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ONSOZ

Elektrik-elektronik miihendisligi, teknolojik gelisimin temel
itici giiclerinden biri olarak enerji sistemlerinden haberlesme
teknolojilerine, gémiili sistemlerden kontrol uygulamalarina kadar
cok genis bir uygulama alanina sahiptir. Dijital donilisiim, yapay
zekd, nesnelerin interneti ve akilli sistemler gibi giincel
teknolojilerin hizla gelismesi, bu disiplinin yalnizca teorik bilgi
iiretmekle kalmay1p yenilik¢i tasarim ve uygulamalarla toplumsal ve
endistriyel ihtiyaclara dogrudan katki sunmasini saglamaktadir.
Elektrik Elektronik Miihendisliginde ileri Teknolojiler ve
Uygulamalar baghikli bu eser, alanin farkli uzmanlhk konularim
giincel yaklasimlar ¢ercevesinde bir araya getirerek arastirmacilar,
akademisyenler, lisansiistii 0grenciler ve sektor profesyonelleri i¢cin
kapsaml1 bir bagvuru kaynagi olusturmay1 amaglamaktadir. Bu eser,
farkli bakis agilarin1 ve uzmanlik alanlarin1 ayni cati altinda
bulusturarak disiplinler arasi bilgi paylasiminmi tesvik etmeyi ve
okuyuculara gilincel miihendislik problemlerine yonelik ¢6ziim
yaklagimlart sunmay1 hedeflemektedir. Bu kitabin hazirlanmasina
bilimsel katki saglayan tiim boliim yazarlarina ve yayinin ortaya
cikmasma destek veren herkese tesekkiir ederim Eserin,
elektrikelektronik miihendisligi alaninda ¢alisan arastirmacilar ve
uygulayicilar i¢in yararli bir kaynak olmasini temenni eder,
gelecekte gerceklestirilecek yeni bilimsel ¢alismalara katki
sunmasini dilerim.

Dr. Ogretim Uyesi Ali Can CABUKER
ARTVIN CORUH UNIVERSITESI
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BOLUM 1

RADAR CROSS SECTION REDUCTION WITH
METASURFACE POLARIZER DESIGN

1. Abdulkadir CILDIR!

1. Introduction

The rapid evolution of radar systems has significantly
enhanced their capability to detect aircraft at an early stage. The
radar cross-section (RCS) of a target is a critical parameter
governing its detectability by radar systems. Consequently,
wideband and wide-angle RCS reduction has become an
increasingly important research area for radar stealth applications,
driven by the continuous advancement of radar detection
technologies. With the growing demand for stealth techniques in
military applications, effectively reducing the target's RCS and
improving wideband stealth capability is becoming increasingly
important. Low radar observability can be achieved through the
integration of advanced structural designs, materials, and
electromagnetic technologies that minimize or redirect the energy
scattered back toward the radar system.

! Dr., Burdur Mehmet Akif Ersoy University, Electrical-Electronics, Orcid: 0000-
0003-1789-6088, acildir@mehmetakif.edu.tr
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Metasurfaces are a new class of electromagnetic materials
based on sub-wavelength periodic structures that can manage the
magnitude, phase, and polarization of electromagnetic waves.
Therefore, recent research shows that metasurfaces have significant
potential in areas such as antenna design (Bagheri, Khodadadi,
Brown, Xiao and Khalily 2025, Tian, Yang, Cheng, Cai, Cheng, Luo
and Li 2025), electromagnetic wave polarization conversion (Cildir,
Tahir, Farooq, Zahid, Imran and Abbasi 2025, Cildir 2025), wireless
communication (Yang, Zheng, Zhang, Li, Shen, He, Yang, Lyu and
Yu 2023, Cildir 2025), and RCS reduction (Lin, Huang, Guo, Wang,
Si and Ye 2024, Wei, Shi, Meng, Hui and Wu 2024, Bolat 2026).
Metasurface-based RCS reduction methods primarily involve
reducing electromagnetic signal scattering by reflection from the
metasurface, deceiving radar through polarization conversion,
altering target shape and orientation, and increasing target scattering
absorption.

Recent studies in the literature have attempted to reduce the
radar cross-section using different methods. El-Sewedy et al. used
two artificial magnetic conductor (AMC) unit cells arranged in a
chessboard pattern on a low-cost FR4 substrate. When the reflection
phase difference between these AMCs was 180°+37°, interference
was caused, thus reducing RCS. They achieved a maximum RCS
reduction of -27 dB in the x-polarized frequency range of 23.71-
33.52 GHz and a maximum RCS reduction of -25.9 dB in the y-
polarized frequency range of 25.00-37.80 GHz in monostatic radars
(El-Sewedy and Abdalla 2022). In another study, Gu et al. used a
genetic algorithm to optimize rectangular combinations for RCS
reduction and then performed spatial mapping to reduce simulation
costs by accounting for the interconnection between rectangles and
the oblique incident effects of the signals. As a result, they achieved
a 10 dB reduction in RCS in the 5-40 GHz frequency range (Gu,
Cao, He and Ding 2023). Another paper worked on a single metallic
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ring unit cell capable of performing linear-circular transformation
and cross-polarization transformation depending on the ring rotation
angle. Different encoding sequences generated from this cell
directed the scattered rays and reduced RCS by more than 10 dB
(Zhang, Gao, Guo, Zhang, Zhao and Liu 2024). Again, Qiutong et
al. used ITO (indium tin oxide) as a conductor instead of copper on
PET/PVC flexible substrates to reduce RCS in the 13.2-20.7 GHz
frequency range (Zhen, Mao, Cui, Guo, Chernogor, Jin, Zheng and
Liu 2023). The whale optimization algorithm was used to generate
1-bit polarization rotation coded unit sequences on the metasurface .
In another study, Indhu et al. used a simple and flexible elliptical unit
cell as a polarization converter to absorb and remove the signal to
reduce RCS (Indhu, Abhilash, Anilkumar, Krishna and Aanandan
2024). Finally, the reference (Su, Li, Qu, Yu, Li, Qi and Yin 2022)
combined two mechanisms in a single stack: a two-loss layer
absorber eliminates low-frequency RCS (1.3-13 GHz) through
resistance loss, while a 3x3 lattice consisting of sub-regions with
different heights creates path length-induced phase cancellation for
high-frequency RCS (13—40 GHz). In another study using a
frequency-selective surface (FSS) design, the FSS acted as a band-
pass filter (8—12 GHz) integrated into a conical radome geometry,
emphasizing low-cost manufacturability rather than multilayer
complexity (Korkut, Dalveren, Kara and Derawi 2025).

This study introduces a new metasurface design that
performs linear-to-linear and linear-to-circular  polarization
conversion. The structure has been designed in CST Microwave
Studio using Rogers-RT Duroid 5880 with a thickness of 1.575. The
metasurface can reflect the x/y-polarized wave as the y/x-polarized
wave in the frequency bands of 2.81-2.83, 6.75-7.06, 8.73-8.99 GHz,
while it can reflect the linearly polarized wave as the circularly
polarized wave in the frequency regions of 2.77-2.79, 2.86-2.88,
6.42-6.57, and 9.15-9.26 GHz.



This study also aims to reduce RCS so that radar targets can
be concealed as much as possible. Metasurface, which has been quite
prominent in the literature in recent years, has been used for RCS
reduction. A new unit cell has been designed for the metasurface
design. While radar targets normally reflect the incident radar waves
strongly back towards the radar source, the incident radar waves can
be scattered by reflecting through the design metasurface in the
frequency bands of 2.81-2.83, 6.75-7.06, 8.73-8.99 GHz.

I1. Unit Cell Design and Methodology

The unit cell has been designed in the CST Microwave Studio. In
RCS reduction, the selection of the substrate material, which
determines the dielectric constant and tangent losses in the middle
layer, is as important as the design of the unit cell. FR4 is one of the
best-known substrate materials and is frequently used in studies in
the literature. FR4 substrates are approximately 1.58 mm thick, have
a dielectric permeability of 4.3, and a tangent loss of 0.025. Due to
the high dielectric permittivity and tangent losses of FR4 materials,
a Rogers RT-duroid 5880 substrate material with a thickness of 1.575
mm, a dielectric permittivity of 2.3, and a tangent loss of 0.0009 has
been used in this study. Thus, a metasurface capable of operating in
a wider frequency band and significantly reducing RCS values can
be developed compared to the literature. The simulation of the
designed unit cell has been performed in the CST Microwave Studio
program at GigaHertz (GHz) frequencies using floquet ports under
periodic boundary conditions.

The 3D view of the designed metasurface is illustrated in
Figure 1. The unit cell consists of three layers. The top and bottom
layers are made of copper material with a thickness of 0.035 mm.
The top copper represents the unit cells, while the bottom copper is
for reflecting the incident wave. The middle layer is made of Rogers-



RT Duroid 5880 with a tangent loss of 0.009 and a dielectric constant
of 0.0002. The thickness of Rogers is 1.575 mm.

Figure 1. 3-D view of designed metasurface for RCS reduction

While the dimensions of the unit cell are shown on the unit
cell in Figure 2(a), the electric field vectors of the incident and
reflected waves are shown on the unit cell in Figure 2(b). The
dimensions of unit cell in Figure 2(a) are as follows: s= 24 mm, m=
14.18 mm [=13.28 mm, r=4.96 mm and n= 4 mm.

The electric field vectors is given for y-polarized incident
wave (Eiy). The reflected wave is represented by the x-polarized
wave (Erx). These vectors can be shown in terms of u- and v- axes
in Figure 2(a) by based on Equation (3) and (4) (Cildir 2025). This
process will help to understand the existing of polaration conversion.

E;, = JE; = UE;,e/Pn 4 DE; e/ 9w (3)

E,, = XE, = UE, e/¢rv + GE, el P (4)
--5--
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Figure 2. Designed unit cell with (a) E-field vectors, (b)its
dimensions

Regarding RCS reduction using the polarization conversion
method, x/y-polarized electromagnetic waves incident on unit cells
designed using parametric optimization are reflected as y/x-
polarized waves. A polarization conversion ratio (PCR) of at least
90% is considered sufficient in the literature [10, 11]. The efficiency
of reflecting a y-polarized wave as x-polarized is shown in PCR
Equation 1.

2
IRyl
2 2
Rey” + Ry

X %100 (1)

Here, R represents the reflection coefficient of the

electromagnetic signal. R epresents the reflection of the y-

yy»
polarized incident wave as y-polarized and is expressed as the ratio
of the electric field amplitudes (|Eyr /Eyi|). The subscripts 1 and r

represent the incident and reflected electromagnetic waves,
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respectively. Ry,, epresents the reflection of the y-polarized incident
wave as x-polarized and is equal to the magnitude of the electric
fields |Eyr/Ey:l.

The formula for RCS for the y-polarized incident wave is
given by Equation 2 (Indhu, Abhilash, Anilkumar, Krishna and
Aanandan 2024). The division of the denominator in this equation
by 1 is due to the comparison of the designed metasurface with a
perfect conductor (PEC) surface. Here, R represents the distance of
the metasurface from the electromagnetic wave source.

2
[lim ATTR? <M> ]l
R0 |Eiy|
lim 4mR?(1)?

R—o0o0

RCS(dB) = 101log;,

(2)

When Equation 1 and 2 are written together, they can be expressed
as Equation 3. In this way, the RCS value can be easily found from
the PCR value.

RCS = 10log(1 — PCR) (3)

The reflection coefficient results of unit cell are given in
Figure 3. Figure 3(a) shows reflection coeffient results (Ryy, Rxy) for
the y-polarized incident wave, while Figure 3(b) shows reflection
coefficient results (Rxx, Ryx) for the x-polarized incident wave. The
reflection coefficient results similar in figures as the structure of unit
cell is symetrical along the uv-axis. Looking at the results, it can be
seen that the unit cell has three resonance frequencies at 2.83, 6.9,
and 8.88 GHz. The unit cell converts the y/x-polarized incident wave
into an x/y-polarized wave with approximately 100% efficiency.

Meanwhile, -10 dB indicates the efficiency of 90%. The blue
lines (Ryy, Ryy) remain below -10 dB in some frequency bands. In
these frequency ranges, the unit cell can’t reflect the y/x-polarized
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wave in the co-polarized waves. However, at results close 0 dB for
red lines (Rxy, Ryx), the unit cell can reflect the y/x-polarized wave
in the cross-polarized waves.

o

o o
= 3 % f o
R LI A R HE T
] H HE EH @
g 5
= =
@ [
S 38
c 30 e~
2 9
° «R i3] +R
@ 194 o xx
T - 8 |=Ry
X
€5 L
2 4 6 8 10 2 4 6 8 10
Frequency [GHz] Frequency [GHz]
(a) (b)

Figure 3. Reflection coefficient results for (a) y-polarized and
(b) x-polarized incident waves

The PCR results of the unit cell for the y-polarized wave are
given in Figure 4. PCR obtains to analyze both the co- and cross-
polarized results together. The PCR results touched to 1 is seen in
three different frequencies (2.83, 6.9, and 8.88 GHz) in which the
unit cells shows the efficiency of 100% for linear polarization
conversion (y to x). At the same time, the unit cell shows the linear
polarization conversion with efficiency above 90% in the frequency
bands of 2.81-2.83, 6.75-7.06, 8.73-8.99 GHz.

--8-



2 4 6 8 10
Frequency [GHz]

Figure 4. PCR (polarization conversion ratio) results for y-
polarized incident wave

Figure 5 indicates the results of PER for the unit cell. PER is
calculated for circular polarization conversion in like Equ (5) (Cildir
2026). As seen in this results, = 20 dB have been designed as bias
values, which corresponds 99% efficiency. The unit cell has six
resonance frequencies in Figure 5. Particularly, a broadband circular
polarization conversion is seen at the frequency range of 7.36-8.46
GHz. Also, circular polarization conversion occurs at the frequencies
of 2.77-2.79, 2.86-2.88, 6.42-6.57, and 9.15-9.26 GHz.

> (5)

Ryy + JRyy

PER = 20log< R, —JR
yy xy




Frequency [GHz]

Figure 5. PER (polarization extinction ratio) results for y-
polarized incident wave

Figure 6 gives RCS results for the metasurface and the
perfect electric conductor (PEC). The copper plane has been
preferred for PEC calculation. As this straigth plane can not convert
any polarized wave, it does not show any change and remains in 0
dB in the frequency range. However, the designed metasurface can
reflect the incident wave in the cross polarized wave. The resonance
frequencies in Figure 6 represents the polarization conversion
frequencies and max reduction of RCS.

--10--
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Figure 6. RCS (radar cross section) results for y-polarized
incident wave

Figure 7 visualizes the possible measurement setup of the
designed metasurface to be produced in an anechoic chamber. The
metasurface is viewed by placing receiver and transmitter horn
antennas connected to a vector network analyzer (VNA). The
electromagnetic waves received from the VNA is transmitted to the
metasurface by the transmitting horn antenna, and the waves
reflected from the metasurface will be transmitted back to the VNA
by the receiving horn antenna to measure the reflection coefficient
of the metasurface. To calculate the RCS value, the reflection
coefficient of a perfectly conductive surface (PEC) placed in place
of the metasurface will be measured.

-11--



Transmitter
horn antenna

Reflective
metasurface

Reciever horn
antenna

Figure 7. Designed unit cell with (a) E-field vectors, (b)its
dimensions

Conclusion

This study presents a new metasurface polarizer to reduce
RCS. The metasurface has been designed and simulated in CST
Microwave Studio. The metasurface design has utilized a Rogers-RT
Duroid 5880 with a thickness of 1.575, a dielectric constant of 2.3,
and a tangent loss of 0.0002. The design consists of three layers: a
top unit cell made of copper, the middle layer of Rogers metarial,
and a bottom layer made of full copper layer to reflect the incident
wave.

The designed metasurface has been simulated using Floquet Ports in

Periodic Boundary condition. In the simulation, this study has

analyzed reflection coefficients, PCR, and PER results of the

metasurface. Reflection coefficient results have been used to show

the polarization at which the metasurface reflect the incident wave.

PCR calculation has been used to analyze the all reflection
-12--



coefficient results together. The reflection coefficient and PCR
results show that the y/x-polarized wave can be reflected as the x/y-
polarized wave with efficiency over 90% in the frequency bands of
2.81-2.83, 6.75-7.06, 8.73-8.99 GHz. This conversion is also called
as linear polarization conversion.

The metasurface can also perform circular polarization
conversion. PER results have been analyzed to understand the
existing of circular polarization conversion. PER results show a
conversion efficiency of 99% in the frequency bands of 2.77-2.79,
2.86-2.88, 6.42-6.57, and 9.15-9.26 GHz.

RCS reduction is significant for stealth of radar target. This
metasurface can also reach stealth through RCS reduction. The RCS
reduction of the metasurface realizes at the frequency of linear
polarization conversion. The metasurface converts the incident wave
polarization from linear-to-linear and from linear-to-circular. At the
same time, it reduces RCS. As a result, the designed metasurface
operates a multi-functional, a cutting-edge device. Also, it can be
used in different fields such as wireless communication, satellite
communication, and healthcare technologies.

--13--
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BOLUM 2

AKILLI BINALARDA HVAC KONTROLUNDE
SIMULASYONDAN GERCEK UYGULAMAYA
GECIS: MODEL ONGORULU KONTROL,
PEKISTIRMELi OGRENME VE DIJITAL iKiZ
YAKLASIMLARININ KARSILASTIRMALI
INCELENMESI

MERVE TURKTAM*
UFUK TURKTAM?

Giris
Enerji tiikketiminin azaltilmasi, sera gazi emisyonlarinin
sinirlandirilmast  ve  siirdiiriilebilir ~ enerji  kullaniminin
yayginlastirilmasi, bina sektoriinde enerji verimliligini dnemli bir
aragtirma ve uygulama alani haline getirmistir. Birlesmis Milletler
Cevre Programi (UNEP) ve Global Alliance for Buildings and
Construction (GlobalABC) tarafindan yayimlanan Global Status
Report for Buildings and Construction 2024/2025 raporuna gore
binalar ve yap1 sektorii kiiresel enerji tikketiminin yaklasik %32’sini
olusturmakta ve kiiresel CO> emisyonlarinin yaklasik %34’iine

! Ogretim Gérevlisi, Van Yiiziincii Y1l Universitesi, Ercis Meslek Yiiksekokulu,
Elektronik Otomasyon Boliimii, Orcid: 0000-0002-6679-4611

2 Yiiksek Elektrik Miithendisi, Orcid: 0009-0006-6837-0771
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katkida bulunmaktadir (UNEP & GlobalABC, 2025). Bu
gostergeler, bina  enerji  sistemlerinde  gergeklestirilecek
iyilestirmelerin yalnizca isletme maliyetlerinin azaltilmasi agisindan
degil, aynt zamanda siirdiiriilebilirlik ve karbon emisyonlarinin
azaltilmas1 hedefleri bakimindan da o©nemli oldugunu ortaya
koymaktadir. Binalardaki enerji tiikketiminin 6nemli bilesenlerinden
birini 1sitma, havalandirma ve iklimlendirme (Heating, Ventilation
and Air Conditioning, HVAC) sistemleri olusturmaktadir. HVAC
sistemlerinin temel amac1 i¢ ortam sicakligi, nem ve hava kalitesini
kullanicilarin kabul edilebilir konfor kosullart igerisinde tutmaktir.
Bununla birlikte dis ortam sicakligi, giines 1sinimi, bina doluluk
orani, kullanic1 davranislari, ekipman ¢alisma ozellikleri ve enerji
tarifeleri gibi zamanla degisen bir¢ok etken sistem performansini
dogrudan etkilemektedir. Bu nedenle modern HVAC kontrolii
yalnizca belirli bir sicaklik referansinin izlenmesine dayanan bir
problem olmaktan ¢ikmis; enerji tiikketimi, termal konfor, i¢ ortam
cevresel kalitesi ve sistem kisitlarin birlikte degerlendirildigi ¢ok
degiskenli ve ¢ok amacli bir kontrol problemine doniismiistiir. Otoo
et al. (2026) tarafindan 2020-2025 doneminde yayimlanan 143
hakemli ¢alismanin degerlendirildigi sistematik inceleme de enerji
verimliligi ile i¢ ortam ¢evresel kalitesinin birlikte ele alinmasinin
giincel HVAC aragtirmalarinin temel yonelimlerinden biri oldugunu
gostermektedir. HVAC sistemlerinde ag-kapa, kural tabanli ve PID
kontrol gibi geleneksel yontemler basit yapilari, diisiik hesaplama
gereksinimleri ve mevcut bina otomasyon sistemlerine kolay
uygulanabilmeleri nedeniyle yaygin bigcimde kullanilmaktadir.
Ancak bina termal dinamiklerinin zamanla degismesi, cevresel
bozucular, kullanici kaynakli belirsizlikler ve enerji tiiketimi ile
konfor gibi birbiriyle rekabet edebilen hedeflerin birlikte
degerlendirilmesi, daha gelismis kontrol ydntemlerine duyulan
gereksinimi  artirmistir.  Sensor, haberlesme ve hesaplama
teknolojilerindeki gelismeler sonucunda model 6ngoriilii kontrol

(Model Predictive Control, MPC), makine 6grenmesi ve pekistirmeli
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ogrenme (Reinforcement Learning, RL) gibi yaklasimlar HVAC
uygulamalarinda giderek daha fazla arastirillmaktadir. MPC,
sistemin gelecekteki davranigini bir tahmin modeli aracilifiyla
ongorerek kontrol giriglerini ¢evrim i¢i bir optimizasyon problemi
iizerinden belirlemektedir. Bu yapi; enerji tiikketimi, termal konfor ve
ekipman calisma sinirlar1 gibi birden fazla amag¢ ve kisitin ayni
kontrol ~ problemi igerisinde  degerlendirilmesine  olanak
saglamaktadir. Bununla birlikte MPC performansi kullanilan
modelin dogruluguna, 6l¢iim verilerinin kalitesine ve optimizasyon
probleminin ger¢ek zamanli olarak ¢oziilebilmesine baglidir. Taheri
et al. (2022), HVAC sistemlerinde MPC uygulamalarini inceleyerek
model gelistirme, hesaplama maliyeti ve gercek sisteme uygulama
stireclerinin  yontemin yayginlastirilmasinda 6nemli konular
oldugunu belirtmistir. Model tabanli kontrol yaklagimlarina
alternatif olarak RL, kontrol politikasinin c¢evre ile etkilesim
sonucunda dgrenilmesine olanak saglamaktadir. Bu 6zellik, ayrintili
bir fiziksel modelin olusturulmasmnin giic oldugu veya caligma
kosullariin zaman igerisinde degistigi HVAC sistemlerinde 6nemli
bir potansiyel sunmaktadir. Bununla birlikte 6§renme siirecinin veri
gereksinimi, Odiil fonksiyonunun uygun big¢imde olusturulmasi,
giivenli kesif, farkli c¢alisma kosullarina genellenebilirlik ve
Ogrenilen politikanin gercek fiziksel sisteme aktarilmasi Onemli
arastirma problemleri arasinda yer almaktadir. Al Sayed et al. (2024),
HVAC sistemlerinde RL kullaniminmi teknik ve kavramsal agidan
degerlendirerek gergek bina uygulamalarinin gelistirilmesini alanin
temel aragtirma konularindan biri olarak ele almistir. MPC ve RL
gibi gelismis yontemlerin simiilasyon ortamlarinda basarili sonuglar
vermesi, ayn1 performansin ger¢ek bina kosullarinda dogrudan elde
edilecegi anlamina gelmemektedir. Ger¢ek uygulamalarda sensor
hatalari, eksik veya kesintili veriler, model belirsizlikleri, kullanici
miidahaleleri, haberlesme sorunlari, mevcut bina otomasyon
altyapis1 ve devreye alma maliyetleri kontrol performansini

etkileyebilmektedir. Khabbazi et al. (2025), konut ve ticari
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binalardaki MPC ve RL uygulamalarini kapsayan 104 ¢aligmadaki
206 saha testini degerlendirerek gercek uygulamalarda deney
tasarimi, veri altyapist ve uygulama kosullarinin performans
degerlendirmesi agisindan kritik oldugunu gostermistir. Bu durum,
HVAC kontroliinde yalnizca yiiksek algoritmik performansa degil,
gelistirilen yontemlerin giivenilir, ekonomik ve Olgeklenebilir
bicimde gergek sistemlere aktarilmasina da odaklanilmasi
gerektigini ortaya koymaktadir.

Simiilasyon ile fiziksel sistem arasindaki bu boslugun
azaltilmasinda one ¢ikan teknolojilerden biri dijital ikiz (Digital
Twin, DT) yaklasimidir. Dijital ikiz, fiziksel sistemden elde edilen
verilerle iligkilendirilen dinamik bir dijital temsil olarak; sistem
izleme, performans degerlendirmesi, ariza tespiti, tahmin ve kontrol
optimizasyonu gibi islevleri destekleyebilmektedir. HVAC+R
sistemlerinde dijital ikiz uygulamalarini inceleyen Ibrahim et al.
(2026), bu yapilarin ger¢ek zamanli izleme, kontrol optimizasyonu
ve enerji yonetimi agisindan énemli bir potansiyel tasidigini; buna
karsilik veri harmonizasyonu, modelleme, hizmet entegrasyonu ve
standardizasyon konularinda cesitli giicliiklerin devam ettigini
belirtmistir.

Bu c¢ercevede MPC, RL ve dijital ikiz yaklagimlari
birbirlerinin dogrudan alternatifi olmaktan ¢ok, farkli gereksinimlere
cevap veren ve birlikte kullanilabilen teknolojiler olarak
degerlendirilebilir. MPC tahmin ve kisitlarin yonetiminde, RL
ogrenme ve degisen calisma kosullarina adaptasyonda, dijital ikiz ise
fiziksel ve sanal sistemler arasinda veri ve model baglantisinin
kurulmasinda 6nemli olanaklar sunmaktadir. Bununla birlikte bu
yontemlerin gercek bina ortamindaki basarisi yalnizca kontrol
algoritmasina degil; model dogrulugu, veri kalitesi, sensor ve
haberlesme altyapisi, sistem entegrasyonu ve devreye alma
stireclerine de baghdir.
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Bu boliimde akilli binalarda enerji-verimli HVAC kontroli
simiillasyondan gergek uygulamaya gegis perspektifiyle ele
alinmaktadir. Bu amagcla 6ncelikle HVAC kontrol probleminin temel
ozellikleri ve geleneksel kontrol yontemleri incelenmekte; ardindan
MPC, RL ve dijital ikiz yaklasimlar1 model ve veri gereksinimi,
enerji ve termal konfor performansi, adaptasyon yetenegi, gercek
zamanli uygulanabilirlik ve saha dogrulamasi acisindan
degerlendirilmektedir. Son olarak s6z konusu yaklagimlar
karsilagtirilarak ~ simiilasyon  ortaminda  gelistirilen  kontrol
yontemlerinin  gercek bina uygulamalarma aktarilmasinda
karsilasilan temel sorunlar ve gelecekteki arastirma yonelimleri
tartisilmaktadir.

HVAC Sistemlerinde Enerji-Verimli Kontrol Problemi

HVAC sistemlerinin enerji-verimli bi¢imde isletilmesi
yalnizca i¢ ortam sicakliginin belirli bir referans degerde tutulmasina
dayanan klasik bir kontrol problemi degildir. Modern bina
sistemlerinde kullanici konforunun korunmasi, i¢ ortam hava
kalitesinin saglanmasi, enerji tiiketiminin ve isletme maliyetinin
azaltilmasi ile ekipman smirlarinin agilmamasi gibi birden fazla
hedefin es zamanli olarak degerlendirilmesi gerekmektedir. Bu
nedenle HVAC kontrolii; bina dinamikleri, cevresel kosullar,
kullanic1 davraniglar1 ve enerji sistemi arasindaki etkilesimleri igeren
cok degiskenli ve ¢cok amacl bir yap1 gostermektedir. Taheri et al.
(2022), gelismis HVAC kontrol yontemlerinin 0Ozellikle enerji
tiketimi, termal konfor ve fiziksel sistem kisitlarmin birlikte
degerlendirilmesi gereksinimi dogrultusunda gelistigini
belirtmektedir.

HVAC Sistemlerinin Kontrol Yapisi

Bir HVAC sistemi, enerji iiretimi veya doniisiimii, enerjinin
dagitilmas: ve iklimlendirilen bolgelere aktarilmasi gibi birbiriyle
iligkili alt sistemlerden olusmaktadir. Sogutma gruplari, pompalar,
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fanlar, klima santralleri, kazanlar, 1s1 pompalar1 ve terminal {initeleri
farkli calisma sinirlarina ve dinamik 6zelliklere sahip olabilmektedir.
Bu nedenle HVAC kontrolii ¢ogu uygulamada hiyerarsik bir yap1
icerisinde  gerceklestirilmektedir. ~ Alt  seviyedeki  kontrol
dongiilerinde sicaklik, debi, basing, fan hizi veya vana agiklig1 gibi
degiskenlerin belirli referans degerlerini izlemesi amaglanirken, {ist
seviyedeki kontrol veya optimizasyon yapilar1 bu referans
degerlerinin nasil belirlenecegine karar vermektedir. Ust seviye
karar mekanizmalarinda bina dolulugu, dis ortam kosullari, enerji
fiyatlar1 ve kullanici konfor gereksinimleri gibi bilgilerden
yararlanilabilmektedir. Balali et al. (2023), bina 1sitma ve sogutma
sistemlerinde modelleme ve kontrol yaklasimlarini inceleyerek
kontrol performansinin hem kullanilan modele hem de veri
kalitesine bagli oldugunu vurgulamaktadir. Model tabanh
yontemlerde kontrol modelinin dogrulugu, veri odakli yontemlerde
ise yeterli miktar ve kalitedeki 6l¢iim verisinin bulunmasi 6nem
tasimaktadir. HVAC kontroliinde kullanilan temel degiskenler Tablo
1’de 6zetlenmistir.

Tablo 1. HVAC kontrol probleminin temel bilesenleri

Bilesen Tipik degiskenler Kontrol agisindan 6nemi
Bolge sicakligi, bagil Konfor, i¢ ortam kalitesi ve
nem, CO: seviyesi, enerji | enerji performansinin
tilketimi, enerji maliyeti | degerlendirilmesini saglar
Sicaklik set degeri, hava
Manipiile edilen | debisi, fan hizi, vana
biiytikliikler aciklig1, sogutma/isitma
kapasitesi

Dis sicaklik, giines
1sin1mi, doluluk,
kullanic1 davranisi, i¢ 1s1

Kontrol edilen
biiyiikliikler

Kontrol algoritmasinin fiziksel
sisteme miidahale ettigi
degiskenlerdir

Sistem yiikiiniin ve bina termal
davraniginin zamanla
degismesine neden olur

Bozucu etkiler

kazanglari
MPC ve veri odakli
Tahmin edilen Hava durumu, doluluk, yontemlerde ileriye dontik
degiskenler enerji fiyati, bina yiiki kontrol kararlarinin

olusturulmasin saglar
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Bilesen Tipik degiskenler Kontrol agisindan 6nemi
Konfqr st 1r1ar"1 i ek 'pman Kontrol kararlarinin fiziksel ve
kapasitesi, aktiiator .
Kisitlar o isletme agisindan
sinirlari, hava kalitesi . -
. . uygulanabilir kalmasini saglar
gereksinimleri
Performans Enerji, maliyet, konfor Farkl1 kontrol stratejilerinin
Olciitleri ihlali, tepe gii¢, emisyon | karsilastirilmasini saglar

Kaynak: Yazar tarafindan Taheri et al. (2022) ve Balali et al. (2023) temel alinarak
olusturulmustur.

Enerji Tiiketimi, Termal Konfor ve Sebeke Etkilesimi

HVAC kontroliinde temel problemlerden biri enerji
tiketiminin azaltilmast ile kullanici konforunun korunmasi
arasindaki dengedir. Yalnizca enerji tiiketiminin en aza indirilmesine
odaklanan bir kontrol stratejisi, sicaklik veya nem degerlerinin
kullanicilarin kabul edebilecegi sinirlarin disina ¢ikmasina neden
olabilir. Bunun tersine, i¢ ortam kosullarinin gereginden fazla dar
siirlar igerisinde tutulmast da enerji tiiketimini artirabilir. Bu
nedenle enerji-verimli HVAC kontroliiniin amaci yalnizca minimum
enerji tliketimine ulasmak degil, kabul edilebilir konfor kosullari
altinda enerji veya isletme maliyetini azaltmaktir.

Kullanicilarin varlik ve davranis bilgilerinin kontrol siirecine
dahil edilmesi bu dengenin gelistirilmesinde Onemli bir rol
oynamaktadir. Huang et al. (2024), ticari binalardaki kullanici
merkezli HVAC kontroliine iliskin 209 calismayr inceleyerek
algilama, kullanici modelleme ve kontrol mekanizmalarinin bu
yaklasimin temel bilesenleri oldugunu belirtmistir. Kullanici sayist
ve doluluk diizeninin bina tiirline gore degisebilmesi, sabit isletme
programlar1 yerine degisen kosullara uyum saglayabilen kontrol
stratejilerine duyulan gereksinimi artirmaktadir.

Enerji—konfor dengesi, Ozellikle RL tabanli yontemlerde
odiil fonksiyonunun tasariminda acik bigimde goriilmektedir.
Togashi (2025), 2020 sonrasi yayimlanan 79 RL tabanli HVAC
caligmasinda 68 farkli 6diil fonksiyonu yapisi belirlemis ve enerji ile
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konfor bilesenlerinin agirliklandirilmasinda ortak bir yaklagim
bulunmadigini gostermistir. Bu nedenle farkli kontrol yontemlerinin
degerlendirilmesinde yalnizca enerji tasarrufu oranimin degil,
sicaklik ihlalleri, termal konfor ve fiziksel sistem sinirlarinin da
dikkate alinmas1 gerekmektedir.

Akill1 binalarda HVAC sistemleri ayn1 zamanda elektrik
sebekesiyle etkilesim saglayabilecek esnek yiikler olarak
degerlendirilmektedir. Bina termal ataleti ve kullanici konfor
siirlart uygun oldugunda enerji tiikketimi farkli zaman dilimlerine
kaydirilabilir ve yiiksek elektrik fiyati veya sebeke talebi bulunan
donemlerde tiiketim azaltilabilir. Jin et al. (2025), talep tepkisi
uygulamalarinda HVAC kontroliiniin geleneksel ve model tabanl
yapilardan giderek daha fazla veri ve 6grenme tabanli yontemlere
yoneldigini belirtmektedir. Bu gelisme, HVAC kontroliiniin yalnizca
bina i¢i kosullarin diizenlenmesinden degil, bina ile enerji sistemi
arasindaki  etkilesimin  yOnetilmesinden de  olustugunu
gostermektedir.

Bozucular, Belirsizlikler ve Sistem Kisitlar:

Bina ve HVAC sistemlerinin kontroliinii giiclestiren temel
ozelliklerden biri, sistem davranisinin ¢ok sayida i¢ ve dis etkene
bagli olmasidir. Dis ortam sicakligi ve nemi, giines 1s1nim1 ve hava
kosullart bina termal yiiklerini etkilerken; kullanici sayisi,
aydinlatma, elektrikli cihazlar ve kullanici davraniglari i¢ 1s1
kazanglarmin degismesine neden olmaktadir. Ozellikle doluluk
bilgisinin dogru tahmin edilmesi, insan davranisinin tamamen
ongoriilebilir olmamast nedeniyle 6nemli bir modelleme problemi
olusturmaktadir (Balali et al., 2023).

Bu etkilerin bina termal ataleti nedeniyle i¢ ortam kosullarina
yansimasi gecikmeli olabilmektedir. Bu durum kontrol problemini
karmasiklastirmakla birlikte, binanin termal kiitlesinin enerji
yonetiminde kullanilmasina da olanak saglamaktadir. MPC gibi
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tahmin tabanli yontemler hava durumu, doluluk veya enerji fiyati
gibi gelecege iliskin bilgileri kontrol kararlarina dahil ederek bu
ozellikten yararlanabilmektedir (Taheri et al., 2022).

HVAC kontrol kararlar1 ayn1 zamanda fiziksel ve isletmeye
iliskin ¢esitli kisitlar altinda olusturulmaktadir. Fan, pompa, vana ve
1sitma-sogutma ekipmanlarinin minimum ve maksimum c¢alisma
simirlart bulunurken, boélge sicakligi, nem ve hava kalitesi de
kullanici  konforu nedeniyle belirli araliklarda tutulmalidir.
Dolayisiyla enerji acisindan avantajli goriinen bir kontrol karari,
ekipman kapasitesini agmasi veya kullanict konforunu bozmasi
durumunda uygulanabilir degildir. Bu nedenle gelismis HVAC
kontrol yontemlerinin degerlendirilmesinde enerji performansinin
yaninda sistem kisitlarinin ve gergek ¢alisma kosullarinin da dikkate
alinmas1 gerekmektedir (Taheri et al., 2022). Bu bdliimde
tanimlanan ¢ok amacl yapi, bozucu etkiler ve fiziksel kisitlar;
sonraki boliimlerde ele alimacak MPC, RL ve dijital ikiz
yaklagimlarimin neden geleneksel HVAC kontroliiniin 6tesinde
degerlendirildigini agiklayan temel unsurlar1 olusturmaktadir.

Geleneksel HVAC Kontrol Yaklasimlar:

HVAC sistemlerinde  kullanilan  geleneksel  kontrol
yaklagimlari, diisik hesaplama  gereksinimleri, uygulama
kolayliklar1 ve mevcut bina otomasyon altyapilartyla uyumluluklar
nedeniyle giliniimiizde de yaygin olarak kullanilmaktadir. Bu
yontemler genel olarak ag-kapa kontrol, kural tabanli kontrol ve PID
tabanli geri beslemeli kontrol yapilar1 altinda degerlendirilebilir.
Peng et al. (2022), bina ve HVAC kontrol yontemlerini inceleyen
kapsamli c¢aligmalarinda kontrol algoritmalarini a¢-kapa ve PID
kontrol, kural tabanli kontrol, MPC ve RL gibi optimal kontrol
yaklagimlar ile bulanik mantik ve veri odakli yontemleri iceren
hesaplamali zekd yaklasimlart seklinde siniflandirmistir. Bu
siiflandirma, geleneksel yontemlerin giincel gelismis kontrol
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yaklagimlarina geciste temel referans yapisini olusturdugunu
gostermektedir.

A¢-Kapa Kontrol

Acg-kapa kontrol, HVAC uygulamalarinda kullanilan en
temel kontrol yontemlerinden biridir. Bu yaklasimda 1sitma veya
sogutma ekipmani, Olciilen degiskenin belirlenen esik degerlerine
gore acik ya da kapali duruma getirilmektedir. Ornegin oda
sicakliginin belirlenen alt sinirin altina diismesi durumunda 1sitma
sistemi devreye alinabilir; {ist sinira ulagilmasi durumunda ise sistem
kapatilabilir. Sik anahtarlamayi onlemek amaciyla uygulamada
genellikle set degeri etrafinda bir histerezis bandi kullanilmaktadir.
Ac-kapa kontroliin en 6nemli avantajlar1 basitligi, diisiik maliyeti ve
karmagik bir matematiksel modele ihtiyag duymamasidir. Bu
ozellikler yontemi oOzellikle kiiciik Olgekli ve sinirli kontrol
gereksinimine sahip sistemler agisindan cazip hale getirmektedir.
Ancak kontrol girisinin yalnizca sinirlt sayida ¢alisma durumuna
sahip olmasi, sicakligin set degeri ¢evresinde salinim gdstermesine
ve enerji kullaniminin sistemin gelecekteki gereksinimleri dikkate
alinmadan belirlenmesine neden olabilir. Dolayisiyla bu yaklasimin
degisken ¢evre kosullarina, doluluk durumuna veya enerji fiyatlarina
proaktif bicimde uyum saglama yetenegi siirhidir (Peng et al.,
2022). Bu smirlama, modern bina kontrolii agisindan énemlidir. Bir
binanin 1sitma veya sogutma ihtiyac1 yalnizca mevcut i¢ ortam
sicakligina degil; dis hava kosullari, bina termal ataleti, giines
kazanglar1 ve kullanict dolulugu gibi ¢ok sayida etkene baghdir. Ag-
kapa kontrol bu etkileri gelecekteki davraniglariyla birlikte
degerlendirmediginden, enerji ve konfor hedeflerinin birlikte
optimize edilmesi gereken uygulamalarda tek basina yeterli
olmayabilir.

Kural Tabanlh Kontrol
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Kural tabanli kontrol (Rule-Based Control, RBC), bina
otomasyon sistemlerinde yaygin bi¢cimde kullanilan bir diger
geleneksel kontrol yaklagimidir. Bu yontemde kontrol eylemleri
onceden tanimlanmis “eger—ise” kurallarina gore belirlenir. Ornegin
bina kullanilmadig1 saatlerde sicaklik set degerinin degistirilmesi,
dis hava sicakliginin uygun olmasi durumunda mekanik sogutmanin
azaltilmas1 veya CO> konsantrasyonuna bagli olarak havalandirma
debisinin artirilmasi kural tabanli kontrol uygulamalarina 6rnek
olarak verilebilir. Bu yaklasimin énemli iistiinliiklerinden biri, bina
isletmecilerinin veya alan uzmanlarmin deneyimlerinin dogrudan
kontrol sistemine aktarilabilmesidir. Ayrica kural tabanli sistemler
gorece kolay anlagilabilir ve yorumlanabilir oldugundan isletme
sirasinda alinan kontrol kararlarinin nedenlerinin agiklanmasi
gelismis veri odakli yontemlere gore daha kolaydir. Bae et al. (2021),
bina ve HVAC kontroliinde sensorlerin roliinii inceleyen kapsamli
derlemelerinde  heuristik  kural tabanli  kontrolin HVAC
uygulamalarinda yaygm sekilde kullanildigini ve bu kontrol
yapilarinin sicaklik, doluluk, i¢ hava kalitesi ve diger sensor
verilerinden yararlandigim1 gostermistir. Bununla birlikte kural
tabanli kontroliin basarisi, tanimlanan kurallarin kapsamina ve
dogruluguna dogrudan baglidir. Sabit kurallar, ¢alisma kosullarinin
onceden Ongoriilmeyen sekilde degismesi durumunda optimum
kontrol kararlarini liretmeyebilir. Ayrica sistemdeki degisken sayisi
arttikca olas1 kural kombinasyonlarinin sayisi da artmakta ve kontrol
yapisinin tasarimi ile bakimi zorlagmaktadir. Ozellikle hava durumu,
doluluk ve ekipman performansi gibi belirsiz degiskenlerin birlikte
degerlendirilmesi gerektiginde yalnizca oOnceden tanimlanan
kurallara dayal bir kontrol yapist sinirli kalabilmektedir. Bu nedenle
kural tabanli kontrol ¢ogu durumda enerji agisindan kiiresel bir
optimum ¢0ziim aramak yerine, Onceden belirlenen isletme
mantigin1 uygulamaktadir. Jin et al. (2025), talep tepkisi kapsaminda
HVAC kontrol yontemlerinin gelisimini degerlendirirken, alanin

geleneksel deneyim ve model tabanli kontrol yapilarindan giderek
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daha fazla veri ve Ogrenme tabanli yontemlere yoneldigini
belirtmistir.

PID Kontrol

Oransal-integral-tiirevsel ~ kontrol, endiistriyel kontrol
sistemlerinde oldugu gibi HVAC uygulamalarinda da yaygin olarak
kullanilan geri beslemeli kontrol yontemlerinden biridir. PID
denetleyicisinin genel kontrol yasasi asagidaki sekilde ifade
edilebilir:

t

u(t) = Kye(t) + K; j e(t)dt + Ky
0

de(t)
dt

)

Burada u(t) kontrol girisini, e(t) referans deger ile 6lgiilen
sistem ¢ikis1 arasindaki hatay1, K, K; ve Kj ise sirasiyla oransal,
integral ve tlirev kazanclarini ifade etmektedir. Oransal terim mevcut
hataya gore kontrol girigini olustururken, integral terim zaman
icerisinde biriken hatayr azaltarak kalici durum hatasinin
giderilmesine katki saglamaktadir. Tiirev terimi ise hata degisim
hizin1 dikkate alarak sistemin gelecekteki egilimine iliskin sinirli bir
ongori saglamaktadir. HVAC uygulamalarinda PI veya PID kontrol;
sicaklik, basing, debi ve benzeri degiskenlerin belirlenen set
degerlerini izlemesi amaciyla kullanilabilmektedir (Peng et al.,
2022; Taheri et al., 2022).

PID kontroliin 6nemli avantajlar1 arasinda matematiksel
yapisinin  basitligi, diisiik ¢evrim i¢i hesaplama gereksinimi,
endiistriyel kontrolorlerde kolay uygulanabilmesi ve uzun yillara
dayanan uygulama tecriibesi bulunmaktadir. Bu nedenle gelismis iist
seviye kontrol algoritmalarinin  kullanildigi modern HVAC
sistemlerinde dahi PID kontrol tamamen ortadan kalkmamaktadir.
Aksine MPC gibi iist seviye kontrol yapilar1 set degerlerini veya
caligma noktalarin1 belirlerken, alt seviyedeki sicaklik, debi veya

basing kontrol dongiileri PI/PID  kontroldrler tarafindan
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yiriitiilebilmektedir. Bununla birlikte geleneksel PID kontrol
temelde geri besleme hatasina tepki veren reaktif bir yapiya sahiptir.
Hava durumu tahminleri, gelecekteki bina dolulugu, degisken
elektrik tarifeleri veya bina termal ataleti gibi ileriye doniik bilgiler
standart PID yapis1 igerisinde dogrudan kullanilamamaktadir. Ayrica
cok degiskenli sistemlerde farkli kontrol ddngiileri arasindaki
etkilesimler ve ekipman kisitlari, bagimsiz PID kontrolorlerle her
zaman etkin bicimde yonetilemeyebilir. Bu nedenlerle PID kontrol,
yerel kontrol dongiilerinde giiglii ve pratik bir yontem olmaya devam
ederken, bina genelinde enerji optimizasyonu i¢in ¢ogu durumda
daha st seviyeli bir kontrol veya optimizasyon yapisina ihtiyag
duyulmaktadir (Balali et al., 2023; Taheri et al., 2022).

Geleneksel Kontrol Yontemlerinin Sitmirhhiklar:

Acg-kapa, kural tabanli ve PID kontrol yontemlerinin ortak
iistiinliikleri; gorece basit olmalari, diisiik hesaplama yiikii, kolay
uygulanabilirlik ve mevcut bina yonetim sistemleriyle yiiksek
uyumluluktur. Bu o6zellikler s6z konusu yontemlerin gercek
binalarda uzun siiredir kullanilmasinin temel nedenlerindendir.
Ancak modern HVAC kontroliinde giderek daha fazla 6nem kazanan
tahmin, optimizasyon, enerji fiyatlarina tepki, kullanict merkezli
kontrol ve sebeke etkilesimi gibi amaglar geleneksel yontemlerin
sinirlarint daha goriiniir hale getirmistir.

Bu sinirhiliklar baslica dort grupta degerlendirilebilir. ilk
olarak, geleneksel yontemler cogunlukla reaktif calismakta ve
gelecekte olusabilecek yiik degisimlerini  dogrudan hesaba
katmamaktadir. Ikinci olarak, enerji tiiketimi ile termal konfor gibi
birden fazla hedefin aynt anda matematiksel olarak optimize
edilmesi zordur. Ugiincii olarak, bina dolulugu, hava durumu ve
enerji fiyatlar1 gibi zamana bagl bilgiler kontrol kararlarina sinirl
bicimde dahil edilmektedir. Son olarak, ¢ok sayida ekipmanin ve
kontrol degiskeninin bulundugu biliyik HVAC sistemlerinde
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birbirine  bagli alt sistemlerin  koordinasyonu  giderek
karmasiklasmaktadir (Balali et al., 2023; Jin et al., 2025; Taheri et
al., 2022). Bae et al. (2021) ayrica geleneksel bina kontroliiniin
performansinin sensor altyapisina da giiclii bigimde bagli oldugunu
gostermektedir. Sensor se¢imi, sensor yerlesimi, veri kalitesi ve
kontrol ¢evriminin dogrulugunu dogrudan
etkileyebilmektedir. Dolayisiyla kontrol algoritmasi ne kadar basit
olursa olsun, yanlis veya giivenilir olmayan Olgiim bilgisi enerji
tiketimi ve kullanici konforu agisindan yetersiz isletmeye yol

sensOr arizalari

acabilir.

Tablo 2. Geleneksel HVAC kontrol yontemlerinin genel

karsilastirmasi
.. Temel Bashica Baslhica Tipik
Yontem calisma ilkesi | avantaj simrhihk kullanim
Esik Set degeri
Ac-kapa degerlerine Cok basit ve gevresinde Kii¢iik ve
s-kap gore ekipman1 | diisiik salinim, basit HVAC
kontrol o
devreye maliyetli sinirlt uygulamalari
alma/¢ikarma adaptasyon
Onceden Aciklanabilir, | Degisen Bina
Kural uzman kosullara
tanimlanan e otomasyonu,
tabanlt .. bilgisinin sinirli uyum, | .
eger—ise isletme
kontrol kurallar kolay kural rogramlart
aktarilmasi karmasgiklig prog
Geri besleme G'elc?celf . Sicaklik,
Hizl, bilgilerini ve .
hatasinin P-I- T basing, debi
PI/PID glivenilir ve ¢oklu .
D . . ve alt seviye
kontrol . . endiistride hedefleri
bilesenleriyle - kontrol
. . yaygin dogrudan o et
islenmesi dongiileri
kullanamaz

Kaynak: Yazar tarafindan Taheri et al. (2022), Peng et al. (2022), Bae et al. (2021)
ve Jin et al. (2025) temel alinarak olusturulmustur.

Geleneksel kontrol yontemlerinin s6z konusu smirliliklari,
bu yontemlerin gegersiz veya gereksiz oldugu
gelmemektedir. Aksine pratik HVAC sistemlerinde gelismis kontrol
algoritmalarmin 6nemli bir boliimii mevcut yerel kontrol dongiileri

izerine eklenen iist seviye yapilardan olugmaktadir. Dolayisiyla
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geleneksel yontemlerden gelismis yontemlere gecis, eski kontrol
sistemlerinin  tamamen  kaldirilmasindan  ¢ok, tahmin ve
optimizasyon yeteneklerinin mevcut kontrol altyapisina eklenmesi
biciminde ger¢eklesmektedir. Bu ¢ergevede MPC, sistem kisitlarini
ve gelecege iliskin tahminleri dogrudan kontrol problemine dahil
edebilmesi nedeniyle geleneksel HVAC kontroliiniin baslica
sinirliliklarima yanit veren temel yontemlerden biri olarak ©ne
cikmaktadir. Bir sonraki bdliimde bu yaklasim ayrintili olarak ele
aliacaktr.

Model Ongoriilii Kontrol

Model 6ngoriilii kontrol (Model Predictive Control, MPC),
gelecekteki sistem davranisini bir matematiksel model yardimiyla
tahmin ederek kontrol kararlarii cevrim i¢i bir optimizasyon
problemi iizerinden belirleyen gelismis bir kontrol yaklagimidir.
HVAC sistemlerinde MPC’nin 6ne ¢ikmasinin temel nedeni, bina
termal dinamiklerinin gorece yavas olmasi ve dis hava sicakligi,
giines 1s1mmimi, doluluk veya enerji fiyati gibi gelecege iliskin
bilgilerin belirli 6l¢iide tahmin edilebilmesidir. Bu 6zellik sayesinde
MPC, yalnizca mevcut kontrol hatasina tepki vermek yerine
gelecekte olugabilecek termal yiikleri dikkate alarak dnleyici kontrol
kararlar1 olusturabilmektedir. Ayrica enerji tiikketimi, termal konfor
ve ekipman smirlart gibi birden fazla amag¢ ile kisitin ayni
optimizasyon problemi igerisinde ele alinabilmesi yontemin HVAC
kontroliindeki temel tistiinliiklerinden biridir (Taheri et al., 2022;
Yao & Shekhar, 2021).

MPC’nin Temel Calisma Prensibi

MPC’nin temel ¢aligma yapisi, sistemin mevcut durumunun
belirlenmesi, gelecekteki bozucu etkilerin tahmin edilmesi, belirli
bir tahmin ufku boyunca sistem davranisinin hesaplanmasi ve
tanimlanan amac¢ fonksiyonunu en aza indirecek kontrol dizisinin
belirlenmesine dayanmaktadir. Hesaplanan kontrol dizisinin
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yalnizca ilk elemani fiziksel sisteme uygulanmakta; bir sonraki
ornekleme aninda yeni Ol¢iim bilgileri alinarak optimizasyon
problemi yeniden ¢oziilmektedir. Bu yaklagim literatiirde kayan ufuk
(receding horizon) prensibi olarak ifade edilmektedir (Taheri et al.,
2022; Yao & Shekhar, 2021).

Genel bir ayrik zamanli bina-HVAC modeli asagidaki
sekilde gosterilebilir:

Xi+1 = [ (k) U, di) ()
Vi = g (X, U, di)

Burada xj, Ornekleme anindaki sistem durumlarint; u,
kontrol girislerini; dj, sistem lizerinde etkili olan fakat dogrudan
kontrol edilemeyen bozucu veya tahmin edilen degiskenleri; y, ise
kontrol edilen ¢ikiglar1 gostermektedir. HVAC uygulamalarinda
durum vektorii bolge sicakliklart veya yapi elemanlarmin termal
durumlarini, kontrol girisleri sicaklik set degerlerini, fan hizlarini,
vana agikliklarimi veya ekipman c¢alisma komutlarini igerebilir.

Bozucu degiskenler ise dis hava sicakligi, giines 1s1nimi1 ve doluluk
gibi biiyiikliiklerden olusabilir (Taheri et al., 2022).

Her kontrol adiminda MPC, N, uzunlugundaki bir tahmin
ufku icin genel olarak asagidaki yapiya sahip bir optimizasyon
problemini ¢6zmektedir:

Np_1

min/ = ) [welpCk+ D) +welelk+ D+ wadulk (3
i=0
+ 1)
esitsizlik ve sistem dinamigi kisitlar1 altinda:

Xmin < Xk+i < Xmax

Umin < Uk +i < Umax (4)
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Burada J; enerji tiiketimi veya maliyetini, /- termal konfor
ihlalini ve J,, kontrol girislerindeki hizli degisimleri cezalandiran
bir terimi ifade etmektedir. Agirlik katsayilar1 ise farkli amaclar
arasindaki oncelikleri belirlemektedir. Denklem (3) bu bdliimde
farkli HVAC-MPC uygulamalarindaki ortak yaklagimi gostermek
amaciyla verilen genel bir gosterimdir; uygulamaya bagli olarak
amag fonksiyonuna tepe gii¢, karbon emisyonu, nem, i¢ ortam hava
kalitesi veya enerji fiyat1 gibi farkli bilesenler eklenebilir (Taheri et
al., 2022; Yao & Shekhar, 2021).

MPC’nin geleneksel geri beslemeli kontrolden temel farki
burada ortaya gikmaktadir. Ornegin dis hava sicakligmin birkag saat
sonra onemli dlglide artacagi tahmin ediliyorsa, MPC bina termal
kiitlesinden yararlanmak amaciyla sogutma islemini daha erken
baslatabilir. Benzer sekilde elektrik fiyatinin ilerleyen saatlerde
yiikselmesi bekleniyorsa belirli termal yliklerin daha diistik fiyatl
zaman dilimine kaydirilmasi miimkiin olabilir. Bdylelikle bina
termal ataleti yalnizca kontrol edilmesi gereken bir dinamik 6zellik
degil, enerji esnekligi amaciyla kullanilabilecek bir kaynak haline
gelmektedir (Jin et al., 2025; Taheri et al., 2022).

MPC’de Bina ve HVAC Modelinin Rolii

MPC performansinin belirlenmesinde en kritik bilesenlerden
biri tahmin modelidir. Modelin kontrol amaci agisindan yeterli
dogruluga sahip olmas1 gerekirken, ¢evrim i¢i optimizasyon
sirasinda kullanilabilmesi i¢in hesaplama agisindan da yonetilebilir
olmas1 gerekmektedir. Bu nedenle en ayrintili modelin her zaman en
uygun MPC modeli oldugu sdylenemez. Model dogrulugu ile model
gelistirme ve hesaplama maliyeti arasinda uygun bir dengenin
kurulmasi gerekmektedir (Taheri et al., 2022; Yao & Shekhar, 2021).
HVAC-MPC uygulamalarinda kullanilan modeller genel olarak
beyaz kutu (white-box), gri kutu (grey-box) ve siyah kutu (black-box)

--32--



modeller olmak {izere {li¢ grupta degerlendirilmektedir (Yao &
Shekhar, 2021).

Beyaz kutu modeller, bina ve HVAC sisteminin fiziksel
prensiplerini ayrintili bi¢imde kullanmaktadir. Is1 ve kiitle transferi,
yap1 bilesenlerinin 6zellikleri, ekipman karakteristikleri ve enerji
dengeleri modelin temelini olusturmaktadir. Fiziksel
yorumlanabilirlikleri yiiksek olmasina karsin bu modellerin
hazirlanmas1 ayrintili bina bilgisi ve 6nemli modelleme ¢abasi
gerektirebilir.

Gri kutu modeller, fiziksel bilgi ile 6l¢lim verilerini bir araya
getirmektedir. Bina kontroliinde yaygin kullanilan direng—kapasitans
(Resistance—Capacitance, RC) modelleri bu smifa 0Ornek
gosterilebilir. Yapinin temel termal davramisi fiziksel bir ag
iizerinden temsil edilirken bilinmeyen parametreler Olgiim
verilerinden tanimlanmaktadir. Bu yaklasim, fiziksel anlamlilik ile
hesaplama kolaylig1 arasinda uygun bir denge saglayabildigi i¢in
MPC uygulamalarinda yaygin bi¢imde kullanilmaktadir (Balali et
al., 2023; Yao & Shekhar, 2021)

Siyah kutu modeller ise sistemin ayrintili fiziksel yapisini
acikca modellemek yerine giris—¢ikis verileri lizerinden sistem
davranisint 6grenmektedir. Regresyon modelleri, zaman serisi
yontemleri, yapay sinir aglar1 ve farkli makine 6grenmesi yontemleri
bu grupta degerlendirilebilir. Ozellikle ayrintili bina 6zelliklerinin
bilinmedigi mevcut yapilarda veri odakli modeller 6nemli bir
alternatif olusturmaktadir. Bununla birlikte model performansinin
egitim verisinin kapsamina ve kalitesine bagimli olmasi, farkli
caligma kosullarina genellenebilirlik ve fiziksel yorumlanabilirlik
gibi konular 6nem kazanmaktadir (Balali et al., 2023; Yao &
Shekhar, 2021).

Tablo 3. HVAC-MPC uygulamalarinda kullanilan temel model
tiirlerinin karsilastirilmasi
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Gercek
I\./.lo.(.l el | Temel P ilei Bashica avantaji | Bashca simirhihg: bina
tiiri kaynag uygulamasi
acisindan
Yeni veya
Fiziksel Yiiksek wnnul
Beyaz | denklemler | Yiiksek fiziksel modelleme ve me%/ cut
kutu ve ayritili | yorumlanabilirlik | kalibrasyon binalarda
bina bilgisi cabas1 uygun
olabilir
Piziksel | Dogruluk, MPC icin
. yorumlanabilirlik | Parametre
Gri yap1 + oldukc¢a
s ve hesaplama tanimlama
kutu 6l¢iim oy . uygun ve
verisi yiikii arasinda gerektirir yaygin
denge
Veri
) altyapisi
. Olg¢iim ve Ayrintili fiziksel | Veri kalitesi ve giiclii
Siyah . e e
Kutu isletme model genellenebilirlige | mevcut
verileri gerektirmez bagimlidir binalarda
avantajli
olabilir

Kaynak: Yazar tarafindan Taheri et al. (2022), Balali et al. (2023) ve Yao ve
Shekhar (2021) temel alinarak olusturulmustur.

Bu smiflandirmanin ger¢cek uygulama agisindan Onemli
sonucu, MPC kurulumu sirasinda yalnizca tahmin dogruluguna
odaklanilmamast gerektigidir. Cok karmasik bir fiziksel model
yiiksek tahmin dogrulugu saglayabilse de modelin hazirlanmasi,
kalibrasyonu ve bakiminin maliyeti kontrol
ekonomik avantajin1 azaltabilir. Buna karsilik asir1 basitlestirilmis
bir model, 6zellikle farkli ¢aligma kosullarinda veya kisitlarin kritik
oldugu durumlarda yetersiz kontrol kararlarina yol acabilir.

uygulamasinin

Dolayistyla uygun model karmasikligi, binanin kullanim amaci ve
MPC’nin optimizasyon hedeflerine gére belirlenmelidir.

Tahmin Bilgilerinin Kullanim

MPC’nin HVAC kontroliindeki 6nemli avantajlarindan biri
gelecege iligkin bilgilerin kontrol kararlarina dogrudan dahil
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edilebilmesidir. Hava durumu tahminleri, giines 1sinimi, kullanici
dolulugu, elektrik fiyatlar1 ve talep tepki sinyalleri bu kapsamda
degerlendirilebilir. Yao ve Shekhar (2021), dis hava sicakligi, giines
isintim1 ve kullanict davranigi gibi belirsizliklerin bina termal
davranisin1 6nemli Ol¢iide etkiledigini ve bu degiskenlerin tahmin
dogrulugunun MPC performansi iizerinde belirleyici oldugunu
vurgulamistir. Tahmin ufkunun uzunlugu da 6nemli bir tasarim
parametresidir. Cok kisa bir tahmin ufku, bina termal ataletinin ve
yaklasan enerji fiyati veya hava durumu degisimlerinin yeterince
dikkate alinamamasina neden olabilir. Buna karsilik ¢ok uzun bir
ufuk hesaplama maliyetini artirabilmekte ve uzun vadeli
tahminlerdeki belirsizliklerin optimizasyon sonucuna etkisini
biiylitebilmektedir. Bu nedenle 6érnekleme siiresi ve tahmin ufkunun
bina ve HVAC sisteminin dinamik karakteristiklerine gore secilmesi
gerekmektedir (Taheri et al., 2022; Yao & Shekhar, 2021).

MPC’nin bu 6zelligi 6zellikle dinamik elektrik tarifelerinde
ve talep tepkisi uygulamalarinda 6nem kazanmaktadir. Kontrol
algoritmasi, yiiksek fiyatli veya yiiksek sebeke talebinin bulundugu
donemlerden 6nce binanin termal kiitlesinden yararlanarak on 1sitma
veya On sogutma uygulayabilir. Boylece kullanict konfor sinirlari
korunurken elektrik tiiketimi zamansal olarak kaydirilabilir. Bu
ozellik MPC’yi yalnizca enerji verimliligi saglayan bir kontrol
yontemi olmaktan ¢ikararak bina—sebeke etkilesimini yonetebilecek
bir enerji esnekligi aract haline getirmektedir (Jin et al., 2025).

MPC’nin Gerg¢ek Bina Uygulamalari

MPC literatiiriinde uzun siire simiilasyon ¢alismalar1 baskin
olmakla birlikte son yillarda ger¢ek bina uygulamalarinin sayisinda
artis goriilmektedir. Daha Once belirtilen Blum et al. (2022)
caligmasi, gercek bir ofis HVAC sisteminde MPC’nin
uygulanabilecegini gosterirken, ayni zamanda veri toplama,
modelleme, sistem entegrasyonu ve devreye alma siireclerinin
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onemli Olglide mihendislik cabast gerektirebildigini ortaya
koymustur. Bird et al. (2022) ise bulut tabanli bir MPC retrofit
mimarisinin farkli bina yonetim sistemleriyle
biitiinlestirilebilecegini gostermistir. Ancak s6z konusu calismada
ekonomik MPC’nin referans kontrol yapisina gore enerji
kullanimindaki iyilesmesinin %1,7 diizeyinde kalmasi, MPC’nin
sagladig1 faydanin bina 6zelliklerine ve uygulama baglamina 6nemli
Olciide bagl olabilecegini gostermektedir.

Taheri et al. (2024), bir egitim binasinin HVAC sistemi i¢in
bulut tabanli MPC yaklasimini ger¢ek ortamda uygulamis ve mevcut
bina yoOnetim sistemiyle biitiinlestirilebilen bir donanim—yazilim
yapist olusturmustur. Calismada PI+6n 1sitma, MPC ve doluluk
tabanli olmak tiizere ii¢ kontrol stratejisi degerlendirilmis; enerji
tilketimindeki azalmalar sirastyla %12,83, %19,21 ve %14,98 olarak
raporlanmistir. Bu calisma, MPC’nin mevcut bina otomasyon
sistemlerine  bulut tabanli mikro hizmetler araciligiyla
uygulanabilecegini goOstermesi bakimindan Onem tagimaktadir.
Bununla birlikte elde edilen oranlar s6z konusu bina ve deney
kosullarina 6zgii olup farkli yapilara dogrudan genellenmemelidir.

Gergek uygulama maliyetinin azaltilmasina yonelik onemli
bir 6rnek Wei ve Calautit (2024) tarafindan sunulmustur. Caligmada
IoT tabanli ve Raspberry Pi donanimi {izerinde calisan diisiik
maliyetli bir MPC sistemi, gercek zamanli i¢ ortam sicaklik geri
beslemesi ve dinamik elektrik fiyatlar1 kullanilarak deneysel
ortamda uygulanmistir. Onerilen MPC sistemi geleneksel kontrol
yapisina kiyasla yaklasik %20 elektrik maliyeti azalmas1 saglamis;
faz degistiren malzeme (Phase Change Material, PCM) ile birlikte
degerlendirilen senaryoda maliyet azalmasi %35’e ulagmistir. Bu
sonuclar, MPC’nin yalnizca gii¢lii merkezi bilgisayar altyapilarinda
degil, gorece diislik maliyetli yerel donanimlarla da
uygulanabilecegini gostermektedir (Wei & Calautit, 2024).
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Konut uygulamalarinda ise sicakligin yaninda nem
dinamiklerinin dikkate alinmasi gercek diinya performansi agisindan
Oonemli bir problem olusturmaktadir. Pergantis et al. (2024),
kullanilan klima sisteminin i¢ ortam nemi iizerindeki etkisini de
kontrol problemine dahil eden MPC yaklasimini dolu bir konutta
saha kosullarinda test etmistir. Calismada zamanla degisen nem
modeli ile sabit nem varsayimini kullanan modeller karsilagtirilmais;
enerji maliyetinin azaltilmasinda iki model benzer sonuglar verirken,
elektrik giicliniin belirli bir iist sinirin altinda tutulmasi hedefinde
daha ayrintili nem modelinin daha 6nemli hale geldigi gosterilmistir.
Ayn1 evdeki 1sitma c¢aligmalartyla birlikte degerlendirildiginde yil
geneli 1sitma ve sogutma enerji maliyetinde %22-31 araliginda
tasarruf tahmin edilmistir. Bu ¢alisma, daha ayrintili bir modelin her
kontrol hedefi i¢in esit derecede degerli olmayabilecegini gdstermesi
acisindan Ozellikle onemlidir (Pergantis et al., 2024). Daha yakin
tarihli bir baska uygulamada Walnum et al. (2025), eski (legacy)
HVAC ekipmanlarina sahip faal bir ticari binada diisiik maliyetli ve
Olceklenebilir bir MPC retrofit yaklasimi gelistirmistir. Yeni ve
kapsaml1 bir sensor altyapisi kurmak yerine havalandirma egzoz
sicakligini i¢ ortam sicakliginin temsilcisi olarak kullanan sistemde,
MPC yerel kontrolore MQTT tabanhi iletisim aracilifiyla
baglanmistir. Bir aylik erken ilkbahar deneyinde yaklasik %33 enerji
maliyeti tasarrufu raporlanmis ve sistem Ol¢lim giincellemelerinde
sekiz saate kadar bosluk olugsmasina ragmen ¢alismasini
stirdiirebilmistir. Calisma, MPC’nin uygulamada yayginlasmasi
acisindan miikemmel model ve kapsamli sensor altyapisi yerine
yeterli performans saglayan basitlestirilmis, ekonomik ¢oziimlerin
onemli olabilecegini gostermektedir (Walnum et al., 2025).

Tablo 4. Seg¢ilmis gercek/deneysel HVAC-MPC uygulamalarinin
karsilastiriimasi
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e Uygulama
Calisma Uygulama MPC.V . Bildirilen acisindan
ozelligi temel sonug
c¢ikarim
Yaklasik Veri toplama ve
Blum et al. Ofis binast Gergek bina | %40 HVAC devreye alma
2022 MPC enerji onemli is giicli
] g
azalmasi gerektiriyor
Ekonomik fayda
Bird et al. . Bulut %1,7 enerji bina
Ticari bina tabanl . 11 .
(2022) retrofit MPC azalmasi ozelliklerine
oldukgca duyarli
5 -
Taheri et al. | Egitim Bulut e/;g"izl E/I(:Vg;l; ]Iil::ls ile
(2024) binasi tabanli MPC J uunes
azalmasi mumkiin
Wei ve Denevsel IoT + MPC ile Diistik maliyetli
Calautit bina 1};1 tmas Raspberry %20 maliyet | yerel uygulama
(2024) Pi MPC azalmasi miimkiin
malyer | Model
Pergantis et Nem duyarlt ayrintisinin
al. (2024) Dolu konut MPC tasarrpfu degeri kontrol
tahmini hedefiyle iliskili
%22-31 yiels
Eski . Sade model ve
— ekipmana Bir aylik sinirlt sensor
Walnum et | Faal ticari diisiik testte %33 altvapisivla
al. (2025) | bina e maliyet yapisiy
maliyetli uygulama
azalmasi o
retrofit miimkiin

Not: Tablodaki oranlar farkl bina tipleri, iklimler, deney siireleri, referans kontrol
stratejileri ve performans élgiitleri altinda elde edilmistir. Bu nedenle ¢alismalar
arasinda dogrudan performans siralamasi yapmak amaciyla kullanilmamalidir.

Kaynak: Yazar tarafindan Blum et al. (2022), Bird et al. (2022), Taheri et al.
(2024), Wei ve Calautit (2024), Pergantis et al. (2024) ve Walnum et al. (2025)
temel alinarak olusturulmustur.

MPC’nin Avantajlar: ve Simirhliklar:

HVAC kontroliinde MPC’nin 6nemli avantajlarindan biri,
enerji tiiketimi ile kullanic1 konforu arasinda acik bir matematiksel
denge kurulmasina olanak vermesidir. Ayrica fiziksel ekipman
siirlarinin optimizasyon problemine dogrudan dahil edilebilmesi,
hava durumu ve doluluk tahminlerinden yararlanilmasi, degisken

elektrik tarifelerine tepki verilmesi ve bina termal kiitlesinin enerji
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depolama benzeri bir kaynak olarak kullanilabilmesi ydntemin
onemli ustiinliikklerindendir (Taheri et al., 2022; Yao & Shekhar,
2021). Bununla birlikte MPC’nin gercek bina uygulamalarindaki
temel gligliigii, yliksek kontrol performansi saglayan teorik yapinin
pratikte 6onemli bir modelleme—veri—entegrasyon zincirine bagimli
olmasidir. Uygun modelin gelistirilmesi ve kalibre edilmesi,
sensOrlerden giivenilir verilerin elde edilmesi, gelecekteki
bozucularin tahmini, optimizasyon probleminin ger¢cek zamanda
¢Oziilmesi ve kontrol komutlarinin mevcut bina otomasyon
sistemine giivenilir bigimde aktarilmasi gerekmektedir. Bu siiregte
herhangi bir katmandaki hata genel kontrol performansini
etkileyebilmektedir (Blum et al., 2022; Khabbazi et al., 2025; Taheri
et al., 2022). Ozellikle mevcut bina stokunda ayrintili bina bilgisinin
bulunmamas:1 ve eski otomasyon sistemlerinin farkli iletisim
protokolleri  kullanmast  6nemli  bir uygulama  sorunu
olusturmaktadir. Bu nedenle son yillardaki ¢aligmalarda yalnizca
MPC algoritmasinin gelistirilmesinden ziyade bulut tabanli kontrol,
[oT donanimi, otomatik model tanimlama, diisiik maliyetli sensor
altyapis1 ve mevcut bina sistemlerine retrofit gibi uygulama odakh
konularin daha fazla 6nem kazandigi goriilmektedir (Bird et al.,
2022; Taheri et al., 2024; Walnum et al., 2025; Wei & Calautit,
2024). MPC’nin bir diger 6nemli sorunu model dogrulugu ile
uygulama karmasiklig1 arasindaki dengedir. Pergantis et al. (2024)
tarafindan gergeklestirilen saha ¢alismasi, nem dinamiklerinin daha
ayrintili modellenmesinin elektrik giicii kisitlarinin korunmasinda
fayda sagladigini; buna karsilik enerji maliyetinin azaltilmasinda
daha basit modelin benzer performans verebildigini géstermistir. Bu
sonug, gercek bina uygulamalarinda model se¢iminin yalnizca “en
dogru tahmin modeli” sorusu lizerinden degil, “kontrol amaci
acisindan hangi diizeyde dogruluk gereklidir?” sorusu iizerinden
degerlendirilmesi gerektigini gostermektedir.

Simiilasyondan Ger¢ek Uygulamaya Gegis A¢isindan MPC
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MPC, boliimiin temel konusu olan simiilasyondan gergek
uygulamaya ge¢is problemini agik bicimde gosteren bir yontemdir.
Simiilasyon ortaminda bina modeli, sensorler, hava tahminleri ve
aktiiatorlerin ideal veya kontrollii kosullarda modellenebilmesi
mimkiinken gercek uygulamada Ol¢iim kayiplari, haberlesme
kesintileri, hatali sensdrler, model-gercek sistem uyumsuzlugu,
kullanici miidahaleleri ve beklenmeyen c¢alisma kosullariyla
karsilagilmaktadir. Bu nedenle ger¢cek bina uygulamasinda MPC
performansi yalnizca optimizasyon algoritmasinin basarisiyla
aciklanamaz. Khabbazi et al. (2025) tarafindan yapilan saha
caligmalari incelemesi, MPC ve RL'nin ger¢ek bina uygulamalarinda
ekonomik ve teknik potansiyel tasimasina ragmen saha deneylerinin
onemli bolimiinde giivenilir performans degerlendirmesini
giiclestiren deneysel sorunlarin bulundugunu ortaya koymaktadir.
Bu durum, simiilasyonda raporlanan enerji tasarrufunun gergek
binada aym1 oranda tekrarlanacaginin  varsayilamayacagini
gostermektedir. Gergek uygulama basarisi; modelin
hazirlanmasindan sensor altyapisina, kontrol yazilimindan bina
yonetim sistemi entegrasyonuna, deney tasarimindan bakim
maliyetine kadar uzanan biitiin bir sistemin basarisina baglidir.

Buna karsilik son yillardaki gercek uygulamalar énemli bir
egilime isaret etmektedir. Bulut tabanli MPC (Bird et al., 2022;
Taheri et al., 2024), diisiik maliyetli IoT tabanl kontrol (Wei &
Calautit, 2024) ve mevcut eski bina altyapilarina minimum
miidahaleyle yapilan retrofit uygulamalar1 (Walnum et al., 2025),
MPC’nin laboratuvar ve simiilasyon ortamindan operasyonel
binalara aktarilmasi i¢in gelistirilen yontemleri temsil etmektedir. Bu
gelismeler, gelecekte MPC’nin yayginlasmasinda yalnizca daha
karmasik optimizasyon algoritmalarinin degil; otomatik model
olusturma, standart haberlesme altyapilari, diisiik maliyetli sensorler,
kolay devreye alma ve kontrol-hizmeti (control-as-a-service)
yaklagimlarinin da belirleyici olacagini1 gostermektedir.
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Bununla birlikte MPC’nin temel olarak bir tahmin modeline
ihtiya¢ duymasi, fiziksel model olusturmanin zor oldugu veya sistem
davraniginin siirekli degistigi uygulamalarda alternatif &grenme
tabanli yontemlere ilgiyi artirmigti. Bu noktada pekistirmeli
o0grenme, ayrintili bir fiziksel modelden bagimsiz olarak kontrol
politikasinin ~ ¢evreyle etkilesim sonucunda Ogrenilebilmesi
nedeniyle 6nemli bir alternatif olarak ortaya ¢ikmaktadir. Bir sonraki
boliimde RL tabanli HVAC kontrolii, 6zellikle egitim ortamindan
gergcek binaya aktarim, giivenli kesif ve genellenebilirlik sorunlari
acisindan incelenecektir.

Pekistirmeli Ogrenme Tabanh HVAC Kontrolii

Pekistirmeli 0grenme (Reinforcement Learning, RL), bir
karar verici ajanin cevresiyle etkilesim kurarak uzun dénemli bir
performans Olciitiinii eniyileyecek kontrol politikasini 6grenmesine
dayanan makine 6grenmesi yaklagimidir. HVAC kontrolii agisindan
RL’nin temel ¢ekiciligi, MPC’de oldugu gibi ayrintili bir bina termal
modelinin her durumda acik bi¢gimde olusturulmasina gerek
kalmadan, sistemden elde edilen gézlemler ve kontrol eylemlerinin
sonuglar1 tizerinden uygun kontrol davraniginin 6grenilebilmesidir.
Bu nedenle RL, o0zellikle bina dinamiklerinin tam olarak
bilinmedigi, kullanic1 davraniglarinin degisken oldugu veya kontrol
ortaminin zaman igerisinde degistigi uygulamalarda 6nemli bir
alternatif olarak degerlendirilmektedir. Bununla birlikte 6grenmenin
deneme-yanilma  etkilesimine = dayanmasi,  ger¢ek  bina
uygulamalarinda giivenlik, kullanici konforu ve 6grenme siiresi
acisindan onemli giigliikler olusturmaktadir (Al Sayed et al., 2024;
Khabbazi et al., 2025).

Pekistirmeli Ogrenmenin Temel Yapisi

RL tabanli HVAC kontroliinde problem cogunlukla bir
Markov karar siireci (Markov Decision Process, MDP) olarak ifade
edilmektedir. MDP yapis1 genel olarak durum uzay1 S, eylem uzayi
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A, gecis davranist ve 0diil fonksiyonundan olugmaktadir. Her t
zaman adiminda ajan, ¢evrenin mevcut durumunu S
gozlemlemekte, bir kontrol eylemi a,; se¢mekte ve bu eylemin
sonucu olarak yeni bir s;,; ile bir 6dil r, elde etmektedir. Ajanin
amact, yalnizca anlik 6diilii degil gelecekte elde edilecek odiilleri de
dikkate alarak toplam uzun donemli getiriyi artiracak bir kontrol
politikas1 6grenmektir.

Genel bir indirgenmis getiri fonksiyonu asagidaki sekilde
ifade edilebilir:

G, = Z Vo sk (5)
k=0
Burada G, t anindan itibaren beklenen toplam getiriyi; v, 0 <
y < 1 araliginda secilen indirgeme katsayisini ve 1y, gelecekte
elde edilecek odiilleri gostermektedir. y degerinin biiylimesi, ajanin
daha uzun donemli sonuglara daha fazla Onem vermesini
saglamaktadir.

HVAC uygulamalarinda durum vektdrii genel olarak i¢ ortam
sicaklig, dis hava sicakligi, bagil nem, zaman bilgisi, doluluk
durumu, enerji fiyati veya ge¢mis kontrol eylemleri gibi
degiskenlerden olusturulabilir. Eylem uzay1 ise sicaklik set degerleri,
hava debileri, fan hizlari, vana acikliklari veya HVAC calisma
modlar1 gibi ayrik ya da siirekli kontrol degiskenlerinden
olusabilmektedir. Odiil fonksiyonu ise gogunlukla enerji tiikketimi ve
termal konforun birlikte degerlendirilmesine dayanmaktadir (Al
Sayed et al., 2024; Togashi, 2025).

Genel bir HVAC-RL 6diil fonksiyonu kavramsal olarak
asagidaki bigimde gosterilebilir:

1y = —(aE; + BCy +MPy) (6)
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Burada E;, ilgili zaman adimindaki enerji veya maliyet
bilesenini; C;, termal konfor ihlalini; P; ise ekipman kisitlari, tepe
giic veya benzeri ilave ceza terimlerini géstermektedir. o, B ve n
katsayilart bu hedeflerin goreli 6nemini belirlemektedir. Bununla
birlikte bu gdsterim genel bir kavramsal yapidir; gergek HVAC-RL
caligmalarinda kullanilan 6dil fonksiyonlari 6nemli 6lgtide farklilik
gostermektedir.

Derin Pekistirmeli Ogrenme ve HVAC Kontrolii

Klasik RL yontemlerinin durum ve eylem uzaylarinin
bliyiimesiyle karsilastiZit  boyut problemi, derin Ogrenme
yontemlerinin RL ile birlestirilmesini hizlandirmigtir. Derin
pekistirmeli 6grenmede (Deep Reinforcement Learning, DRL) deger
fonksiyonlar1 veya kontrol politikalar1 yapay sinir aglar1 kullanilarak
yaklasik olarak temsil edilmektedir. Bu sayede sicaklik, nem,
doluluk, hava tahmini ve zaman bilgisi gibi ¢cok sayida degiskenin
birlikte degerlendirildigi HVAC problemlerinde daha yiiksek
boyutlu kontrol yapilar1 olusturulabilmektedir (Al Sayed et al.,
2024).

DQN (Deep O-Network), DDQN (Double Deep Q-Network)
ve siirekli eylem uzaylarinda kullanilan aktor-elestirmen tabanhi
yontemler HVAC literatiirlinde yaygin olarak incelenmektedir.
Bununla birlikte kullanilacak algoritmanin se¢imi, eylem uzaymnin
ayrik veya siirekli olmasi, kontrol edilen bolge sayisi, sistem boyutu
ve 0grenme ortaminin 6zelliklerine baglidir. Dolayisiyla RL tabanli
HVAC kontroliinde tek bir algoritmanin biitiin uygulamalar i¢in
uygun oldugu sOylenemez. Esrafilian-Najafabadi ve Haghighat
(2022), dinamik kullanic1 doluluk oriintiilerinin bulundugu HVAC
kontrolii i¢in modelden bagimsiz bir DDQN ydntemi gelistirmistir.
Onerilen sistem, bina modeli ve doluluk tahmin modeli
olusturulmasina ihtiya¢ duymadan g¢evreyle etkilesim sonucunda
bina enerji kullanimini, HVAC gecikmesini ve kullanic1 doluluk



davraniglarin1 6grenmektedir. Calismada DDQN tabanli yontem
MPC ile karsilastirilmis ve 6zellikle doluluk tahmininde belirsizlik
bulundugu durumda RL tabanli yaklagimin termal konfor agisindan
avantaj saglayabildigi gosterilmistir. Bununla birlikte baslangigtaki
deneme-yanilma Ogrenme doneminde termal konfor ihlallerinin
artt1g1 da raporlanmistir. Bu sonug, modelden bagimsiz olmanin
model gelistirme ylikiinii azaltirken 6grenme donemine iliskin yeni
bir uygulama problemi olusturdugunu agik bicimde gostermektedir
(Esrafilian-Najafabadi & Haghighat, 2022).

Odiil Fonksiyonunun Tasarimi: Enerji ve Konfor Dengesi

RL tabanli HVAC kontroliiniin en oOnemli tasarim
problemlerinden biri 6diil fonksiyonudur. Ajan hangi davranisin
basarili oldugunu dogrudan 6diil fonksiyonundan 6grendiginden,
enerji ve termal konfor hedeflerinin yanlis agirliklandirilmasi
istenmeyen bir kontrol politikas1 olusturabilir. Ornegin enerji
tiketiminin asir1  giicli  bicimde cezalandirilmasi, HVAC
ekipmaninin gereginden az ¢alismasina ve kullanict konforunun
bozulmasina neden olabilir. Buna karsilik termal konfor terimine ¢ok
yiksek agirlik verilmesi, enerji tiiketiminin gereksiz bicimde
yiikselmesine yol acabilir. Togashi (2025), HVAC kontroliinde
kullanilan RL 6diil fonksiyonlarini sistematik olarak inceleyerek 79
calismada 68 farkli odiil fonksiyonu yapist belirlemistir. Bu
cesitlilik, literatiirde enerji ve konfor hedeflerinin birlikte
degerlendirilmesi konusunda heniiz standartlasmis bir yap1
bulunmadigini gostermektedir. Incelenen ¢alismalarda kullanilan
agirlik katsayilarimin 6nemli bir kisminin ampirik veya deneysel
bigimde belirlendigi goriilmiis ve farkli 6diil fonksiyonlari nedeniyle
caligmalar  arasinda  dogrudan performans karsilastirmasi
yapilmasinin giiclestigi vurgulanmistir.

Bu sorun ger¢cek uygulama agisindan daha da onemlidir.
Simiilasyon ortaminda belirli bir bina ve iklim icin basarili sonug
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veren Odiil katsayilarinin farkli kullanici beklentileri, farkli enerji
tarifeleri veya farkli HVAC ekipmanlarinin bulundugu baska bir
binaya dogrudan aktarilmasi uygun olmayabilir. Bu nedenle RL
kontroloriiniin ~ gergek  sisteme  uygulanmasinda  yalnizca
algoritmanin degil, 6diil fonksiyonunun tasinabilirligi ve yeniden
ayarlanma gereksiniminin de dikkate alinmas1 gerekmektedir.

Degisen Bina Kosullarina Adaptasyon

HVAC kontrolii duragan bir ortamda ger¢eklesmemektedir.
Di1s hava kosullari, bina kullanimi, kullanici sayisi ve HVAC
ekipmanlarinin performansi zaman igerisinde degisebilmektedir. Bir
RL ajaninin egitim sirasinda karsilasmadigi bu degisiklikler,
ogrendigi kontrol politikasinin performansini azaltabilir. Bu nedenle
gercek uygulama agisindan RL kontroloriiniin yalnizea belirli bir
egitim senaryosunda iyi sonu¢ vermesi degil, zamanla degisen
kosullara uyum saglayabilmesi onem tasimaktadir. Deng et al.
(2022), bu problemi dogrudan ele alarak degisen bina ortamlarinda
DRL tabanli HVAC kontrolii icin aktif degisim algilama
mekanizmas1 ile DQN yaklasimini birlestirmistir. Calismada
olusturulan yontemin bina ortamindaki degisiklikleri algilayarak
uygun kontrol davranigina ge¢cmesi amaclanmistir. Tek ve cok
bolgeli simiilasyon ¢aligmalarinda enerji tasarrufunda %13’e, termal
konfor performansinda ise %9’a kadar iyilesmeler raporlanmistir.
Ayrica yontem daha dnce goriilmemis bina ¢alisma kosullar altinda
da test edilmistir. Bununla birlikte ¢calismanin sonuglar1 simiilasyon
tabanhidir ve gercek binadaki sensér hatalari, haberlesme
gecikmeleri ve ekipman arizalart gibi ek belirsizlikleri
icermemektedir (Deng et al., 2022). Bu sonug, RL’nin adaptasyon
kabiliyetinin 6nemli bir avantaj oldugunu gostermekle birlikte
“model-free” ifadesinin kontrol sisteminin biitiin belirsizliklere
otomatik olarak dayanikli oldugu anlamma gelmedigini
gostermektedir. Egitim verisinin veya sanal ortamin gergek binada
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karsilagilabilecek calisma kosullarini yeterince temsil etmemesi
durumunda kontrol politikasinin giivenilirligi azalabilir.

Tahmin Bilgisinin RL ile Birlestirilmesi

MPC’nin 6nemli avantajlarindan biri gelecege iligkin tahmin
bilgilerinden sistematik bi¢cimde yararlanmasidir. Standart RL
yaklasimlar1 ise ¢ogu durumda mevcut ve gegcmis gozlemler
iizerinden karar vermektedir. Bu durum, hava durumu, enerji fiyat:
veya bina ylikii gibi gelecekteki bilgilerin tahmin edilebilir oldugu
HVAC uygulamalarinda RL agisindan bir sinirlilik olusturabilir. Gao
et al. (2024), bu sorunu inceleyerek zaman serisi tahmin bilgisini
DRL ile birlestiren GRU-RL yaklagimini gelistirmistir. Calismada
acik kaynakli test altyapisi kullanilarak farkli tahmin bilgisi
stratejilerinin  HVAC kontroliindeki etkisi degerlendirilmistir.
Onerilen GRU-RL yaklasiminda zaman bagimli bilgiler GRU
(Gated Recurrent Unit) ag1 yardimiyla kontrol durumuna dahil
edilmigstir. Testlerde ¢alisma maliyetinde yaklasik %14,5 azalma ve
termal konfor performansinda belirgin iyilesme raporlanmistir.
Ayrica i¢ ortam sicaklik kontroliinde tahmin bilgisi kullanilmayan
modellere kiyasla kontrol performansimin iyilestigi gosterilmistir
(Gao et al., 2024). Bu ¢alisma, MPC ve RL arasindaki smirlarin
giderek daha gecirgen hale geldigini gostermektedir. MPC
gelecekteki davranisi acik bir model ve optimizasyon iizerinden
tahmin ederken, RL’ye tahmin bilgisinin eklenmesi kontrol ajaninin
yaklagsan degisikliklere daha erken tepki vermesine olanak
saglayabilmektedir. = Bdylece  gelecekteki HVAC  kontrol
sistemlerinin yalnizca “model tabanli” veya “modelden bagimsiz”
olarak iki ayr1 grupta ele alinmasindan ziyade, tahmin, 6grenme ve
optimizasyon bilesenlerini bir araya getiren hibrit yapilar seklinde
gelistirilmesi beklenebilir.

Transfer Ogrenme ile Ogrenme Siiresinin Azaltilmasi
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RL’nin ger¢ek bina uygulamalarindaki en  kritik
sorunlarindan biri, yeni bir kontrol ajaninin yeterli performansa
ulagincaya kadar uzun siire 6grenmesi gerekebilmesidir. Bu 6grenme
doneminde enerji tiikketiminin artmasi veya kullanict konforunun
bozulmas1 ger¢ek uygulamalar acgisindan kabul edilemez olabilir.
Dolayisiyla daha 6nce 6grenilmis kontrol bilgisinin yeni bina veya
kullanic1 kosullarina aktarilmasi 6nemli bir arastirma alanidir.

Esrafilian-Najafabadi ve Haghighat (2023), kullanici
doluluguna dayalt HVAC kontroliinde transfer 6grenmeyi DRL ile
birlestiren bir yap1 Onermistir. Calismada 26 konuta ait doluluk
ortintiileri benzerliklerine gore degerlendirilmis ve daha Once
egitilmis kontrolorlerden elde edilen deneyimin benzer doluluk
ozelliklerine sahip yeni kontrolorlere aktarilmasi amaglanmugtir.
Transfer 6grenme yaklasiminin baslangi¢ performansini yaklasik
%25 1iyilestirdigi ve 6grenme siirecindeki konfor ihlallerini azalttig1
raporlanmistir (Esrafilian-Najafabadi & Haghighat, 2023).

Transfer 6grenme, simiilasyondan ger¢ek uygulamaya gecis
acisindan da 6nemli bir yaklagimdir. Bir kontroloriin kapsamli bir
simiilasyon veya dijital ikiz ortaminda onceden egitilmesi ve daha
sonra smirli gercek bina verisiyle uyarlanmasi, gergek sistem
iizerindeki riskli deneme-yanilma siiresini azaltabilir. Ancak bu
yaklasimin basaris1 kaynak ve hedef ortam arasindaki benzerlige
baghidir. Simiilasyon ile fiziksel bina arasindaki fark ¢ok biiyiik
oldugunda aktarilan politikanin performansi sinirlt olabilir.

RL’nin Gerg¢ek Bina Uygulamalari

RL literatiiriiniin 6nemli bir boliimii halen simiilasyon tabanl
olmakla birlikte gercek veya deneysel bina uygulamalariin sayisi
giderek artmaktadir (Al Sayed et al., 2024; Khabbazi et al., 2025;
Otoo et al., 2026). Lei et al. (2022) tarafindan gerceklestirilen ve
giris boliimiinde de ele alinan ¢alisma, sanal ortamda Gnceden
egitilmis DRL kontroloriiniin gergek bir ofis ortamina aktarilmasi
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acisindan Onemli bir Ornektir. Calismada gergek uygulama
sonucunda sogutma enerjisinde %14 azalma ve termal kabul
edilebilirlik gostergesinde %11 iyilesme bildirilmistir. Bu yaklasim,
gercek bina lizerinde sifirdan 0grenmenin yaratabilecegi risklerin
azaltilmasi agisindan 6nem tagimaktadir.

RL’nin gercek bina performansina iliskin daha dogrudan
orneklerden biri Yoon et al. (2024) tarafindan gergeklestirilmistir.
Arastirmacilar, Oak Ridge National Laboratory’ye ait ¢ok bolgeli
ticari bina test tesisinde geleneksel kontrol, ASHRAE Guideline 36
tabanli kontrol ve RL tabanli kontrolii saha Ol¢iimleriyle
karsilastirmistir. Deneylerde ASHRAE Guideline 36 tabanli kontrol,
temel kontrol sistemine gore saatlik ortalama HVAC enerji
kullanimin1 %45 azaltirken RL tabanli kontrol i¢in %66 azalma
raporlanmistir. Kalibre edilmis biitlin bina enerji modeli {izerinden
gerceklestirilen yillik degerlendirmede ise karsilik gelen azalmalar
sirastyla %42 ve %54 olarak hesaplanmistir (Yoon et al., 2024). Bu
oranlarin belirli bir deneysel bina, iklim ve kontrol diizenine ait
oldugu ve diger binalara dogrudan genellenmemesi gerektigi
ozellikle dikkate alinmalidir. Bu tiir saha ¢aligmalari RL’nin yalnizca
teorik bir alternatif olmadigini gostermektedir. Bununla birlikte
Khabbazi et al. (2025), MPC ve RL saha uygulamalarin1 birlikte
degerlendirdikleri derlemede gercek bina testlerinin halen sinirl
sayida oldugunu ve deney tasarimlarindaki farkliliklarin sonuglarin
karsilagtirilmasini  gliglestirdigini belirtmistir. Dolayisiyla gercek
binadaki birka¢ basarili ornekten hareketle RL’nin biitiin HVAC
uygulamalarinda geleneksel veya MPC tabanli yontemlerin yerini
alacagi sonucuna varmak uygun degildir.

Tablo 5. Se¢ilmis RL tabanli HVAC kontrol ¢alismalarinin

karsilastirtimasi
Caliyma Yaklasim | Ortam Temel ama¢ | One cikan bulgu
Lei et al. DRL, Enerji ve Sogl.lj[rr.la
(2022) sanal 6n Gergek ofis | kullanici enerjisinde %14
egitim + konforu azalma, termal
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Calisma Yaklasim | Ortam Temel ama¢ | One cikan bulgu
gercek kabul
uygulama edilebilirlikte

%]11 iyilesme
Bina ve doluluk
. modeli
Esrafilian- - . . S
. . Simiilasyon | Dinamik gereksinimini
Najafabadi ]
/ gercek doluluk azaltiyor;
ve DDQN
. doluluk altinda baslangic
Haghighat .. oy .
(2022) verisi kontrol 0grenmesmde
konfor ihlali
olusuyor
Duragan Enerji ve
Degisim uragan konforda

Deng et al. loal il olmayan bina la ©

(2022) algilama + | Simiilasyon Kosullarmna sirastyla %13 ve
DQN %9’a kadar

adaptasyon O
iyilesme
Tahmin Isletme

Gao et al. Acik kaynak | bilgisinin maliyetinde

(2024) GRU + RL test ortamu RL’ye yaklasik %14,5

eklenmesi azalma

Esrafilian- Baslanet

Najafabadi | Transfer Konut Ik grenme 3 angle
" i - performansinda

ve ogrenme + | doluluk dénemini aklastk %25

Haghighat DRL verileri hizlandirma 3’ e Isne °

(2023) yries

Temel kontrole

Yoon et al. RL tabanl Cc;lk bolgeli Gerg'c‘ek saha gorcle sgha .

(2024) HVAC sal ‘a'test enerji testlerinde @66
kontroli tesisi performanst | HVAC enerji

azalmast

Not: Calismalardaki oranlar farkli referans kontrol yontemleri, bina modelleri,
deney siireleri ve performans élgiitlerine dayanmaktadir. Bu nedenle sonuglar
yontemler arasinda dogrudan iistiinliik siralamasi amaciyla kullanilmamaldur.

Kaynak: Yazar tarafindan Lei et al. (2022), Esrafilian-Najafabadi ve Haghighat
(2022), Deng et al. (2022), Gao et al. (2024), Esrafilian-Najafabadi ve Haghighat
(2023) ve Yoon et al. (2024) temel alinarak olusturulmustur.

RL’nin Avantajlar1 ve Ger¢ek Uygulamadaki Simirhiliklar:

RL’nin HVAC kontroliindeki 6nemli avantaji, ayrintili
fiziksel model olusturma ihtiyacin1 azaltabilmesi ve kontrol
politikasini sistemle etkilesim sonucunda 6grenebilmesidir. Ayrica
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cok sayida durum degiskeninin birlikte degerlendirilmesine,
dogrusal olmayan sistem davraniglariin temsil edilmesine ve
zamanla degisen c¢alisma kosullarina uyum saglayabilecek
politikalarin gelistirilmesine olanak vermektedir (Al Sayed et al.,
2024; Deng et al., 2022; Esrafilian-Najafabadi & Haghighat, 2022).

Buna karsilik modelden bagimsiz kontroliin 6nemli bir bedeli
bulunmaktadir: kontrol ajaninin 6grenme i¢in deneyime ihtiyaci
vardir. Gergek bir binada bu deneyimin yanlis kontrol eylemleri
yoluyla elde edilmesi, kullanici konforunun bozulmasina, enerji
tiketiminin artmasma veya fiziksel ekipmanin uygun olmayan
kosullarda ¢alistirilmasina neden olabilir. Esrafilian-Najafabadi ve
Haghighat (2022), DDQN tabanli kontroldriin baslangic 6grenme
doneminde konfor ihlallerinin arttifin1 dogrudan gostermistir. Bu
durum, “deneme-yanilma” ilkesinin fiziksel bina kontroliinde
bilgisayar oyunlar1 veya tamamen sanal ortamlardaki kadar serbest
bicimde uygulanamayacagini géstermektedir.

Ikinci 6nemli sorun genellenebilirliktir. Belirli iklim, bina
yapis1 ve kullanic1 davranisi altinda egitilen ajan, farkli bir binada
veya zamanla de8ismis aynm1 binada ayni performansi
gostermeyebilir. Transfer Ogrenme (Esrafilian-Najafabadi &
Haghighat, 2023), degisim algilama (Deng et al., 2022) ve sanal 6n
egitim (Lei et al., 2022) gibi yontemlerin gelistirilmesinin temel
nedeni bu sorundur. Ugiincii sorun, RL kararlarmin geleneksel
kontrol yontemlerine kiyasla daha zor yorumlanabilmesidir.
Ozellikle derin sinir ag1 tabanli politikalarin neden belirli bir kontrol
eylemini sectiginin bina igletmecisi tarafindan dogrudan anlasilmasi
giic olabilir. Gergek bir bina otomasyon sisteminde kontrol
kararlarinin ~ denetlenebilirligi, giivenlik sinirlarinin  garanti
edilebilmesi ve beklenmeyen durumlarda giivenli kontrol yapisina
geri donlis mekanizmalarinin bulunmasi 6nem tasimaktadir (Al
Sayed et al., 2024; Khabbazi et al., 2025).
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Son olarak RL wuygulamalarinin sonuglari, kullanilan
simiilasyon ortami ve egitim senaryolarinin kapsamina biiyiik 6l¢tide
baglidir. Hava durumu, ekipman davranisi, kullanic1 hareketleri ve
sensOr hatalarmin sanal ortamda yeterince gercekei temsil
edilmemesi durumunda egitim sirasinda yiiksek basar1 gésteren bir
ajan fiziksel sisteme aktarildiginda performans kaybina ugrayabilir.
Bu durum genellikle simiilasyon—ger¢eklik boslugu (simulation-to-
reality gap) olarak degerlendirilmektedir.

Simiilasyondan Gercek Uygulamaya Gecis A¢isindan RL

MPC ile karsilagtirldiginda RL’de simiilasyondan gercek
binaya gecis problemi daha farkli bir bicimde ortaya ¢ikmaktadir.
MPC’de temel sorunlardan biri modelin gercek sistemi yeterince
dogru temsil etmesiyken, RL’de kontrol politikasinin egitim aldig
ortam ile gergek sistem arasindaki fark kritik hale gelmektedir.
Egitim ortami yeterince gergekci degilse ajan, fiziksel binada
bulunmayan kosullara asir1 uyum saglayabilir veya egitim sirasinda
karsilasmadigr durumlarda giivenilir olmayan kontrol kararlari
iiretebilir. Bu nedenle gilincel ¢alismalar RL kontroldriiniin gergek
sistem tizerinde sifirdan egitilmesi yerine sanal 6n egitim, transfer
ogrenme, ¢evrim dis1 6grenme, tahmin modelleri ve giivenli kontrol
siirlarinin kullanilmas: yoniinde gelismektedir. Lei et al. (2022)
sanal On egitimden gercek ofise gecisi, Esrafilian-Najafabadi ve
Haghighat (2023) farkli kullanici profilleri arasinda bilgi aktarimini,
Gao et al. (2024) ise tahmin bilgisinin RL ajanina eklenmesini ele
almaktadir. Bu ¢aligsmalar birlikte degerlendirildiginde, gelecekte
gercek bina RL uygulamalarinin tamamen modelden bagimsiz ve
sifirdan Ogrenen yapilardan ¢ok, mevcut bilgi ve modellerden
yararlanan  hibrit O6grenme mimarilerine dogru ilerledigi
goriilmektedir. Bu noktada dijital ikiz teknolojisi 6zel Onem
kazanmaktadir. Fiziksel binanin giincel verilerle beslenen dijital bir
temsilinin olusturulmasi, RL ajaninin fiziksel sistem tizerinde riskli
deneme-yanilma gerceklestirmeden oOnce kontrollii bir ortamda
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egitilmesine olanak saglayabilir. Ayrica gergek sistemden siirekli
veri alinarak dijital modelin glincellenmesi, egitim ortamu ile fiziksel
sistem arasindaki farkin azaltilmasina katkida bulunabilir. Bu
nedenle dijital ikiz, MPC ve RL gibi gelismis kontrol yaklagimlarini
fiziksel bina ile iliskilendiren Onemli bir ara katman olarak
degerlendirilebilir. Bir sonraki bdliimde bu yap1 ayrintili bigimde
incelenecektir.

Dijital Tkiz Tabanh HVAC Sistemleri

Dijital ikiz (Digital Twin, DT), fiziksel bir sistemin 6l¢iim
verileriyle stirekli iligkilendirilen ve sistemin mevcut durumunun
izlenmesi, gelecekteki davranisinin tahmin edilmesi ve farkli isletme
kararlarinin degerlendirilmesi amaciyla kullanilan dinamik dijital
temsilidir. HVAC uygulamalarinda dijital ikiz yaklasimi; fiziksel
ekipmanlar, sensorler, haberlesme altyapisi, sayisal modeller ve
karar destek veya kontrol katmanlarinin biitiinlesik bir yapida ele
almmasimi saglamaktadir. Bu yoniiyle klasik simiilasyon
modellerinden ayrilmaktadir. Klasik bir model ¢ogunlukla ¢evrim
dis1 analiz amaciyla kullanilirken dijital ikizde fiziksel sistemden
gelen giincel verilerin dijital modele aktarilmast ve model
ciktilarinin igletme veya kontrol kararlarinda kullanilabilmesi
amaglanmaktadir (Ibrahim et al., 2026). Ibrahim et al. (2026),
HVACHR sistemlerindeki dijital ikiz uygulamalarini ger¢ek zamanl
performans izleme, ariza tespit ve teshisi, kontrol ve isletme
optimizasyonu ile enerji esnekligi olmak {izere baslica uygulama
alanlar1 altinda degerlendirmistir.

Fiziksel Sistem ile Dijital Model Arasindaki Etkilesim

HVAC icin genel bir dijital ikiz yapis1 dort temel katman
tizerinden disiinilebilir: fiziksel sistem, veri ve haberlesme
altyapisi, dijital model ve hizmet/kontrol katmani. Fiziksel katmanda
klima santralleri, fanlar, pompalar, vanalar, 1s1 pompalar1 veya
sogutma gruplart gibi  HVAC ekipmanlar1 bulunmaktadir.
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Sensdrlerden elde edilen sicaklik, nem, debi, basing, enerji tiikketimi
ve ekipman ¢alisma bilgileri haberlesme altyapisi iizerinden dijital
modele aktarilmaktadir. Dijital model ise bu bilgileri sistem
davranisinin izlenmesi ve tahmin edilmesi i¢in kullanmaktadir. Ma
et al. (2025), BIM tabanli merkezi iklimlendirme dijital ikizinde
fiziksel varliklar, sanal varliklar, baglantilar, veriler ve hizmetleri
biitiinlestiren bir yap1 gelistirmistir. Calismada BIM modeli,
haberlesme altyapisi ve ger¢ek zamanli veriler bir araya getirilerek
merkezi klima sisteminin gorsellestirilmesi ve akilli isletme-bakim
faaliyetlerinin desteklenmesi amaglanmistir. Gelistirilen platformun
fonksiyonel ve performans testleri, s6z konusu mimarinin merkezi
iklimlendirme sistemlerinde uygulanabilirligini gdstermistir.

Dijital ikizler yalnizca enerji optimizasyonu ig¢in degil,
ekipman durumunun izlenmesi ve arizalarin erken belirlenmesi i¢in
de kullanilabilmektedir. Xie et al. (2023), HVAC sistemlerinde
gercek zamanli sensor verilerini ve makine tarafindan okunabilir
ariza etiketlerini dijital ikiz altyapisiyla birlestiren bir ariza tespit ve
teshis yontemi gelistirmistir. Bu yaklagim, dijital ikizin yalnizca
sanal bir gorsellestirme modeli olmadigini; gercek sistemden gelen
verilerin isletme kararlarina doniistiiriilmesini saglayabilecek bir
bilgi altyapisi olarak kullanilabilecegini gostermektedir.

MPC ve RL A¢isindan Dijital ikizin Rolii

Dijital ikiz yaklasimi, 6nceki boliimlerde incelenen MPC ve
RL yontemlerinin gercek bina sistemlerine aktarilmasinda 6nemli bir
ara katman olusturma potansiyeline sahiptir. MPC agisindan giincel
verilerle beslenen bir dijital model, bina ve HVAC sisteminin mevcut
durumunun daha dogru belirlenmesine ve model parametrelerinin
isletme siiresince giincellenmesine katkida bulunabilir. Boylece
fiziksel sistem ile kontrol modelinin zaman igerisinde birbirinden
uzaklasmasi azaltilabilir.
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RL acisindan ise dijital ikiz daha farkli bir avantaj
sunmaktadir. Bir RL ajaninin dogrudan ger¢ek binada deneme-
yanilma yoluyla egitilmesi kullanici konforu ve ekipman giivenligi
acisindan risk olusturabilir. Fiziksel sistemin yeterli dogrulukta
dijital temsilinin bulunmasi, kontrol ajaninin 6nce sanal ortamda
egitilmesine ve gercek sisteme aktarilmadan once farkli ¢alisma
kosullar1 altinda test edilmesine olanak saglayabilir. Boyle bir yapi,
RL tabanli HVAC kontrolii kapsaminda tartigilan simiilasyon—
gergeklik boslugunun azaltilmasina yardimci olabilir. Bununla
birlikte dijital ikizin bu gorevi basariyla yerine getirebilmesi,
modelin ger¢ek sistem davranigini yeterince dogru temsil etmesine
ve fiziksel sistemden gelen verilerle diizenli bicimde
giincellenmesine baglidir (Ibrahim et al., 2026).

Dijital ikizde Performans Boslugu

Dijital ikiz kullanilmasi, simiilasyon ve gercek sistem
arasindaki farki otomatik olarak ortadan kaldirmamaktadir. Walther
et al. (2025), fizik tabanli bina performans modelleri kullanilarak
olusturulan HVAC djjital ikizlerinde kontrol uygulamalarina bagh
performans  boslugunu  (performance  gap)  incelemistir.
Arastirmacilar, dijital model icerisinde tanimlanan kontrol dizileri
ile ger¢ek bina kontroldrlerine uygulanan kontrol dizilerinin farkl
bicimlerde gerceklestirilmesinin model ile ger¢ek bina arasinda
performans farkina yol agabilecegini gostermistir. Calismada,
tasarim asamasinda gelistirilen kontrol dizilerinin dijital ikizden bina
kontrolorlerine ayni1 yapida aktarilmasinin bu kontrol kaynakli
performans boslugunu azaltabilecegi ortaya konulmustur.

Bu bulgu, bu boliimiin temel arastirma problemi agisindan
onemlidir. Simiilasyonda basarili bir kontrol algoritmasinin fiziksel
sisteme aktarilmasinda yalnizca kontrol yasasinin dogru olmasi
yeterli degildir; dijital modeldeki kontrol mantig1, gercek
kontroloriin uygulama bicimi, sensor Ozellikleri, haberlesme
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altyapisi ve fiziksel ekipman davranislarinin da uyumlu olmasi
gerekmektedir.

Uygulama Giicliikleri

Dijital ikizin HVAC sistemlerine uygulanmasinda veri
uyumlulugu, model olusturma ve giincelleme, farkli yazilim ve
haberlesme sistemlerinin entegrasyonu ile standardizasyon temel
sorunlar arasinda yer almaktadir. Ibrahim et al. (2026), 6zellikle veri
harmonizasyonu ve ontolojiler, sistem davranisinin modellenmesi,
hizmet entegrasyonu ve standart dijital ikiz mimarilerinin eksikligini
yaygin uygulamanin dniindeki baslica giicliikler olarak belirlemistir.

Tablo 6. HVAC dijital ikizlerinin baslica kullanim alanlar: ve

sumrliliklar
Kullanim alam Sagladig: katki Temel sinirhhik
Gergek zamanlt Fiziksel sistem durumunun Veri kalitesi ve sensor
izleme stirekli gbzlenmesi giivenilirligi
Arlz'a 'tesplt ve Arizalarin erken belirlenmesi Dogru vert eFlketleme
teshisi ve model ihtiyaci
Modelin giincellenmesi ve .
MPC destegi tahmin performansinin Modelfgerr::ek sistem
oo . uyumsuzlugu
gelistirilmesi
o Gergek sistemdeki riskli Simiilasyon—gergeklik
RL egitimi deneme-yanilmanin <
boslugu
azaltilmast
Enerji Farkli isletme senaryolarinin Hesaplama ve
e .. o .o . entegrasyon
optimizasyonu onceden degerlendirilmesi N
gereksinimi

Kaynak: Yazar tarafindan Ibrahim et al. (2026), Ma et al. (2025), Xie et al. (2023)
ve Walther et al. (2025) temel alinarak olusturulmustur.

Sonug olarak dijital ikiz, MPC ve RL’ye alternatif bagimsiz
bir kontrol algoritmasindan ¢ok, fiziksel bina ile gelismis kontrol
yontemleri arasinda veri ve model baglantis1 saglayan bir altyap1
olarak  degerlendirilmelidir. =~ MPC’nin  model  giincelleme
gereksinimi ve RL’nin giivenli egitim problemi goz Oniine
alindiginda, fiziksel sistem ile siirekli veri aligverisi yapan dijital

ikizlerin simiilasyondan gercek uygulamaya geciste dnemli bir rol
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Uistlenme potansiyeli bulunmaktadir. Bununla birlikte bu
potansiyelin gerceklestirilebilmesi, yalnizca model dogruluguna
degil; veri kalitesi, birlikte ¢alisabilirlik, haberlesme altyapisi ve
kontrol mantiginin fiziksel sisteme dogru aktarilmasina da baglidir
(Ibrahim et al., 2026; Walther et al., 2025).

MPC, RL ve Dijital ikiz Yaklasimlarimin Karsilastirilmasi

MPC, RL ve dijital ikiz yaklagimlart HVAC kontroliinde
farkli ihtiyacglara cevap veren, ancak giderek birbirini tamamlayacak
bicimde ele alinan yontemlerdir. MPC’nin temel giicli, sistem
modelini kullanarak gelecekteki davranigi tahmin etmesi ve enerji,
konfor ve fiziksel kisitlar1 ayn1 optimizasyon problemi igerisinde
degerlendirebilmesidir (Taheri et al., 2022; Yao & Shekhar, 2021).
Bununla birlikte gercek bina uygulamasinda model gelistirme,
kalibrasyon, sensor altyapist ve mevcut bina yOnetim sistemine
entegrasyon onemli uygulama ytikleri olusturabilmektedir (Bird et
al., 2022; Blum et al., 2022; Khabbazi et al., 2025). Giincel saha
incelemeleri de MPC’nin teorik potansiyeline ragmen gercek bina
uygulamalarinda maliyet, devreye alma ve performans
degerlendirme yoOntemlerinin halen O6nemli arastirma konular
oldugunu gostermektedir (Khabbazi et al., 2025). RL ise ayrintil1 bir
fiziksel modele bagimlilig1 azaltmasi ve kontrol davranisini ¢evreyle
etkilesim  sonucunda  Ggrenebilmesi  agisindan  MPC’den
ayrilmaktadir. Bu o0zellik, bina dinamiklerinin tam olarak
bilinmedigi veya calisma kosullarinin zaman iginde degistigi
durumlarda 6nemli bir avantaj saglayabilir. Buna karsin deneme-
yanilmaya dayal1 6grenme siireci, gercek binalarda kullanici konforu
ve ekipman giivenligi agisindan dogrudan uygulanmasi gii¢ bir yap1
olusturmaktadir (Al Sayed et al., 2024; Esrafilian-Najafabadi &
Haghighat, 2022). Ayrica 6diil fonksiyonunun tasarimi, farkl
calisma kosullarina genellenebilirlik ve egitim ortami ile gercek
sistem arasindaki uyumsuzluk RL’nin temel sirliliklart arasinda
yer almaktadir (Deng et al.,, 2022; Esrafilian-Najafabadi &
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Haghighat, 2023; Gao et al., 2024; Togashi, 2025). Giincel
caligmalar, gergek bina RL uygulamalarmin hélen simiilasyon
caligmalarina kiyasla daha smirli oldugunu ve giivenilirlik ile
Olgeklenebilirligin yaygin kullanimdaki 6nemli engeller arasinda
bulundugunu gostermektedir. Dijital ikiz ise MPC ve RL’den farkl
olarak tek basma belirli bir kontrol algoritmasi degildir. Fiziksel
bina, sensor altyapisi, veri akisi, sayisal model ve kontrol veya karar
destek sistemleri arasinda baglanti kuran bir teknolojik altyap1 olarak
degerlendirilmektedir (Ibrahim et al., 2026; Ma et al., 2025; Xie et
al., 2023). Bu nedenle dijital ikiz, MPC’nin model giincelleme
gereksiniminin karsilanmasinda veya RL ajanlariin gergek sistem
iizerinde uygulanmadan Once daha gercek¢i bir sanal ortamda
egitilmesinde kullanilabilir. Ancak dijital ikiz uygulamalarinda
model olusturma maliyeti, sistemin bina 6zelinde uyarlanmasi, veri
standardizasyonu ve birlikte calisabilirlik 6nemli sorunlar olmaya
devam etmektedir (Ibrahim et al., 2026; Walther et al., 2025). MPC,
RL ve djjital ikiz yaklagimlarinin fiziksel HVAC sistemiyle iligkisi
ve simiilasyondan ger¢ek uygulamaya geciste iistlendikleri temel
roller Sekil 1°de biitlinlesik olarak gosterilmistir.

Sekil 1. Simiilasyondan Ger¢ek HVAC Uygulamasina Gegiste
MPC-RL-Dijital Ikiz Etkilegimi
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Model Ongoriilii Kontrol Pekistirmeli Ogrenme
(MPC) (RL)

1 <. -
| Tahmin Deneme-yanilma

e = Optimizasyon Politika dgrenme

! Kisitlar Uyum saglama

Karar / Optimizasyon Katmam
L Kontrol stratejisi se¢imi ve optimizasyon

kontrol komutu

model giincelleme
Ggrenme destegi

durum tahmini,
senaryo analizi,
v optimizasyon geri beslemesi

Dijital ikiz
gergek zamanh
veri Sanal model -
Durum tahmini
Senaryo analizi
Performans degerlendirmesi

oOlgtimler
Sensdr ve
Veri Altyapisi

IoT sensorleri,
BMS, veri toplama

Fiziksel Bina /
HVAC Sistemi

Isitma, sogutma,
havalandirma vb.

e e L] Temel Zorluklar ===~ -cmnsccmcn e s c s c i sani s
i

| O Model-Gergek Sistem Farki
e

@  VeriKalitesi
= Eksik/veri hatalan, sensir belirsizlikleri,
=]

veri senkronizasyonu

Model belirsizlikleri, deisen isletme
kosullan, genelleme sorunlart

Meveut altyapi ile uyum, gercek zamanls
uygulama, maliyet ve dlgeklenebilirlik

Entegrasyon / Uygulanabilirlik | |

Kaynak: Yazar tarafindan Taheri et al. (2022), Al Sayed et al. (2024), Ibrahim et
al. (2026) ve Walther et al. (2025) temel alinarak olusturulmugtur.

Tablo 7. MPC, RL ve dijital ikiz yaklasimlarimin HVAC
uygulamalart agisindan karsilastirilmast

Ozellik MPC RL Dijital ikiz
Model tabanli | Etkilesim ve odiil | | Ziksel sistemin
. . veriyle
Temel yaklagim | tahmin ve lizerinden .
optimizasyon politika 6grenme giincellenen
P dijital temsili
Ayrintilt sistem -
modeli Orta—yliksek Dusulf/uygulama Orta—yiiksek
. ya bagl
gereksinimi
Veri gereksinimi | Orta Yiiksek Yiksek
Gele(.:ege iligkin Dogrudan Ek yapilarla Tahmin .
tahmin kullanilabilir kullanilabilir modellerini
kullanimi destekleyebilir
Fiziksel Dogrudan O"dul veya Kontrol
- giivenli RL .
kisitlarin ele optimizasyona algoritmasina
o yapilariyla ele 9
alinmasi eklenebilir o bagl
alabilir
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Ozellik MPC RL Dijital ikiz
Adaptasyon N.[.odel . Yiiksek F iziksel.sistemle
o giincellemesine ) senkronizasyona
yetenegi bagl potansiyel bagl
Gergek sistemde i - Deneme-yamlma Kontrol
baglangig riski Gorece disik nedeniyle daha yontemine bagl
yiiksek
Model ve
Hesaplama yiikii | Orta—yiiksek Egitimde yiiksek | hizmetlere gore
degisken

Temel uygulama
sorunu

Modelleme ve
devreye alma

Gtivenli 6grenme
ve
genellenebilirlik

Veri entegrasyonu
ve
standardizasyon

Fiziksel ve sanal

Simiilasyondan | Kontrol e
ercege geciste modelinin Egitim ortammin | ortam arasinda
gets e gercekeiligi kritik | koprii
rolii dogrulugu kritik o
olusturabilir

Kaynak: Yazar tarafindan Taheri et al. (2022), Al Sayed et al. (2024), Ibrahim et
al. (2026) ve Walther et al. (2025) temel alinarak olusturulmugtur.

Bu karsilagtirma, yoOntemlerin birbirlerinin  dogrudan
alternatifi olarak degerlendirilmesinin her durumda uygun
olmadigim gostermektedir. Ornegin MPC, bir dijital ikiz tarafindan
giincellenen model {izerinden caligabilir; aynmi dijital ortam RL
ajaninin 6n egitiminde kullanilabilir. Benzer sekilde RL tabanli
yontemlere tahmin bilgisi veya fiziksel kisitlar eklenerek tamamen
modelden bagimsiz yapilardan hibrit kontrol sistemlerine gecis
saglanabilir (Gao et al., 2024). Bu nedenle giincel arastirma egilimi,
tek bir kontrol yaklagiminin digerlerinin yerini almasindan cok,
fiziksel model, veri, tahmin, optimizasyon ve Ogrenme
mekanizmalarinin ~ birlikte  kullanildigi  hibrit ~ mimarilere
yonelmektedir. Simiilasyondan ger¢ek bina uygulamasina gegis
acisindan bakildiginda ise ii¢ yaklasimda da ortak sorunlar
bulundugu goriilmektedir. Gergek sistemlerde sensor hatalari, eksik
veriler, haberlesme kesintileri, kullanici miidahaleleri, ekipman
yaslanmas1 ve model belirsizlikleri gibi simiilasyon ortaminda tam
olarak temsil edilmesi gii¢ faktorler bulunmaktadir. Bu nedenle
gercek saha uygulamalarinin giivenilir bicimde raporlanmasi ve
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yontemlerin kurulum, isletme ve bakim maliyetlerinin de enerji
performansi kadar dikkate alinmasi gerekmektedir (Khabbazi et al.,
2025). Khabbazi et al. (2025) tarafindan incelenen saha ¢alismalari,
bu konuda standardizasyon ihtiyacinin devam  ettigini
gostermektedir.

Sonug olarak MPC 6ngorii ve kisit yonetiminde, RL 6grenme
ve adaptasyonda, dijital ikiz ise fiziksel ve sanal sistemlerin
biitlinlestirilmesinde gii¢lii 6zellikler sunmaktadir. Gergek bina
uygulamalarinda daha giivenilir ve Olceklenebilir ¢oziimler
gelistirilmesi agisindan bu ii¢ yaklasimin birbirini tamamlayan
bilesenler olarak degerlendirilmesi 6nemli bir arastirma yonelimi
olusturmaktadir.

Simiilasyondan Ger¢ek Uygulamaya Geciste Temel Sorunlar ve
Gelecek Yonelimler

MPC, RL ve dijital ikiz tabanli HVAC kontroliine iliskin
literatiir, gelismis kontrol yontemlerinin enerji tiiketimi ve i¢ ortam
kosullarimin iyilestirilmesi agisindan 6nemli bir potansiyel tasidigini
gostermektedir. Bununla birlikte simiilasyon ortamlarinda elde
edilen sonuglarin gercek binalara aktarilmasi halen temel arastirma
problemlerinden biridir. Otoo et al. (2026) tarafindan yapilan giincel
sistematik incelemede, yapay zeka tabanli HVAC c¢alismalarinda
gercek saha ve test ortami dogrulamalarmmin simiilasyon
caligmalarina kiyasla oldukga sinirli kaldigi belirtilmistir. Bu durum,
algoritma performans: ile gercek diinya uygulanabilirliginin
birbirinden ayr1 degerlendirilmesi gerektigini gostermektedir.

Gergek uygulamaya geciste ilk 6nemli sorun veri kalitesi ve
sensOr  altyapisidir.  Simiilasyonlarda  kontrol algoritmalari
cogunlukla kesintisiz ve gilivenilir 6l¢lim bilgileriyle caligtirilirken
gercek binalarda sensor hatalari, eksik Ol¢iimler, haberlesme
kesintileri ve farkli 6rnekleme zamanlar1 ortaya cikabilmektedir.
Ayrica mevcut bina stokunun onemli bir kismi yeni kontrol
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algoritmalarmi dogrudan desteklemek amaciyla tasarlanmamustir.
Bu nedenle gelismis HVAC kontroliiniin yayginlastiriimasinda
yalnizca kontrol algoritmasinin degil, mevcut bina yOnetim
sistemleriyle birlikte ¢alisabilecek veri ve haberlesme altyapisinin da
gelistirilmesi gerekmektedir (Bae et al., 2021; Bird et al., 2022;
Walnum et al., 2025).

Ikinci énemli problem model veya egitim ortamu ile fiziksel
sistem arasindaki uyumsuzluktur. MPC’de model hatalar
gelecekteki sistem davranisinin yanlis tahmin edilmesine neden
olabilirken, RL’de egitim ortaminin gerc¢ek binay1 yeterli dogrulukta
temsil etmemesi Ogrenilen kontrol politikasinin fiziksel sisteme
aktarilmasi sirasinda performans kaybina yol agabilmektedir. Dijital
ikiz yaklagimi bu farkin azaltilmasi i¢in 0nemli bir ara¢ olmakla
birlikte dijital modelin kendisinin de gercek sistemden elde edilen
verilerle gilincel tutulmasi1 gerekmektedir. Dijital ikiz literatiiriinde
veri harmonizasyonu, model gelistirme, birlikte calisabilirlik ve
standart mimari eksikligi temel uygulama sorunlar1 arasinda
gosterilmektedir (Ibrahim et al., 2026; Walther et al., 2025).

Ugiincii sorun gergek saha performansinin giivenilir bigimde
degerlendirilmesidir. Khabbazi et al. (2025), MPC ve RL’nin gergek
bina uygulamalarmi inceleyen 104 calismadaki 206 saha testini
degerlendirerek  ¢alismalarin  %71’inde  kullanilan  deney
protokollerinin performans tahminlerinin giivenilirligini olumsuz
etkileyebilecek oOzellikler tasidigini bildirmistir. Ayn1 ¢aligmada
kurulum, isletme veya bakim maliyetlerini raporlayan ya da bunlarla
iligkili gticliikleri tartisan c¢alismalarin yalnizca 13 adet oldugu
belirtilmistir. Dolayisiyla gelecekteki caligmalarin yalnizca enerji
tasarrufu yiizdelerini degil, deney sliresini, referans kontrol
yontemini, hava kosullarini, kullanicit durumunu, kurulum ve bakim
maliyetlerini de agik bi¢gimde raporlamasi 6nem tasimaktadir. Bu
noktada gergek saha ¢alismalarinin daha wuzun siireli ve
standartlastiritlmis  deney protokolleriyle yiiriitiilmesi  onem
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kazanmaktadir. Farkli kontrol yontemlerinden elde edilen tasarruf
oranlariin farkli bina tiirleri, iklim kosullari, referans kontrolorler
ve deney siireleri altinda elde edildigi g6z Oniine alindiginda,
yalnizca bildirilen yiizde degerleri iizerinden yontemler arasinda
dogrudan karsilastirma yapilmasi yaniltici olabilir. Daha gilivenilir
olarak degerlendirilen saha ¢alismalarinda Khabbazi et al. (2025),
deney siiresine gore agirliklandirilmis ortalama maliyet tasarrufunu
konutlarda %16, ticari binalarda ise %13 olarak bildirmistir. Bu
degerler, kontrollii simiilasyon ortamlarinda bildirilebilen yliksek
tasarruf oranlar ile saha kosullarindaki performans arasinda fark
olusabilecegini gostermektedir.

Gelecekteki gelismeler agisindan iic temel egilim One
¢ikmaktadir. Ik olarak, fizik tabanli modeller ile veri odakli
yontemlerin birlikte kullanildigi hibrit yaklasimlarin 6neminin
artmas1 beklenmektedir. Otoo et al. (2026) tarafindan incelenen
giincel literatiirde de hibrit yontemlerin enerji verimliligi ile i¢ ortam
cevresel kalitesi arasindaki dengeyi gelistirmek amaciyla giderek
daha fazla kullanildig1 goriilmektedir.

Ikinci olarak, kontrol algoritmalarinin gercek binalara
uygulanmasini kolaylastirmak i¢in otomatik model olusturma, diisiik
maliyetli sensor ve IoT altyapilari, bulut/kenar bilisim ve mevcut
bina sistemlerine retrofit ¢oziimleri onem kazanacaktir. Bu
gelismeler, algoritmanin kendisini gelistirmek kadar devreye alma

sliresinin ve toplam sahip olma maliyetinin azaltilmasmi da
hedeflemektedir.

Uciincii  olarak, dijital ikizlerin MPC ve RL ile
biitlinlestirilmesi 6nemli bir arastirma yonelimi olusturmaktadir.
Fiziksel sistemden siirekli veri alan bir dijital ikiz, MPC modelinin
giincellenmesinde ve RL ajanlarmin gercek bina iizerinde
uygulanmadan once giivenli bicimde egitilmesinde kullanilabilir.
Ancak bu yapilarin yayginlagsmasi i¢in veri standartlarinin, birlikte
caligabilirlik mekanizmalarimin  ve ger¢ek zamanli model



giincelleme yontemlerinin gelistirilmesi gerekmektedir (Ibrahim et
al., 2026). Giincel HVACHR djjital ikiz derlemeleri de gergek diinya
uygulamalarinin  gelistirilmesini  ve  standart  mimarilerin
olusturulmasinit gelecekteki temel arastirma alanlar1 arasinda
degerlendirmektedir. Sonug olarak gelecegin enerji-verimli HVAC
kontrol sistemlerinin yalnizca daha karmasik bir kontrol
algoritmasina dayanmasi beklenmemelidir. Daha gercek¢i yaklasim;
fiziksel bilgi, gercek zamanli veri, tahmin, optimizasyon ve 6grenme
yontemlerinin giivenilir bir bina otomasyon altyapisi igerisinde
biitiinlestirilmesidir. Boyle bir yapi, simiilasyon performansi ile
gercek bina performansi arasindaki farkin azaltilmasi agisindan
kritik 6neme sahiptir.

Sonu¢

Binalarda enerji tliketiminin azaltilmasi ile kullanicilarin
termal konforunun korunmasi arasindaki denge, HVAC kontroliiniin
temel problemlerinden biridir. Geleneksel ac-kapa, kural tabanli ve
PID kontrol yontemleri uygulama kolayliklar1 ve diisiik hesaplama
gereksinimleri nedeniyle onemini korumakla birlikte degisken
cevresel kosullarin, kullanici davranislarinin, enerji fiyatlarinin ve
birden fazla optimizasyon hedefinin birlikte degerlendirilmesi daha
gelismis kontrol yaklasimlarina duyulan gereksinimi artirmistir.

Bu bolimde enerji-verimli HVAC kontrolii, 6zellikle
simiilasyondan  gercek uygulamaya gecis perspektifinden
incelenmistir. MPC; gelecekteki sistem davranisini  tahmin
edebilmesi, fiziksel kisitlar1 dogrudan optimizasyon problemine
dahil edebilmesi ve enerji—konfor dengesini sistematik bigimde ele
alabilmesi acisindan 6nemli iistiinliikler sunmaktadir. Buna karsilik
model gelistirme, kalibrasyon, hesaplama ve mevcut bina
otomasyon sistemine entegrasyon gercek uygulamadaki baslica
giicliiklerdir (Bird et al., 2022; Blum et al., 2022; Pergantis et al.,
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2024; Taheri et al., 2022; Taheri et al., 2024; Walnum et al., 2025;
Wei & Calautit, 2024; Yao & Shekhar, 2021).

RL tabanli yaklasimlar, ayrintili fiziksel modele olan
bagimliligi azaltma ve degisen ¢alisma kosullarina uyum
saglayabilen kontrol politikalar1 gelistirme potansiyeli tasimaktadir.
Bununla birlikte gercek sistem iizerinde deneme-yanilmaya dayali
o0grenmenin olusturdugu giivenlik ve konfor sorunlari, o6diil
fonksiyonunun tasarimi, genellenebilirlik ve simiilasyon ortamindan
fiziksel binaya politika aktarimi ¢oziilmesi gereken temel konular
arasinda yer almaktadir (Al Sayed et al., 2024; Deng et al., 2022;
Esrafilian-Najafabadi & Haghighat, 2022, 2023; Gao et al., 2024;
Khabbazi et al., 2025; Lei et al., 2022; Togashi, 2025; Yoon et al.,
2024).

Dijital ikiz yaklasimi ise fiziksel bina ile sanal model
arasinda dinamik bir baglanti kurarak MPC ve RL gibi gelismis
kontrol yontemlerinin gercek sistemlerle biitlinlestirilmesini
destekleyebilecek bir altyapt sunmaktadir. Buna karsilik veri
kalitesi, model giincelligi, birlikte calisabilirlik ve standardizasyon
problemleri dijital ikizlerin yaygin kullanimini sinirlamaktadir
(Ibrahim et al., 2026; Ma et al., 2025; Walther et al., 2025; Xie et al.,
2023). Literatiirdeki saha uygulamalar1 birlikte degerlendirildiginde,
yiksek simiilasyon performansinin tek basina gercek diinya
bagarisint  garanti  etmedigi  goriilmektedir. Gergek bina
uygulamasinda kontrol algoritmasinin yani sira sensdr ve
haberlesme altyapisi, model dogrulugu, deney tasarimi, kullanici
davranigi, kurulum siireci ve isletme-bakim maliyetleri de
performansi belirleyen unsurlardir. Giincel saha literatiirii de MPC
ve RL’nin yaygin endiistriyel kullanimi i¢in teknik performans kadar
devreye alma, isletme ve bakim maliyetlerinin azaltilmasi
gerektigine isaret etmektedir (Khabbazi et al., 2025).

Bu cercevede gelecekteki HVAC kontrol sistemlerinin MPC,
RL veya dijital ikiz yaklagimlarindan yalnizca birine dayanmasindan



cok, model tabanli bilgi ile veri odakli 6grenmeyi birlestiren hibrit
ve biitlinlesik mimarilere yonelmesi beklenmektedir. Fiziksel
sistemden elde edilen gercek zamanli verilerle giincellenen dijital
modellerin, tahmine dayali optimizasyon ve giivenli 6grenme
yontemleriyle birlikte kullanilmasi; enerji verimliligi, kullanici
konforu ve ger¢ek diinya uygulanabilirligi arasindaki dengenin
gelistirilmesi acgisindan 6nemli bir arastirma yonii olusturmaktadir.

--65--



Kaynakc¢a/References

Al Sayed, K., Boodi, A., Sadeghian Broujeny, R., & Beddiar, K.
(2024). Reinforcement learning for HVAC control in
intelligent buildings: A technical and conceptual review.
Journal of Building Engineering, 95, Article 110085.
https://doi.org/10.1016/j.jobe.2024.110085

Bae, Y., Bhattacharya, S., Cui, B., Lee, S., Li, Y., Zhang, L., Im, P.,
Adetola, V., Vrabie, D., Leach, M., & Kuruganti, T. (2021).
Sensor impacts on building and HVAC controls: A critical
review for building energy performance. Advances in
Applied Energy, 4, Article 100068.
https://doi.org/10.1016/j.adapen.2021.100068

Balali, Y., Chong, A., Busch, A., & O’Keefe, S. (2023). Energy
modelling and control of building heating and cooling
systems with data-driven and hybrid models—A review.
Renewable and Sustainable Energy Reviews, 183, Article
113496. https://doi.org/10.1016/j.rser.2023.113496

Bird, M., Daveau, C., O'Dwyer, E., Acha, S., & Shah, N. (2022).
Real-world implementation and cost of a cloud-based MPC
retrofit for HVAC control systems in commercial buildings.
Energy and Buildings, 270, Article 112269.
https://doi.org/10.1016/j.enbuild.2022.112269

Blum, D., Wang, Z., Weyandt, C., Kim, D., Wetter, M., Hong, T., &
Piette, M. A. (2022). Field demonstration and
implementation analysis of model predictive control in an
office HVAC system. Applied Energy, 318, Article 119104.
https://doi.org/10.1016/j.apenergy.2022.119104

Deng, X., Zhang, Y., & He, Q. (2022). Towards optimal HVAC
control in non-stationary building environments combining

--66--



active change detection and deep reinforcement learning.
Building and Environment, 211, Article 108680.
https://doi.org/10.1016/j.buildenv.2021.108680

Esrafilian-Najafabadi, M., & Haghighat, F. (2022). Towards self-
learning control of HVAC systems with the consideration of
dynamic occupancy patterns: Application of model-free
deep reinforcement learning. Building and Environment,
226, Article 109747.
https://doi.org/10.1016/j.buildenv.2022.109747

Esrafilian-Najafabadi, M., & Haghighat, F. (2023). Transfer
learning for occupancy-based HVAC control: A data-driven
approach using unsupervised learning of occupancy profiles
and deep reinforcement learning. Energy and Buildings,
300, Article 113637.
https://doi.org/10.1016/j.enbuild.2023.113637

Gao, Y., Shi, S., Miyata, S., & Akashi, Y. (2024). Successful
application of predictive information in deep reinforcement
learning control: A case study based on an office building
HVAC system. Energy, 291, Article 130344.
https://doi.org/10.1016/j.energy.2024.130344

Huang, G., Ng, S. T, Li, D., & Zhang, Y. (2024). State of the art
review on the HVAC occupant-centric control in different
commercial buildings. Journal of Building Engineering, 96,
Article 110445. https://doi.org/10.1016/j.jobe.2024.110445

Ibrahim, N. 1., Vering, C., Giannetti, N., Kim, M., Sholahudin,
Storek, T., Miiller, D., & Saito, K. (2026). State-of-the-art
of the digital twin concept in HVAC+R systems for thermal
management of buildings. Renewable and Sustainable
Energy Reviews, 229, Article 116601.
https://doi.org/10.1016/j.rser.2025.116601

--67--



Jin, R., Xu, P, Gu, J., Xiao, T., Li, C., & Wang, H. (2025). Review
of optimization control methods for HVAC systems in
demand response (DR): Transition from model-driven to
model-free approaches and challenges. Building and
Environment, 280, Article 113045.
https://doi.org/10.1016/j.buildenv.2025.113045

Khabbazi, A. J., Pergantis, E. N., Reyes Premer, L. D.,
Papageorgiou, P., Lee, A. H., Braun, J. E., Henze, G. P., &
Kircher, K. J. (2025). Lessons learned from field
demonstrations of model predictive control and
reinforcement learning for residential and commercial
HVAC: A review. Applied Energy, 399, Article 126459.
https://doi.org/10.1016/j.apenergy.2025.126459

Lei, Y., Zhan, S., Ono, E., Peng, Y., Zhang, Z., Hasama, T., &
Chong, A. (2022). A practical deep reinforcement learning
framework for multivariate occupant-centric control in
buildings. Applied Energy, 324, Article 119742.
https://doi.org/10.1016/j.apenergy.2022.119742

Ma, N., Li, W., Jiang, C., Sun, X., & Zhang, J. (2025).
Development of digital twin system for central air-
conditioning based on BIM. Journal of Building
Engineering, 111, Article 113171.
https://doi.org/10.1016/j.jobe.2025.113171

Otoo, C., Lu, T., Lii, X., Haneda, K., & Yuan, Y. (2026). Al-driven
HVAC control optimisation for enhancing energy efficiency
and indoor environmental quality: A review of recent
advances and emerging approaches. Building and
Environment, 303, Article 114968.
https://doi.org/10.1016/j.buildenv.2026.114968

--68--



Peng, Y., Lei, Y., Tekler, Z. D., Antanuri, N., Lau, S.-K., & Chong,
A. (2022). Hybrid system controls of natural ventilation and
HVAC in mixed-mode buildings: A comprehensive review.
Energy and Buildings, 276, Article 112509.
https://doi.org/10.1016/j.enbuild.2022.112509

Pergantis, E. N., Dhillon, P., Reyes Premer, L. D., Lee, A. H.,
Ziviani, D., & Kircher, K. J. (2024). Humidity-aware model
predictive control for residential air conditioning: A field
study. Building and Environment, 266, Article 112093.
https://doi.org/10.1016/j.buildenv.2024.112093

Taheri, S., Hosseini, P., & Razban, A. (2022). Model predictive
control of heating, ventilation, and air conditioning (HVAC)
systems: A state-of-the-art review. Journal of Building
Engineering, 60, Article 105067.
https://doi.org/10.1016/j.jobe.2022.105067

Taheri, S., Jafarian Amiri, A., & Razban, A. (2024). Real-world
implementation of a cloud-based MPC for HVAC control in
educational buildings. Energy Conversion and
Management, 305, Article 118270.
https://doi.org/10.1016/j.enconman.2024.118270

Togashi, E. (2025). Reward function design in reinforcement
learning for HVAC control: A review of thermal comfort
and energy efficiency trade-offs. Energy and Buildings,
348, Article 116439.
https://doi.org/10.1016/j.enbuild.2025.116439

United Nations Environment Programme, & Global Alliance for
Buildings and Construction. (2025). Global status report for
buildings and construction 2024/2025: Not just another
brick in the wall.

--69--



https://www.unep.org/resources/report/global-status-report-
buildings-and-construction-20242025

Walnum, H. T., Sartori, I., Ward, P., & Gros, S. (2025).
Demonstration of a low-cost solution for implementing
MPC in commercial buildings with legacy equipment.
Applied Energy, 380, Article 125012.
https://doi.org/10.1016/j.apenergy.2024.125012

Walther, K., Molinari, M., & Voss, K. (2025). Controls of HVAC
systems in digital twins—Comparative framework and case
study on the performance gap. Journal of Building
Performance Simulation, 18(5-6), 724-741.
https://doi.org/10.1080/19401493.2024.2446517

Wei, Z., & Calautit, J. K. (2024). Field experiment testing of a low-
cost model predictive controller (MPC) for building heating
systems and analysis of phase change material (PCM)
integration. Applied Energy, 360, Article 122750.
https://doi.org/10.1016/j.apenergy.2024.122750

Xie, X., Merino, J., Moretti, N., Pauwels, P., Chang, J. Y., &
Parlikad, A. (2023). Digital twin enabled fault detection and
diagnosis process for building HVAC systems. Automation
in Construction, 146, Article 104695.
https://doi.org/10.1016/j.autcon.2022.104695

Yao, Y., & Shekhar, D. K. (2021). State of the art review on model
predictive control (MPC) in heating ventilation and air-
conditioning (HVAC) field. Building and Environment, 200,
Article 107952.
https://doi.org/10.1016/j.buildenv.2021.107952

Yoon, Y., Amasyali, K., Li, Y., Im, P, Bae, Y., Liu, Y., & Zandi, H.
(2024). Energy performance evaluation of the ASHRAE

Guideline 36 control and reinforcement learning-based
--70--



control using field measurements. Energy and Buildings,
325, Article 115005.
https://doi.org/10.1016/j.enbuild.2024.115005

-—-71--



BOLUM 3

BUILT-IN TEST EQUIPMENT IN AIRCRAFT
SYSTEM DESIGN AND DEVELOPMENT

Murat EKICi*

Introduction

An aircraft may report a fault in flight that cannot be
reproduced after landing. A successful workshop test does not
establish that the original indication was incorrect. Built-in test
equipment (BITE) provides observations from within the installed
system, where external instruments may be unavailable. Its
usefulness depends on whether those observations support a
defensible maintenance decision. The distinction between a detected
symptom and an identified cause is therefore central to development.

ARINC Report 604-1 describes BITE in relation to
economical avionics maintenance and the collection and
presentation of fault data through a centralized fault display system
(Aeronautical Radio, Inc., 1988). This chapter uses built-in test
(BIT) for the test function and BITE for the hardware and associated
software that implement it. The boundary includes measurement

! Lecturer Dr., Dokuz Eyliil University, Efes Vocational School, Department of
Transportation Services, Civil Air Transportation Management Program, Izmir,

Tiirkiye. ORCID: 0000-0002-8875-0775
—-72--



circuits, test stimuli, execution logic, diagnostic processing and fault
records. It excludes external automatic test equipment, although
aircraft and workshop tests must be considered together when
defining diagnostic coverage. A line-replaceable unit (LRU) is an
equipment assembly replaced at the aircraft maintenance level
defined for the installation.

The chapter presents a narrative review and an engineering
design synthesis. Searches in October 2026 combined aircraft or
avionics with built-in test, testability, intermittent fault, no fault
found and maintenance diagnosis. Publisher records, institutional
repositories and official standards catalogues were checked;
reference lists provided additional candidates. Studies were selected
for an aircraft application or a direct connection to test uncertainty,
diagnostic design or maintenance decisions. Chip-level self-test
without an aircraft-system connection was outside the scope. The
selection is a narrative review, without exhaustive database
screening. No prototype or flight experiment is reported.

The chapter covers aircraft electronics and their associated
sensing systems. Civil transport guidance provides the development
context; applicability depends on the programme’s certification
basis. The contribution is a traceable design synthesis: each fault
assumption is connected to an observation, its diagnostic boundary,
a maintenance interpretation and a verification criterion. Existing
methods inform those connections; the chapter does not claim a new
diagnostic algorithm. A worked example explains the resulting
measures without presenting simulated or measured performance.

Evidence on diagnostic limitations

The NFF reviews by Khan and colleagues connect technical
causes with organizational practices (Khan, Phillips, Hockley, et al.,
2014; Khan, Phillips, Jennions, et al., 2014). NFF describes an
investigation outcome, whereas a false alarm requires evidence that
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an indication occurred under a healthy condition. An intermittent
connection may cause a genuine in-flight disturbance and then pass
a workshop test. ARINC Report 672 addresses NFF reduction across
maintenance activities (Aeronautical Radio, Inc., 2008). Preserving
operating context is therefore essential to interpreting a subsequent

successful test.

Table 1. Comparison of evidence relevant to aircraft BITE

Evidence

Method and setting

Transfer to this design

(Khan, Phillips,
Hockley, et al.,

Technical causes and

Retain installed context; NFF is

2018; Palmer et al.,
2016)

active design; ECS
examples

12>?1i11‘l‘i;plsq}aer111’nions organizational practices | not proof of a false alarm.
etal., 2014)
(Hale & Bollas, Model sensitivities and Sclect distinguishing

observations; flight stimulus
limits require separate
assessment.

Maintenance costs

Model of false alarms

Evaluate removal

(Raza & Ulansky, and intermittent faults | cOnSeduences; model outputs
2018) are not universal fleet rates.
Test .
trustworthiness ATE measurement and | Include test-path uncertainty;
(Ulansky et al stimulus errors; airborne applicability needs
2021) y ’ dismounted avionics verification.

System diagnosis

APU and ECS

Relate signatures to actions; the

(Meissner et al.,
2025)

and development
guidance

(Skliros et al., engineering simulations | evidence is not validation of
2022) linked to maintenance | this LRU.

Aerosp ace Survey of model-based | Define model envelope and
diagnosis (Marzat methods residual interpretation

etal., 2012) s :
Cer.tlﬁable Review of regulatory Separate diagnostic evidence
maintenance

from authorization to replace a
maintenance task.

Source: Author’s comparison of the cited studies. Transfer statements are design
interpretations, not claims of validation by those studies.
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The studies in Table 1 answer different questions. Palmer et
al. select informative test conditions through model sensitivities
(Palmer et al., 2016); Hale and Bollas use active test design to
distinguish discrete faults (Hale & Bollas, 2018). Their aircraft
environmental control examples support deliberate test selection, but
the permissible inputs of a maintenance test cannot be transferred
directly to flight operation. The stimulus envelope remains an
installation-specific decision.

Raza and Ulansky model maintenance costs associated with
false alarms and intermittent faults (Raza & Ulansky, 2018). Ulansky
et al. instead examine decision trustworthiness for dismounted
equipment tested by ATE, including stimulus instability and
measurement error (Ulansky et al., 2021). Their results motivate
scrutiny of the test path, rather than establishing airborne BITE
performance. Skliros et al. connect system diagnosis to maintenance
decisions through APU and ECS engineering simulations (Skliros et
al., 2022). Meissner et al. place health monitoring within the
development of certifiable condition-based maintenance (Meissner
et al., 2025).

Equipment development must bring these findings together.
Informative tests require valid measurements and permitted
execution conditions, while maintenance interpretation must
preserve unresolved alternatives. The fault matrix and verification
requirements developed here provide that connection. Their
usefulness depends on the fault catalogue; the comparison does not
establish that these features are absent from other architectures.

Test modes and diagnostic boundaries

Power-up tests run during initialization; continuous tests
operate during service; initiated tests require an authorized request
and established preconditions. Table 2 relates these modes to the
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architecture developed here. The labels identify execution
opportunities, not equivalent coverage.

Table 2. Test modes and permissible actions

Mode Typical opportunity Design limit
Initialization checks before Startup permission and
Power-up . . . .
accepting service completion criteria
Continuous Passive monitgring during Sampling, timing and resource
normal operation budget
. Requested test with approved | Stimulus limits and guaranteed
Initiated o .
preconditions restoration

Source: Author’s design synthesis.

A successful power-up check does not demonstrate health
throughout flight. Continuous monitoring depends on sampling and
resource limits; initiated testing can exercise a deeper path only
within its permitted stimulus envelope. Coverage is therefore stated
by failure mode, execution mode and operating condition.

A processor loopback can leave the external transceiver and
wiring untested. Likewise, a sensor plausibility failure can originate
in wiring, power, conversion or the physical process. The fault report
identifies the tested boundary and retains alternatives that the
observations cannot separate. This boundary-oriented interpretation
follows the distinction between fault sensitivity and identifiability in
the test-design studies (Hale & Bollas, 2018; Palmer et al., 2016).

Requirements and testability analysis

BITE requirements should specify the fault, operating
envelope, permitted test mode, response time and recorded evidence.
A generic requirement for self-test leaves these conditions
undefined. Detection latency, isolation resolution and test
unavailability need separate acceptance criteria derived from the
equipment function and maintenance objective.
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Failure-mode analysis supplies the fault list and its boundary.
A component fault and its propagated effects should not count as
separate detection successes when one monitor responds to all of
them. Each entry should identify the cause, observation and expected
maintenance resolution. Hardware, software and failure-catalogue
versions must remain linked to reconstruct coverage after
modification.

A fault-test matrix maps fault assumptions to expected
observations. Table 3 uses P for pass, F for fail and U for an
inconclusive result caused by unavailable or invalid evidence. These
are proposed signatures, not measured probabilities. N, not executed,
is reported separately when a test is inhibited; no inhibited test is
assumed in the table. Identical signatures define an ambiguity group.
Test selection seeks observations that separate that group within the
permitted operating envelope, consistent with the test-design
methods of Palmer et al. and Hale and Bollas (Hale & Bollas, 2018;
Palmer et al., 2016).

Table 3. Conceptual fault signatures for the representative LRU

Fault scenario Rail Progress Input Link
check check consistency timeout

Internal rail loss F F U F
Processor stall P F U F
Sensor input bias P P F P
Reference drift P P F P
'Commur}lcatlon P P P F
interruption

Source: Author’s conceptual design. P = pass; F = fail; U = inconclusive. N = not
executed applies to inhibition. Single faults, powered observer and external
receiver, and a valid independent reference are assumed; no measured probabilities
are represented.
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The separately supplied observer retains rail and progress
events in local storage when the main processor is unavailable. Valid
link messages require a processor-updated freshness counter. A rail
loss produces F for the rail check and, after its deadline, F for missing
progress; input consistency is U because the sensor conversion data
are invalid. The link timeout is observed by a powered external
receiver. Processor stall likewise prevents valid input comparison.
With healthy rails and processing, either input bias or conversion-
reference drift can produce F in the consistency check. A common
drift affecting both channels may remain invisible unless an
independent reference is available; the table assumes that reference
is valid.

Failure effects and diagnostic dependencies govern safety
coverage, rather than the number of marked cells. A missing message
does not identify a defective transmitter: wiring or the receiver may
also be responsible. The display retains pass, fail, not executed and
inconclusive, together with the reason and remaining alternatives.
This prevents absent evidence from being presented as a successful
test.

Architecture and information flow

Figure 1 distinguishes the primary function from diagnostic
observation. The separately supplied observer checks rail voltage
and execution progress; the normal processing path produces input
consistency evidence. The supervisor permits active stimuli only
when the required aircraft state is established. After recovery, the
main event store merges the observer records for export, preserving
source and configuration.
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Figure 1. Proposed BITE architecture and maintenance
information flow

Sensor inputs Primary processing _ Primary outputs
. - —» . > .
and interfaces Function and progress and link messages
t"“:
Rail / progress ——— Input data i Fresh messages
!
Separate observer Input consistency ! External receiver
Rail an(_i progress Validity and ambiguity ! Freshness and timeout []
Local retained records ! Own supply and record
&
. UI
I Retained events zh
hd b1
Main event store < Test supervisor
Observer supply Merge after recovery .-l Ground permission
Separate feed assumed Source and configuration Stimulus and restoration
Solid: data / observation Maintenance interface e .
+——Receiver record
Dashed: active test control Correlated event records

Source: Author’s original diagram. Proposed design; no experimental results are
represented.

Separate observation is a design assumption, not proof of
independence. Supply routing, clocks and interfaces can retain
common dependencies; the safety assessment must examine them
(SAE International, 2023a). If the observer loses its own supply, its
previous record cannot establish the current rail state. A powered
external receiver can report a link timeout while leaving the failed
boundary unresolved.

Each event record must contain equipment identity, test
identifier, configuration, timestamp quality, execution mode and
result. A sequence number preserves ordering when synchronization
is uncertain. Buffer retention covers the specified fault duration and
pre-event context. This record structure is the chapter’s
implementation proposal, informed by the installed-to-workshop

information problem identified in the NFF reviews (Khan, Phillips,
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Hockley, et al., 2014; Khan, Phillips, Jennions, et al., 2014). Aircraft-
level correlation preserves each local observation; simultaneous
messages alone do not prove a common cause.

Hardware and software implementation

The trustworthiness study of Ulansky et al. identifies
stimulus and measurement errors as contributors to incorrect
decisions (Ulansky et al., 2021). Applied here as a design inference,
this requires an uncertainty budget for voltage references,
conversion, protection and test-point loading. Using one reference
both to generate and measure a stimulus can conceal common drift.
A documented independent comparison is needed for the reference-
drift scenario.

An internal loopback exercises a different boundary from an
external connector loopback. The switching logic must restore the
normal path after completion, interruption or timeout; failed
restoration is recorded as a separate fault. Software records
permission, acquisition, stimulus, observation and restoration as
distinct execution stages. Unavailable resources produce N, and
invalid acquired evidence produces U.

Processor execution, memory access and communication
load require budgets for simultaneous activity. Queue saturation
must preserve an indication of lost records. Implementation of these
requirements needs evidence under the applicable hardware and
software assurance processes (RTCA, Inc., 2000, 2011). Thresholds
and fault dictionaries remain under configuration control so that an
old event can be interpreted using its originating version.

Diagnostic logic and alarm credibility

Thresholds require an allowable range and a measurement
uncertainty budget. Hysteresis or duration filtering can suppress
repeated transitions but can also hide brief faults. Verification must
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therefore include events shorter than the persistence setting and
normal transients near the boundary.

Marzat et al. review model-based aerospace diagnosis using
analytical redundancy (Marzat et al., 2012). Equation 1 defines the
residual used in this chapter’s example as the difference between a
measurement and its model prediction.

rlk) =y -9k (1)

Here, y(k) is the measured quantity and y(k) its predicted
value at sample k; r(k) has the same units. A large residual identifies
inconsistency, not its physical cause. Valid prediction inputs and a
stated operating envelope are prerequisites. Invalid data produce U
rather than an inferred sensor failure.

For this design, thresholds are fixed before final assessment,
and independent fault episodes form the assessment units. Repeated
samples from one disturbance are not independent tests. The design
uses no trained classifier. Adding one would require an account of
its training data, validation and confidence calibration. Maintenance
advice retains the measured evidence and unresolved alternatives;
the diagnosis-to-action connection is consistent with the system-
level treatment of Skliros et al. (Skliros et al., 2022).

Development assurance and environmental verification

ARP4754B addresses civil aircraft and system development,
while ARP4761A addresses safety assessment (SAE International,
2023a, 2023b). FAA Advisory Circular 25.1309-1B provides
acceptable means of showing compliance within its stated scope
(Federal Aviation Administration, 2024). Their application depends
on the programme’s certification basis; citing them does not
demonstrate that a design complies.

DO-178C and DO-254 provide software and electronic
hardware assurance guidance (RTCA, Inc., 2000, 2011). The
--81--



assurance assigned to BITE depends on its role and failure
consequences. A monitor credited with detecting a latent hazardous
condition needs a different justification from a recorder whose
failure removes maintenance information. Independence and
resource-separation claims require implementation and verification
evidence.

DO-160G  addresses environmental conditions and
equipment test procedures (RTCA, Inc., 2010). Surviving a
qualification category does not establish diagnostic effectiveness
throughout that category. The verification campaign must also
examine thresholds, measurement validity and reporting under the
relevant power and environmental conditions.

Meissner et al. address certifiable condition-based
maintenance (Meissner et al., 2025). Supplying diagnostic evidence
does not authorize replacement of an approved maintenance task.
Any substitution needs justified detection capability, missed-fault
evidence and a valid operational envelope.

Representative avionics design example

The proposed sensor-interface LRU contains a processor,
two inputs, a conversion reference, a communication interface and
event storage. A separately supplied observer measures the internal
rail and watches processor progress; the link timeout is measured by
an external receiver. These assumptions explain the signatures in
Table 3. Sensor bias and reference drift remain ambiguous until a
permitted independent-reference test separates them.

Table 4 translates the design into testable requirements. Its
timing and voltage values are illustrative allocations for this
example, not certification limits or aircraft measurements. The
nominal rail is 5.0 V; values below 4.5 V lasting at least 20 ms form
the injected rail-loss class. A hardware qualifier latches a 20 ms

undervoltage event. Its assumed 10 ms observer cycle and 5 ms
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recording allowance give a 35 ms deadline from onset. The observer,
input-check task and external receiver each have a separate
maximum 10 ms evaluation interval and 5 ms recording allowance.
R2 and R5 measure their timeout from the last valid progress
indication or message; the 15 ms reporting deadline starts at timeout
expiry. For R3, it starts when the 20 ms discrepancy condition is
satisfied. These allocations require verification against actual timing
and measurement uncertainty.

Table 4. lllustrative requirements and verification traceability

ID and fault Observation and criterion Independent verification

Calibrated supply and
timestamped observer
record.

Observer: below 4.5 V for 20 ms;

R1 Rail loss record F within 35 ms of onset.

10 ms heartbeat; 30 ms timeout;

S . Freeze execution; observe
record F within 15 ms of timeout i

R2 Processor

stall . heartbeat independently.

expiry.

Valid reference: 0.10 V Apply physical input bias;
R3 Input discrepancy for 20 ms; record F | verify magnitude and
discrepancy serepancy o ymag

within 15 ms of qualification. onset.

Without a reference test, retain
sensor/reference ambiguity;
invalid reference gives U.

R4 Ambiguous
origin

Vary input bias and
reference drift separately.

External receiver: 50 ms without
R5 Link loss a valid message; record F within
15 ms of timeout expiry.

Interrupt link at several
sampling phases.

Active stimulus only in approved | Deny request; verify N
ground state; denial gives N and | and absence of active
no stimulus. stimulus.

R6 Test
permission

Source: Author’s illustrative allocations, not aircraft requirements or certification
limits. R3 is a discrepancy criterion, not component isolation. Evaluation and
recording budgets are allocated separately to each monitoring path; see the timing
definitions in the text.

Figure 2 shows separate fault application, reference
measurements and comparison of BITE records. The rig varies

--83--



physical sensor bias and conversion-reference drift independently.
Observer-supply interruption tests record validity after recovery,
preventing old records from being interpreted as current evidence.

Figure 2. Independent verification arrangement for the
representative LRU

Fault injection rig Fixed test settings
Inputs, reference, supply and link Fault and healthy campaigns
[
Applied fault .
v Actual test points
LRU under test . Independent instruments
Function, rail, progress and inputs | Actual magnitude, onset and duration
[
Rail / progress Link
v v
S‘};Eggg Eéggg:rl Independent assessment
. . Ground truth and functional response
Own supply Own supply

v v v v

Comparison with fixed criteria
Detection, isolation and latency
False alarms per healthy hour

BITE and monitor records
Status, timing and context

v

Source: Author’s original diagram. Proposed design; no experimental results are
represented.

Communication interruptions vary in duration and phase
relative to sampling. The healthy campaign includes startup, normal
transients and allowable sensor and supply dynamics. Test settings
remain fixed for final assessment. A fault injection is counted only
when independent instruments confirm its magnitude, onset and
duration; the rig’s commanded value alone is insufficient.

Verification metrics and acceptance evidence

Equation 2 defines detection performance over
independently assessed fault episodes. N counts eligible injected
episodes and Np those detected within the specified deadline. Out-
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of-envelope episodes and unexecuted tests are reported separately.
Multiple samples from one episode do not increase Nr.

D =
NEg

(2)

Equation 3 defines conditional isolation performance. Ni
counts detected episodes assigned to the correct declared
maintenance boundary. Ni/Nr instead describes successful isolation
across all eligible faults. Both measures require the same ground
truth and a declared ambiguity resolution. A zero denominator makes
the corresponding rate undefined.

Ny
I = N, (3)

Equation 4 defines false-alarm intensity, with Nga distinct
false-alarm events and Tu eligible healthy exposure in hours.
Invalid-input and inhibited intervals are excluded from Tu but their
durations remain reported. One persistent indication is one event
under a predefined merging rule.

Npa
Apa = — (4
=g @
For a hypothetical teaching example, suppose Nr = 100, Np
=96, N1 = 90, Nra = 3 and Ty = 600 h. Substitution gives the

following values.
D = 96/100 = 0.96; I = 90/96 = 0.9375
NI/NF = 090, AFA = 3/600 = 0.005 h_1

The conditional isolation rate is therefore 93.75%, although
ten of the 100 eligible fault episodes do not yield a correct isolation
result. The counts illustrate the reporting method; they are not LRU
test results.
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For uncertainty reporting, the campaign must establish
whether independent episodes justify binomial intervals for D and I
and whether stationary independent event arrivals justify a Poisson
interval for false-alarm intensity. Clustered episodes require an
analysis preserving that dependence. Zero observed false alarms
over finite exposure do not establish a zero underlying rate. Point
estimates alone cannot demonstrate an acceptance target.

Table 5. Verification evidence and its interpretation

Design question Evidence Reporting condition

Is the fault Detection rate and Independent fault episodes and
detected? latency onset definition

Is the correct Isolation rate and Declared maintenance
boundary ambiguity grou, resolution

identified? Eully 8rotp

Are healthy states | False alarm events per | Eligible exposure and event-
accepted? healthy hour merging rule

Can tests interfere | Execution, bus load Worst permitted simultaneous
with service? and restoration activity

Can the test path fail | Dependency and Independent reference where
silently? monitor-fault tests justified

Source: Author’s design synthesis.

Table 5 links evidence to the design question. Detection
latency starts at the independently observed fault onset and includes
timestamp uncertainty. Targets are allocated before assessment from
maintenance objectives and safety analysis. Figure 3 adds an
acceptance decision and controlled revision of requirements, tests or
implementation. A threshold change requires rechecking both fault
detection and healthy behaviour.
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Figure 3. Development and verification sequence with operational

feedback
v
Requirements o Test selection
Faults and operating envelope " Boundaries and signatures
Independent verification . Implementation
Fault and healthy campaigns - Resources and permissions
v
Acceptance assessment
Metrics, uncertainty and limits
No
i | Yes
Controlled revision Operational feedback

L—  Update affected design stages [«
Repeat verification

Aircraft and workshop records

Source: Author’s original diagram. Proposed design; no experimental results are
represented.

Maintenance feedback and development limits

Maintenance feedback connects aircraft records with
removal reasons, workshop findings and recurrence. The NFF
reviews and ARINC Report 672 support investigating this installed-
to-workshop chain (Aeronautical Radio, Inc., 2008; Khan, Phillips,
Hockley, et al., 2014; Khan, Phillips, Jennions, et al., 2014). The
event record therefore retains configuration and operating context
alongside workshop test conditions. Reclassification retains the
original diagnosis.

Changes in event definitions can alter apparent reliability
without changing equipment behaviour. Comparisons need
consistent exposure denominators and separate diagnostic revisions.
Reduced removals are evaluated alongside missed faults, reflecting

--87--



the maintenance consequences examined by Raza and Ulansky
(Raza & Ulansky, 2018).

This synthesis establishes a traceable design argument, not
achieved coverage or maintenance savings. Its matrix assumes single
faults, valid independent references and an available observer.
Common-cause failures, simultaneous faults and observer loss need
further scenarios. Applying the design to an aircraft requires justified
fault models, independent verification and an installation-specific
operating envelope.

Conclusion

Aircraft BITE design gains value when each observation is
tied to a defined test boundary and a defensible maintenance
interpretation. The literature comparison connects informative test
design, = measurement  trustworthiness and  maintenance
consequences. The fault matrix distinguishes failed tests from
unavailable evidence, and the requirements table assigns each
scenario an observable criterion and verification method.

The worked calculation separates detection, conditional
isolation and successful isolation over the full campaign. Those
measures describe different outcomes and require explicit
denominators. Validation now requires an independently
instrumented campaign covering the stated single-fault assumptions,
healthy transients and loss of diagnostic resources.
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BOLUM 4

DESIGN AND NUMERICAL MODELLING OF A
STAND-ALONE WIND ENERGY CONVERSION
SYSTEM BASED ON A SELF-EXCITED
INDUCTION GENERATOR

HARIS CALGAN', METIN DEMIRTAS?

Introduction

Increasing energy demand, the limited availability of fossil
fuel resources, and the environmental impacts of conventional
power generation methods have made the development and wider
adoption of renewable energy technologies an important area of
research. Among renewable sources, including solar, wind,
hydropower, biomass and geothermal energy, wind power plays a
significant role in electricity generation owing to its technological
maturity and applicability across different power ratings. In
particular, small-scale stand-alone wind energy conversion systems
offer an alternative means of meeting local energy needs in rural
and remote areas where access to the electricity grid is limited
(Calgan et al., 2020; Calgan & Demirtas, 2022).
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The type of generator used to convert wind energy into
electrical energy directly influences system cost, efficiency,
maintenance requirements and control architecture. In addition to
synchronous generators, induction generators are widely employed
in these systems. Induction generators are particularly attractive for
small- and medium-scale wind energy applications because of their
simple and robust construction, relatively low cost, brushless
operation and limited maintenance requirements. By connecting
appropriately sized capacitor banks to the stator terminals of an
induction machine, voltage can be generated without an external
electricity grid. Systems operating on this principle are referred to
as self-excited induction generators (SEIGs)(Dewangan et al.,
2019).

In SEIG systems, voltage build-up is enabled by the
residual magnetism in the machine's magnetic circuit and the
reactive power supplied by excitation capacitors connected to the
stator terminals. However, the generator terminal voltage and
output frequency depend on several parameters, including rotor
speed, excitation capacitance, load characteristics and magnetic
saturation. In particular, changes in load level or generator speed
can cause undesirable fluctuations in terminal voltage and
frequency. This behaviour is regarded as one of the principal
technical limitations of stand-alone SEIG systems. Appropriate
voltage- and frequency-regulation methods are therefore required
to ensure reliable electricity generation (Demirtas et al., 2021;
Ouali et al., 2012).

Various reactive power compensation methods for SEIG
voltage regulation have been investigated in the literature. These
include fixed or switched capacitor banks, synchronous condensers,
static VAR compensators (SVCs) and static synchronous
compensators (STATCOMs) (Singh et al.,, 2006). Although
STATCOM-based solutions offer fast dynamic responses and
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advanced reactive power control capabilities, their power electronic
hardware and control requirements can increase system cost. By
contrast, the fixed capacitor—thyristor-controlled reactor (FC—TCR)
configuration provides an alternative, particularly where cost is a
major consideration, owing to its relatively simple hardware and
controllable equivalent reactive power characteristics. By varying
the thyristor firing angles in an FC—TCR, the reactor's fundamental
current component, and consequently the equivalent reactive power
behaviour of the system, can be adjusted. The terminal voltage of
the SEIG can thus be controlled under different loading conditions
(Kundu et al., 2021).

In addition to voltage regulation, control of the output
frequency is essential for reliable operation of stand-alone energy
systems. Because the electrical frequency of a SEIG is related to
the mechanical rotational speed and operating conditions, speed
control of the prime mover can be used for frequency regulation.
Nevertheless, the generator's nonlinear characteristics and the
interaction between voltage and frequency dynamics complicate
controller design. Multi-loop control structures that address voltage
and frequency regulation in a coordinated manner therefore
represent an important solution (Demirtas et al., 2021).

Another important stage in the design of SEIG-based energy
conversion systems is the development of mathematical and
simulation models capable of representing the behaviour of the
physical system. Accurate identification of the induction machine's
equivalent-circuit parameters enables the assessment of self-
excitation conditions and the analysis of transient and steady-state
responses under different loading conditions. Quantities such as
stator resistance, rotor resistance, leakage reactances and
magnetising parameters can be determined through standard
electrical machine tests. Models developed in MATLAB/Simulink
using these parameters can then be employed to investigate system

--94--



behaviour and evaluate different control strategies before
implementation on the physical plant.

This book chapter addresses the design, laboratory
implementation and MATLAB/Simulink modelling of a three-
phase, SEIG-based stand-alone wind energy conversion system.
The system employs a 5.5 kW three-phase induction machine as the
generator, driven by an inverter-controlled induction motor to
reproduce the mechanical behaviour of a wind turbine in the
laboratory. An FC-TCR configuration is used for terminal-voltage
control, while output-frequency regulation is achieved by adjusting
the rotational speed of the prime mover. Voltage and frequency
measurements are acquired through an STM32 Nucleo-F411RE
microcontroller board, and the control and monitoring
infrastructure is implemented to operate with MATLAB/Simulink.

The chapter first describes the overall configuration and
operating principles of the proposed system, followed by the
experimental apparatus and its electrical and electronic
components. The measurement and control infrastructure,
experimental identification of the induction machine's equivalent-
circuit parameters, and development of the MATLAB/Simulink
model are then presented in detail. In this way, the chapter provides
a practical technical approach to the design and simulation of
stand-alone wind energy systems incorporating a SEIG.

SEIG System with an FC-TCR

The aim of the proposed system is to address poor voltage
and frequency regulation in a stand-alone wind turbine
incorporating a three-phase SEIG, as may be used in rural areas,
through the design of suitable controllers. An FC-TCR
configuration is employed to adjust the generator terminal voltage,
while frequency regulation is provided by controlling generator
speed. The overall arrangement is shown in Figure 1.
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Figure 1 Overall configuration of the proposed SEIG system with

an FC-TCR
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For laboratory implementation, an external induction motor
is used to emulate the wind turbine and transfer the equivalent
mechanical power to the generator shaft. A delta-connected
excitation capacitor bank is connected to the stator terminals to
enable the SEIG to build up its voltage during rotation. The SEIG
terminal voltage and frequency are measured using suitable sensors
and kept under control. A block diagram of the system is presented
in Figure 2.
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Figure 2 Block diagram of the system
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An induction motor (IM) serves as the prime mover in this
system, and its speed is adjusted using a mains-fed inverter drive.
RMS transducers are used to measure the output voltage and
frequency of the SEIG. The output voltage over the 0-500 V range
and the frequency over the 40—60 Hz range are thereby converted
into low-level DC signals suitable for acquisition by the
microcontroller board. An additional, smaller capacitor bank is
used on the fixed-capacitor side of the FC-TCR and connected to
the terminals in a star configuration. The resistive loads likewise
comprise star-connected load banks with different resistance
values. The SSR blocks in Figure 2 represent solid-state relays
controlled by DC voltage. The prime-mover motor and the SEIG
are mechanically coupled through their shafts.

Experimental Setup

The experimental arrangement is shown in Figure 3. It
includes a three-phase induction generator operated independently
of the electricity grid. A delta-connected capacitor bank supplies
the reactive power required for voltage build-up. All units are
connected to busbars through appropriate protective fuses. The

RMS transducers are powered by an external DC supply. The main
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components of the experimental setup are identified by the letters
shown in the corresponding figure. The protection and
measurement units consist of (a) general-purpose protective fuses,
(b) 40/5 A current transformers, (¢) 500 V AC to 20 mA DC
voltage transducers, (d) a 40-60 Hz to 20 mA DC frequency
transducer, and (e) a three-phase power analyser. The auxiliary
power required by the system is provided by (f) 12 V and 24 V DC
power supplies. The reactive power compensation system
comprises (g) the excitation capacitor, (h) the fixed-capacitor
branch of the FC-TCR, (i) protective fuses for the FC-TCR, (j) 0—
10 V DC solid-state relays, and (k) the thyristor-controlled reactor
branch of the FC-TCR. The experimental loading conditions are
established using (I) balanced inductive loads and (t) resistive
loads. The control and monitoring system consists of (m) a
computer running MATLAB/Simulink, (n) a Siemens V20 inverter
drive supplying the prime-mover induction motor, and (0) an
STM32 Nucleo-F411RE microcontroller board. The
electromechanical section includes (p) the prime-mover induction
motor (IM) and (r) the three-phase self-excited induction generator
(SEIG), while (s) oscilloscope probes are employed for electrical
signal measurements.

The low-cost STM32 Nucleo-F411RE board was selected
for data exchange because it is straightforward to program and
compatible with MATLAB/Simulink. Various controllers were
designed in Simulink and readily deployed to the board. A
significant limitation, however, is its 0-3.3 V analogue input range
and the availability of PWM rather than direct analogue outputs.
The SEIG measurement and control interfaces must therefore be
matched to these electrical levels. Accordingly, an interface board
using an RC filter was designed to convert the STM32 PWM
outputs into analogue signals. Figure 4 shows the pinout of the
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microcontroller and the printed circuit board layout of the designed
RC filter.

Figure 3 The designed experimental setup (Calgan, 2020)
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Figure 4 STM32 Nucleo pinout and printed circuit board of the
designed filter
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The control system is intended to maintain the SEIG
terminal voltage and frequency at their desired reference values
under balanced or unbalanced stepped loading. For voltage
regulation, controllers determine the firing angles of the FC-TCR
and deliver the corresponding triggering signals to the SSRs. An
important practical consideration is that the SSRs require a 0—-10 V
DC control signal, whereas the STM32 microcontroller provides
3.3 V PWM outputs. The designed filter and an operational-
amplifier circuit are therefore used together to convert PWM
signals with 0—-100% duty cycle into corresponding 0—10 V outputs
for driving the SSRs. The operational-amplifier stage employs an
LT1006 device, which does not require a symmetrical power
supply. The same filtering and amplifier arrangement is also used to
control the inverter through its 0—10 V analogue input. The speed
of the external IM acting as the wind turbine emulator is adjusted to
control the generator output frequency. The voltage- and frequency-
regulation system is shown in Figure 5.
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Figure 5 STM32 Voltage and frequency control of the SEIG
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Figure 5 illustrates the voltage and frequency controllers
associated with the SEIG and FC-TCR. In the experimental work,
voltage and frequency are controlled in separate loops. Because the
sensors, loads and other units connected to the stator terminals are
intended to operate at 50 Hz, the main objective of the frequency
controller is to maintain the output frequency at this value. Owing
to the nonlinear nature of the SEIG, the voltage and frequency
control loops must be considered separately. Otherwise, frequency
fluctuations alter the system reactances and may destabilise
terminal-voltage regulation. The frequency should therefore first be
stabilised at the required level. For this purpose, a multi-loop
architecture with a faster frequency-control loop alongside the
voltage controller was adopted.

In Figure 5, C, and Cr denote the voltage and frequency
controllers, respectively. Their control outputs determine the firing
angle and generator-speed command. Owing to the hardware
configuration of the experimental system and its microcontroller,
these commands are implemented in terms of PWM duty-cycle

percentages. As noted previously, the SEIG must rotate at a
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sufficient speed to initiate voltage build-up. Accordingly, the
controllers are enabled only after a specified start-up period. The
initial firing-angle and speed settings are indicated in the control
diagram. In all tests, the first 10 s are allocated to voltage build-up,
after which the multi-loop controllers are activated.

The STM32F4 microcontroller board employed in this
study is based on a high-performance 32-bit RISC ARM Cortex-
M4 processor, operating at a reported clock frequency of 100 MHz
and supporting digital signal processing instructions. The device is
equipped with 512 kB of flash memory and 128 kB of SRAM,
providing resources for embedded control applications. In addition
to its processing and memory capabilities, the STM32F4 family
offers a wide range of integrated peripherals that facilitate signal
acquisition, processing, and communication (STMicroelectronics,
2024).

The analogue signal acquisition capabilities include a 12-bit
analogue-to-digital converter (ADC) supporting 16 input channels
and operating in single, continuous, scan, and discontinuous
conversion modes. Digital-to-analogue conversion is supported by
a 12-bit DAC with two external output channels. Furthermore, the
microcontroller family incorporates 14 timers, classified into
advanced-control, general-purpose, and basic-timer -categories,
enabling various timing, counting, and control operations.

For serial communication, the STM32F4 family provides
four USART and two UART interfaces, together with four SPI and
four I?C interfaces. Certain devices within the family also support
additional peripherals, including camera interfaces, CAN bus,
HDMI, SDIO, and SAI, depending on the specific microcontroller
model. These integrated features make the STM32F4 family
suitable for a broad range of embedded measurement,
communication, and control applications.
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The Simulink  Coder Support ~ Package for
STMicroelectronics Nucleo Boards enables straightforward
communication between the Nucleo board and a computer over
USB. Control algorithms developed in Simulink can be compiled
using Embedded Coder and deployed to the STM32 Nucleo board.
In particular, operation in External mode enables controller
parameters to be adjusted during operation and system outputs to
be monitored in real time. Simulink was therefore run in External
mode during the experimental studies.

RMS transducer-based voltage measurement was selected to
provide electrical isolation between the generator and the control
board. The main advantage of isolated measurement is that it helps
protect the control electronics from unexpected voltage rises and
noisy signals. In the experimental arrangement, an AC input
voltage in the 0—450 V range is converted into a 0-20 mA DC
current. The transducer output current is applied to a 120 Q
resistive element to obtain a low-level DC signal for the controller's
analogue input. A Klemsan 600106 VT3-ACDC-24 RMS
transducer was selected, with one unit connected for each phase.

A WBF152H25 frequency transducer is used for frequency
measurement. Like the voltage transducer, this device converts the
measured quantity into a DC current. Connected across phase and
neutral, it represents frequencies in the 40—-60 Hz range by a 0-20
mA DC output and provides galvanic isolation. A suitable resistor
at the output converts the current into a 0—3.3 V input signal for the
microcontroller.

An induction motor is used as the SEIG prime mover. The
variable-speed capability of induction motors makes them suitable
for this purpose. An IM with a nominal speed of 3000 rpm was
selected to allow frequency control over a wide operating range.
This 7.5 kW, 400 V, three-phase machine is driven by an 11 kW

Siemens V20 inverter. By selecting the analogue-input control
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option from the inverter's macro programming menu, the motor
speed can be adjusted using a 0—10 V DC reference signal. In the
experimental work, the controller's speed command, determined
from the frequency error, is supplied to the V20 drive to adjust
generator speed. The IM and SEIG are coupled through a
mechanical coupling to mitigate possible mechanical disturbances.
The selected SEIG is an ABB three-phase, four-pole induction
machine rated at 5.5 kW, 400 V and a nominal speed of 1500 rpm.
It belongs to a heavy-duty motor range and is operated in delta
connection.

Identification of the SEIG Equivalent-Circuit Parameters

Knowledge of the equivalent-circuit parameters is essential
for machine modelling. Once the SEIG equivalent-circuit
parameters are known, simulation tools can be used for different
analyses, model-based controller design and determination of the
required excitation capacitance. Identification of the induction
generator parameters depends on phase voltages, phase currents
and rotor speed.

An equivalent circuit is a useful tool for determining the
response of an electrical machine to load changes. Parameters such
as Ri, Rz, X1, Xz and X, can be obtained from induction-machine
tests analogous to the open-circuit and short-circuit tests performed
on transformers. The relevant test procedures are specified in IEEE
Standard 112 (Engineers, 2018). In brief, a DC stator-resistance
test, a no-load test and a locked-rotor test can be used to identify
the equivalent-circuit parameters.

The test used to determine the stator resistance R: of an
induction machine can be carried out independently of the other
parameter-identification tests. A DC voltage is applied to the stator
windings. Because the applied current is direct current, no voltage
is induced in the rotor circuit and no rotor current flows. The
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winding reactance is also zero under steady DC conditions.
Consequently, the stator resistance is the principal quantity limiting
the current through the winding.

Figure 6 Circuit arrangement for the stator-resistance DC test
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The circuit arrangement for this test is shown in Figure 6.
The star/delta links at the induction machine's stator terminals were
removed and the winding was supplied with 10 V from a DC
source. A 118 Q resistor was included to limit the test current. The
internal resistance of the cable between the source and the machine
was measured as 0.7 Q. Using the calculations shown in Equation
(1), the stator resistance was determined as R: = 0.93 Q. A
correction factor of 1.1 was adopted to estimate the AC resistance
from the DC measurement.

V=10V

R, = R +118.5Q0+0.7Q
Ampermetre = 83.3mA
R, =1.1*0.85Q = 0.93Q

(1

This test is also referred to as the locked-rotor or short-
circuit test. The rotor is mechanically prevented from rotating while

a voltage is applied to the stator. The applied voltage, input current
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and power are measured. During the test, the stator voltage is
gradually increased until the rated current is drawn, at which point
the electrical quantities are recorded. As the rotor is stationary, the
slip is equal to unity and the equivalent mechanical load branch is
short-circuited. The resulting equivalent circuit is shown in Figure
7.

Figure 7 Equivalent circuit for the locked-rotor test
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Because R2 and X. are much smaller than the magnetising
reactance, the test current flows primarily through the rotor
resistance and leakage-reactance path. The active power measured
in this test is used to determine Rz, while the reactive power is used
to estimate X1 and X.. The corresponding calculations are given in
Equation (2.2). The relationship adopted between X: and X: is
based on the NEMA induction-motor design classifications
(Chapman, 2003). During the locked-rotor test, the measured short-
circuit current was I, = 11.24 A, the active power was Py, =235 W
and the reactive power was Qg = 1.70 kVAr.
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P 235

© - "2 _-186Q=R+R

12, 11.24 o

R, =0.93Q (from DC)

R,=0.93Q )
1700

QSC ZW = 447 Q = Xl + X2 = Xtotal

X, =0.3X,, =1341Q, X, =0.7X,,, =3.129 Q.

The no-load test of an induction motor provides information
about magnetising current and the losses associated with friction
and windage. The relevant equivalent circuit is shown in Figure 8.
Under no-load conditions, the principal mechanical load consists of
friction and windage losses, and the slip is very small.
Consequently, the equivalent resistance associated with mechanical
power conversion becomes large, allowing the circuit to be
simplified as illustrated in Figure 8.

Figure 8 Equivalent circuit for the no-load test
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During the no-load test, the measured stator current was I=

4.88 A, stator voltage V = 227.23 'V, total active power Py = 84
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W and total reactive power Qi = 1100 VAr. Equation (2.3)
presents the calculations performed using these measured values.
The resulting estimates of R, and X, were obtained from the no-
load test.

Z, =R+ X7 =1632Q.

V,, =V, —1,.Z, =227.23-4.88%1.632 = 219.26 V.
P,y = Pow — P, =84-4.882%0.93=61.85W.

ag total

Qag = Quotar —Qx, =1100- 4.88°*1.341=1068 VAr.

V32 2
R =—2%= 219.26" _ 777.28 Q.
P 61.85

ag

V2 2
X —w 219260 45410
Q, 1068

3)

The calculated parameter values were compiled in a table.
The machine data sheet was also obtained from ABB to enable
comparison between the experimental values and the

manufacturer's information. The comparison is presented in Table
1.

Table 1 Comparison of equivalent-circuit parameters obtained from
the manufacturer and the experiments.

ABB data sheet Experimental result
R 0.90.0 0930
R, 0610 0930
X 1500 1340
X, 4.20 3130
R+R (R) 886 2 7770
X 44 0 45
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Voltage Build-Up and Operating Characteristics of the SEIG

The voltage build-up process of a self-excited induction
generator depends on generator speed, the excitation capacitors and
the electrical characteristics of the connected loads. It is therefore
important to account for the physical generator's start-up and
loading conditions when developing its numerical model.

The voltage build-up process of the three-phase generator
and its response to load variations were investigated in the
experimental arrangement. Initially, a 1.5 kW load was connected
to each generator phase and the system was allowed to establish its
voltage. At 17 s, the load on phase C was reduced to 1 kW, creating
an unbalanced loading condition. Under these conditions, the
measured voltages of phases A, B and C were 245 V, 235 V and
260 V, respectively.

The experimental results shown in Figure 9 demonstrate
that a load change in one phase can affect not only the voltage of
that phase but also the terminal voltages of the other phases. This
observation highlights the importance of representing the electrical
components and load connections of the three-phase SEIG together
in the numerical model.

Figure 9 Voltage build-up of the three-phase SEIG under
unbalanced loading
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MATLAB-Based Numerical Simulation and System Behaviour

An dynamic numerical model was developed in MATLAB
to investigate the fundamental electrical behaviour of the SEIG
system with an FC-TCR described in the preceding section. Using
the machine parameters and reactive power components of the
experimental apparatus, the model illustrates voltage build-up, the
three-phase outputs, changes in mechanical speed and the
fundamental-frequency reactive power effect of the FC—TCR under
representative operating conditions. The results in this section were
obtained from a MATLAB .m script solved using the odel5s solver.

The three-phase SEIG was represented by a balanced phase-
equivalent model expressed in the stationary a—f reference frame,
incorporating stator and rotor flux variables together with terminal-
voltage variables. The experimental machine parameters were used:
stator resistance Ry = 0.93 Q, rotor resistance R, = 0.93 Q, stator
leakage reactance Xis = 1.34 Q and rotor leakage reactance X, =
3.13 Q. Reactances were converted to inductances using a base
frequency of 50 Hz. The delta-connected excitation capacitance of
33.22 uF per phase was converted into a star equivalent in the
balanced phase model. A capacitive reactance of 96.18 Q was
adopted for the fixed-capacitor bank, an inductive reactance of 52.9
Q for the TCR, and a nominal resistance of 106.66 Q together with
an inductive reactance of 105.8 Q for the load branch.

Rather than representing the detailed switching behaviour of
the individual thyristors, the FC-TCR reactor was modelled
through  its  firing-angle-dependent  fundamental-frequency
susceptance. With a denoting the firing angle in radians and X; the
reactor inductive reactance at the fundamental frequency, the
magnitude of the equivalent susceptance was calculated as
B TCR(a) = [2/(m X))]*[r — a + 0.5 sin(2a)], for 90° < a < 180°.
Fundamental-frequency reactor conduction is maximum at o = 90°

and zero at a = 180°. The reactive power contributions were
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calculated from the RMS terminal phase voltage for a balanced
three-phase system.

A small initial rotor flux was introduced to represent voltage
build-up, together with a flux-dependent nonlinear magnetising
characteristic. The numerical data points of the experimental
saturation curve were constructed using adjustable illustrative
coefficients. An approximate magnetising characteristic producing
behaviour around 44 Q was selected for the present numerical
model. In an illustrative 8 s scenario, the generator mechanical
speed, TCR firing angle and load conditions were changed in steps
at specified times. The operating sequence is summarised in Table
2.

Table 2 Illustrative operating scenario used in the MATLAB model

Time (s) | TCR angle(°) Fé/s;;t:;:)load ?rg:g; speed Inductive load
02 90 106.66 1550 Disconnected
2-3 95 106.66 1550 Disconnected
34 95 85 1550 Disconnected
4-6 90 85 1530 Disconnected
6-8 115 85 1530 Connected
Time (s) E;SR angle Fé/s;);t:s/:)load ?rg:g; speed Inductive load

Figure 10 shows the temporal evolution of RMS terminal
phase and line-to-line voltages alongside the TCR firing angle.
Owing to the initial rotor flux and excitation capacitors, the voltage
rises from nearly zero and reaches a higher operating level at
approximately 2 s. Following voltage build-up, the phase voltage is
approximately 260 V and the line-to-line voltage approximately
450 V. These values represent the transient behaviour of the
illustrative model and should not be interpreted as measurements
calibrated to the rated operating voltage.
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Figure 10 SEIG self-excitation, terminal voltages and TCR firing-
angle variation
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At 2 s, the firing angle was increased from 90° to 95°, and
at 3 s the resistive load was reduced from 106.66 Q to 85 Q. At 4 s,
the rotor speed was decreased from 1550 rpm to 1530 rpm, while
the firing angle was returned to 90°. Following these combined
changes, the terminal voltage decreased noticeably, with the phase
voltage approaching 230 V. At 6 s, an inductive load was connected
and the TCR angle was increased to 115°. The phase voltage then
remained around 233 V. Although the firing-angle changes are
associated with changes in terminal voltage, the scenario does not
include a closed-loop voltage controller, so the figure is not
presented as evidence of regulation performance.

The three-phase voltages were reconstructed from the
terminal-voltage components solved in the stationary o—f reference
frame using the inverse Clarke transformation. Figure 11 presents
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the waveforms v,, vy, and v, over the final 0.12 s of the simulation.
An electrical phase difference of approximately 120° is maintained
between the three phases, with peak voltage magnitudes in the
approximate range of 320-330 V. This is consistent with an RMS
phase voltage of approximately 230 V.

The plot illustrates the fundamental three-phase voltage
behaviour reconstructed from the balanced o—f model. Since
individual thyristor turn-on and turn-off events and phase-specific
unbalanced loads were not explicitly resolved, the results do not
establish the actual switching harmonics, total harmonic distortion
(THD) or experimental validity under unbalanced phase conditions.

Figure 11 Balanced three-phase terminal voltages.
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In Figure 12, the upper plot shows the instantaneous
frequency estimate calculated from the phase angle of the a—f
terminal-voltage vector; the middle plot shows the externally

imposed rotor speed; and the lower plot shows the active power of
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the resistive load and the connection status of the inductive load.
Because the terminal voltage is very small during the initial
seconds, a phase-angle-based frequency estimate is unreliable over
that interval, which was excluded from the frequency assessment.
Once voltage build-up is complete, the calculated frequency is
approximately 50-51 Hz. When the rotor speed is reduced from
1550 rpm to 1530 rpm at 4 s, the frequency shifts to a lower level.

When the resistive load resistance is reduced at 3 s, the
absorbed active power increases. At 4 s, the active power decreases
as voltage and speed change. The inductive load is connected at 6 s.
The dashed curve in the lower plot indicates the inductive load's
on/off status (0/1); it does not represent its power consumption in
kW. The narrow peaks and dips around switching instants in the
frequency plot may reflect both transient dynamics and the
numerical differentiation of the phase angle. They should not be
used to infer control performance. Mechanical speed is a prescribed
input in this model, rather than the output of a frequency controller.
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Figure 12 Instantaneous frequency estimate, imposed rotor speed,
resistive-load active power and inductive-load connection status
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Figure 13 represents the capacitive reactive power
contributions of the delta-connected excitation capacitors and the
star-connected fixed-capacitor bank as positive values, whereas the
fundamental-frequency inductive reactive power absorbed by the
TCR is shown as negative. During voltage build-up, the reactive
power supplied by the capacitors increases rapidly. When the
voltage reaches an RMS phase value of approximately 260 V, the
excitation capacitor contribution rises to about 6.4 kVAr and that of
the fixed-capacitor bank to approximately 2.1 kVAr. The TCR's
inductive consumption over the same interval is of the order of
—3.5 kVAr.

When the terminal voltage decreases following the speed
and firing-angle changes at 4 s, the capacitors' reactive power
contributions also decline. At 6 s, increasing the TCR angle to 115°
reduces the magnitude of its fundamental-frequency inductive
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reactive power consumption from approximately 3.0 kVAr to 1.5
kVAr. This demonstrates that the equivalent reactive power
behaviour of the FC-TCR can be modified through its firing angle.
However, the figure shows only approximate fundamental-
frequency contributions from the three branches; it does not
provide a complete power balance including generator
magnetisation requirements, reactive powers of all loads, losses and
harmonics.

Figure 13 Fundamental-frequency reactive power contributions of
the delta-connected excitation capacitors, star-connected fixed-
capacitor bank and TCR
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The developed MATLAB .m-based model provides a useful
numerical environment for illustrating the basic relationships
between SEIG self-excitation, terminal voltage, mechanical speed,
loading and FC-TCR parameters. Nevertheless, it has not been
calibrated using the saturation curve of the actual machine.
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Furthermore, the impedance references used to convert delta-
connected windings into a phase-equivalent representation require
verification; core and mechanical losses need to be included;
individual thyristor switching should be represented; and interphase
load imbalance needs to be modelled.

Conclusions

This book chapter has addressed the design, laboratory
implementation and numerical modelling of a stand-alone wind
energy conversion system incorporating a self-excited induction
generator (SEIG) and a fixed capacitor—thyristor-controlled reactor
(FC-TCR). A 5.5 kW three-phase induction machine was used as
the generator in the laboratory apparatus, with mechanical drive
supplied by an inverter-controlled induction motor. The chapter
described the voltage- and frequency-measurement arrangements,
microcontroller-compatible  signal-conditioning  circuits and
hardware infrastructure enabling different loads to be connected.

The machine's equivalent-circuit parameters were identified
from stator-resistance, locked-rotor and no-load tests, and were
used to develop a MATLAB/Simulink block model representing the
physical system. In addition, voltage build-up, the influence of
TCR firing angle, three-phase voltage waveforms, changes in speed
and loading, and the reactive power components were examined
under illustrative conditions using a numerical model formulated in
the balanced stationary o—f reference frame and implemented in
MATLAB.

The numerical plots illustrate SEIG voltage build-up and the
fundamental-frequency reactive power behaviour of the FC-TCR,
but do not constitute claims of experimental validation, detailed
thyristor-switching accuracy or controller performance. Future
work should determine the magnetisation characteristic from
physical measurements and improve the numerical representation
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of phase connections, losses and switching details. Overall, the
presented experimental and numerical infrastructure offers a
reusable technical framework for the design and modelling of
stand-alone energy conversion systems based on self-excited
induction generators.
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BOLUM 5

ANTEN TURLERI, TASARIM VE
UYGULAMALAR

Dr. Ogr. Uyesi Mehmet TUMAY'
Dr. Ogr. Uyesi Nurettin GOKSENLI?

Giris
Bu béliimde haberlesme sistemlerinde en yaygin kullanilan
anten tiirleri incelenmektedir. Dipol ve monopol antenlerden
baslayarak Yagi-Uda, parabolik, mikroserit (yama), helisel ve horn
antenlere kadar genis bir yelpazeye yer verilmektedir. Her anten
tiirlinlin ¢aligma prensibi, tasarim parametreleri, analitik formiilleri

ve sayisal drnekleri sunulmaktadir ( (Balanis, 2016); (Stutzman &
Thiele, 2012)).
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Universitesi Meslek Yiiksekokulu, Elektronik ve Otomasyon Béliimii, ORCID:
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2 Dr. Ogr. Uyesi Nurettin GOKSENLI, Cankirt Karatekin Universitesi Meslek
Yiiksekokulu, Elektronik ve Otomasyon Boliimii, ORCID: 0000-0002-0858-
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Sekil 2.1. Farklr anten tiirlerine genel bakis — tel, aciklik, dizi ve
reflektor kategorileri

/\>\l‘1‘H+HFH++H+

Kaynak: (Balanis, 2016).
Dipol Anten

Dipol anten, en basit ve en yaygin kullanilan anten
tiplerinden biridir. ki esit uzunlukta iletken koldan olusur ve
ortasindaki besleme noktasindan uyarilir. Yarim dalga dipol (L =
M2) en yaygin formdur; rezonans kosulunda giris empedansi saf
gercel olup yaklasik 73 Q'dur. Kazang 2,15 dBi ve normalize gii¢
1s1ma Oriintiisii F(0) = [cos(m cos® / 2) / sinB]? ile ifade edilir
(Balanis, 2016).
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Sekil 2.2. Dipol antenin geometrisi — A/4'liik iki kol ve merkezdeki
besleme noktasi

Kaynak: (Balanis, 2016).

Maksimum radyasyon antene dik yonde (broadside, 6 =
90°) gerceklesir; anten ekseni boyunca null noktalar1 olusur.

Sekil 2.3. Yarum dalga dipol 2B 1s1ma oriintiisii — broadside yonde
(0 = 90°) maksimum, anten eksenleri boyunca null noktalar

V2
A

' N
ERIEE
Z Y,

Kaynak: (Balanis, 2016).
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Sekil 2.4. Yarim dalga dipoliin 3B torus (¢orek) isuma oriintiisii — Z
ekseni anten yonii, yatay diizlemde maksimum

4

Kaynak: (Balanis, 2016).

Ornek Hesaplama: Dipol Anten

Problem 1: 100 MHz frekansinda calisan yarim dalga dipol
antenin boyunu hesaplayiniz.

A=3x10°/100x10°=30m — L=12=15m
Problem 2: VF = 0,95, f =250 MHz i¢in efektif boy:
A= 0,95 % (300/250) = 1,14 m — L=057m

Sekil 2.5. Dipol anten hesaplama ornegi — frekans, dalga boyu ve
alan siddetinin adim adim ¢oziimii

Half-wave dipole
(yan dalga dipol)
et |

Length = 1.50 m

Kaynak: (Balanis, 2016).
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Sekil 2.6. Yarim dalga dipol problem ¢éziimii — kazang, alan
siddeti ve Friis ile alinan gii¢ hesabi

Point at r = 100 m

Dipole
[amtenna)

Kaynak: (Balanis, 2016).

Sekil 2.7. Normalize 3B 1stma deseni: Z ekseni boyunca dipol,
maksimum 1stma 0 = 90° yatay diizlemde — toroidal yap1

Half-Wave Dipole — 3D Normalized Radiation Pattern

0.04
0.02 ]

Z 0.00

-0.02

Kaynak: (Balanis, 2016).
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Monopol Anten

Monopol anten, bir iletken ¢ubugun zemin diizlemi {izerine
dik olarak yerlestirilmesiyle olusturulur. Goriintii teoremi geregi
zemin diizlemi, eksik dipoliin sanal yarisin1 tamamlar bu ilke
elektromanyetik sinir kosullarina dayanmaktadir (Hayt & Buck,
2011). Ismma direnci Rr = 36,5 Q ve kazang¢ G = 5,15 dBi'dir
(Stutzman & Thiele, 2012).

Sekil 2.8. Monopol antenin yapisi — iletken ¢ubuk ve zemin
diizlemi,; goriintii teoremi ile tam dipol davranisi

Kaynak: (Stutzman & Thiele, 2012).

Sekil 2.9. Ceyrek dalga monopol antenin teknik ¢izimi — ¢ubuk,
zemin diizlemi ve besleme noktasi

114

1 =

Kaynak: (Stutzman & Thiele, 2012).
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Tablo 2.1. Monopol ve Dipol Anten Karsilastirmasi

Parametre Yarim Dalga Dipol Ceyrek Dalga Monopol
Anten boyu L=)\2 L=N4

Isima direnci Rr ~73Q ~ 36,5 Q

Kazang G 2,15 dB1 5,15 dBi

Yonlilik D 1,64 3,28

Isima uzay1 Tam (4 sr) Ust yar1 (27 sr)

Kaynak: (Stutzman & Thiele, 2012).

Ornek Hesaplama: Monopol Anten

Problem: 150 MHz'de calisacak c¢eyrek dalba monopol
antenin boyunu hesaplayiniz.

A=300/150=20m — Ljjy=14=050m
Loercek = 0,95 % 0,50 = 0,475 m  (ug etkisi diizeltmesiyle)
Yagi-Uda Anten

Yagi-Uda anten, bir aktif siiriici eleman ile pasif reflektor
ve direktorlerden olusan yonlii bir tel anten dizisidir. 1926 yilinda
S. Uda ve H. Yagi tarafindan gelistirilmistir (Yagi, 1928). Direktor
sayis1 arttikca kazang ylikselir ve 151n daralir.

Sekil 2.10. Yagi-Uda antenin sematik gosterimi — reflektor, stiriicii
eleman ve direktorler, 1s1ma saga dogrudur

SGrdch Emman (Dirwctor)
|Drrven)
~0.5A

Kaynak: (Yagi, 1928).
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Sekil 2.11. Yagi-Uda anten elemanlarinin fiziksel diizeni — stirticii,
direktor ve reflektor boylart

dipol

yansitici yénlendirici

|
3 — I l,

©

Reflektor siiriiciiden biraz uzun (= 1,05 x A/2) tutulur;
endiiktif reaktans nedeniyle arkaya radyasyonu bastirir. Direktorler
biraz kisa (= 0,95 x WN2) yapilir; kapasitif reaktans nedeniyle
1s1may1 one yonlendirir (Stutzman & Thiele, 2012).

Kaynak: (Yagi, 1928).

Ornek Hesaplama: Yagi-Uda Anten

Problem: 150 MHz'de c¢alisacak 3 elemanli Yagi-Uda
tasarlayiniz.

A =300/150 =20m — lgpici = 1,00m | lgiekir = 0,95 m |
Lyefienor = 1,05 m (Silver, 2021)

Eleman araligi d = A/4 = 0,50 m — Kazan¢ = 7-9 dBi
(10 elemanda: = 14—16 dBi)
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Sekil 2.12. 150 MHz i¢in Yagi-Uda tasarim hesabi — siiriicti,
direktor ve reflektor boylart ile eleman araliklart

dipol

yansitici yonlendiric:

Kaynak: (Yagi, 1928).
Lineer Dizi Anten

Dizi anten, birden fazla anten elemaninin belirli geometrik
diizende ve faz kontroliiyle yerlestirilmesinden olusur. N elemanli
uniform lineer dizi (ULA) icin dizi faktori: AF(0) = X
e™{jn(kd-cos6 + )} (Balanis, 2016).

Sekil 2.13. Lineer dizi anten normalize dizi faktorii (AF): 4

elemanli (HPBW = 26°) ve 8 elemanli (HPBW = 12°); d = /2, B
0° broadside

Linear Dizi Anten — Normalize Dizi Faktord AF (de)/2, f=0", Broadside)

4 Elemanh — HPBW = 26" & Elemanh — HPBW = 127

.0 e T

Kaynak: (Balanis, 2016).
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Sekil 2.14. 4 elemanli es fazli broadside dizi — normalize AF (d =
A2, B = 0°): ana lob 8 = 90° yoniinde, belirgin yan loblar

4-elemanh Lineer Array - Normalized AF (broadside)
90°

180

270°

Kaynak: (Balanis, 2016).

Parabolik Anten

Parabolik anten, odak noktasindaki bir besleme
elemanindan gelen 1s1may1 paraboloidal yansitici sayesinde paralel
bir 151n demetine doniistiiren yiiksek kazancl agiklik antenidir.
Uydu haberlesmesinin yani sira radar sistemlerinde de temel
bilesen olarak kullanilmaktadir (Skolnik, 2008). Kazang¢ G = | -
(nD/L)* ve yant gilic 1smm agist HPBW = 700D (derece) ile
hesaplanir (Kraus & Marhefka, 2002).
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Sekil 2.15. Parabolik anten — biiyiik ¢capli reflektor yiizeyi ve
merkezdeki besleme diizenegi; uydu yer istasyonu uygulamasi

& '\
Reflector / \
(vansinc) /- \
J
[ | Il Focus Paint
| ' o (Odak Noktas:)
\ 7\
=tk U ---------
\ I |
\
| Refl
Main Axis \ | j T ector
R \ J (Yansine)
(Ana Eksen) | /
D =4

Kaynak: (Kraus & Marhefka, 2002)1.

Sekil 2.16. Parabolik anten kazanci G (dBi) vs ¢ap D (m) — f = 6,
10, 18 GHz i¢in (n = 0,65); D =1,2m, f= 10 GHz — G = 40 dBi

Parabolik Anten Kazanc: vs Cap (n = 0.65)

Kazang G (dB)
W e > -
r o > =

w
o

v

Canak Cape D (m)

Kaynak: (Kraus & Marhefka, 2002).
Ornek Hesaplama: Parabolik Anten

Problem: D = 1,2 m, f= 10 GHz, n = 0,65 olan parabolik
antenin kazancini ve HPBW'sini bulunuz.

G=065*(mx*x12/003)=10.260 — G=40,1dBi
HPBW =70 %0,03/12=1,75°
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Mikroserit (Yama) Anten

Yama anten, ince bir dielektrik substrat tizerine
yerlestirilmis iletken bir yama ve alt yiizde toprak diizleminden
olusan diisiik profilli, hafif ve PCB entegrasyonuna uygun bir anten
tiiriidiir. Rezonans frekansi: £ r = ¢ / (2LVe eff) ile hesaplanir
(Garg, Bhartia, Bahl, & Ittipiboon, 2001).

Sekil 2.17. Mikroserit yama antenin katmanl yapis1 — iletken
yama, dielektrik substrat ve toprak diizlemi

Patch
Yama

Substrate
7 Dielektrik
~ Tabaka

Feed Line

Ground Plané Besleme Hatts

Toprak Duzlemi

Kaynak: (Garg, Bhartia, Bahl, & Ittipiboon, 2001).
Ornek Hesaplama: Yama Anten

Problem: 2,4 GHz Wi-Fi i¢in FR4 substrat iizerinde (& =
4,4) yama uzunlugunu hesaplayiniz.

L=c/@2 xfrxem=3xI001/2 x2,4x10° x N4,4) = 29,8 mm
Helisel Anten

Helisel anten, sarmal tel yapisina sahip olup eksenel ¢evresi
(C = nD) yaklasik bir dalga boyuna ayarlandiginda giiclii dairesel
polarizasyon liretir. Kazang: G = 15 x N x (C/A)* x (S/L) ve HPBW

~ 520°1.5} / (C x V(N-S)) formiilleriyle hesaplanir (Kraus &
Marhetka, 2002).
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Sekil 2.18. Helisel antenin yapisi — sarim sayist N, hatve S, ¢ap D
ve yansitict plaka; eksenel modda dairesel polarizasyon

HELICAL ANTENNA

——AXIS
HELICAL
ELEMENT
HELICAL
ANTENNA ' FEED LINE
S~ —REFLECTOR

Kaynak: (Kraus & Marhefka, 2002).
Ornek Hesaplama: Helisel Anten
Problem: N =8, C=0,75\, S = 0,25\ i¢in kazang:
G=15x8x%x(0,75)%025=169 — G(dBi)~=123dBi
Horn (Boynuz) Anten

Horn anten, dikdortgen veya dairesel kesitli dalga
kilavuzunun piramidal ya da konik bi¢cimde genisletilmesiyle elde
edilen aciklik antenidir. Genis bantli ve Ongoriilebilir 1s1ma
karakteristigi nedeniyle mikrodalga Ol¢lim laboratuvarlarinda
referans anten olarak kullanilir. Kazang: G=mn_a - (4n - A f) / A?
(Pozar, 2011).
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Sekil 2.19. Horn antenin yapisi: (a) E-diizlem sektoral, (b) H-
diizlem sektoral, (c) piramidal, (d) konik — dalga kilavuzu, bogaz
ve agiz a¢iklig

(b) H-plane

(€} Pyramidal (1) Conical

Kaynak: (Pozar, 2011).

Sekil 2.20. Farkli horn anten tiirleri: H-diizlem sektoral, piramidal,
E-diizlem sektoral ve konik horn — boyut parametreleri Ea ve Ha

Pyramidal horm

H-plane sectoral hom

ks
! Conical Horn Antenna
E-plane sectoral hom

Kaynak: (Pozar, 2011).
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Ornek Hesaplama: Horn Anten

Problem: A = 0,5 m? f=10 GHz (A = 0,03 m), n_a = 0,81

icin kazang:

G = 10 % log;o(0,81 x 47 x 0,5/0,03%) = 37,5 dBi

Sekil 2.21. Horn anten kazang hesabi ornegi — agiklik alant A ve
dalga boyu A parametrelerine gére G (dBi)

Kaynak: (Pozar, 2011).

Anten Tiirlerinin Karsilastirmah Degerlendirmesi

Farkl1 anten tiirleri arasindaki se¢im; kazang, bant genisligi,

polarizasyon,

boyut,

maliyet ve wuygulama ortamma gore

yapilmaktadir. Tablo 2.2'de baslica anten tiirleri karsilastirmali

olarak 6zetlenmistir.

Tablo 2.2. Anten Tiirleri Kapsamli Karsilagtirmast

Anten Kazang Bant Polarizasyon Tipik Uygulama

Tiirii (dBi) Gen.

Dipol (M2) | 2,15 Dar Lineer FM yayin, amator radyo
Monopol 5,15 Dar Lineer Arag, GSM, baz istasyonu
(W4)

Yagi-Uda 7-16 Dar Lineer TV alimi, noktadan noktaya
Parabolik 20 — 55+ | Orta Lin./Dairesel Uydu, radar, képrii
Mikroserit | 5-9 Dar Lin./Dairesel Wi-Fi, GPS, mobil cihaz
Patch

Helisel 10-20 Genis Dairesel Uydu, GPS, uzay

(eksenel) haberlesmesi

Horn 10-38 Genis Lineer Olgiim, radar, referans

Faz Dizisi 20—-40+ | Orta Programlanabilir | 5G mmWave, MIMO radar

Kaynak: (Balanis, 2016).
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Degerlendirme Sorulari

1.

Dipol ve monopol anten arasindaki temel farklari
aciklaymiz. GoOriintii teoremini kullanarak monopol
kazancinin dipolden neden yiiksek oldugunu gosteriniz.

Yagi-Uda antende direktdr ve reflektdr elemanlarinin
boyutlar1 neden siiriiciiden farkli se¢ilmektedir?

Parabolik antenin kazancini etkileyen parametreler
hangileridir? HPBW ile kazang arasindaki ters iliskiyi
tartisiniz.

5,8 GHz'de & = 4,4 olan FR4 substrat iizerinde
dikdortgen patch anten i¢in L degerini hesaplayiniz.

Helisel antenin dairesel polarizasyon iiretmesinin
fiziksel nedenini agiklayiniz.

16 elemanlt broadside ULA (d = A/2) i¢cin HPBW ve
toplam dizi kazancini hesaplayiniz.

Horn anten neden mikrodalga 6l¢iim laboratuvarlarinda
referans anten olarak tercih edilmektedir?
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BOLUM 6

ELEKTROMANYETIK DALGA TEMELLERI VE
ANTEN KAVRAMLARI

Dr. Ogr. Uyesi Mehmet TUMAY'
Dr. Ogr. Uyesi Nurettin GOKSENLI?

Giris
Elektromanyetik (EM) dalgalar, giinlimiiz kablosuz
haberlesme altyapisinin  temel tasini  olusturmakta; radar
sistemlerinden uydu haberlesmesine, tibbi goriintiilemeden
endiistriyel otomasyon uygulamalarina kadar son derece genis bir
yelpazede kritik islevler iistlenmektedir. Elektromanyetik dalganin
teorik temeli, 1865 yilinda James Clerk Maxwell tarafindan
gelistirilen ve dort diferansiyel denklemden olusan Maxwell

denklemleri ile saglam bir matematiksel zemine oturtulmustur
(Hayt & Buck, 2011).

IEEE  Standart 145-2013 tanimina goére anten;
elektromanyetik dalgalar1 uzaya yayan veya uzaydan toplayan bir

! Dr. Ogr. Uyesi Mehmet TUMAY (Sorumlu Yazar), Cankir1 Karatekin
Universitesi Meslek Yiiksekokulu, Elektronik ve Otomasyon Béliimii, ORCID:
0000-0003-2938-8005
2 Dr. Ogr. Uyesi Nurettin GOKSENLI, Cankirt Karatekin Universitesi Meslek
Yiiksekokulu, Elektronik ve Otomasyon Boliimii, ORCID: 0000-0002-0858-
4448
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aragtir (IEEE, 2013). Temel islevi itibariyla anten, iletim hattindaki
kilavuzlanmis dalgalar1 serbest uzaydaki diizlemsel dalgalara
doniistiiren ya da tam tersini gerceklestiren bir doniistiiriicli eleman
olarak tanimlanabilir (Balanis, 2016).

Elektromanyetik Spektrum

Elektromanyetik dalgalar dalga boylarina ve frekanslarina
gore siralandiginda elektromanyetik spektrum elde edilir. Boslukta
151k hiziyla (¢ = 3x10° m/s) yayilirlar. Temel bagint1 A = c / f ile

ifade edilir; burada A dalga boyunu, ¢ 151k hizin1 ve f frekansi
gostermektedir (Hayt & Buck, 2011).

Sekil 1.1. Elektromanyetik Spektrum: Frekans ve dalga boyu ile

bolgelerin dagilimi
10*~ Gamma Isinlan —10'°
-
; J
10%'- 10" “
i X-lgintan -
o -~
7] . P <
1077 Ultraviyole={ 10 | "
. @ c
L, ' 1.8 -
T 10 Gorinir ={10° E p
;’ - “ 3 — -
c u" Kizil tesi E o o
ol ~10° o -
* | Microdalgalar . ; <
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= o
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o 10 o
- : Y
10° 10’

Kaynak: (Hayt & Buck, 2011)
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Spektrum, radyo dalgalarindan gama 1sinlarina kadar genis
bir araligi kapsamaktadir. Tablo 1.1'de temel frekans bolgeleri

Ozetlenmektedir.

Tablo 1.1. Elektromanyetik Spektrum Bélgeleri ve Tipik

Uygulamalar
Bolge Frekans Araligi | Dalga Boyu Tipik Uygulama
Radyo 3Hz—300GHz | 100km— 1 mm | Y2y radar,
Dalgalari haberlesme
Mikrodalgalar 300 MHz — 300 lm— 1 mm Uydu, Wi-Fi, 5G,
GHz radar
o 300 GHz - 400 Is1 goriintiileme,
Kiziltesi THz I mm — 750 nm uzaktan kumanda
P 400 THz - 790 Optik iletigim,
Goriiniir Isik THz 750 nm — 380 nm fotografi
Morétesi 790 THz — 30 380 nm — 10 nm Sterilizasyon,
PHz floresan
X Isinlar 30 PHz—-30 EHz | 10 nm - 0,01 nm Tibbi
} ’ goriintilleme, NDT
Gama Isinlari >30 EHz <0,01 nm Niikleer up,
radyasyon

Kaynak: (Hayt & Buck, 2011)

Elektromanyetik Dalganin Yayillimi ve Maxwell Denklemleri

Elektromanyetik dalgalar, elektrik alan (E) ve manyetik alan

(H) bilesenlerinin birbirine ve yayilma yoniine dik olacak sekilde
salinmasiyla olusur. Maxwell denklemleri diferansiyel formda
asagidaki gibi ifade edilir (Hayt & Buck, 2011).

V x E=—0B/0t

(Faraday Yasast)

Zamanla degisen bir manyetik alan, elektrik alan olusturur.

V x H=J+ oD/ot

(Ampere—Maxwell Yasast)

Elektrik akimi veya degisen elektrik alan, manyetik alan

olusturur.

V:-D=p,

(Gauss Elektrik Yasasi)
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Elektrik alan ¢izgileri elektrik yiiklerinden baslar veya
sonlanir.

V:B=10 (Gauss Manyetik Yasast)

Dogada tek kutuplu miknatis yoktur. Manyetik alan ¢izgileri
kapali egriler olusturur.

Sekil 1.2. Elektromanyetik dalganin yayilim yonii ve E, H alan
bilesenlerinin uzaydaki dagilimi

DALGA BOYU
5,
7 éoq-
[—
=|
-
é‘ﬁ: Y%YEMA
\.:‘:‘5 E YONU
g o
Ead

Kaynak: (Hayt & Buck, 2011).

Sekil 1.3. E ve H alanlarinin siniisoidal salinim yapist — Poynting
vektorii (S = E x H) yayilma yéniinii gosterir

L9t S S I e - Elektrik Alan (E)
b 4 N e Manyetik Alan (H)
g i/ /\ X
f t\)‘llp{; Yonu (k)
O oof \\
' 4 \
0.5 / N/
1. =091 / \. \. /
bd X X
/ . T
aopeed 1| | [Nt S
0 1 2 3 4 5 6

Kaynak: (Pozar, 2011).
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Mikrodalgalarin Ozellikleri

Mikrodalgalar, 300 MHz — 300 GHz arasindaki frekans
bolgesinde yer alir. Kisa dalga boylar1 nedeniyle kompakt anten
tasarim1  ve yilksek yonliiliikk saglarlar; genis mutlak bant
geniglikleri sayesinde yiiksek veri hizli iletisimi (5G, Wi-Fi 6E)
miimkiin kilarlar (Pozar, 2011).

Sekil 1.4. Elektromanyetik spektrumda mikrodalgalarin yeri —
UHE, SHF ve EHF alt bantlar:

MIKRODALGALAR (300 MHz - 300 GHz)

I —
BLF-AF MEME e wr - e
<300 WM Dok IoMI 20-300 MMx WOM-IGHT 330 GMa >300 G

Kaynak: (Pozar, 2011).

Mikrodalgalarin miihendislik ag¢isindan ©6ne ¢ikan temel
ozellikleri su sekilde siralanabilir:

a. Kisa dalga boyu sayesinde kompakt anten tasarimi ve
yiiksek yonliiliik elde edilebilir.

b. Genis mutlak bant genisligi, yiikksek veri hizli iletisimi
(5G, Wi-Fi 6E) miimkiin kilar.

c. 22,235 GHz ve 60 GHz civarinda nem ve oksijen
absorpsiyonundan kaynaklanan zayiflama bantlari
mevcuttur.

d. Goris hatt1 (LOS) yayilimi nedeniyle uydu ve noktadan
noktaya koprii baglantilarinda tercih edilir.
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Anten: Tanim ve Islevsel Rol

Anten, akim tasiyan iletken elemanlarin yarattigi
elektromanyetik alanlar1 uzaya yayan ve gelen EM dalgalar
elektrik sinyallerine doniistiiren cihazdir (Balanis, 2016; Kraus &
Marhefka, 2002). Verici ile alict sistemler arasindaki enerji
kopristinii olusturur.

Sekil 1.5. IEEE siniflandirmasina gore anten tiirleri: tel, aciklik,
dizi, mikrogerit ve reflektor antenler

| ANTENNAS |
[Gnates] [Toows | [Opos| [Suwbs | [ Sow | [Acoruums]
Fodeq | (A |
(G [k
—
5 | Curtains || wass |
picodcs Toin inos ["Conses | [“Sprais ] [ Toms ] [Fefciors]
| s | [(oms ] [Longwies [Pt [Gomer | [Parabotc |

> [Gicorica | [Beverage | [ e | [Rac;na—HFss]

" =@ N

Helical antenna Hom antenna Parabolic reflector antenna s

Kaynak: (Balanis, 2016).

Sekil 1.6. Anten sisteminin blok diyagrami — verici, besleme hatt,
anten ve serbest uzay zinciri

\\ ST
MICRO STRIP
ANYENNAS ANTENNAS
ANT uA \ ﬂ ANYENNAS * 9

Kaynak: (Stutzman & Thiele, 2012)

-

"O
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Temel Anten Parametreleri

Istma Oriintiisii

Isima oriintiisii, antenin yaydig1 enerjinin uzaydaki yonsel
dagilimin1 normalize gii¢ cinsinden gosteren bir fonksiyondur. Ana
lob, yan loblar ve null noktalar1 tasarimin temel hedeflerini belirler
(Balanis, 2016).

Sekil 1.7. Tipik anten 1s1ma oriintiisii — A/4 monopol icin anten
boyuna karst empedans ve isima karakteristigi

Kaynak: (Balanis, 2016).
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Kazanc ve Yonliiliik

Yonliiliik (D), antenin maksimum 1s1ma yoniindeki gii¢
yogunlugunun izotropik referansa oranidir. Kazang (G) verimle (1)
iliskilidir: G =n - D ve G(dBi) = 10 - log;o(G) ( (Balanis, 2016);
(Kraus & Marhetka, 2002)).

Sekil 1.8. Anten tiirlerine gore tipik kazang (G) ve yonliiliik (D)
degerleri — n < I nedeniyle G her zaman D'den kiigiik veya esittir

Anten Tarlerine Gore Tipik G ve D Kargilagtirmas) [Kaynak: Balanis, 2016)

404 m Yoreubhik D (g8l
_— Nazand G (o8

Dl Menopoi
w2 AW

Kaynak: (Balanis, 2016)

Etkin Agkhk

Etkin agiklik (A.), alict antenin elektromanyetik dalgadan
topladig1 giice karsilik gelen esdeger ylizey alamidir (Kraus &
Marhefka, 2002):

Ae=(4?-G)/4rn
Bant Genisligi

Antenin kabul edilebilir performansit korudugu frekans
araligidir:

BW (%) = ((f iist — f _alt) / f merkez) % 100
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Polarizasyon

Radye edilen dalganin elektrik alan vektoriiniin uzaydaki
yonelimini tanimlar. Lineer, dairesel (RHCP/LHCP) veya eliptik
olabilir (Hayt & Buck, 2011). Uydu haberlesmesinde iyonosferdeki
Faraday donmesini telafi etmek amaciyla dairesel polarizasyon
tercih edilir.

Sekil 1.9. Polarizasyon tiirleri: (a) lineer dikey, (b) lineer yatay, (c)
sag el dairesel (RHCP) — E alan vektoriiniin uzaydaki iz diigiimii

Polarizasyon Turfert — § Alan Vektorunun Uzaydaki Yanshmi

Lineer Dikey Liheer Yatay Dairusel (RHCP)
Polartzasyon Polartzacyon Polariracyan

Kaynak: (Hayt & Buck, 2011)

Empedans Uyumu ve SWR

Vericiden antene maksimum giic transferi i¢in tiim
bilesenlerin (verici ¢ikisi, kablo, anten giris empedansi) eslesmesi
gerekir. Uyumsuzluk durumunda iletim hattinda duran dalgalar
olusur (Silver, 2021):

T'=(Z-2)/(Z, +Zy)
SWR = (1 +1|T) /(I —|I)
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Sekil 1.10. Empedans uyumsuzlugunda iletim hattinda duran dalga
olusumu — ilerleyen ve yanstyan giic bilegenleri

VSWR — Mismatched Impedance

Reflactud Povsr

« _— s e mm. = "\ Anteana
750

>

Forward Power

Satoms.com

Kaynak: Silver, H. W. (Ed.) (2021). ARRL Handbook for Radio Communications.
American Radio Relay League.

Sekil 1.11. SWR—Frekans egrisi: f, = 145,5 MHz'de rezonans —
vesil alan SWR < 1,5 kabul edilebilir band: gostermektedir

i SWHR - Frekans EQrisi {f = 145.5 MHz, Yarum Dalga Dipel)
0

151

104

SWR

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

1% 153 140 143 1% 1ns 190 108
Frvzara (MH2)

Kaynak: Silver, H. W. (Ed.) (2021). ARRL Handbook for Radio Communications.
American Radio Relay League.

Tablo 1.2. SWR Degeri ve Sistem Verimine Etkisi

SWR Yansima Geri Donen Gii¢ Sistem Durumu
Katsayisi |T| (%)

1,0:1 0,00 0% Miikemmel — Tam uyum

1,5:1 0,20 4% Iyi — Kabul edilebilir

2,0:1 0,33 11% Orta — lyilestirme dnerilir

3,0:1 0,50 25% Kotii — Miidahale gerekli

>30:1 > (0,50 > 25% Tehlikeli — Donanim riski

Kaynak: (Silver, 2021).
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Sekil 1.12. Tam empedans uyumu (SWR = 1): Yansiyan gii¢ sifir,
iletim hattindaki tiim gii¢ antene aktarilir

VSWR — Matched Impedance

No Reflected Power

Radlo ‘
500

-
o

Forward Power

Satoms.cam

Kaynak: (Silver, 2021).
Antenlerin Siniflandirilmasi

Antenler; yapisal geometri, yonliilik, polarizasyon, bant
genisligi ve ¢alisma frekanst gibi kriterlere gore smiflandirilir (
(Balanis, 2016); (Stutzman & Thiele, 2012)).

Tablo 1.3. Anten Simiflandirma Kriterleri

Kriter Siniflandirma Ornekler
.. Tel / Agiklik / Dipol, monopol; Horn, parabolik;
Yapsal Bigim | o cerit / Dizi Patch: Faz dizisi
Yénliilik Yénsiiz / Yonlii Dipol (yonsiiz); Yagi, parabolik
(yonlii)
Polarizasvon Lineer / Dairesel / Dipol (L); Helisel (D); Patch
Y Eliptik (L/D)
Bant Genigligi Dar / Orta / Genis Dipol; Horn; Log-periyodik,
bant loga-sarmal
Frekans Boleesi HF / VHF / UHF / HF tel; VHF Yagi; UHF patch;
cxans BOESL | SHF / EHF Ka-band horn

Kaynak: (Balanis, 2016).

Anten Calisma Frekansi ve Velocity Faktorii

Anten boyutu rezonans frekansiyla dogrudan baglantilidir.
Velocity faktorii (VF), iletkenin gevre etkilesiminden kaynaklanan
faz hiz1 diisiisiinii yansitir ( (Silver, 2021):
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ﬂ,efekﬁf= VF x (C/ﬂ

Sekil 1.13. Anten fiziksel boyunun dalga boyu ile iliskisi — L = 1/4,
A/2 ve A boyutlart i¢in anten karakteristigi
144,000 145000 146,000

16
15
14
13
1.2
11

1 R i PR

44.000 145000 146,000

|
|
17 |
|
|

Kaynak: (Silver, 2021).

Sekil 1.14. Dipol anten boyu hesabi: A = 300x<VF / f(MHz) — 145,5
MHz, VF = 0,95 icin A_ef = 1,96 m

Anten Boyu A= stk Hizi _ 300.000.000 _ 300 x VF
(m) Frekans Frekans Frekans
(Hz) (MHz)

Kaynak: (Silver, 2021).

Sekil 1.15. Koaksiyel kablo yapisi — merkez iletken, dielektrik,
orgii kalkan ve dig kilif; anten beslemesinde standart iletim hatti

COAXIAL CABLE

fod shleld

Draided shield
. |

center conductos

-—

-
3

/

outer Jacket

diwtmciric

Kaynak: (Silver, 2021).
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Ornek Hesaplamalar

Etkin Aciklik Hesabi
Problem: G =10 (10 dBi), A = 0,05 m (f = 6 GHz) olan alic1

anten i¢in etkin agiklig1 hesaplayiniz.
Ae = (A2 xG)/4r = (0,05 x 10) / (47) = 0,00199 m? = 20 cm?
Anten yaklasitk 20 cm? alandan enerji toplayarak alici

devresine aktarir ( (Kraus & Marhefka, 2002).

Friis iletim Denklemi

Problem: Pt=10 W, Gt = 30 dBi, Gr= 10 dBi, f= 6 GHz, R
= 50 km i¢in alinan giicii hesaplayiniz.

Pr=Pt-Gt-Gr-(./4nR)* — Pr=~127 x 10" W=-99 dBW

Sekil 1.16. Friis iletim denklemi — link biitgesi diyagrami; R = 50
km, f= 6 GHz, Pt = 10 W, Gt = 30 dBi, Gr = 10 dBi i¢in Pr= —99
dBW

Frits lletim Denidemi — Link Bltces) Diyagram)

VERICH A
Pt=l0W Pr = -39 ;aw
Gt = Y0 & Gr = 30 90

Kaynak: (Kraus & Marhefka, 2002).

Degerlendirme Sorular

1. Maxwell denklemlerinden yola c¢ikarak E ve H
alanlarinin birbirine ve yayilma yoniine dik oldugunu
matematiksel olarak gdsteriniz.

2. Anten kazanci (G) ile yonliilik (D) arasindaki fark
nedir? G =1 - D esitligini fiziksel olarak yorumlayiniz.
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Etkin agiklik (A¢) kavraminin fiziksel anlamini ve Friis
denklemiyle baglantisin1 agiklayiniz.

SWR degerinin 1 olmasi ne anlama gelir? Bu nasil
saglanir?

. Mikrodalgalarin 22,235 GHz civarinda gosterdigi
yiiksek zayiflamanin fiziksel nedenini agiklayiniz.

. Balun devre elemaninin islevini ve dipol anten
beslemesindeki roliinii tartisiniz.
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BOLUM 7

ANAHTARLAMALI GUC
DONUSTURUCULERINDE KUANTALAMA VE
COZUNURLUK: TEMEL KAVRAMLAR VE
UYGULAMA REHBERI

SUDE KART!

Giris
Anahtarlamali gii¢ doniistliriiciileri gilinlimiizde pek c¢ok
elektronik sistemde bulunmaktadir. Giines paneli ve yakit hiicresi
gibi kaynaklardan elde edilen enerji bu doniistiiriictiler {izerinden
ylike aktarilmaktadir. Elektrikli araglarda, veri merkezlerinde ve
taginabilir cihazlarda da durum aynmidir. Doniistiiriiciiniin  ¢ikis
gerilimi, anahtarin bir periyot i¢inde iletimde kaldig1 siirenin
periyoda oraniyla ayarlanmaktadir. Bu orana goérev oran

denilmektedir. Gorev oranint bu sekilde ayarlayan yonteme darbe
genislik modiilasyonu (PWM) ad1 verilmektedir.

Gorev oranini belirleyen denetleyici uzun yillar boyunca
analog devrelerle gerceklestirilmistir. Islemsel yiikseltegler ve
karsilagtiricilar  ile kurulan bu devreler siirekli zamanda

' Dr. Ogr. Uyesi, Karabiik Universitesi, TOBB Teknik Bilimler Meslek
Yiiksekokulu, Elektrik ve Enerji Boliimii, Orcid: 0000-0001-6631-7316
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caligmaktadir. Gorev orani da bu nedenle istenen herhangi bir degeri
alabilmektedir. Son yirmi yilda ise denetim biiyiik oOlgiide
mikrodenetleyicilere ve sayisal isaret islemcilerine taginmistir (Buso
& Mattavelli, 2015; Maksimovi¢ et al., 2004). Sayisal denetim
onemli kolayliklar saglamaktadir. Ayarlar yazilimla
degistirilebilmekte, koruma ve haberlesme islevleri de ayni
mikrodenetleyicide toplanabilmektedir.

Ancak sayisal bir sistem siirekli biiyiikliiklerle dogrudan
caligamamaktadir. Olgiilen gerilim ve akim, analog-sayisal
doniistiiriiciden (ADC) gegerek belirli adimlara ayrilmaktadir.
Denetleyicinin iirettigi gorev orani da bir sayici tarafindan
gerceklestirildigi icin yine belirli adimlarla sinirlidir. Siirekli bir
bliytikliigiin bu sekilde sonlu sayida seviyeye yuvarlanmasina
kuantalama denilmektedir. Iki komsu seviye arasindaki fark ise
sistemin ¢ozlnlirliigiinii belirlemektedir.

Kuantalamanin etkisi ¢ogu zaman kiiclik goriilmektedir.
Oysa gii¢ dontistiiriiciilerinde bu etki goz ardi edilemeyecek sonuglar
dogurabilmektedir. Gorev oranindaki tek bir adim, 06zellikle
yikselten tip doniistiirticiilerde ¢ikis geriliminde belirgin bir
sigramaya yol acgabilmektedir. Kapali ¢cevrim denetimde ise ¢ikis
istenen degere tam olarak oturamayabilmekte ve iki seviye arasinda
stirekli gidip gelebilmektedir. Bu davranig literatiirde limit ¢evrimi
olarak bilinmektedir (Peng et al., 2007; Peterchev & Sanders, 2003).

Kuantalama yalnizca donanimda ortaya ¢ikmamaktadir.
Dontstiiriiciler  tasarim  asamasinda  ¢ogunlukla  bilgisayar
benzetimleriyle incelenmektedir. Sabit adimli bir benzetimde
anahtarin durumu, interpolasyon kullanilmadigi siirece, yalnizca
¢Oziicii adimlarinda degisebilmektedir. Bu durum benzetimde de
gorev oraninin fark edilmeden kuantalanmasina neden olmaktadir.
Boylece benzetimden elde edilen sonuglar, tasarimcinin kurdugunu
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digindiigli  doniistliriiciden  farkli  bir  doniistiiriciiye  ait
olabilmektedir.

Bu bolimde kuantalama ve ¢oziniirlik kavramlar
anahtarlamali gii¢ doniistiiriiciileri agisindan ele alinmaktadir. Once
temel kavramlar basit Orneklerle acgiklanmaktadir. Ardindan
kuantalamanin ortaya ¢iktig1 ii¢ yer incelenmektedir. Bunlar sayisal
darbe genislik modiilasyonu (DPWM), analog-sayisal doniistiiriicii
ve benzetimdeki sabit adiml1 ¢oziiciidiir. Her biri i¢in ¢oziiniirliglin
nasil hesaplandig1 gosterilmektedir. Daha sonra ¢dziintirliigiin ¢ikis
gerilimine ve kapali ¢evrim davranigina etkisi tartisiimaktadir. Son
olarak c¢oziiniirligli artirma yontemleri 6zetlenmektedir. Boliim,
tasarimci i¢in adim adim bir uygulama rehberi ve kontrol listeleriyle
tamamlanmaktadir.

Temel Kavramlar

Kuantalama, siirekli degerler alabilen bir biiytikliigiin sonlu
sayida seviyeye yuvarlanmasi islemidir. Ornek olarak 0 ile 1
arasinda degisen bir gorev orani disiiniilebilir. Analog bir
denetleyici bu araliktaki her degeri tiretebilmektedir. Sayisal bir
denetleyici ise yalnizca belirli degerleri iiretebilmektedir. Bu
degerler arasinda kalan bir komut ya en yakin seviyeye
yuvarlanmakta ya da bir alt seviyeye indirilmektedir. Komut ile
gerceklesen deger arasindaki iligski bu nedenle diiz bir ¢izgi degil, bir
merdiven bi¢imindedir (Sekil 1).

Merdivenin her bir basamaginin yiiksekligine kuantum
denilmektedir. Kuantum, sistemin ayirt edebilece§i ya da
iiretebilecegi en kiiciik degisimdir. Biiyiikliigiin degisim araligi A ve
seviye sayist N olmak iizere kuantum Denklem (1) ile
hesaplanmaktadir.

q=A/N (1)
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Coziinirlik ise sistemin ne kadar ince adimlarla
calisabildigini ifade etmektedir. Coziiniirlikk genellikle seviye sayisi
N ya da bit say1s1 n ile verilmektedir. Ikili say1 sisteminde n bitlik bir
say1 2" farkli deger alabilmektedir. Bu nedenle seviye sayist1 ile bit
say1st arasinda Denklem (2) ile verilen iligski bulunmaktadir.

N=2"veyan=logx N 2)

Ornegin 3 bitlik bir PWM ya da ADC, Denklem (2)'ye gore
2% = 8 seviyeye sahiptir. 0 ile 1 arasindaki bir aralik bu durumda
Denklem (1)'e gore q = 1/8 = 0,125'lik adimlara béliinmektedir. 10
bit kullamldiginda seviye sayis1 2! = 1024'e ¢ikmaktadir. Kuantum
da q=1/1024 = 0,001'e diismektedir. Bit sayisindaki her artis seviye
sayisini iki katina ¢ikarmakta, kuantumu da yariya indirmektedir.

Sekil 1. 0 ile 1 arasindaki bir komutun 8 seviyeye (q = 1/8)
kuantalanmasu: (a) kesme, (b) yuvarlama

s Y
= = = Siirekli komut

—— Kuantalanmis dejger

|hatal < g/2

E

=4
Gergeklesen deger

=

n

0 0,5 1 0 0,5 1
Komut Komut

(a) Kesme (b) Yuvarlama

Kaynak: Yazar tarafindan hazirlanmistir.

Seviye sayist her zaman ikinin kuvveti olmak zorunda
degildir. Bu durumda bit sayisi da tam say1 ¢ikmayabilmektedir.
Ornegin 800 seviyeli bir PWM'in ¢oziiniirliigii n = log, 800 = 9,6 bit
olmaktadir. Bu deger, 2° = 512 ile 2'° = 1024 arasinda kalan seviye
sayistyla uyumludur.
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Kuantalamada yapilan hata, komut ile gerceklesen deger
arasindaki farktir. Bu hatanin biiylikligli yuvarlamanin big¢imine
baglidir. Komut en yakin seviyeye yuvarlandiginda hata en fazla
yarim kuantum olmaktadir. Komut her zaman bir alt seviyeye
indirildiginde ise hata sifir ile bir kuantum arasinda degismektedir.
Bu isleme kesme denilmektedir. Kesmede hata her zaman aym
yondedir ve ortalamasi sifir degildir.

Ornegin 800 seviyeli bir PWM'de kuantum 0,00125'tir.
Yuvarlamada hata en fazla 0,00125 / 2 = 0,000625 olmaktadir ve iki
yonde de olusabilmektedir. Kesmede ise ortalama hata yaklagik
0,000625'tir. Bu durumda gorev orani her zaman istenenden kiigiik
kalmaktadir. Bu fark kiicliik goriinse de gii¢ doniistiiriiciilerinde
calisma  noktasinin  sistematik  olarak  kaymasina neden
olabilmektedir.

Kuantalama ile drnekleme birbirinden farkli kavramlardir.
Ornekleme, biiyiikliigiin yalmzca belirli zaman anlarinda
okunmasidir. Kuantalama ise okunan degerin belirli seviyelere
yuvarlanmasidir. Birincisi zaman ekseninde, ikincisi genlik
ekseninde bir ayriklastirmadir. Sayisal bir denetim sisteminde ikisi
de ayn1 anda bulunmaktadir. Ancak gili¢ doniistiiriictilerinde bu iki
kavram birbirine baglanabilmektedir. Asagida DPWM ve benzetim
¢oziiciisii incelenirken goriilecegi gibi, darbe kenarinin ancak belirli
zaman anlarma yerlestirilebilmesi gorev oraninin degerinde
kuantalamaya yol agmaktadir. Ornekleme ve DPWM ayrica denetim
cevrimine gecikme de eklemektedir. Bonanno et al. (2024),
inceledikleri yapida DPWM'in getirdigi gecikmenin ADC ve
hesaplama gecikmelerinden daha etkili oldugunu gostermistir.
Gecikmenin etkileri bu boliimiin kapsami disindadir. Boliimde
agirlikl olarak genlik eksenindeki kuantalama ele alinmaktadir.

Kuantalamanin Ortaya Ciktig1 Yerler
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Sayisal denetimli bir doniistiiriiclide kuantalama ti¢ farkl
yerde ortaya ¢ikmaktadir. Birincisi gorev oranini ireten DPWM'dir.
Ikincisi ¢ikis gerilimini ve akimmi dlgen ADC'dir. Ugiinciisii ise
donanimda degil, tasarim asamasinda kullanilan benzetimdedir. Bu
iic kaynak asagida ayr1 ayr1 incelenmektedir.

Sayisal Darbe Genislik Modiilasyonu

Mikrodenetleyicilerde PWM isareti bir sayict yardimiyla
iretilmektedir. ~ Sayici, mikrodenetleyicinin  saat isaretiyle
caligmaktadir. Saat isareti, mikrodenetleyicinin iginde iiretilen sabit
frekansli bir kare dalgadir. Bu dalganin her bir periyoduna saat
darbesi denilmektedir. Ornegin 16 MHz'lik bir saatte iki darbe
arasindaki stire 1 / 16 000 000 = 62,5 ns'dir.

Sayici her saat darbesinde bir artmaktadir. Sayict belirli bir
tavan degerine ulastiginda sifirlanmakta ve yeni bir anahtarlama
periyodu baslamaktadir. Anahtar, sayicinin degeri bir karsilastirma
degerinin altinda kaldig1 stlirece iletimdedir. Gorev orani,
karsilastirma degerinin tavan degerine oramdir. Ornegin tavan degeri
800 ve karsilastirma degeri 340 ise gorev oran1 D =340/ 800 = 0,425
olmaktadir. Karsilastirma degeri yalnizca tam say1 olabildigi i¢in
gorev orani da ancak 1/800'lik adimlarla degistirilebilmektedir.

Bir anahtarlama periyodundaki saat darbesi sayisi, PWM'in
seviye sayisini belirlemektedir. Saat frekansi fs.ar ve anahtarlama
frekans1 fsw olmak {izere seviye sayist Denklem (3) ile
bulunmaktadir.

N= fsaat / fsw (3)

Gorev oraninin kuantumu bu durumda 1/N olmaktadir.
Yukarida anlatilan, sayicinin yalnizca yukar1 saydig1 yapiya kenar
hizali PWM denilmektedir. Merkez hizali PWM'de ise sayict bir
periyot i¢inde once yukari, sonra asag1 saymaktadir. Ayn1 periyoda
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iki sayma s1gdi81 i¢in tavan degeri yariya inmekte ve seviye sayisi
N/2 olmaktadir. Ornegin 16 MHz saat ve 20 kHz anahtarlama
frekansinda kenar hizali PWM 800 seviye vermektedir. Merkez
hizali PWM ise 800 / 2 = 400 seviye vermektedir.

Denklem (3), anahtarlama frekansi ile ¢ozlniirliik arasinda
bir odiinlesim oldugunu gostermektedir. Yukaridaki 16 MHZz'lik
mikrodenetleyici yeniden ele alinsin. Anahtarlama frekans1 20 kHz
secildiginde Denklem (3)'e gore N = 16 000 000 / 20 000 = 800
seviye elde edilmektedir. Gorev oranmin kuantumu bu durumda
1/800 = 0,00125'tir. Anahtarlama frekans1 200 kHz'e ¢ikarildiginda
ise seviye sayist N = 16 000 000 / 200 000 = 80'e diismektedir.
Kuantum da 1/80 = 0,0125'e, yani on katina ¢ikmaktadir. Yiiksek
anahtarlama frekanst bobin ve kondansatoriin  kii¢iilmesini
saglamaktadir. Ancak ayni saat frekansiyla gérev oranit daha kaba
adimlarla ayarlanabilmektedir.

Bu ddiinlesimi asmak i¢in gili¢ elektronigi uygulamalarina
yonelik mikrodenetleyicilerde yiiksek ¢oziintirliiklii zamanlayicilar
bulunmaktadir. Bu zamanlayicilar bir saat darbesini daha kiiciik
zaman dilimlerine bdlebilmektedir. Boylece esdeger saat frekansi
birkag gigahertz diizeyine ¢ikmaktadir. Ornegin 200 ps'lik bir zaman
dilimi, 1 / 200 ps = 5 GHZ'lik bir saate karsilik gelmektedir. Bu
zamanlayicilar ¢oziiniirliigii artirma yollar1 anlatilirken ayrica ele
alinmaktadir.

Analog-Sayisal Doniistiiriicii

Denetleyicinin ¢ikis gerilimini diizenleyebilmesi i¢in 6nce
bu gerilimi 6l¢gmesi gerekmektedir. Olgiim ADC ile yapilmaktadir. n
bitlik bir ADC, 0 ile referans gerilimi Ve arasindaki giris araligini
2" seviyeye bolmektedir. ADC'nin kuantumu bu durumda Denklem
(4) ile hesaplanmaktadir. Bu ifade, Denklem (1)'de A = Vier ve N =
2" yazilarak elde edilmektedir.
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gapc = Vrer/ 2" 4)

Omegin 3,3 V referansla calisan 12 bitlik bir ADC'nin
kuantumu Denklem (4)'e gore qapc = 3,3 / 2'? = 3,3 / 4096 = 0,81
mV'tur.

Doniistiiriiciliniin ¢ikis gerilimi ise ¢ogu zaman ADC'nin giris
araligindan biiyiiktiir. Bu nedenle gerilim ADC'ye bir gerilim boliici
iizerinden uygulanmaktadir. Boliiciinlin orant k = Vapc / Vou ile
tanimlanmaktadir. Burada Vapc, ADC'nin girisine ulasan gerilimdir.
ADC'nin girisindeki bir kuantumluk degisim, ¢ikista 1/k kat daha
biiytik bir degisime karsilik gelmektedir. Bu nedenle ¢ikis gerilimi
cinsinden kuantum qapc / k olmaktadir. Ornegin 24 V'luk bir ¢ikis k
= 1/10 oraninda boliinerek 2,4 V olarak 6lgiilsiin. Cikistaki kuantum
bu durumda 0,81 mV / 0,1 = 8 mV'a ¢ikmaktadir. Denetleyici bu
degerden kiigiik gerilim degisimlerini ayirt edememektedir.

ADC'nin kagit tlzerindeki bit sayist her zaman gercgek
¢oziiniirliigii gostermemektedir. Olgiim devresindeki giiriiltii ve
ADC'nin kendi hatalari, en diisiik birka¢ biti kullanilamaz hale
getirebilmektedir. Bu nedenle uygulamada etkin bit sayis1 (ENOB,
effective number of bits) kavrami kullanilmaktadir. Etkin bit sayisi,
ADC'nin olgiilen sinyal-giiriiltii ve bozulma oranindan (SINAD)
hesaplanmaktadir. SINAD desibel cinsinden verildiginde etkin bit
sayist ENOB = (SINAD — 1,76) / 6,02 bagintisiyla bulunmaktadir
(Kester, 2005). Ureticiler SINAD degerini genellikle ADC'nin veri
sayfasinda vermektedir.

Ornegin yukaridaki 12 bitlik ADC'nin SINAD degeri 68 dB
olsun. Etkin bit sayis1t bu durumda ENOB = (68 — 1,76) / 6,02 =
66,24 / 6,02 = 11 bittir. Etkin kuantum Denklem (4)'te n = 11
yazilarak 3,3 /2'' =3,3/2048 = 1,6 mV olarak bulunmaktadir. Cikis
gerilimi cinsinden kuantum ise 1,6 mV /0,1 = 16 mV'a ¢ikmaktadir.
Yani giiriilti, ADC'nin ¢ozlintirliigiinii kagit tizerindeki degerin
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yarisina  diglirmistiir.  Tasarimcinin =~ ADC  ¢oziintirliiglini
degerlendirirken bit sayisim1 degil, etkin bit sayisini kullanmasi
gerekmektedir.

Benzetimde Sabit Adimh Coziicii

Doniistiiriicliler donanim kurulmadan Once genellikle
bilgisayar benzetimiyle incelenmektedir. Benzetim programlari
devreyi zaman i¢inde adim adim ¢6zmektedir. Sabit adimli bir
coziiclide devre yalnizca belirli zaman anlarinda hesaplanmaktadir.
Anahtarin  konumu da ancak bu anlarda degisebilmektedir.
Denetleyicinin istedigi anahtarlama ani iki adimin arasimna denk
gelirse, anahtarlama bir sonraki adima kaymaktadir.

Bu durum benzetimde de gérev oraninin kuantalanmasina
yol agmaktadir. Coziicli adimi T ve anahtarlama periyodu Tsw olmak
iizere, bir periyottaki adim sayis1 Denklem (5) ile verilmektedir.

N:TSW/TS (5)

Bu ifade Denklem (3) ile aym yapidadir. Burada saat
periyodunun yerini ¢oziicii adimi almaktadir. Ornegin 20 kHz'de
anahtarlanan bir doniistiiriiciiniin periyodu Tsw = 1 / 20 000 = 50
us'dir. Bu doniistiiriicii 1 ps adimla benzetildiginde Denklem (5)'e
gore bir periyotta N =50/ 1 = 50 adim bulunmaktadir. Benzetimdeki
gorev oran1 bu durumda 1/50 = 0,02'lik adimlarla degisebilmektedir.
Bu kuantalama benzetimin kendisinden gelmektedir ve ¢cogu zaman
fark edilmemektedir. Oysa benzetimden elde edilen sonuglar
etkileyebilmektedir. Benzetimde c¢oziiniirliigli artirmanin yollar
ilerleyen basliklarda ele alinmaktadir.

Coziiniirliigiin Cikis Gerilimine Etkisi

Gorev oranindaki kuantalama dogrudan cikis gerilimine
yansimaktadir. Tek bir kuantumun c¢ikis geriliminde ne kadar
degisime yol a¢tig1 doniistiiriicliniin tiiriine baghdir. Bu kesimde en
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yaygin iki doniistiiriicli olan algaltan tip (buck) ve ylkselten tip
(boost) doniistiiriiciiler incelenmektedir. Inceleme siirekli iletim kipi
ve kayipsiz devre varsayimiyla yapilmaktadir (Erickson &
Maksimovi¢, 2020). Bu varsayim etkinin biiyiikliglinii gostermek
icin yeterlidir.

Alcaltan Tip Doniistiiriicii

Algaltan tip dontstiiriiciide ¢ikis gerilimi gorev oraniyla
dogru orantilidir ve Vour = D Vi, ifadesiyle verilmektedir. Gorev
orani bir adimda AD = 1/N kadar degistiginde ¢ikis gerilimi AVou =
Vin - AD kadar degismektedir. Bu degisim Denklem (6) ile
verilmektedir.

AVou=Vin /N (6)

Bu ifade calisma noktasindan bagimsizdir. Gorev orani ne
olursa olsun, her adim ¢ikista ayni degisimi olusturmaktadir.
Ornegin 12 V girisli ve 5 V cikislt bir alcaltan tip déniistiiriicii
diisiiniilebilir. DPWM'in 100 seviyesi varsa (N = 100) Denklem
(6)'ya gore her adim c¢ikist AVew = 12 / 100 = 0,12 V
degistirmektedir. Bu deger cikis geriliminin 0,12 / 5 = 0,024, yani
%?2,4"idiir. Seviye sayis1t 1000'e ¢ikarildiginda adim 12 / 1000 =
0,012 V'a, yani %0,24'e dliismektedir.

Yiikselten Tip Doniistiiriicii

Yiikselten tip doniistiiriictide ¢ikis gerilimi Vou = Vin / (1 —
D) ifadesiyle verilmektedir. Bu iliski dogrusal degildir. Gérev orani
bire yaklastik¢a cikis gerilimi hizla artmaktadir. Cikis geriliminin
gorev oranina gore tiirevi dVou/dD = Vin / (1 — D)? ifadesidir. Bu
tiirev AD = 1/N ile carpilarak adimin etkisi yaklasik olarak Denklem
(7) ile bulunmaktadir.

AVout = Vin / [N (1 — D)?] @)
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Bu ifade algaltan tip doniistiiriiciiden 6nemli bir fark: ortaya
koymaktadir. Yiikselten tip doniistiiriiciide tek bir adimin etkisi
gorev oranmna baghidir. Gérev orami arttikga (1 — D)? terimi
kiigiilmekte ve adimin etkisi biiylimektedir. Bu nedenle ytiksek
kazangla c¢alisan yiikselten tip doniistiiriiciiler kuantalamaya en
duyarl doniistiiriiciilerdir.

Bu etki bir 6rnekle gosterilebilir. 12 V girigli bir ylikselten tip
dontstiiriicii ve 100 seviyeli bir DPWM (N = 100) distintlsiin.
Gorev orani, cikig gerilimi ifadesinden D = 1 — Vin/Vou olarak
bulunmaktadir. Cikis 24 V oldugunda gorev oran1 D = 1 — 12/24 =
0,5'tir. Denklem (7)'ye gore her adim ¢ikist AVou = 12 /(100 x 0,5?)
=12/25=0,48 V degistirmektedir.

Cikis 36 V oldugunda gorev oran1 D =1 — 12/36 = 0,67'ye
¢ikmaktadir. Bu durumda (1 — D)? = 0,111 olmaktadir. Adim da 12/
(100 x 0,111)= 1,1 V'aulagsmaktadir. Cikis 60 V oldugunda ise gorev
oran1 D = 1 — 12/60 = 0,8'dir. Tek bir adim ¢ikis1 12 / (100 x 0,2%) =
12 /4 =3 V degistirmektedir. Aynt DPWM ¢oziiniirliigiiyle, ¢ikis 24
V'tan 60 V'a ¢iktiginda adim 3 / 0,48 = 6,3 kat bilylimektedir.

Denklem (7) birinci mertebeden bir yaklasimdir. Seviye
sayist kiiclik oldugunda ya da goérev orami bire yakin oldugunda
gercek adim bu degerden daha biiyiik olabilmektedir. Bu durumda
iki komsu seviyedeki ¢ikis gerilimleri ayr1 ayr1 hesaplanarak aradaki
fark dogrudan bulunabilmektedir. Ornegin 60 V'luk calisma
noktasinda bir iist seviye D = 0,81'dir. Cikis bu durumda 12 / (1 —
0,81)=12/0,19 = 63,2 V olmaktadir. Ger¢ek adim 63,2 — 60 = 3,2
V'tur. Denklem (7) ise 3 V vermisti.

Bagil Coziiniirliik

Tasarimec1 i¢in ¢ogu zaman c¢ikistaki adimin  mutlak
degerinden cok, ¢ikis gerilimine orani dnemlidir. Bu orana bagil
¢oziiniirliik denilebilir. Bagil adim, ¢ikistaki adimin ¢ikis gerilimine
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boliinmesiyle bulunmaktadir. Algaltan tip doéniistiiriiciide Denklem
(6) Vour = D Vip'e boliindiigiinde bagil adim 1/(N D) olmaktadir.
Yiikselten tip doniistiiriiclide ise Denklem (7) Vout = Vin / (1 — D)'ye
boliindiigiinde 1/[N (1 — D)] olmaktadir. Tablo 1'de bu iki ifade farkl
caligma noktalar i¢in karsilastirilmaktadir.

Tablo 1'deki degerler ayn1 yolla hesaplanmistir. Ornegin 3,3
V cikish algaltan tip doniistliriicide gorev oran1t D = 3,3/12 =
0,275'tir. Bagil adim 1 /(100 x 0,275) = 0,036, yani %3,6 olmaktadir.
60 V cikish yiikselten tip doniistiiriiciide ise bagil adim 1 / (100 x
0,2) = 0,05, yani %>5'tir. Ayn1 sonug, 3 V'luk adimm 60 V'a
boliinmesiyle de elde edilmektedir.

Tablo 1. 12V girigli doniistiiriiciilerde tek bir DPWM adiminin
¢tk gerilimine etkisi (N = 100, kayipsiz devre, yiikselten tip
degerleri Denklem (7) ile)

e e e R Gorev Cikistaki Bagil
Doniistiiriicii Cikis gerilimi oram adim adim
Algaltan tip 33V 0,275 0,12V %3,6
Algaltan tip 5V 0,42 0,12V %2.,4
Yiikselten tip 24V 0,5 0,48V %2,0
Yiikselten tip 36V 0,67 1,1V %3,0
Yiikselten tip 60V 0,8 30V %35,0

Kaynak: Yazar tarafindan hazirlanmigtir.

Tablo 1, aynt DPWM'in farkli doniistiiriiciilerde ¢ok farkl
sonuglar verebildigini gdstermektedir. Algaltan tip doniistiiriiciide
bagil adim diisiik ¢ikis gerilimlerinde biiyiimektedir. Yiikselten tip
dontstiiriiciide ise yiiksek kazanclarda biliylimektedir. Bu nedenle
DPWM ¢oziintirligl, doniistiiriiciiniin en zorlu ¢alisma noktasina
gore sec¢ilmelidir.

Kuantalamanin etkisi yalnizca ¢ikis gerilimiyle smirh
degildir. Gergeklesen gorev orami istenenden farkli oldugunda
dontstiiriicti farkli bir calisma noktasinda calismaktadir. Bobin
akimi, anahtar gerilimleri ve kayiplar da bu yeni ¢aligma noktasina
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gore degismektedir. Bu nedenle kaba c¢oziiniirliikte hesaplanan
verim, istenen ¢alisma noktasindaki verimden farkli olabilmektedir.

Kapali Cevrimde Limit Cevrimi

Onceki kesimde kuantalamanin acik c¢evrimdeki etkisi
incelenmistir. Dontistiiriicii kapali ¢cevrimde denetlendiginde daha
karmasik bir durum ortaya ¢ikabilmektedir. Bu durum limit ¢evrimi
olarak adlandirilmaktadir. Limit ¢evrimi, sayisal denetimli
doniistiiriiciilerde kuantalamanin en ¢ok bilinen sonucudur (Peng et
al., 2007; Peterchev & Sanders, 2003).

Limit Cevrimi Nedir

Ideal bir kapali ¢evrimde denetleyici c¢ikisi referansa
getirmekte ve orada tutmaktadir. Siirekli zamanli bir denetleyicide
bu ilke olarak miimkiindiir. Ciinkii gérev orani istenen degeri tam
olarak alabilmektedir. Sayisal denetimde ise gérev orani yalnizca
belirli seviyeleri alabilmektedir. Referansi tam olarak saglayan gorev
orani bu seviyelerin arasinda kaliyorsa, ¢ikis referansa higbir zaman
tam olarak oturamamaktadir.

Bu durumda denetleyici gérev oranim iki ya da daha fazla
komsu seviye arasinda siirekli degistirmektedir. Cikis gerilimi de bu
seviyelere karsilik gelen degerler arasinda salinmaktadir. Bu kalici
salinima limit ¢evrimi denilmektedir. Limit ¢evrimi bir kararsizlik
degildir. Salinimin genligi sinirhidir ve genellikle bir ya da birkag
DPWM adimi kadardir. Ancak ¢ikista istenmeyen bir diisiik frekansh
bilesen olusturmaktadir (Sekil 2).

Sekil 2'de gorev oran1 komutu iki komsu DPWM seviyesi
arasinda gidip gelmektedir. Cikis gerilimi de bu seviyelere karsilik
gelen degerler arasinda salinmaktadir. Cikis, bir ADC kuantumu
genigligindeki sifir hata aralifinda duramamaktadir. Sekilde
anahtarlama dalgalanmasi gdsterilmemistir.
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Sekil 2. Limit ¢evriminin ilkesel gosterimi: (a) gorev orani komutu,
(b) ¢ikas gerilimi

4 Limit gevrimi periyodu

E

Girev orani

v

Z

1 DPWM adimi

Cikig gerilimi

\J

Zaman

Kaynak: Yazar tarafindan hazirlanmigtir.
Limit Cevrimi Nasil Olusur

Kapali ¢evrimde iki kuantalayici birlikte ¢aligsmaktadir.
Birincisi ¢1kis gerilimini 8lgen ADC'dir. ikincisi gérev oranini iireten
DPWM'dir. ADC, ¢ikis gerilimini kendi kuantumu kadar araliklara
bolmektedir. Referans1 igeren aralik sifir hata araligi olarak
adlandirilmaktadir. Cikis bu aralik icindeyken denetleyici hatayi sifir
olarak gormektedir.

Cikis geriliminin bu araliga girebilmesi i¢in en az bir DPWM
seviyesinin ¢ikis1 bu araliga getirmesi gerekmektedir. DPWM adimi1
ADC araligindan biiyiikse boyle bir seviye bulunmayabilir. Bu
durumda ¢ikis, sifir hata araliginin bir altindaki ya da bir tistiindeki
aralikta kalmaktadir. Denetleyicideki integral terimi bu kiigiik hatay1
biriktirmektedir. Birikim bir DPWM adimina ulastiginda gérev orani
bir seviye degismektedir. Bu kez ¢ikis araligin oObiir tarafina
gecmekte ve integral ters yonde birikmeye baslamaktadir. Bu siireg
stirekli tekrarlanmaktadir.
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Bu agiklamadan iki sonug¢ ¢ikmaktadir. Birincisi, yavas bir
integral teriminde limit ¢evriminin periyodu integral kazancina
baghdir. integral kazanci kiigiildiikge birikim yavaslamakta ve
salinim da yavaslamaktadir. Daha hizli denetleyicilerde ise salinim
frekans1 dongiiniin faz yanitiyla belirlenebilmektedir (Peng et al.,
2007). Ikincisi, salinimin genligi DPWM adimia baglidir. DPWM
ne kadar inceyse ¢ikistaki saliim da o kadar kiiciiktiir.

Limit Cevrimini Onleme Kosullar

Peterchev ve Sanders (2003), kararli halde limit ¢evrimini
onlemek i¢in bir dizi kosul 6nermistir. Bu kosullar tasarimeci igin
basit bir kontrol listesi olusturmaktadir.

Birinci kosul, DPWM'in ADC'den daha ince olmasidir. Yani
DPWM'in ¢ikista olusturdugu adim, ADC'nin ¢ikisa gore
kuantumundan kii¢iik olmalidir. Bu kosul Denklem (8) ile ifade
edilmektedir.

AVoutppwM < AVout ADC ®

Burada AVouppwm, Denklem (6) ya da Denklem (7) ile
hesaplanan ¢ikistaki adimdir. AVou,apc ise ADC kuantumunun ¢ikis
gerilimine yansiyan degeridir. Gerilim béliicii oran1 k oldugunda bu
deger Denklem (9) ile bulunmaktadir.

AVout,ADC = Vier / (k : 2n) (9)

Bu kosul saglandiginda sifir hata aralig1 icinde ¢ikisi tutan en
az bir DPWM seviyesi bulunmaktadir. Cikis bu seviyede
durabilmektedir. Uygulamada bir tasarim paytr birakilmasi
onerilmektedir. Bunun i¢cin DPWM adimi ADC kuantumunun
yarisindan kii¢iik se¢ilmektedir (Peng et al., 2007).

Ikinci kosul, denetleyicide integral terimi bulunmasidr.
Yalnizca oransal denetleyici kullanildiginda ¢ikis sifir hata araligina
ulagamayabilir ve kalict bir hatayla durabilir. Integral terimi bu
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hatay1 ortadan kaldirarak ¢ikisi sifir hata araligina tasimaktadir. Bu
kosul ilk bakista celiskili goriinebilir. Ciinkii limit g¢evrimini
besleyen de integral terimidir. Ancak birinci kosul saglandiginda
integral terimi ¢ikis1 araliga getirmekte ve orada durdurmaktadir.

Ucgiincii kosul, integral kazancinin yeterince kiiciik olmasidir.
Biiytik bir integral kazanci, tek bir Ornekte ¢ikisi bir ADC
araligindan daha fazla degistirebilir. Bu durumda ¢ikis sifir hata
araliginin iizerinden atlayabilmektedir. Bu kosul G, K¢ < 1 bigiminde
yazilabilmektedir. Burada G, gérev oranindan ¢ikisa olan kazanctir.
Algaltan tip doniistiiriiciide G, = Vin'dir. K¢ ise ayrik zamanli integral
kazancidir (Peng et al., 2007).

Bu kosullar kararli hal i¢in gegerlidir. Peng et al. (2007),
kuantalayicilar1 tanimlayict fonksiyonlarla modelleyerek limit
cevriminin genligini ve frekansint kestirmek igin bir yontem
Onermistir. Bu yontem, kosullarin saglanamadigi durumlarda
sallmmmin ne kadar biiyilikk olacagini tahmin etmeye yardimeci
olmaktadir.

Limit Cevrimi I¢in Sayisal Ornek

Daha 6nce incelenen 12 V girisli ve 5 V ¢ikish algaltan tip
doniistiiriicii yeniden ele alinsin. Cikis gerilimi 10 bitlik bir ADC ile
Ol¢iilmektedir. ADC'nin referans gerilimi 3,3 V'tur. Gerilim béliicii 5
V'u 2,5 V'a indirmektedir, yani k = 0,5'tir.

Denklem (9)'a gore ADC'nin ¢ikisa gore kuantumu AV ou,AnC
=3,3/(0,5 %219 =33/512~ 6,45 mV'tur. DPWM'in 100 seviyesi
oldugunda ¢ikistaki adim, daha 6nce bulundugu gibi 0,12 V'tur. Bu

deger ADC kuantumundan 0,12 / 0,00645 = 19 kat biiytiktiir. Birinci
kosul saglanmamaktadir ve limit ¢evrimi beklenmektedir.

Kosulun saglanmasi icin DPWM adiminin 6,45 mV'un altina
inmesi gerekmektedir. Denklem (6)'ya gore bu, N > 12 / 0,00645 =
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1860 olmasi anlamina gelmektedir. Bunu saglayan en kiigiik ikinin
kuvveti 2!' = 2048, yani 11 bittir. Anahtarlama frekans1 100 kHz ise
Denklem (3)'e gore fsaae = 2048 x 100 000 = 205 MHZz'lik bir sayici
saati gerekmektedir. Bu deger pek ¢ok genel amacgh
mikrodenetleyicinin saat frekansinin tizerindedir. Bu 6rnek, ADC'si
iyi olan bir sistemde bile DPWM'in darbogaz olabilecegini
gostermektedir. Bu sorunun ¢oziim yollari ilerleyen basliklarda ele
alinmaktadir.

Omek ayrica bir tasarim &diinlesimini de ortaya
koymaktadir. ADC ¢oziniirliigiini  diistirmek birinci  kosulu
saglamay1 kolaylastirmaktadir. Ancak bu kez ¢ikis gerilimi daha
kaba Olclilmekte ve kararli hal dogrulugu azalmaktadir. Bu nedenle
iki ¢ozlintirliik birlikte se¢ilmelidir.

Limit Cevriminin Taninmasi

Limit ¢evrimi Ol¢iimde ve benzetimde baska olaylarla
karistirilabilmektedir. Cikistaki salinim anahtarlama
dalgalanmasindan ayirt edilmelidir. Anahtarlama dalgalanmasi
anahtarlama frekansindadir. Limit ¢evrimi ise genellikle bu
frekansin ¢ok altindadir. Salinim kararsizliktan da ayirt edilmelidir.
Kararsizlikta salinimin genligi biiylimektedir. Limit ¢cevriminde ise
genlik siirli kalmaktadir ve DPWM adimuyla iligkilidir.

Pratikte iki basit sitnama yapilabilir. Birincisi, kararli haldeki
gorev orani komutunun kaydedilmesidir. Komut tek bir seviyede
sabit kaliyorsa limit ¢evrimi yoktur. Komut iki ya da daha fazla
seviye arasinda gidip geliyorsa limit cevrimi vardir. Ikincisi, DPWM
coziiniirliglinlin degistirilmesidir. Salinimin genligi ¢oziiniirliikle
birlikte degisiyorsa kaynagi kuantalamadir.

Benzetimde ayrica dikkat edilmesi gereken bir nokta vardir.
Daha once anlatildig1 gibi sabit adimli bir ¢6ziicii de gérev oranini
kuantalamaktadir. Bu nedenle benzetimde gdzlenen bir limit ¢evrimi
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gergek donanimda bulunmayabilir. Tersine, ince adimlhi bir
benzetimde goriilmeyen bir limit ¢evrimi donanimda ortaya
cikabilir. Benzetimdeki kuantum ile donanimdaki kuantumun ayni
olup olmadig1 her zaman kontrol edilmelidir.

Coziiniirliigii Artirma Yollar

Onceki kesimlerde yetersiz ¢oziiniirliigiin ¢ikista hata ve
salmim olusturdugu gosterilmisti. Bu kesimde ¢oziiniirligi
artirmanin yaygin yollari 6zetlenmektedir. Once donanimdaki yollar,
ardindan benzetimdeki yollar ele alinmaktadir.

Saat Frekansi ve Anahtarlama Frekansi

Denklem (3), ¢oziiniirliigli artirmanin en dogrudan iki yolunu
gostermektedir. Birincisi sayic1 saatini yiikseltmektir. ikincisi
anahtarlama frekansini diisiirmektir. Saat frekansi
mikrodenetleyicinin  yapistyla  smirhidir  ve ¢ogu  zaman
artirilamamaktadir. Anahtarlama frekansini diisiirmek ise bobin ve
kondansatorlerin biiylimesine yol agmaktadir. Bu nedenle bu iki yol
genellikle tek basina yeterli degildir.

Yiiksek Coziiniirliiklii Zamanlayicilar

Gii¢ elektronigi icin {iretilen bazi mikrodenetleyicilerde
yiksek c¢coziiniirliikli PWM birimleri bulunmaktadir. Bu birimler
bazt STM32 modellerinde HRTIM, TI C2000 ailesinin birgok
modelinde HRPWM gibi adlarla amilmaktadir. Bu birimler saat
periyodunu gecikme hatlar1 yardimiyla daha kiiciik pargalara
bolmektedir. Boylece darbe kenari, saat periyodundan ¢ok daha ince
adimlarla yerlestirilebilmektedir.

Bu birimlerde zaman adimi yiliz pikosaniye mertebesine
inebilmektedir. Ornegin 100 kHZ'lik bir anahtarlamanm periyodu 1 /
100 000 = 10 ps'dir. Bu periyot 200 ps'lik adimlara boliindiiglinde N
=10 pus / 200 ps = 10 000 000 ps / 200 ps = 50 000 seviye elde
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edilmektedir. Bu deger, limit c¢evrimi Orneginde gereken 2048
seviyenin ¢ok tizerindedir. Tam adim degeri iireticiye ve modele gore

PR

degistiginden ilgili veri sayfasindan okunmalidir.

Bu yoOntemin bedeli donanim se¢imidir. Yiiksek
cozlinlrliikli  birim her mikrodenetleyicide bulunmamaktadir.
Bulundugunda ise dogru yapilandirilmasi1 gerekmektedir. Ancak ek
bir islem yiikii getirmedigi i¢in en temiz ¢Oziim olarak kabul
edilmektedir.

Titrestirme (Dither)

Yiiksek c¢oziintirliiklii bir birim yoksa, ¢oziiniirlik zaman
icinde ortalama alinarak artirilabilmektedir. Bu yonteme titrestirme
(dither) denilmektedir. Fikir basittir. Istenen gérev orani iki komsu
seviyenin arasindaysa, gorev orami birka¢ anahtarlama periyodu
boyunca bu iki seviye arasinda belirli bir diizenle degistirilmektedir.
Cikas filtresi de bu degisimin ortalamasini almaktadir.

Ornegin dért periyotluk bir diizende alt seviye ii¢ kez ve iist
seviye bir kez kullanilsin. Ortalama gorev orant (3 X Dait + 1 X Dyst)
/ 4 olmaktadir. Bu deger alt seviyenin dortte bir adim iistiine denk
gelmektedir. Dort periyotluk bir diizen ¢oziintirliigli dort kat, yani
log> 4 = 2 bit artirmaktadir. 100 seviyeli bir DPWM bu yolla 100 x
4 = 400 seviyeli gibi davranabilmektedir. Daha 6nce incelenen
alcaltan tip doniistiiriiciide ¢ikistaki adim 12 /400 = 0,03 V'a, yani
0,12 V'un dortte birine inmektedir.

Titrestirmenin bir bedeli vardir. Gorev orani periyottan
periyoda degistigi i¢in ¢ikista anahtarlama frekansinin altinda yeni
bir dalgalanma bileseni olusmaktadir. Dort periyotluk diizende bu
bilesenin frekansi fsw / 4'tlir. Diizen uzadikca bu bilesenin frekansi
diismekte ve filtrenin onu bastirmasi zorlasmaktadir. Bu nedenle
titrestirmeyle kazanilabilecek bit sayist sinirlidir. Pratikte genellikle
birkag bitlik kazan¢ hedeflenmektedir (Peterchev & Sanders, 2003).
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Son yillarda titrestirmenin bu bedelini azaltan DPWM yapilar1 da
onerilmistir. Ornegin diyadik DPWM, titrestirmeye gore ayni
¢oziiniirlikk artisin1 daha diisiik ¢ikis dalgalanmasiyla saglamakta ve
limit ¢cevrimini etkili bigimde bastirmaktadir (Crovetti et al., 2020).

Sigma-Delta Modiilasyonu

Sigma-delta modiilasyonu, titrestirmenin sistematik bir
bicimi olarak diisiiniilebilir. Her periyotta olusan kuantalama hatas1
kaydedilmekte ve bir sonraki periyodun gdérev oranina
eklenmektedir. Boylece hata kalic1 bir sapmaya doniismemekte ve
uzun vadede ortalama goérev orani istenen degere esit olmaktadir.

Bu yontemin onemli bir {stlinliigii vardir. Kuantalama
hatasinin enerjisi yliksek frekanslara kaydirilmaktadir. Yiksek
frekansli  bilesenler de ¢ikig filtresi tarafindan kolayca
bastirilmaktadir. Yontem birkag satirlik bir  kodla
gerceklestirilebilmektedir. Ancak sabit bir diizen kullanmadigi i¢in
olusan dalgalanmanin spektrumu titrestirmeye goére daha
karmasiktir.

Benzetimde Coziiniirliigii Artirma

Benzetimde kuantumu belirleyen, Denklem (5)'teki ¢oziicii
adimidir. Bu kuantumu kii¢iiltmenin ii¢ yaygin yolu vardir.

En basit yol ¢dziicii adimini kiiiiltmektir. Ornegin daha dnce
ele alman 20 kHZz'lik doniistiiriicide adim 1 ps'den 0,1 ps'ye
indirilsin. Bu durumda Denklem (5)'e gore N = 50 / 0,1 = 500
olmaktadir. Gorev oram1 adimi da 0,02'den 1/500 = 0,002'ye
diismektedir. Ancak benzetim siiresi adim sayisiyla dogru orantil
olarak artmaktadir. Adim1 on kat kiiciiltmek benzetimi yaklasik on
kat uzatmaktadir. Uzun siireli benzetimlerde bu bedel ¢ok yiiksek
olabilmektedir.
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Ikinci yol degisken adiml1 bir ¢oziicii kullanmaktir. Degisken
adimli ¢Oziiciler anahtarlama anlarimi sifir  gegis tespitiyle
bulabilmektedir. Bu durumda darbe kenar1 ¢oziicii adimina bagh
kalmamaktadir. Ancak ¢ok sayida anahtarlama igeren devrelerde
¢oziicii sik sik kiigiik adimlar atmak zorunda kalmakta ve benzetim
yavaslamaktadir.

Ucgiincii yol interpolasyondur. Baz1 benzetim araglari, sabit
adimli ¢6ziiciide anahtarlama anin1 iki adim arasinda interpolasyonla
hesaplayabilmektedir. Bu yontemde ¢oziicli adimi biiyiik tutulurken
darbe kenar1 dogru zamana yerlestirilmektedir. Boylece gorev
oraninin kuantalanmasi biiyiikk Olciide ortadan kalkmaktadir. Bu
ozelligin kullanilan aragta bulunup bulunmadig1 ve varsayilan olarak
acik olup olmadigi kontrol edilmelidir.

Bunlara ek olarak ortalama model kullanilabilir. Ortalama
modelde anahtarlama yoktur ve gorev orani siirekli bir degisken
olarak islenmektedir. Bu nedenle benzetimden kaynaklanan
kuantalama ortaya c¢ikmamaktadir. Ancak ortalama model
anahtarlama  dalgalanmasint  ve  donanimdaki  DPWM
kuantalamasin1  gostermemektedir. Donanimdaki kuantalamanin
etkisi incelenecekse bu kuantalama modele ayrica eklenmelidir.

Yontemlerin Karsilastirilmasi
Tablo 2'de bu kesimde anlatilan yontemler 6zetlenmektedir.

Tablo 2. Coziiniirliigii artirma yontemlerinin karsilastiriimasi

Yontem Nerede Kazang Bedeli

Saat frekansini Da}ha bzl .

Donanim Simnirh mikrodenetleyici
artirma .

gerekir
Anahtarlama Daha biiyiik bobin ve
o Donanim Sinirlt .

frekansini diigiirme kondansator
Yiiksek Uygun
¢oztinirlikli Donanim Cok yiiksek mikrodenetleyici
zamanlayict gerekir
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Yontem Nerede Kazang Bedeli
. . . . Disiik frekanshi
Titrestirme Yazilim Birkag bit
dalgalanma
Sigma-delta Yazilim Birkag bit Karmagik dalgalanma
spektrumu
Ktk ¢ozicii Benzetim Adimla Uzun benzetim siiresi
adimi orantil
D"egulslfen adiml Benzetim Yiiksek Sik anahtarlamada
coziicii yavaslama
Interpolasyon Benzetim Yiiksek Aragtg bulunmas
gerekir
Ortalama model Benzetim Kuantalama Dalgalanma ve"D'P WM
olusmaz kuantalamasi goriinmez

Kaynak: Yazar tarafindan hazirlanmistir:

Donanimda yiiksek ¢6ziiniirliikklii bir zamanlayict varsa ilk
tercih o olmalidir. Yoksa titrestirme ya da sigma-delta yontemleri
yazilimla birkag¢ bit kazandirabilmektedir. Benzetimde ise 6nemli
olan, modeldeki kuantumun donanimdaki kuantumla tutarl
olmasidir. Benzetim donanimdan daha kaba olmamalidir.
Donanimin kuantalamasi incelenecekse de bu kuantalama modele
bilingli olarak eklenmelidir.

Tasarimea Icin Rehber

Bu kesimde oOnceki kesimlerde anlatilanlar bir tasarim
akisina dontstiiriilmektedir. Ardindan bir 6rnek iizerinden akis
uygulanmaktadir. Kesim, donanim ve benzetim i¢in kisa kontrol
listeleriyle tamamlanmaktadir.

Tasarim Akisi

Kuantalama ac¢isindan giivenilir bir tasarim i¢in asagidaki
adimlar izlenebilir.

1. Once giris ve ¢ikis gerilimlerinin aralig1 belirlenmektedir.
Bu araliktan en zorlu calisma noktast bulunmaktadir.
Algaltan tip doniistiiriiciide bu nokta en yiiksek giris
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gerilimidir. Yiikselten tip doniistiiriiclide ise en yiiksek
gorev oranidir.

. Cikigta kabul edilebilecek en biiylik adim 6V olarak
secilmektedir. Bu deger genellikle ¢ikis toleransinin
kii¢iik bir kesri olarak alinmaktadir.

. Gerekli seviye sayisi hesaplanmaktadir. Algaltan tip

dontstiiriici  i¢gin  Denklem (10), yiikselten tip
dontstiiriici  icin  Denklem (11) kullanilmaktadir.
Denklem (11), Denklem (7)'de Vin = Vou (1 — D)
yazilarak elde edilmektedir.

N > Vin,max / 8V (10)
NEVOut/ [6V (1 _Dmax)] (11)

. Limit ¢evrimi kosulu kontrol edilmektedir. ADC'nin

cikisa gore kuantumu Denklem (9) ile hesaplanmaktadir.
DPWM adiminin bu degerden kiiciik olup olmadigina
Denklem (8) ile bakilmaktadir. Bu kosul ¢ogu zaman bir
onceki adimdaki kosuldan daha zorludur. Bu durumda
gereken N, 8V yerine ADC kuantumu kullanilarak
yeniden hesaplanmaktadir.

. Kullanilacak mikrodenetleyicinin sagladigi N, Denklem
(3) ile hesaplanmaktadir. Merkez hizahih PWM
kullaniliyorsa bu deger yariya diismektedir. N yeterli
degilse  ¢Oziiniirliigii  artirma  yollarindan  biri
secilmektedir.

. Denetleyici ayarlanmaktadir. Denetleyicide integral
terimi bulunmali ve integral kazanci yeterince kiiglik
tutulmalidir.

. Benzetim modeli kurulmaktadir. Benzetimdeki

kuantumun donanimdakinden kaba olmamasi
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saglanmaktadir. Donanimdaki DPWM ve ADC
kuantalamas1 modele bilingli olarak eklenmektedir.

8. Son olarak tasarim dogrulanmaktadir. Kararli haldeki
gorev orant komutu benzetimde ve donanimda
kaydedilmektedir. Komutun tek bir seviyede kalip
kalmadig1 kontrol edilmektedir.

Uygulama Ornegi

Akis, 48 V ¢ikigh bir yiikselten tip doniistiiriicii lizerinde
uygulansin. Giris gerilimi 12 V ile 24 V arasinda degigmektedir.
Anahtarlama frekans1 50 kHz'tir. En zorlu c¢alisma noktas: 12 V
giristir. Bu noktada gorev oram1 D =1 — 12/48 = 0,75'ir.

Cikista en fazla 0,1 V'luk bir adim kabul edilsin. Denklem
(11)'e gére N > 48 / (0,1 x 0,25) = 48 / 0,025 = 1920 olmasi
gerekmektedir. Bunu saglayan en kiigiik ikinin kuvveti 2!! = 2048,
yani 11 bittir.

Mikrodenetleyicinin sayict saati 170 MHz olsun. Kenar
hizali PWM'de Denklem (3)'e gore N =170 000 000 / 50 000 = 3400
olmaktadir. Bu deger hedefi saglamaktadir. Ancak merkez hizali
PWM kullanildiginda N = 3400 / 2 = 1700'e diigmektedir. Bu
durumda hedef saglanamamaktadir. Bu basit ayrinti, PWM kipinin
se¢iminin bile ¢coziliniirliigl degistirebildigini gostermektedir.

Simdi limit ¢gevrimi kosulu kontrol edilsin. Cikis 12 bitlik bir
ADC ile dlgiilmektedir. ADC'nin referans gerilimi 3,3 V'tur. Gerilim
boliicii 48 V'u 3 V'a indirmektedir, yani k = 3/48 = 0,0625'tir.
Denklem (9)'a gre ADC'nin ¢ikisa gére kuantumu AV oyt apc = 3,3 /
(0,0625 x 4096) =3,3 /256 =~ 12,9 mV'tur.

Kenar hizali PWM ile N = 3400 oldugunda DPWM'in
cikistaki adim1 Denklem (7)'ye gére 12 /(3400 x 0,25%)=12/212,5
~ 56 mV'tur. Bu deger ADC kuantumundan biiytiktiir. Yani hedef
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cikis ¢Oziliniirliigii saglanmis olsa bile limit ¢gevrimi beklenmektedir.
Bu hesapta ADC'nin kagit tizerindeki bit sayist kullanilmistir. Daha
ince bir ADC kosulu zorlastirdigindan bu se¢im giivenli taraftadir.

Limit ¢evrimini onlemek i¢in Denklem (11)'de 6V yerine
12,9 mV kullanilmaktadir. Bu durumda N > 48 / (0,0129 x 0,25) =
48 / 0,003225 = 14 900 olmas1 gerekmektedir. Bunu saglayan en
kiiciik ikinin kuvveti 2'4 = 16 384, yani 14 bittir. Bu ¢oziiniirliigii 50
kHZ'te siradan bir sayiciyla elde etmek i¢in fsaat = 16 384 x 50 000 =
819 MHZ'lik bir saat gerekmektedir. Bu nedenle bu tasarimda yiiksek
¢oziiniirliiklii bir zamanlayict kullanilmalidir. Ornegin 50 kHz'in
periyodu 1 / 50 000 = 20 ps'dir. Bu periyot 200 ps'lik adimlarla 20
us / 200 ps = 100 000 seviyeye boliinmektedir. Kosul da bdylece
rahatlikla saglanmaktadir.

Ornek onemli bir noktayr agik¢a gostermektedir. Cikis
¢oziiniirligl i¢in yeterli olan bir DPWM, limit ¢evrimini 6nlemek
icin yeterli olmayabilir. Bu nedenle tasarimda her iki kosul da ayr1
ayr1 kontrol edilmelidir.

Donamim I¢in Kontrol Listesi

e Sayici saati, anahtarlama frekans1 ve PWM kipi (kenar ya
da merkez hizali) belirlendi mi? Bunlardan N hesaplandi
mi1?

e (Cikistaki adim en zorlu ¢alisma noktasinda hesaplandi
mi?

e ADC'in c¢ikisa gore kuantumu, gerilim bdliicii oram
dikkate alinarak hesaplandi m1?

e ADC'nin etkin bit sayis1 veri sayfasindan kontrol edildi
mi?

e DPWM adimi ADC kuantumundan kii¢iik mii?
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Denetleyicide integral terimi var mi? Integral kazanci
yeterince kiiglik mii?

N yetersizse yiiksek ¢oziiniirlikli zamanlayici,
titrestirme ya da sigma-delta diigiiniildii mii?

Kararli halde gorev orani komutu kaydedilip tek bir
seviyede kaldig1 dogruland1 mi1?

Benzetim i¢in Kontrol Listesi

Coziicti tiirii ve adimi biliniyor mu? Varsayilan degerler
kontrol edildi mi?

Benzetimdeki seviye sayis1t N = Tsw/Ts hesaplandi m1? Bu
deger donanimdaki N'ye esit ya da ondan biiylik mii?

Anahtarlama anlar1 i¢in interpolasyon kullaniliyor mu?
Kullanilan aragta bu 6zellik agik m1?

Coziicii adim1 yariya indirildiginde sonuglar degisiyor
mu?

Denetleyici kazancglar1 hangi modelde ayarlandi? Bu
model, kazanclarin  kullanilacagt  modelle  ayni
¢Oziintirliikte mi?

Donanimdaki DPWM ve ADC kuantalamasi modele
eklendi mi?

Benzetimde  goriilen  bir  salimim,  ¢Ozlniirliik
degistirilerek kaynagina gore ayirt edildi mi?

Raporlama

Benzetim ve deney sonuglar1 yayimlanirken kuantalamayla
ilgili bilgiler de verilmelidir. Bu bilgiler olmadan sonuglarin
tekrarlanmasi zorlagsmaktadir. En azindan c¢oziicii tiiri ve adimi

raporlanmalidir.  Interpolasyon kullamlip  kullanilmadigi  da
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belirtilmelidir. Donanim tarafinda DPWM'in seviye sayisi ya da
sayict saati, PWM kipi ve ADC'nin bit say1s1 verilmelidir. Bu bilgiler
genellikle bir tablo ya da birkag climleyle verilebilmektedir.

Sonu¢

Bu bolimde anahtarlamali giic  donistiiriiclilerinde
kuantalama ve ¢oziiniirliikk kavramlar1 temel diizeyde ele alinmistir.
Sayisal denetimde gorev oraninin siirekli bir deger alamadigi ve
belirli seviyelerle siirli kaldig1 gosterilmistir. Bu sinirlamanin iig
kaynagi incelenmistir. Bunlar sayisal PWM (DPWM), analog-
sayisal doniistiiriicli ve benzetimdeki sabit adimli ¢oziictidiir.

Kuantalamanin etkisi doniistliriiciinlin tiirline ve ¢alisma
noktasina baghdir. Algaltan tip déniistiiriiciide bir DPWM adiminin
cikisa etkisi sabittir. Yiikselten tip doniistiiriiciide ise bu etki gorev
orani arttikca hizla biiylimektedir. Bu nedenle ¢oziiniirlik,
doniistiirliciiniin en zorlu ¢alisma noktasina gore secilmelidir.

Kapali c¢evrimde kuantalama limit c¢evrimine yol
acabilmektedir. Limit ¢evrimini 6nlemek i¢in DPWM'in ADC'den
daha ince olmasi gerekmektedir. Denetleyicide integral terimi
bulunmali ve integral kazanci yeterince kiigiik tutulmalidir.
Uygulama oOrneginde, ¢ikis ¢oziiniirliigii icin yeterli olan bir
DPWM'in limit ¢evrimini Onlemek i¢in yetersiz kalabildigi
goriilmiistiir. Bu nedenle iki kosulun ayri ayr1 kontrol edilmesi
onerilmektedir.

Coziinirlik yetersiz oldugunda yiiksek ¢oziiniirliikli
zamanlayicilar, titrestirme ve sigma-delta modiilasyonu gibi yollar
kullanilabilmektedir. Benzetimde 1ise modeldeki kuantumun
donanimdakiyle tutarli olmasi1 gerekmektedir. Aksi durumda
benzetimde ayarlanan bir denetleyici donanimda farkh
davranabilmektedir. Boliimde verilen tasarim akisi ve kontrol
listelerinin, hem donanim tasariminda hem de benzetim
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caligmalarinda tasarimciya pratik bir baglangic noktasi saglamasi
amaclanmaktadir.
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BOLUM 8

AA SURUCULERDE KONTROL
STRATEJILERININ EVRIMIi: ALAN
YONLENDIRMELI KONTROLDEN MODEL
ONGORULU YAKLASIMLARA

MIKAIL KOC!

Giris

Elektrik motorlar1 evrensel olarak diinya elektrik tiiketiminin
neredeyse yartya yakin oranini kullanan makinelerdir (IEA - 2023).
Bu yilizden motorun nasil siiriildiigli, verimlilikten, giiriilti ve
titresime, ara¢ menziline ve proses kalitesine kadar oldukca genis bir
etki alaninin merkezindedir. Hiz ve konum denetimi i¢ dongiiniin,
yani akim ve tork kontroliiniin kalitesine dayanir.

Akim ve tork kontroliiniin tarihi, degisen bir denge arayisidir.
Hizli dinamik cevap, diisilk tork salinimlar1t ve parametre
varyasyonlari, dayaniklilik gibi hedefler, siirli hesaplama giicii,
ornekleme gecikmesi, glic elektronigi kisitlart ve maliyet gibi
uygulama gercekleri kontrol stratejileri gelistirmede goz Oniinde

' Dog. Dr. Mikail Kog, Kirsehir Ahi Evran Universitesi, Miihendislik-Mimarlik
Fakiiltesi, Eletrik Elektronik Miihendisligi Boliimii, Orcid: 0000-0003-1465-1878
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bulundurulan temel kriterlerdir. Her donemin gelisen yontemi, bu
dengeyi donemin teknolojisinin izin verdigi Olclide kuran
yontemlerdir.

Bu boliim, ii¢ donemi izleyen ¢ergeve kullanir. Alternatif
akim makineleri dogru akim makineler gibi siirmeyi saglayan alan
yonlendirmeli kontrol (FOC), akiy1 ve torku dogrudan kontrol eden
dogrudan tork kontrolii (DTC) ve makine ile eviricinin modelini
kontroliin merkezine yerlestiren model 6ngoriilii kontrol (MPC). Bu
boliimiin amaci ayrintili bir tasarim kilavuzu sunmak yerine,
belirtilen bu yontemler arasindaki fikir baglarini, goreceli olarak
giiclii ve zayif yanlarin1 ve bugiin nereye evrildiklerini mithendislik
sezgisiyle aktarmaktir.

Klasik Yaklasimlar

Tipik bir AA siiriiciisii li¢ fazli bir gerilim kaynakli evirici,
motor, akim sensorleri ve sayisal bir denetleyiciden olusur. Bu yap1
dogal olarak iki temel 6zellik dogurur. Sistem siirekli zamanli bir
stire¢ ile ayrik zamanli bir denetleyicinin birlesiminden olusur ve
hesaplanan komut degerleri ancak bir sonraki drnekleme araliginda
uygulanabilir.

Ug fazh biiyiikliiklerin rotorla dénen -dq eksen gerceveye
aktarilmasi, alternatif akim makine kontroliindeki en Onemli
adimdir. Siniizoidal biiytikliikler bu doner eksenlerde sabit goriiniir
ve PI denetleyicilerin sabit referanslar1 sifir kalict hataya siirme
ozelliginden yararlanilabilmesine olanak tanir. Sabit miknatish
senkron motorlar (PMSMs) i¢in gerilim denklemleri soyledir:

. dig ,
Vg = Rsig + Ly G welqlg

] di, ‘
Vg = Rgig + Lg T + we(Lde + ¢f)
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Burada R; stator direncini, Ly ve L, -d ve -q eksen endiiktanslarin,
we elektriksel agisal hizi ve ¥y miknatis akisini temsil etmektedir.
Ik terimler sirastyla direng gerilim diisiimiinii ve endiiktif enerji
depolanmasini, digerleri ise eksenler arasi ¢apraz kuplaji ve
elektriksel hiz ile orantili olan geri-EMF'yi temsil eder.
Elektromanyetik tork ise su sekilde verilir:

3
T, = Ep[z/;fiq + (Lg — Lg)iaig]

Burada ilk terim sabit miknatis sayesinde iiretilebilecek olan torku,
sonraki terim ise reliiktans torku ifade eder. Yiizey monteli sabit
miknatisli motorlarda (SPM) L; = L, oldugundan elektromanyetik
tork yalnizca i, ile orantilidir. Gomiilii miknatisl makinelerde (IPM)
ise tork her iki eksen akiminin dogrusal olmayan fonksiyonudur ve
dogru akim referanslarinin {iretilmesi literatiirde yaygin olarak
MTPA olarak bilinen stratejiler gibi ayr1 yontemler gerektirir.

Sayisal tasarim i¢in motor modeli ayrik zamanda incelenir.
Ornekleme zamani Ts yeteri kadar kiigiikse, ileri Euler yontemi ile

i[k + 1] = Ai[k] + Bv[k] + d[k]

esitligi elde edilir. Burada A diren¢ ve ¢apraz kuplaj etkilerini, B
olceklenmis ters endiiktanslari ve d geri-EMF gibi bozucular1 temsil
eder. Bu esitlik ile bir sonraki akim degeri yani komut degerler,
mevcut akim ve uygulanan gerilim degerlerinden tahmin edilir.
Yiiksek operasyon hizlarinda veya diisiik Ts oranlarinda Euler
yaklagikligi onemli hatalar iiretebileceginden, tam ayriklagtirma
tercih edilebilir (Schnell, Balamurali, Bocker, & Wallscheid, 2025).

Giig elektroniginde iki seviyeli bir evirici alt1 aktif ve bir sifir
vektorii olmak tlizere yedi farkli gerilim vektorii iiretebilir. Uzay
vektor modiilasyonu (SVPWM) bu vektorleri bir periyot iginde
uygun siirelerle karistirarak siirekli degerli bir referans gerilim elde
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eder ve bu yontem modern yaklasimlarda en sik tercih edilen iistiin
ozellikleri ile 6ne ¢ikan yontemdir.

FOC, torku ve aki vektoriinii iki bagimsiz akim bileseniyle
yani -dq akimlariyla yonetme fikrine dayanir. SPM makinelerde
tipik strateji iy = 0 ve torku yalmzca i, ile reqiile etmektir. Bu
yontem 1970'lerin basinda ortaya ¢ikmis ve endiistriyel siiriiciilerin
uygulamadaki standardi haline gelmistir (Blaschke, 1772). Bu
strateji, icte -d ve -q eksenleri i¢in iki ayr1 PI akim denetleyicileri,
dista hiz dongilisii olan bir kaskad stratejiye dayanir. Akim
denetleyicilerin ¢ikislar1 bir modiilatérle anahtarlama sinyallerine
doniistiiriilerek kontrol gergeklenir.

Yaygin olarak kontrol tasarimi yaklasiminda, istenen akim
dongiisti bant genisligi . i¢in kazang katsayilari,

ky, =acL

ki = acRg

ile belirlenir. Bu se¢im kontrolcii sifirm1 motorun elektriksel
kutbuyla c¢akistirir. Bu se¢imle kapali ¢evrim yaniti, zaman sabiti
1/a. olan birinci dereceden sisteme indirgenir. Capraz kuplaj ve
geri-EMF terimleri ileri besleme yontemleriyle kompanse edilir.
FOC'un yayginliginin baglica nedeni yukarida bahsedilen basit
yaklagimdir.

Stiriiclide sayisal gecikme ulagilabilir bant genisligini
siirlar. Pratikte akim dongilisii bant genisligi tipik olarak 6rnekleme
frekansinin onda biri gibi bir deger segilir. PI denetleyici ayari,
saturasyonla ve sicaklikla degisen motor parametrelerine duyarlidir.
Bu siirhiliklar model 6ngoriilii kontrole olan artan ilginin arka
planini olusturur.

Yukarida bahsedilen kutup-sifir yok etme tasarimi modelin
dogru bilindigi varsayimina dayanir. Parametre varyasyonu kapali
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cevrim yanitini tasarlanan birinci derece davranistan uzaklastirir ve
tasarimin saglamligi ayar sirasinda optimize edilmis olsa da
kullanim sirasinda varyasyonlara bagli olarak sinanir.

DTC, 1980'lerin ortasinda onerilmis ve akim dongiisiinii tork
ile akmin dogrudan kontroliiyle degistirmistir (Takahashi &
Noguchi, 1985). DTC stratejisinde temel ayrim stator akisinin
motora uygulanan gerilim vektoriiyle dogrudan
degistirilebilmesidir.

Y = j(vs — R,ig) dt

3
T, = E p(d’sa isB - 1.l’sB isa)

SPM’de tork, stator akisi ile rotor akisi arasindaki yiik agis1
olarak adlandirilan aginin siniisiiyle orantilidir. Dolayisiyla stator
akisin1 rotor akismna gore degistirmek torku degistirir. Klasik
DTC’de, aki ve tork hatalar iki histerezis bandiyla siniflandirilir ve
akinin bulundugu sektorle bir anahtarlama tablosuna girerek uygun
vektor secilir. Histerezis tabanli bu DTC yonteminde PI kontrolérler,
-dq eksen doniisiimii ve modiilator gerekmez.

Hizli tork cevabi, basit yap1 ve az parametre bagimlilig1 gibi
ozellikleri ile tercih edilen bu yapinin degisken anahtarlama frekansi
sebebiyle yiiksek tork dalgalanmasi 0Ozelligi dezavantajlari
arasindadir. Ayrica genis bantli harmonikler siirticli sistemde akustik
giriilti ve EMI sorunlar1 da yaratabilmektedir. Bu sorunlarin
tistesinden gelebilmek adina SVM'li DTC, sabit frekansh yontemler
ve Ongoriilii yapilar Onerilmistir (Vazquez, Rodriguez, Rivera,
Franquelo, & Norambuena, 2017). Bu iyilestirmeler FOC ile DTC
arasindaki ¢izgiyi bulaniklagtirarak goreceli Ustiinliikleri stirekli
yarismigtir.
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Klasik  yontemlerin ortak ozelligi tasarimda Once
denetleyiciyi kurma sonra ayarlama anlayisina dayanir. Sistemdeki
sinirlar, kisitlar ve varyasyonlar sonradan ikincil mekanizmalarla ele
alimir ve ¢ok amagl istekler tek yapiya dogal bicimde yerlesemez.
Bu gibi dezavantajlar AA siiriiclilerde model 6ngoriilii kontrol
stratejilerinin trend olarak gelismesine zemin hazirlamistir.

Model Ongoriilii Kontrol (MPC)

Model 6ngériilii kontrol, sistemin mevcut modeliyle farkli
kontrol girislerinin doguracagi yakin gelecekteki sonuglart 6nceden
hesaplar. Strateji Onceden tanimlanmis olan bir ol¢iitii en iyi
saglayan girisler ne ise onu secer. Bu strateji fikri her ne kadar proses
endiistrisinde eski olsa da siirliciilerde karar ve kontrol siiresi
mikrosaniye seviyelerle Ol¢iildiigiinden kavrama olan yaygin ilgi
giiclii sayisal islemciler ve FPGA'lar sayesinde ancak 2000'li yillarin
sonunda artmistir (Kouro, Cortes, Vargas, Ammann, & Rodriguez,
2009).

Ongoriilii kontrol stratejisinde temel olarak iki ana aile
vardir. Siirekli kontrol kiimeli MPC (CCS-MPC) yaklasiminda
denetleyici stirekli gerilim referansi hesaplayarak modiilatore iletir.
Bu yaklasim FOC'un modiilatdr tabanli yapisini korur. Diger
yaklasim ise sonlu kontrol kiimeli MPC (FCS-MPC) stratejisidir. Bu
yaklasimda ise kontrolor evirici tarafindan iretilebilen sonlu
vektorleri bir bir dener ve en 1yisini seger.

Sonlu Kontrol Kiimeli MPC

Her 6rnekleme esnasinda dlgtilen akimlar ve hiz bilgileriyle
her aday vektdr i¢in bir sonraki akim tahmini elde edilir, bir maliyet
fonksiyonu hesaplanir ve en diigilk maliyetli aday hangisi ise o
uygulanir. Asagida tipik bir maliyet fonksiyonu esitligi verilmistir.

g=(i5-®)" +(i5—i2)" + Aswnsw
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Burada iP tahmin edilen (predicted) akimi, i* komut akimi, ng,
anahtarlama gecisinin sayisini ve Ay, ise agirlik katsayisini temsil
etmektedir. Esnek olmasi bir avantajdir. NOtr noktasi dengesi,
anahtarlama frekansi veya akim sinirlar1 gibi hedefler ayri
denetleyici mekanizmalar yerine maliyet terimleri olarak hesaba
katilabilir.

Geleneksel PI  denetleyicilerle  gelistirilen  kontrol
yontemlerinde alan zayiflatma bodlgesinde operasyon gerektiginde
sistemin akim ve gerilim sinirlarin1 agsmamak i¢in disaridan ilave
satlirasyon bloklar1 ya da karmasik ikincil denetleyiciler eklemek
gerekmektedir. MPC’de ise sistemdeki akim ve gerilim sinirlar
maliyet fonksiyonuna ve aday se¢imine dogrudan dahil edildiginden
siirlart koruma isi ayrica bir ek mekanizmaya ihtiyag duymadan
dogrudan kontrol algoritmasinin dogal akis1 i¢cinde ¢oziilmiis olur.

Ancak bu yaklagimda farkli birimli terimleri birlestiren
agirliklarin ayar1 ¢ogunlukla sezgisel yapilir (Alhajeri & Soroush,
2020). Gii¢ elektronigi anahtarlama frekans: degiskendir ve buna
bagli olarak harmonik spektrum genistir. Her periyotta tek vektor
secilir ve buna bagli olarak akim/tork dalgalanmasi, ayn1 frekansta
modiilasyonlu yontemlerden goreceli olarak yiiksektir. Bir diger
dezavantaj ise yontem model parametrelerine duyarlidir. Endiiktans
varyasyonlari kalict akim hatalarina yol acabilir ve buna bagli olarak
sistemde verim diistikliigli gézlenebilir.

Stirekli Kontrol Kiimeli, Modrtilatorlii ve Uzun Ufuklu Yaklasimlar

Model 6ngoriilii kontrolde diizensiz spektrumun iistesinden
gelebilmek icin CCS-MPC yaklagimi gelistirilmistir. Yaklagimin
basit bir 6rnegi, ayrik modelin tersini alarak bir sonraki adimda
akimi komuta ulagtiran 61l vuruslu (dead-beat) yaklagimdir.

v*[k] = B71(i*[k + 1] — Ai[k] — d[k])
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Cikis SVPWM'e iletilir ve boylece sabit anahtarlama frekansi
ile diizenli spektrum ve hizli yanit bagarilir. Ancak model hatasina
ve sistem gecikmelerine duyarlilik yiiksektir ve bozucu gézlemleyici
yontemlerle desteklenmis bigimleri yaygindir (Zhao et al., 2024).
Modiilasyonlu FCS-MPC'de segilen vektorler yalnizca hesaplanan
stire neyse o aralikta uygulanir ve kalan siire ise bagka bir vektorle
doldurulur ve bu sayede sabit anahtarlama frekansi elde edilir.

Tek adimhi 6ngdrii yontemi dogal olarak kisa gorisliidiir.
Uzun ufuklu MPC yaklagimi gegici bir maliyet artisin1 goze alip ayni
anahtarlama frekansinda diisiik harmonikler basarabilir. Ancak aday
dizi sayis1 ufukla beraber {iistel artmaktadir ve kiire kod ¢dzme
benzeri arama daraltma yontemleri gerekmektedir (Kliddtke, Darup,
& Quevedo, 2024). Literatiirde alternatif olarak ¢6ziimii ¢evrimdisi
hesaplayip bolgelere ayiran agik (explicit) MPC  stratejileri
gelistirilmistir. Bu yaklasimlarin bedeli ise bellek ihtiyact ve
dogrusal olmayan sistemlerdeki uygulanabilirliginin  smirh
kalmasidir.

MPC de Agirlik Katsayisi Ayart ve Parametre Duyarliligi

Model ongoriilii kontrol stratejilerinde agirlik katsayisinin
ayarlanmasi genel olarak 3 yontemle gergeklestirilir. Bunlar; katsay1
secimini  otomatiklestirmeyi basarabilmek, agirlik katsayisi
gerektirmeyen formiilasyonlara gegmek ve amaclari ardisik adimlara
bolen sirali MPC yapilari kullanmak olarak siralanabilir.
Literatiirdeki ortak egilim ise katsay1 ayarini tasarimcinin sezgisine
birakan yontemlerden kendi kendine ayarlanabilen yapilar
gelistirmeye dogrudur.

Parametre varyasyonlart pratikte tim uygulamalarda
kacinilmaz fiziksel bir gercekliktir. Bir motordaki endiiktans
degerleri satlirasyon nedeniyle akim seviyesine bagl olarak 6nemli
Olciide degismektedir, direncin sicaklikla arttigi kaginilmaz bir
gercektir ve sabit miknatis akisi ise sicaklikla azalmaktadir. Model
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ongoriilii yontemlerde parametrelerdeki bu varyasyonlar dogrudan
tahmin hatasina doniisebilmektedir ve nihayetinde uygulamada
kalic1 akim ve tork hatalarina, artan tork ve akim salinimlarina veya
kararliligin kotiilesmesine sebep olabilir, hatta kararsizliga varana
kadar ciddi sonuglara yol agabilecek sekilde parametre hassasiyeti
kendini goOsterebilir. Parametrelerdeki bu varyasyonlara olan
duyarlilik icin de stratejiler ii¢ kategoride simiflandirilabilir. ilk
kategori olarak model uyumsuzlugunu bozucu olarak kestiren
gozlemleyici yapilar gelistirilmesi belirtilebilir. Ikincisi, anlik
parametre tanimlama ve modelin bilinmeyen kismini girdi/gikti
verilerinden 6grenen modelden bagimsiz yaklasimlar gelistirilmistir
(Watson, 2025). Ugiinciisii ise, klasik modelleme ile veri giidiimlii
kontrol arasinda gegcis noktasi olusturan yaklagimlardir.

Alan Zaviflatma Stratejisi

Gergekte bir siirlicii akim ve gerilim limitleri i¢inde ¢alismak
zorundadir. Akim sinir1 motorun ve gii¢ elektronigi devresindeki
yar1 iletkenlerin termal dayanimlarindan ve akim tasima
kapasitelerinden gelir. SVPWM teknigi ile gelistirilen siirticiilerde
ise lineer modiilasyon aralifinda uygulanabilecek maksimum
gerilim degeri literatlirde yaygin olarak bilinmektedir ve V. =

Vae/N3'tiir.,
i+ 12 < I3

VmaX
(Loiq)” + (Laia + ¥f)" < ( )

We

2

Ikinci esitsizlik kararli durumda diren¢ diisiimii ihmal
edilerek elde edilir ve -dq eksen akim diizleminde hiza bagl olarak
gerilim elipslerini belirtir. Motorun operasyon hiz1 arttik¢a elips
bliziiliir ve ulasilabilir akim ¢iftleri daralir. Alan zayiflatma
bolgesinde i; akimi negatif yonde biyiitiilerek miknatis akisi
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zayiflatilir. Bu yontem elektrikli araglar ve yiiksek hizli siirticiiler
Ozelinde ayr1 bir 6nem tasir.

Klasik FOC'da sistem sinirlar1 denetleyicinin disinda ele
almir. Referanslar degistirilir, integrator sismesi engellenir ve alan
zayiflatma ayr1 bir stratejiyle yonetilir. Gerilimin doygunluga
yaklastigt hizli gecici durumlarda sistem Ongdriilemeyen
davraniglara yol acabileceginden alan zayiflatma kontrol stratejisi
hassasiyet gerektirmektedir. Ongoriilii kontrol yaklasimlarinda ise
limiti asan adaylar elenebileceginden ya da
cezalandirilabileceginden kisit yonetimi ayrica bir mantik blogu
olmaz ve problemin dogrudan bir pargasidir. MPC’de tork
referansindan akim referansina giden MTPA, alan zayiflatma
yolunda akim kontroliiyle biitiinlesik bir optimizasyon ele alinmasi
literatiirde giincel arastirma egilimidir (Kozubik, Vesely,
Aufderheide, & Vaclavek, 2024). Ancak bu durum modelin
dogruluguna, satiirasyon ve sicaklik etkilerinin bilinmesine oldukga
bagimlidir.

Dijital Gecikme ve Islemci Yiikii

Model 6ngoriilii kontrol sistemlerinde dl¢lim ile referansin
etkili oldugu an arasinda bir 6rnekleme periyodundan daha fazla
gecikme olusabilmektedir. Bu durum 6ngoriilii kontrol sistemlerinde
kararlilik marjin1 ve bant genisligini diistiriir. Bu durumun ¢oziimii
adina Olgiilen i[k] degeri ile uygulanmakta olan gerilimden bir
sonraki i[k + 1] tahmin edilir ve optimizasyon tahmin edilen bu
deger tizerinden i[k + 2] i¢in yapilir. 2 adimh bu strateji
uygulamalarda neredeyse standartlagmistir.

FCS-MPC maliyeti ufuk uzunlugu ve aday sayisi ile
artmaktadir. ki seviyeli eviricilerde 7 adet aday makuldiir. Ote
yandan ¢ok fazli, ikiden fazla seviyeli ve uzun ufuklu uygulamalarda
ise hesaplama ytiikii 6nemli oranda artar. Aday eleme veya aramay1
daraltma gibi algoritmik sadelestirme yontemleri, agir yiik olusturan
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hesaplamalar1 ¢evrimdisi yapip sonucu arama tablosu veya sinir
agma sikistirma ya da bir diger alternatif yontem olarak donanim
kapasitesini ~ gelistirme/hizlandirma gibi  yontemlerle sayisal
hesaplama yiikii sorununa ¢oziim arayiglar1 literatiirde yaygindir.
Modern FPGA'lar aday degerlendirme siireglerini paralel olarak
yirlitebildiginden dongii siireleri mikro-saniye altina inebilir ve
ongoriili kontrol stratejileri i¢in dogal bir platform olusur. Ancak
problemin yalnizca donanimsal olmadigi, karmasik optimizasyon
stratejilerin ~ dogrulanabilir  olmast ve islevsel giivenlik
gerekliliklerinin de 6nemli oldugu unutulmamalidir.

Gelisen teknolojiyle GaN ve SiC giic elektronigi
devrelerinde yiiksek anahtarlama frekanst ve kisa 6lii zamanla
akim/tork salimimlarin1 ve evirici kaynakli varyasyonlar1 azaltir.
Dezavantaj olarak yiliksek dv/dt 6l¢iim giiriiltiisii, EMI ve yalitim
gerilimi sorunlar1 aciga ¢ikabilmektedir (Meng, Zhang, Fu, & Dong,
2019). Kontrol perspektifinden esas etki zaman araliginin
kiigiilmesidir. Ornekleme periyodu daralir ve algoritmanmn bir
dongiiye sigmas1 zorlasabilir. Yiiksek operasyon hizi gerektiren
motorlarda  Ornekleme frekansimin  temel frekansa orani
kiigiildiigiinde stirekli zamanli tasarim gecersizlesebilir. Ayrik
zamanl tasarimlar ve gecikme telafili yontemler gerekir (Fang &
Doki, 2026).

Uygulama Ozelinde Trendler

Elektrikli araclarda ara¢ menzili dogrudan verimle orantili
oldugundan her yiizdelik dilim olduk¢a Snemlidir. Bu uygulama
ozelinde genis hiz aralifinda operasyon gerektiginden kaliteli akim
ve tork kontrolii, alan zayiflatma kontrol stratejisi, tork salinimlari
ve siirlicii sistemin akustik giirliltii seviyesi, batarya gerilim
degerinin sarj seviyesine bagli olarak gosterdigi degisimleri ve
yiiksek elektrik frekanslarinda diisiik 6rnekleme orani gibi pratikte
cesitli sorunlar One ¢ikar. Yiiksek verim dstiinliigiiyle en sik
kullanilan gédmiilii miknatisli motorlarda MTPA ve alan zayiflatma
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arasindaki gecisin piiriizsiizliigli siiriis konforu ve verimli siiriicii
basarimi agisindan belirleyicidir. Model 6ngoriilii yontemler kisitl
ve ¢cok amacl yapilar1 nedeniyle son yillarda ilgi gérmekte olsa da
iretimde PI tabanli yapilar teknolojik olgunlugu istiinliigiiyle
baskindir (Busarello, Bubshait, Varaprasad, Alsaleem, & Simdes,
2025).

Eviiriinlerinde maliyet kriteri 6n plandadir. Milyonlarca adet
iiretilen camasir makinesi ya da buzdolab1 kompresorii benzeri ev
iirinlerinde her kurus 6nemli oldugundan maliyet baskis1 6ne ¢ikar
ve matematiksel olarak basitlestirilmis ve diisiik maliyetli 32-bit
hatta bazen 16-bit mikrokontroldrler ile calisabilen klasik FOC
yapilar standartlagmistir.

Endiistrivel _ siiriicti _ sistemlerinde ~ Ongorilebilirlik,
giivenilirlik ve kolay devreye alma dncelikler arasindadir. Parametre
tanimlama ve kendi kendine ayar, algoritma kadar Onemlidir.
Uygulayicilarin ayar zorlugu ile karmasikliga toleransi genel olarak
disiik oldugundan kendi kendini devreye alma kabiliyeti ¢ogu
zaman algoritmanin hesaplama verimliligi hususundan daha fazla
deger goriir. Dogal olarak ongoriilii kontrol yontemlerinde gergekei
yol, agirhik ayarindan bagimsiz ve kolay yapilandirilabilir
yaklagimlara baglidir.

Servo, robotik ve havacilik uygulamalarinda hizli ve dinamik
cevap ile mikrosaniye seviyelerde hassas pozisyon kontrolii ya da
hiz kontrolii gerektiginden bant genisligi yliksek olmak zorundadir.
Bu zorunluluk o6lii vuruslu (dead-beat) ve durum goézlemleyici
yapilart (Extended Kalman Filter, Luenberger vb.) ve yiiksek
performansli DSP ve FPGA uygulamalarini 6ne ¢ikarir. Deadbeat
kontrol hizl1 yerlesme zamani saglarken, gézlemleyici yapilar sensor
kaynakl giiriiltiileri filtreleyerek ol¢iilemeyen biiytikliikleri kestirir
ve sisteme bilgi saglar.
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Yenilenebilir enerji ve cok fazli ve cok seviveli siiriicii
sistemlerde yiiksek giicler diisiik anahtarlama frekansiyla yiiksek
akim kalitesi gerektirirler. 6 faz, 9 faz gibi ¢ok fazli makinelerde faz
say1s1 arttik¢a kontrol edilebilir degisken arttigindan serbestlik sayisi
da artmaktadir. Ornek olarak 5 fazli bir makinede, aff diizlemi
yanisira tork liretmeyen ancak harmonik akimlari barindiran bir
baska diizlem olan alt uzay xy diizlemi bulunur ve xy diizlemindeki
akimlarin da sifira siiriilerek bastirilmasi gerekir. Geleneksel FOC
tabanli sistemlerde bu durum ilave denetleyicilere ihtiyag
dogurmaktadir. Ote yandan FCS tabanli MPC sistemlerde ilgili
terimler maliyet fonksiyonuna dahil edilir, ancak bu kez aday say1s1
hizla biiyiir. Ornegin iki seviyeli bes fazli bir evirici yapisi igin 32
farkli anahtarlama durumu bulunmaktadir. iki  diizlemin
agirliklandirilmast  agirlik  sorununu  keskinlestirir.  Siiriicii
sistemlerde artarak tercih edilen ¢ok fazli yapilar hata toleransi
istiinliiginden oldukga ilgi ¢ekicidir. En basit ornegi, bir faz
arizalandiginda kalan fazlarin agilar1 yeniden konfigiire edilip
diizenlenerek sistem calismaya devam edebilir. Model 6ngorilii
yapilar sistemin matematiksel modelini kullandig1 i¢in ariza sonrasi
gergeklesen fiziki degisimler matris degisimi olarak sisteme entegre
edilebileceginden sistemde yeniden yapilandirmay: kolayca ele
almaya elveriglidir. Cok seviyeli eviricilerde 6rnegin ii¢ fazl tig
seviyeli bir eviricide 3°=27 farkli anahtarlama durumu bulunur.
Boylece kontrole ndtr nokta gerilim dengelenmesi ve ortak mod
gerilimi (CMV) bastirilmasi sartlarini eklemeye oldukca elveriglidir.
FCS tabanli MPC kontrol yaklagiminin ¢ok amagli bir yapiya dogal
uyumu sik goriilen Orneklerden biridir. Bu yapilar anahtarlama
frekansinin diisiik olmasi durumlarinda da kaliteli akim dalga
sekilleri sunabildiginden uzun ufuklu MPC yaklagimlar1 da
uygundur ancak hesaplama ylikiindeki artiy goéz Oniinde
bulundurulmak zorunda olan bir sorun olarak devam etmektedir
(Zafra, Vazquez, Geyer, Aguilera, & Franquelo, 2023).
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Sonuglar

Geleneksel FOC tabanli kontrol stratejileri teknolojik
olgunlugu ve diisiik islemci yiikiiyle endiistrinin bel kemigi olmaya
devam etmektedir. Ote yandan model 6ngériilii siiriicii sistemleri
esneklik ve ¢cok amach isteklerde istiinliikk saglamaktadir. Boylece
FOC ve MPC yaklasimlar1t esasen birbirlerinin tamamlayicisi
konumunda gibidir. Iki yéntemin temel farki kontrol stratejisinin
nasil kurgulandiginda yatmaktadir. FOC kontrolii bir geri besleme
problemi olarak goriir. Hata 6l¢iiliir, kontroldr hatay1 sifira siirmeye
calisir ve kutup yerlesimi, kararlilik marjlar1 gibi klasik yontemlerle
yapilir. Model 6ngoriilii kontrolde ise ileri bakighh karar verme
yontemi kurulur. Gelecekteki davranis hesaplama ydntemleriyle
ongoriiliir ve ¢ikisa verilebilecek secenekler arasinda en uygun olani
secilir. Maliyet fonksiyonu, sistemsel kisitlar ve sinirlar ile model
dogrulugu bu yaklagimin temelinde yer almaktadir.

FCS-MPC ile DTC arasinda da modiilatorii atlayarak sonlu
vektor kiimesinden dogrudan se¢im yapmasi benzerligi vardir.
Ayrim ise verilecek olan kararin dnceden kaydedilmis tabloyla m1
yoksa anlik degerlendirme yontemleriyle mi verildigindedir. Giizel
ayarlanmig bir maliyet fonksiyonu igeren FCS-MPC otomatik
iretilen anahtarlama tablosuna benzeyeceginden DTC’ye benzer
(Bonaldo et al., 2025).

Klasik alan yonlendirmeli FOC tabanli kontrol stratejileri -
dq doniistimii ve kaskad yapilariyla siirticlilerin kontroliine diizen
getirmistir ve glniimiizde de en yaygin yapt olarak halen
uygulamalarda tercih edilmektedir. Ote yandan DTC kontrol
stratejileri, ayn1 hedefi farkli a¢idan ele alarak sistemin hizli yanit
vermesini basit yapiyla sunmayir vaat ederken, bedel olarak
dalgalanma ve degisken frekans sorunlarin1 beraberinde getirmistir
ve ¢Ozlmler iizerine literatiir yaygin ¢alismalar siirdlirmistiir ve
siirdiirmektedir. Ongoriilii kontrol ise motorun matematiksel
modelini tasarimin merkezine yerlestirip sistemin sinirlarini ve ¢cok
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amagh farkl istekleri dogal bigimde ele almay1 vaat ederken bedel
olarak islemciyi yoran ve zorlayan agir hesaplama yiikii, dogrusal
olmayan parametrelere olan duyarliligi ve spektral kalite gibi
zorluklar1 beraberinde getirmistir.

Kronolojik akisin gdsterdigi yeni gelistirilen yaklagimlarin
eskilerinin yerine geg¢mesinden ziyade birbirlerinin fikirlerinden
esinlenerek biitlinlesmesidir. Gozlemleyici destekli deadbeat
kontrol, modiileli model 6ngoriilii kontrol ve uzay vektor PWM
kullanilabilen DTC teknikler ornek gosterilebilir. Genis bant
araligina sahip yari iletken teknolojilerin getirdigi ve getirecegi yeni
zaman Olcekleri, gelisen gomiilii hesaplama erisilebilirligi ve
giiclenen veri gidiimlii yaklasimlar gelecek trende yeni seklini
verecektir. Nihayetinde tasarimcinin gorevi yontem olarak en iyisi
sudur arayisina girmekten ziyade uygulamalarin o6zelinde o
uygulamaya has oOncelikleri belirlemek ve oOnceligi dogru ayirt
ederek optimum yolu se¢gmeyi basarabilmek olacaktir. Oncelikler
arasinda ayirt edici kriterler arasinda giivenilirlik, maliyet,
verimlilik,  islemci  yiikii, teknolojik  olgunluk, kolay
uygulanabilirlik, basitlik/karmasiklik, sezgisel kolaylik, dayaniklilik
vb. parametreler siralanabilir.
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BOLUM 9

MODERN ALTERNATIF AKIM SURUCULERE
GENEL BAKIS VE GUNCEL EGIiLIMLER

MIiKAIL KOC!

Giris

Elektrik motorlari, enerjinin doniisiimiinii gerceklestiren,
elektrik enerjisini kullanarak hareket gerceklestiren ve mekanik
enerjiye doniistiiren en yaygin makinelerdir ve bircok uygulamada
tek baslarina kullanimlar1 yeterli olmamaktadir. Motorun torkunu,
rotor donme hizini ve enerji verimliligi degerlerini istenen ¢aligsma
noktasina getirmek i¢in sistemde genel olarak giic elektronigi
devreleri (gii¢ islemcisi), sensorler ve dijital denetleyicilerle birlikte
caligmas1 gerekir ve nihayetinde yiikii tagima gorevini istlenir.
Biitiin olarak bu sisteme tahrik sistemi veya elektrikli siiriiciiler
denir. Sekil 1°de tipik bir elektrikli siiriicii sistemi blok semalarla
verilmistir. Bu boliimiin amaci siiriiciiniin neden 6nemli oldugu,
bugiinkii yapisina nasil geldigi, bir siiriicii sistemi olusturan
bilesenlerin neler oldugu, hangi motor tiirleriyle calistig1 ve stiriicti
tasarimcisini ne gibi giigliiklerin bekledigi konularina deginmektir.

! Dog. Dr. Mikail Kog, Kirsehir Ahi Evran Universitesi, Miihendislik-Mimarlik
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Sekil 1 Tipik bir elektrikli siirticii sematik ¢izimi

P T T T T T T TP TP T PP Ty,

Elektrik Glc
aynag islemcisi
Denetleyici[ Sensor
d — Giris :

Elektrikli Siiriiciilerin Tarihsel Evrimi ve Onemi

Elektrik motorlart ve siirliciiler gilinlimiiz modern
altyapisinin hemen hemen her katmaninda yer almaktadir. Cesitli ev
aletleri, rayli sistemler, asansorler, sanayi tesisleri, yap1 islerinde
kullanilan ara elemanlar ve elektrikli araglara (bisiklet, araba, otobiis
vb.) kadar olduk¢a yaygin kullanim alan1 olan vazgegilmez
sistemlerdir.

Uluslararas1 enerji ajans1 gibi ¢esitli kuruluslarin elektrik
enerjisi tiiketimindeki istatistiki raporlarma ve verilerine gore
elektrik motorlar1 kullanarak enerji tiiketen sistemler kabaca diinya
iizerindeki elektrik enerjisi tiiketim pastasinin yarisinda yerini
almaktadir (IEA - 2023). Sanayi tesislerine diisen pay ise diger
sektorlere gore bir miktar daha yiiksektir. Buradan ¢ikarilacak sonug
ise modern sistemlerde elektrikli motor verimi ve gii¢ islemcisi de
dahil olmak iizere tiim siiriicii sistemin genel verimi hususundaki
ufak bir iyilestirme yaklagimi gerek ulusal olsun gerek evrensel
Olgekte diisiiniildiigiinde anlamli bir enerji tasarrufu saglayacaktir.
Bir elektrik motorun kullanim omrii boyunca maliyetinin biiyiik
boliimiinli iiretim maliyetinden ziyade tiikettigi elektrik enerjisi
maliyeti olusturmaktadir. Bu sebeple tercih edilen motor tiiriiniin ve
genel siiriicii sisteminin enerji verimliligi konularinin 6nemi olduk¢a
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yiiksektir. Cevresel sorunlardan kaynaklanan ve ¢oziimii ilizerine
gelistirilen  iklim hedefleri dogrultusunda yenilenebilir ve
stirdiiriilebilir enerji teknolojilerine olan egilim gerek ulasim
alaninda olsun gerek 1smmma alaninda ar-ge faaliyetlerinin
gelistirilmesini 6nemli kilmaktadir. Bu alanlarda tanimlanan ¢esitli
standartlar ve kiiresel olarak bir¢ok iilkede kabul géren minimum
verimlilik diizenlemeleri bu alanlardaki potansiyelin politika
diizeyinde de onaylandigini yansitmaktadir (IEA).

Modern degisken hizli siirticiiler (variable frequency driver -
VFD) enerji verimliligi adma c¢ok Onemli enerji tasarrufu
sunmaktadir. Ornek olarak bina iklimlendirme pompalar1 veya
havalandirma fanlar gibi akiskan yiiklerde enerji verimliligi cok net
sekilde goriiliir. Akiskan dinamigi Benzerlik Yasalarina gore bu
sistemlerde debi motorun hiziyla dogrudan orantilidir. Benzer
sekilde basing motor hizinin karesiyle, harcanan gii¢ ise hizin
kiipliyle dogru orantilidir. Bu verilere gore somut bir 6rnek vermek
gerekirse, gece saatlerinde havalandirma ihtiyaci azaldig1 durumda
fanin hizim1 %20 seviye kismak demek 0.8 oranindaki yeni hizin
kiipiiyle yani 0,83 ~ 0,51 oraninda giic ¢ekme ihtiyact anlamina
gelmektedir. Yani klasik sistemlerde sabit hizda ve tam yiikte donen
motoru damper ya da vana kullanarak kisarak enerjiyi bosa tiiketmek
yerine modern VFD siiriiclilerle motor hizin1 dogrudan diisiirmek
demek ornekte agik¢a goriildiigii lizere yaklagik %49 oraninda enerji
tasarrufu anlamia gelmektedir. Yani kiibik iliski nedeniyle sadece
%20 motor hizim1 kismak, gereksiz siirtiinme ve kayiplar1 6nleyerek
neredeyse yari yariya enerji tasarrufu sunan en etkili tasarruf
yontemlerinden biridir.

Stirtictilerin sagladig1 yarar yalnizca yukaridaki 6rnekteki
gibi enerji tasarrufu ile sinirl degildir. Motorlar kalkis aninda yiiksek
akim cekebilmektedir. Siiriiciiler yumusak yol verme islemleriyle
kalkis anindaki elektrik soklarini engelleme imkani sunarlar. Ayrica

hassas hiz kontrolii ve konum denetimi, hava kalitesi kontroli,
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mekanik darbeleri engelleyerek bilesen Omriinii uzatma, hassas
proses denetimi, asansor ya da ving gibi doniistiiriicti sistemlerde
aciga c¢ikan enerjiyi ve uygun sistemlerde frenleme enerjilerini
sebekeye iade ederek geri besleme ve geri kazandirma o6zellikleri
siirliciilerin birbirinden énemli ¢ok kritik kazanimlar1 arasindadir.

19. ylizyilda kesfedilen elektromanyetik doniisiim, elektrikli
tahrikin baglamasimna vesile olmustur. 1821'de Faraday stirekli
elektromanyetik donme deneyini gerceklestirmistir ve ilk motor
kavraminin temelini olugturmustur. 1830°1u yillarda Jacobi ve diger
baz1 arastirmacilar dogru akim (DA) makinelerin ilk pratik
uygulamalarin1 gergeklestirmislerdir. Kesfedilen bu makinelerin en
onemli avantaji tork ve hizin birbirinden bagimsiz ve kolay bir
sekilde kontrol edilebiliyor olmasiydi. Armatiir akim1 ve uyartim
akis1 ayr1 ayr1 ayarlanabiliyordu. Ayn1 ylizyilin sonlarma dogru
Ward-Leonard diizeni bagimsiz kontrol diizenegini farkli hiz
araliklarinda, daha yiiksek gii¢c seviyelerinde ve dort bolge ¢alisma
araliginda kullanilabilir olmasini saglamistir ve sonraki yillarda
geligtirilen yiiksek performansh tahrik sistemlerin temelini
olusturmustur. Bu kesiflerin bir yandan da kisitlar1 bulunmakta idi.
DA makinelerde bulunan komiitator ve firgalar diizenli bakim
gerektirmekte, iiretim maliyetleri yiiksek olmakta, gili¢ ve hiz sinur1
bulunmakta ve acgiga cikabilecek kivileimlar nedeniyle bazi
ortamlarda kullanilamamaktadirlar.

Doner manyetik alan fikrinin ortaya ¢ikmasi alternatif akim
elektrik enerjisinin gebeke Olceginde benimsenmesine dayanir.
1890’11 yillara yaklasirken Tesla ve Ferraris’in yaptig1 ¢alismalarin
ardindan Dolivo-Dobrovolsky’nin sincap kafesli rotor yapisi ile {i¢
fazli gli¢ aktarabilme basaris1 asenkron motorlar1 basit ve saglam
yapilariyla daha diisiik maliyetle iiretilebilir olan bir makine haline
getirdi (Boglietti & Brusso, 2025). Gelistirilen her iiriiniin
gelistirilmeye acik olmasi asenkron motorlar 6zelinde de gecerliydi.

Asenkron motorlarda hiz sebeke frekansi ve kutup sayisi ile
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ayarlanabilmektedir. Kutup degistirme, rotor devresine ekstra direng
ekleme, kayma giiciiniin geri kazanimi1 gibi kisith ve verimi diigiik
olan yontemlerle asenkron motorlarda hiz ayarlama prensipleri
gelistiriliyordu. Bu smirlar mekanik agidan DA motorlardan oldukga
istiin olan AA motorlar1 kontrol ve siirme perspektifinden geride
birakmuisti.

Yari-iletken anahtarlarin gelismesiyle AA motorlarin kontrol
edilebilirligi acig1 kapandi. 1950°li yillarin sonlarina dogru yarim
kontrollii devre elemani grubunda yer alan yari-iletkenlerden
tristoriin ticarilesmis olmasi 1960°l1 yillardan sonra gerilimi ve
frekans1 ayarlanabilen gii¢ cevirici beslemeli AA siiriiciilerin ortaya
cikmasina vesile oldu. AA siiriiciilerin ilk uygulamalar: skaler (V/f)
yontemlerdi. Gerilim/frekans orani sabit tutulan bu teknikler basit ve
saglam yontemler olsada gecici durumda (transient state) tork
iizerinde dogrudan bir kontrol denetimi sunmuyordu. Yani motor
izerine ani bir yiik bindiginde skaler kontrol yontemlerinin anlik
durum degisimlerine ayak uydurmasi bir sorundu. Bu sorunun
asilabilmesi ve dinamik performansin bir DA makinesinin diizeyine
cikarilabilmesi, alan yonlendirmeli kontrolin (FOC) ortaya
cikmasiyla basarildi. 1970’li yillarda Hasse ve Blaschke'nin
yurlittigli calismalarin ardindan stator akiminin doner gercevede 2
bilesene ayristirilarak asenkron motorun adeta bir DA motor gibi
kontrol edilebilecegi ispatlanmistir (Blaschke, 1972). Alan
yonlendirmeli kontrol tekniklerinin ger¢ek hayata gecirilebilmesi ve
ileri kontrol stratejilerin gelistirilebilmesi ancak mikroislemcilerin
ve dijital sayisal islemcilerin (DSP) gelisimiyle olanak buldu.

Alan yonlendirmeli kontrol sonrasinda 80°li yillarin
ortasinda dogrudan tork kontrol stratejisi literatiire kazandirild.
Farkli bir perspektif ile Takahashi ve Noguchi’nin sunmus oldugu
caligmalar FOC’taki akim kontrol dongiisiinden farkli olarak stator
aki biiylikliigii ile tork hatalarin1 dogrudan regiile eden ve gii¢
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ceviricinin anahtarlanmasini belirleyen modiilatorsiiz bir yaklagim
onermistir (Takahashi & Noguchi, 1986).

Yine ayni donemlerde IGBT olarak adlandirilan yalitiml
kapili ¢ift kutuplu transistorlerin orta giliclerde yayginlasarak
kullanildig1 gii¢ elektronigi evirici yapilart ile PWM olarak
adlandirilan darbe genislik modiilasyonu tabanli evirici anahtarlama
teknikleri yayginlast.

1980’1 yillarda ortaya c¢ikan en gili¢lii miknatis tiirii olan
NdFeB (Neodimyum-Demir-Bor) sayesinde sabit miknatisl senkron
motorlar (PMSM) asenkron motorlara ciddi bir rakip olmay1 basardi.
Motorun i¢ yapisinda kullanilmaya baglanan giiclii kalici miknatislar
sayesinde PMSM motorlarda enerji verimi daha da artirilabildigi
gibi yiiksek tork yogunlugu o6zelligi de asenkron motorlara gok
onemli bir alternatif olmasini sagladi. PMSM motorlar senkron
yapiya sahip oldugu icin rotor pozisyon acisinin gerek Ol¢iim
yontemleriyle veya gerek tahmin yontemleriyle elde edilmesi
sayesinde alan yonlendirmeli kontrol stratejisi ile akim hatalarinin
regililasyonu miimkiin kilimustir.

2000’11 yillara kadar her iki kontrol stratejisinin farkli motor
tiirleri de dahil edilerek dahada gelistirilmesi {izerine olduk¢a yogun
ar-ge faaliyetleri yiiriitiilmiistiir. Bu yillarda islemcilerin kapasiteleri
cok gelistirilebildigi ve yeni nesil islemciler yogun hesaplama
yiikleri ile de artik bas edebilir pozisyona geldigi i¢in matematiksel
islem yogunlugunun fazla oldugu stratejilerle motorlar siiriilebilir
hale geldi. Proses kontrolde uzun yillarca kullanilan model 6ngoriilii
kontrol (MPC) yaklasimi sistemdeki sinirlar1 dogal bir sekilde ele
alabiliyor olmasi ve degiskeni ¢ok olan yapilara olan uygunlugu
avantajlariyla giic elektronigi devrelerle siirliciiler iizerinde de
uygulanmaya baglandi (Zerdali, Rivera, & Wheeler, 2024).

Teknoloji her alanda oldugu gibi gii¢ elektronigi devre

elemanlar1 silisyum karbiir (SiC) ve galyum nitriir (GaN)
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anahtarlarda da siirekli gelisim oldugu icin giiniimiiz diinyasinda
eviriciler cok daha hizli anahtarlama yapabilme yetenegine sahip
olabildigi gibi sicakliga ve yiiksek gerilimlere toleransi da gelisim
gosterdi ve ulagimda yeni nesil elektrikli araglarin gereksinimlerini
karsilayabilir hale geldi (Zhang et al., 2025).

Yeni nesil elektrikli ara¢ teknolojileri hizla biiyliyen
uygulama alanlarindan birisi olarak siiriicii sistemlerde artirilmig
tork yogunluguna ve daha yiiksek glic yogunluguna sahip motor
topolojileri, maliyeti diisiiriilmiis tasarim yoOntemleri, giivenilirligi
artirlmig sistem bilesenleri ve genis hiz araliginda operasyon
gerceklestirebilme kabiliyeti beklentileri ylikselmistir (Liu, Li, & Li,
2026). Boylece, 2012 yilinda gergeklesen miknatis iicretlerindeki
fiyat patlamasi1 kaynakli yasanan krizler de goz Oniinde
bulunduruldugunda, elektrikli araglar gereksinimini karsilayan
motor tiirlerinde nadir toprak elementlerinin  kullanildig:
miknatislara olan baglilig1 azaltan motor tasarim yontemleri, 3 fazli
motor yapilarinin yani sira ¢ok fazli tiirlerin gelistirilmesi konular
glinlimiiz diinyasinin baglica arastirma konular1 arasinda yerini
almaktadir.

Motor topolojileri iizerine yiiriitiilen arastirma konularina ek
olarak siirticii sistemlerde ileri kontrol stratejileri gelistirerek sistem
parametrelerindeki varyasyonlari tolere edebilen yaklagimlar, verimi
optimize edilmis teknikler, hizli ve kararli yanit1 basaran gelismis
yontemler, karmasiklig1 ve hesaplama ytikii azaltilmis yeni metotlar
ile motorun iretecegi tork dalga sekillerindeki salinimlar
diistirebilen yaklasimlarin gelistirilmesi konular1 da giiniimiiz
diinyasinin baslica arastirma giindemleri arasindadir.

Alternatif Akim Siiriiciilerin Genel Yapisi ve Kontrol Stratejileri

Tipik olarak AA siiriiciilerde glic kaynaktan motora ve
motordan da yiike dogru iletilir. Kaynak ile motor arasinda gii¢
iletimini saglayan aktarma organlari ile bu aktarimi yoneten kontrol
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kat1 bulunmaktadir. Kaynak tarafinda sebekede mevcut bulunan
enerjinin dalga seklini dogrultan en basit haliyle koprii diyot
yapisinda bir dogrultucu ve dalgali DA gerilimi daha da
diizgiinlestirme amaciyla koprii diyot c¢ikisinda da DA bara
kondansatorii bulunur. Sekil 2 tipik AA siiriiciilerin genel sematik
yapisini blok ¢izimlerle gostermektedir. Sekil 2’den de goriilecegi
iizere sistemde evirici motor tarafindadir ve bu evirici yapisi DA bara
kondansatorii ¢ikisinda bulunan regiile edilmis DA gerilimi, genligi
ve frekansi degisen gerilime doniistiirerek giicli motora aktarir ve AA
motoru besleyerek siirer. AA motor siiriicii sistemlerinde Sekil 2’den
goriilecegi lizere konum/pozisyon agist denetimi, hiz kontrolii, tork
kontrolii ya da en i¢ katmanda akim kontrolii gibi sistem girisine
bagli olarak farkli denetim mekanizmalar1 yapilandirilarak ve akim,
hiz ya da pozisyon agis1 gibi ilgili geri besleme bilgileri sistemde
Olciilerek ya da c¢esitli tahmin yoOntemleriyle gozlemlenerek
kontrolciiye geri bilgi verilmek suretiyle kontrol stratejisi
gerceklenir ve gilic aktarma organi olan evirici farkli modiilatér
stratejileriyle anahtarlanarak motor siiriiliir. Kontrol katmaninda
bulunan sistem bilesenleri ise genel olarak analog-dijital
dontstiiriiciiler, DSP, FPGA, dSpace gibi mikrokontrolorler, evirici
anahtarlarin1 kontrol eden kapi siiriicii devreleri, geri besleme
bilgileri veren algilayicilar, optokuplor izolasyon devreleri gibi
yapilardir.

Sekil 2 AA siiriiciilerin genel sematik yapisi

Sebeke HDogrultucu HDA bara Evirici [AA motor] Yiik J
~ <> = *3 D A
r N

[Aklm, hiz, konum aIgHaychar]

( Moditatér / PWM] )4—‘
Ly

[ Akim/moment denetimi ]47
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[ Hiz denetimi )4—
4

( Konum denetimi  }«
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Stirtici sistemlerde en yaygin kullanilan evirici yapist
cikisinda 2 farkli gerilim seviyesi iiretebilen ve 3 fazli alternatif akim
sistemleri siiren 2 seviyeli ve 3 bacakli gerilim kaynakli evirici
yapisidir. Sekil 3 tipik 2-seviye 3-faz evirici-motor sematik yapisini
gostermektedir. Daha yiiksek giic ve gerilim seviyelerine ihtiyag
duyulmast durumunda literatiirde 3 seviyeli veya ¢ok seviyeli evirici
topolojileri ile ¢ok fazli motor yapilarii da siirebilmek igin ¢ok
bacakli evirici topolojileride giincel calisma alanlar1 arasinda
bulunmaktadir.

Sekil 3 Tipik 2-seviye 3-faz evirici-motor sematik yapist
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AA siiriiclilerde genellikle kontrol algoritmasi hiyerarsik bir
diizende ve ardisik olarak yapilandirilir. En i¢ dongiide en hizli yanit
beklenen akim ya da tork kontrolii yer alirken, bir dis katmanda hiz
regiilasyonu, onunda disinda ise eger gerekliyse pozisyon agis1 veya
siire¢ kontrol yapist bulunur. Bu siralama Sekil 2’de de
goriilmektedir. Bu kontrol dongiilerinde sistemin yanit hizi en i¢
katmandan en dis katmana dogru azalmaktadir. Farkli bir deyisle, en
dis katmandaki regiilasyonu gerceklestirebilmek i¢in altindaki
katmanlara ait yanit siliresi daha hizli ve kisa siireli olmalidir.
Icerdeki dongiiniin dis dongiiden ayirt edilebilir derecede hizli
tasarlanmasi1 her bir dongiiniin ayr1 ayr1 modellerle kurgulanabilir

olmasina olanak saglar (Leonhard, 2001).
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Literatiirde 3 biiyiik st bashiklarda gruplandirilan alan
yonlendirmeli kontrol, dogrudan tork kontrolii ve model dngoriilii
kontrol yontemlerini birbirinden ayiran temel farklar tork ve akim
kontrol dongiisiiniin nasil yapilandirildigr ve sistemde kullanilan
modiilasyon teknigidir. Alan ydnlendirmeli kontrolde akim
kontrolorleri bir modiilatér yapisiyla birlikte ¢alisirlarken, dogrudan
tork kontroliinde regiile edilen tork ve stator aki genligi anahtarlama
tablosu veya benzer sekilde modiilatorle yonetilebilmektedir. En
biiyiik dezavantajlarindan biri yiiksek hesaplama yiikiiyle gelismis
islemci gerektiren model 6ngoriilii kontrol yaklasiminda ise bir
maliyet fonksiyonunu minimuma ¢eken anahtarlama durumu veya
iiretilmesi gereken komut gerilim degerlerin her bir 6rnekleme
periyodunda ¢ozdiiriilmesi teknigi gerekir. Tarihsel ve hiyerarsik
siralamasi alan yonlendirmeli kontrol, dogrudan tork kontrolii ve
giiniimiiz diinyasinda da model 6ngoriilii kontrol seklinde seyreden
bu ii¢ biiytik iist bagliklardaki kontrol stratejilerinin her birinin ortak
ozelligi ise tim stratejilerin altinda fiziksel olarak ayni motor
modelinin bulunmas: yatar. Bugiin her li¢ yaklasimda birbirine gore
ustiinliik ve smirlamalari bulunmasi yoniiyle halen yaygin olarak
kullanilmaktadir.

Alternatif Akim Motor Tiirleri ve Kontrol Problemleri

Siirtictilerde kullanilacak olan kontrol teknigi ilk olarak
motor tlirliniin i¢ yapistyla belirlenir.

Basit sincap kafesli rotor yapisi sebebiyle nadir toprak esaslh
kalict miknatis igermeyen, maliyeti diisiik ve yapilar1 saglam olan ve
bakim gereksinimi oldukca diisiik olan motor tiirleri asenkron
motorlardir ve yaygin olarak indiiksiyon motorlar olarakta
adlandirilirlar. Giiniimiiz diinyasinda endiistride en yaygin olarak
kullanilan motor tiirii halen asenkron makinelerdir. Kontrol yapisi
esasen kendi i¢ yapist kadar basit degildir ve belirgin zorluklar
bulunmaktadir. Rotor aki vektorii 6l¢giilemeyen bir biiyiikliik oldugu
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icin gézlemci veya Olciilen akim degerleriyle modelleme yontemi ile
tahmin edilmesi gerekmektedir. Sicaklikla, manyetik doyma ile,
motora binen yiik ile veya motorun operasyon noktasina gore gibi
cesitli  faktorlere bagli  olarak  kontrol algoritmalarinda
gorevlendirilmesi gereken rotor direng degeri veya miknatislanma
endiiktans degerleri gibi motor parametreleri ger¢ek uygulamalarda
varyasyon gosterirler ve kontrolorde kullanilan parametrelerin
gergek uygulamadaki motor modelinden farklilik gdstermesine
sebep olur. Sonug¢ olarak bu durum siiriicii sistemde regiile edilen
durum degiskenlerinde kalict durum hatalarina, tork kaybina ve
verim distkliigiine sebep olabilmektedir. Bu sebeple verimi
optimize eden yaklasimlar onemli tasarim kriterleri arasindadir
(Aziz, Abdelaziz, Ali, & Diab, 2023).

Kalict miknatisli  senkron motorlarda (PMSM) rotora
yerlestirilen miknatislar uyartim kaybini ortadan kaldirirlar ve tork
yogunlugunu artirdiklart gibi enerji verimliligininde yiikselmesini
saglarlar. Yiizeye miknatishh senkron makineler (SPM) ve gomiilii
miknatish senkron makineler (IPM) olmak tizere genel olarak iki iist
baslikta siiflandirilirlar. SPM tiirlerde -d ve -q eksen endiiktans
degerleri neredeyse aynidir ve tork kontrolii dogrudan -q eksen
akimiyla saglanir, -d eksen akimi ise sifira siiriiliir. Reliiktans tork
yoktur ve yalnizca miknatis esashi tork iiretili. IPM makine
tirlerinde ise -q ekseninin endiiktans degeri -d ekseni endiiktans
degerinin tipik olarak 2-3 kati yiiksek kadar oldugu i¢in miknatis
esasl tork bilesenine ek olarak sistemde reliiktans tork bileseninden
de yararlanmak, ayni akim icin daha fazla tork iiretebilme avantajini
saglar. Bu sebeple genisletilmis hiz bolgesi olan alan/aki zayiflatma
stratejisinden Once diisiik hiz bolgelerinde birim akim basina torku
maksimize eden akim agisinin dogru belirlenmesini saglayan ve
akim basina maksimum tork stratejisi olarak adlandirilan MTPA
kontrol tekniklerinin adaptasyonu IPM motor tiirlerinde bir
gerekliliktir (Alwagqfi, Alzayed, & Chaoui, 2025).
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Genisletilmis hiz bolgesinde ise -d ekseninde negatif yonde
biliyliyen akim uygulanarak aki zayiflatilir. Miknatislarin maliyeti,
bir iilkenin tekelinde olmasi sebebiyle tedarik riski barindirmasi,
yiiksek dogrusalsizlik gdsteren 6zellikle -q eksen endiiktansinin ve
diger motor parametrelerin varyasyonu, sicaklifin artmasiyla
manyetizasyonun azalmasi, yiiksek hizlarda motor siiriiliirken olas1
ariza durumunda yiiksek zit elektro-motor kuvvetinin kontrolsiiz bir
sekilde bilesenlere gerilim uygulayabilecek olmasi gibi sorunlar
miknatishh motorlarin simirlart  ve dezavantajlar1  arasindadir
(Rangarajan, Shiva, Collins, & Senjyu, 2025).

Senkron reliiktans motorlarin (SynRM) rotorlarinda IPM ya
da SPM motorlardan farkli olarak miknatis bulunmadigi gibi
asenkron motorlardan farkli olarakta sargi yoktur. Tork iiretme
prensibi  tamamen eksenler arasindaki endiiktans farkina
dayanmaktadir. Buna bagli olarak SynRM motorlarda verimi
diistiren etkenlerden birisi olan rotordaki kayiplar ¢ok azdir. Rotor
kayiplarinin az olmasinin avantajlarindan birisi de motorun igindeki
bir yap1 olan rotoru sogutmayr kolaylastirmasidir. SynRM
motorlarda gii¢ faktorii cok iyi degildir. Manyetik satiirasyon ve
capraz baglasim (cross-coupling) etkileri belirgindir. Tork ile akim
arasindaki iligki reliiktans tork tliretme prensibinden lineer degildir.
Bazi PMSM tiirlerine ve asenkron motorlara kiyasla yiiksek tork
salinimlart bu motor yapisinin dezavantajlar1 arasindadir. Diislik
hizlarda titresime ve giiriiltiiye neden olan bu tork dalgalanmalari
hassas konumlandirma gerektiren servo uygulamalarda da bir
kisitlayict faktordiir. Gliniimiizde miknatis destekli SynRM siiriicii
yapilar1 SynRM motorlarin diisiik gii¢ faktorii sorununu hafifletmek,
tork yogunlugunun artirilmasi hedefini saglamak ve genisletilmis
sabit giic bolgesindeki hiz araligin iyilestirmek tlizere miihendislik
coziimleri adina arastirilan 6nemli konular arasindadir (Ngo et al.,
2026).
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Anahtarlamali relilktans motorlar (SRM) diisiik {iretim
maliyetleri, nadir toprak elementlerine bagimli olmayan miknatissiz
saglam mekanik yapilariyla giinlimiiz diinyasinda ¢esitli endiistriyel
uygulamalarda ve elektrikli ara¢ teknolojilerinde artarak ilgi géren
alternatif motor topolojilerinden biridir. Stator ve rotor yapilarinda
bulunan ¢ikik kutuplarla ¢ift ¢ikintili bir yapida olmasi bu motorlarin
oldukgca fazla tork dalgalanmalarina ve akustik giiriiltiisiiniin yliksek
olmasina sebep olmaktadir. Ayrica bu motorlarda manyetik doyuma
ulagsma sebebiyle yiiksek dogrusal olmayan davranislar
sergilemektedir. Gliniimiizde yapay zeka destekli gelismis kontrol
algoritmalar1 arastirilmaktadir (Saleh, Al-Amyal, & Szamel, 2024).
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BOLUM 10

VISION-BASED BALL-AND-PLATE CONTROL
WITH TYPE-1, INTERVAL TYPE-2 AND
INTUITIONISTIC FUZZY PID CONTROLLERS
UNDER EQUAL TUNING EFFORT

ONUR SILAHTAR!

Introduction

The ball-and-plate system is a two-dimensional extension of
the ball-and-beam and one of the most widely used benchmarks for
nonlinear, open-loop unstable control. A ball rolls freely on a plate
whose two tilt angles are driven by motors, and the controller must
position the ball or make it follow a trajectory (Fan et al., 2004; Ker
et al., 2007; Moarref et al., 2008). Proportional—integral—derivative
(PID) and I-PD controllers (Mochizuki & Ichihara, 2013), linear
quadratic and sliding mode designs on Stewart platforms (Kassem et
al., 2015), embedded model predictive control (Bang & Lee, 2019)
and fuzzy controllers (Fan et al., 2004) have all been tested on it. In
most laboratory set-ups the ball position is measured either by a
resistive touch panel or by a camera; the camera is cheaper, works

! Dr, Van Yiiziincii Y1l University, Department of Electrical and Electronics
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with any plate surface and turns the problem into a genuine image-
processing and control task (Tudi¢ et al., 2022).

Camera feedback has its own price. The position is available
only at the frame rate, it arrives one or more frames late because of
exposure, transfer and processing, it is corrupted by pixel noise and
illumination changes, and the velocity needed by any PD-type law
must be estimated from it. These effects interact with the mechanical
non-idealities of a real rig, such as servo backlash, rolling resistance
and a small levelling error of the plate. Fuzzy logic (Mamdani &
Assilian, 1975; Zadeh, 1965) is often proposed for this situation
because a fuzzy PID controller can shape its gain as a nonlinear
function of the error and its rate (Mann et al., 1999; Woo et al., 2000).
Interval type-2 (IT2) fuzzy sets add a footprint of uncertainty (FOU)
that is expected to cope better with noise and model uncertainty
(Hagras, 2004; Karnik et al., 1999; Mendel et al., 2006), and
intuitionistic fuzzy (IF) sets add a non-membership degree and a
hesitation margin (Atanassov, 1986; Kutlu et al., 2020). Image
processing and fuzzy control have also been combined on hardware,
for example in a camera-guided CubeSat pointing prototype driven
by conventional and intuitionistic fuzzy controllers (Silahtar, Atan,
et al., 2023; Silahtar, Hatas, et al., 2023).

Reports that a fuzzy controller beats a PID controller are,
however, difficult to interpret when the two did not receive the same
tuning effort. Recent equal-effort studies on a DC-DC buck
converter, a PMDC motor drive, a photovoltaic maximum power
point tracker and a low-inertia microgrid found that the improvement
usually came from one specific feature, such as gain scheduling, an
extra input or input saturation, that the type-2 FOU or the
intuitionistic layer often added little, and that a well-tuned PID
controller could remain competitive (Hatas & Silahtar, 2026a,
2026b; Silahtar & Hatas, 2026a, 2026b). This view agrees with the
analysis of Wu (2012), who showed that the advantage of an IT2
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controller comes from the different shape of its control surface rather
than from a vague notion of uncertainty handling, and with the long-
standing observation that well-tuned PID control is hard to beat
(Astréom & Higglund, 2001).

This chapter applies the equal-effort methodology to a
vision-based ball-and-plate system. Its contributions are as follows:

1. A complete simulation of a camera-based rig: the
overhead colour image is rendered at every frame, and
the ball is located by HSV thresholding, morphological
opening, blob selection and image moments, with a two-
frame latency and an o—f (steady-state Kalman)
estimator.

2. Four controllers with an identical structure are compared:
PID and type-1, IT2 and intuitionistic fuzzy PID
controllers, where each fuzzy variant adds exactly one
feature to the previous one and reduces to it for a
particular parameter value.

3. All controllers are tuned by the same differential
evolution procedure, with the same budget, cost and
scenario, and three optimiser seeds.

4. The tuned controllers are validated with the full image-
processing loop in set-point, circular tracking, degraded-
vision and Monte Carlo tests, and the result is explained
by the local gains of the tuned control surfaces.

System Description

Ball-and-Plate Dynamics

Let (x,y) be the position of the ball centre on the plate and
6y, 6, the plate tilt angles about the two horizontal axes. For a solid
ball rolling without slipping, with moment of inertia I = 2/5 mr?,
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the Lagrangian model of Ker et al. (2007) and Moarref et al. (2008)
gives

% = ky(x02 + y6,0, + gsinb, ) — cx — F; (1)
y = ky(y6% + x6,0, + gsinb,) — cy — F, 2)

where k, =m/(m+1/r*) =5/7, g is the gravitational
acceleration, ¢ is a viscous coefficient and (Fx,Fy) is the rolling
resistance. The resistance has magnitude p,g and acts against the
velocity; when the ball is at rest and the driving acceleration is
smaller than p,g, the ball stays at rest. This stiction makes small
residual errors hard to remove and is the main reason why the
integral action is needed.

Actuation and Non-Idealities

Each tilt angle is driven by a position-controlled hobby servo,
modelled as a first-order lag with time constant 7, a rate limit, an
angular resolution of 0.1°, a £0.2 rad travel limit and a linkage
backlash of b:

6, =sat, (%),  oelo, -2, 0,+2] 3)

Ts
where 6°€ is the commanded and 6, the servo angle, and the
plate angle 8 moves only when the servo pushes it against one side
of the backlash gap. A constant levelling error of 0.34° and —0.23° is

added to the two plate angles. The main parameters are listed in Table
1.

Table 1. Parameters of the Simulated Rig

Item Value
Plate, ball 0.30 m x 0.30 m; solid ball, r = 15 mm

Viscous and rolling ¢=0.15 1/s, ur = 0.004

resistance
ts =40 ms, |0] < 6 rad/s, 0] <0.2 rad, 0.1°
Servo .
resolution
Backlash, levelling error b = 0.005 rad; (0.006, —0.004) rad
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Item Value

Camera 30 fps, 240 x 240 px, 1.5 mm/px, two-frame
latency

Image noise, exposure Gaussian, 6 = 6 grey levels; 12 ms (motion blur)

Integration step 2 ms (plant), 33.3 ms (control)

Source: Prepared by the author.

Vision Pipeline and State Estimation

An overhead camera observes the whole plate (Figure 1). In
the simulation its image is rendered at every frame with OpenCV: a
dark plate with uneven illumination, an orange ball with a specular
highlight, motion blur obtained by averaging four sub-exposures,
and additive pixel noise (Figure 2(a)). Because the camera is fixed

and the plate tilts, the ball is observed at the projected position

(xcosBy, ycos,). The ball is located by the following steps:

a 5x5 Gaussian blur and conversion to the HSV colour
space, in which hue separates the ball from the plate
largely independently of brightness (Smith, 1978);

thresholding of an orange hue band with relaxed
saturation and value limits, followed by a morphological
opening with a 5x5 elliptical element that removes
isolated noise pixels (Figure 2(b));

connected-component labelling and selection of the
largest blob, which must exceed a minimum area;

computation of the centroid from the zero- and first-order
image moments, U, = Mqy/Mye and v, = my; /Mgy,
which gives sub-pixel resolution (Corke, 2023; Hu,
1962).

Over 300 random positions, velocities and tilts, the mean
absolute bias of the measured centroid was 0.08 mm and its standard
deviation 0.10 mm per axis, with a worst case of 0.46 mm, which is
well below one pixel. The dominant measurement errors are
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therefore not the noise of the centroid but the sampling and the two-
frame latency.

Figure 1. Block Diagram of the Vision-Based Fuzzy PID Control

Loop
Set point e Fuzzy PID @¢| Servo motors | 8 Ball and plate
rFt) @i (per axis) —» | (rate limit, |- | (rolling resistance,
I " | Ti/1T2/TF backlash) tilt bias)
2-frame ball
latency

Image processing [mag
HSV threshold, <4
opening, moments

Overhead camera

a—f estimator | £
X, V + 30 fps, 240 x 240 px

X, V

Source: Prepared by the author.

The velocity is estimated by a steady-state Kalman filter for
a constant-velocity model (Kalman, 1960), which reduces to the o—
B filter

Xy = X + alze — %), U = Up—1 +§(Zk—9?1:); X =
Xje—1 + TUk—1 )

with frame period T and gains obtained from a tracking index
of 0.25. If a frame contains no valid blob, only the prediction is used.
The same estimator feeds all controllers, so that differences in the

results come from the controllers alone. Figure 2(c) shows the
measured and estimated positions during the circular tracking test.
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Figure 2. Camera Frame, Segmentation Mask and Measured and
Estimated Ball Positions

(a) Frame (b) Mask (c) Centroids (mm)

Source: Prepared by the author from the simulation study.
Fuzzy PID Controllers

Common Structure

Each axis has its own controller with the same parameters.
With the error e = r — X and its rate € = 7 — ¥, all fuzzy controllers
have the PD-type fuzzy core plus parallel integral structure

8¢ = K, ®(K.e, Kué) +K; [} e dt (5)

where @:[—1,1]> - [—1,1] is a normalised fuzzy map
whose inputs are saturated at +1, so that the scaling factors K,, K,
and K,, set both the gains and the saturation levels (Mann et al.,
1999). The baseline PID controller is 8¢ = K,e + Kzé + K[ edx.
In all controllers the integrator is frozen while the command is

saturated (conditional anti-windup), and the command is limited to
+0.2 rad.

Type-1 Fuzzy PID (T1-FPID)

Both normalised inputs are covered by five triangular sets
NB, NS, Z, PS and PB with cores at {—1,—s,0,s,1}, where s is a
tuned shape parameter (Figure 3(a)). The 25 rules use the diagonal
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table of MacVicar-Whelan type, R;;: IF z, is A; AND z; is A THEN
@ =c;j, with singleton consequents ¢;; =sat(i+j)/2 €
{—1,-0.5,0,0.5,1} for i,j € {—2,...,2}. With product inference and
weighted-average defuzzification,

_ Lijhay(ze) na;(za) cij

Yijha;(ze) Ha; (za)

(6)

For s = 0.5 this map is close to a saturated linear PD law;
other values of s make the gain near the origin larger or smaller than
the gain far from it.

Interval Type-2 Fuzzy PID (IT2-FPID)

The IT2 controller keeps the type-1 sets as upper membership
functions and adds lower membership functions with the same
support and reduced height, u = h ui, with one height h for the zero

set and one height hy for the four other sets (Figure 3(b)). Each rule
then fires with an interval [ fij» ]_’ij] and the output is the centre of the

type-reduced interval,

. xfijcij
® = Yl+J’r’ = min _ ij l]’ —
2 Vi fije[zij:fij] xfij Ir
Xfijcij
max -1 7
fije[ﬁij,fi,-] 2fij )

where the end points are computed with the Karnik—Mendel
iterations (Karnik et al., 1999; Wu & Mendel, 2009). For h; = hy =
1 the FOU vanishes and the controller is identical to T1-FPID.

Intuitionistic Fuzzy PID (IF-FPID)

In the IF controller every membership degree u is
accompanied by a non-membership degree generated by the Sugeno
complement,

1w =1 —y —
V=T t=1—-u—-v=0, A=>0 (®)
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where m 1s the hesitation margin (Atanassov, 1986).
Following Silahtar and Hatas (2026a), the intuitionistic weighted
average of the rule outputs is equivalent to a type-1 fuzzy system in
which every membership degree is replaced by 1 — v,

_ (1+)p 9)

g =1-v s

so that the rule strengths are warped upwards (Figure 3(c)).
The warping raises the influence of partially fired rules and thus the
local gain near the cores of the sets, and the controller reduces to T1-
FPID for A = 0. The chain PID — T1-FPID — IT2-FPID and T1-
FPID — IF-FPID therefore adds one feature at a time, which makes
it possible to attribute any difference to that feature.

Figure 3. Input Sets, IT2 Footprint of Uncertainty, Intuitionistic
Warping and Tuned Control Maps

(a) T1 input sets (s = 0.53) (b) IT2 FOU (hz = 0.61, hy = 0.98)
NB NS z PS PB
1.0 A \ 1.0 H
0.5 1 0.5
0'0 Ll 1 I 1 1 0'0 Ll 1 I 1 1
-1.0 -05 0.0 0.5 1.0 -1.0 -05 0.0 0.5 1.0
(c) IF rule-strength warping (d) Tuned maps, e =0
1.0 14—
—— TI-FPID
’é‘o —— IT2-FPID
0.5 — 1-v,A=031 T 04— EED
== 1-v,A=3.00 >
- 1-v,A=10.00
: — H(type-1) ~1 4
0.0 A
I 1 I I I I I I T I
0.00 0.25 0.50 0.75 1.00 =20 -10 0 10 20
M e (mm)

Source: Prepared by the author from the simulation study.
Equal-Effort Tuning
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All controllers were tuned on the same 12 s scenario: three
set-point steps, to (80, 50) mm, (—60, 70) mm and (0, —80) mm at 4
s intervals, and a push that changes the ball velocity by (0.15, —0.10)
m/s at 10.5 s. The cost combines the integral of the absolute position
error and the total variation of the servo command, which penalises
chattering of the servos:

J = 21 — p(Oll de +0.01 5, 185 — 0541, (10)

and a ball that leaves the plate adds a penalty of 10 plus the
remaining time. Differential evolution (Storn & Price, 1997) with the
rand/1/bin strategy, a population of 20, F = 0.6, CR = 0.9 and 60
generations, that is 1220 cost evaluations, was run three times with
different seeds for every controller. During tuning the camera was
replaced by a measurement model calibrated on the pipeline
(projection, 0.08 mm bias, 0.10 mm noise and two-frame latency),
which is about 20 times faster; all validation results below use the
full image-processing loop. The search ranges were wide enough to
contain the linear PID behaviour for every fuzzy controller.

Figure 4 and Table 2 summarise the tuning. The best costs of
the four controllers lie within 0.6% of each other and their means
over seeds within 1.2%, and the spread between seeds (up to 0.0051
for PID) is of the same size as the differences between controllers.
IT2-FPID reached the lowest best cost (0.3023) and the lowest mean
over seeds (0.3036 + 0.0012), followed by PID (0.3033), T1-FPID
(0.3037) and IF-FPID (0.3039). The optimiser used the extra features
only moderately: the tuned IT2 controller kept an FOU on the zero
set (h; = 0.61) and almost none on the others (hy = 0.98), and the
tuned IF controller used a small warping, A =0.31.
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Figure 4. Convergence of Differential Evolution and Final Costs

for Three Seeds
(a) DE convergence, 3 seeds each (b) Final costs
0.400 5
— PID
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0.325 7 = 0305 o o
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cost evaluations

Source: Prepared by the author from the simulation study.

Table 2. Tuned Parameters (Best Seed) and Final Costs over Three

Seeds
Controller Tuned parameters Best J Mear;ﬂ: std
- ._ _ 0.3070 +
PID Kp=1.01, Ki=0.0847, Kd =0.513 0.3033 0.0051
Ke=4.82,Kde=2.41,Ku=0.22, 0.3065 +
T1-FPID Ki=0.0706,s=0.527 0.3037 0.0040
Ke=15.8, Kde=2.94, Ku=0.211, Ki 03036 +
IT2-FPID =0.0634,s=0.709, hZ=0.613, hN | 0.3023 )
_ 0.0012
=0.983
Ke =6.83, Kde =3.67, Ku=0.144, 0.3068 +
TF-FPID Ki = 0.0866, s = 0.508, lam = 0.306 | >29% | 0.0034

Source: Prepared by the author from the simulation study.
Results and Discussion
Set-Point Steps

Figure 5 shows the validation of the tuned controllers on the
step scenario with the full vision loop and a new noise realisation,
and Table 3 gives the indices. The four responses are almost
indistinguishable: the ball reaches each target within 10 mm in about
2 s, the largest overshoot of about 30% occurs on the long diagonal
step, and the integral absolute errors lie between 0.270 m-s (IT2-
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FPID) and 0.274 m-s (PID). The residual error at the end of the first
two steps, caused by stiction and the levelling error, was 4.7 mm for
PID and 4.1 mm for IT2-FPID. IT2-FPID paid for its smaller error
with a larger total variation of the servo command (3.17 against 2.96
rad).

Figure 5. Ball Path, Position Error and Plate Angle in the Set-

Point Test
(b) Position error
107 3
—_ 3
E
E
(a) Ball path on the plate 5 |
150 = 100 3
O ]
100 —
—_ 50 10° T T T T T
E 04 0.0 2.5 5.0 7.5 10.0 12.5
g (c) Plate angle (x axis)
=50 1 pp
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1 1 I T
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Source: Prepared by the author from the simulation study.

Circular Trajectory Tracking

The clearest difference appears when the ball follows a circle
of 70 mm radius with a period of 6 s (Figure 6(a)). After the first
period the root-mean-square tracking error was 8.01 mm for PID and
8.34 mm for T1-FPID, but only 5.13 mm for IT2-FPID and 5.89 mm

for IF-FPID, a reduction of about 36% and 26%. The explanation
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lies in the tuned control maps rather than in uncertainty handling, in
agreement with Wu (2012). Evaluating the local gains of the tuned
maps (Figure 3(d)) shows that T1-FPID converged to almost exactly
the PID controller: its proportional and derivative gains at the origin
are 1.01 rad/m and 0.50 rad-s/m against 1.01 and 0.51 for PID. The
FOU on the zero set gives IT2-FPID a gain of 1.41 rad/m near zero
error that falls to 0.75 rad/m at half of the input range, that is, a built-
in gain schedule: stiff near the target, where small errors must be
corrected quickly against stiction and the moving reference, and soft
for large errors, where a high gain would only saturate the servos.
The intuitionistic warping raises the gain near zero less strongly
(1.27 rad/m) and keeps it higher far away (1.12 rad/m), which places
IF-FPID between the two.

Degraded Vision and Monte Carlo Tests

To test robustness to the camera, the step scenario was
repeated with the frame rate reduced to 25 fps, the latency kept at
two frames (80 ms), the image noise raised to 10 grey levels and the
illumination reduced to 60%. The HSV segmentation still found the
ball in every frame, and all controllers remained stable; the IAE rose
by about 17% for every controller, and IT2-FPID and IF-FPID kept
a small lead (Table 3, Figure 6(b)). In a Monte Carlo study with 30
trials, the viscous coefficient, the servo time constant, the levelling
error and the image noise were drawn at random. No ball left the
plate. The mean IAE was 0.2760 m-s for IT2-FPID against 0.2811
m-s for PID, 0.2801 m-'s for T1-FPID and 0.2817 m-s for IF-FPID
(Table 4). The 1.8% advantage of IT2-FPID over PID is smaller than
the spread across trials, but it was consistent: IT2-FPID had the
lower IAE in 28 of the 30 paired trials.
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Figure 6. Circle Tracking Error and Robustness Tests

(a) Circle tracking error
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Source: Prepared by the author from the simulation study.
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Table 3. Validation with the Full Image-Processing Loop

Circle Degrade
Controller ts (s) (% (In?.l;:) (32‘1\(;) RMS d IAE

(mm) (m-s)
PID 2.00 30.5 0.274 2.96 8.01 0.320
T1-FPID 2.03 30.3 0.273 2.95 8.34 0.319
IT2-FPID 2.04 31.5 0.270 3.17 5.13 0.315
IF-FPID 1.89 30.7 0.274 2.94 5.89 0.314

Source: Prepared by the author from the simulation study.

In Table 3, ts is the mean time after which the error stays
below 10 mm for the three steps, OS is the largest overshoot, and TV
is the total variation of the servo command. The ablation in Table 4
confirms that the gains come from the added features: removing the
FOU from the tuned IT2 controller (h; = hy = 1, all other values
unchanged) raised its IAE in the step test from 0.270 to 0.284 m's
and its tuning cost from 0.3023 to 0.3097, while setting A = 0 in the
IF controller raised its IAE from 0.274 to 0.279 m's.

Table 4. Monte Carlo Results (30 Trials, Full Vision Loop)

Controller Ball TAE (m's), mean £ TV (rad) | MeanJ
lost std

PID 0 0.2811 £0.0136 2.92 0.3104

T1-FPID 0 0.2801 £ 0.0152 291 0.3092
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Controller Ball TAE (m's), mean £ TV (rad) | Mean J
lost std

IT2-FPID 0 0.2760 + 0.0148 3.10 0.3071

IF-FPID 0 0.2817 +£0.0133 2.89 0.3107

Source: Prepared by the author from the simulation study.
Discussion and Limitations

Three observations stand out. First, under equal tuning effort
a type-1 fuzzy PID controller with a linear-like rule table brought
nothing over PID; the optimiser simply turned it into the PID
controller, as in the earlier equal-effort studies (Hatas & Silahtar,
2026b; Silahtar & Hatas, 2026b). Second, the IT2 footprint of
uncertainty was useful here, but not because it handled uncertainty
in an abstract sense: it produced a nonlinear gain schedule that suits
a plant with stiction, a moving reference and saturating actuators. Its
benefit was largest in tracking, small in set-point control and paid for
with more servo activity. Third, the vision loop itself was not the
limiting factor for any controller; the HSV pipeline was accurate to
well below a pixel, and the latency, which no controller can remove,
bounded the achievable performance.

The study has limitations. It is a simulation, although the
image is rendered and processed at every frame and the main
mechanical non-idealities are modelled. The rule table and the
membership shapes were fixed, and only scaling factors and a few
shape parameters were tuned. Each controller was tuned on one
scenario with one cost, and different weights could change the
ranking. The differences between the controllers are a few per cent
in most tests and comparable to the spread between optimiser seeds,
so they should not be over-interpreted.

Conclusion

This chapter compared PID, type-1, interval type-2 and
intuitionistic fuzzy PID controllers for a vision-based ball-and-plate

system. The ball position was obtained from rendered camera images
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by HSV segmentation, morphological filtering and image moments,
the velocity by an o—f3 estimator, and all controllers were tuned by
the same differential evolution procedure with the same budget and
cost. The four controllers reached tuning costs within about 1% of
each other. With the full vision loop, the IT2 controller reduced the
circular tracking error by about 36% relative to PID and gave a small
but consistent advantage in a 30-trial Monte Carlo study, while the
type-1 controller converged to the PID controller. The advantage of
the IT2 and intuitionistic controllers was traced to the higher local
gain near zero error produced by the footprint of uncertainty and by
the intuitionistic warping.

Future work will build the rig with a USB camera and hobby
servos, implement the image-processing pipeline on embedded or
FPGA hardware for lower latency (Genc & Hatas, 2018), include the
servo drive electronics in the model (Hatas et al., 2026), and examine
learned ball detectors trained with little labelled data, for instance
through self-supervised representation learning (Ozel, 2026).
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BOLUM 11

FUZZY SLIDING MODE IMAGE-BASED VISUAL
SERVOING WITH VISIBILITY-AWARE FUZZY
SUPERVISION

ONUR SILAHTAR!

Introduction

Visual servoing is the use of visual information, extracted
from one or more cameras, inside the feedback loop that governs the
motion of a robot (Chaumette & Hutchinson, 2006; Hutchinson et
al., 1996). Compared with the classical look-then-move scheme, in
which a target is first localised and a trajectory is then executed
blindly, closing the loop directly through the image makes the task
insensitive to many calibration errors of the robot and the camera.
For this reason visual servoing is now a standard tool in robotic
manipulation, mobile robotics, aerial robotics and medical robotics,
and it is supported by mature software platforms such as ViSP
(Marchand et al., 2005).

Visual servo schemes are commonly divided into two
families (Chaumette & Hutchinson, 2006; Hutchinson et al., 1996).
In position-based visual servoing (PBVS) the pose of the target with

! Dr, Van Yiiziincii Y1l University, Department of Electrical and Electronics
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respect to the camera is reconstructed from the image and the error
is defined in Cartesian space. In image-based visual servoing (IBVS)
the error is defined directly in the image, as the difference between
current and desired image features, typically the coordinates of a few
points. IBVS does not require a geometric model of the target
beyond the desired feature values, it is robust to calibration errors
and, because the features are regulated in the image, it naturally tends
to keep the target in view. Hybrid approaches such as 2 1/2 D visual
servoing combine both ideas (Malis et al., 1999).

IBVS nevertheless has well-known weaknesses. The relation
between the camera velocity and the motion of the features is
described by the interaction matrix, which depends on the unknown
depth of each feature; in practice a rough estimate, often the depth at
the desired pose, is used and the resulting model error degrades the
transient (Malis et al., 2010). The classical exponential control law
uses a constant gain, which produces large velocities at the beginning
of the task and a slow, exponentially decaying convergence near the
goal (Marchand et al., 2005). For large displacements, and in
particular for large rotations about the optical axis, the camera may
follow unnatural trajectories, the interaction matrix may approach
singular configurations and the system may converge to a local
minimum (Chaumette, 1998). Finally, even though IBVS regulates
the features in the image, nothing in the basic law guarantees that the
features remain inside the field of view during the transient, and the
loss of a single point usually terminates the task (Chaumette &
Hutchinson, 2007; Mezouar & Chaumette, 2002).

A large body of work addresses these problems. Partitioned
schemes decouple the optical-axis motion from the remaining
degrees of freedom (Corke & Hutchinson, 2001; Gans et al., 2003),
path planning in the image generates feasible feature trajectories
(Mezouar & Chaumette, 2002), model predictive control handles
visibility and actuator constraints explicitly (Allibert et al., 2010),
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and constraint-handling frameworks treat visibility as an additional
task (Kermorgant & Chaumette, 2014). Robust control has also been
applied to the problem: sliding mode control (SMC), whose origins
go back to the theory of variable structure systems (Edwards &
Spurgeon, 1998; Utkin, 1977), has been used to make visual servo
loops insensitive to depth errors and modelling uncertainty (Becerra
et al., 2011; Li & Xie, 2010; Parsapour & Taghirad, 2015; Zhao et
al., 2020). The well-known drawback of SMC is chattering, which is
caused by the discontinuous switching term and which is aggravated
in visual servoing by image noise and by the latency of image
processing.

Fuzzy logic, introduced by Zadeh (1965) and turned into a
control technique by Mamdani and Assilian (1975), offers a
complementary set of tools. Fuzzy systems can encode heuristic
knowledge in linguistic rules, and Takagi—Sugeno—Kang (TSK)
fuzzy models are universal approximators that can be tuned on line
(Takagi & Sugeno, 1985; Wang, 1993). In visual servoing, fuzzy
systems have been used to learn the image Jacobian (Suh & Kim,
1994), to build inverse fuzzy models for uncalibrated eye-to-hand
servoing (Gongalves et al., 2008), as distributed fuzzy PD controllers
for redundant manipulators (Siradjuddin et al., 2014), to tune the
gain of IBVS and handle field-of-view limits (Cheng et al., 2025), in
combination with reinforcement learning to adapt the Jacobian (Shi
et al., 2020), within fuzzy integral sliding mode control of mobile
robots (Lee & Chwa, 2021) and inside fuzzy adaptive model
predictive control of manipulators (Zhu et al., 2024). Image
processing and fuzzy control have also been combined on hardware:
a camera-equipped service CubeSat prototype located a target
satellite by colour-based image processing and was oriented towards
it by reaction wheels, first with a conventional fuzzy logic controller
and then with an intuitionistic fuzzy controller (Silahtar, Atan, et al.,
2023; Silahtar, Hatas, et al., 2023).
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This chapter brings the image-processing front end, the
sliding mode design and fuzzy logic together in a single, self-
contained image-based visual servoing scheme. Its contributions can
be summarised as follows:

1.

A complete image-processing pipeline is placed inside
the control loop: the camera image is rendered at every
frame, and the point features are obtained by blurring,
automatic (Otsu) thresholding, connected-component
labelling, shape gating, intensity-weighted sub-pixel
centroiding and nearest-neighbour association, with one
frame of processing latency.

A fuzzy sliding mode IBVS law (FSMC-IBVS) is
formulated in the six-dimensional task space. A zero-
order TSK fuzzy approximator learns the lumped
disturbance caused by depth errors, latency and target
motion, and an adaptive switching gain replaces the
fixed, conservative gain of conventional SMC. A
Lyapunov analysis is given.

. A Mamdani-type fuzzy visibility supervisor monitors the

distance of each feature to the image border and its
approach rate, and blends the servo command with an
inward feature motion that is realised only through the
depth-robust degrees of freedom of the camera.

The scheme is compared with classical IBVS, adaptive-
gain IBVS and a conventional integral sliding mode
IBVS in five simulation scenarios, including a moving
target, large depth errors, a visibility-critical
configuration and a 60-trial Monte Carlo study.

The remainder of the chapter is organised as follows. The
fundamentals of IBVS are reviewed first, followed by the image-
processing pipeline. The proposed controller and the visibility
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supervisor are then described, the simulation set-up is given, and the
results are presented and discussed. The chapter ends with
concluding remarks and directions for future work.

Fundamentals of Image-Based Visual Servoing

Camera Model and Image Features

Consider a camera mounted on the end effector of a robot
(eye-in-hand configuration) and a static or moving planar target
carrying four point features. A three-dimensional point with
coordinates P = (X,Y,Z) in the camera frame is projected by the
pinhole model (Hartley & Zisserman, 2004) onto the normalised
image coordinates (x,y) and the pixel coordinates (u, v):

x=2, y=z u=fx+c, v=fy+te, (D)

where f is the focal length in pixels and (¢, c,) is the
principal point. The feature vector is formed by stacking the
normalised coordinates of the four points, s = [x1, 1, ..., X4, Va]T €
R, and the desired feature vector s* is obtained from an image taken
at the goal pose.

Interaction Matrix and the Classical Control Law

Let v, = [v],w”]” € R® denote the linear and angular
velocity of the camera expressed in the camera frame. For a static
point the time derivative of its normalised coordinates is §; = L;v,
(Chaumette & Hutchinson, 2006; Espiau et al., 1992), where the
interaction matrix of the point is

1 Xi 2
L 7 0 z_j yy;  —(1+x7) @
0 3z Z—j 1+y; —X;y; —X;j
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and stacking the four 2 X 6 blocks gives the interaction
matrix L € R8¢, With the image error e = s — s*, and allowing the
target to move, the error dynamics are

. de
e=Lv,+ % 3)

where the last term collects the image motion induced by the

target. Imposing an exponential decrease of the error, € = —AJe, for
a static target leads to the classical IBVS law

v.=—-AL"e 4)

where L* is the Moore—Penrose pseudo-inverse of an
estimate of the interaction matrix. Because the depths Z; are not
measured by a monocular camera, L is usually computed with the
current features and a constant depth estimate Z, for example the
depth Z* at the goal. Local asymptotic stability holds when LL* > 0
in a neighbourhood of the goal (Chaumette & Hutchinson, 2006),
but the transient, the robustness margin and the camera trajectory all
depend on how well L matches the true matrix (Malis et al., 2010).

A widely used improvement, available for example in ViSP
(Marchand et al., 2005), replaces the constant gain by a gain that
grows as the error decreases,

Al e 1) = (A — Au)exp (-

/‘10’
lel)+ie ()

where A, and 4., are the gains at zero and at infinite error and
Ao’ is the slope at zero. This adaptive-gain IBVS (AG-IBVS) speeds
up the final phase of the task without increasing the initial velocities,
and it is used here as the second baseline.

Practical Limitations

Three practical issues motivate the controller developed in
this chapter. First, the depth error makes LL* differ from the identity,
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which changes the effective gain of every degree of freedom and
couples translation with rotation. Second, the image-processing
stage introduces measurement noise and at least one frame of
latency, and a moving target adds the unknown term de/ dt in (3),
which a proportional law can only follow with a steady lag. Third,
nothing in (4) or (5) prevents the features from leaving the image
during the transient. The first two issues are disturbances that a
robust and adaptive law can compensate; the third is a constraint that
requires supervision.

Image Processing Pipeline

In many visual servoing studies the features are assumed to
be available as exact projections of the target points. Here the image
is generated at every control period and processed by the pipeline
summarised in Figure 1 (lower branch) and illustrated in Figure 2.
The target is a light planar square carrying four dark disks of 18 mm
radius whose centres form a 0.2 m square. Its image is rendered by
warping a high-resolution texture through the plane-induced
homography H = K|[r; r, t]|, where K is the camera matrix and ry,
r,, t are the first two columns of the rotation and the translation of
the target pose (Hartley & Zisserman, 2004). Zero-mean Gaussian
noise with a standard deviation of two grey levels is then added to
every pixel.

The processing steps are the following:

e Smoothing: a 5x5 Gaussian kernel (05 = 1 px) reduces
pixel noise before thresholding.

o Segmentation: the grey-level image is binarised with
Otsu's method, which selects the threshold that
maximises the between-class variance and therefore
adapts automatically to illumination changes. The dark
disks become foreground blobs.
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e Blob labelling and gating: connected components are
extracted with 8-connectivity; blobs that are too small or
too large, too elongated to be the projection of a disk, or
touching the image border are rejected, since a truncated
blob gives a biased centroid.

e Sub-pixel localisation: the centre of each accepted blob
is computed as the intensity-weighted centroid of its
pixels, which yields sub-pixel accuracy.

e Association: each detected centroid is matched to one of
the four tracked features by greedy nearest-neighbour
association with respect to the previous estimate, with a
60 px gate. If fewer than four features are associated, the
feature set is declared lost and the servo is stopped.

The resulting feature vector is used by the controller one
frame later, which models the time needed for acquisition and
processing. In practice, fiducial markers such as ArUco (Garrido-
Jurado et al., 2014) can replace the disks without changing the rest
of the scheme. For the image in Figure 2 the Otsu threshold is 186
and the extracted centroids lie within 0.14 px of the true projections
of the disk centres; the small residual is caused by noise and by the
perspective bias of the centroid of a projected circle.
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Figure 1. Block Diagram of the Proposed Fuzzy Sliding Mode IBVS

Scheme
Desired e[ Task-space Sliding  |vs| Fuzzy |v.| Camera/
features | (+)» Erf?i —»| surface o || visibility |[-» robot
s’ I- |e=L e FSMC law supervisor (6-DOF)
A 1
d v° i
1
Adaptive fuzzy | feature image
approximator : margins
d and gain K !
I
1

Image processing: blur, Otsu
<«— threshold, blob labelling, sub-pixel
centroids, feature association

Feature vector S
(one-frame latency)

Source: Prepared by the author.

Figure 2. Image Processing Pipeline at the Initial Pose of Scenario
1

(a) Camera image  (b) Otsu binary (T = 186) (c) Features and goal

. o +0

° e -Fl +2
A 2]

e b

Source: Prepared by the author from the simulation study.

Fuzzy Systems for Visual Servoing

A fuzzy system maps crisp inputs to a crisp output through
fuzzification, a rule base, an inference mechanism and
defuzzification (Mamdani & Assilian, 1975; Zadeh, 1965). In a
Mamdani system the rule consequents are fuzzy sets, which makes
the rule base easy to interpret and convenient for encoding expert
knowledge such as "if a feature is near the border and moving
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towards it, react strongly". In a zero-order TSK system the
consequents are constants, so that with product inference and
weighted-average defuzzification the output is a linear combination
of normalised rule firing strengths (Takagi & Sugeno, 1985). This
linear-in-the-parameters structure is the basis of adaptive fuzzy
control, where the consequents are updated on line by laws derived
from a Lyapunov function (Wang, 1993).

The two properties are exploited separately in this chapter. A
TSK system with adaptive consequents is used inside the sliding
mode law as a disturbance approximator, where its role is
quantitative. A Mamdani-type system with fixed rules is used as a
supervisor, where its role is qualitative: it decides how strongly
visibility should take precedence over the servo task.

A practical lesson from recent comparisons of conventional,
type-1, interval type-2 and intuitionistic fuzzy controllers is that the
benefit of a fuzzy controller can only be judged when all competitors
receive the same tuning effort. Equal-effort studies on DC-DC buck
converter regulation, PMDC motor speed control, maximum power
point tracking under sensor noise and secondary frequency control
of a low-inertia microgrid found that the improvement came from
specific features, such as gain scheduling, an additional input, input
saturation or the shape of the type-1 sets, that the footprint of
uncertainty of type-2 sets added little, and that a well-tuned PID
controller could remain competitive (Hatas & Silahtar, 2026a,
2026b; Silahtar & Hatas, 2026a, 2026b). The same principle is
followed in the comparisons of this chapter.

Proposed Fuzzy Sliding Mode IBVS

Task-Space Error and Sliding Surface

With four points the image error has eight components but
the camera has only six degrees of freedom, so a sliding surface

defined directly on e would contain directions that cannot be
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controlled; an integral action on those directions would wind up. The
design is therefore carried out in the six-dimensional task space by
defining

e=L'e e R® (6)

which is exactly the quantity that the classical law (4) drives
to zero. Differentiating (6) and using (3) gives

E=v,+d 7)

with
o s, de dit
d= (L+L — 16)vc + L+E+?e

The lumped disturbance d contains the effect of the depth
error, the image motion caused by the target and the variation of the
pseudo-inverse; the effect of latency and noise is also absorbed in d.
An integral sliding variable is chosen as

a=s+Af0tsdr (8)

with A = Alg, A > 0. On the surface 6 = 0 the task error
obeys € = —Ag and decays exponentially, while the integral term
removes the steady-state error caused by slowly varying
disturbances such as a moving target. The integral is frozen
whenever the velocity command saturates (conditional integration),
which prevents wind-up.

Control Law

The proposed FSMC-IBVS law is
v, = —Ag — 1,6 — d—ffsat(%) 9)

where A, > 0 is a proportional reaching gain, d is the output
of the fuzzy approximator, K is the adaptive switching gain and
sat(+) is the component-wise saturation function, which replaces the
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sign function inside a boundary layer of width ¢ to suppress
chattering. The conventional SMC-IBVS baseline used for
comparison has the same structure with d = 0 and a fixed gain K
that must be chosen larger than the worst-case disturbance. Finally,
the command v, is passed through the visibility supervisor and
scaled uniformly when its translational or angular norm exceeds the
limits of the robot (0.4 m/s and 1 rad/s), so that the direction of
motion is preserved.

Adaptive Fuzzy Disturbance Approximator

Each component d; (i = 1, ...,6) of the lumped disturbance
is approximated by a zero-order TSK fuzzy system whose inputs are
the normalised task error ¢;/S; and its filtered rate &;/S;, with S; =
0.2 for the translational and S; = 0.5 for the rotational components.
The first input is covered by five Gaussian sets (NB, NS, Z, PS, PB)
and the second by three (N, Z, P), as shown in Figure 3(a) and (b),
so that each output has a complete rule base of 15 rules of the form

RY: IF &;/S; is AP AND &;/S;is B THEN d; = 6;,  (10)

With  product inference @ and  weighted-average
defuzzification the output is

d; = 07g, &= tap (£i/Si) 1pa(€i/Si) (11)

15
Xirzq Bapt Hpqr

where §; € R® is the vector of normalised firing strengths.
The consequent parameters are adapted by

6, = Proj{y o° & — vpe0;} (12)
with the dead-zone variable

o8 = {Ui —&sgn(oy), loy| > 6

where y > 0 is the adaptation rate, pg is a small leakage (o-

modification) coefficient, § is a dead zone that stops adaptation
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driven by image noise, and the projection operator keeps every
parameter in [—6,,x, Omax]- In addition, adaptation is enabled only
when || ¢ || is smaller than a reaching-zone radius a,; outside this
zone only the leakage term acts. This last modification proved
important in the simulations: during the large initial transient the
sliding variable is dominated by the error itself rather than by the
disturbance, and unrestricted adaptation would store this transient as
a spurious bias.

Adaptive Switching Gain
The switching gain is adapted by

F {yK loll—pxK, Il o lli> e (13)

—pkK, loll,<ex

where K is kept in [0, Kyax] by projection, so that the gain
grows only as much as needed to dominate the approximation error
of the fuzzy system and decays when the sliding variable is small. In
contrast to the fixed gain of conventional SMC, which must be tuned
for the worst case and is therefore active all the time, K settles to a
value that reflects the actual residual disturbance.

Stability Analysis

The analysis is carried out for the nominal adaptive laws, that
is, without the boundary layer, dead zones, leakage and projection,
and with the supervisor inactive (@; = 0), which is the situation near
the goal. By the universal approximation property of fuzzy systems
(Wang, 1993) there exist ideal parameters 0} such that d; = 0}T§; +
n; with |n;| < on a compact set. Define 8; = 0, — 0} and K =
K — K*, where K* > 1] is an unknown constant. Substituting (9) into
the derivative of (8) and using (7) gives

6 = —1,6 —d +n — K sgn(o) (14)
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where d; = OT%; is the approximation error due to the
parameter mismatch. Consider the Lyapunov function candidate

V=-6"c+— z 078, +—R? (15)
2yk

Its derivative along (14) with the nominal laws 0; = yo;§;

and K = yg Il o Il is
V=-Xlol*+e™m—-Kloll,;+K ol (16)
Since K = K — K*and 6" < 17 || & |l;, this reduces to
Vs lell*~(K* =MD lloll,<0 (17)

where the terms containing 0; have cancelled in (16). Hence
V is non-increasing, all signals are bounded and, since & is bounded,
Barbalat's lemma gives o — 0. On the surface, (8) yields € —» 0
exponentially with rate A. With the practical modifications
(boundary layer, dead zones, leakage and projection) the standard
robust adaptive control arguments give uniform ultimate
boundedness of ¢ in a neighbourhood whose size is set by ¢, 6 and
pe- Two caveats inherited from IBVS must be stated clearly. First,
(7) 1s exact only if the disturbance is bounded, which holds in a
region where L is well conditioned. Second, € = 0 implies e = 0
only if e has no component in the null space of L*; as for classical
IBVS, the result is therefore local, and local minima cannot be
excluded for very large displacements (Chaumette, 1998).
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Figure 3. Membership Functions of the Fuzzy Approximator and
the Visibility Supervisor

(a) Approximator: &;/S; (b) Approximator: £;/S;
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Source: Prepared by the author.
Fuzzy Visibility Supervisor

The supervisor observes, for each feature j, its normalised
margin to the closest image border and the rate at which this margin

shrinks:
. min(u W-u ) min(v iH—v )
m; = mln( éu L, év . ) (18)
where W X H is the image size. The approach rate r; = —m;

is computed from the low-pass filtered pixel velocity of the feature,
so that 77 > 0 means that the feature approaches the border. The
margin is described by the sets Near, Medium and Far and the rate
by Away, Slow and Fast (Figure 3(c) and (d)). The nine rules of Table
1 assign to each combination an output singleton, and the activation
a; € [0,1] is obtained by product inference and weighted-average

defuzzification. The rule base expresses simple expert knowledge: a
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feature that is near the border must be protected even if it is not
moving, a feature at a medium distance needs attention only if it
moves outwards quickly, and a feature far from the border can be
ignored. The activation is finally passed through a first-order filter
with a time constant of 0.15 s to avoid abrupt switching.

Table 1. Rule Base of the Fuzzy Visibility Supervisor (Output
Activation o)

Margin \ Approach rate Away Slow Fast
Near 0.6 1.0 1.0
Medium 0.0 0.2 0.6
Far 0.0 0.0 0.0

Source: Prepared by the author.

The activations are converted into a desired inward motion
of the features. Each endangered feature contributes both a common
image translation, which shifts the whole feature set away from the
border it approaches, and an individual contraction towards the
image centre:

X;j = [XerJ]T (19)

This feature motion is realised only with the axial translation

sr‘,j = —kr(aj Xj + Zi=1 (047 Xk),

and the two pan—tilt rotations of the camera, v, = [vz, Wy, a)y]T, by
a weighted least-squares inversion of the corresponding columns of
L in which the rows of endangered features are weighted by 1 +
10a;. The choice is deliberate: the image motion produced by w,
and w,, does not depend on depth, and the sign of the effect of v, is
correct for any positive depth estimate, so the supervisor remains
effective even when Z is badly wrong. An earlier version that used
all six degrees of freedom was found to push features outwards when
the depth was overestimated, because the estimated interaction
matrix then mixes translation and rotation in the wrong proportion.
The final camera command is
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Ve = Sat((l — B max) Vs + Vr) (20)

with @, = max;a; and f = 0.9, so that the servo task is
attenuated in proportion to the danger of losing a feature. When all
features are far from the border, aj =0 and the supervisor is
transparent, which is why it does not affect the stability analysis near
the goal.

Simulation Set-Up

The scheme was implemented in Python with NumPy and
OpenCV. The camera is modelled as a free-flying six-degree-of-
freedom body driven by velocity commands, which is the standard
kinematic abstraction of an eye-in-hand robot with a good low-level
velocity controller (Chaumette & Hutchinson, 2006; Corke, 2023).
The command is held constant over each frame and the pose is
integrated on SE(3) with ten sub-steps per frame using the
exponential map. The main parameters are listed in Table 2. The
desired pose places the target 0.6 m in front of the camera with its
plane parallel to the image plane, so that the desired features form a
square of about 267 px side centred in the image.

Table 2. Simulation Parameters

Parameter Value
Image size, focal length 640 x 480 px, f= 800 px
Frame rate, processing latency 30 fps, one frame (33.3 ms)
4 dark disks, radius 18 mm, ona 0.2 m

Target

square
Pixel noise Gaussian, 6 = 2 grey levels
Desired pose Fronto-parallel, Z* = 0.6 m
Velocity limits vl <0.4 m/s, lol <1 rad/s
Depth estimate in L 7 =xZ*, « =1 unless stated
Convergence criterion mean feature error < 2 px thereafter

Source: Prepared by the author from the simulation study.

Four controllers are compared. Their gains, given in Table 3,
were tuned so that all controllers reach the velocity limits during the

first part of a typical task; in this way the comparison reflects the
--252--



structure of each law rather than a difference in aggressiveness. The
FSMC-IBVS parameters were selected by short trial runs in the
nominal and moving-target scenarios, and the same values are used
in every test. Giving all controllers a comparable tuning effort
follows the equal-effort principle recommended in recent
comparative studies of fuzzy controllers (Hatas & Silahtar, 2026a,
2026Db).

Table 3. Controller Parameters

Controller Parameters
IBVS, Eq. 4) A=1.0
AG-IBVS, Eq. (5) A0 = 3.0, A0 =0.8, A0' =30
SMC-IBVS A=1.0,28=15,K=0.08 ¢=0.01
A=1.0,k=1.5,¢=0.01;y=100, pf =0.005, &
FSMC-IBVS (proposed) =0.001, 6max = 0.2, 6z =0.05; yK = 1.0, pK =
0.5, eK=0.008, Kmax=0.1; kr=2.0,3=0.9

Source: Prepared by the author.

Five scenarios are considered. Scenario 1 is a nominal
positioning task with a combined rotation of 40° about the optical
axis, tilts of 10° and —15° and a translation that starts the camera 0.95
m from the target. Scenario 2 repeats this task with a depth estimate
that is half or twice the true goal depth. Scenario 3 is a tracking task
in which the target translates periodically in three directions and
rotates about its normal. Scenario 4 is a visibility-critical
configuration in which the features start near the lower part of the
image and the classical laws drive them out of the field of view.
Scenario 5 is a Monte Carlo study with 60 random initial poses and
random depth errors.

Results and Discussion

Scenario 1: Nominal Positioning

Figure 4 shows the feature trajectories in the image and
Figure 5 the time histories of the mean feature error and of the
velocity norms; the numerical results are collected in Table 4. All
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four controllers bring the features to the goal along similar, almost
straight image paths, as expected from IBVS. The difference lies in
the speed of convergence. The classical law converges exponentially
with a fixed rate and needs 4.53 s to reach the 2 px criterion. AG-
IBVS starts more cautiously but accelerates near the goal and
converges in 2.93 s. Both sliding mode laws exploit the velocity
limits during the first second and reduce the error by more than an
order of magnitude within 1.5 s, giving the lowest integral absolute
errors (IAE of 97.0 px-s for SMC-IBVS and 96.4 px's for FSMC-
IBVS, against 154.8 px-'s for IBVS). FSMC-IBVS reaches the
criterion in 3.00 s, against 3.17 s for SMC-IBVS. The small
oscillation of the FSMC-IBVS error between 1.3 s and 1.8 s
coincides with the entry into the adaptation zone, where the fuzzy
approximator starts to learn; it is short and does not affect the final
accuracy.

Figure 4. Feature Trajectories in the Image for Scenario 1
(Squares: Initial, Circles: Desired)
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Source: Prepared by the author from the simulation study.
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Figure 5. Mean Feature Error and Camera Velocity Norms for
Scenario 1
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Source: Prepared by the author from the simulation study.

Scenario 2: Robustness to Depth Errors

Figure 6 shows the error histories when the interaction matrix
is built with Z = 0.5Z* and Z = 2Z*. Underestimating the depth
reduces the effective gain of the translational degrees of freedom by
a factor of about two. The proportional laws suffer most: IBVS does
not reach the 2 px criterion within the 8 s horizon (final error 7.64
px) and AG-IBVS needs 7.10 s. Because the depth error enters (7) as
a bounded disturbance, both sliding mode laws keep their behaviour,
and FSMC-IBVS converges in 4.13 s against 4.70 s for SMC-IBVS,
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with the lowest IAE among all controllers (149.6 px-s).
Overestimating the depth has the opposite effect and makes all laws
faster; in this case AG-IBVS is the fastest (2.77 s), FSMC-IBVS
converges in 3.13 s and gives the lowest IAE (112.8 px-s), while
SMC-IBVS shows a visible noise-induced chattering of the error
around 0.5 px in the final phase. This chattering is a direct
consequence of the fixed switching gain, which is larger than
necessary once the transient is over; the adaptive gain of FSMC-
IBVS decays in the same situation.

Figure 6. Mean Feature Error with Underestimated and
Overestimated Depth (Scenario 2)
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Source: Prepared by the author from the simulation study.

Scenario 3: Tracking a Moving Target

In Scenario 3 the camera starts at the desired pose and the
target moves with translational amplitudes of 6 cm, 4 cm and 3 cm
at 0.2 Hz, 0.2 Hz and 0.1 Hz and rotates by +0.15 rad about its normal
at 0.15 Hz. The results are shown in Figure 7 and in the last columns
of Table 4, where the root-mean-square (RMS) error is computed
after the initial 5 s. The proportional laws track the target with a lag
that is proportional to its velocity, which gives RMS errors of 55.9
px (IBVS) and 52.7 px (AG-IBVS). The integral action of SMC-
IBVS reduces the error to 7.10 px. FSMC-IBVS halves this value

--256--



again, to 3.57 px, because the fuzzy approximator learns the periodic
disturbance: the middle panel of Figure 7 shows that the estimated

components dvx and dvy follow oscillations whose period matches

the 5 s period of the target translation. At the same time the adaptive
switching gain settles at about 0.015, well below the fixed gain of
0.08 that SMC-IBVS needs, and the total variation of the velocity
command, a measure of control effort and smoothness, is 4.85
against 6.39 for SMC-IBVS.

d (m/s)

Figure 7. Tracking of a Moving Target: Mean Error, Fuzzy
Disturbance Estimate and Adaptive Switching Gain (Scenario 3)
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Table 4. Performance Indices for Scenarios 1-3

S1 S2 te S2 te S3

Controller S(ls)“ IAE | (s),Z=| (s),Z= | RMS Tsi’,
exs) | 052* | 27* | (x)

IBVS 453 | 1548 | - 447 | 5588 | 230

AG-IBVS 293 | 1427 | 710 | 2.77 | 52.66 | 2.57

SMC-IBVS 317 | 970 | 470 | 350 | 7.10 | 6.39

FSMC-IBVS 300 | 964 | 413 | 3.13 | 3.57 | 485

(proposed)

Source: Prepared by the author from the simulation study.

In Table 4, tc denotes the time after which the mean feature
error remains below 2 px, a dash indicates that the criterion was not
met within the horizon, TAE is the integral of the mean feature error
and TV is the total variation of the velocity command, ), Il v.(k) —
ve(k —1) ;.

Scenario 4: Visibility-Critical Configuration

In Scenario 4 the target is initially seen from an oblique
viewpoint at a distance of about 0.7 m, rotated by —69° about the
optical axis and with tilts of about 26° and 15°, so that the features
start in the lower right part of the image. Figure 8 shows the result.
All classical controllers, as well as FSMC-IBVS with the supervisor
disabled, move the lower features straight towards the bottom
border, and a feature is lost after 0.53—0.63 s (Figure 8(a) and the
crosses in Figure 8(c)). The servo is then stopped with a mean error
of about 160 px. With the fuzzy supervisor, the activation rises to
0.35 within the first 0.3 s, the task command is attenuated and the
camera tilts so that the feature set moves upwards. The minimum
distance of the features to the image border never falls below 51.5
pX, the supervisor becomes inactive after about 2 s, and the task is
completed in 3.80 s (Figure 8(b)). The price is a longer camera path
(0.78 m), which is the expected trade-off between visibility and path
length.
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Figure 8. Visibility-Critical Configuration (Scenario 4)
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Scenario 5: Monte Carlo Study

poses were drawn at random with rotations of up to +20° about the
image axes and £69° about the optical axis, lateral offsets of up to
+12 cm and £8 cm and distances between 0.6 m and 1.0 m, keeping
only poses in which all features are initially at least 40 px from the
border. For each trial the depth estimate was drawn uniformly from

amax

To assess the controllers beyond hand-picked cases, 60 initial

[0.6Z%,1.6Z7], and each run lasted 6 s. A trial counts as a success if

no feature is lost and the 2 px criterion is met. The results are given
in Table 5 and Figure 9; convergence times and IAE are averaged
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over the 53 trials that all controllers solved, so that each controller is
evaluated on the same set of tasks.

Table 5. Monte Carlo Results over 60 Random Trials (Scenario 5)

Success | Feature | Mean Mean Mean
Controller (%) loss tc (s) IAE TV
0
(px-s)

IBVS 88.3 1 4.35 141.2 2.10
AG-IBVS 98.3 1 2.68 128.9 2.02
SMC-IBVS 98.3 1 3.09 89.8 4.44
FSMC-IBVS without | ¢ | 2.78 883 | 472
supervisor

FSMC-IBVS 100.0 0 2.80 87.1 4.79
(proposed)

Source: Prepared by the author from the simulation study.

FSMC-IBVS is the only controller that succeeded in all 60
trials. One trial caused feature loss for every other controller,
including FSMC-IBVS without the supervisor, and IBVS
additionally failed to converge within 6 s in 6 trials because of its
fixed gain. On the common trials the mean convergence time of
FSMC-IBVS (2.80 s) is close to that of AG-IBVS (2.68 s) and
shorter than that of SMC-IBVS (3.09 s) and IBVS (4.35 s), and its
mean [AE is the lowest of all (87.1 px's). The comparison between
FSMC-IBVS with and without the supervisor shows that the
supervisor is almost transparent in benign trials: the convergence
time and IAE change by only a few per cent, and the extra control
activity is small.
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Figure 9. Success Rate and Distribution of Convergence Time in
the Monte Carlo Study (Scenario 5)

(a) Success over 60 trials (b) Trials solved by all (53)
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Discussion and Limitations

The results support three conclusions. First, writing the
sliding mode law in the six-dimensional task space is a simple and
effective way to combine the robustness of SMC with IBVS: the
integral surface removes tracking lags and the depth error becomes
a bounded disturbance rather than a gain error. Second, the adaptive
fuzzy approximator is most useful when the disturbance has
structure that can be learned, as in the moving-target scenario, where
it halved the tracking error of a conventional SMC law while using
a smaller switching gain. Third, a fuzzy supervisor with nine
readable rules can protect the visibility of the features at almost no
cost in benign situations, provided that the inward feature motion is
realised through degrees of freedom whose effect does not depend
on the unknown depth.

Some limitations must also be acknowledged. AG-IBVS
remains slightly faster than FSMC-IBVS in the nominal and
overestimated-depth cases, and the adaptive approximator produces
a short oscillation when it is switched on; a smoother activation of
the adaptation would remove it. The visibility supervisor is reactive:
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it prevents features from leaving the image but it does not plan, and
it cannot resolve configurations in which the interaction matrix
becomes nearly singular. During the tuning of the supervisor, several
random poses with large rotations about the optical axis were found
in which all controllers, including the proposed one, drove the
camera towards such configurations; path planning (Mezouar &
Chaumette, 2002), predictive control (Allibert et al., 2010) or
partitioned features (Corke & Hutchinson, 2001) are better suited to
those cases. The parameters were tuned by trial runs, and the study
is restricted to kinematic simulation; robot dynamics, joint limits and
real illumination effects were not modelled. Finally, the results are
based on one target geometry and one camera, and the Monte Carlo
study, although it uses random poses and depth errors, is limited to
60 trials.

Conclusion

This chapter presented an image-based visual servoing
scheme in which image processing, sliding mode control and fuzzy
logic are combined in a single loop. The point features are extracted
from rendered camera images by a pipeline based on Gaussian
smoothing, Otsu thresholding, blob labelling and sub-pixel
centroiding, with one frame of latency. The control law is an integral
sliding mode law written in the six-dimensional task space,
augmented with a TSK fuzzy approximator that learns the lumped
disturbance and with an adaptive switching gain; its stability was
analysed with a Lyapunov function. A Mamdani-type fuzzy
supervisor monitors the margins of the features to the image border
and blends the servo command with a depth-robust inward motion
of the features.

In simulation, the proposed FSMC-IBVS converged faster
than classical IBVS and conventional SMC-IBVS in the nominal
task, remained fast when the depth was underestimated by a factor
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of two, reduced the RMS error in tracking a moving target from 7.10
px (SMC-IBVS) to 3.57 px, kept all features visible in a
configuration in which every other controller lost the target, and was
the only controller to succeed in all 60 trials of the Monte Carlo
study. Future work will address experimental validation on a
manipulator with an eye-in-hand camera, building on earlier vision-
based fuzzy pointing experiments with a CubeSat prototype
(Silahtar, Atan, et al., 2023; Silahtar, Hatas, et al., 2023), the
inclusion of robot dynamics, joint limits and the electric drives of the
joints (Genc & Hatas, 2018; Hatas et al., 2026), and a real-time
implementation of the image-processing pipeline on embedded or
FPGA hardware (Genc & Hatas, 2018). Further directions are the
combination of the reactive supervisor with a planning layer for very
large displacements, learned feature extraction and depth estimation
trained with little labelled data, for example by self-supervised
representation learning (Ozel, 2026), and type-2 fuzzy sets for larger
image noise, whose benefit should be verified under equal tuning
effort (Hatas & Silahtar, 2026a; Silahtar & Hatas, 2026b).
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Introduction

Unlike microelectronics, large-area electronics aims to
fabricate electronic circuits at low cost over large areas on glass or
flexible substrates. The development of this field has been driven
largely by displays; glass substrates have grown from 30 cm % 40 cm
in Gen 1 to approximately 2.9 m % 3.1 m in Gen 10 (Kuo, 2013).
Since 2018, the largest substrates in production have been the 2.94
m X 3.37 m sheets of Gen 10.5 lines (Corning Incorporated, 2018),
which are also referred to as Gen 11 (Geng et al., 2023; Luo et al.,
2026). The active-matrix approach, in which each pixel is addressed
by a thin-film transistor (TFT), was developed for liquid-crystal
displays (LCDs; Brody et al., 1973), and the large-area active-matrix
arrays developed for this purpose were later adopted as the readout
structure of flat-panel X-ray detectors (FPDs) (Yaffe & Rowlands,
1997). The same transistor technology has thus become the common
platform for two different applications.

However, these two applications demand different priorities
from this common platform. In displays, the mobility of
hydrogenated amorphous silicon (a-Si:H) TFTs is sufficient for pixel
switching but remains too low for functions requiring high current,
such as driver circuits and the driving of organic light-emitting diode
(OLED) pixels (Kuo, 2013). In current-driven OLED displays, the
pixel current, and hence the luminance, depends on the threshold
voltage (Vi) and mobility of the driving TFT, so pixel-to-pixel
variations in these parameters directly degrade image uniformity
(Shin et al., 2014). In detectors, by contrast, area and noise come to
the fore. Because X-rays cannot be focused with lenses, large-area
panels are needed to image large regions of the body in a single
exposure and at a lower dose (Geng et al., 2023). The electrical
properties of the TFT backplane also markedly affect the trade-off
between radiation dose and image quality through electronic noise
and image lag (Sheth et al., 2022).
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Meeting these requirements together is difficult for silicon-
based options. a-Si:H TFT backplanes offer high uniformity but
cannot be used reliably in large OLED displays because of their low
mobility and positive Vu shifts, whereas low-temperature
polysilicon (LTPS) TFTs, despite their high mobility and stability,
require complex compensation circuits because of their poor
uniformity, which lowers the manufacturing yield of large displays
(Shin et al., 2014). TFTs fabricated with oxide semiconductors such
as amorphous indium-gallium-zinc oxide (a-IGZO), on the other
hand, combine relatively high mobility with good uniformity, and
because they can be produced on existing a-Si:H production lines
with minor modifications, they are regarded as the most realistic
backplane option for large OLED displays on Gen 8 and larger lines;
large OLED televisions with such TFT backplanes have been
commercialized (Shin et al., 2014).

Nevertheless, Ide et al. (2019) describe instability as the most
serious problem in the development of amorphous oxide TFT
technology and emphasize that a significant portion of the relevant
defects is associated with oxygen, a main constituent, and with
unintentionally incorporated hydrogen. Because there is a trade-off
between mobility and stability in oxide TFTs (Shiah et al., 2021),
performance and reliability must be addressed together.

In this chapter, a-IGZO TFTs are examined in terms of
application requirements and stability problems. First, the active-
matrix backplane concept and the functions of the TFT in displays
and detectors are summarized, after which the use of a-IGZO TFTs
in flat-panel displays and X-ray detectors is examined. Following a
treatment of stability problems according to stress type and of the
proposed mechanisms, open problems and research gaps specific to
application conditions are discussed. Materials physics is
summarized only to the extent needed to interpret stability.
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The Active-Matrix Backplane Concept

In an active-matrix backplane, each pixel is addressed
individually through one or more TFTs (Geng et al., 2023). In X-ray
detectors, the scan line of each row is connected to the gate
electrodes of the pixel TFTs in that row; when a row is activated, the
signal is read out through the data lines belonging to each column
(Yaffe & Rowlands, 1997). Although the same addressing principle
1s common to displays and X-ray detectors, the two applications
assign different functions to the TFT. This section summarizes these
functions and the basic requirements arising from them.

The Functions of the TFTs in Displays

TFTs found their first widespread application in large-area
electronics as switches in active-matrix liquid-crystal displays
(AMLCDs), which became widespread with a-Si:H TFTs (Kuo,
2013) after the first demonstration of a TFT-addressed LCD panel
(Brody et al., 1973). In these displays, each pixel is driven by a one-
transistor—one-capacitor (1T1C) circuit consisting of a switching
TFT and a storage capacitor (Figure 1a; Geng et al., 2023). Because
the speed and delay requirements of the pixel driving circuit are low
compared with those of logic circuits, disordered semiconductors
can be used for this purpose (Geng et al., 2023). When a row is
selected, the TFT transfers the information signal on the data line to
the storage capacitor, and the charge stored in the capacitor controls
the transmittance of the liquid crystal over one frame period (J. K.
Jeong, 2013). This function requires a sufficient on-state current (Ion)
during writing and a very low off-state current (Lofr) during the
holding period.

Active-matrix organic light-emitting diode (AMOLED)
displays, on the other hand, are current-driven, so each pixel requires
at least two TFTs and one storage capacitor (2T1C): a switching TFT
that writes the data and a driving TFT that must act as a current
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source and supply a stable output current (Geng et al., 2023). J. K.
Jeong et al. (2010, as cited in Kamiya et al., 2010) reported that a
+0.1 V deviation in the Va of the driving TFT can change the
luminance by 16%. Since the drain current (Ip) in the saturation
region is proportional to (Vas — Vin)?, where Vs is the gate—source
voltage, the relative change in current is given approximately by
Alp/Ip = 2AVw/(Vgs — Vin); assuming that OLED luminance is
proportional to current, a 16% change corresponds, at a given gray
level, to an overdrive voltage (Vgs — Vi) of approximately 1.25 V;
the sensitivity is higher at lower gray levels, where the overdrive is
smaller. This makes stability and uniformity as decisive as mobility.
The simplest 2T1C circuit, used in early implementations, is shown
in Figure 1b; the driving TFT determines the current through the
OLED and hence the luminance (Geng et al., 2023). Image quality
depends directly on the uniformity of the output current of the
driving TFT, and it is difficult to achieve sufficient uniformity by
using a single TFT as a current source. For this reason, in-pixel
compensation circuits that compensate for parameter variations of
the driving TFT have been developed to overcome the Vi
nonuniformity and grain-dependent mobility variations of LTPS
TFTs (Geng et al., 2023). A typical in-pixel compensation circuit
consists of five to seven TFTs and one to two capacitors; one
common example is the seven-transistor—one-capacitor (7T1C)
circuit (Geng et al., 2023). In such circuits, as in the 6T1C circuit
proposed by Fan et al. (2022) for low-temperature polycrystalline
oxide (LTPO) technology, which combines LTPS and oxide TFTs in
the same pixel, only one of the TFTs is the driver; the others are
switches, some connected to the scan lines and some to the emission
control lines, that perform functions such as resetting the nodes,
sampling the Vi of the driver through a diode connection while the
data are written, and controlling the emission phase. However, this
approach complicates the pixel structure, reduces the aperture ratio,
and leads to stress-induced instability problems. Because of these
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drawbacks, external compensation methods have also been
developed (Geng et al., 2023). In large OLED televisions, for
example, oxide TFTs, whose mobility is lower than that of LTPS, are
made larger, so the pixel circuit is kept simple to preserve the
aperture ratio; the differences between pixels are compensated by an
external driving circuit containing analog-to-digital converters and a
memory that stores the measured data (Shin et al., 2014). Because
this approach requires an external integrated circuit and
computation, it increases system complexity and power consumption
(Geng et al., 2023).

Figure 1. Basic Pixel Circuits in Active-Matrix Backplanes: (a)
AMLCD ITIC, (b) AMOLED 2TIC (n-Type Driver), (c) Passive
Pixel Sensor (PPS), (d) Active Pixel Sensor (APS)

(a) AMLCD: 1T1C (b) AMOLED: 2T1C (n-type)

Scan line Scan line

' 11 ™
§ Cstu Crc § /
/OLED
VCOID
(c) Passive pixel sensor (PPS) (d) Active pixel sensor (APS)
) Scan line ) Scan line
VDD Vref
© T \ 1 © T3
By _ S, S T1
3 C ™~ pp T P 3
£l H 5 ~_
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+ Voul VB 9 Iload PD VB

&3 - Reset line

Note. In (b), the driving TFT (T2) is an n-type TFT; Cy is therefore connected
between the gate and source terminals of T2. Cyrc: liquid-crystal capacitance; Cy:
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storage capacitor; Cyi: pixel (photodiode) capacitance; Cr and S,: feedback
capacitor and reset switch of the charge amplifier at the end of the column; Ipaa:
column current source of the source follower; Veom: common electrode voltage;
Vop and Vss: high and low supply voltages; Vp: negative voltage that reverse-
biases the photodiode; V. reset reference voltage; PD: photodiode; Vou: output
voltage of the charge amplifier. In the APS, Tl is the reset TFT, T2 the source
follower, and T3 the readout TFT. Drawn by the authors based on Geng et al.
(2023) and Street (2022).

The Functions of the TFTs in X-Ray Detectors

X-ray detectors are divided into two groups according to how
they convert X-rays into electric charge. In indirect detection, X-rays
are first converted into visible light in a scintillator and then into
electric charge in the photodiode of each pixel; in direct detection, a
photoconductor such as amorphous selenium converts X-rays
directly into charge without an intermediate light stage (Yaffe &
Rowlands, 1997). In both direct and indirect FPDs, the charge
collected in each pixel is read out through a TFT backplane (Yaffe &
Rowlands, 1997). In the passive pixel sensor (PPS) architecture, the
single TFT in each pixel operates as a switch (Figure 1c; Geng et al.,
2023). This switch transfers the accumulated charge without
amplification through the data line to an external charge amplifier
(Street, 2022). In the active pixel sensor (APS) architecture, by
contrast, the pixel typically contains three TFTs that perform the
reset (T1), readout (T3), and amplifier (T2) functions (Figure 1d; El-
Mohri et al., 2009). In this pixel, T2 operates as a source follower;
by transferring the voltage at the photodiode node to the low-
impedance data line, it suppresses the noise contribution of the data
line capacitance (EI-Mohri et al., 2009). Although the voltage gain
of the source follower is below 1, the pixel provides a charge gain
determined by the ratio of the two capacitances, because the voltage
change at the photodiode node is transferred to the much larger data
line capacitance (El-Mohri et al., 2009). This approach, proposed
particularly for low-dose X-ray imaging to improve the limited
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signal-to-noise ratio of the PPS (Geng et al., 2023), has been
demonstrated experimentally in prototype arrays with LTPS TFTs;
signal gains of approximately 11 and 21 were obtained in three-TFT
single-stage and five-TFT two-stage designs, respectively, although,
because of the high additive noise of these early prototypes, no net
improvement in signal-to-noise performance was obtained (EI-
Mohri et al., 2009). For an APS with a-IGZO TFTs, a charge gain of
31-122 has been calculated by simulation, together with the finding
that this gain is sufficient to suppress the noise of the TFT and of the
external readout circuit (Zhao & Kanicki, 2014). Oxide TFTs offer
this possibility with the prospect of a lower manufacturing cost than
LTPS (Street, 2022). However, because critical dimensions in TFT
processes are on the order of 2-3 um, every component added to the
pixel reduces the area left for the photodiode. Achieving high
resolution and high sensitivity together in an APS therefore becomes
difficult (Geng et al., 2023).

In imaging applications, the off-state current of the TFT is a
decisive performance metric for achieving low noise and a high
frame rate (Geng et al., 2023). In radiography, X-ray exposure can
typically last up to 1 s. The charge generated in the pixel is held in
the pixel capacitance during the exposure and then throughout the
integration time until the corresponding row is read out; the off-state
currents of both the TFT and the photodiode must therefore be very
low, and these currents also set the upper limit on the integration time
(Street, 2022). Image lag in detectors is defined as the fraction of the
signal charge that cannot be transferred to the external electronics
within one frame period (Street, 2022). In detectors with a-Si:H
photodiodes, the main source of this lag is charge trapping and
release in the photodiode (Sheth et al., 2022); in addition, charge
trapped in the TFT channel is released slowly and can contribute to
later image frames, so that the TFT can make a smaller, additional
contribution to the image lag (Street, 2022). In a 160 x 180 pixel
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flexible detector array with oxide TFTs on a plastic substrate,
however, a lag of approximately 10% in the first frame, falling to
approximately 1% by the third frame, remained within the typical
values for an a-Si:H photodiode, showing that the oxide TFT did not
introduce any significant degradation of the imaging properties
(Lujan & Street, 2012). Sufficiently high mobility is also necessary
for fast readout. The gate-on time available for reading out each row
is the frame time divided by the number of rows; as a simple
estimate, it is limited to approximately 11 us when an array of 3,000
rows is read out at 30 frames/s. Within this time, the signal charge
must be transferred to the charge amplifier through the TFT, which
takes several resistance—capacitance (RC) time constants, where RC
is set by the pixel capacitance (Cpix in Figure lc, essentially the
photodiode capacitance in indirect detectors) and the on-resistance
of the TFT (Street, 2022). Because the low mobility of a-Si:H TFTs
results in a high on-state resistance and thus a long RC time constant,
this condition becomes difficult to meet in large, dense pixel arrays
operated at high frame rates, whereas the higher mobility of oxide
TFTs gives faster discharge and can therefore enable higher frame
rates (Street, 2022).

The noise added to the signal by the readout electronics
becomes dominant particularly at low X-ray doses and in the fine
details of the image (Street, 2022). The main source of this noise is
the input noise of the external charge amplifier, which is proportional
to the data line capacitance. In large-area medical detectors, this
capacitance reaches approximately 100 pF; most of it arises from the
overlap between the gate and the source/drain (S/D) electrodes of the
pixel TFTs, and part of it from the crossovers of the scan and data
lines (Street, 2022). In the large-area detectors used in medical
imaging, this overlap is significant because no self-aligned
technology had been established for the a-Si:H or IGZO TFTs of
such arrays (Street, 2022). In display manufacturing, by contrast,
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self-aligned top-gate coplanar (SA-TG) IGZO TFTs, which offer low
parasitic capacitance, have been widely adopted in AMOLED
backplanes (Son et al., 2025); such TFTs could, in principle, also
reduce the data line capacitance of detectors, although, to our
knowledge, their integration with the hydrogen-rich photodiode
deposition process has not yet been reported.

a-1GZO TFTs in Flat-Panel Displays

A concrete example of the mobility requirement mentioned
in the Introduction is large LCDs: low-mobility a-Si:H TFTs are
reported to be inadequate for driving 55-inch-class LCDs operating
above 120 Hz (Kamiya et al., 2010). Today, mass-produced 1GZO
TFT panels are used in high-resolution AMLCDs (Geng et al., 2023),
and a clean etch-stopper process has been shown to improve the
uniformity and reproducibility of oxide TFTs on Gen 8.5 glass
substrates for industrial production (Chung et al., 2018).

Two properties stand out from the perspective of display
design. The first is the pixel aperture ratio: increasing transmittance
requires reducing the size of the storage capacitor and the TFT, and
high mobility allows the same drive current to be supplied by a
smaller TFT (Geng et al., 2023). The second is the off-state current:
low-refresh-rate driving saves power but requires the pixel voltage
to be held for longer time, so oxide TFTs, with their very low oft-
state current, are well suited to it (Fan et al., 2022).

In large AMLCD and AMOLED panels, where the grain-
related uniformity and scalability problems of LTPS become
pronounced, oxide TFTs, which offer better uniformity than LTPS
and scalability similar to that of a-Si:H, are increasingly used (Geng
etal., 2023). For example, a-IGZO TFTs with a back-channel-etched
structure have been fabricated on a Gen 11 mass-production line for
an 85-inch-class (84.6-inch diagonal) 8K LCD, with a mobility of
about 10 cm?*V~'s ! and a Vi range of 1.2 V across the substrate (Luo
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et al., 2026). In mobile devices, on the other hand, the two
technologies are combined in the LTPO architecture (Zhang et al.,
2022). In most of these pixel circuits, the LTPS TFT is used as the
driving transistor because of its high mobility, and oxide TFTs are
used as switches that hold the charge at the storage capacitor nodes
(Zhang et al., 2022). With this approach, AMOLED pixel circuits
supporting variable refresh rates in the 1-120 Hz range have been
developed (Fan et al., 2022). Zhang et al. (2022) noted that, because
of process constraints, LTPO technology was limited to mobile
displays; it had been used in smartwatches since the 6T1C circuit of
the Apple Watch Series 4 (Fan et al., 2022). In practice, only n-type
oxide TFTs have reached maturity; the LTPO architecture
accordingly combines p-type LTPS TFTs with n-type IGZO TFTs
(Geng et al., 2023). Among p-type oxide semiconductors, copper(I)
oxide (Cu2O) and tin monoxide (SnO) stand out as the most
promising candidates (Fortunato et al., 2012). However, because the
mobility of carriers in the valence band is generally low, a p-type
oxide TFT with performance comparable to that of n-type oxide
TFTs had not yet been reported (Fortunato et al., 2012).

In display applications, crystalline and higher-mobility
oxides are also on the agenda alongside a-IGZO. In transistors with
a c-axis-aligned crystalline IGZO (CAAC-IGZO) channel, which
can be deposited below 500 °C on amorphous or uneven surfaces
and contains no distinct grain boundaries, the off-state current, which
is too low to be measured directly, has been estimated by
extrapolating Arrhenius plots of measurements at higher
temperatures to be on the order of 10 yA/um at 85 °C and below 1
yA/um (102* A/um) at room temperature (Yamazaki et al., 2014).
These values are significant for low-refresh-rate driving. In large
OLED televisions, oxide TFT backplanes are used together with
driving and compensation methods aimed at eliminating non-
uniformity in the TFTs and OLEDs; with this approach, 77-inch
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ultra-high-definition (UHD) OLED televisions with IGZO TFT
backplanes have been developed (Shin et al., 2014).

In the external compensation mentioned above, the pixel
circuit is reduced to structures such as 3T1C or 4T1C, consisting of
a sensing TFT and a storage capacitor added to the switching and
driving TFTs, and a sensing line is added to each column (Zhang et
al., 2022). The sensing TFT allows the voltage and current of the
driving TFT to be measured in an external circuit; the timing
controller and the source driver compare the measured values with a
lookup table and correct the data voltage in real time, so that the Vi
of the driving TFT, the OLED voltage, and the IR (current x
resistance) voltage drop along the lines can be compensated (Zhang
et al., 2022). Shin et al. (2014) state that the Vi, and mobility of the
driving TFT are measured by the source-follower method and stored
in memory, and that compensation is performed both after
manufacturing and during use. The simple pixel circuit also allows
the gate drivers to be fabricated on the panel (gate-in-panel, GIP),
eliminating external gate integrated circuits and narrowing the bezel
(Shin et al., 2014).

On-panel driver circuits also reduce cost by eliminating
external integrated circuits and their interconnections (J. Oh et al.,
2019). However, because of the high electron density caused by
oxygen vacancies (Vo), which form easily as the In fraction
increases, a-IGZO TFTs often operate in depletion mode with a
negative Vi and conduct current even at Vgs = 0 V; this creates
leakage current paths in the driver circuits and increases power
consumption (J. Oh et al., 2019). To overcome this problem, gate
driver circuits have been developed that use two separate low supply
voltages (Vg1 and Var2) to apply a negative Vgs to pull-down TFTs,
that is, the TFTs that discharge the output and internal (Q) nodes of
each driver stage to these low supply voltages; simulation has shown
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that such a circuit produces a stable output even when the Vi, of all
TFTs varies between —6.5 Vand +11.5 V (J. Oh et al., 2019).

a-1GZO TFTs in Flat-Panel X-Ray Detectors

With respect to the requirements summarized above for X-
ray detectors, the main advantage of oxide TFTs is that they combine
high mobility with a very low off-state current (Street, 2022). As
reported by Street (2022), the electron mobility of IGZO,
approximately ten times higher than that of a-Si:H, allows the same
readout performance to be achieved with a smaller TFT; reducing the
TFT size lowers the parasitic capacitance, and hence the data line
capacitance, thereby reducing amplifier noise. Alternatively, high
mobility shortens the pixel discharge time, improving the signal-to-
noise ratio and increasing the readout speed (Street, 2022). Data
obtained with a 31 x 31 cm IGZO detector have also shown that
reducing the TFT size provides a marked improvement in detective
quantum efficiency (DQE) at low doses in fluoroscopy detectors
(Street, 2022). A very low off-state current, in turn, can allow longer
integration times (Street, 2022).

In a comprehensive technical assessment of imaging
performance, Sheth et al. (2022) compared an IGZO TFT-based
FPD combined with a-Si:H photodiodes and a 0.7 mm thick CsI:TI
scintillator with a conventional a-Si:H TFT-based FPD with a 0.6
mm CsI:TI scintillator. The measurements were performed on an
experimental setup emulating the geometry of intraoperative cone-
beam computed tomography, under two-dimensional fluoroscopy
and three-dimensional tomography conditions (Sheth et al., 2022).
The IGZO-based detector showed up to 1.7 times lower electronic
noise at matched pixel pitch (Sheth et al., 2022). At matched pixel
size and dose, the DQE at a frequency of 1 mm™! increased by
approximately 27%; when corrected for the difference between the
scintillator thicknesses of the two detectors, this increase was
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approximately 11% (Sheth et al., 2022). The improvements in
electronic noise, image lag, and noise-equivalent quanta (NEQ) were
measurably reflected in two- and three-dimensional image quality,
and these improvements were noted to be most beneficial in low-
dose or high-frame-rate imaging (Sheth et al., 2022). Nevertheless,
FPDs with a-Si:H TFTs remain a prevalent technology in digital X-
ray imaging.

One of the most critical detector-specific integration
problems is the deposition, in indirect-detection structures, of the
silicon nitride passivation layer and, in particular, of the p-i-n (PIN)
photodiode stack consisting of p-type, intrinsic (undoped), and n-
type a-Si:H layers on top of the oxide TFT array by plasma-enhanced
chemical vapor deposition (PECVD) (Figure 2; Zhan et al., 2021).
The high-density hydrogen plasma required by these processes can
cause a severe negative Vi, shift in the a-IGZO TFT channel, or even
leave the TFT permanently on, and this damage cannot be removed
even by repeated annealing (Zhan et al., 2021). Considering that
hydrogen can be incorporated into almost any thin film under
fabrication conditions other than ultra-high vacuum and causes
instability at high concentrations (Kamiya et al., 2022), this step
poses a particular risk. Zhan et al. (2021) used an additional barrier
layer protecting the TFT channel against hydrogen in the bottom-
gate a-IGZO TFT backplane they developed for a 17 x 17 inch flat-
panel detector. This layer, which retains hydrogen ions within itself
during the deposition of the passivation and photodiode layers,
becomes conductive as it absorbs hydrogen, thereby minimizing the
amount of hydrogen reaching the TFT channel, which the authors
reported to solve the problem effectively.
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Figure 2. Schematic Cross-Section of a Pixel Consisting of an a-

IGZO TFT and an a-Si:H PIN Photodiode in an Indirect-Detection
Flat-Panel X-Ray Detector

l l l l l l X-rays
visible light
{} Csl:Tl scintillator (columnar)

B N Planarization / cover
— = = Top metal: bias line
! % 5] ITO top electrode

p*a-Si:H
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n*a-Si:H
Bottom electrode (connected to drain)
H barrier (sacrificial) layer

Passivation (SiO,)

Gate insulator

Glass substrate

m
a-IGZO BCE TFT (readout switch) a-Si:H PIN photodiode

Note. Layer thicknesses are not to scale. In practical detectors, several organic
and inorganic interlayers are used; for simplicity, only the SiO. and SiN
passivation layers and a single planarization layer beneath the scintillator are
shown. The TFT has a back-channel-etched (BCE) structure. The hydrogen
barrier layer represents the approach of Zhan et al. (2021), in which a sacrificial
layer of pixelated IGZO retains hydrogen during passivation and photodiode
deposition. The top metal is the bias line of the photodiode. ITO: indium tin oxide.
Drawn by the authors based on Street (2022) and Zhan et al. (2021).

The second factor is ionizing radiation. Although the
radiation received by the detector in a single medical exposure is
low, the lifetime exposure can reach approximately 1 MR
(megaroentgen; ~8.8 kGy in terms of air kerma) because of frequent
use (Street, 2022). This value is more than two orders of magnitude
higher than the lifetime dose of 50-70 Gy calculated by Park et al.
(2021) for the detector panel in chest radiography, although the
quantity and medium in which that dose is expressed are not
specified. Because Street (2022) and Park et al. (2021) do not specify
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at which plane of the detector the dose is defined, the difference may
stem from the assumed usage scenario and from the plane at which
the dose is defined (the detector surface or the TFT layer beneath the
scintillator). The few studies available indicate that oxide TFTs have
good radiation hardness (Street, 2022). Indeed, after a total X-ray
dose of up to 2000 Gy, the Vi of a-IGZO TFTs remained unchanged,
whereas LTPS TFTs showed marked degradation in all of their main
parameters; this difference was attributed to the ionic bonds in
amorphous oxides being more resistant to irradiation than the
covalent bonds in silicon (Park et al., 2021). The mobility of flexible
IGZO TFTs has been reported to remain constant at around 10
cm?V's™! even after an X-ray dose of 4.1 kGy absorbed in SiO»; the
authors attributed this hardness to distinctive properties such as
conduction not depending on long-range atomic order and the high
heat of formation of the materials (Cramer et al., 2016). The doses
tested (2—4.1 kGy) are below the =8.8 kGy upper estimate of lifetime
exposure (Street, 2022), although the dose reaching the TFT plane
beneath the scintillator is expected to be considerably lower;
moreover, the two values are not directly comparable, because
Street’s lifetime estimate is an exposure, converted here to air kerma,
whereas the test dose is the dose absorbed in SiO-. In flexible IGZO
TFTs with a high-atomic-number multilayer gate insulator
consisting of Si0, and Ta>Os, a negative Vi shift of up to 3.4 V per
gray was observed because of positive ionization charge
accumulating in the insulator. This value, which exceeds the
sensitivity of commercial radiation-sensitive field-effect transistor
(RADFET) dosimeters by approximately one order of magnitude,
results from the use of tantalum oxide to increase the stopping power
of the insulator, and the device in question was developed for X-ray
dosimetry (Cramer et al., 2018). Zhan et al. (2021) also point out that
reducing the hydrogen content in the active layer can improve the X-
ray hardness of a-IGZO TFTs.
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Stability Problems in a-IGZO TFTs

The main defects that determine the stability of a-IGZO TFTs
are associated with oxygen and hydrogen (Ide et al., 2019; Kamiya
et al, 2022). According to density functional theory (DFT)
calculations, most Vo are deep donors, whereas some act as shallow
donors because their local environments differ from those in
crystalline oxides; under illumination, the deep donors can be
photoionized, and because of their negative-U character the singly
ionized Vo' state is unstable, so ionization proceeds to Vo>" (Noh et
al., 2011). Because of the energy barrier between the ionized and
neutral states, Vo’ may not return spontaneously to the neutral state
at room temperature (Noh et al., 2011; Ryu et al., 2010), and, in
molecular-dynamics simulations of electron capture, some Vo**
defects that create a large void around the vacancy site did not return
to the neutral state even at simulated annealing temperatures of 500—
600 °C, becoming shallow donors instead; the authors noted that
these temperatures are higher than those at which device stability is
recovered experimentally, possibly because the calculations
overestimate the energy barrier (Noh et al., 2011). Hydrogen, on the
other hand, can act as a donor and release free electrons, and at high
concentrations it causes additional instability (Kamiya et al., 2022);
some hydrogen, however, passivates electron traps and thereby
improves TFT performance (Hanyu et al., 2013). H™ species bonded
to metal cations (M—H) form subgap states above the valence band
maximum (Bang et al., 2017), and in films with a high oxygen
content, peroxide (O—O) structures associated with excess oxygen
come to the fore (S. Choi et al., 2022).

The stability of a-IGZO TFTs is governed by different
mechanisms depending on the type of stress applied (Table 1). Under
positive gate bias stress (PBS), the Vi, shifts in the positive direction
without significant changes in subthreshold swing (SS) and mobility;
this behavior is explained not by trap creation at the interface but by
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electron injection from the channel into interface or insulator traps
(J.-M. Lee et al., 2008). The same study reported that the transfer
curve hardly shifts at all under negative gate bias stress (NBS; J.-M.
Lee et al., 2008).

Table 1. Stress Types, Observed Changes, and Proposed
Mechanisms in a-1GZ0 TFTs

Stress type Observed change Proposed dominant Relevant
mechanism(s) application;
source
PBS (dark, Vi shifts Electron injection Switching and
Vgs > 0) positively; SS and from the channel driving TFTs; J.-
mobility do not into, and trapping at, M. Lee et al.
change interface and (2008), Yang et al.
significantly insulator traps; (2022), S. Choi et
peroxide at high al. (2022)
oxygen content
PBTS (Vgs >  Positive shift Thermally activated ~AMOLED driving
0, high accelerates with trapping; subgap TFT; J.-M. Lee et
temperature)  temperature; DOS and near- al. (2008), Son et
depends on interface insulator al. (2025), Chung
channel length in  traps etal. (2018)
SA-TG structures
NBS (dark, Transfer curve No hole channel J.-M. Lee et al.
Vs <0) hardly shifts forms under negative (2008), Kamiya et
gate voltage al. (2010)
NBIS/NBTIS  Negative shift; Vo photoionization =~ LCD backlight;
(Vas <0, generally parallel (Vo — Vo), hole more limited in
light; under visible light trapping, and indirect-detection
additionally creation of new detectors; J. K.
high subgap states; M—H  Jeong (2013), Ryu
temperature species; peroxide at et al. (2010), H.
for NBTIS) high oxygen content  Oh et al. (2010),
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Stress type Observed change Proposed dominant Relevant
mechanism(s) application;
source
[llumination  Large negative Vo states that form Included for
only (no bias, shift accompanied and ionize in the comparison (no
deep UV, 172 by a subthreshold back channel bias applied);
nm) hump and an SS Mativenga et al.
increase; sub-3.0 (2021)
eV photons cause
only small
changes
PBIS (Vgs>  Positive shift; full Charge trapping; Toledo et al.
0, light) recovery in =2 h,  light accelerates the  (2023)
whereas recovery  release of trapped
after PBS is electrons
incomplete even
after 24 h
Self-heating ~ Degradation is Increased electron High-current
stress (high non-uniform along trapping in the gate  driving TFTs; D.-
Vgs and Vps)  the channel; more insulator H. Lee et al.
pronounced in (2023)
wide channels
Repeated With stress in the  Balance between On—off cycles,
(cyclic) dark and recovery trapping and real driving
stress— under detrapping; conditions; Toledo
recovery illumination, the  temperature- etal. (2023), Y.
shift remains dependent Jeong et al. (2023)

nearly constant
and reproducible
over cycles; the
dominant
mechanism
changes with
temperature

dominance of
trapped-electron and
Vo mechanisms
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Stress type Observed change Proposed dominant Relevant

mechanism(s) application;
source
X-ray No Vu shiftina-  Hardness: ionic Detectors; Park et
IGZO up to 2000  bonding and al. (2021), Cramer
Gy and no conduction not et al. (2016, 2018)
mobility change relying on long-range
after 4.1 kGy order; shift:
(Si0,); negative accumulation of
shift in high- positive ionization
atomic-number charge in high-Z
multilayer insulators

insulators

Note. The table was compiled from the studies discussed in this section; the
direction and magnitude of the TFT transfer curve shift may vary with TFT
architecture, process conditions, and stress parameters. PBS: positive bias stress,
NBS: negative bias stress, NBIS: negative bias illumination stress; PBTS: positive
bias temperature stress;, NBTIS: negative bias temperature illumination stress;
PBIS: positive bias illumination stress;, SA-TG: self-aligned top-gate coplanar
structure; DOS: density of states; SS: subthreshold swing, Vo: oxygen vacancy;
M-H: metal-hydrogen bond; Vgs and Vps: gate-source and drain—source
voltages.

In LCDs, the continuous illumination of the TFT backplane
by the backlight (J. K. Jeong, 2013) makes negative bias illumination
stress (NBIS) a particularly important type of instability. In indirect-
detection detectors, TFTs in the off state can also be exposed to
scintillator light under negative gate voltage, but this condition does
not carry the same weight as in displays. In oxide TFTs, bias
instability under illumination becomes pronounced because of the
blue and ultraviolet components of the backlight (J. K. Jeong, 2013);
in irradiations performed without bias, too, photon energies below
3.0 eV have been shown to cause only small changes in a-IGZO
TFTs (Mativenga et al., 2021). Scintillator light, by contrast, lies in
the green region; the emission of both Gd202S:Tb (Street, 2022) and
CsL:Tl (Zhao & Kanicki, 2014) scintillators is around 550 nm.
Moreover, in structures in which the TFT is covered by a continuous
a-Si:H photodiode layer (Street, 2022) or shielded by the opaque bias
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line (Figure 2), most of the scintillator light is absorbed in the
photodiode or blocked by the metal before reaching the TFT.
Nevertheless, because NBIS shifts have also been reported under
green (530 nm) light (H. Oh et al., 2010), the effect needs to be
examined separately under detector conditions. Under NBIS, the Vi,
shifts in the negative direction; this behavior is explained by charge
trapping/injection, Vo photoionization, and ambient interaction
models (J. K. Jeong, 2013). DFT calculations also show that Vo
contribute to NBIS instability by trapping photogenerated holes
(Ryu et al., 2010). Changes observed in capacitance—voltage curves
during NBIS with visible light have also shown that new subgap
states are created during stress and that ionized Vo, together with
hole trapping, accelerate the negative shift (H. Oh et al., 2010). A
study using unbiased deep-ultraviolet (DUV; 172 nm) irradiation,
with the TFT electrodes floating, showed that the light-induced
negative Vi shift is accompanied by a hump in the subthreshold
region (Figure 3) and an increase in SS (Mativenga et al., 2021).
These changes were attributed mainly to Vo states that form and
ionize in the back channel, and the hump was identified as an
indicator of a back channel with increased conductivity (Mativenga
et al., 2021).

A single Vi shift value is often insufficient to distinguish the
contributions of multiple mechanisms. Yang et al. (2022) monitored
the subgap density of states (DOS) before and after stress in bottom-
gate TFTs fabricated with different oxygen flow rates and
decomposed the shift into its components using a separation method
based on the SS. According to this analysis, the shift after NBIS
consists of charge trapping and Vo ionization components, whereas
charge trapping dominates after PBS (Yang et al., 2022). The fact
that the same instabilities in commercial SA-TG TFTs fabricated
with a high oxygen flow rate are better explained by the peroxide
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model (S. Choi et al., 2022) indicates that the dominant mechanism
can change with process conditions.

The time dependence of the Vu shift under bias stress is
commonly described by a stretched-exponential function (Equation
1; J.-M. Lee et al., 2008):

B
AV (8) = AVino {1—exp [— (;) ]} (1)

where AV is the shift reached at infinite stress time, t is the
characteristic trapping time, and [ is the exponent parameter
reflecting the distribution of trap energies (0 < 3 < 1). This model
was first proposed to describe charge injection and trapping under
bias stress in a-Si:H TFTs (Libsch & Kanicki, 1993). J.-M. Lee et al.
(2008) reported that, in a-IGZO TFTs, T and  are nearly independent
of the stress amplitude, whereas AV varies strongly with the bias
stress, and that t is thermally activated as T = 10 exp(E«/kT), where 1o
is a prefactor, k is the Boltzmann constant, and T is the absolute
temperature, with an average effective energy barrier E: of
approximately 0.53 eV for electrons to enter the insulator. Figure 3
shows schematic transfer curves after PBS and after unbiased DUV
illumination (a) and the B-dependent behavior of Equation 1 (b).
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Figure 3. Typical Changes in a-IGZO TFT Transfer Curves Under
Bias Stress and Illumination (a) and Time Dependence of the
Threshold Voltage Shift According to the Stretched-Exponential
Model (b)
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Note. The curves are schematic, generated to illustrate qualitative trends, they are
not measured data, and the shift magnitudes are not to scale. DUV: deep
ultraviolet. The gray curve in (a) shows the subthreshold hump and SS increase
observed after DUV (172 nm) illumination without bias (Mativenga et al., 2021);
under NBIS with visible light, the transfer curves shift largely in parallel with little
change in SS, although capacitance—voltage measurements reveal the creation of
subgap states (H. Oh et al., 2010). In (b), T = 10° s and AV = 5 V were assumed.
Drawn by the authors based on J.-M. Lee et al. (2008), Mativenga et al. (2021),
and Libsch and Kanicki (1993).

Post-stress behavior also contributes to distinguishing
between mechanisms. Toledo et al. (2023) showed that full recovery
after PBS can take longer than 24 hours, whereas after positive bias
illumination stress (PBIS) it occurs in approximately 2 hours, and
that the likelihood of recovery after NBIS depends strongly on the
magnitude of the stress voltage. In repeated stress—recovery cycles,
the relationship between transfer characteristics and stress time
shows opposite trends depending on temperature; this behavior is
explained by the temperature-dependent change in which of the
trapped-electron and Vo mechanisms dominates (Y. Jeong et al.,
2023). When stress is applied in the dark and recovery takes place
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under illumination, the shift remains nearly constant and
reproducible from cycle to cycle (Toledo et al., 2023).

Stability also depends on the TFT architecture and channel
geometry. In a clean-interface etch-stopper (ES) process, the Vi
shifts under negative bias temperature illumination stress (NBTIS)
and positive bias temperature stress (PBTS) were markedly reduced
compared with the back-channel-etched (BCE) structure (Chung et
al., 2018). In SA-TG structures, which are widely used in AMOLED
backplanes, short-channel TFTs have been reported to be more stable
under PBTS (Son et al., 2025), whereas under self-heating stress,
which becomes important in TFTs driven at high current,
degradation has been reported to become more pronounced in wide-
channel TFTs (D.-H. Lee et al., 2023). Channel edges can also play
a distinct role in stability. In a-IGZO TFTs under large PBS, the main
transistor shifts in the positive direction, whereas a hump appearing
in the subthreshold region shifts in the negative direction; because
the hump appears at the same current level in all TFTs with channel
widths of 10200 pm, which rules out bulk and back-surface effects,
its origin has been attributed to positive charge accumulated at the
interface along the channel edges in the width direction (Mativenga
et al.,, 2011). Under high gate and drain bias stress, TFTs with
channel widths above 100 um shifted in the negative direction with
a hump, whereas narrower TFTs shifted in the positive direction; this
behavior was attributed to the trapping of holes generated by impact
ionization at the back interface, and a multiple-channel structure that
divides a wide channel into several narrower channels was shown to
improve stability (S.-H. Choi & Han, 2012). These stress-induced
humps differ in mechanism from the light-induced back-channel
hump discussed above.
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Open Problems and Research Gaps of a-IGZO TFTs Specific to
Application Conditions

The studies discussed in the preceding sections show that
three fundamental problems of a-IGZO TFTs specific to application
conditions remain unresolved. The first is that real operating
conditions are not adequately reflected in laboratory tests. Stability
studies generally report the TFT transfer curve shift after continuous
(DC) stress; however, the fact that the dominant mechanism in
repeated stress—recovery cycles can change with temperature (Y.
Jeong et al., 2023) indicates that a single DC stress measurement
may be insufficient to represent behavior in actual applications. The
fact that the recovery time can range from a few hours to more than
a day depending on the stress type (Toledo et al., 2023) also requires
that the stress and recovery phases be considered together in a
manner consistent with the driving scheme used in the application.

The second problem is that the effects of illumination and
radiation in a-IGZO TFTs have not been adequately examined under
detector conditions. In indirect-detection detectors, the combined
effect of scintillator light and the negative gate voltage in the off state
calls for a systematic study of NBIS under detector conditions. The
limited number of studies on radiation hardness (Street, 2022) and
the possibility that radiation-induced shifts depend on structural
details such as the gate insulator (Cramer et al., 2018) further
increase the need for reliability tests specific to detector conditions.

The third problem is detector-specific process integration:
controlling hydrogen penetration into the a-IGZO TFT channel over
large areas during photodiode deposition (Zhan et al., 2021) is one
of the main topics of the next stage of a-IGZO TFT based indirect
detector development. In addition, although APS architectures with
in-pixel amplifiers offer an opportunity to reduce electronic noise
(Street, 2022), their long-term stability under radiation and bias
remains to be examined.
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Conclusion

In this chapter, a-IGZO TFTs have been examined in terms
of application requirements and stability problems. In displays, the
combination of relatively high mobility, good uniformity, and
extremely low off-state current supports large, high-resolution
panels and low-refresh-rate operation. In detectors, smaller TFTs
reduce electronic noise and improve image quality, particularly in
low-dose or high-frame-rate imaging. The high X-ray hardness
observed in the few studies available is also of particular importance
for this application. In terms of stability, the dominant mechanism
varies with the type of stress and the process conditions. In LCDs,
the short-wavelength components of the backlight make NBIS
decisive, whereas in indirect-detection detectors, hydrogen reaching
the TFT channel during photodiode fabrication and ionizing
radiation constitute additional sources of risk.

Accordingly, the priority research areas can be summarized
as follows: developing test protocols that reflect real operating
conditions such as light, temperature, radiation, and repeated stress—
recovery cycles, and systematically examining NBIS under
scintillator light in detector conditions. For detector applications,
controlling the hydrogen reaching the TFT channel during
photodiode fabrication and the long-term stability of APS
architectures with in-pixel amplifiers are further topics that need to
be addressed.
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BOLUM 13

Bes Iletkenli Alcak Gerilim Dagitim Hattinda Kontrollii Asir1 Akim
Durumlarimin Iki Eksenli Sargi Manyetik Alan Sensoriiyle Temassiz
Ayristirllmasi

Contactless Discrimination of Controlled Overcurrent States in a Five-
Conductor Low-Voltage Distribution Line Using a Two-Axis Coil-Based
Magnetic Field Sensor

Emir Osman CELIK'
Yunis TORUN?

Ozet

Algak gerilim (AG) dagitim hatlarinda isletme durumlarimin izlenmesi, enerji
stirekliliginin saglanmasi agisindan biiyiik 6nem tasimaktadir. Bu boliimde ii¢ faz (L1, L2, L3),
bir n6tr (N) ve bir aydinlatma (A) iletkeninden olusan bes iletkenli laboratuvar modelinde, iki
eksenli sargi manyetik alan sensoriine ait kanal gostergeleriyle kontrollii asir1 akim
durumlarinin ayristirilmast incelenmistir. Deneylerde, asir1 akim kosullariyla iliskili akim
artislarinin manyetik alan {izerindeki etkisini laboratuvar ortaminda temsil etmek amaciyla,
fiziksel kisa devre olusturulmaksizin dort rezistif su 1siticist kullanilmistir. Yiikler, suyu sicak
tutma ve kaynatma kademeleri arasinda kontrollii olarak anahtarlanarak nominal ve yiiksek
akim durumlar olusturulmustur. Bu yaklasim, gercek kisa devre olaylarin1 degil, asir1 akim
kosullarin1 temsil eden kontrollii laboratuvar senaryolarini kapsamaktadir. Biot—Savart yasasi
ve siiperpozisyon ilkesi, sonuglarin fiziksel olarak yorumlanmasini saglayan kuramsal ¢erceve
olarak kullanilmustir.
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A aydinlatma iletkeninin L1, L2 ve L3 fazlarindan beslenmesi i¢in ii¢ bagimsiz kayit alinmigtir
ve her kayitta 16 kontrollii akim durumu ile toplam 48 senaryo-durum sinifi olugturulmustur.
Kalibre edilmis manyetik aki yogunlugu yerine, kayit dosyalarindaki iki ortogonal kanalin 50
Hz ile iligkili bagil genlik gostergeleri kullanilmistir. Ug farkli besleme baglantisina ait tekil
deney kayitlarindan elde edilen toplam 240 zamansal blok {izerinde uygulanan bes katl kayit-
ici dogrulamada, [Bx, By] ozellikleriyle dogrudan 48-smif 1-NN dogrulugu %98,33, bileske
genlik gostergesiyle %93,33 olarak elde edilmistir. Bu sonuglar, iki eksenli sensor
gostergelerinin mevcut laboratuvar kosullarinda kontrolli akim durumlarini yiiksek dogrulukla
ayristirabildigini  gostermektedir. Bununla birlikte, bildirilen dogruluk oranlar1 yalnizca
gerceklestirilen deney kosullartyla sinirlidir ve bagimsiz deney tekrarlar1 veya gercek saha
kosullarindaki siniflandirma basarimini temsil etmemektedir.

Anahtar kelimeler: Al¢cak gerilim, havai dagitim hatti, sargi sensorii, kontrollii asir1 akim,
kanal genlik gostergesi, deney kosusu i¢i dogrulama, k-en yakin komsu.

Abstract

Monitoring operating conditions in low-voltage (LV) distribution networks is of
paramount importance for ensuring the continuity and reliability of electrical power supply.
This chapter presents an experimental investigation into the discrimination of controlled
overcurrent conditions using the output channel indicators of a two-axis coil-based magnetic
field sensor in a five-conductor laboratory-scale LV distribution line comprising three phase
conductors (L1, L2, and L3), one neutral conductor (N), and one lighting conductor (A). To
experimentally represent the effects of current increases associated with overcurrent conditions
on the magnetic field, four resistive electric water heaters were employed without introducing
physical short-circuit faults. The loads were switched between heat-maintenance and water-
boiling modes to establish controlled nominal and elevated current conditions. This approach
represents overcurrent-related current variations under laboratory conditions rather than actual
short-circuit events. The Biot—Savart law and the principle of magnetic field superposition were
adopted as the theoretical framework for interpreting the observed experimental responses
rather than as a quantitatively validated predictive model.

Three separate experimental recordings were obtained by successively connecting the
lighting conductor (A) to phases L1, L2, and L3. Each dataset comprised 16 distinct controlled
current conditions, yielding a total of 48 scenario—state classes. In the absence of absolute
sensor calibration, the analysis was performed using relative amplitude indicators associated
with the 50 Hz components of two orthogonal measurement channels, rather than magnetic flux
density values expressed in physical units. A consistent five-fold cross-validation procedure
was applied to 240 temporal blocks extracted from the individual experimental runs. The results
demonstrated that the one-nearest neighbor (1-NN) classifier achieved an accuracy of 98.33%
in the direct 48-class classification task when the two-dimensional [Bx, By] feature vector was
employed, compared with 93.33% when only the resultant amplitude indicator was considered.
These accuracy values represent within-run classification performance and should not be
interpreted as evidence of generalizability to independent experimental runs or real-world
operating conditions. Overall, the findings indicate that the joint utilization of two orthogonal
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magnetic field-related channel indicators provides a highly discriminative feature
representation for distinguishing controlled current conditions in multi-conductor LV overhead
distribution lines. The proposed approach consequently demonstrates the feasibility of single-
sensor, multi-conductor condition monitoring under controlled laboratory conditions and
establishes a foundation for subsequent investigations involving independent experimental
validation and practical field deployment.

Keywords: Low-voltage distribution line, two-axis coil sensor, contactless sensing,
controlled overcurrent, amplitude indicator, within-run validation, k-nearest neighbors.

Giris

Elektrik dagitim sistemleri, liretim ve iletim kademelerinde tasinan elektrik enerjisinin
son kullanictya ulastirildig1 son halkay1 olusturmaktadir. Ozellikle AG havai hatlar dis ortam
kosullarina dogrudan maruz kaldig i¢in riizgar, yildirim, bitki temasi, hayvan temasi, izolasyon
zayiflamasi, ekipman arizalar1 ve baglanti problemleri gibi etkenlerden kaynaklanan kisa
devrelere aciktir. Bu tiir olaylar yalnizca enerji kesintisine degil, ekipman hasarina, bakim

maliyetlerinin artmasina ve isletme gilivenliginin azalmasina da neden olabilir (Allan, 2013;
Kazim et al., 2020) .

Dagitim sebekelerinde ariza tespiti ve konumlandirma amaciyla empedans tabanli
yontemler, yiiriiyen dalga yontemleri ve bilgi/yapay zeka tabanli yontemler yaygin olarak
kullanilmigtir. Empedans tabanli yontemler uygulama kolayligina ragmen hat parametre
belirsizligi, ariza direnci ve dalli sebeke yapisindan etkilenebilmektedir (Bahmanyar et al.,
2017). Yiriyen dalga tabanli yontemler yiiksek Ornekleme hizi ve hassas zaman
senkronizasyonu gerektirmektedir (Shafiullah & Abido, 2017). Bu smirlamalar, iletkene
dogrudan temas etmeden calisan manyetik alan tabanli 6l¢lim yaklagimlarim1 6zellikle saha
uygulamalar1 agisindan ilgi c¢ekici hale getirmistir (Huang et al., 2012). Akim tasiyan bir
iletkenin g¢evresinde olusan manyetik alanin 6l¢iilmesi, iletkenden gegen akimin ve isletme
durumunun dolayli olarak izlenmesine olanak vermektedir. Manyetik alan genligi ve faz
bilgisinden yararlanilarak dengesiz yiiklenmenin izlenebildigi, havai hatlarin igletme
durumlarinin temassiz big¢imde takip edilebildigi ve sensor dizileriyle akim ile iletken
sarkmasinin tahmin edilebildigi gosterilmistir (Khawaja et al., 2017; Malik et al., 2020; Sun et
al., 2013, 2014). Cok bobinli diisiik maliyetli yapilar da ii¢ faz akimlarinin es zamanl izlenmesi
icin Onerilmistir (Wu et al., 2016).

Bu boliimiin 6zgiin deneysel kapsami, nétriin ayr1 bir anahtarlama degiskeni olmadigi
bes iletkenli bir AG hat geometrisinde, L1, L2, L3 ve A yiiklerinin ikili akim seviyelerinden
tiretilen ¢oklu durumlarin tek Ol¢iim noktasindaki kanal imzalariyla ayristirilmasidir. A
iletkeninin besleme fazi siniflandirma baglamini degistirmektedir. Calisma gergek kisa devre
ariza yerinin, saha kosullarinda belirlendigini ileri stirmemektedir.
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AG Havai Hatlarda Ariza Tespiti ve Manyetik Alan Yaklasim

Kisa Devre ve Asirt Akim Durumlari

Ug fazli gii¢ sistemlerindeki kisa devreler genel olarak simetrik ve simetrik olmayan
arizalar olarak iki grupta incelenmektedir. Ug fazin benzer kosullarda arizaya katildig: ii¢ fazli
kisa devre, simetrik arizanin temel O6rnegidir. Faz-toprak, faz-nétr, faz-faz ve iki faz-toprak
arizalarinda ise faz dengesi bozulmakta ve simetrik olmayan bir isletme durumu ortaya
cikmaktadir (Das, 2016; Glover et al., 2023). Simetrik olmayan olaylarin analizinde Fortescue
tarafindan gelistirilen simetrik bilesenler yaklasimi, faz biiyiikliiklerinin pozitif, negatif ve sifir
sira bilesenlerine ayrilmasi agisindan temel kuramsal cergevelerden biridir (FORTESCUE,
1918).

AG sebekelerindeki gercek kisa devre akimlarinin hesaplanmasinda IEC 60909-0
standardi kullanilabilmektedir (IEC, 2014). Bu ¢alismada, asir1 akim durumlariyla iligkili akim
artislarinin manyetik alan tizerindeki etkisini arastirmak amaciyla, laboratuvar kosullarinda
gercek kisa devre olusturulmasi yerine rezistif yiikler kullanilarak iletken akimlari nominal ve
yiiksek akim kademeleri arasinda kontrollii olarak degistirilmistir. Boylece asir1 akim
durumlarinin akim genligindeki artisa dayali etkileri laboratuvar dlgeginde temsil edilmistir.
Bununla birlikte, ger¢eklestirilen deneyler gercek kisa devre akimlarini, ariza gegici rejimlerini
veya koruma elemanlarinin agma davraniglarini kapsamamaktadir. Dolayisiyla deneysel
smiflar, gercek ariza tiirlerinin dogrudan karsiligi olarak degil, asir1 akim kosullarini temsil
etmek amaciyla olusturulan kontrollii akim durumlari olarak degerlendirilmistir.

A aydinlatma kolu L1, L2 veya L3 fazindan beslenebilmektedir. Bu farkli baglantilar
iletken akimlarinin sensor ¢evresinde olusturdugu alan imzasini degistirmektedir ancak yapilan
deneyde faz—A ve faz—notr temas1 meydana getirilmediginden ilgili durumlar fiziksel kisa devre
tirleri olarak degil, birlikte yiikseltilen yiik akimi kombinasyonlar1 olarak yorumlanmustir.

Temassiz Manyetik Alan Olciimiiniin Literatiirdeki Yeri

Huang ve arkadaslar1 havai iletim hatlarinda ariza konumunun temassiz manyetik alan
Ol¢limilyle belirlenmesine yonelik bir yaklasim gelistirmistir (Huang et al., 2012). Daha sonra
Kazim ve arkadaglar1 11 kV havai dagitim hatlarinda manyetik alan seviyelerindeki degisimleri
kullanarak kisa devrelerin tespit ve lokalizasyonunu incelemistir (Kazim et al., 2020). Bu
caligmalar, hat akimlarinin dogrudan 6l¢iilmesi yerine akimlarin ¢evresinde olusturdugu alanin
kullanilabilecegini gostermesi bakimindan énemlidir.

Iki eksenli manyetik alan yaklasimi, geometrik nedenlerle iki ortogonal dogrultuda
farkl katkilar ortaya cikarabilmektedir. Leki¢ ve arkadaslari iki ortogonal bobin ile orta gerilim
aglarinda ariza gostergelerini incelemis (Leki¢ et al., 2020) , Wang ve arkadaglari ise iki eksenli
yorlinge parametrelerinin konum belirleme problemindeki kullanimini aragtirmistir (Wang et
al., 2023) . Bununla birlikte mevcut laboratuvar verilerinde kullanilan sayisal biiytikliikler,
kalibre edilmis manyetik alan yon vektorii degil, iki kanalin bagil genlik gdstergeleridir. Iki
kanalin tek skaler gostergeye gore siniflandirma yarar1 bu boliimde esit veri katlariyla ayrica
simanmigtir.
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AG diizeyinde yiiksek empedanshi arizalarin akim ve manyetik alan Olciimleriyle
karakterize edilebildigi calismalar da bulunmaktadir (IEC, 2014) . Khan ve arkadaslari, ikincil
dagitim sebekelerinde kisa devre arizalarmin tespiti ve siniflandirilmast amactyla, 200 kVA
dagitim transformatoriiniin sonlu elemanlar modelinden elde edilen manyetik kagak aki
verilerini kullanan bir yontem 6nermistir (Khan et al., 2025) .

Bu literatiir birikimi, diisiik maliyetli ve dogrudan iletken baglantis1 gerektirmeyen
sensoOrlerin AG havai hatlara uyarlanmasini destekleyen bir teknik zemin olusturmaktadir.

Bes iletkenli Hat Geometrisi ve Matematiksel Model

Sekil 1’deki sabit model geometrisinde sensér merkezi S=(0,0) alinmistir. L1 ve L3
sagda, L2 ve N solda, A aydinlatma iletkeni ise sensoOriin saginda ve onunla ayni yatay
diizeydedir. Geometrik koordinatlar Biot—Savart hesaplarinda iletkenlerin alan katki yonlerini
tanimlamak icin kullanilmistir ve laboratuvar kanallarinin mutlak Tesla karsiligini belirlemek
icin kullanilmamustir.

Tablo 1 Bes iletkenli hat geometrisinin koordinat ve sensor uzakligi tanimlar

Iletken Koordinat (sensor S=(0,0)) Sensor uzakligt
L1 (x1,¥1 +¥3) 1y =[x+ (1 +y3)?
L2 (=x2,¥2 +¥3) T2 = [x5+ (2 +¥3)?

L3 (x3,y3) T3 = /xg? +yi

N (—x4,¥3) N = ’xf + y32

A (x5,0) Tqg = Xg
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Sekil 1 Bes iletkenli AG havai hat geometrisi ve sensor konumu

Sekil 2°de her bir iletkenin sensore olan uzaklig1 gosterilmekte ve Tablo 1’de ise sensor
baslangi¢ noktas1 secildiginde iletkenlerin konumlar1 ve uzakliklarin matematiksel olarak
ifadesi verilmistir.
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Sekil 2 Sensore gore iletkenlerin uzakliklar:
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Biot-Savart Yasasi ve Iletken Katkilari

Ideal ve yeterince uzun dogrusal iletken yaklasiminda manyetik ak1 yogunlugu B, Biot—
Savart yasasiyla akim ve uzaklik cinsinden hesaplanmaktadir (Khawaja et al., 2017; Wu et al.,
2016) . Bu kuramsal biiyiikliik ile sargi sensoriiniin elektronik kartindan elde edilen sayisal
kanal gostergeleri birbirinden ayri tutulmalidir ¢iinkii manyetik alan siddeti H (A/m) ve
manyetik ak1 yogunlugu B (T) ayn1 fiziksel biiyiikliik degildir fakat boslukta B = uyH iliskisi
gecerlidir.

_ olli®)

B;(t
0] 2,

(1

Burada p, boslugun manyetik gegirgenligi, I;(t) i’inci iletkenden gegen isaretli anlik
akim, r; ise ilgili iletken ile sensor arasindaki dik uzakliktir. Sekil 1°deki geometri icin iletken
koordinatlar1 ve sensor uzakliklar1 agsagidaki bagintilarla ifade edilir.

n1 =[x+ (1 +y3)% ()
Ty = ’xzz + (72 +y3)? 3)
T3 = ’x32 +y3, )
v = \/m' ®
Ty = Xsg (6)

Toplam manyetik alan her iletkenin sensor noktasindaki katkisinin vektorel
stiperpozisyonudur. Sensor S = (0,0) kabul edilip i’inci iletkenin koordinati (x;, y;) olarak
tanimlandiginda ve pozitif akim yonii sayfa diizleminden disar1 dogru se¢ildiginde, Biot—Savart
yonii sag el kuralina gore belirlenir. Notr akimi dahil tiim akimlar ayni referans yone gore
isaretli biiyiikliik olarak kullanilir.

B(t) = X;B; (t) = B.()X + B, (1) § i €{L1,12,L3,N, A}

(7)
Be(®) = 221 () 55 ®)
By(t) = -8l (0 7, ©)

Sekil 1’deki geometride her iletkenin koordinati ve isaretli akimi kullanildiginda
kuramsal Bx ve By katkilar1 vektorel olarak toplanir. Pozitif akimin sayfa diizleminden disar1
dogru secildigi kabulde, S=(0,0) icin toplam alanin bilesenleri ile bileske biiyiikliigii isaretli
akimlar icin kuramsal olarak denklem 10-13 ile tanimlanabilmektedir. A iletkeninin ideal
konumunda yA=0 oldugundan Bx katkisi sifir olur; bu sonu¢ sensérde kayitli kanal
gostergesinin tiim durumlarda sifir olmasini gerektirmez.
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B = (42) 3, [ (10)

(x2+y?)
By () = — (;21_2)2 [(xl(i);) (11)
12
|Bkur(t)| = \/[Bxkur(t) + Bykur(t)] ( )
(Dkur (t) = atan2 (By,kur (t)'Bx,kur(t)) (13)

Burada i € {L1,L2,L3,N,A} olmak iizere x;ve y; iletken merkezinin sensore gore
konumunu, I;(t) ise ayni referans yone gore isaretli akimi gostermektedir. Formiiller (Khawaja
etal., 2017; Wu et al., 2016) kapsamindaki geometrik siiperpozisyon yaklagiminin yorumlayici
uygulamasidir ve sinif merkezleriyle nicel bir model hata karsilastirmasi gergeklestirilmemistir.

Bjour(®) = 221 2522 4 1, 2220 4 1, 2 4 1 % (14)

I
By,kur(t) [ ILI = +IL2 2 IL3 Tz +[N___A] (15)

X5

atan?2 islemi, iki bilesenin isaretlerini birlikte kullandigindan kuramsal alan agisinin
dort bolgesini ayirt etmektedir. Deneysel kayitlardaki degerler pozitif kanal genlik gostergeleri
oldugundan, bunlar {izerinden hesaplanan atan2 acis1 kalibrasyon ve isaretli dalga bigimleri
olmaksizin fiziksel alanin faz veya yon agist olarak yorumlanmamalidir.

Manyetik Alan Bilesenlerinin Fiziksel Yorumu

Biot—Savart yasasinin siiperpozisyon sonucu, her iletkenin kuramsal manyetik alan
katkisinin isaretli akimla dogrusal degistigini ifade etmektedir (Khawaja et al., 2017; Wu et al.,
2016). Bununla birlikte farkl: iletkenlerin vektorel katkilar birbirini giiclendirebilmekte veya
zayiflatabilmektedir. Bu nedenle alan bileskesinin biiyiikliigii, ayn1 anda yiiksek akimda olan
iletken sayistyla zorunlu olarak monoton artmamaktadir. Bu gézlem, mevcut smiflandirma
merkezlerinin olasi fiziksel nedenlerinin yorumlanmasini saglamaktadir ve burada model ve
deney arasinda nicel dogrulama yapildig: iddia edilmemektedir.

Sekil 1’deki geometri bu davranisin ayristirllmasinda belirleyicidir. L1, L2, L3 ve N
iletkenlerinin sensore gore hem yatay hem diisey uzakliklari bulundugundan bu iletkenlerin iki
eksene katki oranlari birbirinden farklidir. A aydinlatma iletkeni ise sensdrle ayni yatay
seviyede yer aldigindan ideal geometrik modelde B, bilesenine dogrudan katki vermezken,
etkisi esas olarak B, bileseninde goriilmektedir. Notr akimimnin aym referans yoniine gore
isaretli kullanilmasi, faz ve aydinlatma akimlarmin doniis yolundan kaynaklanan alan yoniiniin
modelde korunmasini saglamaktadir.
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Kuramsal olarak iki bilesenin tutulmasi yonsel/geometrik bilginin kaybini
onleyebilmektedir. Ancak bdyle bir temsilin siniflandirma dogrulugunda tek skaler biiyiikliige
istiinliigl yalnizca dagilim grafiginden ¢ikarilamamaktadir. Bu nedenle “ayn1 katlarda 6zellik
azaltma karsilastirmas1” adli boliimde Bx, By, bileske G ve [Bx, By] ozellik kiimeleri ayni
bloklar ve ayn1 dogrulama bdlmeleri tizerinde karsilastirilmisgtir.

Sensor konumu degistirildiginde xi ve yi mesafeleri de degiseceginden her iletkenin B,
ve By, lizerindeki agirhig1 yeniden sekillenir. Bu nedenle sensor yerlesimi yalnizca mekanik bir
montaj tercihi degil, siniflar arast ayrilabilirligi dogrudan etkileyen bir tasarim parametresidir.
Uygulamada hedef, biitiin iletken katkilarinin 6l¢iilebilir kaldig: ve farkli isletme durumlarinin

iki eksenli 6zellik uzayinda miimkiin oldugunca ayrildigi bir konum se¢mektir (Khawaja et al.,
2017).

Tek Ol¢iim Noktasinda Geometrik Aynistirilabilirlik ve Tanimlanabilirlik

Bes iletkenin konumlar1 degismediginde kuramsal alan katkilarinin akimlara bagimliligi
dogrusal bir doniisiim olarak gosterilebilir. Sayfa diizlemine dik akim yonii ayni referansa gore

isaretli alnirsa i(t) = [I,1(t), I,2(6), I3 (), Iy (£), Ls(©)]" ve b(t) = [Bx,kur(t)'By,kur(t)]T
vektorleri tanimlanabilir. Bu durumda b(t) = (g—;) .G.i(t) yazilir. Burada G matrisinin i’inci

yi xi

stitunu [ ]T bicimindedir. Iletken konumlar1 ve aralarindaki mesafeler sabit

xi2+yi2’ N xi2+yi2
tutularak yapilan bu diizenleme, Biot—Savart yasasi ile siiperpozisyonun geometrik sonuglarini
tek bir gosterimde birlestirmektedir (Khawaja et al., 2017; Wu et al., 2016).

G matrisinin boyutu 2x5 oldugu i¢in rank(G) en fazla 2 olabilmektedir. Bu nedenle
herhangi bir anda yalnizca iki bagimsiz manyetik alan bileseninin mutlak ve dogru isaretli
degerleri mevcut olsa bile bes ayr1 iletkenin tiim anlik akimlarinin ek bir kisit olmaksizin tekil
olarak geri ¢oziilmesi matematiksel olarak miimkiin degildir. Notr akiminin faz ve aydinlatma
akimlarma ait fiziksel doniis kosullarina bagli olmasi, modelin bagimsiz degisken sayisini
azaltmaktadir ancak tek basma tiim olas1 yiik akimlarini belirsizliksiz ¢ikarmaya yeterli bir
kosul olusturmamaktadir. Bu nedenle “tek sensorle tiim iletkenleri izleme” hedefi, bes bagimsiz
analog akimin yeniden tretimi degil, smirli sayida onceden tanimlanmis yiiklenme
kombinasyonunun imzasini siniflandirmak seklinde anlagilmalidir.

Deneyde sinif uzayr dort ayri yiik kolunun nominal/yiiksek akim seviyesi arasinda
anahtarlanmasiyla 24=16 durumla smirlandirilmigtir. A beslemesinin L1, L2 veya L3
fazlarindan secilmesiyle her biri 16 durumlu ii¢ ayr 6l¢iim baglami olusturulmustur. Boyle bir
sonlu durum sozliigiinde her akim vektoriiniin eksiksiz ters ¢oziilmesi gerekmemekte ve farkl
durumlarin iki kanall1 gdsterge uzayinda yeterince ayrik kiimeler olusturmasi siniflandirma i¢in
kullanilabilmektedir. Bununla birlikte sinif merkezleri arasindaki en kiigiik uzakligin 3,16 a.u.
kadar diisiik oldugu L3 senaryosu gibi ornekler, durum sozliigiindeki bazi merkezlerin
yakinlasabildigini ve sonlu durum ayristirilabilirli§inin garanti olmadigini gostermektedir.

Dahasi, mevcut deney c¢iktilarinda kuramsal b(t) vektori degil, sargr ve elektronik
aktarim zincirinden ge¢mis pozitif gy, g, kanal genlikleri kaydedilmistir. Bu iki kanalin
biiyiikliikleri, anlik manyetik alanin isareti ve faziyla bire bir eslenemediginden kuramsal G
matrisinin ters ¢Oziimii bu ham dosyalara dogrudan uygulanamamaktadir. Teorik model,
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smiflarin geometriden nasil etkilenebilecegini agiklamaktadir. Laboratuvar verileri ise iki
gostergenin Oriintii tabanli ayirt ediciligini sinamaktadir. Orta gerilimde yonsel alan
yorlingelerini inceleyen ¢aligmalar, daha kapsamli kalibre edilmis ham dalga bigimleri
kullanildiginda bu sinirlarin hangi 6zelliklerle arastirilabilecegine iliskin 6rnekler sunmaktadir
(Leki¢ et al., 2020; Wang et al., 2023).

Deneysel Sistem ve Veri Toplama

Deney diizeninde L1, L2, L3, N ve A iletkenlerinden olusan sabit geometrili bir havai hat modeli
kullanilmigtir. Her biri iki kademeli dort su 1siticist rezistif yiik olarak anahtarlanmigtir ve L1,
L2, L3 ve A yiiklerinin akim1 nominal ve yliksek kademeler arasinda degistirilmistir. N akimi1
ayrica anahtarlanmamis ve beslenen kollardaki akimin doniis yolu sonucu meydana gelmistir.
Olgiim kartinin CSV kayitlarindaki sensor2 ve sensor3 siitunlari, sirastyla Bx ve By olarak
adlandirilan iki ortogonal dl¢liim kanalinin kalibrasyonsuz genlik gostergelerini (a.u.) temsil
etmektedir. Bu adlandirma, s6z konusu degerlerin tesla (T) cinsinden mutlak manyetik aki
yogunlugu dl¢limleri oldugu anlamina gelmemektedir.

A iletkeninin sirastyla L1, L2 ve L3 fazlarindan beslenmesiyle ii¢ deney kaydi elde
edilmistir ve her kayitta [A L3 L2 L1] bit sirasina gore 16 durum olusturulmustur. Bir bitin 1
olmas ilgili yiik kolunda yiiksek akim kademesini, 0 olmas1 nominal kademeyi belirtir. 0000
nominal, 0001 L1 yiiksek akim, 0010 L2 yiiksek akim, 0100 L3 yiiksek akim ve 1000 A yiiksek
akim durumudur. N i¢in ayri1 bir bit bulunmamaktadir.

Sekil 3’°te laboratuvar kurulumu ve iki eksenli sargi sensorii goriilmektedir. Ham CSV
kayitlarinda ardisik zaman damgalar1 arasindaki tipik siire 40 ms olup bu deger yaklasik 25
kayit/s veri kayit hizina karsilik gelmektedir. Kayitlarda ayrica 50 Hz frekans bilgisi
bulunmaktadir. Ancak bu bilgiler, bobin sinyalinin 6l¢iim kart1 i¢erisindeki gercek drnekleme
hizin1 veya 50 Hz bileseninin hangi sinyal isleme yontemiyle elde edildigini tek basina ortaya
koymamaktadir.Her durum nominal olarak yaklasik 10 s tutulmus, gercek gecisler kayittaki
kalic1 kanal basamaklarina gore belirlenmistir.
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Sekil 3 Hat konfigiirasyonu ve sensor laboratuvar kurulumu

Laboratuvar diizeneginde 6 mm? kesitli yalitilmis bakir iletkenler kullanilmis ve
iletkenler arasindaki mesafe 50 cm olarak belirlenmistir. Manyetik alan sensorii, birbirine
ortogonal yerlestirilmis iki ayr1 bobinden olusmaktadir. Her bobinde 2000 sarim bulunmakta
olup sensor toplam 4000 sarim icermektedir. Rezistif yiiklerin akim degerleri ve veri toplama
zinciri tekrarlanabilirlik agisindan Tablo 2°de verilmistir. Tablodaki nominal ve yiiksek akim
degerleri, su 1siticilarinin sirasiyla sicak tutma ve kaynatma kademelerinde olusturulan deneysel
yiiklenme kosullarin1 temsil etmektedir. Yiiksek akim kademeleri, asir1 akim durumlariyla
iligkili akim artiglarinin manyetik alan {izerindeki etkisini kontrollii laboratuvar kosullarinda
incelemek amactyla kullanilmistir. Bununla birlikte bobin kesit alani, tam bobin aktarim
fonksiyonu, analog kazang kalibrasyonu, sayisal gostergenin 50 Hz’deki tam hesap algoritmasi
ve mutlak T/a.u. doniistim katsayis1 kayitlarla belirlenememektedir ve bu eksiklikler kestirimle
tamamlanmamustir.

Deneysel siniflar, gercek kisa devreye ait iletken-iletken temaslar1 yerine, dort ayr1 yiik
kolunun yiiksek veya nominal kademeye alinmasiyla olusturulmustur. N6triin doniis akimi sinif
etiketine ayr1 bir bit olarak dahil degildir.

50 Hz sebeke bileseninin hangi filtre/analiz yontemiyle ¢iktiya doniistiiriildiigii kartin
ham veri kayitlarindan bagimsiz olarak dogrulanamamaktadir ve dolayisiyla bu calismada
sensor2 ve sensor3 siitunlart kanal genlik gostergesi olarak islenmistir.
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Tablo 2 CSV dosyalarindan dogrulanabilen deney parametreleri ve kaydedilmeyen bilgiler

Parametre

L1/L2/L3 /A ve Kayit Bilgisi

Hat Kesiti ve Yerlesimi

6 mm? yalitilmis bakir

50 cm iletken aralifi

CSV kayitlan

X: 2000 tur
Sarg1 Sayisi Y: 2000 tur
Toplam 4000 tur
L1: 0,593
Nominal Kol Akimi L2: 0,008
(Amper) L3: 0,639
A: 0,645
L1:6,84
. L2: 6,88
Yiiksek Kol Akimi (Amper) L3: 6.75
A: 6,65
Yiik Niteligi Dort adet iki kademeli su 1siticist (rezistif)
. - Kapsam Elektromekanik 6l¢iim kart1 ve Android Uygulamast
Veri Kaynagi

Kayit Siitunlart

sensor2 — B, gostergesi
sensor3 — B,, gostergesi

Kayit Aralig1 / Frekans
Bilgisi

40 ms (25 kayit/s) / 50 Hz

Kayit Siiresi

L1: 160,16 s
L2:160,52 s
L3:165,36s

Bilinmeyenler

Bobin kesit alan1

Tam aktarim/filtre algoritmast

Mutlak kalibrasyon

Tablo 3 Deneysel 16 kontrollii akim durumunun [A L3 L2 L1] bit sirasina gére tanimi

Durum [AL3 L2 L1] E;iseenkl e‘;klm Agiklama

0000 — Nominal durum
0001 L1 Kontrollii agir1 akim
0010 L2 Kontrollii agir1 akim
0011 L2-L1 Kontrollii agirt akim
0100 L3 Kontrollii agirt akim
0101 L3-L1 Kontrollii agirt akim
0110 L3-L2 Kontrollii agir1 akim
0111 L3-L2-L1 Kontrollii agirt akim
1000 A Kontrollii agirt akim
1001 A-L1 Kontrollii agirt akim
1010 A-L2 Kontrollii agir1 akim
1011 A-L2-L1 Kontrollii agir1 akim
1100 A-L3 Kontrollii agir1 akim
1101 A-L3-L1 Kontrollii agir1 akim
1110 A-L3-L2 Kontrollii agirt akim
1111 A-L3-L2-L1 Kontrollii agirt akim
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Sekil 4 ortamin dogal giiriiltiisii kaydinin kanal ¢ikislarini1 gostermektedir ancak bu
kayitta cihaz kazanci 100, ana deney kayitlarinda 10 oldugundan ham a.u. degerleri dogrudan
karsilastirilamamaktadir. Bu nedenle grafik yalnizca nitel bir arka plan kontrolidiir.
Kalibrasyon ve esdeger kazang diizeltmesi bulunmadigi icin sinyal-giiriiltii oran1 veya ihmal
edilebilir etki konusunda nicel bir sonug ¢ikarilmamastir.
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@ 3.0
4
2.5 4
2.0
T T T
0 2 4 6 8 10

Zaman (s)

Sekil 4 Ortamin dogal giiriiltiisiiniin kanal ¢ikiglar

Veri isleme, Ozellik Cikarma ve Smiflandirma

Deneysel siniflandirma i¢in kullanilan 6zellikler, sensor2 ve sensor3 siitunlarindan elde
edilen g« ve g, bagil kanal genlik gostergeleridir. Metinde deneysel etiket kolaylig1 i¢in “Bx
gostergesi” ve “By gostergesi” denildiginde fiziksel By gy ve By kyr (T) degil, kalibrasyonsuz
iki kanalin a.u. cinsinden degerleri anlagilmaktadir. Her kararli durumda kenar gecisleri 0,40
s dislanmis ve kalan kayit 6rnekleri bes ardisik zamansal bloga ayrilip her blogun iki kanal
medyan1 hesaplanmistir. Elde edilen 3x16x5=240 6zellik vektorii, 48 smifli k-NN islemine
verilmistir.

Sinif merkezleri iki kanal medyaniyla, simiflar aras1 uzaklik iki boyutlu Oklid metrigiyle

hesaplanmustir. Ayrica kanal gostergelerinin 6rnek diizeyinde bileskesi Gx = \/gx k* + gy, K
olarak tanimlanmistir. Tablo 4-6’daki G_RMS, islenmis kanal ¢iktilarinin kararli bolgedeki
kok-ortalama-kare biiyiikliigiidiir (Denklem 16).
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s = J[ () g2 + 942)] (1)

Bu say1 bobinin 50 Hz manyetik aki yogunlugunun T cinsinden RMS 6l¢timii degildir.

Sadece sinif merkezi medyanlarindan \/medyan(gx)? + medyan(g,)? hesaplanirsa farkli bir
biiyiikliik elde edilmektedir ve buna RMS denilmemistir.

Yeniden tiretilebilir karsilastirmada her sinifin bes kronolojik blogundan biri test icin,
diger dordii egitim i¢in ayrilmistir ve ayni kat indeksleri 1-NN/3-NN ve tiim oOzellik
seceneklerinde korunmustur. Stage-1 besleme senaryosu (ii¢ sinif), Oracle (ger¢ek senaryonun
onceden bilindigi uzman), hiyerarsik senaryo+durum ve dogrudan 48 sinif modelleri ayrica
degerlendirilmistir. Bu ayrim yalnizca ayni fiziksel deney kosusu igindeki zamansal bloklar
sinamaktadir ve bagimsiz giin, farkli montaj veya saha dogrulamasi anlamina gelmemektedir.

Veri Biitiinliigii, Gecis Simirlar: ve Isleme Kararlar:

Uc ana kayit iizerinde her satirm zaman damgasi, sensor2 ve sensor3 alanlari
okunmustur. Baglangi¢c zamanima gore tanimlanan t,, CSV dosyasindaki pc time epoch
alanindan hesaplandigindan ardisik kayitlar arasinda gozlenen yaklasik 40 ms fark veri toplama
araligidir. Bu aralik kayitli ¢iktinin zaman ¢oziiniirliiglinlii vermekte fakat bobin geriliminin
ol¢tim kart1 icinde hangi hizda 6rneklendigini vermemektedir. Kanallarin fiziksel kazanci ve 50
Hz ¢evrim i¢i hesap zinciri bilinmediginden manyetik aki yogunlugu veya gercek faz agisi
hesaplamasi yapilmamustir.

Durum gegisleri, tezde kullanilan 0000-1111 sirasin1 koruyacak bi¢imde, ardisik
durumlarin kanal merkezleri arasindaki degisim yoniiyle uyumlu giiclii basamak noktalari
taranarak bulunmustur. Her gecisin iki yaninda 0,40 saniyelik gozlem ornekleri simif ici
hesaplamaya alinmamustir. Ornegin L1 kaydinda ilk kalic1 gegis yaklasik 10,88 saniyede, son
gecis 152,32 saniyede; L2 kaydinda 10,56 ve 155,52 saniyede; L3 kaydinda 10,96 ve 155,24
saniyede saptanmistir. Bu nedenle tiim siniflara mekanik olarak tam 10 saniyelik dilim
uygulamak dogru degildir. Ozellikle L2 kaydinin son durumu daha kisa siireli oldugu halde
kalan kayitlar bes bloga boliinebilmistir.

Her kararli aralik i¢indeki kayitlarin sayis1 siniftan sinifa degisse de her aralik kendi
icinde bes ardisik ve olabildigince esit kayit sayili bloga boliinmiistiir. Her blok i¢in sensor2 ve
sensor3 0rnek medyanlari kullanilarak iki bilesenli bir 6zellik vektorii elde edilmistir. Boylece
simiflandiricinin  girdi tablosunda smif basina bes satir bulunmakta, ancak bu satirlarin
dayandigr ham kayit sayilar1 esit olmak zorunda kalmamaktadir. Sinif merkez tablolarinda n
kayit sayis1 ayrica verilmistir. Kanal ortalamasina duyarli u¢ degerlerden kacinmak ig¢in
medyan, orneklerden hesaplanan G_ RMS bilyiikliigii i¢in ise karesel ortalama kullanilmistir.

Burada veri s1zintist ve bagimsiz deney kosusu ayrimi dnemlidir. Her sinifin bes bloktan
birinin test katina atanmasi, komsu bloklarin ayn1 fiziksel dl¢im dizisiyle iliskisini ortadan
kaldirmaz. Dolayisiyla smiflandirma sonucu tek kosuda zaman boyunca sabit kalan hat
geometrisi, elektriksel gliriiltii, sensor kazanci ve yiik kosullar1 lehine etkilenebilir. Gergek saha
genellenebilirliginin dl¢lilmesi i¢in her senaryonun farkli giin ve farkli yeniden kurulumlarda
bagimsiz kayitlarinin alinmasi ve test katlariin blok degil kosu kimligiyle gruplanmasi gerekir.
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Bu eksiklik, “ayn1 katlarda 6zellik azaltma karsilastirmasi” adli boliimdeki dogrudan 6zellik
karsilastirmasi i¢in de gegerlidir.

Deneysel Bulgular

Uc kayit dosyasi ayr1 ayr1 gegis tespitine tabi tutulmus, her senaryoda 16 kararl
bolgeden kanal gostergelerinin medyan merkezleri ve bunlarin uzakliklari hesaplanmaistir. Tablo
4-6’daki ornek sayilar1 ve G RMS degerleri, agiklanan +0,40 s gecis hari¢ tutma kuraliyla
yeniden hesaplanmustir. iki boyutlu merkezlerin birbirinden ayrilmasi, kontrollii akim
durumlar arasinda fark bulundugunu gostermektedir ve fiziksel kisa devre tipi veya saha ariza
lokasyonunun dogrulanmasi olarak yorumlanamamaktadir.

Aydinlatma Hatti1 L1 Fazina Baghyken

A iletkeninin L1 fazindan beslendigi laboratuvar kaydinda 0000 referans merkezinin
kanal ¢ifti (Bx, By)=(24, 37) a.u.’dur. Kontrol edilen yiik kollarinin ¢esitli kombinasyonlarda
yiiksek akima gegirilmesiyle kanal medyanlari farklilasmustir. Tki kanalin goriiniir dagilimi
yalnizca sabit deney kurulumu i¢in gecerlidir.

Aydinlatma L1 fazina bagh: 16 kentrollii akim durumu
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Zaman (s)

Sekil 5 L1 beslemeli kontrollii akim durumlarinda kanal géstergelerinin zaman serileri

Zaman serisinde 16 kararli isletme bolgesi ardisik olarak izlenmektedir. Her durum
gecisinde Bx ve/veya By seviyesinde belirgin bir basamak degisimi olusmakta ve bu davranis
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farkl1 iletken kombinasyonlarinin sensér noktasinda farkli manyetik alan imzalar1 {irettigini
gostermektedir. L1 baglantisinda normal 0000 durumu yaklasik Bx=24 ve By=37 a.u.
diizeyindedir.

Aydinlatma L1 fazina bagh simf merkezleri
450

o 1000
» 1100

400 -
- ./ 0100 s
3 1001
&350 -2 ST
a ®— 1010
s 300 A .\
- 1110
Q.
50950 4
«<
=
£
= 200 A
(]
>
=
2 150
i ./ 0110
& o 0011 v 0001

100 1 o111 @— 0101

1011
50 ./0000
®— 9010
0 ! ! ! : :
0 50 100 150 200 250 300

Bx medyan kanal gostergesi (a.u.)

Sekil 6 L1 beslemesinde 16 durumun iki kanal medyan merkezleri

L1 senaryosunda yiiksek bileske kanal RMS gostergesi 1000 durumunda yaklasik 507
a.u. diizeyindedir. Medyan merkezleri birbirine en yakin durumlar 0101 ile 1011 olup
aralarindaki Oklid uzaklig1 yaklasik 9,22 a.u.’dur.
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Tablo 4 L1 baglantisinda kontrollii durumlarin kanal gostergeleri ve ornekten hesaplanan

G _RMS degerleri

Durum Bx medyan (a.u.) By medyan (a.u.) G _RMS (a.u.) n (kayit)
0000 24.0 37.0 44.22 252
0001 104.0 106.0 148.54 222
0010 75.0 29.0 81.62 229
0011 23.0 104.0 106.45 236
0100 200.0 361.0 413.28 215
0101 94.0 85.0 125.62 247
0110 102.0 116.0 154.44 220
0111 74.0 78.0 103.65 263
1000 276.0 426.0 507.51 197
1001 164.0 339.0 377.34 231
1010 198.0 319.0 375.68 229
1011 92.0 76.0 117.74 277
1100 237.0 405.0 469.52 192
1101 274.0 382.0 469.74 223
1110 163.0 291.0 333.99 275
1111 236.0 354.0 425.72 177

L1 baglantisi: 16x16 simf merkez uzakhklar

0000
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1000
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1011

1100
1101
1110
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400

Oklid uzakhg (a.u.)

Sekil 7 L1 baglantisinin 16 %16 sinif merkez uzaklik 1s1 haritasi
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Sekil 7, 16 kontrollii durumun iki kanal medyan merkezleri arasindaki Oklid
uzakliklarin1 géstermektedir ve ana diyagonal sifirdir. Kiigiik uzakliklar, 6zelligin 0101 ve 1011
gibi durumlar1 ayirt etmesinin gorece zor olabilecegine isaret eder. Bu uzakliklar fiziksel
manyetik aki yogunlugu degil, kanal gostergesi (a.u.) cinsindedir.

Aydinlatma Hatti L2 Fazina Baghyken

Aydinlatma iletkeninin L2’den beslendigi deneyde 0000 referans merkezinin kanal ¢ifti
(Bx, By)=(17, 26) a.u.’dur. Bu kayit, L1 beslemeli durumdan farkli kanal merkezleri ortaya
koymaktadir. Iki bilesenin birlikte degerlendirilmesiyle iliskilendirilen siniflandirma basarisi
“aym katlarda Ozellik azaltma karsilagtirmasi” adli boliimde ayni katlarda nicel olarak
sinanmistir.

Aydmlatma L2 fazina bagh: 16 kontrollii akim durumu
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Sekil 8 L2 beslemeli kontrollii akim durumlarinda kanal géstergelerinin zaman serileri

Zaman serisinde 16 kararli isletme bolgesi ardisik olarak izlenmektedir. Her durum
gecisinde Bx-By seviyesinde belirgin bir basamak degisimi olusmaktadir ve bu davranis farkl
iletken kombinasyonlarinin sensor noktasinda farkli manyetik alan imzalart {rettigini
gostermektedir. L2 baglantisinda normal 0000 durumu yaklasik Bx=17 a.u. ve By=26 a.u.
diizeyindedir.
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Aydinlatma L2 fazina bagh sinif merkezleri
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Sekil 9 L2 beslemesinde 16 durumun iki kanal medyan merkezleri

L2 senaryosunda en biiylik bileske kanal RMS gostergesi 1001 durumunda yaklasik 476
a.u. seviyesindedir. 0110 ile 1111 durumlarinin medyan merkezleri arasindaki yaklasik 6,40 a.u.
uzaklik, bu durumlarin iki kanall1 6zellik uzayinda yakin oldugunu gostermektedir.
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Tablo 5 L2 baglantisinda kontrollii durumlarin kanal gostergeleri ve ornekten hesaplanan

G _RMS degerleri

Durum Bx medyan (a.u.) By medyan (a.u.) G _RMS (a.u.) n (kayit)
0000 17.0 26.0 31.05 244
0001 80.0 55.0 97.41 238
0010 102.0 68.0 123.02 231
0011 15.0 102.0 103.52 231
0100 193.0 355.0 404.56 215
0101 97.0 59.0 111.99 232
0110 78.0 76.0 108.95 238
0111 101.0 100.0 137.83 249
1000 178.0 320.0 366.57 213
1001 275.0 389.0 476.65 234
1010 192.0 316.0 369.60 223
1011 96.0 47.0 106.81 242
1100 251.0 354.0 434.67 215
1101 176.0 265.0 318.16 232
1110 274.0 350.0 429.07 351
1111 83.0 72.0 109.78 106
L2 baglantisi: 16x16 simif merkez uzakhklari
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Sekil 10 L2 baglantisimin 16 %16 sinif merkez uzaklik 1s1 haritast




Sekil 10°da 16x16 uzaklik matrisi L2 beslemeli kontrollii siniflara aittir. Ozellikle 0110—
1111 merkez ¢ifti gorece kiiciiktiir fakat uzaktaki merkez ciftleriyle bu yakinlik dogrudan bir
siniflandirma dogrulugu veya modelin saha bagarimi olarak karistirilmamalidir.

Aydinlatma Hatti L3 Fazina Baghyken

Aydinlatma kolunun L3 fazindan beslendigi kayitta 0000 durumunun medyan kanal ¢ifti
(Bx, By)=(15, 43) a.u.’dur. 1010, 1101, 1110 ve 1111 gibi A kolunu igeren ¢oklu yiiksek akim
durumlarinda By kanal gostergesi belirgin bigimde yiikselmistir.

Aydinlatma L3 fazina bagh: 16 kontrollii akim durumu
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Sekil 11 L3 beslemeli kontrollii akim durumlarinda kanal géstergelerinin zaman serileri

Zaman serisinde 16 kararli isletme bolgesi ardisik olarak izlenmektedir. Her durum
gecisinde Bx-By seviyesinde belirgin bir basamak degisimi olusturmasiyla farkli iletken
kombinasyonlarinin sensdr noktasinda farklt manyetik alan imzalarn iiretmektedir. L3
baglantisinda normal 0000 durumu yaklagik Bx=15 a.u. ve By=43 a.u. diizeyindedir.
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Aydmlatma L3 fazma bagh sunf merkezleri
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Sekil 12 L3 beslemesinde 16 durumun iki kanal medyan merkezleri

L3 baglantisinda 1010 durumu i¢in bileske kanal RMS gostergesi yaklasik 510 a.u.’dur.
0110 ve 0111 durumlariin iki boyutlu medyan merkezleri yaklasik 3,16 a.u. uzakliktadir. Bu
yakinlik, s6z konusu durumlarin 6zellik uzayinda birbirine benzer merkezler olusturdugunu
gostermektedir; ancak tek basina siniflandirma hatasi olustugunu ifade etmemektedir.
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Tablo 6 L3 baglantisinda kontrollii durumlarin kanal gostergeleri ve ornekten hesaplanan

G _RMS degerleri

Durum Bx medyan (a.u.) By medyan (a.u.) G_RMS (a.u.) n (kayit)
0000 15.0 43.0 45.60 254
0001 76.0 69.0 102.64 225
0010 77.0 38.0 85.97 229
0011 18.0 151.0 152.15 230
0100 192.0 371.0 418.55 228
0101 66.0 32.0 72.99 235
0110 74.0 136.0 154.46 248
0111 77.0 135.0 151.49 224
1000 162.0 348.0 384.51 205
1001 172.0 352.0 393.58 251
1010 192.0 473.0 510.42 217
1011 65.0 105.0 120.63 314
1100 112.0 323.0 343.23 280
1101 161.0 447.0 474.59 202
1110 172.0 454.0 486.81 239
1111 111.0 424.0 438.24 234

L3 baglantisi: 16x16 sumif merkez uzakhklar
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Sekil 13 L3 baglantisinin 16 %16 sinif merkez uzaklik 1s1 haritasi
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Sekil 13°te en yakin 0110-0111 ¢ifti, iki eksenli gostergelerin her durumda kusursuz bir

ayrim saglayacagi anlamina gelmedigini gostermektedir.

Deney Kosusu Ici 48 Stmfli Siiflandirma ve Is1 Haritalar

Ucg ayr1 baglant1 senaryosu ile 3x16=48 sinif elde edilmistir. Ayn1 kayit kosusu i¢indeki
her simiftan bes zamansal blok segilerek 240 6rnek iizerinde bes katli dogrulama yapilmistir.
Hesaplanan 1-NN sonuglar1 Stage-1 senaryo se¢imi i¢in %99,58 (239/240), Oracle i¢in %99,17
(238/240), hiyerarsik model i¢in %98,75 (237/240) ve diiz 48 smif i¢in %98,33 (236/240)
olmustur. 3-NN degerleri sirastyla %99,58, %98,75, %98,33 ve %98,33 tiir.

Ay deney kosusu icinde 5 kath dogrulama

101 -
I 1-NN
I 3-NN

100 1 99.58  99.58

98.33 98.33

Dogruluk (%)

Senaryo secimi Oracle (bilinen) Hiyerarsik 48 Dogrudan 48

Sekil 14 1-NN ve 3-NN kayit-i¢i model dogruluklarinin karsilastiriimasi

Sekil 14’te dort smiflandirma diizeni yeni ve esit kathh degerlendirmeyle
karsilagtirilmistir. Oracle isleminin gercek senaryo etiketini onceden bilmesi, onun pratikte
bagimsiz kullanilan diiz simiflandiriciyla ayni bilgi kosulunda olmadigini gostermektedir.
Ozellikle %98,33 diiz 48-sinif dogrulugu, fiziksel olarak ayr1 bir deney kosusuna ait test setinde
degil ayni siirekli kayit icinden ¢ikarilan bloklarda elde edilmistir.

Sekil 15 ve Sekil 16’da sirastyla 1-NN ve 3-NN i¢in 48x48 karisiklik matrisleri
verilmistir. Her sinifin bes adet test tahmini toplandigindan diyagonaldeki en yiiksek tam say1
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5’tir. Smiflar 1-16 L1, 17-32 L2 ve 33-48 L3 besleme durumlari olacak sekilde siralanmistir
ve her 16’11 grup iginde 0000—1111 kodlar1 kullanilmistir.

1-NN: 48 simfh karigikhlk matrisi (5 blok/simif)

) N -
& = =}
L s L

Ornek sayist

Gergek simf indeksi (1-48)
1]

w
]
L

37 1

41 4

45 4 .l...

1 5 9 B 17 2 25 2 3B 3 41 45
Tahmin edilen simf indeksi (1-48)

Sekil 15 1-NN i¢in 48 48 kayit-i¢i karisikltk matrisi

1-NN i¢in iki eksenli dogrudan 48-sinif kararinda 236/240 blok dogru tahmin edilmistir.
Diyagonal disindaki dort siniflandirma, bazi kontrollii durumlarin ayni deney kosusundaki
kanal gostergesi dagilimlarinin yakinlasabildigini géstermektedir.
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3-NN: 48 simfh karisikhik matrisi (5 blok/simf)
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Sekil 16 3-NN igin 48 %48 kayit-i¢i karisikitk matrisi

3-NN i¢in de esit bes katli bolmeler altinda iki kanalli diiz 48-sinif dogrulugu 236/240
(%98,33) elde edilmistir. Bu nedenle bu analizde 1-NN ile 3-NN arasinda iki eksenli dogrudan
siiflandirma dogrulugu fark: yoktur.

Karigiklik matrisleri ayni kayit i¢indeki blok ayrigsmasini gostermektedir ve bu sonuca
dayanarak sensoriin farkli giinlerdeki, farkli iletken araliklarindaki veya kalibre edilmemis
farkli cihazlardaki basar1 orani tahmin edilememektedir.

Hiyerarsik diizenin avantaji, 6nce aydinlatma baglanti senaryosunun tahmin edilmesi ve
ardindan ilgili 16-durum uzmaninin kullanilmasidir. Ancak iki asamali yapi, ilk asama
hatalarinin ikinci asamaya yansimasi olasiligini tasimaktadir. Oracle sonucu, ger¢ek besleme
senaryosunun onceden bilindigi ve bagimsiz uygulamada her zaman erisilemeyebilecek bir
referans degerlendirme kosulunu temsil etmektedir.

Aym Katlarda Ozellik Azaltma Karsilastirmasi

Ozellik azaltma (ablation) testi icin 48 sinifin her birinden ¢ikarilan bes kronolojik blok,
ayni bes farkli egitim/test bolmesinde simmanmistir. Her kat, her smiftan bir bloku teste
ayirdigindan veri dengelidir (48 test ve 192 egitim 6rnegi/kat). Komsu sayilar1 k=1 ve k=3
olarak belirlenmis, tiim ozellik kiimelerinde Oklid uzakhigi ve aym egitim/test indeksleri

kullanilmstir. Bileske gostergesi G = / gx® + g2 her blok i¢in medyan kanal degerlerinden
hesaplanmistir. Model secimi dis test kiimesinden bagimsiz yapilmadigi ve bloklar ayni
kayitlar1 paylastig1 i¢in bu analiz bagimsiz kosu genellemesi degildir.
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Tablo 7 Aynmi bes kayit-i¢i katta tek kanal, bileske ve iki kanal ozelliklerinin 48-sinif

karsilastirmasi
Ozellik Kiimesi 3;%12/2 40 1-NN (%) 30122 1240 3-NN (%)
Yalniz Bx 156 65,00 170 70,83
Yalniz By 199 82,92 197 82,08
Bileske G 224 93,33 207 86,25
Bx ve By 236 98,33 236 98,33

Ozellik cikarma kargilagtirmasi (aym bes kath bolmeler)

EE 1-NN 98.33 98.33
93.33

100

82.92 82.08

g 2

48 sumfh dogruluk (%)

H

20

Sekil 17 Ayni kayit-igi bes kat iizerinde ozellik kiimesi azaltma analizi

1-NN durumunda iki kanalin birlikte kullanilmasi, yalniz bileske G gostergesine gore
12/240 ek dogru tahmin ve yiizde 5,00 puanlik fark saglamigtir. 3-NN i¢in ise fark 29/240 ve
yiizde 12,08 puandir. Buradaki G, 6l¢iilen fiziksel B biiytikliigii degildir ve kalibrasyonsuz iki
kanalin skaler genlik gostergesidir.

Hata Oriintiileri ve Stmf Yakinlhiklari

Dogrudan 48-sin1f 1-NN analizindeki dort test hatasi ayr1 incelendiginde, farkli besleme
senaryolarinin benzer iki kanall1 6zellik merkezleri tiretebildigi goriilmektedir. Bunun 6rnegi
L1 baglantisinda 0111 durumundan gelen bir blogun L3 baglantisindaki 0001 etiketiyle
karigmasidir. Ayrica L1 baglantisindaki 1011 durumu L1 baglantisindaki 0011 ile, L3
baglantisindaki 0001 ve 1011 simiflart ise bazi bloklarda karsilikli olarak karigmistir. Bu
gozlem, yiiksek toplam dogrulugun belirli smif ciftlerinde yerel belirsizligi ortadan
kaldirmadigin1 gostermektedir.

Tablo 8 Aymi katl dogrudan 48 sinif analizinde yanlis tahmin edilen zamansal bloklar
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Model Gergek baglanti/durum Tahmin baglanti/durum Test blogu (1-5)
1-NN L1/0111 L3 /0001 5
1-NN L1/1011 L1/0011 1
1-NN L3 /0001 L3/1011 4
1-NN L3/1011 L3 /0001 5
3-NN L1/0111 L3 /0001 5
3-NN L1/1011 L1/0011 1
3-NN L2/1110 L2/1100 5
3-NN L3/1011 L3 /0001 5

Tablo 8’deki blok sirasi, sinif bagina kronolojik bes 6zelligi ifade etmektedir. S6z
konusu hatalar birden fazla bagimsiz deney kosusunun hata dagilimini temsil etmemektedir.
Smif yakinlig1 yalnizca iki kanalli bagil 6l¢iim diizenine ve kullanilan yiik seviyelerine 6zgiidiir
ve notr i¢in ayri bir sinif hatas1 tanimlanmamastir.

Siif i¢i Blok Yayihim ve Belirsizlik

Kararli araliklarin bese boliinmesi yalnizca siniflandirma girdisi saglamamakta, ayni
siif i¢inde zaman boyunca meydana gelen kii¢iik degisimleri de degerlendirmeye olanak

tanimaktadir. Her bir blok i¢in G, = ./medyan(gsb)? + medyan(gy,b)? gdstergesi
hesaplanmis ve bes blok boyunca Ornek standart sapmanin ortalamaya orani CV; =

100 X __s(G) (%) olarak tanimlanmistir. Bu biiyiikliik, Tablo 4-6’da 6rnek diizeyindeki

ortalama(Gp)
G_RMS ile ayni1 degildir. Burada sinif i¢indeki bes blok 6zelliginin yayilimi hesaplanmistir.
Bes gozlem sayisi nedeniyle CV yalnizca betimsel bir gostergedir ve bagimsiz 6l¢iim kosularina
ait giiven aralig1 olarak yorumlanmamaktadir.

Tablo 9 Ornek segilmis simiflarin bes kronolojik bloktaki bileske gésterge yayilimi

Baglanti Durum 21_313(} medyant ?,Z;k cv Gozlem

L1 0000 44,10 0,56 Nominal referans

L1 0111 107,52 2,11 Gorece yiiksek yayilim
L1 1011 119,33 5,28 Gorece yiiksek yayilim
L2 0000 31,06 0,00 Nominal referans

L2 1110 443,71 6,47 Gorece yiiksek yayilim
L3 0000 45,54 0,33 Nominal referans

L3 1011 123,49 8,10 Gorece yiiksek yayilim

Tablo 9°da, L1 i¢in 1011, L2 i¢in 1110 ve L3 i¢in 1011 durumlarinin baz1 diger
durumlara gore daha yiiksek blok-i¢i 6l¢tim yayilimi sergiledigi goriilmektedir. Bu durumlarin
siiflandirma acisindan potansiyel risk tasiyabilecegi degerlendirilse de, CV yiiksekliginin tek
basina bir smiflandirma hatas1 dogurdugu ileri siiriilmemektedir. S6z konusu araliklarin tiimi
ayni fiziksel deney kosusuna ait oldugundan gézlemler yeniden montaj, farkli hava kosullari
veya farkl giinliik yiik oriintiilerine iliskin istatistik sunmamaktadir.

Ham go6zlem serilerinde nominal ve yliksek akim kademeleri farkli sayida kayit icerdigi
icin bloklarin tiimiiniin siireleri tam olarak esit degildir. Bu ¢alisma, her sinifa bes adet 6zet
vektorii saglayarak siif dengesi olusturmus, uzun ve kisa sinif araliklarindan esit agirlikli
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siiflandirma girdisi tiiretmistir. Buna ragmen kisa aralikta {iretilen bloklar ile uzun aralikta
iiretilen bloklarm giiriiltii ve 6rnek bagimlilig1 6zellikleri farklilasabilmektedir. Ileri analizde
siif siiresi ve blok uzunlugunun sonuglara etkisi, alternatif kirpma genislikleri ve tekrar
kosulartyla ayr1 bir duyarlilik incelemesinde test edilmelidir.

Tartisma

Laboratuvar sonuglari, sabit bir hat ve sensor konfigiirasyonunda dort bagimsiz yiik
kolunun ikili akim seviyelerini temsil eden 48 senaryo-durum etiketinin kanallarda
ayristirilabilir Oriintiiler lirettigini gostermistir. A besleme fazinin degismesi, ayni bit kodunun
kanal 6zellik merkezini de degistirmistir. Bu gézlem kontrollii asir1 akim ayrimi igin gegerlidir
fakat fiziksel kisa devre olusumu, ariza yeri tayini veya koruma cihazlarinin dinamigi deneysel
olarak dogrulanmamustir.

Biot—Savart/siiperpozisyon modeli, geometrik katkilarin alan bileskesi tizerindeki
giiclendirme ve sonlimleme davranisina yonelik fiziksel yorum cergevesidir (Khawaja et al.,
2017; Wu et al., 2016). Kuramsal modelin tahmin ettigi T cinsinden alan ile kalibrasyonsuz
elektronik kanal ¢iktis1 arasinda sayisal hata, korelasyon veya yonsel uyum oOlgiitii
hesaplanmamuistir. Bu nedenle kuramin deneyle nicel olarak dogrulandigi ileri stiriilmemektedir.

Tek sensoriin birden fazla iletkenin yiiklenme durumuna duyarli olmasi, yardimci
izleme donanimi sayisini azaltma potansiyeli tasiyabilmektedir. Buna karsin N akimi ayr1 bir
bit olarak smiflandirilmamis, sensdr yeri sabitlenmis ve farkli cevresel kurulumlar
denenmemistir. Dolayisiyla bu laboratuvar gosterimi tek sensorle biitlin fiziksel kisa devre
tirlerinin bagimsiz bi¢cimde teshis edildigini veya saha kosullarinda aynm1 basarimin
saglanacagini kanitlamamaktadir.

Deney kanallar fiziksel B, ve B, degerlerine kalibre edilmediginden tesla ya da
mikrotesla cinsinde mutlak manyetik aki yogunlugu raporlanamamaktadir. Sargi sensorii
Faraday indiiksiyonu geregi degisen manyetik akidan gerilim tliretmektedir ve kayith genlik,
bobin kesit alanina, sarim sayisina, frekansa ve analog/sayisal kazanca baglidir. Bu nedenle
kazan¢=100 olan arka plan kaydi ile kazang=10 olan ana kayitlar dogrudan ayni 6l¢ekli fiziksel
Olctimler kabul edilemez. 25 kayit/s dosya aralig1 iizerinden islenmemis 50 Hz dalga bi¢imi
veya gercek alan fazorii yeniden iiretilememektedir.

Tiim siniflar tek birer siirekli deney kaydindan elde edilmis ve bes zamansal bloga ayrilarak
dogrulanmistir. Zamansal bloklarin farkli katlara atanmasi, bagimsiz kurulum ve farkli giin
kosullarini temsil etmemekte; yalnizca ayni deney kosusu igerisindeki siniflandirma basarimin
degerlendirmektedir. Gergek dis 6rneklem basarimi i¢in yeniden kurulum, farkli giinler, farkl
akim/yiik ve iletken araliklar1 altinda bagimsiz kosular ile GroupKFold ya da leave-one-run-
out gibi kosu-gruplu smnama gereklidir. Gergek kisa devrelerde koruma agmasi, darbe/gegici
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bilesenler ve ariza empedansi etkileri de ayrica test edilmelidir. Ayrica deneysel durumlarin
sabit bir sirayla uygulanmasi nedeniyle, olast zamana bagli sensér veya oOl¢iim zinciri
degisimlerinin siniflandirma basarimina etkisi mevcut verilerle bagimsiz olarak
degerlendirilememektedir.

Mevcut kayitlarda Bx/By kanal gosterge ciftinin skaler bileske G’ye karsit 1-NN igin
%98.,33’¢e kars1 %93,33 sonucu vermesi, sabit laboratuvar verisinde bilgi kaybinin dogrulugu
etkileyebilecegini gdstermektedir. Bununla birlikte bu fark, sadece ayn1 kayit i¢indeki 240 blok
ve belirlenen bes katli ayirma i¢in gegerlidir. Kalibre edilmis isaretli iki eksenli dalga
formlarindan yon agis1, harmonikler veya elips parametreleri ¢ikarilmasi gelecek caligmalar i¢in
onerilebilir (Leki¢ et al., 2020; Wang et al., 2023) mevcut veriler bu fiziksel 6zellikleri
dogrulamamaktadir.

Sonuc¢

Bu boliimde ti¢ faz, notr ve aydinlatma iletkeninden olusan bes iletkenli AG laboratuvar
hattinda, dort anahtarlanabilir rezistif yiikk koluna ait kontrollii nominal/yiiksek akim
durumlarinin temassiz kanal 6l¢iimiiyle ayristirilmasi degerlendirilmistir. Deneyde gercek kisa
devre meydana getirilmemistir. Biot—Savart ve siiperpozisyon bagintilari deneysel Ol¢limle
kalibre edilerek dogrulanmamuis, gézlenen durum imzalarim fiziksel olarak yorumlamak i¢in
kullanilmistir (Khawaja et al., 2017; Wu et al., 2016).

Ug aydinlatma besleme baglantis1 ve 16 durumdan 48 simif olusmustur. Her sinifin tek
kosudan elde edilen bes blogu iizerinde, esit katli 1-NN degerlendirmesinde yalnizca Bx
%65,00, yalnizca By %82,92, bileske G %93,33 ve [Bx, By] %98,33 dogruluk vermistir. 3-NN
icin sonuglar sirasiyla %70,83, %82,08, %86,25 ve %98,33’tiir. Boylece iki kanalin birlikte
kullanilmasinin, bu sabit deney veri kiimesinde ve ayni degerlendirme kosulunda avantaj
sagladig1 nicel olarak gosterilmistir.

Bu bulgular, kontrollii akim seviyelerinin iki eksenli sargi sensdriiyle laboratuvar ici
ayristirilmasi bakimindan bir kavram kanitidir. Kalibrasyon, tam analog/sayisal aktarim zinciri,
bagimsiz deney tekrarlari, farkli giin ve yeniden montaj kosullari, ntr akimi dl¢timiiniin ayri
sinamasi, gercek kisa devreler ve koruma agma gegisleri degerlendirilmeden saha dogrulugu
veya fiziksel kisa devre teshisi iddias1 kurulamaz. Bu sinirlarin giderilmesi, yontemin ileride
giivenilir bir ariza izleme teknolojisine doniismesi i¢in gereklidir.
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Introduction

Plasma etching is one of the fundamental processes in the
fabrication of microelectronic, large-area electronic, photonic and
microelectromechanical systems, enabling the transfer of a mask-de-
fined geometry into functional layers. Material selectivity and pro-
file control are achieved by jointly managing the surface chemistry
of reactive species and the directional energy transfer of ions. How-
ever, obtaining the correct profile is not sufficient on its own; the
process must also be terminated at the target depth or at the target
interface (Layadi et al., 1999). Advances such as atomic layer etch-
ing have brought the control of the amount of removed material at
ever smaller scales to the fore (Kanarik et al., 2018).

Endpoint detection (EPD) is the process of determining, from
a measurable signal, that a process has reached a predefined comple-
tion condition. The target may be the complete removal of a layer
(film) or the attainment of a specific depth within the same material.
This distinction directly affects the choice of measurement method:
a method that detects changes in the plasma composition gives a dis-
tinct signal at a material transition, whereas a method that tracks the
optical phase within the film can, under suitable conditions, provide
progress information even before the interface is reached (Herman,
2003; Layadi et al., 1999).

Etch monitoring by laser interferometry relies on the interfer-
ence between optical fields reflected from the sample itself: in a
transparent film, between the fields reflected from its top and bottom
interfaces; in patterned samples, between the fields reflected from
etched and unetched regions, known as lateral interference
(Heimann, 1985; Sternheim et al., 1983). The detector records the
light intensity, which varies as these fields combine; the thickness is
obtained by interpreting the intensity data with an optical model and
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prior information. This approach enables in situ, real-time monitor-
ing of the temporal evolution of the film thickness and of the etch
rate (Born & Wolf, 1999; Sarfaty et al., 1997).

This chapter describes the development and integration of a
laboratory-built laser interferometric monitoring system into an ex-
isting reactive ion etching tool. The contribution is the practical im-
plementation of the optical arrangement, custom mechanical holder
and signal-recording software, together with an initial experimental
recording during etching of an a-SiNx:H thin film. The system is in-
tended to support subsequent studies of different samples and pro-
cesses; its quantitative accuracy, mounting repeatability and trans-
ferability require further validation.

The measurement chain comprises a 5 mW, 650 nm laser
source, a silicon PIN photodiode (BPW34), a Keithley 6482 picoam-
meter and a computer. A custom holder positions the optical compo-
nents relative to the observation window. The picoammeter measures
and digitizes the detector current, and the software records the read-
ings with time stamps for plotting and subsequent analysis. Plasma
emission and auxiliary illumination that reach the photodiode add a
background to the measured current. The initial measurement
demonstrates signal acquisition during plasma etching; quantitative
interpretation remains conditional on the optical model and the ex-
perimental parameters reported below.

Plasma etching and the need for endpoint detection

In reactive ion etching (RIE), the gas discharge produces re-
active neutral species and ions. The removal of the volatile products
formed on the surface contributes to chemical etching, whereas ion
bombardment affects surface reactions and directionality. In systems
equipped with inductively coupled plasma sources (ICP-RIE),
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plasma generation and sample biasing can be independent control
variables (Donnelly & Kornblit, 2013; Huff, 2021).

Under-etch is the presence of a residual layer resulting from
insufficient removal of material in the target region. Over-etch is the
loss of material in the underlying layer or in unintended regions
caused by continuing the process after the target has been reached.
In manufacturing, a controlled over-etch time is sometimes planned
to compensate for thickness and rate non-uniformities across the wa-
fer; the acceptable extent of over-etching is defined by the selectivity
and by the loss budget of the underlying layer (Donnelly & Kornblit,
2013; Layadi et al., 1999).

In a purely time-controlled recipe, dividing the target depth
by the average etch rate yields an initial process time. However, var-
iations in the initial film thickness, the history of the chamber walls,
the surface temperature, the masked-area ratio and drifts in the pro-
cess conditions can prevent this relationship from accurately predict-
ing the required etching time in each run. In situ measurement ren-
ders part of this uncertainty observable; it should also be noted that
a local optical measurement does not establish that the entire wafer
has been monitored; spatially resolved monitoring is needed to as-
sess differences across the surface (Boning et al., 1994; Sarfaty et
al., 1997).

The endpoint signal and the termination action are also dis-
tinct events. Data acquisition, filtering, decision making, control
communication and plasma extinction introduce a delay. Under an
approximately constant rate, the additional depth etched during this
delay is the product of the rate and the total delay. This engineering
relation shows that the control delay, as much as the optical sensitiv-
ity, must be included in the thickness budget. When the total delay is
written as Tt = Tf + Tdec T Top T Teomm Tt Text, With ER denoting the
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etch rate, the additional depth is approximately Adex = ERTior; for
example, for ER = 50 nm/min and Tt = 2 s, Adex = 1.7 nm.

Here, Tt is the total delay between the endpoint signal and
plasma extinction; tr is the delay introduced by data acquisition and
signal filtering; tqec is the time required to reach the endpoint deci-
sion, including any verification (hold) time; top is the operator re-
sponse time when termination is manual, which is omitted for an au-
tomated termination path; Tcomm is the delay in transmitting the stop
command to the tool controller; and tex: is the time required to extin-
guish the plasma after the stop command. The rate used in Adex =
ER 11t must correspond to the material being etched during the de-
lay. After film clearing, the underlying-layer loss cannot be calcu-
lated using the film etch rate unless the relevant selectivity is known.

Comparison of endpoint detection methods

The choice of method depends on how directly the measured
quantity is related to the target process event. For example, optical
emission spectroscopy (OES) monitors the light emitted by the
plasma; reflectometry, the intensity of the light reflected from the
sample; and ellipsometry, the change in polarization upon reflection.
Electrical and mass-spectrometric methods provide different physi-
cal signals (Dubreuil & Belharet, 2010; Herman, 2003; Ianno et al.,
1993; Meng & Li, 2008).

Among these methods, extracting weak endpoint signatures
from OES data is an important topic in current research. B. Kim et
al. (2021) addressed decision making from OES spectra with a con-
volutional neural network, whereas C. S. Kim et al. (2024) dealt with
modelling and clustering in the presence of chamber-to-chamber
variations. Wang et al. (2026) investigated interpretable transfer
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learning for small-open-area etching. Table 1 summarizes the meas-
ured quantities, advantages, main limitations and typical uses of the
methods discussed above.

Table 1 Comparison of the main endpoint detection methods

Method

Laser interfer-
ometry / reflec-
tometry

OES

Ellipsometry

Measured
quantity

Change re-
lated to the
reflected in-
tensity and
interference
phase

Plasma emis-
sion lines or
spectrum

Polarization
parameters ¥
and A

Advantage

Local pro-

gress and rate
monitoring in
suitable films

No external
illumination
required

Sensitivity to
thickness and
optical con-
stants
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Main limita-
tion

Optical
model, spot
position and
interface con-
trast

Weak signal
at small open
area; depend-
ence on
chemistry

Optical ac-
cess, calibra-
tion and
model re-
quirements

Typical use

Transparent /
semi-transpar-
ent films
(Layadi et al.,
1999; Sarfaty
et al., 1997);
patterned ar-
eas with lat-
eral interfer-
ence
(Heimann,
1985); etch
depth in pat-
terned Si
(Sternheim et
al., 1983)

Layer transi-
tions, process
monitoring
(B. Kim et al.,
2021; Wang et
al., 2026)

Thin-film and
surface moni-
toring (Ianno
etal., 1993)



Measured

Main limita-

Method quantity Advantage tion Typical use
Indirect sig-  Suitable ma-
. Electrical im- Independent nal dependent  terial transi-
Plasma imped- edance and  of an optical ™ the pro- tions
ance / RF p . : P cess and elec- (Dubreuil &
harmonics window . .
trical condi-  Belharet,
tions 2010)
. EPD based on
. Sampling, .
Monitors changes in
Mass-to- . transport de- .
Mass spectrom- . changes in chemical
charge signals lay and spe-
etry of gas species products or cies separa- products
£35S Sp reactants tion p (Meng & Li,
2008)

Source: Authors’ comparison based on Layadi et al. (1999), Sarfaty et al. (1997),
B. Kim et al. (2021), Wang et al. (2026), lanno et al. (1993), Dubreuil and Belharet
(2010), Meng and Li (2008), Heimann (1985), and Sternheim et al. (1983).

As Table 1 indicates, interferometry is advantageous when a
local monitoring area can be selected and the optical response of the
film can be modelled. OES and reflectometry are not necessarily al-
ternatives to each other: OES responds to changes in the gas-phase
chemistry, whereas reflectometry responds to optical changes at the
surface, so the two can provide complementary information on the
process (Herman, 2003). In this chapter, laser interferometry was se-
lected, and the measurement chain and software were designed ac-
cording to the requirements of this method.

Physical principles of thin-film interference

Optical fields and phase difference

The initial model consists of an optically homogeneous and
isotropic film with flat, parallel interfaces. Let the refractive index
of the incident medium be ny, that of the film n and that of the sub-
strate ns, and let the film thickness be d, with do denoting its initial
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value before etching. Let Ao be the laser wavelength in vacuum, 6;
the external angle of incidence with respect to the surface normal
and 0; the angle of refraction inside the film. Snell’s law then takes
the following form (Born & Wolf, 1999; Macleod, 2017):

nysin®; = nsinb;. (D)

Figure 1 shows the geometry of the field reflected from the
top surface and of the field that traverses the film and is reflected
from the bottom interface. The optical path difference at the common
wavefront at which the two fields are compared is 2ndcosf;. Alt-
hough the geometric path length travelled inside the film is 2d/cos6,
the emerging rays must be referred to a common phase plane; the
cosine therefore appears in the interference phase as a multiplying
factor rather than in the denominator. The phase of the reflections at
the interfaces is accounted for separately (Born & Wolf, 1999;
Macleod, 2017):

4mndcosO
5= t
Mo

, P=5+0¢. ()

Here, 9§ is the phase difference arising from round-trip prop-
agation within the film, and ¢: represents the relative constant phase
of the two optical components arising from the interface reflections
and amplitude coefficients. The total phase is ® =6 + ;. In the two-
beam approximation, the measured intensity I is written in terms of
the individual component intensities 11 and I> as given in Equation
(3). For the fringe visibility to be preserved, the fields must have the
same polarization and overlap spatially at the detector; in addition,
the coherence length of the laser must be much larger than the round-
trip optical path 2ndcos0: (Born & Wolf, 1999). When the substrate
has a complex refractive index, as for a metallic reflector such as the
Cr layer used in this work, or when the film itself is absorbing, as is
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the case for a-Si:H owing to its relatively narrow band gap, the in-
terface Fresnel coefficients become complex and ¢, deviates from 0
or w; therefore, the position of the first extremum cannot be deter-
mined from the film thickness d alone.

I= Il + IZ +2 1112(308(1). (3)

Constructive interference occurs when the total phase ap-
proaches integer multiples of 2w, and destructive interference when
it approaches odd multiples of . Because of the m phase changes that
may occur upon reflection, it is not correct simply to write the con-
dition 2nd = m)o and assign a bright fringe in every case; what is
reliable is that, with constant optical coefficients, the phase changes
by 2m between successive extrema of the same type (Born & Wolf,
1999; Macleod, 2017).

Figure 1 Interference of the optical fields reflected from the top sur-
face and from the bottom interface of a thin film. 0; is the external
angle of incidence, 0; the angle inside the film and d the film thick-

ness.

Field reflected from top surface
Incident beam Field reflected from

bottom interface

Incident medium ng

Filmn d
6

Substrate ng

Schematic drawing — not to scale; only two optical contributions are shown.

Source: Original schematic by the authors; not to scale.
Multiple reflections and limitations of the model

In a real thin film, not just two reflections but the sum of the
reflections repeated inside the film must be considered. For an ideal
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single layer, this sum can be calculated through the complex ampli-

tude reflection coefficient r. With the ambient medium, the film and

the substrate numbered 0, 1 and 2, respectively, the interface Fresnel

coefficients ro1 and ri2 for the selected polarization are used (Katsidis
& Siapkas, 2002; Macleod, 2017):
. :

- ;T r01rr11226;1;((221iﬁl3)) » R= |r|2' “)

Here, B = 2nndcosOy/Ao is the single-pass phase (6 = 2f3) and

R is the power reflectance. In multilayer structures, the propagation

through each layer and the transition at each interface are combined

by means of transfer matrices; in this way, the optical influence of

the substrate and of the other films is taken into account in addition
to the layer thickness (Katsidis & Siapkas, 2002; Macleod, 2017).

For an absorbing material, the complex refractive index i =
n + ik 1s used instead of the real n; when the field reflected from the
bottom interface is attenuated by absorption, the interference visibil-
ity may decrease. A wavelength-dependent index, surface roughness,
thickness non-uniformity and partial coherence lead to deviations
from the ideal model (Stenzel & Wilbrandt, 2025). In a sufficiently
opaque film, the contribution of the bottom interface may not be ac-
cessible; in this case, the change in reflectance at the material transi-
tion can be evaluated instead. The formulation derived for thin-film
thickness cannot be applied directly to a trench depth simply by in-
serting the material index (Heimann, 1985; Sternheim et al., 1983);
structured surfaces generally require structure-specific optical mod-
els (Klesse et al., 2021).

The complex index must be used consistently in the interface
Fresnel coefficients and in the propagation factor in Equation (4).
For the exp(—imt) convention and fi = n + ik, the physical propagation
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branch is chosen so that the field decays within a passive absorbing
medium. At normal incidence, p = 2xiid/Ao.

When an open area is etched into a bulk material (e.g., Si),
interference arises laterally between the fields reflected from the
trench bottom and from the mask or the unetched surface. Since the
path difference between the two fields is accumulated in the incident
medium, one fringe period corresponds to Ah = Ao/(2nocosb;); at nor-
mal incidence and for no = 1, Ah = A¢/2 (Heimann, 1985; Sternheim
et al., 1983). This expression is valid when the trench width is much
larger than the wavelength and mask erosion is negligible. If the
mask is also eroded, the phase of the field reflected from the masked
region changes, so the conversion based on a stationary reference is
no longer sufficient. A first-order optical-path analysis (derived here)
shows that, if the reflection at the mask/substrate interface domi-
nates, as for a transparent SiO; mask on Si, the depth obtained by
fringe counting is overestimated by a relative amount of approxi-
mately (nm — 1)/S, where ny, is the refractive index of the mask and
S the substrate-to-mask selectivity; for SiO> (nm = 1.46) and S = 5,
this amounts to ~9%. If the reflection at the top surface of the mask
dominates, as for an opaque mask, the depth is underestimated by
approximately 1/S. Sternheim et al. (1983) reported a depth accuracy
of 4-6% for patterned Si, depending on the masking material. Quan-
titative correction therefore requires a model of the actual mask—sub-
strate structure and the mask erosion rate. Lateral interference can
also distort the measured signal in patterned areas; the distortion is
small when less than about 30% of the area is covered by resist and
becomes severe at higher coverage (Heimann, 1985).
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Fringe spacing and etch rate

If n, Ao, 6; and the interface phases remain constant while a
single film is being etched, the positive thickness change Ad corre-
sponding to one full interference period is obtained from a 2x change
in the phase in Equation (2) (Born & Wolf, 1999; Sarfaty et al.,
1997):

Ao

2ncoss,”

Ad =

)

At normal incidence, 0; = 6; = 0 and the relation reduces to
Ad = Xo/(2n). If the external angle is measured, it must be converted
to the internal angle using Snell’s law. In the same ideal signal, the
transition from a maximum to the following minimum is a half-pe-
riod; if this interval is counted as a full fringe, the calculated rate will
be in error by a factor of two. The effect of small deviations from
normal incidence should also be assessed numerically: for example,
for S10; (n = 1.457) with 0; = 10°, 6, = 6.8° and cos6; = 0.993, so that
neglecting this term introduces a systematic error of approximately
0.7% in Ad.

Table 2 summarizes reference thickness changes per fringe at
632.8 and 670 nm. At the experimental wavelength of 650 nm, the
corresponding reference values are n = 1.4565 and Ad = 223.1 nm
for fused silica (Malitson, 1965), and n =2.0374 and Ad = 159.5 nm
for the Si3N4 reference data (Luke et al., 2015). For the Figure 8
model, the assumed n = 1.79 gives Ad = 181.6 nm at 650 nm.
PECVD SiNy optical properties vary widely with deposition condi-
tions; Kluska et al. (2022) report refractive indices of about 1.8-3.7
for PECVD silicon nitride layers with different Si/N ratios (n at 632
nm, their Fig. 3). Therefore, sample-specific values should be deter-
mined independently. At 632.8 nm and ER = 50 nm/min, a full fringe
in fused silica lasts approximately 4.3 min. For fused silica at 632.8
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nm, an adjacent maximum and minimum are =109 nm apart (<91 nm
for the n = 1.79 model at 650 nm); determining an arbitrary interme-
diate thickness requires phase interpolation or model fitting.

Table 2 Thickness change per fringe at normal incidence, Ad =
Ao/(2n); Ah = Lo/(2ng) for trenches

n (632.8/670 Ad, 632.8 Ad, 670

Material Source of n
nm) nm nm
Fused silica 14570/14560 2172nm  230.1nm  ialitson
(1965)
. Luke et al.
Si3Ng 2.0395/2.0351 155.1nm  164.6 nm (2015)
Ilustrative
PECVD SiNy (illus- 1797 1'7.9 (as- assumption;
. sumed; disper- 176.8 nm  187.2 nm
trative model) . not meas-
sion neglected) ured

Bulk material /

trench (no = 1) 1 3164nm  335.0nm —

Source: Authors’ calculations using Equation (5) for films and the lateral-interfer-
ence relation for trenches. Reference dispersion data: Malitson (1965) and Luke et
al. (2015). The PECVD row is an illustrative constant-index model, not a sample
measurement. Values at 650 nm are given in the preceding paragraph.

If the rate of decrease of the film thickness is defined as pos-
itive, ER(t) = —d(d)/dt. Taking At = tk+1 — tx between the times tk and
t+1 of successive extrema of the same type, the average rate can be
calculated (Sarfaty et al., 1997):

== A M
ER=—=——
At 2ncose, At

o

(6)

This result is the average rate over the period and should not
be presented as a continuous instantaneous rate. When the rate varies
with time, phase tracking or estimation of a thickness model over a
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sliding time window may be more appropriate. Fringe counting pri-
marily yields the removed thickness; the initial thickness do is addi-
tionally required to calculate the remaining thickness. Using model
signals calculated with Equation (4), Figure 2 illustrates the distinc-
tion between full and half periods, the flattening of the signal when
the film is cleared, and the effect of absorption on the interference
contrast. Figure 2(a) shows that, for a non-absorbing film, the reflec-
tance can return to the bare-substrate level at particular optical thick-
nesses; that level alone therefore does not identify clearing, and the
transition towards flattening must be assessed together with back-
ground and model validity.

Figure 2 Reflectance variation calculated with Equation (4) at nor-

mal incidence for Lo = 632.8 nm. (a) 500 nm SiO:z (n = 1.457) on Si

at a constant ER = 50 nm/min; T is the full period and T/2 the half-
period; when the film is cleared, the signal flattens at the bare-Si
level. (b) Effect of the extinction coefficient k on the interference
contrast for an 800 nm film with n = 2.0 on Si. For Si at 632.8 nm,
= 3.87396 + 0.0161606i was obtained by linear interpolation of

the 630 and 640 nm entries in the Green (2008) dataset and
rounded to 3.874 + 0.016i for reporting.

(a) SiO,/Si, dy = 500 nm, ER = 50 nm/min (b) Absorbing film, n = 2.0, dy = 800 nm
] 0.6 4

05 1 T = 4.34 min T KRS0 T k=002 k=008

—

0.5 9

bare Si

0.3 1

Reflectance R
Reflectance R

1 Film
i cleared
i (endpoint)

0.2 4

0.1 4

0 2 4 6 8 10 12 0 200 400 600 800
Etch time (min) Etched thickness (nm)

Source: Authors’ model calculations using Equation (4) and silicon optical con-
stants from Green (2008). Not experimental data.
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Optical setup and measurement chain

Optical geometry and laser—detector arrangement

The law of specular reflection from a flat surface states that
the angles of incidence and reflection are equal with respect to the
surface normal. By using a beam splitter, illumination and detection
can operate along a common sample axis, with the returning light
directed into a separate arm. Figure 3 compares such a coaxial con-
figuration with an arrangement with separate source and detector; of
these possible optical architectures, the configuration in which the
laser and optical probe mounts are positioned separately and the laser
is incident approximately normal to the sample was selected (Born
& Wolf, 1999; Macleod, 2017).

Figure 3 Possible illumination and detection architectures. (a)
Common sample axis using a beam splitter. (b) Oblique incidence
with separate source and detector.

(a) Coaxial configuration (b) Separate source and detector

Detector
4

Common sample axis
6 6

Sample Sample

In ideal specular reflection, the angles of
incidence and reflection are equal.
Source: Authors’ schematic of the illumination and detection configurations dis-
cussed in the text.
In an ideal symmetric geometry in which the source and the
detector are at the same height and no refracting window or lens lies
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in between, tanf; = s/(2H) is obtained, where s is the horizontal dis-
tance between the axes and H is the vertical distance to the sample.
A real observation window may shift the beam position, and lenses
may cause the beam direction at the sample to differ from the axis of
the mechanical mount. In this work, the setup was aligned near nor-
mal incidence. A measured angle at the sample is not reported; 0; =
0 is used as a modelling approximation rather than a measured geo-
metric value. For the assumed n = 1.79, an external angle of 0; = 5°
would change Ad by only =0.12%; this approximation is therefore
not a dominant error source.

At oblique incidence, s- and p-polarized light have different
Fresnel coefficients. Although increasing the angle of incidence can
make it easier to separate the source from the detector, the elongation
of the spot and the limitation imposed by the window aperture must
be taken into account. At near-normal incidence, cos; is close to
unity; this approximation should be assessed within the error budget
(Born & Wolf, 1999; Katsidis & Siapkas, 2002; Stenzel & Wilbrandt,
2025).

Signal acquisition, data transfer and software processing

Figure 4 summarizes the optical and electrical measurement
chain used in this work. The photodiode current is measured and dig-
itized by the Keithley 6482 and transferred to the computer. The pro-
cess is terminated manually. The diagram also shows candidate anal-
ysis outputs; calibrated remaining thickness, endpoint confidence
and sensor-status performance are not established by the single rec-
ord in Figure 8.
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Figure 4 Optical and electrical measurement chain. In the reported
experiment, the endpoint decision is made by the operator, who
stops the process, T denotes the total delay from the endpoint sig-
nal to plasma extinction. The listed outputs are planned analysis
functions that have not yet been validated.

Optical Laser Window + Optical
path source (r eactor) detector

analog electrical signal (cable)

35‘: n Keithley 6482 Computer
path picoammeter
———————————————————— v

‘
' Planned outputs 4 S
| *» Remaining thickness estimate 1 perator
1 « Endpoint confidence ! (stops the process)
H
1

. * Sensor status

softwave decision

Signal processing -
and decision E"dP <_)|nt

Source: Authors’ schematic of the measurement system developed in this work.

The reflected light is detected as a photodiode current. The
Keithley 6482 performs current measurement and internal digitiza-
tion, while the computer records the transmitted readings and their
time stamps. The picoammeter resolves currents below 1 nA, and in
the Figure 8 record the readings were stored at 0.5 s intervals.

The expected fringe frequency is low; for example, it is ap-
proximately 3.8 mHz for fused silica etched at 50 nm/min at 632.8
nm. Consequently, acquisition settings must balance noise reduction
against response delay. Plasma emission and auxiliary illumination
reaching the photodiode also contribute to the detector signal. Any
smoothing used in the analysis must be described by its filter type
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and window length, and a distinction must be made between retro-
spective processing and a causal filter used during the experiment.

Figure 5 presents a proposed framework for signal validation,
extremum identification and endpoint assessment. Derivative zero
crossings can identify extremum candidates, which must also be
checked for prominence and minimum separation. Remaining-thick-
ness estimation requires an independently established initial thick-
ness or a validated absolute optical model. The record in Figure 8
demonstrates signal acquisition and retrospective fringe analysis; it
does not by itself validate a real-time confidence metric, a hold-time
criterion or a calibrated remaining-thickness output.

For Figure 8, signal recording, plotting and retrospective
fringe analysis are reported, and termination was manual. Table 3
summarizes the main components of the measurement system and
the sample used for Figure 8.
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Figure 5 Proposed signal-processing and endpoint-assessment
workflow. The operator terminates the process. The causal-filter
delay, hold time, confidence metric and remaining-thickness blocks
illustrate functions requiring validation, they are not demonstrated
implementations for Figure 8. The remaining-thickness expression
drem = do — 24d, where 2Ad is the cumulative removed thickness,
requires an independently established initial thickness do, and the
signal-validity checks require defined thresholds.

— Raw signal /(t) + timestamp (logged) ]

Sensar

Signal valid? no

(saturation, SNR, visibility) status;

alert

Causal filter (delay 1; logged) ]
¥

Extremum candidates: derivative zero crossing,
prominence threshold, minimum spacing

v
Period counting / phase tracking — ]

next sample

3Ad, ER, Orem=do—ZAd

Target condition met?
(drem < drarger OF signal flattening)

Condition maintained
for the?

‘ Endpoint decision + confidence value ’

!

‘ Operator: stops the process ]

Source: Authors’ proposed workflow; manual process termination applies to the
reported experiment.
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Table 3 Main components of the measurement system and the Fig-

Component

Laser source
Optical detector

Observation win-
dow

Optical geometry

Current measure-
ment and acquisi-
tion

Software

Etching tool

Sample

Mechanical appa-
ratus

ure 8 sample
Parameter

Wavelength; output power

Detector type

Window material

Incidence angle; spot size

Instrument; resolution; readout

Acquisition and analysis plat-
forms

Tool; process gases

Figure 8 stack; thickness; optical
model

Design and fabrication

Source: System information reported in this work.
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Value
650 nm; 5 mW

Silicon PIN photodi-
ode (BPW34)

Borosilicate glass

Near-normal (6= 0
assumed in the
model); nominal spot
radius 1 mm

Keithley 6482
picoammeter; current
resolution below 1
nA; readings stored
with time stamps at
0.5 s intervals

LabVIEW, Python

Oxford Instruments
RIE system; CF4/O;

Device-grade (TFT-
grade) PECVD a-
SiNx:H /100 nm Cr /
glass; nominal do =
450-500 nm; n =
1.79, « =0 at 650 nm
assumed

SolidWorks design;
3D-printed flange
adapter



Mechanical and optical integration requirements

The role of the mechanical holder is to provide, in a sustain-
able manner, the line of sight required by the optical measurement
and the relative positions of the components. The fit of the mounting
holes, the focusing distance, the access of the laser spot to the se-
lected area, the collection of the returning light by the detector and
the preservation of the camera’s field of view were considered to-
gether. In commercial interferometric EPD applications, spot posi-
tioning and the provision of a camera image are central elements of
these requirements (Oxford Instruments Plasma Technology, n.d.).

The design requirements can be grouped into four categories.
Geometric requirements cover the fit to the existing mounting points
and to the window surroundings; optical requirements, unobstructed
incident and return paths; mechanical requirements, demountability
and position retention; and application requirements, access to the
camera, illumination and cables. The design was developed to meet
these requirements and has been put into use.

Mechanical integration of the experimental system

To integrate the laser interferometry components into the
plasma etching tool, a custom mechanical holder (apparatus) was de-
signed in SolidWorks and fabricated in the laboratory by additive
manufacturing (3D printing). Figure 6 presents the CAD documen-
tation, which consists of four views; the top, bottom, perspective and
profile views depict the apparatus as a whole. The apparatus is posi-
tioned with reference to the existing mounting points around the up-
per optical observation window of the tool.
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Figure 6 CAD views of the custom laser interferometer integration
apparatus. (a) Top view, (b) bottom view, (c) perspective view, (d)
side profile. 1: hexagonal optical probe mount; 2: laser source ap-
erture; 3: camera and auxiliary illumination apertures, 4. main
mounting hole with counterbore; 5: boundary of the bottom seating
pocket; 6: secondary alignment hole.

(a) Top view (b) Bottom view

(d) Side profile

Source: Authors’ CAD model of the apparatus developed in this work.

Four main mounting lugs are located on the outer perimeter
of the holder; on the inner side of each lug there is a secondary hole
designed for local alignment. In the central region, the hexagonal
probe mount carries the optical detector and the adjacent small cir-
cular aperture carries the laser source; of the two large circular aper-
tures, one is assigned to the camera and the other to the auxiliary
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illumination (Figure 6). On the top surface, counterbored mounting
holes keep the screw heads at the level of the inner surface, thereby
preserving the outer surface profile; on the bottom surface, there is a
wide circular seating pocket that conforms to the geometry of the
window surroundings. This pocket is intended to provide a repeata-
ble seating reference and to help preserve the relative positions of
the optical components; the resulting mounting repeatability has not
yet been quantified. The circular recess at the centre of the top sur-
face, visible in Figure 6(a) and (c), was designed to define the dis-
tance between the laser source and the optical detector precisely and
to delimit the working envelope of the illumination element used
with the camera. The stepped thickness was selected to balance
structural support and material usage. Its effect on stiffness and
strength requires comparative analysis or mechanical testing. The
system has been set up, and the apparatus has been mounted on the
plasma etching tool.

Experimental setup

The first step of the integration is to compare the mounting
and optical-window interface of the tool with the apparatus. The cen-
tres of the main holes, the clear aperture and height of the window,
the mating surface of the bottom pocket and the screw access were
recorded within the same reference frame. The source and the detec-
tor were positioned so as to view the same measurement region on
the sample; alignment was performed by observing the incident spot
and the returning light on a reference surface.

Figure 7 shows the experimental installation of the system on
the plasma etching tool. In the photograph, the laser source, the op-
tical detector (probe), the camera, the auxiliary illumination and the
custom-built apparatus are indicated by arrows.

--358--



Figure 7 Experimental arrangement of the laser interferometric
measurement system on the plasma etching setup.

Auxiliary illumination

Camera

Laser source

Custom-built apparatus | |

Optical detector
(probe)

Source: Authors’ experimental setup documented in this work.
Experimental results and interpretation

Figure 8 shows a relative photodiode-current record acquired
during etching of a device-grade a-SiNx:H film deposited by PECVD
on a 100 nm Cr layer on glass; t = 0 corresponds to plasma ignition.
The nominal initial film thickness, do, is 450-500 nm, but this nom-
inal range is not an independent interferometric thickness measure-
ment. The signal is interpreted using an air/a-SiNx:H/Cr model at
normal incidence, with a non-absorbing film of assumed refractive
index n = 1.79 at 650 nm. This value is a working assumption; n =
1.90 is evaluated as an alternative where relevant. These optical as-
sumptions require verification for the deposited sample. The 100 nm
Cr layer acts as an opaque metallic reflector and is treated as an op-
tically thick substrate; its single-pass transmittance at 650 nm is only
~0.16%, so the glass contribution can be neglected. Linear interpo-
lation of the Johnson and Christy (1974) Cr data between 617 and
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659 nm gives fic; = 3.107 + 3.3311 at 650 nm. The complex reflection
coefficient at the film/Cr interface shifts the absolute thicknesses of
the extrema, so they cannot be assigned simply to integer multiples
of Ao/(4n). The full-fringe conversion is given below:

N M

2ncosO, 2n’

For Ao = 650 nm and the assumed n = 1.79, the thickness
change per full fringe is calculated below. The index is not a meas-
urement of this sample. Using n = 1.90 would instead give approxi-
mately 171.1 nm per fringe.

Ad= =181.6 nm

2x1.79

Minima occur near 69, 154 and 188 s, with intermediate max-
ima near 134 and 173 s; extremum times were read as the lowest or
highest recorded points, with an uncertainty of = +1 s (= £3 s for the
broad first minimum). Two full periods separate the first and last
minima, giving the thickness change below and an interval-average
rate of approximately 183 nm/min over 119 s. For n = 1.90, the re-
moved thickness and interval-average rate would be =342 nm and
~172 nm/min, respectively.

d69—>188S:2Ad ~2x]81.6 =363 nm
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Figure 8 Relative photodiode current, Alyn(t) = Lon(t) — Ln(0), rec-
orded during RIE of a nominally 450-500 nm device-grade a-
SiNy:H film on Cr-coated glass, using a 650 nm laser at near-nor-
mal incidence; t = (0 corresponds to plasma ignition. Insets: cam-
era frames placed near the corresponding parts of the trace; lower-
left frame taken before plasma ignition (t < 0). The vertical drop of
the trace at =224 s marks process termination and extends below
the displayed range. The ordinate labelled “Photocurrent” is Alp,
and decimal commas denote decimal points.

35

Photocurrent (<1077 A)

-05 4
Before plasma ignition

0 30 60 90 120 150 180 210 240
Etching time (s)

Source: Experimental measurements and optical images acquired in this work.

The ideal optical model predicts successive minima near 74,
255 and 437 nm and maxima near 164, 346 and 528 nm when the Cr
constants are rounded to 3.11 + 3.331. Assignment of the last ob-
served minimum to the lowest positive-thickness minimum gives a
model-dependent residual thickness of approximately 74 nm at 188
s and approximately 437 nm at the first minimum. This assignment
depends on the endpoint interpretation and on the absence of missed
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fringes; it is not an independent measurement of the initial thickness.
A few-nanometre oxide or fluoride layer on the Cr surface would
shift the modelled extrema by a comparable amount and lower the
bare-Cr reflectance. The transition towards the plateau spans ~200—
215 s: the ideal-model slope criterion discussed below places clear-
ing near =200 s, whereas the plateau is reached at <205-215 s. In the
ideal model, the reflectance slope at the moment of clearing is still
~28% of its maximum value, so a distinct break rather than a gradual
approach would be expected; the observed rounding over =10 s is
consistent with a thickness spread of a few tens of nanometres within
the illuminated spot, although a finite measurement time constant or
a thin interfacial layer could produce a similar effect. An approxi-
mate endpoint candidate of tep =~ 210 s is used here to summarize that
transition; the ~200-215 s window is indicative rather than a statis-
tically evaluated uncertainty. The onset of this transition near 200 s
should not be equated automatically with complete film removal. A
reproducible numerical endpoint requires the raw trace, the baseline
treatment, a specified derivative or level criterion, the analysis win-
dow and any hold time. The present interpretation remains provi-
sional until these settings and independent thickness checks are
available.

The weak early maximum near 4-5 s admits more than one
interpretation. It may contain a substantial background or startup
contribution, but it may also include an interference maximum. The
latter interpretation would place the film thickness at that time near
528 nm for n =1.79, or near 496 nm for n = 1.90, and gives an early
half-period rate of =84 nm/min for n = 1.79 (=80 nm/min for n =
1.90) up to the first minimum. Because thickness cannot increase
during etching, do would then be at least =528 nm for n=1.79, above
the nominal range, or 496 nm for n = 1.90, which lies within the
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nominal range. The rise during the first =4 s is too fast to be interfer-
ometric. The nominal 450-500 nm range, the assumed refractive in-
dex and the early-maximum assignment therefore cannot all be
treated as independently established facts. A laser-off background
record and an independent initial-thickness measurement are needed
to distinguish the alternatives.

Intervals between extrema of the same type give approxi-
mately 128 nm/min for 69—154 s, 279 nm/min for 134—-173 s and 320
nm/min for 154-188 s. These overlapping interval averages suggest
faster removal later in the record, with a ratio of approximately 2.5
between the two minimum-to-minimum estimates. They do not es-
tablish a continuous or strictly monotonic instantaneous-rate in-
crease. A drifting background can shift extremum times, so the trend
requires confirmation using background-corrected data or a suitable
joint signal model.

Conditional on film clearing during this transition, removal
of the final modelled 74 nm from 188 s gives an average rate of ap-
proximately 160—260 nm/min for endpoint times from 215 to 205 s.
This is below the approximately 320 nm/min obtained for the pre-
ceding minimum-to-minimum interval. Possible explanations in-
clude a change in removal behaviour near the interface, spatial thick-
ness variation within the illuminated area, and uncertainty in the
endpoint or background; the present record does not distinguish
these effects. In the ideal model, clearing occurs while the slope is
still =28% of its maximum; in the trace this level is passed at <200
s. Using =200-203 s, the final modelled 74 nm corresponds to =300—
370 nm/min, comparable with the preceding intervals, so the appar-
ent slowdown depends on where clearing is placed within the transi-
tion.
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A nominal whole-run comparison, using 450—500 nm and tgp
=210 s, gives approximately 129-143 nm/min. This ratio is not an
interferometrically measured whole-run rate, because the numerator
is a nominal initial thickness. In contrast, the approximately 183
nm/min estimate applies only to the 69—188 s interval and follows
from counting two full fringes under the stated optical assumptions.
These estimates describe different quantities and time intervals.

The process was terminated at approximately 224 s, about 9—
24 s after the provisional =~200-215 s endpoint window, or approxi-
mately 14 s after tep = 210 s. This elapsed interval includes operator
response and system termination effects; their individual contribu-
tions cannot be separated from the optical trace alone. It must not be
converted into Cr loss using the a-SiNx:H etch rate.

The increase in the signal baseline and the final plateau above
the preceding maximum show that constant-scale reflectance alone
is insufficient to describe the record. With the stated rounded optical
constants, the model gives a bare-Cr reflectance of approximately
0.555 and a film-stack maximum of approximately 0.575. A more
complete signal description is Ipn(t) = A(t)R[d(t)] + B(t), where A(t)
includes illumination and collection changes and B(t) includes addi-
tive background. Laser power, alignment, window transmission or
reflections, and plasma emission or auxiliary light reaching the pho-
todiode can contribute, but their relative roles have not been meas-
ured. With 5 mW incident on the sample, the observed fringe swing
of =1 x 1077 A implies that the photodiode collects only of the order
of 107* of the reflected power (estimate assuming a typical silicon
responsivity of =0.4 A/W at 650 nm). The detector therefore most
likely does not intercept the core of the specular beam, so the abso-
lute scale A(t) is sensitive to alignment; comparisons based on abso-
lute modelled reflectance values, such as 0.555 and 0.575, are indic-
ative only, whereas the fringe timing remains usable. A decrease in
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emission from removed film material would not, by itself, explain
an increase to a higher plateau. The trace does not establish a partic-
ular emitting species or demonstrate negligible Cr erosion. In a spe-
cific CF4/O2 RIE recipe, the metals tested other than Mo, including
Cr, were removed only slowly, which was attributed to sputtering
(Williams et al., 2003); this was not verified for the present run.

The camera does not observe along the detector’s specular-
reflection direction, so the apparent brightness of the scattered laser
spot need not follow the photodiode signal. Changes in perceived
spot colour can also depend on plasma light, auxiliary illumination
and camera exposure or white balance. The broader interference col-
ours and the coloured bands near the sample edge are consistent with
spatial variation in optical thickness, but the images do not provide
a quantitative thickness distribution. Validation requires independent
thickness measurements and repeat experiments with documented
acquisition and process settings.

Measurement uncertainties and system evaluation

Optical and process-related factors

The assessment of the refractive index directly affects the
systematic depth error in the ideal fringe conversion. The optical
properties of the same nominal material may depend on wavelength,
temperature and fabrication conditions. Film thickness non-uni-
formity and surface roughness can reduce the contrast by causing
different phases to be averaged at the detector. On a patterned wafer,
when the mask, the open area and different layers fall within the
same spot, a multilayer model is preferred (Katsidis & Siapkas,
2002; Klesse et al., 2021; Moussa et al., 2002; Stenzel & Wilbrandt,
2025).
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The applications reported by Layadi et al. (1999) to various
patterned and unpatterned structures show that interferometry is not
limited to perfectly flat films. The spectral scatterometry and in-
verse-problem approach of Klesse et al. (2021) for periodic surfaces,
in turn, highlights the importance of structure-specific modelling for
complex geometries. An appropriate model should be selected ac-
cording to the pattern, the spot diameter and the sample structure.

Window contamination and laser power drift affect the re-
flection amplitude, whereas alignment changes affect the collection
efficiency. Implementing a reference channel can reduce some com-
mon-mode power variations. Plasma emission and auxiliary illumi-
nation reaching the detector add a background contribution; it can be
reduced by laser modulation with lock-in detection, by a background
measurement taken with the laser switched off, or by switching off
the illumination during the measurement. When the signal flattens,
the model residual and the background should be examined together;
factors other than film clearing, such as misalignment, window con-
tamination or an etch stop caused, for example, by polymer deposi-
tion, can also produce this behaviour.

Uncertainty propagation

The uncertainty of the thickness change per fringe can be de-
rived from the input quantities of Equation (5). Assuming independ-
ent Ao, n and 0, the first-order approximate relative standard uncer-
tainty for small uncertainties is as follows (JCGM, 2008):

[u(AdYAdT = [u(ho)/ Aol + [u(n)/n]? + [tanO,u(0,)]. (7

If 6 is calculated from n and 6; using Snell’s law, these quan-
tities are not independent; the relation should then be written in terms
of the directly measured no, n and 0;, or covariance terms should be
included. Fringe skipping is not included in this formula as a random
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error but is assessed separately as a matter of data validity (JCGM,
2008).

Writing ncos; = (n*—no’sin?0;)'"? with Snell’s law, Equation
(5) takes the form Ad = Ao/[2(n*—no’sin®0;)""?]. Neglecting the uncer-
tainty of no, the first-order relative standard uncertainty for the di-
rectly measured Ao, n and 6; is as follows (JCGM, 2008):

[u(Ad)/Ad)? = [u(rg)/Ao]* + [u(n)/(ncos?6,)]* + [no*sind;cosb;u(6;)/(n*cos?60;)]>. (8)

In this formulation, the sensitivity coefficient of the refrac-
tive index increases by a factor of 1/cos?0.. For example, for SiO»
with n = 1.457 £ 0.005 and 0; = 10° £ 1°, the refractive-index term
contributes approximately 0.35% and the angle term approximately
0.14%; the combined relative standard uncertainty is ~0.38%, i.e.,
u(Ad) = 0.8 nm per fringe.

This illustrative numerical combination assumes that the
wavelength uncertainty is negligible relative to the stated refractive-
index and angular terms. It is not the uncertainty budget of the Figure
8 experiment, for which sample-specific optical constants, timing
uncertainty, background effects and model adequacy must also be
evaluated.

Near normal incidence, the first-order term of the angular
sensitivity becomes small; however, for a wide angular distribution
centred on zero, second-order effects and spot displacement can be-
come significant. Table 4 summarizes which input is to be checked
against which independent observation in the validation plan.
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Table 4 Proposed validation plan for the measurement and the de-

Uncertain input /
claim

Film structure and opti-
cal constants

Initial / final thickness

Fringe and endpoint de-
cision

Mounting repeatability

Effect of the secondary
holes

Vibration and thermal
drift

sign
Independent check

Material stack; n and «
data appropriate to the
wavelength

Appropriate profilometry
or ellipsometry

Raw signal, time stamps
and control log

Repeated demounting—re-
mounting and spot-posi-
tion measurement

Comparative analysis or
measurement under the
same load

Relative motion and align-
ment log over time

Source: Authors’ proposed validation plan.

Evaluation of the mechanical design

Output to be reported

Optical model and range
of validity

Depth difference and ref-
erence uncertainty

False alarms, misses and
delay

Position / angle distribu-
tion and signal change

Stress, displacement and
boundary conditions

Frequency- / tempera-
ture-dependent behav-
iour

The CAD model documents the geometric design; the appa-
ratus has been installed on the plasma etching tool. By measuring the
spot position, the signal contrast and the change in the probe axis
before and after mounting, the link between the mechanical design
and the optical measurement can be established quantitatively. Re-
peated demounting-remounting experiments can be reported to-
gether with the operator effect. In the vibration analysis, the relative
motion between the optical axis and the sample, and its effect on the
signal, should be taken as the basis.
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Outlook

The measurement system has been assembled and an initial
etching record has been obtained. The next stage is quantitative val-
idation: completing the acquisition and process metadata, measuring
the film thickness and optical constants, characterizing the optical
geometry and background, and comparing the inferred thickness
change with independent measurements. Repeated runs are needed
to evaluate endpoint repeatability and the dependence of the inferred
rate on the signal-processing method.

A further validation task is to assess the reproducibility of the
optical alignment. If a need for adjustable tilt or axial position is
identified, these degrees of freedom can be added to the design; since
additional movable joints may cause mounting and locking prob-
lems, the choice should be made according to the performance pri-
orities. Documenting the surface contacted by the bottom seating
pocket and the fabrication tolerances is needed to make the mechan-
ical evaluation reproducible.

Subsequent development may extend the scope of the meas-
urement. Dual-wavelength or spectral reflectometry can reduce cer-
tain thickness and phase ambiguities; with a multi-wavelength Ver-
nier approach based on reflectance anisotropy spectroscopy, a best-
case depth accuracy of £0.8 nm has been reported for III-V struc-
tures (Sombrio et al., 2021); full-surface imaging interferometry, in
turn, makes it possible to examine the difference between the local
endpoint and completion across the whole area (Boning et al., 1994;
Sarfaty et al., 1997). Data-driven OES approaches can be considered
a complementary research direction once sufficient labelled experi-
mental records have been accumulated (C. S. Kim et al., 2024; Wang
et al., 2026).
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Conclusions

A laboratory-built laser interferometric monitoring system
was integrated into an existing RIE tool using a custom mechanical
holder and signal-recording software. An initial record obtained dur-
ing etching of an a-SiNx:H/Cr/glass sample contains successive ex-
trema and a late transition towards a plateau. With an assumed film
refractive index of 1.79 at 650 nm, two full fringes between approx-
imately 69 and 188 s correspond to about 363 nm removed and an
interval-average rate of approximately 183 nm/min. Same-type ex-
tremum intervals indicate a possible increase in rate during the rec-
ord, although background drift and optical-model assumptions limit
the interpretation. The transition between ~200 and 215 s provides a
provisional endpoint window, followed by manual termination at ap-
proximately 224 s. These observations demonstrate acquisition of an
etch-monitoring signal, but quantitative thickness accuracy, com-
plete film clearing and negligible Cr erosion require independent
verification.

Regarding the physical basis, the thickness-per-fringe rela-
tion is valid for constant optical properties and a well-defined inter-
nal angle in the film. The endpoint decision is not merely a matter of
period counting; the initial thickness, the layer stack, the signal qual-
ity, the representativeness of the local measurement and the control
delay must be evaluated together.

The custom holder integrates the laser, detector, camera and
auxiliary illumination around the observation window. Its mounting
features are intended to preserve the optical geometry, but mounting
repeatability and mechanical stability remain to be quantified. The
next stage is to pair documented process and acquisition records with
independent thickness and optical-property measurements, evaluate
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the experimental uncertainty budget, and test repeatability across
multiple runs and samples.
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BOLUM 15

UN ECE R100 KAPSAMINDA ELEKTRIKLI
ARACLARDA GUC ELEKTRONIGI TABANLI
IZOLASYON VE OLCUM SiSTEMLERI

BUGRA ER!
OKAN BINGOL2

Giris

Elektrikli araglarin yiiksek gerilim sistemleri; batarya,
inverter, DC/DC doniistiirici ve giic dagitim {initesi gibi
bilesenlerden olusur. Elektriksel giivenlik acisindan bu bilesenlerin
sasiye karst yeterli izolasyon direncine sahip olmasi gerekir.
Kablolarin kullanim Omrii boyunca maruz kaldigi mekanik
zorlanmalar, nem ve kirlenme ile gii¢ elektronigindeki hizli
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anahtarlama olaylar1 izolasyonun direngsel ve kapasitif 6zelliklerini
etkileyebilir (Florkowski, 2026).

UN ECE R100, elektrikli gii¢ aktarma sistemlerinin temel
elektriksel glivenlik gerekliliklerini diizenler. Diizenlemedeki arag
diizeyinde izolasyon testi ile arag¢ iizerinde siirekli veya belirli
araliklarla ¢alisan izolasyon izleme cihazinin (Insulation Monitoring
Device, IMD) o0lglim yontemi farkli amaglara yoneliktir. IMD
devresinde test direncleri, analog girisler ve parazitik kapasitanslar
birlikte etkilidir. ki kutuptaki izolasyonun benzer oranda azalmasi
durumunda kutup gerilimlerinin izlenmesi, ariza biiylikliiglinlin
belirlenmesi i¢in ek dl¢iimle desteklenir (United Nations Economic
Commission for Europe [UNECE], 2024; Chiang et al., 2017).

Bu boéliimde elektrikli ara¢ izolasyonunun temelleri ve UN
ECE RI100 gereklilikleri agiklanmis, izolasyon direnci Ol¢tim
yontemleri ve ilgili elektronik bilesenler literatiirle birlikte
incelenmistir. Cift anahtarli direng ekleme topolojisinin gerilim
tepkileri, LTspice ortaminda gergeklestirilen dort senaryoda
degerlendirilmistir. Calisma, izolasyon direnci dagiliminin ve Y
kapasitansinin ~ 6l¢lim  davranisina etkisine odaklanmaktadir.
Fonksiyonel esdeger modellerle elde edilen sonuglar devre topolojisi
ve gecici rejim Ozellikleri ¢ergevesinde yorumlanmistir.

ELEKTRIKLI ARACLARDA ELEKTRIKSEL GUVENLIK

Yiiksek gerilim mimarisi ve izolasyonun gorevi

Elektrikli araglarda (HV+) ve (HV—) iletkenleri, calisma
sirasinda sasiden elektriksel olarak yalitilmis bir giic devresi
olusturur. Bu yalitim, ilk izolasyon hatasi meydana geldiginde
olusabilecek akimin smirlandirilmasina yardimecir olur. Batarya
paketi ile giic dagitim iinitesi, inverter ve yardimeci doniistiirticiiler
arasindaki baglantilar nedeniyle izolasyonun tiim sistem genelinde
degerlendirilmesi gerekir. Kontaktorler acik oldugunda ise yiik
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tarafindaki bazi bilesenler, batarya tarafina yerlestirilen IMD'nin
6l¢iim kapsami disinda kalabilir.

[zolasyonun direngsel 6zellikleri yiizeydeki kirlenme, toz ve
nem gibi etkenlerden etkilenirken kapasitif oOzellikleri filtre
kondansatorlerine ve kablo yapisina baglidir. Florkowski (2026)
caligmasinda, yiiksek gerilimli ara¢ bilesenlerinin kullanim
siiresince hizli gerilim degisimlerine ve tekrarlanan gegici
gerilimlere maruz kaldigini belirtmektedir. Bu nedenle DC izolasyon
direncinin izlenmesi, darbe dayanimi ve elektromanyetik uyumluluk
degerlendirmeleriyle birlikte ele alinmalidir.

UN ECE R100 ve ilgili standartlarin kapsamm

Bu calismada, Avrupa Birligi Resmi Gazetesi'nde 26
Temmuz 2024 tarihinde yayimlanan UN R100 diizenlemesinin
[2024/1955] ilgili hiikiimleri esas alinmistir. Diizenlemeye gore
galvanik olarak ayrilmig DC yiiksek gerilim baralarinda izolasyon
direnci en az 100 /V, AC baralarinda ise en az 500 Q/V olmalidir.
AC ve DC baralarinin galvanik olarak bagh oldugu durumlarda
uygulanacak sinir deger, diizenlemede belirtilen koruma kosullar1 ve
istisnalar ¢ergevesinde belirlenir (UNECE, 2024).

Tablo 1. UN ECE R100 kapsaminda ornek izolasyon direnci sinir

degerleri.
Bara yapisi Asgarioran 400V | 800V
Galvanik ayrilmis DC bara 100 Q/V 40 kQ 80 kQ
Galvanik ayrilmig AC bara 500 Q/V 200 kQ | 400 kQ
Galvanik bagli AC/DC (genel) 500 Q/V 200 kQ | 400 kQ

Kaynak: UNECE (2024). Tablodaki degerler, ilgili Q/V orammin érnek ¢alisma
gerilimiyle carpilmasiyla hesaplanmigtir.

Tablo 1’deki degerler degerlendirilirken bara baglantilari, koruma
onlemleri ve ilgili diizenlemede belirtilen ¢alisma gerilimi dikkate
alimir. ISO 6469-3:2021, kisilerin elektrik carpmasit ve termal
tehlikelere karsi korunmasina iliskin hiikiimler icerir. ISO 21498-
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1:2021, B simifi gerilim sistemlerinin DC gerilim alt siniflarmi ve
elektriksel ~ ozelliklerini  tanimlar. ISO 26262 serisi ise
elektrik/elektronik sistemlerin islevsel giivenlik yasam dongiisiine
yoneliktir. Standartlar sirasiyla elektriksel giivenlik, gerilim
siniflandirmas1  ve islevsel giivenlik alanlarin1  tamamlar
(International Organization for Standardization [ISO], 2018, 2021a,
2021b).

ELEKTRIKLI ARACLARDA iZOLASYON SISTEMLERI
Sasiye gore esdeger diren¢ ve Y kapasitansi

Yiiksek gerilim aginin esdeger devresinde (HV+) ile sasi
arasindaki izolasyon direnci (R;s,4), (HV—) ile sasi arasindaki
izolasyon direnci ise (R;5, ) ile gosterilir. (CY+) ve (CY —)
kapasitanslari, ilgili kutbun izolasyon direncine paralel olarak
modellenir. LTspice ortaminda sasi, ortak 6l¢iim referansi olarak 0V
kabul edilmistir. Batarya kutuplart bu referansa gore yiizer
durumdadir; (HV —) ile sasi arasindaki elektriksel iliski de esdeger
direng ve kapasitans iizerinden kurulur.

Sekil 1. Yiizer DC barann izolasyon direnci ve Y kapasitansi
esdeger devresi.

HV+

—— Pozitif izolasyon yolu
Riso+ CY+

Us z
DC kaynak Sasi

Riso— CY— Negatif izolasyon yolu

Kaynak: Hazirlanan esdeger devre ¢izimi. Riso ve CY parametreleri sistemin
toplulastirimis elektriksel 6zelliklerini temsil eder.
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Bara gerilimi Ug = V(HV +) — V(HV-), pozitif kutbun
sasiye gore gerilimi U, = V(HV +) — V(sasi), negatif kutbun
sasiye gore gerilim buyikligi ise U, = V(sasi) —V(HV —)
seklinde tanimlanmistir. ideal, yiiksiiz ve kararli durumda Up =
U, + U, esitligi saglanir. Bu kosullarda kutup gerilimleri asagidaki
direng boliisiimii bagintilariyla hesaplanir:

Up = U/.?-Riso+/(Riso+ + Rigo-), Up = UB-Riso—/(Riso++ Riso-)
(1)

(Ris0+ ) Ve (Riso—) degerlerinin ayni oranda azalmasi, kutup
gerilimleri arasindaki orani sabit tutabilir. Boyle bir durumda pasif
gerilim izleme, mutlak izolasyon direncinin belirlenmesi agisindan
ek bir dl¢iim durumuna ihtiyag duyar. Ol¢iim devresinin kendi giris
direnci de yiiksek gerilim barasina paralel bir yol olusturur. Ozellikle
yiiksek izolasyon direnci seviyelerinde, bu yiikleme etkisinin
esdeger devreye eklenmesi Ol¢lim sonuglarinin yorumlanmasini
kolaylastirir.

Bara baglantilari, galvanik ayrim ve kontaktorlerin etkisi

Batarya, yiiksek gerilim kablolari, inverter ve yardimci
dontstiiriiciilerin sasiye kagak yollar1 ayni kutupta paralel direngler
olarak modellenir. Ornegin iki ayr1 IMQ kagak yolunun esdeger
direnci 500kQ'dur. Kontaktorlerin durumu o6l¢iim agina baglh
bilesenleri degistirdiginden IMD'nin algiladig1 izolasyon direnci de
buna baghdir. Bu nedenle izolasyon olglimii degerlendirilirken
Olclim noktasi, kontaktorlerin durumu ve izlenen alt sistemler
dikkate alinmalidir. Izole haberlesme ve 6lciim devreleri ise sistemin
farkli boliimleri arasinda galvanik ayrim saglayarak elektriksel
giivenlige katkida bulunur.
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IZOLASYON DIRENCI OLCUM SiSTEMLERI

Pasif, anahtarlamal ve sinyal enjeksiyonlu yontemler

Pasif kopriide sasiye gore kutup gerilimleri izlenerek
izolasyon dengesizligi degerlendirilir. Tek anahtarli yontemde
bilinen test direnci ek bir 6l¢iim durumu olusturur. Cift anahtarl
yontemde (HV+) ve (HV—) tarafindaki test direngleri sirayla
etkinlestirilerek iki kutbun izolasyon direnci hesaplanabilir. Bu
caligmada testler ayr1 zaman araliklarinda uygulanmistir. Sinyal
enjeksiyonlu yontemlerde ise diisiik frekansli uyarimin gerilim ve
akim yanmtlar1  kullanilir.  Direng ve Y  kapasitansinin
ayristirilmasinda model ve filtreleme kosullar1 6nemlidir (Tian et al.,
2018; Li et al., 2024).

UN ECE R100 Ek 5A, arag diizeyindeki izolasyon direncinin
(Ri) belirlenmesine yonelik test diizenini tanimlar. Arag¢ lizerinde
calisan IMD ise (R;s ) ve (Riso—) degerlerini kendi ol¢iim
yontemiyle izler. Ek 5A'da referans direng, kutup gerilimleri ve
Olctim cihazinin oOzelliklerine iliskin sartlar yer alirken IMD'nin
Olctim ¢evrimi kullanilan devre topolojisine baglidir. Bu iki
yaklagimin amag ve dl¢lim kosullarinin ayr1 verilmesi, elde edilen
degerlerin dogru yorumlanmasina yardimei olur (UNECE, 2024).

Cift anahtarh yontem i¢in 6lciim bagintilar

Pozitif ~ kutba  baglanan  (R;,) test direncinin
etkinlestirilmesinden 6nce ve sonra (U,,0) ile (Up,t) gerilimleri
olgiiliir. Ideal kararli hal kosulunda bu iki gerilimden (R;s,_) degeri
hesaplanir. Benzer sekilde negatif kutuptaki (R;,) test yolu
kullanilarak (U, 0) ile (U,,t) Tlzerinden (R;s,,) degeri bulunur:

Riso— = Ry p. Uﬁ.(l/Up, t— U, 0) 2)
Riso+ = Ren- U/.?-(l/Un' t — Uy 0) (3)
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Denklemlerde kutup gerilimlerinin mutlak buytikliikleri
kullanilir. Hesaplamada bara geriliminin 6l¢lim ¢evrimi boyunca
sabit kaldigi, test direnglerinin bilindigi ve gerilimlerin kararli hale
ulastigt kabul edilmistir. Uygulama devresinde giris bdliiciisi,
anahtar s1zintisi, direng toleranslar1 ve analog 6l¢iim hatalar esdeger
agin davranigini etkiler. Hesaplanan izolasyon direncinin bagil hatasi
e =100. |ﬁi50 - Rl-so| /Ris, bagmtisiyla ifade edilebilir. Bunun
sayisal olarak belirlenmesi i¢in 6l¢iilen gerilim 6rneklerinin direng
kestirimine aktarilmasi gerekir.

Literatiirde olciim yontemlerinin karsilastirilmasi

Chiang ve arkadaslar (2017), parazitik kapasitansi dikkate
alan uyarlamali izolasyon direnci kestirimi Onermistir. Tian ve
arkadaslart (2018), diisiik frekansh sinyal enjeksiyonunu Kalman
filtreleme ile birlestirmistir. Li ve arkadaslar1 (2024), Levenberg—
Marquardt tabanli parametre belirleme ve genisletilmis Kalman
filtresi kullanmisti. Ruan ve arkadaslar1 (2024), uyarlamali
optimizasyon ve Ozyineli en kiiciik karelere odaklanmistir. Ticari
araclara yonelik Guo ve arkadaslarinin (2025) calismasinda ise
koprii tabanl sistemin belirli deney kosullarinda %5'in altinda hata
bildirilmistir.

Tablo 2. Izolasyon direnci él¢iimiine iliskin secilmis ¢alismalarin

karsilastirtlmast.
Calisma Yontem Aciklama
Chiang ve ark. Uyarlamali Uyarlamali modelin  parazitik
(2017) kestirim parametrelere duyarliligi
Tian ve ark. LF enjeksiyon ve Uyarim  kosullari  ve  dlgiim
(2018) filtreleme giiriiltiisiniin modellenmesi

Li ve ark. (2024) L-M + EKF Model parametreleri ve hesaplama

yiikii
Ruan ve ark. Uyarlamali L-M / Kestirim kosullar1 ve 0Ozyineli
(2024) RLS algoritma ayarlari
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Calisma Yontem Aciklama
Guo ve ark. Ticari arag Bildirilen <%5 hata, ¢calismanin
(2025) dengesiz kopriisii deney kosullarmi kapsar

Kaynak: Chiang ve ark. (2017), Tian ve ark. (2018), Li ve ark. (2024), Ruan ve
ark. (2024) ve Guo ve ark. (2025) g¢alismalarindan yararlanilarak yazarlar
tarafindan hazirlanmigtir.

Yontemler, 6l¢iim siiresi, donanim gereksinimi ve parametre
kestirimi bakimindan farkli 6zellikler tasir. Sinyal enjeksiyonunda
uyarim frekansi ile giiriiltii bastirma, direng eklemeli kopriilerde ise
test direncinin yiikleme etkisi ve yerlesme siiresi One ¢ikar.
Literatiirdeki referans direncleri, Y kapasitanslar1 ve hata dlgiitleri
degistiginden yontem se¢imi uygulama kosullarina gore
yapilmalidir. Guo ve arkadaslarmin (2025) bildirdigi hata orani, bu
boliimiin fonksiyonel LTspice modeline aktarilabilecek bir 6l¢iim

basarimi olarak kullanilmamastir.

ELEKTRIKLI ARACLARDA OLCUM VE IZLEME
ELEKTRONIGI

izole anahtarlama ve analog 6l¢iim devresi

Izolasyon direnci dl¢iimii icin yiiksek gerilim dayanimli anahtarlar
ve kutup gerilimlerini kontrol katina aktaran izole dl¢iim devreleri
kullanilir. TPSI12140-Q1 igin iiretici, 1200 V agik durum gerilim
dayanimi, 25 °C'de tipik 130 Q iletim direnci ve 4,5-20 V besleme
gerilimi aralif1 belirtmektedir. AMC3330-Q1 ise +1 V diferansiyel
giris gerilimi araligina sahip, giristeki diferansiyel gerilimi ¢ikista iki
katia yiikselten (2 V/V) ve entegre izole DC/DC doniistiiriicli iceren
bir 6l¢iim yiikseltecidir. Bu 6zellikler, yiiksek gerilim anahtarlama
ve izole gerilim 6l¢iim devrelerinde bilesen se¢iminde dikkate alinan
temel teknik Olciitlerdir (Texas Instruments, 2024, 2026b)

LTspice semasindaki TPSI2140 ve AMC3330 bloklari,
ireticilerin ~ ayrmtili  makromodelleri ~ yerine  fonksiyonel
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esdegerlerdir. Modelde anahtarin 130Q iletim direnci ve olgiim
katinin 1,44V nominal ¢ikis ortak-mod seviyesi esas alinmistir. Bu
yaklasim gerilim tepkisi ve gecici rejimin incelenmesini saglamistir.
Sicakliga bagli sizint1 akimlari, izolasyon bariyeri dayanimi, ortak-
mod ge¢ici bagisikligi (CMTI), eleman toleranslar1 ve koruma
islevleri donanim dogrulamasinin ayr1 inceleme konularidir.

Akim olciimii, BMS ve sistem diizeyinde izleme

Yiiksek gerilim sistemlerinde akim bilgisi sont tabanli izole dl¢iim
veya manyetik alan algilama yoluyla elde edilir. ISOSD61, £320mV
giris araligindaki sinyali sigma-delta modiilasyonu ile sayisal akisa
dontstiirii. STMicroelectronics tarafindan gelistirilen ISOSD61,
sOnt lizerinden akim Ol¢limiinde kullanilabilen izole bir sigma-delta
modiilatérdiir (STMicroelectronics, 2025). Allegro MicroSystems
tarafindan gelistirilen ACS37601 ise 240 kHz bant genisligine sahip,
Hall etkisi temelli bir manyetik alan sensoriidiir (Allegro
MicroSystems, 2023). Bu bilesenler akim 6l¢iimiine yonelik islevler
sunarken izolasyon izleme cihazi (IMD), yiiksek gerilim barasinin
elektriksel sasiye karsi izolasyon durumunu degerlendirir. BMS,
PDU ve ara¢ kontrolciisii ise sistem mimarisine bagl olarak 6l¢tim
sonuglarmin degerlendirilmesi, koruma kararlar1 ve kontaktor
yOnetimi gibi islevleri {istlenir.

Tablo 3. Izolasyon izleme ve yardimci 6l¢iim devrelerinde
kullanilan ornek bilesenler.

Bilesen Temel islev Teknik ozellik

TPSI2140-Q1 Direng test yolunu 1200 V standoff; Ron tip. 130
anahtarlama Q

AMC3330-Q1  (zole HVbSllct gerilim ) v oinic: kazang 2 Vv
plgumu

ISOSD61 1zole akim/gerilim +320 mV giris; 25 Msps, 1 bit
modiilasyonu

ACS37601 Hall tabanli alan 6l¢timii | 240 kHz bant genisligi
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Kaynak: Texas Instruments (2024, 2026b), STMicroelectronics (2025) ve Allegro
MicroSystems (2023) {iretici veri sayfalarindan yararlanilarak yazarlar tarafindan
hazirlanmistir.

UN ECE R100 KAPSAMINDA BENZETIM VE
DOGRULAMA

LTspice devresi ve benzetim kosullar:

Cift anahtarli LTspice modelinde (HV+) ve (HV—) sasiye
gore yiizer durumdadir. Her kutup ile sasi arasinda izolasyon direnci
ve paralel Y kapasitansi yer alir. Pozitif ve negatif test kollarinda 1
MQ direngler ve fonksiyonel anahtarlar kullanilmis, iki analog
dl¢iim kanalinin ¢ikislar1 kaydedilmistir. ilk ii¢ senaryoda pozitif test
100-300ms, negatif test 400—600ms aralifinda uygulanmistir.
Anahtarlama sonras1 gecici rejimi direng ve kapasitanslardan olusan
RC agi belirler.

Tablo 4. LTspice benzetiminde incelenen izolasyon kogullari.

Kosul Us Riso+ / Riso— CY+/CY-
Simetrik-800 800V 500 / 500kQ 100/ 100nF
Simetrik-400 400V 500 / 500kQ 100 / 100nF
Asimetrik-800 800V 50 / 500kQ 100 / 100nF
Biiyiik CY-800 800V 500 / 500kQ 9/9uF

Kaynak: LTspice benzetimleri ve simiilasyon ¢iktilart.

Birinci senaryoda 800 V bara geriliminde, ikinci senaryoda
400 V bara geriliminde ve li¢lincii senaryoda 800 V bara geriliminde
asimetrik izolasyon direncleriyle gerceklestirilen benzetimlerde, her
kutupta 100 nF olmak {izere toplam 200 nF Y kapasitansi
kullanilmistir. Dordiincii senaryoda ise her kutuptaki Y kapasitansi
9 uF'a yiikseltilerek toplam 18 pF kapasitansin gegici rejim ve
yerlesme siliresine etkisi incelenmistir. Bu deger, Texas
Instruments'in TIDA-010985 referans tasariminda belirtilen toplam
9 uF degerinden farkl bir ¢alisma kosulunu temsil etmektedir. Dort
benzetim, ayni ¢ift anahtarli topolojinin farkli bara gerilimleri,
izolasyon direngleri ve Y kapasitansi kosullarindaki davranigini
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gostermektedir. Pasif, tek anahtarli ve sinyal enjeksiyonlu
yontemlerin es kosullarda 6l¢iim hatasi karsilagtirmasi bu ¢alismanin
kapsami diginda tutulmustur (Texas Instruments, 2026a).

400V ve 800V simetrik izolasyon kosullar:

Sekil 2. 800V simetrik izolasyon durumunda analog ol¢iim
kanallarimin LTspice gerilim yanitlart.

= (===
V(outp_n) V(outn_n) V(outp_p) V(outn_p)

Kaynak: LTspice ¢iktisi; Riso+=Riso-=500 kQ, CY+=CY—=100 nF ve fonksiyonel
esdeger dlgiim bloklart.
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Sekil 3. 400V simetrik izolasyon durumunda analog ol¢iim
kanallarimin LTspice gerilim yanitlari.

P =

V(outp_p) V(outn_p) V(outp_n)

Kaynak: LTspice ¢iktisi; direngler ve Y kapasitanslart Sekil 2 ile ayni tutulmustur.

Sekil 2 ve Sekil 3'te test direncglerinin devreye alinmasiyla
analog Ol¢iim kanallarinin diferansiyel c¢ikislar1 karsit yonlerde
degisir ve test sonunda baslangic seviyelerine yaklasir. ideal direng
boliisimiine gore 800V simetrik baranin  kutup gerilimleri
+400V/—400V, 400V baranin ise +200V/—200V' tur. Pozitif testte
sirastyla +320V/—=480V ve +160V/-240V kararli hal degerleri
hesaplanir. LTspice grafikleri gegislerin yoniinii ve zamana bagh
gelisimini gostermektedir; verilen kutup gerilimleri analitik hesap
sonuglaridir.
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Asimetrik izolasyon kosulu ve Y kapasitansi etkisi

Sekil 4. 800V asimetrik izolasyon durumunda 6l¢iim kanallarinin
anahtarlamaya yaniti.

V(outp_p) V(outn_p) V(outp_n)

S e

Kaynak: LTspice ¢iktist; Riso+=50 kQ, Riso-=500 kQ ve CY+=CY—=100 nF.

Asimetrik durumda pozitif kutbun izolasyon direnci 50k€,
negatif kutbun izolasyon direnci 500kQ olarak alinmistir. Test 6ncesi
analitik kutup gerilimleri yaklasik +72,73V  ve —727,27V
diizeyindedir. Pozitif test sirasinda (HV+) gerilimi +69,57V' a,
negatif test sirasinda +104,35V" a yaklagmaktadir. Sekil 4'te goriilen
6l¢tim kanali degisimleri, izolasyon direnci dagiliminin testin hangi
kutupta uygulandigina gore farkli gerilim tepkileri olusturdugunu
gostermektedir. Diren¢ kestirim hatasinin sayisal degerlendirmesi
icin bu ¢ikiglarin 6rnekleme verileriyle birlikte islenmesi gerekir.
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Sekil 5. 800V baranin her iki kutbunda 9uF Y kapasitansi i¢in
gegici rejim yaniti.

V(outp_p) V(outn_p) V(outp_n)

< —_ >

>

Kaynak: LTspice ¢iktisi; toplam CY=18uF. Zaman ekseni saniye cinsindendir.

Sekil 5'te Y kapasitanslarmin bilyiitilmesiyle 6lgiim
gecislerinin - saniyeler mertebesine yayildigi  goriilmektedir.
Riso+=Riso-=500k€2 oldugunda, anahtarlar agikken her kutbun sasiye
iletkenligi 2 uS olur. Her kutupta 100nF i¢in yaklasik zaman sabiti
50 ms, 9 pF i¢in ise 4,5 s olarak hesaplanir. IMQ test direnci devreye
alindiginda toplam iletkenlik 5uS' a yiikselir; karsilik gelen zaman
sabitleri 40 ms ve 3,6 s diizeyine iner:

T~ ((CYH)+ Y =) /(GH)+(G-)+
(Gtest)); tog =~ 4,605.T 4)
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Birinci dereceden modelde %99 yerlesme siiresi yaklasik
4,60571 olarak hesaplanir. Her kutupta 100nF i¢in anahtarlar agikken
0,23s, test sirasinda 0,18 s; 9 uF icin sirastyla 20,7s ve 16,6s bulunur.
Bu degerler analitik yerlesme siiresidir. Ariza algilama siiresi ise
Olclim ¢evrimi, ornekleme ve yazilim kararmi da kapsar. Biiyilik
kapasitans senaryosunda daha uzun bekleme araliklar1 kullanilmistir.

Ol¢iim dogrulugu ve diizenleyici degerlendirme

Dort LTspice senaryosundan elde edilen dalga sekilleri,
kutup gerilimleri ve analog cikislarin anahtarlamaya tepkisini
gostermektedir. Olgiim dogrulugunun sayisal olarak belirlenmesi
icin LTspice''n ham Ornekleme verilerinden Riso+ ve Riso—
kestirimleri hesaplanmali ve tanimlanan direng degerleriyle
karsilastirilmalidir. Bu boliimdeki gerilim paylagimi ve zaman sabiti
degerleri analitik denetim amaciyla kullanilmis; yiizde hata ve
toplam ariza algilama siiresine iliskin sonuglar ayr1 bir 6l¢iim veri
seti gerektirdiginden sayisal basarim iddiasina doniistiiriilmemistir.

UN ECE R100%in galvanik olarak ayrilmis DC bara igin
ongordiigii 100€2/V orani, 800V c¢alisma geriliminde 80kQ) drnek
sinir degerine karsilik gelir. Asimetrik benzetimdeki 50kQ pozitif
kutup direnci bu esikle iliskilendirilebilecek bir izolasyon kosuludur.
Arag diizeyindeki degerlendirme, baranin galvanik yapisi ve Ek 5A
prosediiriiyle elde edilen Ri degeri iizerinden yapilir. Donanim
asamasinda anahtar kacak akimi, gerilim bdliiclisi ve ADC
toleranslari, sicaklik, kontaktor durumu ve elektromanyetik girigim
etkileri incelenmelidir.

SONUC VE DEGERLENDIRME

Elektrikli araglarda izolasyon izleme, elektriksel giivenlik
gereksinimleri ile Ol¢im elektroniginin birlikte ele alindigi bir
uygulama alanidir. Pasif kutup gerilimi izlemesi, izolasyon agindaki
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asimetri hakkinda bilgi saglarken kontrollii diren¢ ekleme yontemi
mutlak direncglerin kestirilmesi i¢in ek 6l¢iim kosullar1 olusturur.
Olgiimiin dogrulugu; test direnci, gerilim tanimlari, dl¢iim katinin
girig 6zellikleri ve anahtarlama sonrasi yerlesme siiresiyle yakindan
iligkilidir.  Literatiirdeki model tabanli yaklagimlar ise bu
parametrelerin farkli kestirim yontemleriyle ele alinmasina yonelik
secenekler sunmaktadir.

Dort farkli LTspice senaryosu analitik direng boliisiimii ve RC
yerlesme hesaplariyla birlikte degerlendirilmistir. Birinci senaryoda
800 V bara geriliminde 500 k€/500 kQ simetrik izolasyon direngleri
ve 100 nF Y kapasitansi, ikinci senaryoda ayni direng ve kapasitans
degerleriyle 400 V bara gerilimi, ii¢lincii senaryoda 800 V bara
geriliminde 50 k€Q/500 kQ asimetrik izolasyon direncleri, dordiincii
senaryoda ise 800 V bara geriliminde 500 kQ/500 kQ izolasyon
direngleri ve toplam 18 uF Y kapasitansi incelenmistir. ilk iki
senaryoda bara gerilimi degismesine ragmen Ol¢iim tepkilerinin
yonii korunmus, ti¢lincli senaryoda izolasyon direnci asimetrisinin
kutup gerilimlerinin dagilimina etkisi gozlenmis, dordiincii
senaryoda ise artan Y kapasitansiyla yerlesme siiresinin saniyeler
diizeyine ulastig1 belirlenmistir. Bulgular, ¢ift anahtarli izolasyon
izleme topolojisinin farkli elektriksel kosullardaki davranigini ortaya
koymaktadir.  Yar1 iletken bilesenlerin  gercek  calisma
performansinin  ve  diizenleyici  gerekliliklere uygunlugun
degerlendirilmesi icin ayrintili liretici modelleriyle
gerceklestirilecek  benzetimler ve donanim testleri sonraki
dogrulama agamalarini olusturmaktadir.

Tasarimda Y kapasitansi, test direnci ve drnekleme zamani
birlikte belirlenmelidir. Calismanin devaminda ham LTspice verileri
(2) ve (3) numarali bagintilarla islenerek Riso+ ve Riso- kestirimleri
referans degerlerle karsilastirilmalidir. Sicaklik, eleman tolerans: ve
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sizint1 akimi incelemeleriyle desteklenecek bu karsilagtirma, yontem
icin nicel dogruluk ve algilama siiresi Ol¢iitleri saglayacaktir.
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BOLUM 16

A COMPARATIVE REVIEW OF CONVENTIONAL
AND ARTIFICIAL INTELLIGENCE-ASSISTED PI
CONTROL METHODS: ADVANTAGES,
LIMITATIONS, AND APPLICATION AREAS

Umur ORUCOZ!
Muhammed Canhakan BODUR?

Introduction

Proportional-integral (PI) controllers are widely employed in
many applications, from power electronic converters to electric
motors. One reason for their widespread use is that the control signal
can be calculated by means of proportional and integral gains only.
When the operating range of a plant is expanded, the fixed gains may
not give the same dynamic response for all conditions. For example,
in a DC-DC converter, a change in the input voltage or the load can
affect the settling time and overshoot of a PI controller tuned at the
nominal operating point. However, this does not necessarily imply
that the classical PI control is not appropriate, but its gains should be
retuned taking into account the actual operation conditions (Astrém
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& Higglund, 1995; Astrom & Higglund, 2006; Gao et al., 2023;
Barbosa & Jesus, 2023).

Optimization and learning algorithms are increasingly used
to determine the conventional PI gains or to change them during the
operation. However, the term “Al-assisted PI control” can obscure
important differences between controller architectures. The fixed
gains selected offline by a genetic algorithm are not similar to the
gains updated continuously by a neural network. A neural network
trained to substitute a PI controller is not simply an alternative
method for tuning PI gains. The chapter keeps these distinctions and
presents the benefits, practical limitations and reported findings of
the different approaches (Bana et al., 2024; Gao et al., 2023; Rafia
et al., 2024).

Scope and Review Approach

This review is based on 17 publications between 2022 and
2026 on conventional, enhanced or learning-assisted forms of PI
control. The theoretical background is based on two standard books
about PI/PID control . The literature selected is categorized into
studies that directly compare PI implementations, studies of other
controller architectures, and more general reviews of the field. This
chapter is not a systematic review or meta-analysis but a focused
narrative review, as the sources were not selected through an
exhaustive database search or a preregistered screening protocol.

Each study was analyzed according to its plant model,
controller structure, performance measures and validation approach,
simulation or physical experimentation. For numerical comparisons,
results from different controllers within the same study were used.
Due to the different sampling periods, load conditions and reference
profiles, the publications were not merged into a common ranking.
In this regard, highly relevant comparisons were made by Abad-
Alcaraz et al. (2024), Abo-Elkhair et al. (2025) and Bendaha et al.
(2026).
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Structure and Tuning of Conventional PI Control

For a conventional PI-controller, the control error is defined
as the difference between the reference signal r(t) and the plant
output y(t), i.e., e(t) = r(t) - y(t). The control input combines the
current error and its integral, as shown in (1):

u(t) = Kpe(t) + K; [ e (1) dr (1)

Here, Kp is the proportional gain, Ki is the integral gain and
u(t) is the output of the controller. The proportional term responds to
the current error. Integral action can reduce the steady-state error for
a constant reference, provided that the closed loop is stable and
certain conditions are met. However, increasing either K p or K i
does not necessarily improve the response: excessive overshoot,
continuous oscillations and actuator saturation may occur. For zero
initial conditions, the PI controller transfer function is given in (2)
(Astréom & Higglund, 1995; Astrom & Higglund, 2006).

C(s) = K, + K? @)

The classic gain tuning methods are step-response rules,
Ziegler-Nichols method, frequency-response procedures, and
model-based design. These techniques provide practical initial
settings but the conditions of the resulting gains must be checked for
good performance. For example, tuning for a smaller overshoot may
slow down the recovery from a disturbance. Therefore, reference
tracking and disturbance rejection should not be considered as
synonyms as performance objectives. When the gain is selected for
industrial systems, the admissible upper and lower limits of the
control signal are also considered (Astrdom & Higglund, 1995;
Astrom & Higglund, 2006).

In digital implementations the PI law is expressed in discrete
time with sampling period T,. For backward-Euler integration, the
integral term is updated using the current error sample and the
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integral update and control output are given in (3) and (4),
respectively:

I[k] = I[k — 1] + K;Tse[k] 3)
ulk] = Kpe[k] + I[k] 4)

k is the index of the sampling instant, not a change of the
controller gains. These are equations for constant PI gains. In case
of limited control signal applied to the plant, the boundedness of the
integral term must be guaranteed. "Anti-windup" procedures can
reduce the delay in recovery from saturation without changing
otherwise suitable gains. Such an improvement does not, in and of
itself, require artificial intelligence. Comparisons of variable-gain
and anti-windup schemes in induction motor control (Astrém &
Hiagglund, 2006; Bendaha et al., 2026) further demonstrate this
difference.

Al-Assisted and Optimization-Based PI Approaches

The methods to improve the PI control can be distinguished
by the moment of the gains determination. In the offline
optimization, the objective is to determine K, and K; values that
minimize a given performance criterion. Metaheuristic approaches
such as genetic algorithms, particle swarm optimization, and others
evaluate multiple candidate gain pairs. The conventional PI control
law 1is still used in normal operation with the resulting gains fixed
after tuning. Thus, the quality of the result is determined not only by
the search algorithm, but also by the plant model, parameter bounds
and objective function (Gao et al., 2023; Shiryayeva et al., 2024;
Zhuo, 2026).

In online adaptive PI control, the gains can be adjusted during
operation. The error, change in error and measured quantities such
as current or voltage can be fed to an artificial neural network whose
output is used to update the PI gains. This allows different gains at
different operating points. The allowable gain range must be

specified, especially when the plant is under conditions not in the
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training data. The quality of the training data, the scaling of the input
and the inference time are inherently included in the design of the
controller. One example of this architecture includes the adaptive
neural-network-based PI control of wind energy systems (Rafia et
al., 2024; Abo-Elkhair et al., 2025).

Fuzzy logic supported PI schemes interpret the control error
and its change through membership functions and a set of rules. For
example, when the error is large the gains can be increased in certain
limits and then readjusted again as the output approaches its
reference. The success of the scheme relies on the expertise used to
build its membership functions and rule base. A fuzzy controller
should not be automatically assumed to be a data-learning system.
Research on fuzzy and hybrid PID control for chemical processes
offers useful benchmarks under nonlinear operating conditions but
should not be reported as if they are direct PI results (Mohindru,
2024; Zulkiflee et al., 2026).

In reinforcement learning, an agent learns a policy by taking
actions and receiving rewards. These actions may include selecting
or tuning gains in PI control. The reward can involve energy
consumption, modification of the control signal, or tracking error.
The learned policy, however, must be evaluated in light of its reward
definition, training scenarios and safe action bounds. A comparison
of conventional and learning-based PI settings in an HVAC
application shows the consequences of pursuing different objectives
(Abad-Alcaraz et al., 2024).

In some studies, the artificial neural network is trained not to
support a PI controller but to replace the input-output behavior of a
PI or model predictive controller (MPC). Often this is referred to as
a surrogate controller. The surrogate may provide computational
advantages, but it does not necessarily implement the original PI
control law. The small-signal analysis performed by Bana et al.
(2024) for a grid-connected converter shows the importance of

stability assessment for learned controllers. Also, the LQR, MPC, I-
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PD, and PI-D methods cannot be automatically labeled as “AI-PI”
(Bana et al., 2024; Pérez Carmona et al., 2025; Shiryayeva et al.,
2024).
Performance Measures and Limits of Comparison

Claims that one PI strategy is superior to another mandate
that the quantities being compared are well defined. The rise time
and the settling time indicate how quickly the system responds, the
maximum overshoot indicates how much the response overshoots its
target during the transient, and the steady-state error indicates how
well the system tracks in the long term. Typical optimization criteria
are IAE, ISE and ITAE, defined in (5), (6) and (7), respectively:

IAE = [le(t)] dt (5)
ISE = [ e? (¢) dt (6)
ITAE = [ t|e(t)| dt 7

These measures react differently to error distribution over
time. ITAE penalizes errors occurring later in the response more
heavily, but does not directly quantify variations in the control
signal. Thus a smaller ITAE does not have to imply less switching
actions or less energy consumption. If the control effort is part of an
objective function, the units and the weighting of the error and the
control terms should be specified. This distinction is demonstrated
in the HVAC comparison, where alternative tunings lead to different
error and control-effort results (Abad-Alcaraz et al., 2024; Astrom
& Hiégglund, 1995).

A fair comparison between learning-based methods and
conventional PI also requires the same plant model, load profile, and
control-signal constraints. If the conventional PI controller is only
roughly tuned while the learning approach benefits from extensive
training and optimization, the source of the performance difference
becomes difficult to identify. Computational effort during training

--400--



should be reported separately from execution time at each sampling
instant on the microcontroller. In power converters, the latter may be
critical because of PWM updates and measurement delays (Gao,
Wang, Dragicevi¢, Wheeler, & Zanchetta, 2023; Bana, Amin, &
Molinas, 2024).
Comparative Findings in the Literature

Abad-Alcaraz et al. (2024) compared two conventional PI
tunings with a PI controller tuned by TD3-based reinforcement
learning on an HVAC model. The learning approach did not result in
the lowest tracking error. The more aggressive conventional PI
tuning resulted in lower IAE and ISE values, but also larger
variations in the control signal. The learning-based tuning
demonstrated about 1% less fan-coil energy consumption. The result
shows why a simple error measure is not enough for controller
selection. These values are related to the same system studied by the
authors and cannot be directly transferred to a different HVAC
installation.

Table 1. Results of PI gain-tuning methods in an HVAC application

Control method IAE ISE ITAE TAVU
Conventional PLY 9340 356.2 90,689.5 24.0
(conservative)

Conventional PLY 1044 275.9 72,983.5 412
(aggressive)

Reinforcement- 295.4 482.6 112,206.6 282
learning-tuned PI

Source: Abad-Alcaraz et al. (2024, Table 1).

Abo-Elkhair et al. (2025) compared the conventional PI,
neural network assisted PI and reinforcement learning assisted PI
controllers for the microgrid application. The learning-based
approaches presented lower values of total harmonic distortion of
voltage and settling time. Nevertheless, the results presented here are
mainly obtained from simulations using MATLAB/Simulink. The
physical hardware may not be modeled to the same degree in terms
of sensor noise, sampling delays, semiconductor behavior and
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actuator limits. Therefore, the large differences reported in the table
should be interpreted according to the modeling and testing
conditions of that study.

Table 2. Comparison of PI approaches in the microgrid study

Performance measure lglo nventional ANN-PI RL-PI
Voltage THD (%) 16.99 0.58 0.43
Settling time (s) 3.2 0.8 0.6

Source: Abo-Elkhair et al. (2025).

Bendaha et al. (2026) evaluated conventional PI, IP,
hyperbolic PI, anti-windup PI, and variable-gain PI (VGPI) for
induction motor speed control under a common simulation
framework. As shown in Table 3, the reported IAE decreased from
0.559 for conventional PI to 0.219 for VGPI. The computational
burden of VGPI was also classified as higher than that of
conventional PI. This is not an example of machine-learning-based
PI tuning. It is nevertheless valuable because it shows that improved
performance cannot be attributed exclusively to the use of artificial
intelligence. The authors also discuss differences in controller
behavior under motor parameter variations.

Table 3. Numerical results for PI controller variants in induction
motor control

Method ?f:; - IAE (rad) | ISE (rad*s) f;“;fl‘r‘afl‘l"
Conventional PI 0.052 0.559 0.156 Low

P 0.031 0.431 0.093 Low
Hyperbolic PI 0.021 0.355 0.063 Moderate
Anti-windup PI 0.014 0.290 0.042 Moderate
VGPI 0.008 0.219 0.024 High

Source: Bendaha et al. (2026, Table 3).

These three examples do not consistently rank the methods.
The HVAC model poses a trade-off between tracking error and
energy consumption, while the microgrid simulation shows
significantly lower THD with learning-based tuning. Improvements
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over conventional PI were realized in the motor application without
a learning algorithm . The differences are due to the algorithm, but
also to the plant dynamics, the control task, the cost function and the
operating conditions. So PI strategies should not be ranked
universally independent of the system to be controlled.
Advantages, Limitations, and Application Areas

A great advantage of conventional PI control is the
predictability of its control law. It can run with limited memory and
processing power and its software is relatively simple to restrict, test
and maintain. The number of arithmetic operations per sampling
instant is known. This is especially important in applications with
small sampling periods, eg current-control loops. However, you
cannot expect a fixed gain to perform the same across a very wide
operating range. Therefore, before introducing more complex
methods, conventional improvements such as retuning, gain
scheduling, and anti-windup should be considered (Astrom &
Héagglund, 2006; Bendaha et al., 2026; Gao et al., 2023).

In systems with changing dynamics, the advantage of Al-
assisted adaptive PI control can be exploited by tuning the gains to
the operating conditions. Its success still relies on the quality of
training data and safe implementation of the control architecture.
Incorrect or unexpected neural network outputs may drive the
control signal to its physical limits, or may jeopardize the closed-
loop stability. So gain bounds, update rates, out-of-distribution
responses and a safe fallback strategy must be defined.
Reinforcement-learning approaches also require careful selection of
the reward function and action limits during training (Abad-Alcaraz
et al., 2024; Abo-Elkhair et al., 2025; Rafia et al., 2024).

In DC-DC converters, variations in input voltage and load
require PI gains to be tested at different operating points. The
sampling period, the PWM update routine and the execution time are
design choices. A converter that switches at, say, 20 kHz does not

necessarily do its control calculations at exactly the same rate. When
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computation delay is critical, PI or offline-optimized PI could be
better. Alternatively, more complex learning architectures could run
in a slower outer-reference or gain-adjustment layer, rather than the
fast inner loop. This is an engineering view of the architectural
choices described in the power electronics literature (Gao et al.,
2023; Bana et al., 2024; Wang et al., 2025).

The same applies to electric drives. Current loops require
high bandwidth and low processing latency. Speed loops can often
be updated less frequently. If a fixed-gain PI does not perform well
under load disturbances, first consider anti-windup, gain scheduling,
and control-signal limiting. The results of learning assisted PID
motor control should not be confused with direct PI results.
Meanwhile, the induction motor comparison also shows the need for
a comparison of PI variants in terms of their computational
requirements (Bendaha et al., 2026; Gebremariam & Alemu, 2023;
Mauludin et al., 2024; Uluocak & Yavuz, 2022).

The operating conditions of a microgrid or a renewable
energy system may change frequently. Variations in photovoltaic
generation and wind speed can limit the range where a conventional
PI tuning is satisfactory. Therefore, adaptive gain selection may be
useful, but inverter small-signal stability, harmonic performance and
sampling delays should be considered together. In the studies of
wind systems and grid-connected converters, it is pointed out that a
range of sophisticated methods are being explored. Due to the
different controller architectures used in these studies, their results
cannot be directly compared (Bana et al., 2024; Elkodama et al.,
2023; Rafia et al., 2024; Wang et al., 2025).

Time delays, interactions between variables and energy costs
are often important in chemical processes, HVAC systems and flow
control. For energy management, the reduction of the control action
in HVAC may be of interest, while in another process, fast
disturbance rejection may be of higher priority. Therefore, the

decision should be driven by the control objective and safety
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requirements of the plant and not by labels like ‘conventional’ or
‘Al-based’. This wider perspective is echoed in the research on
fuzzy, hybrid PID, and data-driven control, but PI results should not
be cited as numerical PI evidence without qualification (Abad-
Alcaraz et al., 2024; Mohindru, 2024; Zulkiflee et al., 2026).
Engineering Criteria for Controller Selection

The selection of a controller should be started by defining the
permissible operating region and not only the nominal point. Input
and load ranges, reference changes, disturbances, control limits, and
sampling periods should be defined in advance. Without testing a
properly tuned conventional PI controller in these conditions it is
hard to quantify the benefit of a more advanced design. Reports of
optimization-based tuning should include population size, number of
runs, parameter bounds and error criterion. Studies of learning
should also distinguish between the training and testing conditions.

The second stage of evaluation is stability and real time
feasibility. A low simulation error does not ensure stability over the
entire operating range. The timing of PWM updates, sensor
resolution, and data latency can be important for a physical
implementation. An experimental report must therefore give not only
the output waveform but also the sampling period, algorithm
execution time, hardware platform and control-signal limits. In
learning algorithms, it is important to separate the cost of training
from the cost of inference in real-time (Bana et al., 2024; Gao et al.,
2023).

A third consideration is maintenance and reliability. A
conventional PI controller far from its original design point can be
retuned or augmented with gain scheduling. For a learning-based
controller it is also important to determine whether the training
distribution still characterizes the current operating conditions. A
design in applications with critical loads could fall back to verified
fixed gains when learned gains reach pre-defined safe bounds. This
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is a proposed design strategy from the literature and does not state
an experimentally proven superiority.
Discussion and Future Research

The design of the comparison itself is an important factor in
the findings of the reviewed studies. When applying the same
algorithm to different plant models, the results can be misleading in
terms of controller selection. Learning-based methods should report
how many training cases were used, what happens under input and
load changes outside the training set and how the control signal
behaves in the worst observed conditions. Including the variability
and the boundary cases along with the average performance would
offer more useful evidence for future studies (Abo-Elkhair et al.,
2025; Bana et al., 2024; Gao et al., 2023).

In future work, a comparison could be performed with
conventional PI, carefully tuned anti-windup PI, offline optimized
PI and online learning-assisted PI on the same converter or motor
with same sampling periods and physical constraints. Such an
experiment would help to disentangle the gains attributable to the PI
control law itself, the tuning method, or the decisions made by the
learning algorithm during operation. Other hardware metrics like
processor utilization, memory consumption, energy consumption
and recovery after disturbances should also be measured.
Conclusion

Because of its simple structure, low computational
requirement and ease of implementation, conventional PI control is
still applicable to a wide range of engineering systems. However,
fixed gain performance may be limited due to large variations in
plant parameters. There are also optimization and learning-based
approaches for choosing and tuning gains. Introducing another
algorithm is not a demonstration of improved performance.

Published comparisons show that the choice of controller is
application dependent. In the HVAC study, lower tracking error had

to be balanced against energy consumption; in the microgrid
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simulation, learning based methods improved selected performance
indicators; and in the induction motor study, improved PI designs
without machine learning performed well. Thus, the evaluations of
traditional PI and Al-enabled PI should consider together stability,
computational load, physical constraints, and experimental
verification. From an engineering standpoint, the best controller is
not necessarily the one with the smallest reported error, but the one
that works reliably under the stated conditions.
Declaration of Generative AI Assistance

Generative Al tools were used to assist with the initial
drafting, organization of references, and language and formatting
review of this chapter. The authors remain responsible for evaluating
the cited sources and for the scientific content of the published text.
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BOLUM 17

CONVENTIONAL AND ARTIFICIAL
INTELLIGENCE-ASSISTED PI/PID CONTROL
STRATEGIES FOR DC-DC CONVERTERS: A
COMPARATIVE LITERATURE REVIEW

MUHAMMED CANHAKAN BODUR!
UMUR ORUCOZ?

Abstract

In the literature, the term intelligent control is used for a
number of different interventions in DC-DC converters. Some
methods select PI/PID gains before operation, some tune controller
parameters online, set supervisory references or take over the
feedback decision. This chapter reviews those differences in fifteen
peer-reviewed publications from 2016 to 2026; thirteen technical
studies and two more general reviews of buck, boost, and four-
switch buck-boost converters. Results for optimized and adaptive
PI/PID schemes show an improved transient response and
disturbance rejection on specified tests, but the advantage is not
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universal. The fuzzy-augmented adaptive PID experiments
demonstrate faster recovery from disturbances, and the numerical
neural-PID studies exhibit faster settling at the expense of overshoot.
Direct learned policies have different requirements for training and
implementation. We discuss each result in terms of its converter
topology, classical baseline, control objective, and validation setting.
The chapter distinguishes rather than pools simulation, hardware-in-
the-loop results, and physical converter tests. The reported
conditions and metrics are heterogeneous, therefore the chapter
provides an architecture-based synthesis and not a cross-study
performance estimate.

Keywords: DC-DC converters; PI/PID control; gain
optimization; adaptive control; fuzzy logic; neuro-fuzzy systems;
neural networks; reinforcement learning; experimental validation;
narrative review.

Introduction

DC-DC conversion is central to electric vehicles,
photovoltaic systems, battery chargers, distributed generation and
embedded power supplies. In these applications, the converter
couples a source or storage device to a load whose voltage or current
must be regulated. In most cases the operating conditions are not
fixed: the switching dynamics, input voltage disturbances, load
variations, transitions between conduction modes, saturation and
non-ideal components affect the power stage. Therefore, a good
controller must be able to control voltage excursions and current
stress, in addition to steady state error, without neglecting the duty-
cycle limits or disturbance recovery (Ghosh et al., 2016; Saleem et
al., 2024).

Proportional integral (PI) and proportional integral derivative
(PID) controllers are still widely used because their gains have
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known control-theoretic interpretations, digital implementation can
be economical and classical compensation procedures are well
developed. However, the gains selected at one operating point may
yield a different speed-damping trade-off as the input voltage, load
or conduction mode varies. Similarly, the right-half-plane zero of the
duty-to-output-voltage dynamics limits the achievable voltage-loop
bandwidth in CCM boost conversion as well, which cannot be
overcome by gain optimization (Ghosh et al., 2016; Wang et al.,
2026).

The deficiencies of fixed-gain designs have led researchers
to explore metaheuristic tuning, fuzzy inference, neural networks
and adaptive control. These approaches should not be seen as a
single form of ‘intelligent PID’. In offline search the selected PI/PID
gains are static during operation. Instead, fuzzy inference can adjust
the adaptation rate, and a neural network can change controller
coefficients from feedback. More distinct is the direct reinforcement-
learning policy, which can produce the converter command without
utilizing a PI/PID law. Therefore, the algorithms differ in the degree
of control they can exert and in what needs to be implemented and
verified (Martinez-Vera et al., 2023; Ren, Wang, & Zhang, 2024;
Ren, Wang, Yan, et al., 2024).

Martinez-Vera et al. (2023) reviewed conventional and Al
control for various topologies of DC-DC converters, and
complemented their review with a simulation of a buck/boost with
four controllers, at 1 MHz. Wang et al. (2026) reviewed deep
reinforcement learning (DRL) for boost converters, focusing on the
converter physics, control authority, and hardware-oriented
validation. In this context, the present chapter studies the particular
relationship between intelligent computation and PI/PID control.
This chapter examines when Al assistance benefits PI/PID control,

413



how it operates, and what evidence supports its effectiveness,
without conducting new experiments or a meta-analysis.

Scope and Approach of the Literature Review

This structured narrative review covers 15 peer-reviewed
publications published by October 2026: 13 technical studies and
two review articles. The technical papers were reviewed for
controller architectures, converter topologies, operating conditions,
comparators, figures and tables. The selection is not meant to
represent all publications in converter control, but to demonstrate
distinguishable roles of intelligent control in PI/PID regulation and
relevant alternatives.

The scope covers voltage and current control of buck, boost
and four-switch buck-boost converters and a photovoltaic
application where the neuro-fuzzy MPPT and PI voltage regulation
are distinct control functions. Studies without a clear control
relationship at converter level, or out of scope of the applications,
were excluded. Direct RL/DRL studies are retained to demonstrate
architectural alternatives, and are not reclassified as Al-tuned
PI/PID. As the database search history, number of results, and pre-
defined screening protocol cannot be recreated, no claims are made
regarding PRISMA compliance, systematic-search completeness, or
meta-analytic effect estimation.

The analysis included the converter and controlled variable
for each publication, the role of the intelligent method, conventional
comparator, disturbance or reference-change scenario, response
metrics reported, and validation mode. Numerical simulation, real-
time model execution or hardware-in-the-loop (HIL) and testing
with a physical power stage are separately identified. The distinction
indicates the scope of the evidence, not a universal ranking of study
quality. For multiple metrics or operating modes reported, the results
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are still associated to their test configurations, not assumed to
describe the algorithm across converters.

Fundamentals of DC-DC Converter Regulation

In a voltage mode feedback loop, the measured output
voltage is compared with the reference voltage. The tracking error is
defined as in (1).

e(t) = Vrer (t) - W (t) (1)

The controller processes the tracking error before a pulse-

width modulation (PWM) or other modulation stage commands the

converter switches. The controlled plant includes the topology,

switch and diode or synchronous rectifier, inductor, capacitor,

parasitic elements, sensing path, sampling delays and load. These

details matter, as they determine whether tuning results are
transferable to another implementation.

For an ideal buck converter operating in continuous
conduction mode (CCM), the steady-state voltage-conversion
relation is given in (2).

o = DV 2

where D is the duty ratio. Under corresponding ideal CCM
conditions, the steady-state boost conversion relation is given in (3).

Vin

Vo =175 A3)

The expressions describe steady-state voltage conversion;

they do not replace a small-signal, sampled-data, or switching model
of the controlled plant. Parasitic resistance, sensing and computation
delays, input voltage variation, duty saturation and CCM-DCM
transitions can modify actual behavior. A right-half-plane zero in a
CCM boost converter results in a non-minimum-phase duty-to-
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output-voltage response and restricts the tuning of the outer voltage
loop (Ghosh et al., 2016; Wang et al., 2026).

The ideal continuous-time PI and PID control laws are given
in (4) and (5), respectively. Here, e(t) is the tracking error, and K,,,
K;, and K, are the proportional, integral, and derivative gains,
respectively. Practical digital implementations additionally require
appropriate discretization and attention to duty-cycle limits,
integrator windup, sampling, and derivative filtering.

up (t) = Kye(t) + K; [ e(r) de )

t d
upp () = Kye(t) + K [ye(r) dt + K; =2 (5)

Proportional action responds to instantaneous deviation.
Integral action reduces steady-state error; derivative action may
improve damping but increase noise sensitivity. A full PID is not
always preferable to PI. Other options for the design in power
electronics include voltage-mode regulation, cascaded current and
voltage loops, filtered derivative terms, and Type-II/Type-III
compensators. Ghosh et al. (2016) have compared such
compensation strategies on a boost-converter platform, combining
simulation-based numerical benchmarking with a physical
implementation based on a dSPACE. This study shows why
intelligent control methods should be compared with carefully
designed classical compensation rather than an arbitrarily tuned
regulator.

Conventional PI/PID Control as the Reference Architecture

Unless the classical reference design is credible, claims of the
advantage of an intelligent controller are difficult to interpret. The
tuning procedure, sampling conditions, duty limits, input and load
variations and reference commands should be reported and matched
where possible. Otherwise, differences may reflect unequal tuning.
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Ghosh et al. (2016) reported simulated settling times of 0.437 and
12.5 ms, with 0% and 4.52% overshoot, for GSA-tuned Type-III and
conventional Type-II control, respectively.

Fixed-gain PI is simple but less adaptable to changing
conditions. Adaptive control adds flexibility, complexity and
stability concerns. Its benefits require comparison with well-tuned
classical control.

Control objectives are not interchangeable. Siilleyman and
Mumcu (2025) combined ANFIS-based MPPT with separately
optimized PI voltage regulation. The reported result therefore shows
the benefit of a coordinated supervisory-and-regulation architecture,
rather than a stand-alone neural replacement for PID.

Taxonomy of Intelligent Assistance to PI/PID

Table 1. Distinct roles of intelligent algorithms in DC-DC
converter control

Role of the intelligent

Architecture
component

Interpretive consequence

None during
Classically operation; gains
tuned PI/PID selected by established

Reference architecture; fairness
depends on credible tuning and

design methods constraints.
Offline Search selects Kp, Ki ~ Operationally fixed-gain
optimized and, where applicable, regulation; optimization benefit is
PI/PID Kd before operation tuning-specific.
. Adaptation law and/or
Online . . . ..
. fuzzy inference Gain constraints, stability and
adaptive/fuzzy . . D
changes gains or computational timing matter.
PI/PID
update rates
Neural mapping
Neural- updates PID Training domain, update behavior
network- . .
) coefficients based on  and execution cost matter.
assisted PID

available feedback
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Role of the intelligent

Architecture
component

Interpretive consequence
Intelligent block

shapes MPPT or System-level MPPT gains are not
operating reference; PI  equivalent to improved PID tuning.

Neuro-fuzzy
supervision +

PI regulates voltage

. Learned policy .
Direct directly selects dutv or Separate controller architecture and
RL/DRL Y Y baseline-comparison question.

gate commands

Source: Architecture-oriented synthesis of Alfred et al. (2024), Martinez-Vera et
al. (2023), Ren, Wang, and Zhang (2024), Ren, Wang, Yan, et al. (2024), Saleem
et al. (2024), Siileyman and Mumcu (2025), and Wang et al. (2026).

Optimization-Based PI/PID Gain Selection

Metaheuristic methods are used to optimize the regulator
parameters according to a given performance index, such as integral
of absolute error (IAE), integral of time-weighted absolute error
(ITAE), overshoot, settling time, or a weighted combination of
objectives. For a finite evaluation horizon T, IAE and ITAE are
defined as (6) and (7), respectively.

IAE = ['le(t)| dt (6)
ITAE = [tle(t)] dt 7)

Particle swarm optimization (PSO), genetic algorithm (GA)
and Aquila Optimizer (AO) are ways to select PI/PID parameters
against a stated objective. The timing of that selection is crucial for
classification. When gains are computed offline and held constant,
the controller remains fixed-gain despite the computational cost of
optimization. Optimization during operation adds execution and
scheduling requirements. Neither case should be described as neural
gain adaptation merely because an intelligent algorithm is involved.
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In the numerical simulations, Ren, Wang and Zhang (2024)
compared the PID regulators tuned by AO, PSO and GA, for the
same four-switch buck-boost (FSBB) converter. In the buck mode
the authors reported transient durations of 1, 4.4 and 8.5 ms and
overshoots of 2.7%, 5% and 32% for AO, PSO and GA respectively.
In the boost mode, the transient duration was 1 ms for all three, and
the overshoots reported were 0%, 2.9% and 9.8% respectively. The
authors explicitly state that AO determines the PID parameters
offline, and these values are fixed during the operation of the
converter. The results suggest AO tuning in the FSBB configuration
studied, not a statement about continuous neural adaptation, or
experimentally proven superiority in all topologies.

Ayada et al. (2026) studied PSO-, GA-, educational-
competition-, and dragonfly-based PI tuning of a buck converter and
demonstrated an implementation of PSO-tuned PI control on
STM32. The optimizer comparisons are based on numerical tests.
The prototype experiments are for the PSO implementation, not for
equivalent hardware tests of all four algorithms. Their simulation
results show a beneficial computation-performance trade-off: PSO
had a shorter reported desktop optimization time, while the
dragonfly method had slightly lower reported MAE, relative-error,
and RMSE values. The STM32 implementation offers an embedded
view, but does not report data specifying a general-purpose, periodic
online-gain-update rate under converter control deadlines.

The comparison of an optimizer makes sense only when its
objectives and test conditions are well defined. The reported
performance should be interpreted in context with the gain limits,
stopping criteria, evaluation budget and plant scenarios. Overshoot
is not enough; its reduction might be coupled with a more intense
control effort or a slower rise. Variability is also important since
stochastic searches can vary from run to run. These points constrain
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the inference that can be made from any one comparison, but they
do not diminish the results within the study.

Fuzzy and Neuro-Fuzzy Augmentation

Fuzzy logic nonlinearly maps inputs to outputs through rules,
membership functions, and a defuzzification mechanism. This does
not necessarily require learning from data: a manually designed
fuzzy inference system is better described as a rule-based soft-
computing strategy. Neuro-fuzzy approaches (e.g., ANFIS) can also
learn or calibrate parts of a fuzzy structure from data. This distinction
impacts how we characterize complexity, interpretability, and data
requirements of an “Al-assisted” controller.

Daraz et al. (2023) studied PID and fuzzy control for a boost
converter using numerical simulation and reported favorable
transient behavior for selected fuzzy configurations. Nethaji and
Kathirvelan (2024) compared PID and fuzzy control for a
transformer-based high-gain boost converter, including an FPGA-
controlled physical prototype. At a 20 V input and 500 Q load, their
simulations reported rise times of 88.781 ms and 10.624 ms, and
overshoots of 9.341% and 0.505%, for PID and fuzzy control,
respectively. In the physical prototype, the corresponding rise times
were 99.81 ms and 15.95 ms, with overshoots of 10.50% and 1.00%.
However, the reported simulation steady-state-error indicators were
0.00043 for PID and 0.0584 for fuzzy control. Thus, faster transient
response in this study did not imply a better result on every
performance metric.

Saleem et al. (2024) reported a three-way comparison on a
physical buck-converter platform. Their fixed-gain LQ-PID baseline
was extended by Lyapunov-based model-reference adaptation
(MRA-PID), and a fuzzy supervisor subsequently modified the
adaptation rates (FA-MRA-PID). The reported normal-operation
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settling times were 0.40, 0.30 and 0.21 s for LQ-PID, MRA-PID and
FA-MRA-PID, respectively. Under load and input-voltage
disturbances, recovery times were 0.26/0.21/0.16 s and
0.35/0.31/0.27 s, respectively, with corresponding peak deviations of
7.74/5.40/3.09 V and 5.07/3.65/2.63 V, showing the effects of
adaptation and fuzzy supervision. The experiment used a real power
converter, with MATLAB-assisted control computation and serial
communication; it was not a stand-alone microcontroller
implementation.

Siileyman and Mumcu (2025) combined ANFIS-based
MPPT with PI voltage regulation whose gains were selected using
PSO. In two simulated scenarios, the reported efficiency indicator
increased from 85% with ANFIS alone to 100% with the combined
scheme; in a third, it increased from 88% to 98%. These changes
correspond to improvements of 15, 15 and 10 percentage points in
the authors’ indicator, alongside lower integral squared error (ISE)
in each scenario. Under specified step disturbances, the combined
approach also maintained a reported efficiency indicator of 86—87%
when the ANFIS-only strategy performed less favorably. These are
system-level simulation findings for the study's PV/MPPT
formulation, not measurements of universal physical-converter
energy-efficiency gains or a direct comparison with classical PI
alone.

Anitha and Parandhaman (2025) compared PI, PID, fuzzy,
artificial neural network (ANN) and ANFIS-based strategies in a
battery-charging buck application using MATLAB/Simulink and an
OPAL-RT real-time hardware-in-the-loop (HIL) environment.
ANFIS achieved 2.4704% overshoot, 1.5831 A current ripple, and
0.484 TAE in HIL tests. Although the publication uses the term
“ANFIS-PIL,” it does not establish the relationship between ANFIS
and an independent online PI-gain-adaptation loop clearly enough to
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classify the method as neural gain-scheduling PID. The findings are
therefore treated as ANFIS-oriented charging-control results
supported by HIL tests, rather than experiments on a physical power
stage. They are not pooled with results from unrelated converter
platforms.

Neural-Network-Assisted and Adaptive PID

Neural gain adaptation updates controller parameters based
on measured information (e.g., tracking error and its recent history,
input conditions, or other state descriptors). This allows a PI/PID
loop to operate differently in different operating regions without the
need of a totally independent regulator for each condition. However,
the design must consider training coverage, update constraints,
network size, sampling deadlines and behavior outside the training
distribution. Unlike offline optimization, this approach can change
the gain vector during closed-loop operation.

Medrano-Hermosillo et al. (2025) proposed a neural PID
controller for a synchronous nonideal buck converter with
Lyapunov-based neural weight adaptation for updating the PID gains
during operation. Nominal numerical tests reported PID-NN settling
in 22 ps vs. 125 ps for Ziegler—Nichols PID, 88 ps for Type-II, and
80 us for Type-III compensation. Its peak overshoot was 0.58 V vs.
0.52, 0.47, and 0.48 V for those comparators. For a simulated
decrease of the input voltage from 20 to 10 V, the PID-NN settled in
23 us compared to 172, 126 and 88 ps. The faster nominal response
therefore came with an overshoot trade-off. The paper presented the
stability analysis and numerical simulations, while physical real-
time testing was left for future work.

Ren, Wang, Yan, et al. (2024) investigated a chaotic-particle-
swarm-optimized backpropagation-neural-network PID (CPSO-
BPNN-PID) for an FSBB converter. CPSO optimized the BPNN

--422--



initialization, while the network adapted the PID coefficients. This
differs from Ren, Wang, and Zhang (2024), who used AO to select
fixed PID gains offline. In the reported optimization test, CPSO
converged in 6.2 iterations on average, compared with 26.8 for
standard PSO; these values are optimization iterations, not converter
response times. In the numerical converter comparison, reported
settling times were 0.08 s for CPSO-BPNN-PID and 0.16 s for
conventional PID, with overshoots of approximately 0.33% and
11.66%, respectively. The enhanced method also entails greater
memory and software complexity. Because the two Ren studies
investigate different implementations and tests, their response times
should not be compared directly.

Reinforcement Learning as an Adjacent Comparator

Reinforcement learning (RL) and deep reinforcement
learning (DRL) are used here as architectural comparators, not
examples of intelligent PI/PID tuning. In direct-policy control, the
learned agent issues duty-cycle or gate commands. In gain
scheduling, by contrast, a learned mapping supplies parameters to a
conventional feedback law that remains in operation. These uses
differ in control authority, timing, observability and protection
requirements. Wang et al. (2026) emphasize the relevance of
converter physics and hardware validation when interpreting DRL
results.

Alfred et al. (2024) compared an RL-oriented control
approach with a designed Type-III compensator for a buck converter.
In their simulation, relearning could delay the learning-based
response when compared to the classical regulator, while a
pretrained policy resulted in a reported overshoot reduction from
around 35% to 23% under the tested conditions. The reported
operating-mode and gain-selection constraints also limit the
applicability of the learned policy. This is not online neural PID
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tuning, and the Type-III comparison highlights the importance of
well-designed classical controllers. Saha et al. (2024) compared
PPO-based direct control with GA- and PSO-tuned PI and ANN
control on a simulated boost converter. The settling time of the PPO
was 0.123 s for a fixed 24 V input and 48 V reference. The settling
time of GA—PI, PSO-PI, and ANN was 0.350, 0.343, and 0.170 s,
respectively. However, at the same fixed-input testing reported, the
optimized PI designs settled faster than PPO at 54 and 60 V set
points. Hence the benefit is contingent upon the test point.

Mazaheri et al. (2024) offer a complementary physical
demonstration of direct control of a buck power stage based on
proximal policy optimization (PPO). An OPAL-RT 5707 was used
to implement the control algorithm and control a real converter. They
reported a steady-state voltage deviation of less than 0.1% for an
input change from 190 to 210 V and reference tracking within 2 ms
for a change from 50 to 125 V. Their study also discussed the load
changes from 80 to 10 Q and switching frequency changes from 20
to 40 kHz and the tradeoff between neural-network size and
computational demand. The main goal was to show the practical
feasibility of a model-free learned policy, rather than to conduct a
quantitative superiority test against PID in a matched head-to-head
scenario. Taken together, these RL studies point to possibilities for
rapid, flexible control but also the necessity of explicitly articulating
implementation constraints.
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Comparative Evidence from Selected Studies

Table 2. Evidence map: representative converter-control studies

Study

Ghosh et al.
(2016)

Daraz et al.
(2023)

Nethaji &
Kathirvelan
(2024)

Saleem et
al. (2024)

Ren, Wang,
& Zhang
(2024)

Ren, Wang,
Yan, et al.
(2024)

Siileyman &
Mumcu
(2025)

Medrano-
Hermosillo
et al. (2025)

Anitha &
Parandhama
n (2025)

Converter / Al
role

Boost; Type-
II/1IT and
optimized PID

Boost; PID vs
fuzzy

High-gain
boost; PID vs
fuzzy

Buck; fuzzy-
augmented
adaptive PID

FSBB;
AO/PSO/GA-
tuned PID

FSBB; CPSO-
BPNN-PID

PV DC-DC;
ANFIS MPPT
+ PSO-PI

Synchronous
buck; neural
PID

Buck charging;
PI/PID, fuzzy,
ANN, ANFIS

Validation

Simulation +
physical
dSPACE

Simulation

Simulation +
physical FPGA

Physical
converter +
PC-assisted
control

Simulation

Simulation

Simulation

Modeling +
simulation

Simulation +
OPAL-RT HIL

Reported contribution
and scope

Strong conventional
compensation benchmark;
simulation metrics
distinguished from
hardware.

Reports benefits for
selected fuzzy transient
responses.

Faster fuzzy rise and lower
overshoot in both reported
settings.

Fuzzy modulation of
adaptation rates improves
reported disturbance
recovery.

AO tuning improves
buck/boost transients.

Neural PID reduces
overshoot and settling time.

MPPT-PI improves
system-level indices.

Faster response with an
overshoot trade-off.

Favorable source-reported
ANFIS HIL ripple and TAE.
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Study

Ayada et al.
(2026)

Alfred et al.
(2024)

Saha et al.
(2024)

Mazaheri et
al. (2024)

Converter / Al
role

Buck; PSO-
tuned PI on
STM32

Buck; RL vs
Type-111

Boost; PPO vs
optimized PI
and ANN

Buck; PPO
direct policy

Validation

Simulation +
physical
STM32

Simulation

Simulation

Simulation +
physical buck

Reported contribution
and scope

Embedded PSO-PI;
simulated optimizer trade-
offs.

Prelearning improves
response; relearning delays
it.

PPO performance depends
on operating conditions.

Real-converter feasibility;
no matched PID
comparison.

Source: Classification from the original studies listed in the first column. FSBB =
four-switch buck—boost;, HIL = hardware-in-the-loop. Observations are attributed
to the corresponding test configuration and are not pooled estimates.

A Controlled Comparison of Reported Numerical Results

Table 3 summarizes results from individual converter tests.
Within-study comparisons are more reliable because conditions are
shared. Differences in converter design, operating conditions, and
validation methods prevent direct comparison of settling time,

overshoot, ripple, and efficiency across studies. Therefore, the
results are presented in context, without cross-study rankings.

Table 3. Selected reported results that should not be pooled across

Source and
test

Ghosh et al.
(2016); boost
simulation

Original publication

reports

studies

Conventional Type-II:

settling 12.5 ms;
overshoot 4.52%.
GSA-Type-III: 0.437

ms; 0%.

Interpretation for this review

Optimized classical compensation
remains an important benchmark;
these are simulation values.
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Source and
test

Nethaji &
Kathirvelan
(2024); 20V,
500 Q boost
simulation

Nethaji &
Kathirvelan
(2024);
physical FPGA
boost

Ren, Wang, &
Zhang (2024);
FSBB buck
simulation

Saleem et al.
(2024);
physical buck
load step

Medrano-
Hermosillo et
al. (2025);
nominal buck
simulation

Anitha &

Parandhaman
(2025); buck-
charging HIL

Saha et al.
(2024); fixed-
input 24 V
boost, 48 V
reference

Original publication
reports

PID: rise 88.781 ms;
overshoot 9.341%.
Fuzzy: rise 10.624 ms;
overshoot 0.505%.

PID: rise 99.81 ms;
overshoot 10.50%.
Fuzzy: rise 15.95 ms;
overshoot 1.00%.

AO/PSO/GA: transient
1/4.4/8.5 ms;
overshoot 2.7/5/32%.

LQ-PID/MRA-
PID/FA-MRA-PID:
recovery
0.26/0.21/0.16 s; peak
deviation
7.74/5.40/3.09 V.

PID-NN: settle 22 ps,
overshoot 0.58 V; ZN-
PID: 125 ps, 0.52 V.

ANFIS: overshoot
2.4704%; current
ripple 1.5831 A; IAE
0.484.

Settling: PPO 0.123 s;
ANN 0.170 s; GA-PI

0.350 s; PSO-PI1 0.343
.
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Interpretation for this review

Fuzzy shows improved transient
response; simulation steady-state-
error measure favors PID.

Separate experimental confirmation
of the relative transient pattern.

Within-study comparison of three
offline PID tuning methods.

Physical evidence of progressive
adaptive and fuzzy supervisory
benefits.

Faster neural gain adaptation is
accompanied by a peak-overshoot
trade-off.

HIL findings concern the article’s
ANFIS implementation, not
physical power-stage trials.

PPO is fastest at 48 V; optimized PI
is faster at 54 and 60 V in that
study.



Source and Original publication Interpretation for this review

test reports
Siileyman & . o

Efficiency indicators o )
Mumcu ANFISANFIS-PSO Reported system/MPPT indicator;
(2025); _PI: 85—100% not measured converter power
simulated PV ) > efficiency.

. 85—100%, 88—98%.
scenarios

Source: Numerical values reported in Ghosh et al. (2016), Nethaji and Kathirvelan
(2024), Saleem et al. (2024), Ren, Wang, and Zhang (2024), Medrano-Hermosillo
et al. (2025), Anitha and Parandhaman (2025), Saha et al. (2024), and Siileyman
and Mumcu (2025). Each value refers to the indicated original test; no new
measurements or pooled estimates were performed.

Why Cross-Study Numerical Rankings Are Often Invalid

Different power stages complicate direct numerical
comparisons. Comparable dynamics cannot be assumed for a
transformer-based high-gain converter (20 to 350 V), a low voltage
synchronous buck design, and a 4 switch buck-boost interface. The
measured response depends on switching arrangements, values of
passive components, parasitic losses, current limits and sensing
delays. The CCM boost operation introduces a right-half-plane zero
that limits the bandwidth of the voltage loop. A settling-time value
from one platform cannot establish superiority on another.

The tests themselves raise different questions. Tracking is
probed with a reference-voltage step, while source variation, load
insertion, constant-power loading and irradiance-driven MPPT
probe other requirements. If you report rise time or settling time you
need a defined threshold and time scale. If you report overshoot you
need a measured variable and reference. If you report ripple you need
an observation interval. So, the physical recovery performance of
Saleem et al. (2024), the fuzzy high-gain boost performance of
Nethaji and Kathirvelan (2024) and the PV efficiency index of
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Siileyman and Mumcu (2025) should not be seen as three
measurements of the same result.

The comparator could be as significant as the described
method. Type-III compensation, Ziegler—Nichols PID, optimized PI,
and model-reference adaptive PID are distinct starting points.
Saleem et al. (2024) compare fixed and adaptive variants under
matched disturbances. Ren, Wang and Zhang (2024) analyze
different tuning methods on one converter. Designs of this sort help
isolate the contribution of the method. Similarly, the contribution of
a supervisory block can be assessed by comparing results with and
without it; individual studies need not test every possible controller.

Evidence also depends on how a controller was tested.
Averaged simulation models capture envelope dynamics. Switching
simulations also capture switching effects and discontinuities. HIL
allows for real time interaction with a model, but physical testing
exposes a regulator to the actual sensing path and power stage. The
validation progression is L1-L5 described by Wang et al. (2026), but
classification requires implementation details from the publication.
Hence, the HIL observations of Anitha and Parandhaman (2025) and
physical converter results of Saleem et al. (2024) provide different
types of evidence.

An Engineering Framework for Evaluating Published Results

Table 4. Proposed checklist for interpreting control-comparison
papers

Minimum description for

Criterion interpretability

Topology, rating, input/output
Converter comparability voltage, passive components,
switching and conduction regimes.
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Minimum description for

Criterion interpretability

Tuning method, reference and load
Baseline and test parity steps, duty limits, sample time,
common operating points.

State whether it selects fixed gains,
Intelligent module role adapts gains, modifies references, or
directly commands duty.

Rise and settling definitions,
Response metrics overshoot, steady-state error, current
ripple, recovery and peak deviations.

Input and load disturbances, model
uncertainty, nonlinearity and
CCM/DCM transitions where
relevant.

Robustness coverage

Optimizer duration versus control-
Execution feasibility loop period; memory, computation,
ADC/PWM limits and anti-windup.

Averaged/switching simulation, HIL
Validation fidelity with processor involvement, or real
converter; identify test boundaries.

Gain and duty bounds, overcurrent
Stability and safety protection, noise behavior, saturation
recovery and safe fallback.

Source: Author-developed evaluation checklist informed by Ghosh et al. (2016),
Mazaheri et al. (2024), Saleem et al. (2024), and Wang et al. (2026).

Al-assisted control should be assessed by its architecture, test
conditions, and implementation demands. Its benefits must respect
hardware limits. Well-tuned classical control may suffice; added
complexity requires clear justification. Simulation alone cannot
establish field reliability.

Discussion: Where Al Assistance Has Strongest Justification

No single control method is preferable under every condition
examined in the selected studies. In FSBB simulations, Ren, Wang,
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and Zhang (2024) reported buck-mode transient durations of 1, 4.4
and 8.5 ms for AO-, PSO- and GA-tuned PID, respectively; these
were offline gain-selection results. Medrano-Hermosillo et al.
(2025) reported a 22 ps nominal settling time for neural PID against
125 ps for Ziegler—Nichols PID, but with peak overshoot of 0.58 V
rather than 0.52 V in their numerical comparison. In physical buck-
converter experiments, Saleem et al. (2024) reported load-
disturbance recovery times of 0.26, 0.21 and 0.16 s for LQ-PID,
MRA-PID and FA-MRA-PID, respectively. The studies investigate
different objectives and validation settings; none of these figures
establishes superiority across converter designs.

Equally important is the distinction between supervisory
functions and low-level regulation. In a photovoltaic system,
ANFIS-based MPPT and an optimized PI voltage loop form a
coordinated architecture; Siileyman and Mumcu (2025) report
simulated system-level efficiency indicators of 85% versus 100% in
two scenarios, and 88% versus 98% in a third, when comparing
ANFIS alone with the combined scheme. By contrast, a neural PID
changes the regulator's own gains to shape closed-loop response
(Medrano-Hermosillo et al., 2025). The former calls for MPPT and
voltage-tracking evidence, while the latter calls for bounded-gain
and transient-performance evidence. The presence of a neural
component does not make these architectures equivalent.

Hardware requirements affect whether additional
optimization is worthwhile. Ayada et al. (2026) report an STM32
implementation of PSO-tuned PI, but the time spent in searching the
gains is not equal to the available time in each PWM cycle. Ren,
Wang, Yan, et al. (2024) add additional neural and optimization
components to improve simulated transients. Mazaheri et al. (2024)
study execution demands as a function of neural-network size in
physical control. Therefore, one must consider the quality of the
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response along with computational time, memory, tuning overhead,
and protection requirements.

Direct RL provides an alternative perspective. Its controller
can choose the duty command instead of just adjusting a PI/PID
parameter, so its value should be evaluated under different safety and
stability obligations. Alfred et al. (2024) report relearning delays,
while Saha et al. (2024) show that PPO's advantage depends on
operating conditions. Mazaheri et al. (2024) demonstrate physical
PPO feasibility under selected disturbances, without establishing
superiority over PID.

Research Gaps and Future Directions

The reviewed studies reveal reporting gaps that limit
reproducibility.  Reliable = comparisons  require  converter
specifications, operating conditions, disturbance profiles, and
optimization settings, including variability across runs. Without
these details, PSO, GA, AO, and CPSO results remain difficult to
compare.

Experiments should use well-tuned PI/PID or Type-II/Type-
IIT benchmarks rather than untuned controllers, particularly under
bandwidth constraints. Consistent reporting of voltage, current,
transient response, ripple, steady-state error, and control effort is also
essential. Nethaji and Kathirvelan (2024), for example, reported
lower simulation overshoot for fuzzy control than for PID (0.505%
versus 9.341%), whereas their reported steady-state-error indicator
favored PID (0.00043 versus 0.0584). These measures describe
different aspects of performance.

Implementation studies should make processor and safety
requirements visible. In addition to nominal voltage traces, reports
should address sampling and computation delays, ADC/PWM
resolution, memory demand, duty saturation, sensor noise, startup

--432--



and fallback behavior. HIL and physical tests should complement
simulations where feasible (Mazaheri et al., 2024; Wang et al.,
2026). Standardized test conditions, tuning methods, and reported
data could support quantitative comparisons within the same
converter type. A source-attributed narrative synthesis is more
defensible for the current literature than the pooling of isolated
percentage improvements into a league table.

Conclusion

The fifteen publications considered here illustrate distinct
relationships between intelligent computation and PI/PID control:
offline gain selection, online gain adaptation, neuro-fuzzy
supervision and direct learned control. In the FSBB simulations of
Ren, Wang, and Zhang (2024), AO-, PSO- and GA-tuned PID
yielded reported buck-mode transient durations of 1, 4.4 and 8.5 ms,
respectively. Medrano-Hermosillo et al. (2025) reported a neural-
PID settling time of 22 ps in nominal buck-converter simulations,
compared with 125 us for Ziegler—Nichols PID, while also reporting
greater peak overshoot (0.58 V versus 0.52 V). In physical buck-
converter testing, Saleem et al. (2024) reported load-disturbance
recovery times 0f 0.26, 0.21 and 0.16 s for fixed, adaptive and fuzzy-
augmented adaptive PID, respectively. These figures describe
different tests, not a common performance ranking.

Oftline optimization selects PI/PID gains without necessarily
changing the feedback law during operation. Neural and fuzzy
approaches can introduce online adaptation, with additional stability
and computational requirements. In the photovoltaic simulation of
Siileyman and Mumcu (2025), ANFIS-based MPPT and PSO-
selected PI regulation served coordinated but distinct functions; the
combined scheme improved the authors’ efficiency indicator from
85% to 100% in two test scenarios and from 88% to 98% in another.
Direct RL, by comparison, can replace the regulator's decision law.

--433--



These architectures should not be ranked as interchangeable
algorithms.

A well-tuned classical controller remains the appropriate
starting point. Another intelligent component is justified if a matched
comparison reveals an engineering benefit that can be achieved
within the physical limits of the converter and the processing budget
available. Documentation of the implementation of the controller,
the disturbances tested, and the way each performance measure was
obtained will make it easier to interpret the results in future studies.
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ELECTRIC TRACTION MOTORS FOR
ELECTRIC VEJ#Gl5S;gfOPOLOGIES

YUCEL CETINCEVIiZ!, MUHAMMED TAN?

Introduction

Road transport electrification has moved the electric drive to
the centre of vehicle engineering. In a battery electric vehicle (BEV),
energy passes from the battery through a voltage-source inverter to
the traction motor and, in most cases, through a single-speed
reduction gear and a differential to the wheels. The motor and its
drive shape acceleration, top speed and energy consumption, and
with them the driving range; they also account for a substantial share
of powertrain cost and mass (Agamloh et al., 2020; Husain et al.,
2021).

Traction duty differs from general industrial duty. A traction
motor has to produce high torque at low speed for starting and hill
climbing, hold approximately constant power over a wide speed
range, and stay efficient across a broad area of the torque—speed
plane instead of at a single rated point. High torque and power
density, low noise and vibration, high reliability and low cost are
expected at the same time, within a tightly constrained installation
space (Ehsani et al., 2018; Z. Q. Zhu & Howe, 2007).

Early electric vehicles used brushed DC motors, whose speed
and torque could be set simply through the armature voltage and the
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field current (Ehsani et al., 2018). Power semiconductors and field-
oriented control later made commutatorless AC machines practical,
and induction, PM brushless and switched reluctance motors
progressively displaced the DC motor in traction (Chau et al., 2008;
Z. Q. Zhu & Howe, 2007). In recent years, most traction drives have
converged on some form of permanent magnet (PM) machine,
largely because rare-earth magnets allow high torque density and
efficiency (Agamloh et al., 2020; Krings & Monissen, 2020).
Concerns over the price and supply security of rare-earth materials
have, in parallel, revived interest in machines with little or no rare-
earth content: induction, synchronous reluctance, wound-field
synchronous and switched reluctance motors (Bilgin et al., 2020;
Credo et al., 2025).

The chapter is a structured review of traction motor
topologies. It concentrates on construction and operating principles,
with an extended treatment of permanent magnet synchronous
motors (PMSMs) and their rotor configurations. Detailed
electromagnetic design, power electronic converters and advanced
control lie outside its scope; these subjects are covered elsewhere
(Husain et al., 2021; C. Liu et al., 2021; Stumpf & Téth-Katona,
2023).

Section 2 derives the traction requirements from vehicle
dynamics and defines the performance metrics used later. Section 3
classifies electric traction motors. Section 4 describes the
construction and operating principles of the major motor types, gives
examples from production vehicles and compares the types
qualitatively. Section 5 summarizes the findings and outlines
directions for further research.
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2. Electric Vehicle Traction Requirements

2.1 Road load and motor operating point

The torque and speed demanded from a traction motor follow
from the forces acting on the vehicle. Neglecting wind speed, the
tractive force at the wheels must overcome rolling resistance,
aerodynamic drag and grade resistance, and accelerate the vehicle
(Ehsani et al., 2018):

F, = mgC,,.cosa + %pCdAfvz +mgsina + 6m% @)

where m is the vehicle mass, g the gravitational acceleration,
Crr the rolling resistance coefficient, « the road gradient angle, p the
air density, Cq the aerodynamic drag coefficient, As the frontal area,
v the vehicle speed and ¢ (> 1) a mass factor accounting for the
inertia of rotating components. For a wheel radius rw, an overall gear
ratio G and a transmission efficiency 7, the motor torque and angular
speed in motoring operation are

_ Frw G
T, = on, Wy = ™ (2)

and the motor output power is Pm = Tmom. Starting,
acceleration and gradeability fix the peak motor torque; the top
speed, together with the gear ratio, fixes the maximum motor speed.

2.2 Maximum torque-speed curve

A constant-power hyperbola is the ideal traction
characteristic: high torque at low vehicle speed and constant power
at higher speed (Ehsani et al., 2018). Electric motors approximate it
closely (Fig. 1). Up to the base speed ws, the torque is limited by the
current that the motor and inverter can carry, and the machine
operates in the constant-torque region. Beyond ws, the induced
voltage has reached the limit imposed by the DC-link voltage; the

flux must then be weakened, and the motor runs at approximately

3
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constant power up to its maximum speed wmax (Ehsani et al., 2018;
Z. Q. Zhu & Howe, 2007).

Fig. 1. Ideal torque—speed and power—speed envelope of an

EV traction motor, with the constant-torque region below the base

speed wp and the constant-power (flux-weakening) region up to the

maximum speed wmax. Original illustration based on the literature
(adapted from Ehsani et al., 2018; Z. Q. Zhu & Howe, 2007).
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The width of the constant-power region is expressed by the
constant-power speed ratio (CPSR):
CPSR = “max (3)

Wp

A wide CPSR allows a single-speed reduction gear to cover
the whole vehicle speed range. In a simulation study, vector-
controlled flux weakening extended the speed range of an interior
PM traction motor to four times its rated speed (Zhang et al., 2016).
Two envelopes are normally specified: a peak envelope that is
available for short periods, such as acceleration, and a continuous
envelope limited by the steady-state temperatures of the windings
and magnets (Gobbi et al., 2024).

4
--441--



2.3 Requirements and performance metrics

Table 1 lists the main requirements, compiled from the
literature (Agamloh et al., 2020; Aiso & Akatsu, 2022; Deng & Zuo,
2019; Ehsani et al., 2018; Gobbi et al., 2024; Husain et al., 2021;
Lupu & Tabacu, 2026; Park et al., 2026; Petri et al., 2023; Zhang et

al., 2016; Z. Q. Zhu & Howe, 2007).

Table 1. Main requirements for EV traction motors.

Requirement

Reason

Implication for the motor

High peak torque at low
speed

Starting, acceleration and
gradeability

High torque density and short-
time overload capability

Wide constant-power
speed range

Urban and highway speeds
covered with a single-
speed gear

Good flux-weakening
capability

High maximum speed

Smaller and lighter motor
for a given power

Mechanically robust rotor; low
high-frequency losses (Aiso &
Akatsu, 2022)

High efficiency where
the vehicle operates
most often

Driving range and battery
size

Efficiency map matched to the
driving-cycle operating points
(Lupu & Tabacu, 2026; Park
et al., 2026)

High torque and power
density

Vehicle mass and
packaging

Effective cooling and high-
performance materials (Gobbi
et al., 2024)

Low torque ripple, noise
and vibration

Passenger comfort

Careful slot—pole combination
and rotor design (Deng & Zuo,
2019)

Insulation withstand
under fast-switching
inverters

800 V DC links and SiC
devices raise the voltage
stress on the winding

Insulation designed against
partial discharge (Petri et al.,
2023)

Low cost and secure
material supply

Mass production

Reduced or no rare-earth
content (Bilgin et al., 2020;
Credo et al., 2025)
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Efficiency calls for a further remark. Vehicle energy
consumption depends on how the motor efficiency map overlaps the
distribution of operating points in real driving, not on peak efficiency
alone. In a system-level study under the WLTP Class 3 cycle, a dual-
layer interior PM rotor lowered the net cycle energy demand by
about 9% compared with a single-layer V-shaped rotor, raising the
estimated range from about 489 km to 535 km (Lupu & Tabacu,
2026). Drive-cycle-based design methods accordingly target the
operating regions that dominate energy consumption rather than a
single rated point (Park et al., 2026).

3. Classification of Electric Traction Motors

Electric traction motors can be grouped in several
complementary ways, as summarized in Fig. 2. The most basic
distinction separates commutator motors from commutatorless, or
brushless, motors (Chau et al., 2008; Ehsani et al., 2018).

e Commutator motors. Brushed DC motors reverse the
armature current mechanically, by means of a commutator
and brushes. According to the field excitation, they are
divided into separately excited, shunt, series and PM DC
motors (Ehsani et al., 2018). Their control is simple, but the
commutator needs maintenance, restricts the maximum
speed and lowers reliability, and commutatorless machines
have largely replaced them in modern EV traction (Ehsani et
al., 2018; Z. Q. Zhu & Howe, 2007).

e Commutatorless motors. Inverter-fed commutatorless
motors belong to three families:

e Induction motors (IMs), in which the rotor currents are
induced by the rotating stator field. Squirrel-cage rotors are



used in traction applications (Ehsani et al., 2018; Z. Q. Zhu
& Howe, 2007).

Fig. 2. Classification of electric traction motors. Original
illustration compiled from the literature (adapted from Cai et al.,
2022; Chau et al., 2008; Credo et al., 2021; Ehsani et al., 2018;

Gong et al., 2022; Jneid & Harth, 2026; Z. Q. Zhu & Howe, 2007).

( Electric traction motors }
|

Commutator motors Commutatorless
(brushed DC) (brushless) motors
Separately Induction
excited motors
: Synchronous :
Shunt Squirrel cage Abtor Switched
(Al or Cu bars) reluctance

Wound field motors
magact Reluctance
witia (SynRM)

Hybrid
(PMaSynRM,

PMSM /BLAC BLDC
(sinusoidal back-EMF) | | (trapezoidal
hybrid excitation),

SPM, inset, IPM back-EMF)

i *Rotor position: inner rotor / outer rotor
i Drive arrangement: central motor with gear / in-wheel motor

e Synchronous motors, in which the rotor turns in

synchronism with the stator field. They are subdivided by the
source of the rotor field: permanent magnets (PMSMs and
brushless DC motors), a DC field winding (wound-field or
electrically excited synchronous motors), rotor saliency
alone (synchronous reluctance motors), or a combination of
these (PM-assisted synchronous reluctance and hybrid-
excitation motors) (Chau et al., 2008; Credo et al., 2025; Z.
Q. Zhu & Howe, 2007).



e Switched reluctance motors (SRMs), which have salient
poles on both stator and rotor and develop torque solely
through the tendency of the rotor to move toward the position
of minimum reluctance (Bilgin et al., 2020; Ehsani et al.,
2018).

PM brushless motors are further divided by their back-EMF
and current waveforms. Brushless DC (BLDC) motors have a
trapezoidal back-EMF and are fed with rectangular current blocks;
PMSMs, also called brushless AC motors, have a sinusoidal back-
EMF and are fed with sinusoidal currents (Chau et al., 2008; Z. Q.
Zhu & Howe, 2007). PM motors are also distinguished by the
location of the magnets on the rotor (surface-mounted, inset or
interior), as discussed in Section 4.3.

Further criteria. Independently of the motor family, traction
motors can be classified by:

Flux direction: radial-flux machines, used in most
current production vehicles, and axial-flux machines,
whose short axial length and high torque density make
them attractive for in-wheel drives (Credo et al., 2021;
Jneid & Harth, 2026).

Rotor position: inner-rotor machines, with the rotor
inside the stator, and outer-rotor machines, with the rotor
surrounding the stator (Cai et al., 2022; Gong et al., 2022).

Drive arrangement: centrally mounted motors that drive
the wheels through a reduction gear and differential, and
in-wheel (hub) motors, which may drive the wheel
directly without a gearbox (Cai et al., 2022).

Newer topologies, among them flux-switching, vernier and
magnetically geared machines, have also been proposed for EVs
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(Chau et al., 2008; C. Liu et al., 2021). Most of them remain at the
research stage and are therefore mentioned only briefly in Section 5.

4. Construction and Operating Principles of Major Motor Types

This section describes the construction and operating
principle of each major motor family, together with its main
advantages and limitations for traction. Throughout, p denotes the
number of pole pairs, f the supply frequency, we the electrical angular
frequency. For synchronous machines, wm = we/p is the mechanical
angular speed.

4.1 Brushed DC motors

A brushed DC motor has a stator carrying the field poles,
excited by field windings or by permanent magnets, and a rotor
(armature) whose winding is connected to a mechanical commutator.
Carbon brushes sliding on the commutator reverse the current in
each armature coil as it passes through the neutral zone, so that the
armature magnetomotive force stays fixed in space, in quadrature
with the field axis (Ehsani et al., 2018). In steady state,

E,=kbw, , T,=k®l, , V,=E,+R,l, (4)

where k is a machine constant, @ the flux per pole, la the
armature current, R, the armature resistance and V. the terminal
voltage. Below base speed, the speed is controlled through the
armature voltage at full flux. Above base speed, weakening the field
extends the speed range at approximately constant power, which
gives the separately excited motor a torque—speed characteristic well
suited to traction; the series-excited motor offers a very high starting
torque (Ehsani et al., 2018).

Its limitations stem from the commutator and brushes: brush
wear and periodic maintenance, sparking and electromagnetic
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interference, a restricted maximum speed, and armature losses that
are generated in the rotating member and are therefore hard to
remove. Together with a comparatively low power density, these
drawbacks explain why commutatorless motors have displaced the
brushed DC motor in modern EVs (Ehsani et al., 2018; Z. Q. Zhu &
Howe, 2007).

4.2 Induction motors

Construction. The stator carries a three-phase distributed
winding in a slotted, laminated core. Rectangular hairpin conductors
are increasingly used in traction motors; they reach a higher slot fill
factor than stranded round wire, at the price of higher AC losses at
high frequency (Popescu et al., 2018; Popescu et al., 2023; Riviere
et al., 2019). The rotor is a laminated core with a squirrel cage of
conducting bars short-circuited by end rings, made of aluminium or
copper. The resistivity of pure copper at 20 °C is about 1.7 x 1078
Q-m, against about 2.7 x 107® Q'm for pure aluminium (die-cast
alloys are somewhat higher). Copper cages, whether die-cast or
fabricated, therefore reduce rotor losses, and they have been adopted
in several high-performance traction designs (Epskamp et al., 2016;
Popescu et al., 2023; Riviere et al., 2019).

Operating principle. The stator currents set up a magnetic
field that rotates at the synchronous speed ns; in motoring operation
the rotor runs at a lower speed n, defined through the slip s:

ng=2L (r/min) , s="" (5)

Because the rotor lags the field, voltages and currents are
induced in the rotor bars, and their interaction with the air-gap field
produces torque. From the per-phase equivalent circuit, the
electromagnetic torque is
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T, = 2Rrp2 (6)

We S

where R’y and I'y are the per-phase rotor resistance and RMS
current referred to the stator. Traction drives use field-oriented
control, which decouples the flux-producing and torque-producing
current components (Ehsani et al., 2018). Above base speed, the
rotor flux is reduced roughly in inverse proportion to speed to keep
the stator voltage within the inverter limit, and the constant-power
region ends where the available torque meets the breakdown (pull-
out) torque of the machine (Ehsani et al., 2018). During regenerative
braking the rotor runs above synchronous speed and the slip is
negative.

Advantages and limitations. The induction motor is robust,
mature, comparatively inexpensive and free of rare-earth materials
(Hsieh et al., 2026; Z. Q. Zhu & Howe, 2007). With no magnets to
demagnetize, it also tolerates high rotor temperatures. After the rotor
flux has decayed, an unexcited induction motor produces negligible
back-EMF and electromagnetic drag torque when it idles at high
speed; mechanical losses remain. Copper-rotor designs rated at 200
kW and 20,000 r/min (Riviére et al., 2019) and die-cast copper rotors
designed for 30,000 r/min (Epskamp et al., 2016) have been reported
for EV traction. The main drawbacks are the rotor copper losses,
which arise in the rotor and are difficult to remove; the lagging
power factor caused by the magnetizing current; and a lower torque
density and efficiency than PM machines, especially at light load (El
Hadraoui et al., 2022; Z. Q. Zhu & Howe, 2007). A life cycle
assessment found the lowest greenhouse gas emissions for a rare-
earth PMSM, owing to its higher power density and efficiency,
whereas, among the induction machines, aluminium-conductor
designs had lower toxicity and acidification impacts than copper-rich
designs (Hsieh et al., 2026).
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Production examples. Early versions of the Tesla Model S
used a three-phase induction motor with copper rotor bars for
propulsion (Bilgin et al., 2019), and the original Audi e-tron used
asynchronous (induction) motors on both axles (Audi AG, 2020).
Fig. 3 contrasts an Audi induction motor with a PMSM from a later
Audi model (Section 4.3).

Fig. 3. Audi traction motors: (a) APP350 permanent magnet
synchronous drive unit of the Audi A2 e-tron (Audi AG, 2026); (b)
asynchronous (induction) motor of the original Audi e-tron (Audi

AG, 2018). Images © AUDI AG.
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4.3 Permanent magnet synchronous motors

PMSMs are the most widely used traction motors in current
passenger EVs (Agamloh et al., 2020; El Hadraoui et al., 2022).
Their rotor field comes from permanent magnets rather than from a
field winding or induced currents, so no copper losses are incurred
for rotor excitation. This favours high torque density, high efficiency
and a high power factor (Chau et al., 2008; Z. Q. Zhu & Howe,
2007).

4.3.1 Construction and operating principle

The PMSM stator resembles that of an induction motor and
carries a three-phase winding, either distributed or of the fractional-
slot concentrated type (Chau et al., 2008; Z. Q. Zhu & Howe, 2007).
Most traction rotors use sintered NdFeB magnets for their high
remanence and coercivity. The coercivity of NdFeB decreases as
temperature rises, so the demagnetization withstand must be checked
at the worst-case magnet temperature (Yang et al., 2026). The rotor
turns in synchronism with the stator field, at n = 60f/p r/min.

The machine is analysed in a rotor reference frame whose d-
axis is aligned with the magnet flux and whose g-axis leads it by 90
electrical degrees. With the amplitude-invariant Park transformation,
the voltage and flux-linkage equations are

, d , dyp
vy = Rsig + % —weq , Vg =Rsigt+ d—tq + wey (7)
Vg = Laig +Ypu lpq = Lqiq (8)
and the electromagnetic torque is
3 . P
Te = Ep[lpPMlq + (Ld - Lq)ldlq] (9)

where Rs is the stator phase resistance, L4 and Lq are the d-
and g-axis inductances and wewm is the magnet flux linkage. The first

term in (9) is the magnet (alignment) torque. The second is the
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reluctance torque, which exists only when the rotor is magnetically
salient (L4 # Lg). In interior PM rotors the buried magnets raise the
reluctance of the d-axis path, so that Lq > Lg; a negative d-axis current
then yields positive reluctance torque while weakening the air-gap
flux (Jahns et al., 1986). In practice, Lqg and Lq vary with current
because of magnetic saturation and cross-magnetization, and
accurate performance prediction must account for this dependence
(X. Liu et al., 2016).

PM brushless motors with a trapezoidal back-EMF are
known as BLDC motors. With conventional six-step commutation,
they are fed with 120° rectangular current blocks, so that two phases
conduct at any time, and need only coarse rotor position information
(Chau et al., 2008). Control is simple, but commutation causes
torque ripple, and the low d-axis inductance of surface-mounted
BLDC motors restricts their flux-weakening capability (Ustun et al.,
2018). Sinusoidally fed PMSMs produce smoother torque and
permit flux weakening through vector control, which is why they are
preferred for the main traction drives of passenger cars (Chau et al.,
2008; Z. Q. Zhu & Howe, 2007).

4.3.2 Rotor position and flux direction

Depending on the relative position of rotor and stator, radial-
flux PMSMs are built as inner-rotor or outer-rotor machines (Fig. 4).

Inner-rotor PMSMs. The rotor sits inside the stator bore.
Heat generated in the stator windings and core flows directly to the
housing and its cooling jacket, the rotor inertia is low, and the small
rotor diameter favours high-speed operation (Quoc & Huu, 2024).
Inner-rotor machines are therefore the usual choice for centrally
mounted traction motors that drive the wheels through a reduction
gear. At high speed, surface-mounted magnets must be held against
centrifugal force, typically by a non-magnetic retaining sleeve; as an
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example of the technique, a carbon-fibre sleeve has been used to
retain a ferrite-assisted synchronous reluctance traction rotor at
25,000 r/min (N. Guo et al., 2025). In interior PM rotors, the
laminations themselves hold the magnets.

Fig. 4. Cross-sections of an inner-rotor (a) and an outer-rotor (b)
surface-mounted PMSM with tooth-concentrated windings.

(a) (b

Outer-rotor PMSMs. The rotor is a cylindrical yoke
surrounding the stator, with the magnets fixed to its inner surface, so
that centrifugal force presses the magnets against the yoke instead of
pulling them away from it. For a given outer diameter, the air-gap
diameter is larger than in an inner-rotor machine, which allows more
torque; an optimization-based comparison of surface PM machines
found a clear torque-to-weight advantage for the outer-rotor type
(Choi & Min, 2024). The enclosed stator, however, must reject its
heat through the inner stator support, and outer-rotor machines can
run hotter under comparable cooling conditions (Quoc & Huu,
2024). Their larger rotor inertia and lower speed capability make
them less suited to high-speed geared drives (Quoc & Huu, 2024).

Outer-rotor PMSMs fit low-speed, high-torque, direct-drive
in-wheel motors well. The rotor can be integrated with the wheel
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hub, and the reduction gear and differential are eliminated (Cai et al.,
2022; Gong et al., 2022). Such machines commonly combine a high
pole number with fractional-slot concentrated windings (Gong et al.,
2022). The main concerns are the added unsprung mass and the harsh
thermal and mechanical environment inside the wheel (Cai et al.,
2022). Magnetically geared outer-rotor PM drives have also been
proposed, combining a compact high-speed motor with a low-speed
wheel output (Chau et al., 2008).

Axial-flux PMSMs. In axial-flux machines, the flux crosses
the air gap parallel to the shaft, and rotor and stator are disc-shaped.
A short axial length and a large air-gap area give high torque density,
which suits in-wheel and other space-constrained drives (Credo et
al.,, 2021; Jneid & Harth, 2026). In an optimization-based
comparison with identical outline dimensions, a yokeless and
segmented armature (YASA) axial-flux machine produced
considerably more torque than an outer-rotor radial-flux machine of
similar weight (X. Guo et al., 2025; see Fig. 5).

Fig. 5. A yokeless and segmented armature axial-flux machine
(adapted from X. Guo et al., 2025).

Permanent Magnet

Permanent Magnet Stator Coil

Rotor Rotor
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4.3.3 Rotor configurations

Magnet arrangement strongly affects torque production, flux-
weakening capability, mechanical strength and magnet usage (Jahns
et al., 1986; X. Liu et al., 2016). The most common configurations,
shown in Fig. 6, form three groups: surface-mounted, inset and
interior magnet rotors.

Fig. 6. Common PM rotor configurations. Top row: surface radial,
inset and bread-loaf rotors; bottom row: V-shape interior, flat
interior and spoke rotors. Orange and teal denote opposite magnet

polarities.
Surface radial Inset Breadloaf

V-shape IPM Flat IPM

Surface-mounted PM (SPM) rotors. The magnets are
bonded to the surface of a cylindrical core. They may be arc-shaped
and radially magnetized, or bread-loaf magnets with a flat base and
a curved outer face, whose profile can be used to shape the air-gap
flux density waveform. The relative recoil permeability of sintered
NdFeB is close to unity, typically about 1.05, so the magnet layer
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acts magnetically as an extension of the air gap that is equal along
the d- and g-axes. Hence Lqg = Lg, no reluctance torque is produced,
and the low synchronous inductance limits flux weakening (Soong
& Miller, 1994; Ustun et al., 2018). The magnets are directly
exposed to stator field harmonics, which induce eddy-current losses
in them, and they require a retaining sleeve at high speed. SPM rotors
are simple and have minimal magnet leakage flux; they are common
in BLDC motors and in low-speed outer-rotor in-wheel motors
(Gong et al., 2022; Z. Q. Zhu & Howe, 2007).

Inset PM rotors. The magnets sit in shallow recesses in the
rotor surface, with iron interpoles between adjacent magnets. The
interpoles lie on the g-axis and give Lq > Lqg, which adds a reluctance
torque component and improves flux weakening compared with
SPM rotors (Z. Q. Zhu & Howe, 2007). The magnets remain at the
surface and still need mechanical retention at high speed.

Interior PM (IPM) rotors. The magnets are inserted into
pockets inside the laminated core. Air-filled flux barriers at the
magnet ends limit leakage flux, while thin iron bridges and centre
posts hold the rotor together; bridge thickness is a compromise
between mechanical strength at maximum speed and leakage flux
(X. Liu et al., 2016). The main variants are as follows:

« Flat (single-layer) magnets: one rectangular magnet per pole,
perpendicular to the d-axis; the simplest interior arrangement.

« V-shape magnets: two magnets per pole arranged in a \V/, which
concentrates magnet flux and increases saliency. In a
comparison of spoke, tangential, U-shape and V-shape rotors,
the V-shape rotor gave the best overall performance (X. Liu et
al., 2016); for a given amount of magnet material it also
outperformed U-shape and conventional rotors (Zhang et al.,
2016).
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Multilayer magnets: double-V, delta (a VV combined with a flat
magnet) and U-shape arrangements. Extra layers increase the
reluctance torque and widen the flux-weakening range; under
the WLTP cycle, a dual-layer rotor reduced the net energy
demand by about 9% relative to a single-layer V rotor (Lupu &
Tabacu, 2026).

Spoke magnets: radially oriented, circumferentially
magnetized magnets, two of which feed each rotor pole. This
flux concentration can raise the air-gap flux density above the
magnet remanence, so spoke rotors are attractive for low-
remanence ferrite magnets (Cui et al., 2027).

For traction, IPM rotors have clear benefits. The rotor core

protects the magnets mechanically and can permit high-speed
operation without a sleeve, subject to rotor stress limits, and the rotor
saliency adds reluctance torque, raising the torque per ampere and
widening the constant-power speed range (Jahns et al., 1986). The
magnets are also partly shielded from stator field harmonics, and
simple rectangular magnets can be used. IPM rotors are accordingly
the most common choice in PMSM traction motors (X. Liu et al.,
2016; Stumpf & Téth-Katona, 2023).

Fig. 7. 2010 Toyota Prius traction motor: (a) stator; (b) rotor; (c)

rotor laminations (Burress et al., 2011).
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Well-documented production examples include the PM
synchronous motor of the 2010 Toyota Prius hybrid, benchmarked
in detail by Oak Ridge National Laboratory (Burress et al., 2011)
(see Fig. 7).

Classification by saliency. PM rotors can also be classified
by the relation between their d- and g-axis inductances (Fig. 8). Ideal
SPM rotors have approximately Lq = Lq. Inset, conventional IPM and
spoke rotors have Lq < Lq and operate with a negative d-axis current.
Rotors with Lg > Lq, termed inverse-saliency or flux-intensifying
rotors, are obtained by placing interior or surface flux barriers in the
g-axis flux path (Limsuwan et al., 2014; X. Zhu et al., 2018).

Fig. 8. Rotor configurations classified by saliency: (a) La =
Lq; (b), (c), (d) La < Lg; (&), (), (9), (h) L4 > Lq, obtained with flux
barriers in the g-axis flux path. Orange and teal areas are
permanent magnets of opposite polarity.

/ Nt \ BYQ /

L L)
Ly =Ll{ Li< Lr, Lg< L{, Li< L,,
(a) (b) (©) (d)

,2.3? /_\ %;@ %Eé

Ly>1Ly Lqy>Lg Le> 1L, La> Ly
(O] fy (g) (h)

In a flux-intensifying machine the reluctance torque is
positive for a positive d-axis current, so the machine runs with
positive iq at low speed. That current strengthens, rather than
weakens, the magnet operating point, which lowers the risk of
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irreversible demagnetization and supports a wide speed range (X.
Zhu et al., 2018; X. Zhu et al., 2019). Flux-intensifying rotors are
also used in variable-flux machines with low-coercivity magnets,
whose magnetization level can be adjusted in operation (Limsuwan
etal., 2014).

4.3.4 Operating regions: MTPA and flux weakening

The operating range of a PMSM drive is bounded by the
inverter current and voltage limits. In steady state, with constant
inductances and magnet flux linkage and neglecting the stator
resistance,

o , N2 _ (Vinax\?
G+ < TR  WewtLaid)? + (Loig) < (22) (20)

where Imax and Vmax are the maximum phase current and
voltage amplitudes; with space-vector modulation in the linear
range, Vmax =~ Vae/V3. In the ig—iq plane, the current limit is a circle
centred at the origin, and the voltage limit is an ellipse centred at
(—wem/Lag, 0) that shrinks as speed rises (Fig. 9). The current angle 3
is measured from the positive g-axis toward the negative d-axis, so
that ig = —ls sin B and iq = Is cos B. Within these limits the current
vector is chosen to give the best torque at each speed (Jahns, 1987;
Morimoto et al., 1990):

1) Constant-torque region (below base speed). The
current vector follows the maximum-torque-per-ampere (MTPA)
trajectory. For an SPM motor this means ig = 0. For an IPM motor
with Lq > Lq and constant inductances, the MTPA d-axis current for
a current amplitude Is is given by (11) below.

2) Flux-weakening region (above base speed). At base
speed, the MTPA point at Imax reaches the voltage limit. At higher
speeds the current vector moves along the current-limit circle toward
negative iq; the negative d-axis current opposes the magnet flux,
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keeps the voltage within the limit and gives approximately constant
power (Jahns, 1987).

Fig. 9. Operating characteristics of an illustrative IPM traction
motor: (a) magnet, reluctance and total torque versus current
angle f at Imax; (D) current-limit circle, voltage-/imit ellipses at wn,
2wb and 4wp, and the MTPA, flux-weakening and MTPV
trajectories (A: base speed; C: onset of MTPV operation).

() Torque components at Is = Imax (b) Operating limits in the ig-i; plane
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Computed using the linear dg model, the limits in (10), and
the MTPA and MTPV conditions with p =4, ypm = 0.06 Wb, Lg =
0.15mH, Lq=0.35 mH, Imax =500 A and V4 = 400 V, giving a peak
torque of about 288 N-m, a base speed of about 3,800 r/min and Ich
=400 A < Imax (see Fig. 9).

3) Maximum-torque-per-voltage (MTPV) region. If
the ellipse centre lies inside the current circle, the maximum torque
at very high speed is obtained along the MTPV trajectory, and the
lossless electrical model imposes no finite no-load speed limit.
Actual speed is limited by losses, available power, thermal
constraints and rotor mechanics.

) 1/)PM—\/¢123M+8(Lq_Ld)2’sz
ta = 4(Lg—La)

(11)
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Flux-weakening performance is thus governed by the
characteristic current lch = wpm/La. If Ieh > Imax, the limiting no-load
electrical speed is finite and, neglecting resistance, equals

Vimax
w - — 12
é.max Ypm—Lalmax ( )

The optimal flux-weakening design, with a theoretically
unbounded constant-power speed range in the ideal lossless model,
is obtained when Ieh = Imax (Soong & Miller, 1994). SPM motors
have a small Lg, so their characteristic current is usually far above
the available current limit, which explains their limited CPSR. IPM
motors can be designed to approach the optimal condition, one of the
main reasons for their wide use in traction (Morimoto et al., 1990;
Soong & Miller, 1994; Z. Q. Zhu et al., 2000).

4.4 Synchronous reluctance and PM-assisted synchronous
reluctance motors

Construction. The synchronous reluctance motor (SynRM)
combines a conventional three-phase stator with a rotor of
laminations containing several layers of air flux barriers and no
windings or magnets. The iron segments between the barriers guide
flux easily along one axis, while the barriers obstruct it along the
perpendicular axis. In the SynRM literature the d-axis is normally
taken along the low-reluctance direction, so that Lq > Lg
(Abdulsamad et al., 2026; Staton et al., 1993). This convention
differs from that used for IPM machines in Section 4.3.

Operating principle. The rotor aligns with the stator field to
minimize the magnetic reluctance, and the torque is purely
reluctance torque:

Te = 2p(La — Lq)idiq (13)
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The saliency ratio ¢ = Lq/Lq is the principal design parameter,
since it determines the power factor, the torque per ampere and the
constant-power speed range (Staton et al., 1993). Assuming constant
inductances and neglecting stator resistance and iron losses, the
steady-state phasor diagram gives the maximum attainable power
factor as
-1
£+1

, §==2 (14)

COS Pmax = = Lq

so that a saliency ratio of 9, for instance, caps the power
factor at 0.8. The SynRM is rare-earth-free, has no rotor excitation
losses and a mechanically robust rotor. Its drawbacks are the lower
power factor, which raises the inverter volt-ampere rating, relatively
high torque ripple, and a conflict between thin iron bridges, needed
for high saliency, and thick bridges, needed for mechanical strength
at high speed (Abdulsamad et al., 2026; N. Guo et al., 2025).

PM-assisted SynRM (PMaSynRM). A moderate amount of
magnet material, often ferrite, inserted into the flux barriers
counteracts the flux along the high-reluctance axis. Power factor,
torque and flux-weakening capability improve, while most of the
torque is still reluctance torque (N. Guo et al., 2025; Wang et al.,
2016). A PMaSynRM can thus be viewed as an IPM machine in
which the reluctance torque dominates. Ferrite-assisted designs have
been built and tested for heavy-duty traction (Al-Ani et al., 2023). In
a finite-element study, an optimized ferrite-assisted SynRM reached
a peak efficiency comparable with that of the 2010 Prius rare-earth
IPM motor (Fig. 7) at about 28% lower material cost (N. Guo et al.,
2025).

A production example is the traction motor of the BMW i3,
which has been analysed in the literature as a PMaSynRM with a
maximum speed of 11,400 r/min (Ozcelik et al., 2024; see Fig. 10).
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Fig. 10. Cross-section of the BMW i3 traction motor, analysed as a
PM-assisted synchronous reluctance machine (Reproduced from
Ozcelik et al. (2024) under the CC BY 4.0 licence.)
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4.5 Wound-field synchronous motors

Construction. The wound-field synchronous motor
(WFSM), also called the electrically excited synchronous machine
(EESM), has a conventional three-phase stator and a rotor carrying
a DC field winding, either on salient poles or in a distributed, slotted
rotor (Wibisono & Asama, 2023). The field current is supplied
through slip rings and brushes, or contactlessly, for instance through
a rotating transformer, which makes the machine brushless (Chen et
al., 2025).

Operating principle. The rotor field is produced by the field
current if, giving a d-axis flux linkage yf = Mssis, where Mss is the
stator—field mutual inductance. The torque has the same form as (9):

T, = gp[MSfifiq + (Lg = Lg)iqiq) (15)
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The field current is an additional control variable. Above
base speed, the rotor field can be reduced directly instead of being
opposed by a demagnetizing stator current, which cuts stator current
and iron losses at high speed and permits operation close to unity
power factor. The field can also be de-energized after a fault,
avoiding the uncontrolled generated voltage of PM machines
(Mirahki et al., 2023).

Advantages and limitations. The WFSM contains no rare-
earth materials and is efficient at high speed and light load (Mirahki
et al., 2023; Wibisono & Asama, 2023). Its drawbacks are the field
copper losses, which are significant at low speed and high torque,
the need to cool the rotor, and the cost and complexity of the
excitation system. In an experimental comparison for heavy-duty
vehicles, an IPMSM was more efficient at low speed, whereas a
brushless EESM was considerably more efficient at high speed
(Chen et al., 2025). An analytical system-level study indicates that
an EESM co-optimized over the WLTP cycle can match or exceed a
benchmark IPM motor in drive-cycle efficiency (Ran et al., 2024);
comparisons with rare-earth-free PMaSynRMs for a C-segment
vehicle are reported by Credo et al. (2025).

In series production, BMW introduced a current-excited
synchronous motor without magnets, and hence without rare-earth
materials, with its fifth-generation eDrive technology in the BMW
iX3 (BMW Group, 2020; see Fig. 11).
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Fig. 11. Current-excited (wound-field) synchronous motor of the
BMW fifth-generation eDrive, introduced in the BMW iX3 (BMW
Group, 2020).

4.6 Switched reluctance motors

Construction. The SRM has salient poles on both the stator
and the rotor. The stator carries concentrated coils; the coils on
symmetrically placed poles (diametrically opposite poles in the four-
phase 8/6 machine) are connected in series to form a phase. The rotor
is a stack of laminations without windings, magnets or cage. Widely
used configurations include the three-phase 6/4 and 12/8 and the
four-phase 8/6 (stator/rotor poles). An 18/12 SRM has been designed
with the same outer dimensions as the PM motor of a hybrid vehicle
and with competitive torque, output power and efficiency (Kawa et
al., 2019).

Operating principle. An excited phase pulls the nearest
rotor poles toward alignment with its stator poles, the position of
minimum reluctance; continuous rotation results from exciting the
phases in sequence according to rotor position. Neglecting magnetic
saturation, the torque of one phase is
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1., dL(0)
Te = > i2 a0 (16)

where L(#) is the phase inductance as a function of
mechanical rotor angle 6, measured in radians. The torque is
independent of current direction, so unipolar currents suffice, and the
SRM is usually fed from an asymmetric half-bridge converter
(Ehsani et al., 2018). In practice the machine operates with
substantial magnetic saturation, and its behaviour is strongly
nonlinear (Fang et al., 2021).

Advantages and limitations. The SRM is simple, robust and
inexpensive, tolerates high temperature and high speed, and its
phases are largely independent electrically and magnetically, which
supports fault-tolerant operation with suitable converter and control
design (Bilgin et al., 2020; Fang et al., 2021). It contains no magnets,
which removes any dependence on rare-earth supply (Bilgin et al.,
2020). Torque ripple and acoustic noise are its main weaknesses; the
noise originates mainly from the large radial forces that deform the
stator yoke when a phase is excited (Gan et al., 2018). Machine
design and control measures, such as current profiling and radial
force shaping, are used to mitigate both problems (Callegaro et al.,
2019; Kawa et al., 2019).

4.7 Comparison of motor types

Table 2 summarizes the qualitative characteristics of the
motor types discussed above. The ratings are the authors' relative
assessment, synthesized from the cited literature; actual performance
depends strongly on the design, materials, cooling and drive of each
machine.
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Table 2. Qualitative comparison of electric traction motor types
(synthesized from Abdulsamad et al., 2026; Al-Ani et al., 2023;
Bilgin et al., 2020; Callegaro et al., 2019; Chen et al., 2025;
Ehsani et al., 2018; El Hadraoui et al., 2022; Fang et al., 2021;
Gan et al., 2018; Kawa et al., 2019; Mirahki et al., 2023; Ran et
al., 2024; Staton et al., 1993; Wang et al., 2016; Wibisono &
Asama, 2023; Z. Q. Zhu & Howe, 2007).

Motor type Torque Efficiency Flux- Cost Rare-earth Robustness Torque
density weakening content ripple and
capability noise
Brushed DC Low Medium Good Medium | None (field) Low Medium
(separately /PM- (commutator)
excited) dependent
Induction Medium High (lower | Good (limited Low None Very high Low
at light load) | by breakdown
torque)
SPM High High Limited High High Medium Medium
synchronous / (NdFeB) (BLDC:
BLDC commutation
ripple)
IPM Very high Very high Very good High High Medium-high Low-medium
synchronous (NdFeB)
Synchronous Medium High Medium (low Low None High Medium-high
reluctance power factor)
PM-assisted Medium- High Good Low— Low or High Medium
SynRM high medium none
(ferrite)
Wound-field Medium- | High (best at Very good Medium None High Low-medium
synchronous high high speed) | (field control)
Switched Medium-— Medium- Good Low None Very high High
reluctance high high

The table shows why the IPM synchronous motor has
become the reference technology for passenger EVs: it combines
torque density and efficiency at the top of the range with a wide
constant-power speed range. Its weak points are the cost and supply
risk of rare-earth magnets and the temperature sensitivity of those
magnets. Induction, wound-field synchronous, synchronous
reluctance and switched reluctance motors avoid rare-earth
materials, each giving up some torque density, efficiency, power
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factor or acoustic performance in exchange (Bilgin et al., 2020;
Credo et al., 2025; El Hadraoui et al., 2022).

5. Conclusions and Future Research Directions

Road-load dynamics require a traction motor that delivers
high torque at low speed, a wide constant-power speed range and
high efficiency in the part of the torque—speed plane where driving
cycles concentrate their energy. Of the commutatorless motors that
replaced the brushed DC motor, the interior PM synchronous motor
has become the reference technology for passenger EVs. Magnet and
reluctance torque together give it a very high torque density and
efficiency, and a suitable ratio of magnet flux linkage to d-axis
inductance gives it a wide flux-weakening range.

Within the PMSM family, the rotor configuration largely
decides the outcome. Surface-mounted rotors are simple and suit
low-speed machines; interior rotors with V-shaped, multilayer or
spoke magnets add reluctance torque, mechanical robustness at high
speed and better flux weakening. Inner-rotor machines suit high-
speed, centrally mounted drives with reduction gears, whereas outer-
rotor machines give more torque for a given size and suit low-speed
direct-drive in-wheel motors. Induction, wound-field synchronous,
synchronous reluctance and switched reluctance motors avoid rare-
earth magnets at some cost in torque density, efficiency, power
factor or acoustic noise.

Further research should reduce reliance on rare-earth
materials while maintaining competitive torque density, efficiency
and acoustic performance (Bilgin et al., 2020; Credo et al., 2025).
Higher-speed designs require closer integration of electromagnetic,
thermal and mechanical analysis (Aiso & Akatsu, 2022), while
higher DC-link voltages and fast-switching inverters increase the
importance of winding-insulation design (Husain et al., 2021; Petri
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et al., 2023). Motor, inverter and transmission design should be
assessed together over representative driving cycles rather than at a
single rated operating point (Ran et al., 2024). Axial-flux machines
warrant further evaluation for in-wheel and other space-constrained
traction applications (Credo et al., 2021; Jneid & Harth, 2026), as do
emerging flux-switching, vernier and magnetically geared
topologies (Chau et al., 2008; C. Liu et al., 2021).

No single motor type suits every vehicle. The choice depends
on vehicle class, duty cycle, cost targets and material supply
strategy, and this diversity is likely to grow as rare-earth-free
technologies mature.
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