilan yapay zeka
tabanl dis iskeletlerin hepsinin rehabilitasyona olumlu etkisinin oldugu ayrica bu yapay zeka
teknolojileri  sayesinde amputasyonlu hastalarin  hareket  smrliliklarimin  azaldig
arastirmalarda goriildii.

DOI: 10.53525/jster.1430072
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Merve Corekei
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Anahtar Kelimeler: Ampute hasta rehabilitasyonu, yapay zeka, beyin-bilgisayar arayiizii, dis
iskeletler, derin 6grenme.
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I. GIRiS [INTRODUCTION]

Amputasyon, giinliik yasam aktiviteleri ve yasam Kkalitesi tizerinde ani ve belirgin etkisi olan (Persine ve ark., 2022),
viicuttaki uzuv veya ekstremitenin bir kisminin ¢ikarildigi cerrahi bir prosediirdiir (Kanchana. D ve ark., 2021). Viicudun
bir boliimiiniin kayb1 yasam kalitesini 6nemli Olciide etkilemekte, dolayisiyla fiziksel ve psikolojik sonuglara neden
olmaktadir (Egle ve ark., 2023). Diinya Saglik Orgiitii'ne (WHO) gére amputeler diinya niifusunun yaklasik %0,25'ini
ve %1,25'ini temsil etmektedir (Rodas ve Pérez, 2023). Raporlardan birine gore, her yil 0,2 milyon ampute artis yasaniyor
ancak bircok tilke amputasyon istatistiklerini takip etmediginden diinya ¢apinda toplam uzuv ampute sayisini kesin olarak
tespit etmek miimkiin degildir (Kadir ve ark., 2021).

Bilgisayar tabanli sistemlerin ve derin 6grenmeye dayali algoritmalarin hizli gelisimi sayesinde, yapay zeka uzun
stiredir saglik hizmetleri alanina entegre edilmistir (Li ve ark, 2022). Ampute hastalarinin rehabilitasyonunda da yapay
zeka teknolojilerin kullanimi olduk¢a yaygindir ve giderek daha ¢ok yayginlagmaktadir. Yapay zeka teknolojileri
sayesinde cesitli hastalik, dogustan gelen hastaliklar ve kazalar sonucunda bir veya birka¢ uzvunu kaybeden hastalar,
kaybettikleri uzuvlarmin motor fonksiyon islevlerinin birgogunu yerine getirmektedirler. Myoelektrik kontrol, beyin-
bilgisayar arayiizleri, yapay sinir aglari, makine 6grenimi ve derin 6grenme gibi birgok yapay zeka teklonojisi ampute
hasta rehabilitasyonunda kullanilmaktadir.

Bu ¢alismada iist eksremite, alt eksremite ya da her ikisini birden kaybeden hastalari arastirarak bu hastalarin giinliik
yasamda karsilastiklar1 zorluklar1 en aza indiren teknolojilerin kullanildigi son 10 yilin arastirmalarin meta analizini
yapmistir. Bu arastirma sayesinde basta fizyoterapistler olmak {izere bu alanda calisan terapistlerin ve doktorlarin bu
hastalarin rehabilitasyonun da kullanilan teknolojileri ve etkilerini bir kaynakta bularak bu hastalarinin rehabilitasyonunu
planlayabileceklerdir.

Bu ¢alisgmada IEEE (Institute of Electrical and Electronics Engineers), Sciencedirect, PudMed, Scopus veritabanlari
kullanarak 2013-2023 yillar1 arasinda yayimlanan aragtirmalarin meta analizini yapmustir. Ortaya ¢ikan sonuglar tablolar
ve grafikler seklinde sunulmustur.

II. TEORIVE YONTEM [THEORY AND METHODOLOGY]

1. Arastirma Yontemi

Bu arastirma da literatiir taramas1 metotlarindan olan nitel meta-analiz yontemi yani meta sentez kullanilmistir. Nitel
meta analiz, bir konu ile ilgili tiim c¢aligsmalarin kapsaml sekilde toplanip degerlendirme ve analizden sonra ¢ikan
verilerden genel sonuca varmak i¢in kullanilan yontemdir. Yani meta-sentez, benzer bir konudaki farkli nitel galismalarin
bulgularimi karsilagtirp biitlinlestirerek teorik bir model kesfetmek veya gelistirmek amaciyla kullanilan, nispeten yeni
bir nitel yontemdir (Giines ve Erdem, 2022). ilk etapta saglik bilimlerinde kullanilan meta-analiz yéntemi, bir ilacin
etkisini incelene, bir etkiye kars1 bolgelerdeki 6liim oranlarini inceleme gibi amaglarla kullanilmis, giderek yayginlasarak
diger bilim dallarinda da kullanilmaya baglanmistir (Dinger, 2014). Bu arastirmada ise yapay zeka teknolojilerinden
beyin bilgisayar arayiizii, makine 6grenimi, derin 6grenme ve yapay sinir aglarinin ampute hasta rehabilitasyonunda
etkisinin nitel meta analizini yapmustir.

2. Verilerin toplanmasi

Calisma konusu belirlendikten sonra konu ile ilgili anahtar kelimeler belirlenmistir. Belirlenen anahtar kelimeler
‘ampute hasta’, ‘ampute hasta rehabilitasyonu’, ‘yapay zeka’, ‘beyin bilgisayar arayiizii’, ‘makine 6grenimi’, ‘derin
Ogrenme’ ve ‘yapay sinir ag1’ kelimeleri kullanilmustir. Bu anahtar kelimeler kullanilarak literatiir taramas1 yapilmustir.

Literatiir taramas1 IEEE, Sciencedirect, PudMed, Scopus veri tabanlarin da yapilmistir. Ayrica bu arastirma da 2013-
2023 yillar1 arasindaki makaleler incelenmistir. Literatiir taramasi sonucu dahil edilme kriterlerini tagiyan 20 makaleye
ulasilmistir. Dahil edilme kriterleri Tablo 1’de gdsterilmistir.


https://www-sciencedirect-com.proxy.uskudar.edu.tr/topics/medicine-and-dentistry/activities-of-daily-living
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https://ieeexplore-ieee-org.proxy.uskudar.edu.tr/author/37089582681
https://ieeexplore-ieee-org.proxy.uskudar.edu.tr/author/37089636265
https://ieeexplore-ieee-org.proxy.uskudar.edu.tr/author/37088476844
https://sciprofiles.com/profile/1423793
https://login.proxy.uskudar.edu.tr/login?url=http://ieeexplore.ieee.org/Xplore/DynWel.jsp
https://login.proxy.uskudar.edu.tr/login?url=http://ieeexplore.ieee.org/Xplore/DynWel.jsp
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Tablo I.
Aragtirmaya dahil edilme kriterleri.

Dabhil Edilme Kriterleri

Kriter 1 2013- 2023 yillar1 arasinda yaymlanmis olmasi

Kriter 2 IEEE, Sciencedirect, PudMed, Scopus veri tabanlarindan birinde yayinlanmis olmasi

Kriter 3 Arastirmada hareket agiga ¢ikaracak dis iskelet olmasi

Kriter 4 Yapilan aragtirmanin denek tizerinde denenmis olmasi

Kriter 5 Arastirmada yapay zeka teknolojilerinden beyin bilgisayar arayiizii, beyin makine arayiizii, makine 6grenimi, derin

Ogrenme, yapay sinir ag1 kullanilmis olmasi

Meta-sentez ¢aligmalarinda anlamli ve gegerli meta-sentezlere ulasmak amaciyla ¢aligma amacina uygun en az 10-
12 arastirmanin ¢aligmaya dahil edilmesi onerilmektedir (Poggenpoel ve Myburgh, 2008: 66). Arastirma icin de dahil
edilme Ol¢iitlerini saglayan 20 makalenin orijinal metinleri arastirmaci tarafindan okunarak arastirmalar hakkinda detayli
bilgiler elde edilmistir. Elde edilen bu bilgilerin meta analizi icin icerik analizi teknigi ve betimsel analiz teknigi
kullanilmistir. Bu analiz sekli ampute hasta rehabilitasyonun da kullanilan yapay zeka teknolojilerinden BCI, derin
Ogrenme, makine 6grenimi, yapay sinir aglar1 kullanilarak yapilmis nitel ve nicel arastirmalarin sonuglar1 taninmis ve
degerlendirilmistir. Belirlenen c¢alismalar yayimlandiklar yillara, viicut segmentine, DoF sayisina, kullanilan denek ve
cihazin uygulamasina gore sonuglar incelenmis ve analiz edilmistir. Ve bu analizden elde edilen bulgular tablolar ile
sunulmustur.

I1l. BULGULAR [RESULT]

Arastirmanin bu boliimiinde aragtirmaya dahil olma kriterlerini tagiyan gerekli alt kategorilere ayrilmis, kodlamalari
yapilmus, karsilagtirmalar1 yapilarak nitel meta analizi yapilmistir. Ve sonuglar tablolar halinde bu bolimde sunulmustur.
Kargilastirma, belirlenen galismalarin yayimlandiklari yillara, kullanilan yapay zeka teknolojisine, viicut segmentine,
DoF sayisina, kullanilan denege goére yapilmistir. Sekil 1’de incelenen makalelerin yayimlandiklar1 yillara gore
dagilimini géstermektedir.

Yillara Gore Dagilim

8 6
6 4 4
4 2 2 2
2 0000 0 i i
0 HE° 5
20 20 20 20 20 20 20 20 20 20 20
13 14 15 16 17 18 19 20 21 22 23
Yillara G&
@yillaraGore o 50 2 2 0 2 4 6 4
Dagihm

@ Yillara Gore Dagilim

Sekil 1: Arastirmada kullanilan makalelerin yillara gore dagilimi.

Sekil 1 incelendiginde 2022°de 6 makale ile en fazla ¢aligmanin oldugu goriilmektedir. 2013, 2014, 2015, 2016 ve 2019
yillarinda ise nitel meta analize dahil olma kriterlerini saglayan ¢alismalara ulagilamadig1 goriinmektedir.
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Sekil 2’de arastirmaya dahil edilen makalelerin kullandiklari yapay zeka teknolojisine gore dagilimi gostermektedir.

Kullamilan Yapay Zeka Teknolojisi

m Beyin-Bilgisayar Arayizi
= Beyin-Makine Araylizi
Makine Ogrenmesi

Derin Ogrenme

B Yapay Sinir Aglari

Sekil 1: Arastirmada kullanilan makalelerde kullanilan yapay zeka teknolojisinin dagilima.

Sekil 2 incelendiginde %32 oranla beyin-bilgisayar araylizii ampute hasta rehabilitasyonunda en ¢ok kullanilan yapay
zeka teknolojisi olarak karsimiza ¢ikmaktadir. Daha sonra sirasiyla %28 oranla yapay sinir aglari, %20 oranla makine
Ogrenmesi, %16 oranla derin 6grenme ve en son olarak %4 oranla beyin-makine 6grenmesi gelmektedir.

Sekil 3’te nitel meta analize dahil edilen aragtirmalarin hangi viicut segmentinde yapildigin1 gostermektedir.

20
16
15
10
5 4
, —
Ust Ekstremite Alt Ekstremite

Sekil 3: Nitel meta analize dahil edilen arastirmalarin arastirilan viicut segmentine gore dagilimi.

Sekil 3’te goriildiigii gibi bu arastirmada kullanilan makalelerde iist ekstremite alt ekstremiteye gore 4 kat daha fazla
aragtirmalarda tercih edilmektedir. Bunun nedeni merkezi sinir sisteminin bazi alanlar1 EGG sinyallerini almak i¢in daha
elverislidir. Ornegin beyindeki primer motor kortekste eli kontrol eden alanin yeri kabaca basin yan tarafidir ama alt
ekstremitenin herhangi bir yerinin kontrolii beyin kabugunda spesifik olarak bulmasi daha zordur. Bu yiizden
arastirmalarda daha ¢ok iist ekstremite tercih edilmektedir.

Sekil 4’te bu arastirmada tercih edilen makalelerde dis iskeletlerin DoF sayilarinin dagilimi gosterilmektedir.
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DoF Sayis1 Dagilimi

4
3
2 2 2
1
IIIOOOOOOO0.0

1 2 3 45 6 7 8 9 101112 13 14 15 16

O R, N W & U1 O N

W DoF sayisi

Sekil 4: Arastirmaya dahil edilen makalelerdeki dig iskeletlerin DoF sayilarmin dagilimi.

Sekil 4’te incelendiginde arastirmaya dahil edilen arastirmalarda kullanilan dis iskeletlerin DoF sayilarinin
cogunlukla 6 oldugu ve en fazla DoF derecesinin 15 oldugu goriilmektedir. DoF sayilar1 arasindaki farklarin olmasi
kullanilan protezin iist ya da alt ekstremite olmasiyla degisebilir. Bunun nedeni iist ekstremite de ve alt ekstremite de
bulunan eklemlerin gdrevleri ve hareketlerinin farkli olmasindan kaynaklanmaktadir. Bu yilizden bir protez yapacagi
goreve gore tek bir DoF derecesine de sahip olabilir 15 DoF derecesine de sahip olabilir.

Sekil 5’te kullanilan deneklerin aragtirmalara dagilimi gosterilmektedir.

Kullanilan Deneklerin Arastirmalara

Dagilim
10
8
6
4 - a
: 4]
0« - -
AMPUTE DENEK ~ SAGLIKLI DENEK ~ HEM SAGLIKLI
HEM AMPUTE
DENEK

Sekil 5: Kullanilan deneklerin arastirmalara dagilimi.

Sekil 5 incelendiginde saglikli denekler arastirmalarda daha ¢ok kullanildigi goriilmektedir. Aragtirmalarin bu sekil
karsilastirma yaparak yapay zeka teknolojisini karsilagtirmasi aragtirmanin daha saglikli sonu¢ vermesini saglamaktadir.
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Sekil 6: Arastirmalarda kullanilan deneklerin sayilart



JSTER - VoL.5No.1 (2024)

Sekil 6 incelendiginde arastirmalarda toplam 100 denek kullanildigi goriilmektedir. 66 saglikli denek, 44 tane ise
ampute denek lizerinde yapay zeka teknolojisi test edilmistir. Kullanilan bu teknolojilerin ampute hasta rehabilitasyonu
tizerinde etkisini tam olarak anlamak i¢in ampute hasta iizerinde daha ¢ok arastirma yapilmalidir.

IV. TARTISMA [ARGUMENT]

Bir uzvun amputasyonu, travmatik yaralanma, yanik, periferik damar hastaligi, enfeksiyon vb. gibi cesitli nedenlerle
bir bacagin, kolun veya bu uzuvlarin bir kismimnin kaybedilmesidir (Saini ve ark., 2023). Bu yiizden travmatik ekstremite
amputasyonu hastalarin fonksiyonel ve psikolojik sagligi agisindan yikicit olabilir (Schultz ve ark., 2023). Ampute
hastalarin bu sorunlarini azaltmak i¢in birgcok tedavi ve rehabilitasyon yontemi gelistirilmistir. Son yillarda bu alanda
yapilan arastirmalar teknolojinin gelismesiyle artmis ve amputasyonlu hastalarin sosyal hayata katilimlarini artirmak i¢in
umut kaynagi olmustur. Ciinkii zihin kontrollii bir robotik protez; amputasyon, travma gegiren veya uzuv olmadan dogan
hastalarin tam ve eksiksiz hareket kabiliyetine sahip olmalarina olanak taniyacaktir (Anisha ve ark., 2021).

Ampute hastalar i¢in kullanilan yapay zeka tabanl dis iskeletleri ve bu iskeletlerin rehabilitasyona etkisini arastirmay1
amaglayan bu aragtirma bu alanda yapilan arastirmalarin meta analizini yapmistir. Bu arastirma i¢in 2013-2023 yillart
arasindaki makaleler incelenmistir. Ayrica bu meta analizi ger¢eklestirebilmek i¢in 4 veri tabaninda literatiir taramasi
yapilmistir. Bunlar IEEE, Sciencedirect, PudMed, Scopus veri tabanlaridir. Bu veri tabanlarindan toplam da dahil edilme
kriterlerini tagiyan 20 arastirmaya ulasilmistir. Bu arastirmalarin anahtar kelimeleri ise ‘ampute hasta’, ‘ampute hasta
rehabilitasyonu’, ‘yapay zeka’, ‘beyin bilgisayar arayiizii’, ‘makine 6grenimi’, ‘derin 6grenme’ ve ‘yapay sinir agi’
seklindedir.

Aragtirmanin bulgulari arasinda ampute rehabilitasyonunda kullanilan yapay zeka tabanli dis iskeletlerin son yillarda
kullanim gittikge arttig1 goriinmektedir. Bunun nedeni beyin bilgisayar arayiizii, derin 6grenme, yapay sinir aglart gibi
yapay zeka teknolojilerinin son yillarda popiiler olmasi ve buna baglh gelistigi diisliniilmektedir. Beyin arastirmalarindaki
ilerlemeler, engelli hastalarla yapilan galigmalar da dahil olmak {izere, beyin-bilgisayar arayiizleri araciligiyla motor
eksiklikleri agmak i¢in bir dizi umut verici firsat ortaya ¢ikardi (Cohen ve ark., 2017). Yapilan bu meta analizde de
ampute rehabilitasyonunda en fazla beyin-bilgisayar arayiizii kullanildigi goriilmiistiir. Beyin- bilgisayar araytizii hem
bozulmus motor fonksiyonun giiglendirilmesinde hem de felg iyilesmesi gibi rehabilitasyonda umut verici bir avantaj
sunmaktadir (Yao ve ark., 2013). Ancak bu alanin hizla genislemesine ragmen BCI performansinin nihai siirlarinin ne
oldugu belirsizdir (Cohen ve ark., 2017).

Bu nitel meta analize dahil edilen arastirmalarda yapay zeka tabanli dis iskeletlerde en az 1 en fazla 15 DoF kullanildig:
tespit edilmistir. Kullanilan dis iskeletlerde DoF sayisi arttikga protezin hareket yetenegi artar. Ornegin insan eli, insan
viicudundaki en karmasik ve olaganiistii araglardan biridir. 27 kemik ve 33 kasin ortak calismasiyla 22 DoF sunar
(Rehman ve ark., 2022) ama bu arastirmanin bulgularina gore el igin yapilan dis iskeletler genellikle 1-6 DoF derecesi
arasinda degismektedir. Bu yiizden protezlere yonelik geleneksel kontrol yaklagimlari, birden fazla DoF ayni anda
calistirirken basarisiz oluyor, dolayistyla glinliik yasam senaryolarinda kullanilabilirligi sinirlantyor (Egle ve ark., 2023).
Siniflandiricilar, sinyal 6zelliklerini, bilinen DOF'ler ayri bir kiimesinden (kategoriler) biriyle esler , birden fazla DOF
tizerinde kontrol sunar, ancak cihaz hareket hiz1 iizerinde orantili kontrol veya birden fazla DOF iizerinde eszamanh
kontrol saglamaz (Williams ve ark., 2022). Dolayisiyla gelecekteki arastirmalarda ampute hastalarin kaybettikleri motor
fonksiyonlarinin ¢ogunu yerine getirebilmeleri i¢in siniflandiricilarin yani makine 6grenimi, derin 6grenme, yapay sinir
aglar1 ve bunlarin alt dallarinin gelistirilmesi ve gelecekte bu alanda daha ¢ok arastirma yapilip DoF derecesi daha yiiksek
yapay zeka tabanli protezler iiretilmesine ihtiyag vardir.

Aragtirmanin bir diger bulgusu ise daha cok iist ekstremite amputasyonu olan hastalar igin yapay zeka destekli dis
iskeletler kullanilarak arastirma yapilmistir. Bunun nedenleri arasinda iist ekstremite amputasyonuna sahip hastalarin
daha fazla olmasi ve kullanilan teknolojilerin iist ekstremite amputasyonlu hastalara daha uygun olmasina bagli olabilir.
Ek olarak {ist ekstremitenin beyinde kapladigi motor alandan EGG sinyali almak alt ekstremiteye gore daha kolay
olabilir. Bu da ist ekstremite amputelerine EGG sinyali i¢in daha fazla kanal kullanma firsati sunar. Bazi
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caligmalar birden fazla kanalin kullanilmasinin faydali oldugunu gdstermis ve kanallar arttik¢a ortalama siniflandirma
dogrulugunun da artacagini bulmustur (Elbreki ve ark., 2022).

Birlesmis Milletler'e (BM) gore diinya ¢apinda insanlarin yaklasik %10'unun (yaklagik 650 milyon) engelli oldugu
kaydedilmistir; bu durum tam da niifus artigi, tiptaki ilerlemeler ve yaslanma siireci nedeniyle artmaktadir
(Rodas ve Pérez, 2022). Bu nitel meta analizde kullanilan arastirmalarin sonuglarina baktigimizda ise kullanilan yapay
zeka teknolojilerinin rehabilitasyon siirecine hepsinin olumlu sonuglari oldugunu gérmekteyiz. Amputasyonlu insan
sayist artti§1 icin ve bu yapay zeka teknolojisinin de olumlu doniigleri oldugu i¢in gelecekte bu alanda yapilan
arastirmalar1 ¢ogaltip teknolojiyi daha gelistirerek ampute hastalarin giinliik yasam da karsilagtiklart zorluklart
azaltabilmek miimkiindiir. Bu ylizden beyin-bilgisayar arayiizii, derin 6grenme, makine 6grenmesi gibi yapay zeka
teknolojilerinin daha yaygin kullanilmasi 6nemlidir.

V. SONUC VE DEGERLENDIRME [CONCLUSION]

Son yillarda herhangi bir nedenle amputasyon cerrahisi gegiren ya da dogustan uzvu olmayan insanlar i¢in giinliik
yasama katilimlarin1 artiran cihazlarin gelismesinde yapay zeka teknolojileri kullanilmaktadir. Amputasyon
rehabilitasyonunda da daha ¢ok beyin-bilgisayar arayiizleri, makine 6grenmesi ve alt dallar1 kullanilmaktadir. Bu yapay
zeka teknolojileri niyet kodunun ¢dzlilmesi ve istenilen hareketin dis iskelette ortaya cikarilmasina dayanir. Bu meta
analizde kullanilan aragtirmalarda bu niyet kodunun ¢oziilmesi, siniflandirilmast gibi gesitli islemlerden gecip dis
iskelette istenilen hareketi ortaya ¢ikarma prensibine dayanan arastirmalar kullanilmigstir. Bu aragtirmalarin ortak sonucu
ise amputasyonlu hastalarda kullanilan dis iskeletlerde yapay zeka teknolojisi giivenilir sonuglar vermektedir. Ortaya
¢ikan bu sonucta ise amputasyonlu hastalar i¢in umut kaynagi olmustur. Ayrica yapay zeka teknolojilerinin, robotik
sistemlerin ve rehabilitasyon yontemlerinin giderek daha ¢ok yayginlagmasi ve gelismesiyle bugiin tamamen islevsel
protez yani dis iskeletlere sahip olmamizin ¢ok uzakta olmadigi goriinmektedir.

Bu calismanin sonuglarina dayanarak ampute hastalarin rehabilitasyon siirecinde yapay zeka teknolojilerini, yapay
zeka tabanli dis iskeletlerini aktif olarak kullanmalarini ve yapay zeka teknolojilerinin ampute hasta rehabilitasyonu
tizerinde etkilerini daha iyi anlamak i¢in gelecekte bu alanda daha ¢ok arastirma yapilmasi dnerilmektedir. Ciinkii son
yillardaki ilerlemeci gelismelere ragmen hala kaybedilen uzvun tam islevini gorebilecek dis iskelet iiretilememistir.
Ayrica kontrol paradigmalarini ve rehabilitasyon etkisini kapsamli bir sekilde degerlendirebilmek i¢cin hem ampute denek
tizerinde hem de saglikli denek {izerinde genis bir popiilasyona sahip daha fazla arastirmaya gerek vardir.
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I. INTRODUCTION

Energy strategies are underpinned by the expanding utilization of natural gas and renewable energy sources (RES),
coupled with an increased focus on enhancing energy efficiency. Nonetheless, recent government initiatives have
shifted towards the promotion of innovative and sustainable energy resources. The national "Renewable Energy 3020
Implementation Plan™ is geared towards augmenting the share of renewable energy generation to approximately 20%
by 2030. Presently, the proportion of renewable energy generation lags behind that of major nations; hence, the
government aspires to achieve this objective by providing clean energy, such as solar and wind power, to over 95%
of new installations [1]. Furthermore, there is a growing trend in the adoption of Distributed Energy Resources
(DERSs) connected to small-scale distribution systems due to their rapid deployment and cost advantages [2, 3].
Nevertheless, variations in active power output resulting from wind and photovoltaic (PV) generation can introduce
instability due to fluctuations in solar radiation and temperature shifts. Additionally, voltage-related issues like under-
voltage and overvoltage complications can manifest in the power distribution network.

Creating a sustainable energy system and meeting the increasing demand for electrical load requires the integration
of Renewable Energy Sources (RES) models into the grid [4]. However, this poses several challenges in providing
active power control, and this generational transformation of the power system requires a more extensive
communication network to maintain grid integrity [5, 6]. Many existing RES technologies are highly dependent on
geographical and environmental factors, making them unpredictable and uncontrollable, thus limiting their large-
scale integration into power grids. This also necessitates innovative strategies in renewable integration along with
demand-side management [7-9]. Most of the current solutions in the literature, such as renewable forecasting, peak
shaving, load filling, power electronic converters, smart meters, and smart inverters, rely on state-of-the-art
communication networks for their effectiveness. Therefore, establishing an effective smart grid enables load
management, significantly reduces system losses and energy wastage, provides accurate data monitoring, and ensures
flexibility in expansion and integration within the power system network. Similarly, the electricity grid, with limited
sensing devices, manual control, and maintenance, offers customers limited participation options [10-13]. In this
context, the smart grid focuses on maintaining intergenerational diversity with updated processes, enhanced
efficiency, and active power control. Through intensive observation-based automation, utilizing smart and digitalized
energy solutions, it ensures flexibility, self-healing, resilience, reliability, customer involvement, and security in the
power system network [14]. Globally, there is a systematic transition towards smart grid development, observed
concurrently with intense innovation in each smart grid framework domain, considering their respective challenges
[15, 16]. However, this multidisciplinary theory and application of multi-faced research and industrial development
need to consider the technical, economic, and social requirements of participants. From the perspective of the power
grid, technical challenges include diversity and distributed transformation while maintaining power quality, stability,
and flow appropriately [17]. Power system operators and planners ensure the technical and economic viability of the
smart grid; thus, research efforts towards better interoperability will lead to the development and formulation of
standards and protocols enabling the integration of existing and emerging smart grid technologies of energy,
communication, and information into grid operation concurrently and expeditiously, potentially reducing overall
costs through technological diversification. Socially, government incentives encourage customers to transition to
prosumers and participate in the electricity market [18-20]. The progress of smart grid realization and expansion
depends on social aspects related to transparency, including security, justice, and trust among smart grid participants.
In this regard, numerous conceptual, terminological, and componential analyses of smart grids have been extensively
presented to outline their foundational understanding and technological operation [21, 24]. Additionally, to accelerate
smart grid visualization and creation, analytical, strategic, and business models such as Strengths, Weaknesses,
Opportunities, and Threats (SWOT), Political, Economic, Sociological, Technological, Legal, and Environmental
(PESTLE), etc., have been presented to promote smart grid feasibility [25-28]. These models have helped identify
relevant factors hindering successful smart grid implementation [29-31]. Based on available literature models, this
review article focuses on the perspective of power system planners and customers regarding the required
technological innovations and considerations needed for accelerated smart grid development and implementation
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[32]. Compared to some recent works, this study makes a substantial contribution by effectively amalgamating
current knowledge in the fields of smart grids, renewable energy sources, energy storage, and communication systems
comprehensively. Specifically, it precisely delineates areas of inquiry that have not been well-addressed, providing
direction for future research and serving as a helpful reference for academic researchers [33, 34]. The paper's value
is enhanced by its practical focus on difficulties and solutions, as well as its distinctive bottom-up methodology [35].
The review focuses on current developments and addresses contemporary concerns in the power sector, maintaining
its relevance to ongoing conversations [36]. Furthermore, the aim is to bridge the gap between strategic reviews and
guantifying their technological equivalents in terms of smart grid technologies by highlighting identified smart grid
analytical models and translating them into technological research advancements and focus areas needed for smart
grid realization.

Numerous methodologies have been proposed to address voltage problems triggered by DERs within a power
distribution system. One technique employed to mitigate overvoltage issues is the on-load tap changer and step
voltage regulator. These voltage control components are effectively deployed in conventional general distribution
networks. However, the effectiveness of voltage control has become increasingly variable and unpredictable due to
the recent elevation in voltage levels at the terminus of the distribution network, stemming from the upsurge in solar
energy production. In conformity with the traditional distribution network's voltage profile, the measured voltage
tends to be low owing to the distance of the voltage measurement point from the voltage source. Currently, voltage
rise is observed at the end of the distribution line, and as a result, DER connections engender overvoltage
predicaments, including reverse power flow (RPF) within the distribution network.

In summary, it is imperative to take voltage issues into account in bi-directional power flow scenarios and enhance
the stability of the distribution network under multifaceted circumstances. The concept of a smart inverter pertains
to a category of inverters capable of independently regulating DER output. These intelligent inverters operate to
ensure the stability of the distribution network and encompass functionalities such as fixed power factor control,
voltage-reactive power control, voltage-power control, frequency-power control, voltage ride-through, frequency
ride-through, as well as manual active and reactive power control, among others. The autonomous functions needed
for system stabilization are defined in the IEEE 1547-2018 standards. The application of test procedures and the
definition of control criteria are structured to facilitate the utilization of an IEC 61850-7-520-based communication
interface, which includes pivotal input parameters like voltage-reactive power control (VVC) and voltage-power
control (VWC) [37, 37]. The VVC control method fine-tunes the voltage at the point of common coupling (PCC) for
the PV inverter. In accordance with a predefined VVVC curve, the inverter is adjusted to either absorb or inject reactive
power. Current grid infrastructure requires updates to preserve grid flexibility, encompassing various operational
facets associated with the integration of renewable energy sources [38]. These facets include generation,
transmission, distribution, operational management, and power system planning [39, 40]. Efforts are underway to
address short and long-term uncertainties, facilitating grid transformation and diversification [41-43].

Energy Storage Systems (ESSs) are predominantly intricate and nonlinear systems, hence their efficiencies cannot
be succinctly quantified by a single numerical value (e.g., an average efficiency of 90%) [43-46]. This complexity
arises due to a myriad of factors that necessitate consideration: the specific application (operational cycle), the
efficiency of each module and subsystem within the ESS facility (comprising the aggregate of individual module
efficiencies), operational conditions of the device, and the instantaneous power profile delivered by the ESS facility,
among others. Consequently, it is imprudent to treat ESS efficiency as a static, singular value. Rather, a
comprehensive evaluation of efficiency, contingent upon a multitude of parameters (including power requirements,
consumption or generation, system configurations, and state of charge), is imperative. Furthermore, this efficiency
evaluation should be customized to a specific application and operational cycle [44, 45]. Thus, a nuanced analysis is
crucial to enhancing the sizing process of ESS facilities.
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Il. POWERBALANCE WITH STORAGE METHOD

Smart grids, along with distributed energy systems like energy communities and energy hubs, are emerging as a
viable alternative to traditional grids. They offer solutions to grid expansion challenges, reducing transmission losses,
and addressing environmental concerns by facilitating the integration of a higher share of renewable energy
technologies. Recent years have witnessed growing public acceptance of distributed renewable energy systems, with
some countries achieving as much as 10% of their electricity production from these sources [46, 47]. While
distributed energy systems offer numerous advantages such as proximity to energy demand centers, emissions
reduction, and decreased renewable energy technology costs, they also present considerable hurdles in ensuring a
stable and dependable energy supply due to the variable nature of renewable energy sources (RES). ESS have
emerged as a promising means to mitigate the fluctuations in RES and enhance the reliability of distributed energy
systems. They play a pivotal role in the global transition towards sustainable energy systems, offering a wide array
of services to facilitate this shift, including active and reactive power regulation, frequency management, reserve
capacity, and various grid services [48-50]. Additionally, ESS can enhance the energy self-sufficiency and self-
consumption metrics of energy communities [51-53], leading to improved grid flexibility and lower energy expenses.
These systems can absorb surplus energy when electricity demand is low and feed it back into the grid during peak
demand, contributing to grid stability. The cost of energy storage has seen a remarkable reduction over the last decade,
particularly in the case of lithium-ion (Li-ion) batteries, which have experienced an 85% cost decrease thanks to
widespread deployment.

Determining the appropriate size of ESS is a critical area of research for professionals involved in the design and
implementation of DERSs, typically in the context of independent PV systems. Sizing methodologies aim to strike a
balance between PV and ESS capacities, ensuring that they can deliver energy at a desired level of reliability and
meet user demands. The reliability of an independent system is commonly assessed using the Loss of Load
Probability (LOLP) metric [54, 55], which represents the ratio of the expected energy deficit to the total energy
demanded during the entire operational period. An optimization-based sizing methodology has been developed for
independent PV systems, incorporating reliability considerations and leveraging long-term data. The methodology
explores different combinations of battery capacity and PV array size to meet specific LOLP targets, ultimately
identifying the PV-battery configuration that minimizes the total system cost.

The importance of determining suitable sizes for ESS is highlighted for experts in the DERs sector. Sizing
methodologies aim to achieve the provision of energy at the desired reliability level and meet user demands by
establishing a balance between PV and ESS capacities. Additionally, it indicates the increasing prevalence of energy
storage systems in grid systems alongside the growing utilization of renewable energy. However, it underscores the
variation of ESS technologies based on various applications, emphasizing the significance of identifying appropriate
applications. The text underscores the flexibility of sizing methodologies, enabling the reassessment of ESS sizes in
existing systems. Finally, it emphasizes the importance of incorporating energy storage efficiency into the sizing
process, thereby facilitating more accurate determination of ESS capacity and reduction of energy losses.

The current trend suggests that storage devices will become increasingly prevalent in grid systems as renewable
energy becomes a more prominent component of the energy supply mix [56, 57]. The infrastructure of power systems
utilizes ESSs at various stages. However, ESS technologies vary depending on their applications [57-59]. Despite
the multidimensional application of ESS, it is essential to identify their applications and scopes in accordance with
their technical specifications (such as power density, rating, energy density, lifetime, self-discharge rate, etc.) [60].
This sizing methodology relies on evaluating the energy balance between generation and demand over a defined
sizing period to determine the optimal ESS capacity. The choice of the sizing period is flexible and can be tailored
to meet user-specific requirements, ranging from a few days to several years. This sizing approach is versatile,
catering to both independent and grid-connected energy systems. Moreover, it can be applied to resize ESS in existing
systems when measured data is available, and it is adaptable for scenarios like peak shaving and grid-connected
services. In the contemporary landscape of distributed energy resources, encompassing smart grids, microgrids,
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energy communities, and leveraging advancements in information and communication technologies (ICT), this
proposed methodology proves to be highly effective and user-friendly. Additionally, it incorporates the efficiency of
energy storage in the sizing process, accounting for losses during the storage and release of energy, making the
estimated ESS size more accurate, as illustrated in Figure 1.

In conclusion, this approach offers adaptability when choosing charge and discharge efficiency parameters, given
that these parameters are contingent on the technology of the Energy Storage System (ESS). In practice, the charge
and discharge efficiency values (represented as nin and nout) are typically less than one and are subject to variation
based on the specific ESS technology and the environmental conditions under which it operates. Reduced charge
efficiency values are associated with an increase in the required ESS capacity.
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Figure 1. Sizing of an Independent PV System's EES

A. Smart Grids Power Balance with Voltage Control

In smart grid systems, inverters play a crucial role in maintaining voltage stability through various control functions.
The volt-var control function allows inverters to respond to variations in Point of Common Coupling (PCC) voltage,
either by supplying or absorbing reactive power. When an overvoltage condition occurs, the power control
mechanism continuously monitors the voltage. It incrementally increases power generation to raise the voltage to an
appropriate level. Conversely, if the PCC voltage exceeds the desired range, the inverter releases capacitive reactive
power to lower the voltage.

Another essential control function, known as volt-watt control (VWC), focuses on managing active power output
concerning voltage fluctuations. VWC utilizes measurements of the PCC voltage to make real-time adjustments.
When the voltage surpasses the stable range, VWC intervenes to reduce the active power output, effectively lowering
the voltage. VWC typically works in conjunction with volt-var control (VVC) to address overvoltage situations.

It's important to note that the primary method for stabilizing the distribution network’s voltage is by controlling
reactive power, particularly when employing VVC. The inverter autonomously adjusts the reactive power output
based on the PCC voltage, following a predefined Q-V droop control curve. This method includes continuous
measurement of the inverter's PCC voltage and reactive power control. Consequently, the DER's voltage stability
relies on the generation of reactive power by the inverter. This iterative process leads to a stable operating point,
ensuring a stable and reliable system operation.
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B. Flow Chart of the Recommended Algorithm in Scanned Optimization

Reactive power control, guided by the VVC curve, is characterized by tracking the stable reactive power output. The
final convergent voltage value is determined based on various system-specific parameters at the smart inverter's
connection point. These parameters include Thevenin equivalent impedance, active power values, reactive power
values, and other relevant factors. The proposed real-time active power control method within a smart grid is
illustrated in Figure 2.
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Figure 2. Flowchart of the Proposed Algorithm

A fundamental aspect of a smart grid is its robust communication and information infrastructure, enabling seamless
data and information exchange among the grid components. Additionally, integrated sensors and data collection
devices enhance the grid's situational awareness. Leveraging the smart grid's advantages, as outlined above, allows
for effective real-time management of the active power generation-consumption mismatch, a capability not present
in traditional power systems. [59].

In the proposed method, load data will be collected from the system through Advanced Metering Infrastructure
(AMI). AMI enables two-way communication between consumers and suppliers. Real-time load data will be
retrieved from the load data server. These real-time data may include the sizing of controllable loads such as electric
vehicles, water heaters, dryers, etc., which can be used to adjust the system in case of discrepancies between supply
and demand. It is assumed that consumers will release a portion of their loads for system regulation in response to
incentives through demand response.

A secure and reliable communication system will be employed for data and command exchange between the
operating system and AMI. One of the fundamental features of a smart grid is the presence of suitable communication
and information infrastructure that facilitates data and information flow among the components of the smart grid.
Additionally, sensors and data collection devices integrated into the system will make it more aware of various
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conditions. As a result, leveraging the advantages of a smart grid mentioned above, it will be possible to manage the
real-time mismatch between active power generation and consumption, which is not feasible in a traditional power
system (Equations 1, 2, and 3)

Perrs (8) = Z Perrs (6) + i Perstorage (©) + i Perre (© ®
=R E

Partoaa(®) = ) Percioaa(®) + ) Pronarcioaa(®) @

3P0 = Perrs )~ Perina(®) ~ P )

DGP (t) = AP(t) — DP(t) 4

DYP L(t) = AP(t) — DP(t) — Ppyy (t) (5)

DBSP (t) = AP(t) — DSP(t) — P¢1(t) — Psgp(t) (6)

In the proposed method, real-time total production (MW) is represented by Pgrrp (t), real-time distributed production
(MW) by Prrpp (1), real-time supplied power from storage to the grid (MW) by Pgrstorage. real-time total load (MW)
by Prrioaa(t), real-time controllable total load (MW) by Prrcroaq(t), real-time uncontrollable total load (MW) by
Pronrrcroaa(t)), total system loss in power (MW) by Py, (t), balancing share distributed by storage (MW) by
DBSP (t), stored power for balancing (MW) by DP (t), controllable load set for balancing (MW) by P,z (t), and
smart grid production set for balancing (MW) by Ps;5(t). In addition, the expressions n, m, k, f and s in the formulas
are variables that indicate the unit types.

The utilization of distributed production resources, in addition to traditional production sources, can correct the
imbalance of generated energy. The appropriateness of using distributed production sources alongside smart
production sources can be examined (see the flowchart in Figure 2). The use of distributed production for regulation
can be considered when the penetration level of distributed production resources is very high, and smart production
resources are insufficient for system regulation. However, in such cases, distributed production sources are limited
in their power capacity so that they can be used like traditional production sources. This, however, comes with the
disadvantage of reducing the power generated from distributed production sources. After the real-time total
production and load matching condition, the power value is calculated as shown in Equation (1). If the mismatch
between supply and demand is within the allowed range, meaning that it doesn't affect the system's frequency and
stability, the controller updates the data after the specified delay time (e.g., regular intervals for data updates are
performed to prevent system ramping). If the mismatch between supply and demand is outside the allowed range,
the controller must take action to correct the mismatch. Depending on the system, all available resources may be used
to correct the mismatch, or only some resources may be used based on the magnitude of the mismatch. For example,
following the sequence shown in the flowchart, existing storage systems are first used to absorb the mismatch power,
followed by controllable loads, and finally, smart productions. If the load increases or production decreases, the
balancing process is carried out as shown in Equations (4 to 6). If the existing storage resource is large enough to
absorb the mismatch, the controller continues to update the data for the next step within the specified interval.
Otherwise, storage transfers the remaining mismatch to controllable load or an appropriate resource, which has the
ability to correct the mismatch.

This study demonstrates the critical importance of active power control strategies in integrating renewable energy
sources into smart grids. These strategies play a pivotal role in managing the variability and intermittency inherent
in renewable energy sources. By dynamically adjusting power generation and distribution, grid operators can ensure
system stability and reliability, facilitating a smooth transition to a cleaner and more sustainable energy future. One
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advantage of this approach is its ability to enhance the efficiency and stability of the grid. Additionally, it enables the
mitigation of imbalances in the integration of renewable energy sources, contributing to the resilience and reliability
of energy systems.

This paper study importance of smart grids and distributed energy systems, particularly in integrating renewable
energy technologies. It highlights the benefits and challenges associated with distributed energy systems,
emphasizing the role of ESS in mitigating the variability of renewable sources. The text also discusses methodologies
for sizing ESS in independent PV systems, focusing on reliability metrics like Loss of Load Probability (LOLP). It
underscores the increasing prevalence of energy storage in grid systems and the importance of efficient sizing
methodologies. Furthermore, it delves into the role of inverters in maintaining voltage stability in smart grid systems
through functions like volt-var control and volt-watt control. The proposed real-time active power control method
within a smart grid is detailed, showcasing its ability to manage mismatches between supply and demand, thereby
enhancing system stability and reliability. Overall, the text emphasizes the crucial role of active power control
strategies in integrating renewable energy into smart grids for a sustainable energy future.

I11. ANALYSIS FINDINGS AND DISCUSSION

This thesis demonstrates that when smart grids, especially inherently intermittent renewable energy systems, are
integrated into the power system, it makes the power system more efficient and stable. In a smart grid, it is possible
to integrate renewable energy systems and control the system in real-time to overcome the imbalance between supply
and demand. This requires access to data such as generators, loads, storage systems, energy markets, etc. In smart
grids, this is possible due to the communication, information, and sensor infrastructure deployed throughout the
electrical grid. This study will show that even when the ratio of renewable energy systems in the system is very high,
the system's imbalance can be corrected. This method is crucial, especially when there are fewer synchronous
machines in the network and the system's inertia is low. The order of choice for the controller in deciding whether to
use storage, controllable loads, smart productions, or load shedding depends on factors such as available capacity,
environmental data, market data, resource locations, etc.

B. Storage System Model Designed for Power Balance

The network seen in Figure 3 represents a part of the Electric Power Grid. In this model, an islanded (standalone)
operation mode was adopted, and the testing of the proposed algorithm was conducted. Furthermore, energy storage
systems and controllable loads were added to the system.
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Figure 3. Model for Testing the Proposed Algorithm
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The integration of these components was done to better understand the dynamics and imbalances of the network, as
the original system did not have storage systems. This simulation addresses fluctuations caused by renewable energy
sources (RE), but it is possible to consider load variability or a combination of both. The fluctuations from distributed
energy resources (DER) are addressed, as shown in Figure 4.
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Figure 4. Production from RES, Production from Conventional Power Plants, Total Production

Production from DERs (wind energy) ranges from 25 MW to 50 MW, while the load remains constant at 60 MW,
and the power system's energy storage system capacity is set at 35 MW. Energy imbalances result from fluctuations
in DERs and are illustrated in Figure 5.
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Figure 5. The storage system monitors fluctuations from RES and balances the mismatch.

Certainly, the system's controller functions automatically by constantly retrieving data from a network of strategically
placed sensors distributed throughout the infrastructure. These sensors serve as the vital data sources that enable the
controller to make informed real-time decisions. To make these decisions, the controller relies on a meticulously
designed algorithm, which is visually represented in Figure 6. This algorithm plays a pivotal role in determining the
most suitable and effective resource for addressing any prevailing imbalances within the system.
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Figure 6. Production from DGs Generator, Mismatch and Stored Power

For instance, when the system boasts an ample capacity for energy storage, the algorithm swiftly triggers the
activation of the storage system to counteract and rectify the detected imbalances. This mechanism ensures that the
system remains stable and optimized to meet its energy demands. The controller automatically collects data through
sensors placed at different points in the system and makes real-time decisions based on this data. An algorithm is
used by the controller to select the most appropriate resource to address the imbalance. For instance, if suitable
storage capacity is available, the algorithm defined in Figure 7. activates the storage system to address the imbalance.
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Figure 7. Storage, Controllable Load, and Smart Generation involved in adjusting the imbalance.

As seen in Figure 5, the energy storage system balances fluctuations by storing energy when there is excess
production from RES and supplying energy to the grid when RES production decreases. Similarly, as shown in Figure
6, RES production varies between 25 MW and 60 MW, while the energy storage capacity remains at 15 MW, and
the total capacity allocated to controllable loads to address the mismatch is 6 MW. In this scenario, the imbalance is
addressed solely by the energy storage system. If the energy storage source is either full or empty, the controller
searches for loads in the load data server that are allocated for use by the controller (these loads could be related to
demand response or loads that customers allocate based on their intensity, such as electric vehicle charging or
discharging). In this situation, neither energy storage nor controllable loads can address the imbalance, and as a result,
the controller activates smart generation systems to further stabilize the system. Figure 7 illustrates the use of
controllable loads and smart generation resources in addition to the energy storage source to address the imbalance.

IV. RESULTS AND RECOMMENDATIONS

In conclusion, the successful integration of renewable energy power plants into smart grids hinges on the
implementation of active power control strategies. These strategies play a pivotal role in enabling grid operators to
effectively manage the inherent variability and intermittency of renewable energy sources. By actively adjusting
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power generation and distribution in real-time, grid operators can maintain grid stability and reliability, ensuring a
seamless transition to a cleaner and more sustainable energy future.

In conclusion, this research demonstrates that a smart grid, especially when integrated with intermittent renewable
energy systems, can make the power system more efficient and stable. In a smart grid, it is possible to integrate
renewable energy systems and control the imbalance between supply and demand in real-time. This requires access
to data obtained from generation, loads, storage systems, energy markets, and more. This data access is made possible
through the communication, information, and sensor infrastructure embedded within the smart grid. This study shows
that the imbalance in the system can be addressed, even when the proportion of Renewable Energy Sources in the
system is very high. This method is particularly important when there are fewer synchronous machines in the
network, and the system has low inertia. The selection order of the controller methods, such as energy storage
systems, controllable loads, smart generators, or load shedding, depends on factors like available capacity,
environmental data, market data, the location of resources, and more. Achieving an efficient and effective solution
requires optimization. Ongoing research in this direction aims to further refine these methods and explore the optimal
strategies for managing imbalances within the grid.

In conclusion, this research demonstrates that in smart grids, especially when integrating intermittent renewable
energy systems, the power system can become more efficient and stable. In smart grids, it is possible to integrate
renewable energy systems and control the imbalance between supply and demand in real-time. This requires access
to data obtained from productions, loads, storage systems, energy markets, and more. This data access can be
achieved through the communication, information, and sensor infrastructure embedded in the smart grid. This study
shows that the system's imbalance can be addressed even when the ratio of RES within the system is very high. The
proposed method is particularly important in cases where there are fewer synchronous machines in the network and
low system inertia. The method can also be applied to balance supply and demand in cases of load variation or other
contingencies. The selection order of controller methods, such as storage systems, controllable loads, smart
generation systems, or load shedding, depends on factors like available capacity, environmental data, market data,
resource locations, and more. Optimization is required to achieve a suitable and efficient solution. Ongoing research
is focusing on further exploring this area. Future research in the field of "Integration of Renewable Energy Power
Plants into Smart Grids, Active Power Control™ should explore advanced control algorithms and technologies that
enhance the accuracy and responsiveness of active power control systems.
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HIGHLIGHTS

Effect and importance of size of loading affects surface permanent deformation.

Sub-base should be added rather than increasing the asphalt concrete layer.

Finite element analysis can perform analyses that cannot be done experimentally.

The study results are important for understanding how layer thicknesses impact the deformation.
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I. INTRODUCTION

Flexible pavement is the most widely used road paving material in the world. It is a layered structure of different
granular materials. It is important that the pavement provide a safe surface for passengers and vehicles without
deforming under traffic loads. The permanent deformation resulting from the traffic loads is an important parameter
affecting the service life of the pavement. In addition to the stability of the asphalt concrete; the layer thicknesses,
the quality of the material, and the application experience affect the durability of the flexible pavement. The properties
of the materials used in the flexible pavement can be determined by experimental methods. However, it is not possible
experimentally to investigate the deformations that will occur on the pavement surface under the effect of different
material properties, layer thicknesses, and loads. One of the analytical and modeling techniques for various types of
structures is the finite element method (FEM). This method is suitable for analyzing the deformation of the pavement
surface under different boundary conditions, different material properties, different layer thicknesses, and different
loads. [1].

Asphalt concrete has plastic, viscous, and elastic qualities all at once and all of which are significant, particularly
when the temperature is high. The use of an elastic model appears inadequate in accurately characterizing the actual
behavior of asphalt concrete under high temperatures. Due to this, many researchers employ various rheological
models, such as viscoelastic models [2]. In order to estimate the pavement's thermal behavior, ANSYS source code
was employed, and the proposed simulation model accurately predicts the pavement temperature at various levels of
bituminous layers [3]. Asphalt concrete is also thought to resemble soil because it is composed of air, water, and
aggregate. [4, 5]. Thus, asphalt concrete can be modelled as a Mohr-Coulomb material with both cohesive and
granular properties at intermediate temperatures [5, 6]. However, linear elastic model is frequently employed for the
mechanistic analysis and modelling of asphalt pavement structures. The behavior of asphalt layers at lower
temperatures can be accurately determined using this method [2]. Some completed studies used a linear elastic model
to represent asphalt concrete [1, 7-9].

In order to evaluate the stresses and deformation on the pavement surface, several numerical studies have been
conducted [1]. In the study in which rutting deformation was determined, the axisymmetric two-dimensional finite
element approach with varying layer thicknesses and material parameters was used. The results showed that
increasing the base layer's thickness and elastic modulus reduced rutting damage but had little effect on fatigue
damage. Additionally, the researchers emphasised that the analysis was beneficial for designing a pavement, as it
ensures a balance between fatigue and rutting life. [10]. The semi-analytical finite element method (SAFEM program)
was utilized to analyze the effects of high traffic loads on stress and strain distribution, surface deformation, and
fatigue life. The findings suggested that in order to resist surface deformation, it was necessary to adequately increase
the thickness and stiffness of the structural layers of the asphalt pavement when exposed to high levels of traffic.
Furthermore, compared to the other pavement layers, the compressive stress on the asphalt binder surface was
relatively large and increased more significantly when the axle load was applied. [11]. Wheels and axles of heavy
vehicles configurations were modelled in 3D with the finite element (Ls-Dyna) method and dynamic analysis was
performed. The study determined that wheels with large contact areas and a single design were the most harmful in
terms of causing rutting damage and fatigue cracks. [12]. The Plaxis 3D program was utilized to examine the
performance of asphalt concrete pavement without reinforcement and with geogrid reinforcement under different tire
pressures. The model was loaded incrementally from 100 to 600 kPa at 50 kPa increments, and critical pavement
responses such as total stress and vertical surface deformation were calculated. The study showed that the influence
of the geogrid placement at the base of the asphalt concrete surface layer on pavement response was evident during
static loading. [8]. The effect of geogrids on the axial stiffness of the pavement in base layers of different thicknesses
was investigated using Plaxis 2D software. The base, sub-base, and subgrade layers were modeled with the Mohr-
Coulomb model. The study was found that the vertical surface deformations in flexible pavement reinforced with
geogrids were less than those in unreinforced flexible pavements. Also, vertical surface deformation was
approximately constant when base layer thickness varied from 150 to 200 mm. [1].

The studies have indicated that improving material properties, increasing layer thicknesses, or using geogrid in the
layers decreased surface deformation of asphalt pavement. In this study, PLAXIS 2D software was used to do finite
element modeling of pavement layer thickness and the deformation of the pavement surface was trying to be
determined. Also, the asphalt layer was modelled as linear elastic and the temperature effect was not investigated in
the study since the linear elastic model better modelled the asphalt at low temperatures [2].
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Il. METHOD

For flexible pavement design, a three-layer section consisting of asphalt concrete, base layer, and sub-base layer was
chosen. The Plaxis 2D software was utilized to analyze the impact of varying asphalt concrete and sub-base
thicknesses on the deformation of the pavement surface under varied levels of axial load. The layers forming of the
pavement were selected in two different ways. In the first case, as seen in Figure 1, without sub-base layer, while in
the second case, as seen in Figure 2, the sub-base layer was used. In the without sub-base model, the asphalt concrete
layer thicknesses were modeled in incremental thicknesses ranging from 9 to 14 cm. In the model using sub-base,
the asphalt concrete thickness (ACT) was kept constant at 9 cm, and the sub-base thicknesses (SBT) were modeled
separately at 30, 40, and 50 cm. The base layer thickness was selected as 30 cm in both models. Throughout the entire
model, the ground layer was selected to consist of soft soil. The models were created separately for each layer
thickness in the Plaxis 2D software, and the load was applied to the pavement surface. The pressure of the dual-type
tires was applied statically on the pavement. A range of 100-600 kPa was used for the applied pressures [9]. An plane
strain model was utilized in the analysis using 15-noded structural solid element with fine refinement. The study
employed plane strain modelling to accurately simulate the load exerted by vehicle tyres on the pavement surface.
Analyses were performed under similar loading conditions using the plain strain model in the literature. [7]

22.5 cm 200 cm 22.5 cm
Axial load
9,10,11,12,13, 14 cm [ Asphalt concrete
30 cm
- Base
e Soft soil

Figure 1. Thickness of layers in pavement without sub-base (ACT range 9-14 cm, Base =30 cm)

22.5¢cm 200 cm 22.5cm
Axial load
9cm [ Asphalt concrete
30 cm
- Base
30,40,50 cm Sub-base
I_
200 cm Soft soil

Figure 2. Thickness of layers in pavement with sub-base at 30, 40, and 50 cm (ACT=9 cm, Base=30 cm)

Table 1 lists the material properties utilized in the analysis model, which were chosen based on the completed studies
[7, 9].
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Table 1. Material properties of pavement layers

Material Surface Course Base Course (Crushed Sub-base Soft Soil
(Asphalt concrete) aggregate) (Clay) (Clay)

Type of Model Linear elastic Mohr-Coulomb Mohr-Coulomb Mohr-Coulomb
Mesh type Fine Fine Fine Fine

2 Without sub-base 9,10,11, 12,13, 14 30 - 250

% (in the first case)

'|-§ Added sub-base layer 9 30 30, 40, 50 200

S (in the second case)

= E

L

Dry unit weight (kN/m3) 24 22.1 145 16.0
Saturated unit weight - 23.6 15.5 175
(KN/m3)

Cohesion (kN/m2) - 1 10 10

Angle of internal - 45 5 1
friction(@°)

Elastic Modulus (MPa) 1000 20 10 3

Poisson’s ratio (1) 0.35 0.35 0.35 0.20
Drainage Type Undrained A Undrained A Undrained A Undrained A

Figur 3. Mesh model of pavement without sub-base (ACT =9 cm, Base=30 cm)

Figure 4. Mesh model of pavement with sub-base

The models' material properties were then applied, and the mesh was assembled. The model's mesh definition without
a sub-base is shown in Figure 3, while the model's mesh definition with a sub-base is shown in Figure 4.
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I1l. RESULTS

The analysis was conducted on each pavement model and loading condition (ranging from 100 to 600 kPa) separately.
The total vertical displacement of pavements with and without sub-base is determined for each static loading value.
At the end of the analysis, the deformation of the pavement layers without a sub-base under a load of 600 kPa is
shown in Figure 5. Similarly, the deformation of the pavement layers with a sub-base thickness of 30 cm is shown in

Figure 6.

Figure 5. Deformation of pavement layers without sub-base layers (ACT=9 cm, Base=30 cm; Pressure=600 kPa)

[

Figure 6. Deformation of pavement layers with sub-base at 30cm layers (ACT=9 cm; Pressure=600 kPa)

The vertical displacement contour diagrams of pavements modeled without sub-base according to asphalt concrete
thicknesses (ACT) ranging from 9 cm to 14 cm applied to a 600 kPa load are given in Figure 7.
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Figure 7. Vertical displacement contour diagram(uy) of pavement without sub-base (Pressure=600 kPa)

The vertical displacement contour diagrams of pavements (ACT=9 cm) modeled with sub-base at 30, 40, and 50 cm

SBT applied to a 600 kPa load are given in Figure 8.
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Figure 8. Vertical displacement contour diagram(uy) of pavement with sub-base at 30, 40, and 50 cm thickness (ACT=9 cm;
Pressure=600 kPa)

At the end of the analysis, the deformation values on the pavement surface were determined. Figure 9 shows the
surface deformation on the pavement without a sub-base layer caused by an increase in asphalt thickness. The
deformations on the pavement surface without the sub-base layer are shown in Figure 10, which shows the influence
of the ACT. Figure 11 illustrates that the variations in pavement surface deformation resulting from the addition of a
sub-base layer of different thicknesses (30, 40, or 50 cm) under a 9 cm layer of asphalt concrete and a 30 cm base
layer. Figure 12 shows the differences in deformations on the surface of the pavement (ACT=9 cm) with and without
a subbase layer at depths of 30, 40, and 50 cm.

As seen in Figure 9, the deformations on the pavement surface increased due to the increase in the applied load on
the pavement without sub-base. At low pressures, such as 100 kPa, the deformations on the pavement surface were
close to each other, while it was observed that the deformations on the surface increased as the applied pressure
increased.

Without Sub-Base

Deformation (cm)
=
[=]
v

0,02
0,01
0
0 100 200 300 400 500 600 700
Applied pressure (kPa)
—8— ACT=9 —8—ACT=10 —®—ACT=11 —8—ACT=12 —8—ACT=13 ACT=14

Figure 9. Deformations of different asphalt thicknesses on pavement surfaces without sub-base (ACT=9 cm)

Figure 10 shows that an increase in the thickness of the asphalt concrete layer results in a decrease in deformation.
The greatest deformation was observed when the asphalt layer thickness was 9 cm, whereas the smallest deformation
occurred at an asphalt layer thickness of 14 cm. Furthermore, it was observed that increasing the asphalt thickness at
low loads had no effect on deformation significantly, but at loads of 300 kPa and above, it considerably decreased
deformation formation. It can be said that it may be more appropriate to increase the pavement thickness under
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conditions of large loading on the pavement.
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Figure 10. Effect of asphalt layer thicknesses on pavement surface deformation (without sub-base)

As seen in Figure 11, it was observed that the deformation decreased with increasing sub-base thickness. Similar to
the without sub-base pavement, the thickness of the subbase has little influence on deformation at low pressures but
a greater effect at pressures of 300 kPa and above.

With Sub-Base
0,1

0,09
0,08

0,07 *—

0,06

0,05 i P

0,04

Deformation (cm)

0,03

0,02

.
g -

0,01

F a
g

25 30 35 40 45 50 55
Sub-Base Thickness (cm)

—8—100kPa —®—200kPa 300kPa —®—400kPa —®—500kPa 600 kPa
Figure 11. Effect of sub-base layer thicknesses on pavement surface deformation (ACT=9 cm)
The use of a sub-base layer in the pavement considerably increases the deformation resistance, as shown in Figure
12, when the effect of sub-base layer thickness and the absence of sub-base on deformation is examined. It was also

observed that adding a 30 cm thick sub-base layer to the pavement improved the deformation resistance more than
increasing the asphalt thickness without using sub-base.
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Figure 12. Effect of with and without sub-base layer on deformation (SBT= 30, 40, 50 cm, ACT=9 cm)

IV. CONCLUSION

In this study, the effect of the layer thicknesses used in the pavement deformation was investigated using Plaxis 2D
software. The following findings were obtained as a result of the completed study:

1. The analyses were conducted on a pavement model with asphalt thicknesses ranging from 9 cm to 14 cm,
specifically on the base layer. It was observed that the deformation of the pavement surface decreased with increasing
asphalt thickness.

2. It was noted that increasing the asphalt layer thickness at lower loads did not have a significant impact on
deformation. However, at loads of higher than 300 kPa, it notably reduced deformation formation. Under high loading
conditions, it might be more suitable to consider increasing asphalt layer thickness.

3. The deformations obtained from 9 cm and 14 cm asphalt layer thickness of the models without subbase were
compared in percentage. As a result, it was observed that 8.89%, 13.57%, 15.22%, 14.48%, 14.09% and 13.90%
reduction in deformation occurred at 100, 200, 300, 400, 500 and 600 kPa loadings, respectively. According to this
result, it is seen that 300 kPa load is the critical load as stated in result number 2.

4. In the without subbase model under 600 kPa loading, depending on the 1 cm increase in the coating thickness, the
deformations decreased by 4.96%, 8.17%, 10.71%, 12.49%, and 13.90%, respectively, compared to the 9 cm coating
thickness.

5. In the other model, where the sub-base was added at 30, 40, and 50 cm, the asphalt pavement thickness was 9 cm,
it was observed that the deformation of the pavement surface decreased with increasing sub-base thickness. However,
the results showed that the deformation resistance of the pavement surface increased more with the addition of sub-
base compared to the increase in asphalt thickness in the pavement layer.

6. The deformations obtained from 30 cm and 50 cm subbase thickness of the models were compared in percentage.
As a result, it was observed that 5.62%, 6.84%, 6.78%, 6.28%, 5.95% and 5.80% reduction in deformation occurred
at 100, 200, 300, 400, 500 and 600 kPa loadings, respectively.

7. According to all the analysis results, it is understood that the increase in subbase thickness shows better
performance in reducing deformation than the increase in the thickness of the asphalt pavement.

Consequently, this type of analysis is beneficial for designing a pavement, as it provides an equilibrium between the
fatigue and rutting lifetimes [10]. This study included the modelling of asphalt behavior under low temperature
conditions. However, as the temperature increases, the deformations on the asphalt surface also increase. Therefore,
it is recommended to investigate the effect of temperature, different loading conditions, different material properties
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on the deformation of asphalt pavement in future studies. Investigating the effect of soil properties on the
deformations that will occur on the pavement surface will also contribute to future studies.
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This study was aimed to identify the traveler groups who are exposed to potential of severe
injury due to lack of seatbelt use. Moreover, policy measures have been suggested to enhance
seatbelt use among such groups. A hybrid data collection approach was adopted to gather
traveler information. Seatbelt usage questionnaire was used as the survey instrument. The
survey was carried out in the parking lots of educational and commercial facilities around
Bahrain. Statistical tests, namely, t-tests and Analysis of Variance (ANOVA), were used to
compare the attributes of travelers. Literature review was used to verify the findings of this
study and identify common traveler groups which are lacking in seatbelt use. The
recommendations are also provided on policy measures which could be adopted globally to
promote seatbelt use. It was found that occupation, education, gender, nationality and accident
occurrence have significant impact on seatbelt wearing. It was also found that accident
experience and seatbelt wearing, both are dependent on travelers’ social and cultural
background rather than each other. The findings of this study matched previous literature.
Groups lacking in seatbelt use included male passengers belonging to lower- and middle-
income groups which fits the description of expatriate workers in Bahrain. Some policy
measures, appropriate to these groups, have also been suggested.

Keywords: Seatbelt use, Travelers’ characteristics, Hybrid data collection, Bahrain,
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I. INTRODUCTION

Road traffic accidents have been an issue of concern for many researchers in the past decades, especially with the
increase in motorization globally. In this context, seatbelts are among one of the primary safety features for drivers
and passengers. Seatbelts prevent ejection of drivers or passengers from the car-seat, in case of accident. Failure in
avoiding ejection has 75% and 40% chances of fatality of drivers and passengers, respectively [1]. Seatbelt usage has
been related to occurrence of serious injuries and fatalities among Gulf countries with a comparative increase of 52%
in death rate with non-compliance [2]. A study done for Bahrain showed that fastening the seatbelt is an important
indicator of driver behavior with regards to their tendency to get into accidents with an increase of 75% for those
who do not comply with wearing seatbelts among students [3].

There have been several studies to investigate the effects of different factors on seatbelt wearing behavior. The use
of seatbelts has been reported to be more among drivers than passengers [4]. Other variables, which have been tested
for their significant effect on seatbelt wearing behavior include age, gender, awareness campaigns and previous
accident experience. It was found that young males who do not have awareness and priori experience of accidents
have higher likelihood of not using seatbelts [5]. The cultural differences in the travelers are also among the factors
found to be affecting seatbelt wearing behavior, with a lesser likelihood of wearing seatbelts among non-natives in
USA [6]. Education level has also been investigated for its effect on travelers’ usage of seatbelts with an increase in
use of seatbelt with increase in education level [7]. The same trend has been reported in the context of Gulf countries.
Additionally, driver experience was also found to increase the use of seatbelts [8]. A study done in Saudi Arabia
shows that compliance to seatbelt is higher in drivers as compared to front seat passengers by more than 30%.
Compliance levels also increased with the increase in income level. Awareness campaigns coupled with strict police
enforcement have also been found to increase use of seatbelts [9]. Aforementioned studies have primarily employed
statistical tests for exploring the factorial impacts of traveler characteristics on seatbelt usage.

In some studies, the data was collected by asking the travelers about their preference to wear seatbelts instead of
observing their actual practice [10]. On the other hand, studies employing the observational approach have been
found to record a limited number of variables, such as age, gender and seating position [11]. Due to these reasons,
some studies have employed data collection in two stages, including a survey and later on simulator/field
measurements [12]. But this approach could have inconsistent results as the survey participants and field subjects are
not exactly the same. Most of the studies found in this research area have been focused on specific types of travelers
or limited to a specific region.

Significant impact of changes in traffic laws and policies on seatbelt wearing behavior has been recorded regularly.
The strict enforcement is reported to have approximately 10% increase in seatbelt which was also directly
proportional with the increase in amount of fine [13]. Consequently, seatbelt law has been reported as an effective
measure for reduction in serious injuries and fatalities in UAE, Bahrain and Saudi Arabia [14]. In Bahrain, it has
been reported to reducing the fatalities by 75% and serious injuries by 19% approximately during 1991-2001 [15].
In this context, it is important to know the traveler groups which must be focused on making new policies or adopting
different law enforcement measures. Hence, this study focused on identifying types of drivers and passengers, around
the world, who have comparatively lower use of seatbelt. A hybrid data collection approach was employed to gather
information about travelers and their behavior. Moreover, effort was also made to include travelers from different
sections of society in the dataset so that the results are comprehensive and not limited to specific segment(s) of
population in Bahrain. The findings of the study were also compared with the global scenario.

Il. METHODS

The primary data for this study was collected in 2016 for Bahrain. Bahrain has been experiencing a consistent increase
in vehicle ownership and, consequently, number of accidents as well [16]. The fatalities in road accidents constituted
51% of total fatalities in Bahrain in the previous decade [17].
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A. Questionnaire survey

A questionnaire was prepared to collect data about the travelers’ characteristics affecting seatbelt usage. The survey
was carried out in the parking lots of different types of locations of Bahrain. These locations included parking lots of
the following facilities: shopping malls including Bahrain City Center, Juffair Mall and Hayat Mall, Prince Khalifa
bin Salman Park and educational institutions; including University of Bahrain (Sakhir Campus) and Bahrain
Polytechnic. The minimum sample size for each location type was kept as 100, to avoid any bias.

The number of surveyed travelers reached 800 participants. However, each respondent did not answer all the
guestions, so, the number of responses for each question was not 800. Table 1 represents the variables which have
been used in the analysis from survey data while the number of valid responses achieved for each variable are
mentioned in table 2.

Table I. Description of Variables

Variable Description

Seating position Categorical; driver and front seat passengers

Age Continuous

Driving experience Continuous

Education Categorical; less than high school, high school pass, BS, MS and PhD

Occupation Categorical; student, housewife, unemployed, self-employed, employed and retired

Gender Categorical; male and female

Nationality Categorical; Arab, sub-continent national (India, Pakistan and Bangladesh) and other nationals
Accident Categorical; having or not having an accident

Table Il. Statistical Comparison for Overall Data

Variable Test Type Result Sample Size (n)
Seating position T-Test NS 317
Age T-Test NS 721
Driving experience T-Test NS 722
Education ANOVA S 261
Occupation ANOVA S 258
Gender T-Test S 345
Nationality ANOVA S 255
Accident T-Test S 795

Note: NS = difference is insignificant; S = difference is significant

The hybrid data collection approach, proposed in this study, was carried out in two steps. First, surveyors observed
the usage of seatbelt for the randomly chosen traveler and then they approached him/her for the interview in the next
step. So, the data was not skewed by the response of the traveler about their seatbelt usage. This hybrid approach
study combines observational data with relatively detailed interviews giving the chance to investigate more factors
with accurate observations of seatbelt usage.

B. Analysis methods

Table 1 presents the description of variables collected in the questionnaire. The questionnaire consisted of twelve
guestions. Most of the variables collected in this study were found in the previous studies as well, so it was possible
to compare these traveler characteristics with other regions. The number of variables (number of parameters about
the traveler) collected in this study are more than any other observational study found for seatbelt usage. Each
question of the survey was analyzed, using either a t-test or analysis of variance (ANOVA), depending on the type
of data. T-test was found to be used in previous studies for comparing means and proportions [18]. Whereas, ANOVA
has been recommended to investigate the differences in various groups of a dataset [19]. A confidence level of 95%
was used to test the significance of these tests.
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I1l. RESULTS

The degree of compliance for seatbelt in the collected data was around 70%, which was found to be consistent at all
survey locations. Table 3 presents the descriptive statistics of the traveler characteristics and seatbelt wearing
behavior data. It can be observed that the compliance ratio is more than 50% for all categories of travelers. Travelers
having higher education (above BS) and retired were found to be with highest compliance rates.

Table I11. Descriptive Statistics of Overall Data

Variable Value for wearing seatbelt Value for not wearing seatbelt
Drivers wearing seatbelt 68% (422) 32% (198)
Passengers wearing seatbelt 58% (48) 42% (35)
Average age of travelers 31 years 29 years
Average driving experience of travelers 8 years 8 years
Travelers having less than high school education 67% (24) 33% (12)
Travelers having only high school education 69% (29) 31% (13)
Travelers having more than high school till diploma 83% (34) 17% (7)
Travelers having more than diploma till BS 69% (129) 31% (58)
Travelers having more than BS till MS 94% (30) 6% (2)
Travelers having more than MS till PhD 100% (5) 0% (0)
Students 62% (93) 38% (44)
Housewives 82% (32) 18% (7)
Unemployed travelers 50% (09) 50% (09)
Self-employed travelers 76% (32) 24% (10)
Employed travelers 84% (92) 16% (18)
Retired travelers 88% (7) 12% (1)
Male 72% (131) 28% (59)
Female 83% (121) 17% (34)
Arabs 83% (60) 17% (28)
Sub-continental nationals 68% (65) 32% (13)
Other nationals 57% (51) 43% (38)
Travelers having accident 76% (179) 24% (57)
Travelers not having accident 81% (453) 19% (106)

A. Factorial analysis

Table 2 shows the results of statistical tests for each variable in the data. The t-test was performed for the null
hypothesis that there is no significant difference between average or proportion of drivers wearing and not wearing
the seatbelt. It was found that gender and accident experience have a significant impact on use of seatbelt with higher
proportion of use by female travelers and people without accident experience (as shown in Table 3). The later
observation could mean that wearing seatbelt is a result of travelers’ cautious behavior which also results in avoidance
of accidents. While travelers who are less cautious about traffic laws (such as wearing seatbelts) are also more prone
to accidents.

The ANOVA test was performed with the null hypothesis that there is no significant effect of education level,
occupation and nationality on the proportion of travelers wearing seatbelts. The null hypothesis was rejected in all
the cases.

B. Comparison with global context

A comparison of the findings of this study with those from previous studies conducted in other parts of the world,
including Gulf countries, was conducted. The primary purpose of this effort was to identify groups of travelers who
commonly lack seatbelts and should be focused on promoting the use of seatbelt. A selected number of studies are
listed in Table 4 for convenience. Studies published before 2000 were not included as their findings may not be
applicable to the current scenario. The table shows that most of the findings of this study coincide with those of
previous studies.
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Table IV. Overview of Variables in Global Context

Variable Studies Region Conclusion
. . Kulanthayan et al. [20] Malaysia Drivers have significantly higher proportion
Seating position Bendak [9] Saudi Arabia
Corona insights [21] USA No significant effect of age at 95% confidence
Age Yellman [22] USA Almost equal_ proportion of teenagers wearing_
and not wearing seatbelts (reported from previous
studies)
Driving experience Al-Madani et al. [8] UAE Seatbelt usage increases with experience
Al-Madani et al. [8] Qatar No significant effect
Kulanthayan et al. [20] Malaysia Travelers with higher education (BS in this case)
. Harper et al. [23] USA wearing seatbelts are twice than others
Education
Al-Madani et al. [8] GCC countries Less educated drivers rarely use seatbelt
Birru et al. [24] USA Female travelers wearing seatbelt is 10-11% more
Gender than males
. Siviroj et al. [5] Thailand Prior accident experience was found to be a major
Accidents

motivation for seatbelt wearing

IV. DISCUSSION

Analysis done in this study, along with the comparison from previous studies, have resulted in the identification of
following traveler groups which lack in use of seatbelt.

e Front seat passengers. This can be observed from tables 2 and 3 that the proportion of drivers wearing the seatbelt
is significantly higher than that for front seat passengers. The reason could be that drivers receive formal training
and, hence, become more cautious about obeying traffic laws, which is not the case for passengers who may not
be licensed drivers.

e Male drivers. It has been investigated in the past that women, in general, are less prone to risk taking then men
which could be the reason that their use of seatbelt is significantly higher than men [25, 26].

e Travelers from lower-middle income groups. This is a conclusion which is drawn from the fact that nationality,
education and occupation has a significant impact on seatbelt usage (see table 2). Moreover, table 3 shows that
non-Arab expatriates, unemployed/students and low education travelers have a significantly lower proportion of
seatbelt use as compared to their counterparts. Possible reasons could be lack of education and understanding of
traffic rules at the primary education level, non-familiarity with local conditions (such as for travelers from other
nationalities), not having formal training for license and lack of attention to their own safety. This finding is
substantiated by Al-Madani [27] who found a correlation for comprehension of traffic signs and seatbelt wearing.

Based upon the above observations, it is important to develop policies and strategies focusing on these groups in
order to improve their safety. It is recommended to go beyond the traditional means of traffic education which is
presently done through educational and driving schools. Use of social media and roadside campaigns may have a
deeper penetration in the above-mentioned groups. Furthermore, devising campaigns with multilingual and audio-
visual aids will help to educate the lower-middle income groups of travelers. These recommendations were also
advocated by Bendak [9]. Traffic laws and their implementation, as stated earlier, do have a role in improving
travelers’ behavior but passengers should be also given same importance, as drivers, when implementing these laws.
Front seat passengers, in spite of being exposed to the same risk of injury due to an accident, often get away with not
following traffic laws related to their safety. The above recommendations can be applied globally, since the traveler
groups lacking in use of seat belt use, seem to be the same across different countries.
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An interesting observation was regarding the accident experience which was significantly lower for seatbelt wearing
travelers. So, it could be concluded that accident and wearing seatbelt, both are dependent upon socio-cultural
background of travelers rather than each other. More cautious drivers tend to avoid accidents and wear seatbelts.
Hence, taking measures to increase the use of seatbelts may have an inherent effect on increasing caution by the
travelers and reducing their accidents. This trend was also recorded in one of the previous studies [3]. Moreover,
Tables 2 and 3 show that the number of participants who are non-compliant with seatbelt and have accident
experience are significantly lower than their counterparts. So, there could be a possibility of causal relationship
between these parameters. However, it could be only confirmed with more data including the accident severity which
was not taken at the time of this study.

V. CONCLUSIONS

This study was aimed at identifying travelers who are less likely to use seatbelts and suggesting policy measures to
enhance their seatbelt use. Data collected in this study, from Bahrain, was analyzed and compared with findings of
other relevant studies. A hybrid data collection technique, combining observation of behavior and questionnaire, was
used in this study. Statistical tests were used to determine the trends among the travelers.

It was found that females, travelers having higher education, housewives and Arabs had significantly higher
compliance to seatbelt use than others. The findings of this study mainly coincided with those of previous studies.
This was found irrespective of the region in which the studies were done, hence, the results of this study could be
considered generic for travelers’ seatbelt use.

Based upon these findings, it is recommended to use multilingual audio-visual measures for campaigns, while
incorporating social media, to promote the use of seatbelts. A higher focus on implementing traffic safety laws for
the passengers is also required. The hybrid data collection approach, applied in this study, seems to be effective in
capturing the travelers’ behavior accurately with a wider range of variables. For future studies, it is recommended
that the effects of different seatbelt use promotion measures could be studied in the context of their effectiveness.
These measures could be related to enforcement or driver awareness. Other possible directions could include
development of behavioral models and incorporation of accident severity data.
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In radial distribution networks with many separate branches and sections, it is very difficult to
calculate the optimum conductor cross-section. This work introduces a new tool for optimizing
conductor cross-sectional area in electrical distribution systems by utilizing the Teaching-
Learning-Based Optimization (TLBO) algorithm. The tool can optimize the conductor
crossection of the multisection, branching distribution systems. The maximum current carrying
capacity constraint is taken into consideration when formulating the objective function to
choose the ideal conductor size for each network segment. The optimal conductor sizes are
determined by both desired percent voltage drop and current carrying capacity of the
conductor. By calculating the currents drawn from the line segments in advance, the search
space of the optimization algorithm is narrowed. MATLAB and Excel were used to determine
the ideal conductor size. The conductor, which is chosen using the suggested method, will
preserve appropriate voltage levels in radial distribution systems while optimizing the overall
savings in conducting material and energy loss costs. The outcomes show that the optimal
selection of conductor problem can be solved by the TLBO algorithm in a practical and
effective manner. Results of testing the suggested tool on a radial distribution system are
noteworthy.

Keywords: Distribution Networks, TLBO, Metaheuristics, Conductor Optimization
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I. INTRODUCTION

The best choice of conductor sizes is critical to the effective design and operation of radial distribution systems.

To address this important factor, researchers have developed a variety of methodologies and algorithms over time.
The purpose of this review of the literature is to give a broad overview of the developments in conductor size selection
for radial distribution systems, emphasizing significant contributions and technigues used.
Early studies, such as those by Wang et al. in 2000 [1] and Sivanagaraju et al. in 2002 [2], laid the groundwork for
conductor size selection methodologies. These studies concentrated on useful methods and optimization strategies
for figuring out the ideal conductor sizes for radial distribution systems while taking load characteristics and system
limitations into account.

In a study conducted in 2023 by Gallego Pareja et al. Mixed Integer Linear Programming (MILP) model is
suggested for primary distribution systems that simultaneously optimizes the placement of capacitor banks and
conductor selection, highlighting the significance of taking reactive power management into account in addition to
conductor sizing [3]. Voltage regulation and system efficiency are improved by this integration.

Numerous research works have showcased case studies and practical implementations of ideal conductor selection
techniques. In 2017, The benefits and usefulness of choosing the best conductor for distribution system planning
were demonstrated by Joshi et al. [4]. A case study conducted in 2010 on the best conductor selection for agricultural
distribution systems was presented by Raju et al., emphasizing the value of customized solutions for particular
applications [5]. Ranjan et al. in 2006 [6] and Kumari et al. in 2018 [7] examined the application of evolutionary
programming methods for the best conductor selection, placing a focus on the accuracy of the solutions and
computational efficiency. In addition to addressing financial considerations, Waseem et al. provided an affordable
technique for optimal cable sizing to reduce power loss and save energy in 2018 [8]. Methodologies for selecting
conductor size have come a long way, but issues with scalability, computational complexity, and integration with
new technologies still need to be resolved. Prospective avenues for research could encompass the advancement of
hybrid optimization methodologies, integration of renewable energy sources, and contemplation of dynamic
operating conditions to augment system resilience. Within the field of electrical engineering, distribution system
design optimization is still a vital undertaking to guarantee effectiveness, dependability, and economy. The careful
selection of conductor cross-sections, which directly affects system performance and operational integrity, is essential
to this optimization. This paper presents a novel approach to conductor cross-section sizing by integrating MATLAB
and Excel, utilizing MATLAB's computational power and Excel's intuitive interface to expedite the design process.
The software tool uses a metaheuristic optimizer to help engineers make well-informed decisions about the size of
conductors, which will ultimately improve the dependability and efficiency of electrical distribution systems. This
introduction lays out the purpose, goals, and structure of the suggested software tool and prepares the reader for a
thorough examination of its design principles and real-world uses.

For efficiency and dependability, it is essential to optimize electrical distribution systems, which are vital in
transporting electricity from generation sources to end users. Utilizing sophisticated computational techniques and
tools to tackle intricate problems related to system design and operation characterizes the state of the art in conductor
cross-section optimization.

Conductor cross-section optimization has been transformed by recent developments in computational techniques,

such as numerical simulation and optimization algorithms. Advanced simulation capabilities are available for
analyzing distribution system performance under different operating conditions through software tools such as
PSCAD/EMTDC and DIgSILENT. However, not all engineers may have access to these tools and they usually
require specific knowledge.
For the optimization of conductor cross-section, the combination of MATLAB and Excel offers a strong substitute.
Excel offers a recognizable interface for data input, manipulation, and visualization, while MATLAB offers a robust
platform for numerical analysis, optimization, and modeling. By utilizing the advantages of both platforms, this
combined method enables engineers to carry out complex analyses quickly and easily.

The suggested software tool offers a thorough approach to conductor cross-section optimization in the MATLAB
and Excel environments, improving upon current techniques. Through the integration of sophisticated computational
methods with intuitive user interfaces, the approach seeks to enable engineers to more easily access conductor sizing
tools and make well-informed decisions about the design and operation of distribution systems.
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In conductor cross-section optimization, the application of metaheuristic optimization algorithms has gained
popularity, enabling engineers to methodically look for the best solution within a predetermined design space.
Specifically, metaheuristic algorithms have demonstrated potential in handling intricate optimization issues involving
numerous goals and limitations.

Although there have been significant advances in the literature in conductor cross-section optimization recently,

tools that combine computational power and user-friendly interfaces that are both accessible and versatile are still
needed. The software tool that was created fills this need by providing a workable and effective way to increase the
effectiveness of electrical distribution systems.
Additionally, although previous research has shed light on a variety of approaches and instruments for conductor
cross-section optimization, there is a noticeable lack of studies that particularly address the incorporation of
metaheuristic algorithms like TLBO into the MATLAB and Excel environments for this purpose. This study aims to
close this gap by presenting a brand-new software tool design that optimizes conductor cross-sections using the
TLBO metaheuristic algorithm by combining the computational power of MATLAB with the intuitive interface of
Excel.

In radial distribution systems, choosing the right conductors is essential to reliable power delivery, reduced losses,

and improved system performance. To solve this challenging engineering problem, researchers have investigated a
number of metaheuristic optimization strategies over time. This review of the literature attempts to give a thorough
overview of how these methods have evolved, with a particular emphasis on how they are used in radial distribution
systems to choose the best conductors.
Because metaheuristic optimization algorithms are effective at solving complicated optimization problems, they have
attracted a lot of attention. For the best conductor selection in radial distribution systems, these algorithms—which
include Evolutionary Strategies (ES), Particle Swarm Optimization (PSO), Genetic Algorithm (GA), Differential
Evolution (DE), Imperialism Competitive Algorithm (ICA), Harmony Search Algorithm (HSA), Whale Optimization
Algorithm (WOA), and Crow Search Algorithm (CSA) have been used extensively.

Mendoza et al. in the year of 2006 established the use of evolutionary strategies for conductor size selection, which
served as the basis for further studies in this field [9]. In 2009 a discrete PSO approach was proposed by Sivanagaraju
and Rao, who also showed that it works well for conductor selection [10]. In order to minimize loss, Rao looked into
the use of Differential Evolution in radial distribution systems in a study conducted in 2010 [11].

The integration of conductor selection and capacitor placement has been the subject of numerous studies aimed at
improving system performance. In 2014 Mozaffari Legha combined PSO with capacitor placement[12], while Samal
et al. utilized DE for simultaneous allocation of capacitors and conductor sizing [13].

Some studies have performed comparative analyses in order to assess how well various optimization algorithms
perform. Samet and Mozaffari Legha compared the Imperialism Competitive Algorithm with PSO [14], highlighting
its competitive edge. The usefulness of Selective PSO for loss reduction in radial distribution systems was evaluated
by Khalil and Gorpinich in 2012 [15].

Novel metaheuristic approaches have been investigated recently for the best conductor selection. Abdelaziz and
Fathy introduced the Crow Search Algorithm, demonstrating its efficacy in conductor size optimization [16]. A
discrete version of the Vortex Search Algorithm for three-phase distribution networks was proposed by Martinez-Gil
etal. in 2021 [17].

From the first uses of ES to more recent developments like CSA and the Vortex Search Algorithm, researchers are
still looking for novel ways to solve the problems related to conductor size optimization. These initiatives aid in the
creation of more dependable and efficient distribution networks, which eventually helps both consumers and the
electricity sector.

The literature review concludes by emphasizing the role that conductor cross-section optimization plays in
improving the effectiveness of electrical distribution systems and by pointing out the need for tools that are both
accessible and adaptable, capable of fusing sophisticated optimization algorithms with user-friendly interfaces. By
utilizing the TLBO metaheuristic algorithm in the MATLAB and Excel environments, the suggested software tool
seeks to meet this need by providing engineers with a workable and effective way to optimize conductor sizing in
distribution system design.
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Il. MATERIAL AND METHODS

A. Conductor Cross-secction Sizing Proceure

Sizing electrical conductor cross sections involves determining the appropriate size of wires or cables to carry
electrical current safely and efficiently while minimizing losses due to resistance. The cross-sectional calculation of
a distribution network given as an example in Figure 1 will be calculated step by step. First, the longest and most
loaded side of the network is determined. The longest and most loaded part of our network is the TR-2-15-24 side,
which is only indicated by important poles.

Tﬂlé
PL 4
1 0,
20 19 15 14 13 Taum 9,/ \ a0
P2 7w 30 — o5
0/ 145
d21 16
a0 Lrw
22 17
]45
40
023 18 &
a0
024

Figure. 1. Radial distribution network[18]

In the radiated power method, it is assumed that a certain power is drawn from each unit length of the line. Since the
length of the line is certain, the total load between two poles is determined. Since the subscribers are connected to
the line through poles, the calculated line loads are reduced to the poles and the pole powers are found. Accordingly,
the power drawn from a pole:

Po_p == (1)

Here P,_,:power of the pole (W), l:distance between a-b poles (m), J:Radiated power (W/m) (120 W/m in this
study). As seen in Figure 2, the loads drawn from each pole are added up to form the loads that fall on each section
of the line following the determination of the pole loads.

115200 110400 57300 52200 47400 26400 22200 17400 12000 7200 2400

2 13 14 15 19 20 21 22 23 24
50 40
4800 2400
53100 4800 4200 5400 4800

Figure. 2. Pole loads and moment diagram

The moment diagram of the power drawn from the system together with the pole powers is shown in Figure 2. The
cross-section calculation is done with equation 3. (\Voltage drop is chosen 5%)

__ 100xLxP
T 3xkxe%*Viy

)
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Here L*P is the moment (M) and is calculated by multiplying the line length by the power drawn from the line. k is
the conductivity constant of aluminum and has a value of 35. €% is the requested percentage voltage drop. Vpy is
the phase neutral voltage.

M; =40 115200 + 40 * 110400 + 40 = 57300 + 45 * 52200 + 40 * 47400 + 40 = 26400 + 30 * 22200
+ 50 * 17400 + 40 * 1200 + 40 = 7200 + 40 * 2400 = 19032562

According to the drawn load and the desired voltage drop, the cross-section of the aluminum conductor is 74.9 mm?2.

100 * 19032562

74.9 =
3%35%5 %2202

As it is known, the cross sections of aluminum conductors are standard and the calculated value is selected as the
closest larger value. Since the cross-section is always selected larger than the calculated cross-section, the cross-
section calculation is made again for the parts of the line where relatively less power is drawn. In addition, the cross-
sectional calculation here is an end-to-end cross-sectional calculation for the longest and most loaded side of the
network. Therefore, it is suitable for the most loaded part of the line, between TR1 and pole number 2, and it must
be recalculated for less loaded parts, taking into account the current carrying capacity, without exceeding the
percentage voltage drop. Otherwise, a large cross-section network will be designed. Less loaded sections are the
sections after the branch poles. In this example, 15-19 carries less load than 2-15 and 2-15 carries less load than TR1-
2. This means that between 15-19 should have the thinnest cross-section and between TR1-2 should have the thickest
cross-section. However, in the calculation made, the cross-section of the whole line was found to be 74.9 mm2 and
the conductor named Philox with a cross-section of 84.99 mm2, which is an upper cross-section, will be used.
Recalculation is made for thin sections. For this reason, the cross-sectional calculation in radial networks cannot be
done in one attempt and calculations are performed repeatedly from the thickest part to the thinnest part according to
the complexity of the network. Aluminum conductors used in energy distribution and their properties are given in
Table 1.

Table 1. Aluminum conductors used in energy distribution networks and their properties.

Name  Cross-section (mm?) Current capacity (A) K value
Rose 21.14 138 9.308
Lily 26.66 149 7.380
Pansy 42.37 214 4.644
Poppy  53.49 247 3.678
Aster 67.45 286 2.917
Philox 84.99 331 2.315
Oxlip 107.3 393 1.833
Daisy 135.2 443 1.455
Peony 152.1 478 1.293
Tulip 170.6 513 1.153

The K value of the conductor is a parameter used for convenience in voltage drop calculation and is calculated as

given in equation 3.
100

K=——— 3)

T 3kxeY%Viy
Percentage voltage drop using the K value is calculated by Equation 4.
e% =10""xK«M 4)

Since the cross-section calculation cannot be done in one attempt and requires repetitive operations, a metaheuristic
optimization algorithm is proposed to make these tasks easier and in a shorter time.
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B. Excel Part of the Study

As mentioned before, the Excel program acts as an interface in this study. The user enters the information about
the network into the designed excel program. The Excel sheet has features that can be expanded as much as desired.
For complex networks, it allows more information to be entered thanks to the creep feature. The Excel interface
design is seen in Figure 3.

B C D E F G H | 1 K
Source Line|--- Branch<:: Line|--- Branch<:: Line|--- Branch<::
Pole numbers Transforme |---—-- O E— g |- 0
Line lengths(L) 0 0 0
N.of intermediate poles 0 i) i)
Branch Lengths i) 1] i)
Industrial Load
Line power d.(w/m) 0 ] ]

Branch power d.(w,/m) 1] 1]
Total line loads(P)
Line currents
K values ] 0 0
Moments 0 0 0
%e=10" K.L.P
delta V=

Figure. 3. Designed Excel Sheet

In the excel sheet displayed in Figure 3, the green cells are filled with the characteristics of the radial network to be
designed by the user. This information includes line segment lengths, branch lengths, power densities of the line and
branches and the number of poles between the important poles to be used in the moment calculation. The blue cells,
i.e. the loads and line currents falling on the line segments, are automatically calculated by excel after the green cells
are entered. Line loads are the sums of the loads on the line segments themselves and the loads on the segments after
them.

Py =Ly * ]+ Lgi * Jgi + Ligiv1) *Ju+en) + Lpa+r) * Jei+n) + -+ = Ligien) * Joti+n) t LGin) * Jei+n)  (5)

Where P; is the sum of the loads on the i th line segment, L, is the line segment lengths, J; is the line segment power
densities, Ly is the branch lengths and [z is the branch power densities. After the loads falling on different line
segments are found, the currents drawn from the line segments are found with the help of equation 6. Because the
conductors must be suitable in terms of current carrying capacity. The currents found here are used to determine the
minima of the search space of the metaheuristic algorithm. In other words, the minimum cross sections are determined
by the current carrying capacity. The actual cross sections are found by calculating both current carrying capacity
and voltage drop. Both the current carrying capacity and a voltage drop below the desired voltage drop ratio must be
ensured.

I = ——"

LT 3xVixcos(9) ©)
The blue cells calculated by Excel, i.e. line loads and currents, are read by the MATLAB software with the

"xlsread" function. Then, moment calculation is made with the number of intermediate poles and average spans

between poles as in Figure 2. After the transfer process from Excel and moment calculation, conductor optimization

is performed by the TLBO algorithm running in MATLAB for each segment of the line. The TLBO algorithm
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determines the minimum cross-sections by selecting various combinations of K values for the conductors. The TLBO
algorithm is only allowed to select K values from the K values of standard conductors. After the optimum conductors
are found, MATLAB software sends the K values of these conductors and the moments of the relevant line segments
to Excel with the help of the "xlIswrite" function. These values are written in yellow cells in the Excel document. The
aim is to enable the user to see the voltage drop in terms of voltage and percentage and to validate the suitability of
the determined cross-sections. The red cells of the excel file are where the user can see the results and validate the
effectiveness of the results. Figure 4 lists every procedure that has been described.

START

e W e v

The user enters line lengths,
branch lengths, industrial loads (if
any), power densities of line
segments and branches. These
fields are green colored cells in the
Excel file.

The TLBO algorithm finds the optimum
conductor for the line segments by

The user enters the desired
percentage voltage drop.

The loads and currents of the line

considering the cost function and i xlsread segments are calculated by Excel
constraints. The K values of the found ! functions. These fields are blue colored
conductor are sent to the yellow cells in : : cells in the Excel file.

the Excel file with the xIswrite function.

With the K values sent by Matlab to the
; yellow cells in the Excel file, the Excel file
! xlswrite | functions calculate the Percent voltage
: | drop for verification purposes, and the
; : i | actual voltage drop. These fields are red
i : i colored cells in the Excel file.

Figure. 4. Graphical abstract of the study

C. Teaching Learning Based Optimization (TLBO)

Apopulation-based optimization algorithm known as Teaching-Learning-Based Optimization (TLBO) was
developed with inspiration from the teaching-learning process seen in a classroom. In 2011, Rao et al. presented it
[19]. TLBO imitates the way that knowledge is imparted to students by teachers and how students pick up knowledge
from one another. This is a basic explanation of how TLBO functions:

1. Initialization: TLBO begins with a population of possible solutions that is initially generated, usually at random.
2. Teacher Phase: In this stage, the population's best solution the teacher is determined. The instructor then
disseminates its expertise (optimal resolution) to every member of the populace.

3. Student Phase: During this stage, every member of the population gains knowledge from both their teachers and
other people. As part of the learning process, students update their solutions in light of the information that their peers
and teacher have shared.

4. Population Updating: Based on the newly discovered solutions, the population is updated following the learning
phase. In this step, the newly learned solutions are usually substituted for the worst ones.

5. Termination: When a stopping condition is satisfied, such as reaching a predetermined number of iterations or
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arriving at a workable solution, the algorithm comes to an end.

TLBO has been used to solve a variety of optimization issues, such as machine learning, scheduling, and
engineering design. Its effectiveness and simplicity make it a desirable option for resolving optimization issues,
particularly when the search space is vast or complicated. The secret to TLBO's success is its capacity to strike a
balance between exploitation and exploration by promoting knowledge exchange among members of the populace.
Using a collaborative learning approach, high-quality solutions are frequently found in a reasonable amount of time.
Figure 5 displays the TLBO algorithm's flowchart.

| Initialize number of students (population), termination criterion |

l Calculate the mean of each design variables [* ™
| Identify the best solution (teacher) |
Modify solution based on best solution Teacher
Konew=Xotat (X seacher(Tr) Mean) Phase
- Is new solution
better than existing?
J
‘ Select any two solutions randomly X and X; | }17
Yes No
A A 4
Xoor=Xoti F(XX) Yoo =Xt 1X-X) | Student
Phase
Is new solution
elect better than existing?
[s termination

criteria satisfied?

Final value of solutions

Figure. 5. Flowchart of the TLBO algorithm[19]
Metaheuristic algorithms such as TLBO are often used to minimize objective functions associated with the problem.

The objective function used in this study is obtained by subtracting the calculated voltage drop from the desired
voltage drop and is given in Equation 7.

OF = min(abs(%edemanded - %ecalculated)) (7)
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The reason for subtracting the calculated voltage drop from the desired voltage drop is to force the objective function
of the TLBO algorithm to converge to zero, in other words, to force the calculated voltage drop to be equal to the
desired voltage drop.

There is a constraint when minimizing the objective function. As mentioned before, when determining the conductor
cross-section in distribution networks, the current carrying capacity of the conductor must be suitable for the network
while ensuring the percentage voltage drop. The minimum objective function is valid if the cross-section of the
conductor can meet the current drawn from that part of the line. The optimization constraint is given in equation 8.

ILine_Part(i) < IConductor_Line_part(i) i=1.... N (8)

I11. RESULTS

The tool's accuracy and dependability in optimizing conductor cross-sections were evaluated by validating it
against established analytical models and empirical data. The outcomes showed good agreement between the
software's outputs and those acquired using conventional techniques, demonstrating the TLBO algorithm's efficacy
in conductor sizing optimization. The test of the tool designed in this study was performed by optimizing the
conductor cross-sections of the sample distribution network in Figure 1. The cross-sections of the distribution
network in Figure 1 are designed in such a way that the voltage drop does not exceed 5% at the end users fed from
poles 24, 18, 5, 8, 11 and 12. It should be noted that the user should perform the optimization process for the longest
and most loaded parts of the line from largest to smallest during optimization. Therefore, the longest and most loaded
side, TR-24, was optimized first. Then TR-15, which is fed from the same segment and is relatively shorter and less
loaded, was optimized. The other segments were optimized with the same logic. On the Excel screen, the optimization
results between TR-24 are displayed in Figure 6.

B C D E F G H | 1 K
Source Line|--- Branch<:: Line|--- Branch<:: Line|-— Branch«::
Pole numbers Transforme |- 2 |- 5 | 24
Line lengths(L) 80 125 240
N.of intermediate poles 1 2 5

Branch Lengths 400 135 0

Industrial Load
Line power d.(w/m) 120 120 120

Branch power d.[w,/m) 0

12 120
Line currents
K values 2,315 2,315 3678
Moments 9024000 6562500 3456000

Eo BN BN B BN
delta V=

Figure. 6. TR — Pole 24 conductor cross section optimization results

Upon closer inspection of Figure 6, it is understood from the K values TR-2(2.315), 2-15(2.315), 15-24(3.678) and
help of Table 1 that the conductors optimized by the TLBO algorithm are TR-2(Philox), 2-15(Philox) and 15-
24(Poppy). With these conductors, it is seen that the voltage drop is 4.879 %, below 5% and they can easily carry the
currents drawn from the relevant line segments when the current carrying capacities are considered in Table 1.
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B C D E F G H I ] K
Source Line Branch<:: Line Branch<:: Line Branch<::
Pole numbers 15 |- BERN || N |-
Line lengths(L) 135 0 0
N.of intermediate poles 2 0 0
Branch Lengths 0 0 0
Industrial Load
Line power d.[w,/m) 120 ] 0
Branch power d.[w/m) 0 1] 0
Line currents
K values 2308 ] ]
Moments 10933500 0 0
e BN B B BN
delta V=

Figure. 7. TR —Pole 18 conductor cross section optimization results

For the section of the line between TR and the last pole numbered 18, the cross-sectional calculation was made only
between 15-18. Because TR-15 was determined in the previous step. Therefore, in this step, the voltage drop is taken
as (5-voltage drop in the previous section), not 5 %. There is a total voltage drop of 3.608 % between TR-15, 2.089
% between TR-2 and 1.519 % between 2-15. Therefore, there should be a maximum voltage drop of 5-3.608=1.392
% between 15-18. When Figure 7 is analyzed, Rose conductor with a K value of 9.308 was selected by TLBO for
the 15-18 range. When Rose conductor is used in this section, both the voltage drop does not exceed 1.392 % and the
current drawn from this section of the line can be easily carried.

o
o
i}

Line currents -
K values 0.308 ]
0

Moments 1014000

Te =I[]'1'.K.L.P-
delta V=

Figure. 8. TR —Pole 5 conductor cross section optimization results

B C D E F G H | 1 K
Source Line|--—- Branch<:: Line|--- Branch<:: Line|-— Branch-::
Pole numbers 2| |— SR || [ |-
Line lengths(L) 130 1]
N.of intermediate poles 1 1]
Branch Lengths 1] 1] 1]
Industrial Load
Line power d.(w/m) 120 0
Branch power d.(w,/m) i) i) i)
Total line loads(P) -
0
-

For the section of the line between TR and the last pole numbered 5, the cross-sectional calculation was made only
between 2-5. Because TR-2 was determined in the first step. Therefore, in this step, the voltage drop is taken as (5-
voltage drop in the previous section), not 5 %. There is a total voltage drop of 2.089 % between TR-2. Therefore,
there should be a maximum voltage drop of 5-2.089=2.911 % between 2-5. When Figure 8 is analyzed, Rose
conductor with a K value of 9.308 was selected by TLBO for the 2-5 range. When Rose conductor is used in this
section, both the voltage drop does not exceed 2.911 % and the current drawn from this section of the line can be

easily carried.
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B C D E F G H | | K
Source Line Branch=:: Line Branch<:: Line Branch«::
Pole numbers 2 |—- 2| o 12
Line lengths(L) 80 80 40
N.of intermediate poles 1 1 o
Branch Lengths 40 30 ]
Industrial Load
Line power d.[w/m) 120 120 120
Branch power d.[w/m) 120 120 0
Line currents
K values 738 2.308 2.308
Moments 2208000 1056000 192000

delta V=

Figure. 9. TR — Pole 12 conductor cross section optimization results

For the section of the line between TR and the last pole numbered 12, the cross-sectional calculation was made only
between 2-12. Because TR-2 was determined in the first step. Therefore, in this step, the voltage drop is taken as (5-
voltage drop in the previous section), not 5 %. There is a total voltage drop of 2.089 % between TR-2. Therefore,
there should be a maximum voltage drop of 5-2.089=2.911 % between 2-12. When Figure 9 is examined, it is
understood from the K values 2-7(7.38), 7-10(9.308), 10-12(9.308) and help of Table I that the conductors optimized
by the TLBO algorithm are 2-7(Lily), 7-10(Rose) and 10-12(Rose). With these conductors, it is seen that the voltage
drop is 2.791 %, below 2.911 % and they can easily carry the currents drawn from the relevant line segments when
the current carrying capacities are considered in Table I.

Due to the very short sections, the Excel screens for pole sides 8 and 11 were not included in the study due to
repetition. TLBO determined the voltage drop between 7-8 as 0.178 % and the conductor as Rose. TLBO determined
the voltage drop between 10-11 as 0.100 % and the conductor as Rose. The results are presented in Table Il with all
results.

Table 11. Overall results of the optimization work

Pole 24 side  [Poles > TR | 2 [ 15 | 24
Total %e—> [voe=2.089 [90e=3.608 [%0e=4.879<5
Pole 18side  [Poles > TR | 2 15 18
Total %e—> [voe=2.089 [90e=3.608 [%6e=4.625<5
Pole 5 side Poles > TR | 2 5
Total %e—> [voe=2.089 [%6e=3.032<5
Pole 12side  [Poles > TR | 2 7 10 12
Total %e—> [voe=2.089 [oe=3.718 [ee=4,700 [v6e=4,878<5
Pole11side  [Poles > TR | 2 7 10 11
Total %e> [voe=2.089 [oe=3.718 [ee=4,700 [v6e=4.800<5
Pole 8 side Poles > TR | 2 7 8
Total %e> [ee=2.089 [96e=3.718 [%6e=3,896<5

Table 11 shows that the TLBO algorithm has successfully selected conductors for all parts of the sample distribution
network without exceeding the desired voltage drop, taking into account the current carrying capacity of the
conductors.

Tool's practical utility in optimizing conductor cross-sections for electrical distribution systems show valuable
performance in terms of computational efficiency, accuracy, and ease of use. All things considered, the findings in
this section show how the software tool can be used to optimize conductor cross-section using the TLBO algorithm,
thereby increasing the efficiency of electrical distribution systems.
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IV. DISCUSSION

Although conductor cross-section optimization has advanced significantly with the tool, there is still room for
improvement and new uses. In distribution networks, the TLBO algorithm has shown to be a reliable technique for
conductor size optimization. The capacity of TLBO to manage the complex structure of distribution networks with
multiple branches and sections is demonstrated by this study. The findings suggest that by utilizing its teaching and
learning phases, which emulate the educational process, TLBO can effectively traverse the vast and intricate search
space. This enables the algorithm to efficiently converge to an optimal or nearly optimal solution, even within a
problem space with a high dimension. The inclusion of constraints on percent voltage drop and maximum current
carrying capacity in the optimization process is a crucial component of this research. These limitations guarantee that
the chosen conductor sizes satisfy the network's operational requirements while also optimizing material and energy
costs. Through strict adherence to these limitations, the methodology guarantees the electrical distribution system's
dependability and safety by preserving voltage levels within reasonable bounds and averting conductor overloading
or overheating.

The optimization algorithm's search space is greatly reduced by pre-calculating currents derived from line
segments. This preprocessing step is essential because it lowers the computational load on the TLBO algorithm and
concentrates the search on workable solutions, which improves algorithm efficiency. This novel method makes
evident how crucial domain-specific expertise is to enhancing algorithmic performance and offers a direct route for
real-world application. The suggested tool's usefulness and accessibility are demonstrated by the way it manages the
optimization process and applies the TLBO algorithm using MATLAB and Excel. The data handling prowess of
Excel and the computational capabilities of MATLAB come together to produce a potent tool that practitioners can
use with ease. Because of its hybrid design, the tool is guaranteed to be both powerful and easy to use, which makes
it appropriate for practical uses in electrical distribution system design and optimization. Future developments might
include expanding the software's functionality to handle other aspects of distribution system design and operation,
integrating more computational tools and algorithms, and incorporating sophisticated modeling techniques for
transient analysis and dynamic simulations.

V. CONCLUSION

This study presents a new tool that maximizes electrical distribution system efficiency by selecting the right
conductor cross-section. The tool gives engineers a strong yet intuitive platform for performing cross-section
analysis, facilitating educated decision-making and ultimately enhancing system performance and reliability. It does
this by combining the strengths of MATLAB and Excel. To sum up, the instrument signifies a noteworthy progression
in the domain of electrical distribution system design, providing engineers with an invaluable tool for enhancing
conductor cross-sections and augmenting system dependability and efficiency. Collaboration, innovation, and
adoption are encouraged by this approach, which has the potential to accelerate the development of a more resilient
and sustainable energy infrastructure.
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This article explains the dynamic solution of the manipulandum that interact with the human
upper arm, controller design, model simulation and simulation results. Manipulandum design
are used in human-machine interaction experiments to understand human motor learning
skills. Experimental design is the subject of the field of medicine, appropriate manipulandum
design is the subject of the engineering field. In this article, the engineering qualities of the
device were evaluated, its mathematical model obtained, dynamic model simulation made and
control elements were examined, but the experimental use of this device, which is serve medical
science were not discussed in this context. Most manipulandum in the literature have a 2-dof,
5-link closed chain structure that moves in the horizontal plane, their movement is provided by
2 actuators, their interaction with the human upper arm is made with a fixed joystick (end-
effector) on the 2nd link, and their dimensions are smooth and compatible with the human
upper arm. It is understood that the manipulandum must be of a size that can safely interact
with the human arm. In this study a conceptual design was made for the manipulandum and
the movement parameters of the manipulandum were obtained by creating a kinematic model
accordingly. While creating the dynamic model of the system; It is accepted that the
manipulandum moves in the horizontal plane, therefore there is no effect of gravity, there is no
spring, damper or similar potential energy source in the system, and there is heat loss due to
friction. The dynamic model obtained with the Euler Lagrange Method (ELM) was compared
with the system model obtained with the Simulink Simscape Multibody (SSM) tool in the
Simulink environment; The consistency of model parameters (friction coefficients, moment of
inertia, etc.) was mutually checked. Since human-manipulandum interaction requires force
control, an impedance controller has been designed for the system dynamics, instead of
classical controllers. The success of the controller on both the ELM dynamic model and the
SSM dynamic model were examined and the results were evaluated. As a result of the
simulations; It is understood that in order to achieve meaningful position and force control,
there must be a proportional magnitude relationship between the torques applied to the model
by the actuators and the force applied to the end-effector.

Keywords: Manipulandum, Haptic Device, System Dynamics, Impedance Controller
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. INTRODUCTION

Motor behavior examines the ability to perform the movement at the optimum level. Motor learning is
defined as the acquisition of motor skills and permanent improvement in performance. To master or adapt
to a motor skill, a behavior must be repeated over and over. Today, robotic manipulandum’s are frequently
used in applied experiments to understand motor learning. Robotic manipulandum’s are in a structure that
moves in a planar surface, in a close chain structure, interacting with the subject via a joystick at the end-
effector.

Manipulandum produce physical feedback to user. Their interface has to be ensured with physical
interaction. With this properties manipulandum, they are preferable as robotic training devices for upper
limb training for stroke rehabilitation. Compared to conventional therapies, these training devices have the
advantage that they allow a self-controlled increase in training intensity and frequency as well as the
opportunity to train independently [1].

In the literature Howard et al. used the vBOT planar robotic manipulandum to investigate whether the
actions performed are independent of the last state in motor memory [2]. Again Howard et al.; used vBOT
to investigate the effects of lead-in movement on motor memory formation. In their experiments, they
observed that the active lead-in movement provided by vBOT reduced motor adaptation [3]. In their article
Gomi and Kawato discussed a method aimed at measuring upper arm stiffness during movement. For this
purpose, they developed a manipulandum in parallel link structure that can test both arms at the same time
[4]. Kinarm End-Point is a commercial manipulandum used by clinical researchers to understand the effects
of various neurological injuries and diseases. The Kinarm End-Point manipulandum is a stiff, graspable
robot that can create highly complex mechanical environments [5]. With these features, it allows researchers
to collect large amounts of valuable data in understanding brain functions and nervous system in studies
conducted with healthy individuals. More than 200 publications have been made in this field using Kinarm
End-Point [5]. Klein et al. described the 3-dof redundant motor control interface, its design features and the
experimental results on a subject in their publications. Manipulandum also has an unusual wrist motor [6].
In the publications of Kostic and Popovic; a manipulandum without an actuator that moved freely in the
horizontal plane was used. During the experiment, data was collected through the trace of the magnetic
mouse attached to the End-effector on the Wacom Intuos4 plane. The subject's point to point movement was
evaluated [7]. In their publication, Fong et al. designed a manipulandum with transparency and gravity
compensation features to be used in upper-limp rehabilitation [8]. In their publications, Ueyama and
Miyashita used a manipulandum called RANARM to estimate the limp stiffness of the monkey they chose
as a subject [9]. In their publication, Cai and colleagues shared the features and first experiment of the dual-
arm manipulandum they developed for use in the physical therapy of stroke patients. Dual-Arm
Rehabilitation Robot (DARR) is designed to work synchronously with two 3-dof robotic arms attached to
the subject's arm, one on the upper arm and the other on the lower arm [10]. Khanh Tran Nguyen and Hoang
Dung Nguyen shared the features of the 1 dof dual manipulandum, which they designed to be used in the
physical therapy of post-stroke patients, in their publications [11]. In their publications, Asgari and Crouch
created a simulation model to estimate human upper arm impedance. The success of the study is the physical
interaction with both the manipulandum model and the human model created through OpenSim in the
simulation environment [12]. Vlugt et al. studied the mechanical properties of the human arm, which acts
in harmony with a haptic device. Their 2003 article describe the design and application of the haptic device.
They predicted that the deviation in position could be recorded as a result of the irregularity in the force,
thus estimating the human endpoint admittance [13].

Literature shows that engineering and medical sciences are in a solid relationship in the design and use of
manipulandum. Manipulandum have two main uses. The first is to investigate motor learning skills on
healthy individuals, and the other is to use it as an auxiliary tool in the physical therapy of disabled
individuals. With this study, it is aimed to complete the engineering design of a concept manipulandum that
will serve to investigate motor learning skills on healthy individuals. First, a concept model of a
manipulandum that will interact with the human upper arm is designed in the scope of the article. The study
also includes obtaining the mathematical model (kinematic and dynamic model) for the two-axis five-bar
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manipulandum, selecting and designing the controller, simulating the success of the controllers, and
evaluating the simulation results.

Il. MATERIALS AND METHODS

11.1. KINEMATIC MODEL

First of all, the notations of the two DOF five-bar planar manipulandum mechanism should be defined.
Figure-1 shows the kinematic parameters on the manipulandum concept design. Manipulandum consists of
five links, one fixed frame and four movable links, and five revolute joints connecting these links. L moving
link lengths (in meters) as i=1,2,3,4,5, 0; represent the angles (in radians) of the links counterclockwise with
the X-axis. Links L1 and L, are connected to the fixed frame by two overlapping revolute joints at Xo, Yo
coordinates. The angular changes in L; and L, are both measured counterclockwise with respect to the X-
axis and are defined by 6: and 6, respectively. These two revolute joints are the active revolute joints of the
system. Ls-L1 and L4-L links are connected to each other by passive revolute joints and the angular change
in these two passive revolute joints are defined by 63 and 84, respectively. The closed chain structure of the
manipulandum, the overlap of the L; and L links at the Xo, Yo point, the selection of the Li-Ls and Lo-Ls
links of equal length, allows the structure to turn into a parallelogram, which provides an easy solution of
the mathematical model. The Ls link is fixedly connected to the L. link in the same direction, and it is
connected to the L3 link with a passive revolute joint. The kinematic model of the system drive according
to these parameters.

Manipulandum motion states (position, velocity, acceleration) are obtained by constructing the kinematic
model. Kinematic model must accurately represent every position and movement within the working area
of the manipulandum. The expectation from the Manipulandum kinematic model is that it provides the
relationship between 01 and 0, entry angles and the end-effector cartesian coordinates.

L and L are active links and their motions are independent. Therefore, the end-effector position equations
from both branches should be written separately. However, due to choosing Lz and L4 link lengths as Ls=L
and Ls=L1, 63 angle is equal 6, (in radians) and 6, angle is equal 6; angle (in radians), respectively. In future
formulations, the equivalents of Ls, La, 63 and 6. will be used instead.

x = (Ly + Lg).cosB; + L,.cosH, 1)
y = (Ly + Lg).sinB; + L,.sinb, 2
For real-time control of the manipulandum, it is also necessary to obtain the inverse kinematics equations.

Craig gives some inverse kinematic solutions in chapter 4 of Introduction to Robotics Mechanics and
Control book [14]. The sum of the squares of equations (1) and (2) is the equation (3).

(x2+y2)+;‘2L2_(L1+L5)2 (3)
b2

Craig suggested that at appendix C that, if equation (3) is transcendental form and right-hand side is constant,
inverse kinematic solution for 8, will be equation (4).

x.cos 6, +y.sinf, =
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Y1 End Y1
Xi Effector
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End
Effector
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(X1,Y1)

leed Fr' (Xo Yo)

Figure. 1.(a) Two-DOF Five-bar Planar Manipulandum Kinematic Parameters, Flgure. 1.(b) Two-DOF Five-bar
Planar Manipulandum Dynamic Parameters.

2 2_ (x2+y2)+L22—(L1+L5)2 2
\/x +y2=( 205 )

= Y
6, = arctan + arctan( IR ) (4)

2.Lp
Similarly, if cos8,is let alone from equation (1), inverse kinematic solution for 8; will be equation (5).

x—Lp.cosf,
6, = arctan(+ ——its) ) (5)
1— (x Lo. cosez)z
(L1+Ls)

So, system forward and inverse kinematics models are defined mathematically. With this way end-effector
XY position can be describe according to 6, and 0:. Jacobian Matrix provides the relation between joint
velocities & end-effector velocities of manipulandum. It can be obtained from equations (1) and (2).

x'1 _ [~(Ly + Ls).sin(0,) —L,.sin(6;) )
[}"] a [ (L11+ L5§.COS(911) LZZCOS(HZZ) ] ] J.0 (6)

11.2. DYNAMICAL MODEL

The joint space dynamics of the human interacting manipulandum is defined by equation (7).

M(6).6"+V(6,0) +gO@) =t+]O)Tf (7)
Here, M(6).6", V(6,6") and g(@) are the inertial matrix, centrifugal and coriolis forces, and the
gravitational component, respectively. The position of the manipulandum in the joint space is defined by
0 = [0;; 6,], the actuator torque (N.m) vector is defined by 7 = [14; 7], the manipulandum Jacobian is
defined by J(6), and the force vector is defined by f = [f;; f;], which is applied force (N) externally to the
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end-effector. Since the manipulandum working area is a two-dimensional horizontal plane, the effect of
gravity is neglected. Here f is the force, so modeling of the interacting human upper arm was not required,
as it was measured by sensors in the joystick-shaped end-effector [15],[16],[17].

While creating the dynamic model of Manipulandum, the Euler-Lagrange method (ELM) was used. Energy
components of the system; Kinetic energy T, dissipating energy D and potential energy U must be known.
Since the Manipulandum has ho movement on the vertical axis and there is no spring or similar element in
the system to store energy, potential energy change in the system is assumed to be zero. It is accepted that
the source of dissipating energy is the friction occurring at the joints and end-effector. For each link, the

energy lost in the joints was calculated as (D; = % C;. (6] — 6;_,)?), thus the total dissipating energy "D"

was obtained. The derivative of the dissipating energy affecting the system is calculated for the joints, where
“Ci” is the friction coefficient it is given by equations (8) and (9).

aD

907 — (Ci+C3+Cy).01 +(Cy — C3).6, (8)
oD ’ ’
20l (C3+C3+Cy).0; + (Cy — C3). 0 9)

The parameters used when calculating the kinetic energy "Ti" of the system are; “Li” as the link length, “m;”

[Tl [T L)

as the link mass, “vi” as the center of mass linear velocity component, “p;”” as the center of mass position,
and “T;” as the link moment of inertia. Here “p4” is the center of mass that is assumed as the center of mass
of the total mass of the “L:”, “Ls” links and the end-effector. The Kinetic energy equation for each
component are given by (10), (11), (12), and (13).

T, = %.ml.vlz + %.11.9{2 (10) T, = %-mz-vz2 + %-12-952 (11)

1 1 ’ ’ 1 1 ' ’
T3 = E.m3.‘l73% +E.13.(92 - 91)2 (12) T4 = E.m4.v4? + 5.14,. (92 + 91)2 (13)

The Lagrangian of the system is calculated by taking L = T4y (6,0') — U(0) and U(6) = 0. The
Lagrangian of the system is given in equation (14).

L=2.00{" +=n.05° +.2.cos(6, — 61).01.05 + (I, — 13).61.605 (14

In the resulting Lagrangian, 3 parts consisting of constants are expressed as the parameters (, 7, &,
respectively and are given in equations (15), (16), (17).

(=2.(my.Li° +4.1) + 4. (mg. Ly > + I3) + 4. (my. (Ly + Ls/2) + 1) (15)

n=(my. L2 +4.5L) + (ms. L + 4.13) + 4. (my. L* + 1) (16)

€=4.m3.L1.L, + 8.my.L,. (L1 + L5/2)) 17)
In conservative systems, Lagrange’s equation of motion is given by (18) [Marion 1965].

d_oL __ _o. oD = (11, 7y)
dta(e;,6;) 9(6,8;) 961,05 - 12

(18)

01 and 6, are the joint angles (rad.). 71, 72 are torque (N.m) corresponding to the joint angles and D is
dissipating energy (joules). We use Lagrange’s equation to drive manipulandum dynamics.
d /oJL 1 " 1 . ' ' ' 1 "
a(6—91) =2.0.0) —2.esin(0; — 0,). (05 — 01).05 + (5.2.cos(0, — 0:) + (I, — 1)) .6 (19)
oL

1 . 1 n!
3. "5 E sin(6, — 6,).01.6; (20)
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d oL\ 1 o1 b oo (1 "
§(E) =005 —.e.5in(6; — 0,). (65 — 61).6; + (5.2.cos(8, — ) + (ls — I3)) .67 (21)
dL 1 . 1t
3, = 5 F sin(6, — 6,).6;1.6, (22)
T=M(6).6" +V(6,6" (23)
M(0) and V(8,0") are written in matrix form as in (24) and (25).
1 1
-.q =.e.cos(f, —01) + (I, — )| 9"
M) = |, ‘ 8 S [1] (24)
3 & cos(6, —61) + (I, — I3) 2N 02
S £.5In(0; — 01). (2.05 — 03).05 + (Cy + C3 + C4).01 + (C4 — C3). 63
V(6,0 = |® (25)

2 e.sin(0; — 0y). (6] — 2.03).0] + (C; + C3 + C,). 05 + (Cy — C3). 6]

If we leave the 8" expression alone in equation (7), we obtain the dynamic equation of the system depending
on the torque and external force variables.

0" =M@O)(t—-V(®,0)- JO)f) (26)

Before presenting the details of controller, the manipulandum 3D dynamic model created in Simulink
Simscape Multibody (SSM) should also be mentioned. SSM allow the representation of all links, revolute
joints, rotational and translational rigid transformations. Internal mechanic properties (stiffness, damping
coefficient) are adjustable. Also, physical shape and material density of the links can be adjustable. Close
chain structure, fixed frame relations, inputs and outputs of the platform can be seen on Figure-1.

11.3. IMPEDANCE CONTROLLER

When it comes to human interaction, in addition to position control, the force applied to the end-effector
should also be controlled. Impedance control; aims at the control of position and force by adjusting the
mechanical impedance due to the external force applied by the person to the end-effector.

Mechanical impedance is related to the moving forces acting on a mechanical system. Mechanical
impedance is defined by the rate of change of force acting on a body to the velocity generated by the same
force [17],[18],[19].

In impedance control the operator motion is an input and the reaction force is fed back to the operator based
on this input measurement. We also assume that the desired impedance of the body to the external force is
expressed by,

md.Q" + Dd' (9, - 9(’1) + Kd' (9 - Hd) = def (27)

where my, Dy, K4 and Kgq are the desired inertia matrix, damping, stiffness and external force coefficient
respectively, and 6 = [0;4;04,] (rad/s) and 6, = [641; 042] (rad) are the desired velocity and position
trajectories.

When 6, 68'and 6" are measurable, the control rule is that the torque is obtained by drawing it from the
dynamic equation (7) and substituting it in the impedance equation (27). However, when the external force
f is measurable, the control rule is obtained by drawing 8" from the dynamic equation and substituting it
in the impedance equation (27). Since no mass change is foreseen in the system, the original mass M(8) is
considered equal to the desired inertia matrix m . Thus, simplified position and velocity feedback control
rule is achieved:
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M(6)

d

0 ! 4 I 6
T= %)-Dd-(ed —0)+——=.Kp. (62— 6)+V(6,0") + ](e)Tf+%).de.f (28)

SIMULATION INFORMATION

The manipulandum, whose parameters are shown in Figure-1(a) and (b), was simulated in the
Matlab/Simulink environment. First of all, the compatibility of the dynamic model obtained with ELM and
the SSM dynamic model described in Section 11.2 was examined. The parameter set for both models is given
in Table-1. The parameters chosen for both models are different. Damping coefficient was given to the
revolute joints to represent the frictions in the SSM dynamic model. On the other hand, in the ELM dynamic
model, frictions are represented by the calculation of dissipating energy.

61 ’Displacement(Deg) Under T1=T2=0.4N.m 01 ’Displacement(Deg) Under T1=T2=0.4N.m

1400

T 8000

ELM
- — —ssMm |/

1000 |- -

ELM

= = =S8SM

1200 |-

800 |- 7

Displacement (deg)
A Y
Displacement (deg)

2.5 3
Time (s) Time (s)

Figure. 2.(a, b) [04; 6,] displacement response under [ty;T,] = [0.4; 0.4] step input.

In Figure.2.(a), in the SSM dynamic model, the damping ratio value entered for the joints is taken as zero.
In Figure.2.(b), in the ELM dynamic model, the friction coefficients “C;” used in the calculation of
dissipating energy are taken as zero. Both dynamic models show similar behavior in the absence of
coefficients chosen to represent friction.

In the SSM dynamic model, mass moment of inertia is automatically calculated from link dimensions and
link weights. However, there were difficulties in calculating the mass moment of inertia in the ELM dynamic
model, especially for the end-effector. Aluminum material was chosen for the links for both models.
Accordingly, density=1475 kg/m3 for half-hollow sigma profile. The center of gravity selected for
L4+L5+End Effector in the ELM model may not be compatible with the SSM dynamic model. When the
mass moment of inertia values used in the SSM dynamic model are applied to the ELM dynamic model, no
meaningful results can be obtained (Figure.3).
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Figure. 3. 0, displacement response under [t;; T,] = [2; 2] step input.
Table 1. Parameters for both dynamic model
- ELM Dynamic ~ SSM Dynamic
Symbol - Description Model Value SI  Model Value Sl
Li=Ls Link Length 0.20m 0.20m
Lo=L,4 Link Length 0.40 m 0.40m
Ls Link Length 0.15m 0.15m
m; Link Weight 0.118 Kg 0.118 Kg
m, Link Weight 0.236 Kg 0.236 Kg
ms Link Weight 0.236 Kg 0.236 Kg
my Link + End-effector Weight 0.506 Kg 0.506 Kg
P1234 Center of Mass point Undefined Undefined
Iy Mass Moment of inertia of L, 0.1 Kg.m? 0.8*10° Kg.m?
I, Mass Moment of inertia of L, 0.5 Kg.m? 1.6*10° Kg.m?
I3 Mass Moment of inertia of L; 0.5 Kg.m? 1.6*10° Kg.m?
ly Mass Moment of inertia of L, +Ls +End-effector 8 Kg.m? 8.4*10° Kg.m?
Cy Friction Coefficient L, 0.09 N.s/m Undefined
C, Friction Coefficient L, 0.09 N.s/m Undefined
Cs Friction Coefficient Ls 0.09 N.s/m Undefined
Cs Friction Coefficient L, +Ls +End-effector 0.13 N.s/m Undefined
G Damping ratio for L; Undefined 0.36 N.m/(rad/s)
G Damping ratio for L, Undefined 0.36 N.m/(rad/s)
G Damping ratio for Lg Undefined 0.036 N.m/(rad/s)
Ga Damping ratio for L4 +Ls +End-effector Undefined 0.036 N.m/(rad/s)

Both dynamic models are compared under two basic cases. In the first case, the torque step input value was
entered at t=1s to represent the actuators connected to the manipulandum L; and L. active links, and the
outputs are evaluated below.
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Figure. 4.(a, b) [04; 6,] displacement response under [t;;T,] = [0.4; 0.4] step input.
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Figure. 5.(a, b) [64; 8,] displacement response under [t4; T,] = [0; 0.4] step input.

In accordance with the entered t, and T, torque input values, it is seen that 8, and 6, values increase in the
same direction for both dynamic models during the simulation period (Figure.4. a, b). If the torque step
input value entered for relevant actuator is zero, the connected link is not expected to move. However, as
seen in figure.5.a, although the torque value entered for L, is zero, movement is observed in 8;. These
movements can be explained by the effect of the friction defined in the joints on other motionless links. In
the second case, the force (5, f;) step input value was entered at t=1s to represent the effect of the person’s
hand on the manipulandum end-effector, and the outputs are displayed below.

61 62 "Displacement (Deg) Under fx=[0 -3 0 3] N.m fy=[3 -3 -3 3] N.m
150 T T T T T

Displacement (deg)

0 2 4 6 8 10 12 14 16
Time (s)

Figure. 6. [6,; 6] displacement response under [f,] = [0 — 3 03], [f,] = [3 — 3 — 3 3] step input.
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Figure. 7. [61; 03] angular velocity response under [f;] = [0 —3 03], [f,] = [3 — 3 — 3 3] step inpui.

In order to understand the effect of the step input force entered into the end-effector, a force of 3 Nm. was
applied in different directions at different times t. The expectation is that the end-effector will position itself
with the longest reach in the direction in which the force is entered. The system shows acceptable overshoot
but behaves as expected.

After this evaluation of the dynamic model, controller simulation was started. The impedance controller
explained in Section 11.3 was tried to be applied to both dynamic models under the same conditions and
with the same control coefficients. Kd, Dd and Kfd coefficients were determined by trial-and-error method.

First, the relationship between actuator torque input and end-effector force input was examined with the

simulation. The expectation is that the extremely high selected input value will dominate the other
(Figure.8.a.b).
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As expected, a small Dd dumping coefficient caused the system to be under-damped, while a high Dd
dumping coefficient caused the system to be over-dumped (Figure.9).
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Figure. 9 8, = 30° displacement response under damping coefficient Dg=0.5, D¢=5, Dg=25
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Again, while a small Ky stiffness coefficient caused the system to be
coefficient caused the system to be under-dumped (Figure.10).

over-dumped, a high Kq stiffness
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Figure. 10 8; = 30° displacement response under stiffness coefficient K4=1.5, K4=15, K¢=75

Then, external force coefficients were tested with Kfd = (0.7, 7, 70) while the coefficients Dd = 4.89 and
Kd = 14.92 were kept constant at their ideal values. It was observed that the force changed scalar in direct
proportion to the change in the Kfd coefficient, but there was no deformation in the movement profile. Here
Fxy force value and is accepted as the value read by the force sensors located in the manipulandum end-
effector. [8,;6,] = [30° 140°] step input was applied to the system at time t = [5;7.5; 10; 12.5] (),
during Dt=0.5 s, in £X and +Y directions, and the results are shared in figure.11.
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Figure. 11 [6,; 6,] = [30°; 140°] displacement during applied external force on =X and +Y directions
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DISCUSSION AND CONCLUSION

This study explains the dynamic solution of the manipulandum that interact with the human upper arm,
controller design, model simulation and simulation results. Manipulandum design in this field are used in
human-machine interaction experiments to understand human motor learning skills. While the subject of
experiments is handled in the field of medicine, appropriate manipulandum design is the subject of the
engineering field. In this study, the engineering qualities of the device were evaluated, its mathematical model
obtained, dynamic model simulation done and control elements were examined. The manipulandum have a
2-dof, 5-link closed chain structure that moves in the horizontal plane, their movement is provided by 2
actuators, their interaction with the human upper arm is made with a fixed joystick (end-effector) on the 2nd
link, their dimensions are smooth and compatible with the human upper arm. It is understood that the
manipulandum must be of a size that can safely interact with the human arm. A conceptual design was made
for the manipulandum and the movement parameters of the manipulandum were obtained by creating a
kinematic model accordingly. While creating the dynamic model of the system; It is accepted that the
manipulandum moves in the horizontal plane, therefore there is no effect of gravity, there is no spring, damper
or similar potential energy source in the system, and there is heat loss due to friction. The dynamic model
obtained with the ELM was compared with the system model obtained with the SSM tool in the Simulink
environment; The consistency of model parameters (friction coefficients, moment of inertia, etc.) was
mutually checked. Since human-manipulandum interaction requires force control, an impedance controller
has been designed for the system dynamics, instead of classical controllers. The success of the controller on
both the ELM dynamic model and the model created in SSM was examined and the results were evaluated.

Result of the simulations suggests that in order to achieve meaningful position and force control, there must
be a proportional magnitude relationship between the torques applied to the model by the actuators and the
force applied to the end-effector. If the actuator torques or end-effector forces are excessively greater than
the other, the simulation results in two ways. In cases where the force is dominant, the manipulandum moves
in unpredictable / unexpected trajectories around the origin. In the case where the torque is dominant, the
manipulandum rotates around the origin until the end of the simulation period and its rotation is in the
direction where the torque is dominant. This is an expected situation. Human-machine interaction safety
and effectiveness are also mention in similar articles reviewed.

Future work: In this study, no working condition or working area restrictions were defined for the
manipulandum. However, in a Manipulandum prototype it should be ensured that the links do not pass over
each other (up & down link relationship). Links should be prevented from falling into cross positions.
System workspace (boundary) must be defined. The system must be prevented from making a full rotation
(360-degree rotation). This study was supported by Kafka Mechatronics Co. With this support, the
manipulandum prototype was completed and the electronic components and software infrastructure for the
actuators, drivers and controller were prepared. The results obtained from the experimental setup will also
be shared in an article, and the entire study will be converted into a doctoral thesis and shared.
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In recent years, millimeter wave (mmWave) frequency modulated continuous wave (FMCW)
radars have gained popularity in radar imaging applications, coinciding with the advancement
of mmWave technology. However, high cost and integration complexity still remain as issues
in cases where the target aperture is large. This work introduces a low-cost, low-complexity,
and easy-to-implement two-dimensional (2D) mmWave synthetic aperture radar (SAR) system.
A commercial-off-the-shelf (COTS) mmWave FMCW radar sensor operating in the frequency
range of 77-81 GHz is employed. A large mechanical scanning system which can move in both
vertical and horizontal directions is constructed and integrated with the radar sensor.
Developing a graphical user interface (GUI), an automatic movement of the scanner is
achieved. Experimental measurements are taken in a laboratory environment and the
effectiveness of the system is demonstrated. A cross-shaped metal object and a drone are
chosen as targets and the SAR images of targets are obtained. For simplicity, by employing a
single transceiver pair, sparse samples are taken in a large scanning aperture. It has been
shown that the proposed scanning system has great potential in SAR imaging of large objects
such as unmanned aerial vehicles (UAVS).

Keywords: mmWave, Frequency modulated continuous wave radar, Synthetic aperture
radar, Sar imaging, Drone, Unmanned aerial vehicle
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I. INTRODUCTION

In recent years, radar imaging has been in demand since having the ability to successfully operate in different
weather conditions, distances, and surroundings [1]. Studies concerning imaging using mmWave sensors ranging
from 30 GHz to 300 GHz have increased distinctively in many civilian, commercial, and military applications [2-
4]. Specifically, millimeter-wave (mmWave) imaging has emerged as one of the most significant technologies of
near-field imaging applications [5]. Custom-built systems are proposed in the initial studies including concealed
item detection [6], three-dimensional (3D) imaging [7], and multistatic structures [8]. Along with the advantages
such as health-wise nonhazardous frequency band and diffusion capability to a variety of materials, mmWave
frequencies can bring some disadvantages such as demand for a large humber of antennas to obtain a high-
resolution image, relatedly high cost and integration complexity.

Lately, commercial-off-the-shelf (COTS) mmWave frequency-modulated-continuous-wave (FMCW) radar
systems have gained popularity in synthetic aperture radar (SAR) imaging applications due to their advantages
such as low cost, easy access and simple implementation [9]. Consequently, COTS mmWave FMCW radar
sensors have begun to be employed in a variety of fields including automotive [10], medical [11], and defense
[12] industries and the studies regarding achieving high-resolution imaging have gained diversity. To obtain high
resolution, multiple-input multiple-output (MIMO) SAR systems take the lead in the literature. A novel algorithm
is introduced in [13] for near-field MIMO-SAR imaging with irregular scanning geometries. An algorithm for
mmWave MIMO-SAR imaging for automotive applications presented in [14]. [15,16] employ the MIMO-SAR
imaging of small objects in near-field. Additionally, mmWave radar sensors have begun to take part in sensor
fusion applications. Employing optical and mmWave SAR image fusion, indoor object recognition is proposed in
[17]. Employing 68-92 GHz FMCW radar, 2-D multi-object indoor environment mapping is implemented. Using
the combination of SAR and optical images, the recognition of the objects in the indoor environment is carried
out. Yet, above-mentioned applications may bring also cost and complexity issues along in cases where the target
aperture is large.

Recent advancements in mmwWave FMCW radar applications offer great potential in the detection of hostile agents
such as unmanned aerial vehicles (UAV). UAV detection and ranging are achieved by employing FMCW radar
operating at 77-81 GHz in [18] and at 35 GHz in [19]. For the detection of nano-drones, a K-band FMCW radar
is designed and the micro-doppler signatures are obtained in [20]. mmWave FMCW SAR imaging applications
also have the potential to be an innovative approach to UAV detection due to advantages such as low cost, low
complexity, and ease of implementation, however, the literature has remained largely insufficient.

In this study, a low-cost two-dimensional (2D) mmWave SAR imaging system is proposed. Contrary to many
existing studies, SAR measurements are taken by using a low-cost COTS radar and scanning system in a
laboratory environment instead of high-cost, high-complexity, and difficult-to-access radars and scanners, and an
anechoic chamber. To reduce the cost and complexity, monostatic SAR measurements are taken instead of
employing MIMO topology. A SAR imaging system is created by employing a COTS mmWave FMCW radar
sensor and mounting it on a scanning platform. A 1 meter by 1 meter scanner is constructed. Constructing a
scanner with an extended aperture enables SAR imaging of large objects. While the scanning platform moves in
both vertical and horizontal directions, the radar sensor collects measurements. By this means, a virtual antenna
array is obtained in a desired scanning aperture. By considering the Nyquist sampling criterion along with the
cross-range resolution of the image, SAR measurements are taken. After the image reconstruction process, the 2D
SAR image of the target is obtained. The applicability of the scanner is confirmed by experimental measurements.
A large cross-shaped metal object and a drone are used as targets. By employing the SAR scanning system of
reduced cost and complexity and taking sparse samples, the imaging of the targets is achieved.

The remaining of the paper is organized as follows; Section Il proposes the related literature in the field. In Section
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111, the radar signal model, SAR system design specifications, and the employed image reconstruction method are
mentioned. The construction of the scanning system and the experimental system configuration are presented in
Section IV. The results are given in Section V. Section VI draws conclusions.

Il. RELATED WORK

A low-cost, high-resolution mmwWave FMCW SAR imaging system is proposed in [21]. The 77 GHz radar sensor
is combined with a two-axis scanner. The maximum scanning range of the system in both directions is 40 cm
which limits the size of the target to be scanned. Since the scanning aperture is small, SAR imaging of small
targets is studied at close range.

In [9], a near-field MIMO-SAR mmWave imaging of small objects is achieved by taking sparse samples. A 77
GHz FMCW radar is mounted on the 40 cm scanner. High resolution images of small objects are obtained.
However, employing MIMO array topology brings complexity issues.
A near-field mmWave FMCW-SAR based static hand gesture recognition application is presented in [22]. SAR
images of different hand gestures are obtained with 77 GHz MIMO radar sensor and a two-axis scanner. The
maximum distance between the radar and the scanner is set to 40 cm.

When the related works are examined, it can be concluded that mmWave FMCW SAR imaging applications are
studied especially for near-field scenarios and small objects. To obtain high resolution, MIMO array topology is
employed at the cost of computational complexity.

1. METHOD

A. FMCW Signal Model

An FMCW radar generates a frequency modulated signal which is also known as a chirp signal. The transmitted
chirp signal can be expressed as in eq.(1)

m(t) = cos(2nf;t + Smt?) (D

where f; is the instantaneous carrier frequency and S is the frequency slope which can be derived from the
bandwidth B and the chirp duration T

S== @)

The transmit signal hits the target and is received back with a round trip delay t
m(t — 1) = cos2n(fit + Stt) — Smt?) 3)

St indicates the beat frequency f;, and it provides the range of the target. Smt? is known as the residual video
phase (RVP) and can be neglected. Thus, the received signal in eq.(3) can be rewritten as

r(t) = cos(Zn(fl-T + fbt)) (€))
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B. SAR System Design

A cost-effective 2D SAR imaging system is designed by integrating a radar sensor with a mobilizing scanner as
shown in Fig.1. This method yields a sampling of the target aperture vertically and horizontally. The sampling
distance is indicated in the horizontal direction as a,, and the vertical direction as a,. By employing one transmit
and one receive antenna, an array of virtual antennas is created. The radar scans the total area of A,xA, with a
sampling steps of a, and a,,. After the image reconstruction process, a 2D image of the target at the distance z is
created.

[ J [ ]

TX RX
1N /

ay| |
4------ L& &N |
4
1
= = = = = Radar [= = = 4,
_---------*I
Ax
z

Target

Figure. 1. SAR system motion demonstration.

By taking measurements at each xy measurement point, a data cube r(x, y, t) is obtained based on the received
signal in the eq.(4). The SAR image of the target is reconstructed by obtaining the reflectivity function s(x,y)
from the received data cube r(x, y, t).

C. SAR System Specifications

The well-known range resolution z,.., can be calculated from the bandwidth B and the speed light constant ¢ as
follows

c

Zres = ﬁ (5)

For 2D SAR imaging, the cross-range resolutions in horizontal and vertical directions represents the image
resolution [23]

Zyy = (6)

where A is the wavelength, A, and A, are the total scanning apertures in horizontal and vertical directions
respectively as shown in Fig.1.

Additionally, to prevent aliasing and consequently ghost images, the Nyquist spatial sampling criterion should be
met while taking measurements. The sampling intervals a,, and a,, shown in Fig.1 should be specified accordingly
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[7]. For the worst case, spatial sampling distances should satisfy a, ,, < ’1/ 4

Considering the above-mentioned criteria, spatial sampling intervals, SAR aperture size, and target distance from
the radar are determined.

D. SAR Image Reconstruction

In SAR imaging applications, to reconstruct the target image, the reflectivity function should be recovered from
the collected radar data. For this purpose, image reconstruction algorithms are employed. This paper uses a
matched filter-based image reconstruction [24] to create a SAR image of the target from the collected data set by
the constructed SAR system. Since the method is based on the distance of the target, SAR imagery of multiple
targets at different distances on the same alignment can be achieved. The system's impulse response can be
determined as follows

h(x,y) = exp(—jk+/x? + y? + z2) (6)

where k is the wavenumber, z is the distance between the radar and the target, x and y denotes the measurement
points at horizontal and vertical directions respectively. The reflected signal can be determined by the following
convolution operation

r(xy) = s(xy) * h(x,y) (7

Thus, taking the 2D Fourier transform (F,p) of both the received signal and the filter, multiplying them in the
spatial frequency domain, and subsequently taking the inverse Fourier transform (F;;) to return back to the spatial
domain gives the reflectivity function

s(x,y) = FEL% [Fop (r(x, ¥))Fop (h(x, J’))*] )
The data cube creation and image reconstruction processes are conducted in the Matlab environment.

IV. EXPERIMENTAL SYSTEM CONFIGURATION

A low-cost SAR system is constructed by integrating an mmWave radar sensor and a two-axis scanner.

A. Radar Sensor

A COTS mmWave FMCW radar sensor AWR1642 developed by Texas Instruments (TI) is employed for
experimental measurements. For data acquisition, TI’s DCA1000 evaluation module is integrated with AWR1642.
The radar system is shown in Fig.2. AWR1642 offers a maximum bandwidth of 4 GHz between the operating
frequencies 77-81 GHz. It allows MIMO measurements with two transmit and four receive antennas. DCA1000
captures the data and transfers it to the host computer. At the host computer, mmWave Studio Suite environment
is used to display and process the captured data. Using this environment, board control, setting the parameters of
a chirp signal, post-processing of ADC data, and visualization of processed data operations can be conducted.
From the mmWave Studio, the received signal can be extracted in the form of complex in-phase/quadrature (1/Q)
at intermediate frequency (IF).
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Figure. 2. Radar system.

B. SAR Scanner

A 2D mechanical scanning system that can move in horizontal and vertical directions is designed and the radar
module is mounted on the system as shown in Fig.3. The scanning aperture of the system is 1 meter in both vertical
and horizontal directions. The large aperture of the scanner provides the flexibility to obtain high-quality SAR
images of small targets along with sparse sampled SAR imagery of large targets. The system takes stationary
measurements between the sampling distances and the minimum sampling distance is achieved as 1 mm. The
motion of the scanner is enabled with four stepper motors. The measurements are taken in a laboratory
environment without an anechoic chamber.

Fig]u]?& SAR scanner.

C. SAR System

The SAR scanning system is constructed by combining the mechanical scanner and the mmWave radar sensor.
Both the radar sensor and the microcontroller are linked to the host computer. As a microcontroller, Arduino UNO
is employed. The radar sensor is controlled by the mmWave Studio. A graphical user interface (GUI) is designed
to control both the mmWave Studio and the motion of the system as demonstrated in Fig.4. The system is designed
so that the elapsed time between successive samples is 5 seconds.
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Figure. 4. Structural diagram of the SAR system.

Using the interface, users can specify sampling distances, total scan apertures, and motion repetition in both the
vertical and horizontal axis. The designed user interface is shown in Fig.5.

Motion Automation

Axis ~ Step (mm) Aperture (mm) Repetition
Delete All Delete Change Add
Number of Motions: |1 Repeat Motion
Display Start

ID  Axis Step(mm) Aperture{mm)

Figure. 5. User interface.

V. RESULTS
By taking monostatic measurements of different types of objects in a laboratory environment, the constructed
SAR imaging system is verified.

A 45x45 cm cross shape metal object is used as target as shown in Fig.6. One transmit and one receive antennas
were used. The distance between the scanner and the target was set to 70 cm. The total scanning aperture was 30
cm and the sampling distance was 4 mm which gives the image resolution of 4,3 mm in both vertical and horizontal
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directions. A 256x75x75 radar data cube is obtained with a total of 5625 measurement points. By taking sparse
sampling, a SAR image of a large object is reconstructed successfully.

Figure. 6. SAR imaging result of cross object at 70 cm distance.

Then, the same object is settled 30 cm before the radar. 10 cm of aperture is scanned with 3 mm sampling
distances in both vertical and horizontal axes. The imaging result is given in Fig.7.

-

Figure. 7. SAR imaging result of cross object at 30 cm distance.

Lastly, the imaging of a 45x45 cm drone is achieved. The drone is put at 70 cm distance from the radar. 30 cm
aperture is scanned with 4 mm sampling distances. The imaging result is shown in Fig.8.
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Figure. 8. SAR imaging result of drone at 30 cm distance.

VI. CONCLUSION

In this work, as a part of an ongoing study, employing mmWave SAR imaging techniques and using low-cost
COTS radar and scanning system, SAR imaging of different types of targets is achieved in a laboratory
environment. First, a low-cost radar scanner is built to obtain a SAR imaging system. Then, a radar data cube is
created by taking monostatic measurements with mmWave FMCW COTS radar mounted on the scanning system.
By taking sparse samples, the SAR imagery of large cross-shaped metal object and a drone is obtained. Promising
results have been obtained for future UAV detection studies. In future work, employing deep learning applications,
the recognition of SAR images of different types of targets can be employed. The recognition success can be
studied in different image resolutions.
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I. INTRODUCTION

We are constantly surrounded by sound, whether indoors or outside. We are constantly surrounded by many sorts of
noise like traffic noise, and street noise however, this noise can occasionally interfere with effective communication.
Even automated speech recognition (ASR) [1] technologies face difficulties in understanding us. To fix this, speech
enhancement becomes critical. It seeks to improve speech quality by converting noisy input into clearer output.
However, typical voice-augmentation algorithms can be computationally intensive, particularly for devices with
limited resources. The proposed research focuses on developing lightweight and efficient models designed primarily
for low-power devices with limited memory and processing capability. We aim to remove background noise from
your voice without draining your device’s resources. To achieve this, we use supervised learning techniques inspired
by computational auditory scene analysis (CASA) [2], Supervised methods [3] involve creating separate models for
speech and noise signals, with the parameters of these models learned using training examples that include both types
of signals. We use masking and mapping [4] targets in the T-F domain to guide proposed models toward achieving
optimal results without overwhelming them with complexity. The CRNN identifies critical speech components [5],
[6], which analyses the time-frequency bands. As this is going on, the AG serves to let important information through
while blocking out unwanted noise. The result: significantly enhanced speech quality, even in challenging acoustic
environments. This research has significant implications for various applications. Improved speech quality and
intelligibility directly benefit ASR systems, voice communication, and assistive hearing devices. By leveraging the
magic of deep learning [7], we are paving the way for a future where clear communication is no longer hindered by
noise. This paper contributes to this domain by offering a lightweight yet effective approach to single-channel speech
enhancement, promising better speech quality and intelligibility. The proposed work bridges the gap between speech
enhancement and resource constraints. By incorporating skip connections and attention gates within the CRNN
architecture, we achieve remarkable results while ensuring computational efficiency.

Il. PROPOSED METHOD

In proposed research, we employ two distinct models to tackle the task at hand. The first model, referred to as a
conventional convolutional recurrent network without residual connections (CRN-WRC), integrates a recurrent block
network for speech enhancement (SE). Meanwhile, the second model incorporates residual connections with (1x1)
kernel size and attention gates (CRN-RCAG) within the CRNN architecture to enhance its performance.

Training Samples Of Noise

’,p?o i

Noise Train Noise

Wkl

Model Offline
C Noisy Speech Speech Enhanced Speech ((
= Enhancement A
T Y=s+n T s
> Train Speech
W Clean Speech Model Offline

Training Samples Of Speech
Fig. 1. Supervised Approach to Noise Reduction: Speech and Noise Model Interaction

A. Conventual CRN-WRC Model

The architecture of proposed Convolutional Recurrent Network is depicted in Fig.2. shows the network architecture,
which consists of five layers for the causal encoder and decoder, respectively, that are convolutional (Conv2D) and
deconvolutional (Deconv2D) [8], [9]. Exponential linear units are used in all layers but the output layer, which uses
soft-plus activation [10]. A Gated Recurrent Unit (GRU) layer models the latent feature sequences after inputs are
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first encoded into a high-dimensional latent space [11]. Then the GRU layer’s output sequences are converted back
into their original shape by the decoder. This method combines two powerful topologies convolutional neural
networks (CNNs) [12] for feature extraction and recurrent neural networks (RNNs) [13] for temporal modelling to
produce better outcomes In proposed study, we leverage residual connections to enhance information flow and
address redundancy in speech enhancement. Specifically, we connect the encoder outputs to the decoder inputs using
these residual connections as depicted in Fig.3. Additionally, we incorporate attention gates (AGs) [14] within these
connections to effectively reduce redundant regions while emphasizing important spectral features. Given the large
number of frequency components in the spectra, we recognize that formant frequencies dominate low-frequency
areas, while high-frequency regions exhibit a sparse distribution. In speech, certain frequencies are more important
than others. For example, low-frequency areas usually have more dominant sounds, while high-frequency areas have
fewer sounds. So, it’s crucial to give more attention to the important parts of the speech signal. Therefore, it is crucial
to differentiate distinct spectral locations with varying weights.

> Attention Gate
~

-)C Conv Layer Parallel GRUs ) 4> Deconv Layer

Add-Residual
Connection
Conv (1x1)

Fig. 3. CRN Architecture for Speech Enhancement with Residual Connections and Attention Gates

B. Extending the Proposed Model

The encoder’s job is to take the input features and find the important parts while making the information easier to
work with. It does this by passing the input features through five layers that squeeze them down and make them more
manageable. Then, special layers called GRU layers help the model understand the order of the information over
time, and another layer helps adjust the features even more. AGs help the model focus on the most important parts
of the input, ignoring the rest. These AGs work by comparing the features from different parts of the model and
deciding what’s important. The decoder’s job is to take the simplified features and turn them back into the original
input size. This completes the cycle, making the whole process like a mirror image. By adding Attention Gates, the
decoder becomes even better at generating accurate results. Additionally, residual connections (1 x 1) kernel size
helps the flow of information by linking the output of one part of the model to the input of another. This ensures that
important information isn’t lost as it moves through the network.

Encoder Decoder

~
v
4
L

@
g 1
= [
Lol o © © = <

< o
— o & N i o © E) b=t =
o o~ =2 = = —_— =~ — = ~
T 1 ~N =~ = Y d o Y] 1
— = T L o T i =)
- = = d d d @l = =l LB =
o = V) oF o3 ) 2 o o 0
& § & & & & & & & &
Parallel GRUs
Frequency Conv_1 Conv_2  Conv_3 Conv_4  Conv 5 Dconv.5 Dconv_4 Dconv.3 Dconv2 Dconv.l Frequency
BN,ELU BN,ELU BN,ELU BN,ELU BN,ELU BN,ELU BN,ELU BN,ELU BN,ELU BN,ELU

Figure. 2. The architecture of Convolutional Recurrent Network without residual connections
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Fig. 4. CRN Architecture for Speech Enhancement with Residual Connections and Attention Gates

C. Parallel GRUs For Temporal Modelling

In proposed experiments, we use Gated Recurrent Unit (GRU) models to help us predict what a future speech frame
might look like based on past frames. We used a window of 11 frames, including 10 past frames and 1 present frame,
to make this prediction. We fed a long vector of these 11 frames into the network at each step. GRU is a newer type
of recurrent neural network known for its memory cells, which are good at understanding patterns over time. To
capture the timing of speech signals, we added a GRU layer between the encoder and decoder parts of proposed
model. The equations describe how GRU works, including terms like z, r, and h, and illustrate the update gate and
reset gate, which helps the model learn from the data.

7= o(W,[x, he—a] + b,) ©)
1 = oW, [xe, hes] + by) 2
hy = tanh(Wy[1, © hy_y, x,] + by) 3)
hi=U=-2)Ohy+(2) Oh 4)

To handle the input shapes required by GRUs, we used a technique from a previous study to group the large network
into smaller, parallel networks. This helps the model process information more efficiently.

I1l. EVALUATION METRICS

To evaluate the proposed networks, we used two primary performance metrics: Short-Time Objective Intelligibility
(STOI) and Perceptual Evaluation of Speech Quality (PESQ).

A. STOI (Short-Time Objective Intelligibility)

STOI is a metric used to measure the intelligibility of speech, particularly in noisy conditions. It is designed to
predict the intelligibility of processed speech signals by comparing temporal envelopes of the original and degraded
signals in short-time windows. Higher STOI values indicate better speech intelligibility. We chose STOI because it
is highly correlated with human speech intelligibility scores, making it a reliable measure for our speech enhancement
task.
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B. PESQ (Perceptual Evaluation of Speech Quality)

PESQ is a widely used objective measure for assessing the quality of speech signals. It compares an original clean
signal with a processed or degraded version, providing a score that reflects perceived speech quality. PESQ takes
into account various perceptual aspects of speech quality, making it a comprehensive metric for our evaluation.
Higher PESQ scores indicate better speech quality. PESQ was chosen due to its robustness and its high correlation
with subjective listening tests, which is crucial for evaluating enhancements in real-world noisy environments.

C. Speech Dataset and Experimental Setup

In proposed research study, we tested speech enhancement networks using a large dataset called LibriSpeech [15],
which includes recordings of people reading audiobooks that contain 0.22 million spoken sentences from 2,000
speakers. We focused on a subset of this dataset called LibriClean, which contains clean recordings, consisting of
104,015 high-quality utterances from 92 speakers. To evaluate proposed networks, we randomly selected 5000
speech samples from 40 speakers. Out of these speakers, we used 2 males and 2 females for testing whom the network
hadn’t heard before, and the rest were used for training. We also used various types of noise during training to make
sure the networks could handle different environments. For testing, we used challenging noise types like multi-talker
babble, street noise, and cafeteria noise. We tested proposed models with both trained and untrained speakers to see
how well they could handle different voices. The proposed networks were trained using a method called Adam
optimizer and optimized to reduce prediction errors.

IV. FINDINGS AND DISCUSSION

Table 1 compares the performance of two speech enhancement models: CRN-WRC (Convolutional Recurrent
Network without Residual Connections) and CRN-RCAG (Convolutional Recurrent Network with Residual
Connections and Attention Gates). For each model, the results are presented for different noise conditions: babble
noise, street noise, and cafeteria noise, across various signal-to-noise ratio (SNR) levels ranging from -6 dB to 6 dB.

Under each noise condition and SNR level, two sets of results are provided: 1. noisy: Represents the speech signal
before enhancement. 2. enh: Represents the speech signal after enhancement using the respective model. Comparing
the results between CRN-WRC and CRN-RCAG models, it is observed that the CRN-RCAG model consistently
outperforms the CRN-WRC model across all noise conditions and SNR levels, as indicated by higher STOI and
PESQ scores. This suggests that CRN-RCAG with residual connections and attention gates provides superior speech
enhancement compared to CRNWRC without residual connections. Both models effectively enhance speech quality,
but CRN-RCAG stands out as the stronger performer across different noise conditions and SNR levels as illustrated
in Fig. 5.

A. Speech Enhancement Performance in Familiar Noisy Environments

The table 1 compares the performance of two different speech enhancement models, denoted as CRN-WRC and
CRN-RCAG. For each model, two metrics are evaluated: PESQ and STOI. PESQ measures the perceived speech
quality, while STOI evaluates the speech intelligibility. Tables 2 and 3 display the results for various signal-to-noise
ratios (SNR), ranging from -6 dB to 6 dB.

Under each SNR condition, two scenarios are considered: “noisy,” representing the original speech signal before
enhancement, and “enh,” representing the speech signal after enhancement using the respective model. Looking at
the results, we observe that both CRN-WRC and CRN-RCAG models significantly improve speech quality and
intelligibility compared to the original noisy speech across all SNR levels. For the CRN-WRC model, the PESQ
scores range from 1.39 to 2.18 for noisy speech signals, and the STOI percentages range from 53.7% to 78.3%. After
enhancement using CRN-WRC, there is a significant improvement in both PESQ scores (ranging from 2.26 to 3.01)
and STOI percentages (ranging from 72.6% to 88.9%). Similarly, for the CRN-RCAG model, the PESQ scores range
from 2.57 to 3.40 for enhanced speech signals, and the STOI percentages range from 83.7% to 95.3%. The
enhancement provided by CRN-RCAG demonstrates superior performance compared to CRN-WRC, particularly
evident in higher PESQ and STOI scores across different noise levels.
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B. Speech Enhancement Performance in Unfamiliar Noisy Environments

In Table 3, The models were tested on two different types of untrained noise environments, airport noise, and
factory noise. We compared the performance of proposed models in noisy conditions with no training on those
specific noises. We found that proposed models improved speech quality and intelligibility compared to the original
noisy speech, especially in untrained noisy environments like factory noise and cafeteria noise. For noisy signal the
PESQ scores range from 1.12 to 1.39, and the STOI scores range from 52.4% to 64.2% in the airport noise
environment. In the factory noise environment, the PESQ scores range from 1.34 to 1.83, and the STOI scores range
from 56.7% to 73.9%. After enhancement using CRN-WRC, the PESQ scores improve significantly to a range of
1.83 t0 2.26 in the airport noise environment and 2.13 to 2.26 in the factory noise environment. Similarly, the STOI
scores increase to a range of 67.8% to 73.9% in the airport noise environment and 67.5% to 73.9% in the factory
noise environment. When using CRN-RCAG, the PESQ scores further improve to a range of 2.19 to 2.48 in the
airport noise environment and 2.31 to 2.48 in the factory noise environment. Correspondingly, the STOI scores
increase to a range of 72.6% to 78.3% in the airport noise environment and 77.1% to 79.3% in the factory noise
environment. However, CRN-RCAG demonstrates better performance, achieving higher PESQ scores and STOI
percentages in both noise environments, indicating its effectiveness in enhancing speech signals corrupted by
untrained noises. Table 4, illustrates how incorporating residual connections in the CRN-RCAG architecture affects
performance. Adding residual connections is better than not adding them at all. While adding these connections
improves the PESQ and STOI test scores, the best performance is achieved by including Conv (1 x 1) add-residual
and Attention Gate Residual connections.

TABLE I: Performance Evaluation of CRN Speech Enhancement Models: A Comparative Analysis with STOI and PESQ
Metrics.

Noise Babble Noise Street Noise Cafeteria Noise

SNR -6 -3 0 3 6 6 | -3 0 3 6 6 | -3 0 3 6
noisy 54 60 | 68 | 73 80 58 | 66 | 72 73 83 56 62 67 | 71 | 77

CRN-WRC

STOI enh 72 81 84 | 86 | 88 74 | 80 | 85 | 87 | 91 75 82 | 85 87 | 89

CRN-RCAG enh 84 87 | 90 | 92 94 | 85 | 87 | 91 | 94 | 97 80 85 | 88 | 93 | 94
noisy 1.4 14|18 |19|21|16 |16 |17 1920|115 |16 17|19 |23

CRN-WRC

PESQ enh 2.2 26 1271282912326 |27(29|30|24|25)|27|30]3.0

CRN-RCAG enh 2.4 271291323326 |30|31(33|34|26|30|31|33]|34

Metric Model
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CRN-WRC = B2.080 §3.380 B3.560 CRNAWRC | 2634 2722 2716
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(a) STOI (b) PESQ

Fig. 5. PESQ and STOI Performance of CRN-WRC and CRN-RCAG Models Across Various Noise Conditions
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TABLE I1: Performance of Trained Noise Speech Enhancement under Various Noise Conditions.

Metric PESQ STOI (in%)
Model
SNR -6 3 0 3 6 -6 -3 0 3 6
noisy 1.39 1.48 1.63 1.86 2.18 53.7 61.7 66.3 721 78.3
CRN-WRC

enh 2.26 2.48 2.62 2.88 3.01 72.6 79.3 82.7 87.1 88.9

CRN-RCAG enh 2.57 291 3.17 3.38 3.40 83.7 89.5 921 94.6 95.3

TABLE I1I: Performance of Untrained Noise Speech Enhancement under Various Noise Conditions.

Noise Restaurant Street
Model Metric PESQ STOI PESQ STOI
SNR -6 -3 -6 -3 -6 -3 -6 -3
noisy 1.12 1.32 52.4 59.7 1.34 1.39 56.7 64.2
CRN-WRC
enh 1.83 2.16 67.8 72.1 2.13 2.26 67.5 73.9
CRN-RCAG enh 2.19 2.47 72.6 78.3 2.31 2.48 77.1 79.3

TABLE IV: Analysing the Impact of Residual Connections on Model Performance

Residual Types STOI PESQ

No Residual 78 2.34
Add Residual 83 2.49
Conv Residual 87 2.73
Residual-Attn 89 3.01

V. CONCLUSION

In this paper, we present a hovel approach to speech enhancement tailored for resource-constrained devices operating
in noisy environments. By leveraging supervised learning techniques and innovative model architectures, we have
successfully developed lightweight yet efficient models capable of significantly improving speech quality and
intelligibility. Our experiments demonstrate the superiority of the CRN-RCAG model over the CRN-WRC model,
emphasizing the importance of incorporating residual connections and attention gates for optimal performance. The
results highlight the effectiveness of the proposed models in enhancing speech signals across various noise conditions
and signal-to-noise ratio levels. Furthermore, the proposed models exhibit promising performance even when tested
with untrained noise types, showcasing their robustness in real-world scenarios. Overall, this research bridges the
gap between speech enhancement and resource constraints, offering a practical solution for clear communication in
noisy environments.

Future work will focus on further optimizing and extending the proposed model architecture to enhance its
applicability across a wider range of scenarios and devices. This includes: Exploring advanced techniques for model
compression and acceleration to ensure even greater efficiency on resource-limited devices.Expanding the dataset to
include a broader range of noise types and languages to enhance the model's generalizability and effectiveness in
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different linguistic contexts. Collaborating with industry partners to implement and test the proposed models in
practical applications, such as mobile communication systems and hearing aids, to facilitate seamless adoption and
impact.By pursuing these future directions, we aim to further advance the state of speech enhancement technology,
making high-quality, intelligible speech accessible in various challenging environments and on a wide array of
devices.
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The radar cross-section (RCS) is a critical factor in the design and performance of modern
airborne weapon systems. These systems utilize phased array antennas due to their low
profile, advanced beamforming, and angle measurement capabilities. The effect of phased
array antennas on platform RCS can be crucial. Addressing the RCS of phased array
antennas involves solving both structural and antenna mode scattering. Each component
presents different challenges for computation and requires specific RCS reduction
techniques. This short review delves into various existing methods for computing antenna and
structural mode RCS and offers insights into their application. Simulating the RCS of large
array antennas presents significant challenges due to the high demands on computing
resources. Additionally, this review highlights existing solutions aimed at reducing the
simulation times and memory usage in RCS modeling while maintaining accurate results.
However, further advancements are necessary to simulate large scale array antennas more
efficiently and accurately.

Keywords: Radar Cross Section, Phased Array, Structural Mode, Antenna Mode RCS,
Stealth
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I. INTRODUCTION

Radar Cross-Section (RCS) is an important metric for modern airborne weapon systems that depend on its
electromagnetic features. RCS is basically the measure of scattered power when an electromagnetic wave is incident
on a target, and is a function of parameters such as orientation of target relative to radar transmitter and receiver,
target geometry and material, wavelength of the incident wave, transmitter and receiver polarization, and many more

[1].

Today, most stealth aircraft platforms and missile systems have systems that uses phased array antennas such as
datalink systems, electronic warfare systems, fire control radar, etc. This preference is due to their low profile
compared to other types of antennas and their ability to be installed conformally without disrupting the stealth
geometry of the platform. Additionally, their abilities such as electronically steer beams and precise angle
measurement makes them ideal for most aircraft systems. Therefore, when designing stealth platforms, it is crucial
to analyze and reduce RCS of this type of antennas.

Phased array antennas have two forms of scattering: scattering due their structure and scattering due to their radiation
characteristics. These two terms are defined as structural mode and antenna mode scattering respectively [1].
Structural mode scattering is measured when the antenna system is match loaded. Therefore, antenna mode scattering
is neutralized and scattering occurs only due to the antenna’s geometry, materials and aperture size. Over the years
many techniques have been developed to reduce antenna RCS. One of the most investigated methods of reducing the
structural mode RCS of antennas involves the integration of metasurfaces (MSs) to antenna. MS usage is appealing
because they can be designed to control the amplitude, phase, and polarization of scattered waves. These features are
leveraged to achieve scattered field cancellation, and therefore effectively reducing the RCS of the antenna. Some of
the MS types used in the RCS reduction are artificial magnetic conductor (AMC) with perfect electric conductor
(PEC) [2], FSS [3], or checkerboard polarization conversion metasurface (CPCM) [4]-[7], electromagnetic bandgap
(EBG) structure [8], etc. However, implementing MSs introduces additional structural components to the antenna
array, which can lead to decrease on bandwidth and gain of the antenna. Another method for reducing structural
mode RCS is through the use of the reflection cancellation technique [9]-[11]. This approach involves using different
antenna elements designed to produce reflections that are 180 degrees out of phase. By arranging and tuning these
different antenna elements, the reflected waves interfere destructively, effectively canceling each other out and thus
reducing the overall RCS. The technique depends on precise control of the phase and spatial configuration of the
antenna elements to ensure destructive interference occurs effectively within the antenna frequency band. While this
method offers effective reduction of structural mode RCS without the bandwidth limitations and it does not introduce
any additional structures. It presents challenges such as design complexity, as designing an array with different
antenna elements that exhibits similar radiation characteristics can be challenging. Additionally, it is reported that
reduction of RCS is only effective under normal incidence, with different incident angles RCS reduction is less
efficient [9].

Antenna mode scattering, on the other hand, occurs when antenna load is not matched. In this case, scattering from
antenna is the summation of both structural and antenna mode scattering. For phased array antennas, analytically
computing RCS is particularly challenging because of their complicated feed networks, mutual coupling between
antenna elements, and other complications [1]. All these complications affect the radiation characteristics of the
antenna and, therefore, antenna mode scattering component. Figure 1 shows a simplified scenario of antenna
scattering where a single antenna element of an array is connected to various circuit elements.
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Figure 1. Scattering representation of phased array antenna
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This study is organized as follows: Section Il discusses the current analytical methods for computing antenna mode
RCS, detailing their respective advantages and disadvantages. This section provides a comprehensive overview of
techniques such as RCS with arbitrary loads, and gain-based reconstruction, among others. Section Il addresses the
challenges associated with computing the RCS of large phased array antennas. It also explores solutions to mitigate
these challenges. Methods like GPU acceleration and the active element mode scattering pattern to enhance
processing speeds and reduce memory requirements.

Il. BACKGROUND INFO

There are several methods to compute and/or simulate the RCS of antennas. Solving antenna RCS purely through
analytical methods can be impractical due to the numerous assumptions required. Solving RCS with analytical
methods is more complex for array antennas, which often feature complex feed networks with devices such as phase
shifters and couplers. These components contribute to transmission loss of the array antennas. Solving the antenna
mode RCS of array antennas solely through a full-wave electromagnetic (EM) simulator is not possible without
additional post-processing steps. Full-wave EM simulators (e.g., HFSS, CST Microwave Studio) are necessary for
modeling array antennas and providing data such as far-field patterns and S-parameters. Structural mode RCS can be
computed directly through these simulators by terminating the antenna with matched loads, thus ensuring the
simulation computes only passive scattering. Antenna mode RCS requires further post processing steps.

A. Solving Antenna RCS with Arbitrary Loads
Antenna RCS can be expressed in terms of structural and antenna mode for an open circuited load as [12]

o = |Jo5 + oree®| )

Where g, and ., are structural and antenna mode terms respectively, ¢ is the phase difference between the terms.
To solve the unknown phase difference between these terms a model was proposed at [13]. With this model antenna
RCS is obtained with full wave simulator by simulating the antenna scattering with open and short circuit loads.
Antenna RCS under any arbitrary load can be obtained with

= (1-T,)ES(00)+(14T4)ES(0) rn 1-rzr= =
EX(Z) = ——— "+ [ES(®) — E*(0)]

)

ES(o0) and ES(0) is the scattered electric field when antenna load is terminated as open circuit and short circuit
respectively. I; and Iy represent the reflection coefficient of the antenna and the load, respectively. The first term of
equation (2) corresponds to the structural mode scattering, while the second term corresponds to the antenna mode
scattering field. Using this formulation, the scattered field of antenna RCS can be easily obtained with the aid of a
full-wave simulator.
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B. Reconstructed Antenna Mode RCS Based on Antenna Gain

Another method for solving antenna RCS is by using gain data of the antenna to reconstruct antenna scattering pattern.
The relationship between antenna gain and antenna mode RCS has been long recognized. Appel-Hansen at [14]
derives the relationship between antenna gain and antenna mode RCS for a hypothetical antenna for which all of the
scattering is caused due to mismatch at the antenna load. If an antenna is terminated with a short circuit load there is
a perfect reflection at the load [1] therefore total re-radiated power is equal to received power of the antenna.

Therefore, antenna mode RCS can be defined in terms of gain as;

G?7?
Ore =

o ©
This definition only represents the antenna mode scattering portion and completely ignores the structural mode RCS,
which occurs due to the physical properties of the antenna. But with this definition antenna mode scattering pattern
can be reconstructed using the gain pattern obtained with a full wave simulator. Structural mode RCS portion can be
obtained separately with full wave simulations when antenna is terminated with a matched load. In this way,
scattering from the antenna is independent of the antenna feed and occurs solely because of the structure of the
antenna.

The authors in [15] modifies this definition for array antennas to compute the antenna mode RCS using the scattering
pattern multiplication method. Although this method ignores mutual coupling, edge effects, and feed losses, it allows
for the estimation of array RCS with reduced simulation time compared to other methods. An improved alternative
for this method has been proposed in [16] called the active element mode scattering pattern, which is similar to the
active element pattern [17]. The antenna mode RCS is estimated by superposition of the antenna elements active
element mode scattering pattern. Simulation time is further reduced by assuming that the inner array elements have
similar patterns to the middle element. It is reported that compared with the reference method, proposed method
requires 88% less memory usage, while maintaining low relative error.

C. Antenna Mode RCS Calculation Through Directivity and Impedance of Each Array Segment

In [18], the authors propose a novel method for analytically estimating the antenna mode RCS. A patch antenna array
is divided into sections, directivity and impedance of each segment is computed using a full-wave simulator. These
values are then incorporated into the formulation of the antenna mode RCS for N-element linear patch arrays. The
scattered field contributions from each component of the array and its feed network are described using reflection
and transmission coefficients in the formulation. This method can be useful for RCS computations of more
conventional arrays with reduced simulation times.

A summary of the existing studies on RCS computation is presented in Table I. From the results, it is evident that
there is a trade-off between simulation time and accuracy. Active Element Mode Scattering Pattern seems to offer
the best middle ground for computing RCS of large arrays.

TABLE I. Summary of RCS Computation Methods

Method Advantage(s) Disadvantages(s) Reference
. Uses full-wave simulator Requires computationally
Anter_ma RCS with data for accurate RCS results  intensive simulations with [13]
Arbitrary Loads . .
under various loads different loads
Simplifies antenna mode
Gain-Based RCS calculation using the [14]
Reconstruction gain data obtained with a Ignores structural mode RCS
simulator
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The Scattering Pattern Reduces memory usage and Edge and mutual coupling [15]
Multiplication Method simulation time effects are not considered

Reduces memory usage and

Active Element Mode simulation time; edge and ~ Assumes inner array element [16]
Scattering Pattern mutual coupling effects are patterns are the same
considered
Directivity and Impedance Useful for conventional Requires detailed segment-
Y P arrays; reduces simulation by-segment analysis of [18]
Method ;
time arrays

I1l. RESEARCH CHALLENGES AND DISCUSSION

Computing the RCS of large phased array antennas via full-wave simulators accurately can be very demanding on
processing power and memory requirements. Detailed time-domain simulations can take a substantial amount of
time. In order to increase processing speed, utilizing Graphical Processing Unit (GPU) acceleration can be very
beneficial. Time-domain simulations heavily rely on the Central Processing Unit (CPU), resulting in memory
bottlenecks and increased simulation times. The high memory bandwidth and parallel computing abilities of GPUs
can significantly reduce simulation times compared to CPU computing alone.

New computational methods for simulating RCS of array antennas will likely focus on further optimizing existing
methods to enhance time efficiency and accuracy. Hybrid methods that combine full-wave simulations with analytical
approaches could be the key to more efficient and accurate RCS simulations.

IV. CONCLUSION AND FUTURE DIRECTION

In this study, as part of an ongoing research on the RCS estimation of large array antennas, a literature review was
conducted to analyze the current methods of computing antenna RCS. The review goes through existing techniques
to discuss their respective advantages and disadvantages. Challenges in computing RCS of large arrays along with
proposed solutions are also discussed. The necessity of GPU acceleration in full-wave simulations to improve
processing speeds and reduce memory requirements is emphasized and its potential to significantly improve
simulation times. Furthermore, methods like the active element mode scattering pattern provide time efficient
solutions for estimating RCS with reduced simulation times and memory requirements. Making this method a good
option for large-scale phased array RCS analysis. This study aims to find the optimal methods for estimating the RCS
of phased arrays by discussing the existing methods.

Our current focus is to apply the aforementioned methods to estimate the RCS of large active electronically scanned
array (AESA) type antennas and investigate potential RCS reduction techniques for these systems. Given the
popularity of AESA antennas in modern stealth aircraft and missile systems, accurately determining and mitigating
their RCS is crucial. We will utilize a combination of full-wave simulators and analytical methods to model the
structural and antenna mode scattering.
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Recently, Convolutional Neural Networks (CNNs) have achieved remarkable success in
computer vision, image processing and image processing tasks. Traditional CNN models
work directly with spatial domain images. On the other hand, images obtained with Fast
Fourier Transform (FFT) represent the Frequency domain and provide an advantage in
computational cost by reducing potential calculation complexity. This study uses FFT
converted images as input to the CNN algorithm to increase image classification and
recognition accuracy and investigates the effects of this. The study begins with a
comprehensive review of the foundations and features of FFT. It assumes that by converting
the input images from the Spatial domain to the Frequency domain, the input image can be
learned more efficiently and better results can be achieved in terms of performance by
studying the most important features in the Frequency domain. To evaluate the effectiveness
of this assumption, CIFAR-10, MNIST-Digits and MNIST-Fashion datasets were used. As a
result, it has been shown that FFT-based preprocessing can improve classification
accuracy, especially in cases where the datasets contain high-frequency noise, and it has
shown different results in different datasets. Therefore, it is thought that the effect of FFT
preprocessing varies depending on the datasets.
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I.  INTRODUCTION

Acrtificial intelligence (Al) has rapidly developed in recent years and has made a significant impact in many industrial
and academic fields. Al refers to the simulation of human intelligence and behavior in machines that are programmed
to think and mimic human actions [1]. Advances in image processing and analysis have particularly highlighted the
power and potential of Al [2]. Extracting meaningful information from image data has found applications in
medicine, security, the automotive industry, retail, and many other fields [3]. These machines are designed to perform
tasks that typically require human intelligence, such as visual perception, speech recognition, decision-making, and
language translation [4]. In this context, the use of Al techniques, especially deep learning models like Convolutional
Neural Networks (CNNs), has brought revolutionary advancements in the field of image processing [5]. Al systems
can analyze vast amounts of data, recognize patterns, and make predictions or decisions based on this data [6]. Today,
Al is one of the fastest-growing and most exciting fields in computer science [7]. Al aims to simulate human-like
intelligence and behavior using computers, and it strives to achieve this goal through a series of algorithms and
techniques [8]. One of the most important of these techniques includes artificial neural networks, a subfield known
as deep learning [9]. Deep learning is achieved through the use of complex artificial neural networks trained on large
amounts of data [10]. These networks simulate the process of learning from data and discovering complex patterns,
similar to the way the human brain works [11]. One of the most effective and widely used types of deep learning
models is known as Convolutional Neural Networks (CNNs) [3]. CNNs are a type of artificial neural network that
excels particularly when working with image data [4]. Image processing can be defined as the area that allows a
computer to interpret, understand, and process an image [5]. Image processing techniques are widely used in various
fields such as object recognition, face recognition, medical imaging, autonomous vehicles, and security systems [6].
When combined with Al techniques, image processing becomes more complex and effective [7]. In this context, deep
learning models such as CNNs show superior performance in various tasks in the field of image processing [8]. These
advancements in image processing, particularly in overcoming the limitations of traditional pixel-based methods and
developing new approaches for performing more complex tasks, have been significant.

There have been many techniques existing in the literature for image classification employing various CNN models.
Akwaboah’s study involved developing and training three different CNN models in the spatial domain to classify
CIFAR-10 images. These models varied in their convolutional filter sizes, pooling layers, and the use of dropout
regularization [12]. They achieved a test accuracy of 72.81%, 67.07, and 75.43 for the model 1, model2, and model3,
respectively. Adeyinka’s research focused on optimizing CIFAR-10 classification by testing various CNN models
with different depths and configurations. Advanced architectures like ResNet and DenseNet were utilized, achieving
test accuracies exceeding 90%. These models leverage deeper layers and skip connections, significantly enhancing
model generalization and robustness [13]. Hengyue Pan proposed a novel approach by training a CNN model, named
CEMNet, in the frequency domain. The approach simplifies the convolution operation, making it easier to parallelize
by replacing it with element-wise multiplication [14]. CEMNet introduced several enhancements, including a weight
fixation mechanism to mitigate overfitting, and adaptations of batch normalization, Leaky ReLU, and dropout layers
for the frequency domain. Experimental results demonstrated that CEMNet could achieve over 70% accuracy on the
CIFAR-10 dataset [14]. Classification was performed using two types of images: RGB images and Fourier-
transformed images. Sophie Tétterstrom achieved an accuracy of 79.23% for RGB images and 38.78% for frequency
domain images on the CIFAR-10 dataset [15].In another study, learnable frequency filters using Fourier
transformation were developed for image classification problems. The main outlines of the study are as follows:
Development of Frequency Filters, Cropping Procedure, and Weight Sharing. The developed learnable frequency
filters achieved successful results in various computer vision problems. In summary, this study highlighted the
significant contributions of frequency-domain approaches and learnable frequency filters in image classification
problems. The developed methods demonstrated high performance in various application areas, making an important
contribution to the literature [16].
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This work presents a new approach that utilizes the frequency domain representation of the data to be classified in a
CNN model. Instead of using frequency domain layers in the model, the available data is transformed to the frequency
domain. In other words, we propose a convolutional network whose input is represented in the frequency domain.
However, the model is trained by performing the spatial convolution.

The paper is organized as follows. In section 2, we describe the proposed approach and the data used for classifying
the images. The experimental results and performance of the proposed method are introduced in section 3. Section 4
presents the conclusion.

1. MATERIAL AND METHOD

In this study, artificial neural networks (ANNSs) inspired by the structure and function of the human brain were
utilized. Artificial neural networks consist of interconnected nodes called neurons, which are organized in layers.
Each neuron receives specific inputs, performs computations, and transmits its output to other neurons in the network.
Artificial neural networks are trained using the backpropagation method. This method involves adjusting the internal
parameters of the network (weights and biases) based on the error between the model's predictions and the actual
target values. This iterative learning process enables neural networks to learn complex patterns and relationships in
the data, making them effective for tasks such as classification, regression, and pattern recognition.

In this study, Convolutional Neural Networks (CNNSs), a type of deep learning network particularly used for the
analysis of visual data, were employed. CNNs are highly effective in tasks such as image recognition and
classification. They automatically and adaptively learn spatial hierarchies from the input data.

Convolutional Neural Networks (CNN) Model

Fully Connected Layer

Input Laver Conv Layer 1 Clonv Layer 2

Mooling Layer 1 Mooling Layer 2

COutput Laver
i —

Figure 1: A simple representation of a Convolutional Neural Network(CNN) architecture.
The architecture of the CNN model consists of the following components:

e Input Layer: In CNNs, the input data typically consist of images or image-like datasets. This data is fed into
the first layer of the CNN as matrices or tensors. For example, in RGB images, each pixel has three color
channels: red, green, and blue. The input data are represented as matrices with pixel values ranging from 0
to 255.

e Convolutional Layers: Convolutional layers apply specific filters (kernels) to the input data to create feature
maps. Filters are small matrices used to identify specific patterns or features. The convolution operation is
performed by sliding these filters over the input data and calculating the dot product at each position to
generate feature maps.

e Activation Functions: The outputs of the convolutional layers are usually subjected to a nonlinear activation
function. The most commonly used activation function is the ReLU (Rectified Linear Unit) function. ReLU
sets negative inputs to zero while keeping positive inputs unchanged, accelerating the learning process and
reducing the vanishing gradient problem.

e Pooling Layers: Pooling layers are used to reduce the dimensions of the feature maps obtained from the
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convolutional layers. This reduces the computational load of the model and mitigates the risk of overfitting.
The most commonly used pooling type is max pooling, which selects the highest value in each region, thereby
reducing the size of the feature map.

e Fully Connected Layers: These layers use the high-level features obtained from the convolutional and
pooling layers to perform tasks such as classification or regression. The inputs are flattened and fed into fully
connected layers, which use specific weights and biases to produce the final outputs.

e Output Layer: This layer produces the final predictions of the model. In classification tasks, the softmax
activation function is used to obtain a probability distribution for each class.

CNN Training

The aim of this study was to investigate whether the image can be used by taking the Fourier Transform of the input
images for image classification with convolutional neural networks. Models were created for both RGB images and
Fourier spectra. Models trained and evaluated with RGB images were then compared with models trained via Fourier
Transform. Additionally, various applications were made on the image while adjusting the data set. Datasets utilized
include CIFAR-10, MNIST Fashion, and MNIST Digit. The CIFAR-10 dataset comprises 60,000 images distributed
across 10 classes, with images sized at 32x32x3, denoting RGB color channels. Conversely, both MNIST Fashion
and MNIST Digit datasets encompass 60,000 grayscale images at a size of 28x28. In the CNN model, preprocessing
steps were meticulously applied to each 32x32x3 (RGB) image in the CIFAR-10 dataset with the aim of optimizing
processing load and enhancing feature extraction capabilities.

Initially, the dataset was organized as a 70% training set, a 20% test set, and a 10% validation set..Then RGB images
underwent a grayscale conversion, reducing them to a manageable 32x32 size to facilitate subsequent processing
steps. Following this, each 32x32 image was divided into smaller 2x2 subimages. This subdivision process occurred
across the entire row, with a stride value of 1, traversing from the zeroth index to the last index. Upon reaching the
end of a row, the process was repeated in the subsequent row. This iterative process was performed across all rows
and columns, resulting in a 50 percent overlap due to the stride value of 1. The purpose of this overlapping was to
investigate potential correlations between adjacent data points shown in Figure 2.a. Additionally, 2x2 subimages
were extracted again, this time with a shift process that left a gap between indexes to prevent overlap shown in Figure
2.b. Padding was applied throughout these operations to prevent loss of information at the leading and trailing
indexes. This meticulous approach aimed to capture intricate details and patterns present in the images. Subsequently,
a new dataset was generated by subjecting each of these small subimages to the Fourier Transform. This
transformation enabled the extraction of frequency-based features from the images. Upon completion of the Fourier
Transform, the dimensions of the new dataset were determined .To mitigate potential scaling issues, the data
underwent scaling by applying the logarithm to each image. Following these preprocessing steps, the small 2x2
subimages were reassembled to restore them to their original 32x32 dimensions shown in Figure 3. This
reconstruction process ensured that the fundamental features extracted from the images remained intact. These
comprehensive preprocessing steps played a pivotal role in enhancing the model’s capability to extract meaningful
features from the CIFAR-10 dataset, thereby contributing to the overall improvement in the classification
performance of the CNN model. Furthermore, all operations except grayscale conversion were applied to the MNIST -
Digits and MNIST-Fashion datasets, ensuring consistency in preprocessing across different datasets.
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Figure 2: (a) refers to the overlapping image and (b) refers to the non-overlapping image.
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Figure 3: Original image and after processing.

Proposed Model

In this study, the CNN algorithm is used for image classification. The proposed model is illustred in Figure 4.The
algorithm consists of 4 layers. The kernel size is set to 3x3, ”same” padding is applied, and ”ReLu” activation function
is used. Additionally, BatchNormalization, Dropout, and MaxPooling are employed. In the fully connected layer, the
”softmax function” is used as the activation function. ”Sparse categorical crossentropy” is utilized as the loss
function, and ”Adam” is chosen as the optimizer.
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Layer 1 ot Layer3 Layer 4

Figure 4: Proposed Model
Application of the Basic Model and Training Process

Following the application of the basic model, a classification model specific to the application studied was developed
based on the same basic model. In this context, four different models were trained for the CIFAR-10, MNIST-Digits,
and MNIST-Fashion datasets. For the CIFAR-10 dataset, one of the trained models performed the sliding operation
with a standard stride value of 1, while the other models performed the sliding operation with 50% and 0% overlap,
respectively. The same processes were repeated for the MNIST-Digits and MNIST-Fashion datasets. The trained
models will provide benchmark results for the experiments conducted. Figures 5, 6, and 7 show the Training and
Validation Accuracy values and Training and Validation Loss values for the CNN model throughout the training
process on the CIFAR-10,MNIST-Digits, and MNIST-Fashion datasets. These figures indicate that both Training
and Validation Loss values decreased, suggesting that the model effectively learned the data.
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Figure 5: Training and Validation results for CIFAR-10 dataset
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Figure 6:Training and Validation results for MNIST-Digits dataset
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Figure 7: Training and Validation results for MNIST-Fashion dataset

Figures 8, 9, and 10 present the results of the Fourier Transform. These figures also show that, despite some
occasional spikes, both Training and Validation Loss values generally decreased. Similarly, the Training and
Validation Accuracy values were observed to increase. These findings demonstrate that the model effectively learned.
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Figure 8 : Fourier Transform results for CIFAR-10 dataset
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Figure 9 : Fourier Transform results for MNIST-Digits dataset
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Figure 10 : Fourier Transform results for MNIST-Fashion dataset

. RESULTS AND ANAYSIS

This study is designed to examine the effectiveness of CNN models in image classification in the frequency domain.
Model architectures and training processes were evaluated on various datasets such as CIFAR-10, MNIST-Digits,
and MNIST-Fashion. The loss values used during training indicate how reliably the model adapts to the data. The
loss values obtained during training in Figures 5, 6, and 7 demonstrate that the selected model adapts more reliably
to the data. However, this reliability does not reflect in the classification results on the test data. The accuracy values
in Table 1 indicate that the model’s ability to classify test data is weaker than the model discussed in the study. CNNs
were observed to be more suitable for image classification in the time domain. This model architecture achieved
better performance in image classification in the time domain. It was observed that CNNs were more suitable for
image classification in the time domain. The results obtained from classifying input images obtained through Fourier
transformation did not outperform those obtained in the time domain classification. However, it was observed that
the proposed model was more successful compared to the operations performed on the entire image. The observed
results are given in Table 1.This indicates that Fourier transformation may lead to information loss in some cases and
adversely affect classification performance. In conclusion, this study evaluated the effectiveness of CNN models in
image classification in the time domain. The results demonstrate that image classification in the time domain is more
successful compared to frequency domain approaches such as Fourier transformation. However, more comprehensive
studies on different datasets and model architectures will contribute to a deeper understanding of these results.

Table 1 : Accuracy values for different datasets and domains

Dataset Spatial Domain | Frequency Domain without | Frequency Domain with
subimages subimages
CIFAR-10 0.8593 0.4771 0.7865
MNIST-Digits 0.9946 0.9418 0.9326
MNIST-Fashion 0.9341 0.8362 0.8752

V. CONCLUSION

This paper explored the effectiveness of utilizing Fast Fourier Transform (FFT)-transformed images as inputs for
Convolutional Neural Networks (CNNs) in image classification tasks. Various CNN architectures and training
methodologies were assessed using benchmark datasets, including CIFAR-10, MNIST-Digits, and MNIST-Fashion.
Training loss values, as depicted in Figures 6, 7, and 8, showed that the models adapted well to the data. However,
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this adaptation did not necessarily result in improved classification accuracy on the test data, as evidenced by the
accuracy values presented in Table 1.The research revealed that CNNs performed more effectively in the spatial
(time) domain compared to the frequency domain. However, performing operations as in the proposed model instead
of all images in the frequency domain gave better results. Models trained on spatial domain images consistently
achieved better results than those trained on FFT-transformed images. This suggests that information necessary for
accurate classification may be lost during the Fourier transform, negatively affecting the performance of the model.
Although the frequency domain approach offered some valuable insights into data representation, it did not surpass
the traditional spatial domain approach in terms of results. This underscores the robustness of spatial domain data for
CNN-based image classification tasks. The observed performance gap between the two domains indicates that further
refinement and the development of hybrid approaches might be required to fully harness frequency domain
information. In conclusion, this study demonstrates that image classification with CNNs is more successful in the
spatial domain than in the frequency domain. While FFT provides an alternative perspective on image data, it may
introduce challenges that can hinder classification performance. Future research should focus on developing hybrid
models that incorporate both spatial and frequency domain information, as well as examining the effects of FFT on
a broader range of datasets and more advanced CNN architectures. Such efforts will enhance our understanding of
the strengths and limitations of frequency domain analysis in deep learning. The findings of this work contribute to
the field of computer vision by providing insights into the use of frequency domain techniques in CNN workflows.
Future studies are encouraged to validate these findings and explore innovative methodologies to improve image
classification performance by effectively combining spatial and frequency domain data.
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