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Due to the limited interior space in electric vehicles, two-stage battery chargers
should meet some requirements such as high power density and high efficiency. The
efficiency and power density of two-stage on-board battery chargers largely depend on
isolated DC-DC converters. In this thesis, two different topologies are proposed for on-
board battery charging systems in electric vehicles. A control method, based on
artificial neural networks (ANN), is developed for soft switched (ZVS) LLC resonance
converter in Topology-I and it was compared with the traditional method at different
load conditions. Thanks to the proposed control method, improvement in steady state
error and transient response time was observed. Both the grid and photovoltaic (PV)
panel fed, two-stage battery charging unit proposed in the Topology-II. For the
proposed topology, a maximum power point tracking (MPPT) method with high speed
and high accuracy has been developed and compared to traditional methods. In
addition, a LLC resonance DC-DC converter is designed to allow the high-power and
low-power battery to be charged on a single circuit. Thus, the proposed Topology-II is
intended to allow the electric vehicle to travel more miles with a single charge process.
The proposed topologies have been analyzed at different load ranges to measure
efficiency system according to European efficiency standard.

Key Words: Electric Vehicles, Battery Chargers, DC-DC Converters, Soft
Switching, ANN.
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ELEKTRIKLi ARACLARDA DAHILi BATARYA SARJ SiSTEMIi iCiN
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: Dog. Dr. Turgay IBRIKCI

: Dog. Dr. Murat AKSOY

: Dog. Dr. Liitfii SARIBULUT
: Dr. Ogr. Uyesi Murat FURAT

Elektrikli araglarda sinirli i¢ hacim nedeniyle, batarya sarj iinitelerinin yiiksek
giic yogunlugu ve yiiksek verimlilik gibi gereksinimleri karsilamas1 gerekmektedir. iki
asamali dahili batarya sarj iinitelerinin verimliligi ve giic yogunlugu biiyiik olciide
yalitimli DA-DA doéniistiiriiciilere baglidir. Bu tezde, iki-agamali batarya sarj iinitesi
icin iki farkli calisma Onerilmektedir. Topoloji-I'de yapay sinir aglari (YSA)
kullanilarak tasarlanan kontrol metodu yumusak anahtarlamali (ZVS) LLC rezonans
donistiiriictiye  farkli  yiikk durumlarinda uygulanarak geleneksel yontem ile
karsilagtirillmigtir. Ani yiikk degisiminde geleneksel yonteme gore kararli durum
hatasinda ve gegici tepki siiresinde iyilestirme oldugu gozlemlenmistir. Topoloji-II'de
ise hem sebeke hem de PV panel beslemeli, iki-asamali batarya sarj iinitesi
onerilmistir. Onerilen topoloji igin geleneksel yontemlere gore yiiksek hizda ve yiiksek
dogruluk oranina sahip maksimum gii¢ noktasi izleme (MPPT) metodu gelistirilmistir.
Ayrica, yiiksek giiclii ve diisiik giiclii bataryanin tek bir devre {izerinde sarj edilmesine
olanak saglamasi igin bir LLC rezonans DA-DA déniistiiriicii tasarlanmistir. Onerilen
batarya sarj mimarisi sayesinde tek bir sarj islemi ile elektrikli aracin daha fazla yol
alabilmesine olanak saglamas1 amaglanmistir. Onerilen topolojilerde Avrupa verimlilik
standardina gore hesaplama yapilmstir.

Anahtar Kelimeler: Elektrikli  Araclar, Batarya Sarj Sistemi, DA-DA
Doniistiiriiciiler, Yumusak Anahtarlama, YSA.
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EXTENDED SUMMARY

The decrease in fossil fuels, rising oil prices, carbon emissions caused by
vehicles with conventional internal combustion engines, and greenhouse gases,
causing serious damage to human and nature health, has caused an increase in
interest in electric vehicles on a global scale. Research topics are intensively
researched by the scientific world, such as improving the performance of electric
vehicles, enabling them to be charged in less time and enabling them to travel more
with a single charge process. Since all power components (motor, auxiliary loads,
lighting, etc.) in electric vehicles are powered by batteries, battery chargers create a
large part of research on electric vehicle technology.

The main function of battery chargers is to provide high efficiency and
reliable power transmission between the energy source (grid) and the battery. In the
Literature, battery charging units are basically examined under two main titles
which are on-board and off-board battery chargers. Off-board battery chargers are
designed to exemplify the functionality of conventional gas filling stations.
Charging units are located outside the vehicle, allowing the battery to charge in a
shorter time at high power. However, off-board battery chargers have problems
such as high power demand, complex battery charge management and battery
warming problems. These problems are considered as research topics for the
Literature.

On the other hand, on-board battery chargers are examined under two main
titles as single-stage and two-stage battery chargers. Although, there are advantages
such as low number of circuit elements, low cost, easy installation, high efficiency
provided by single-stage battery chargers, these battery chargers are generally
preferred at low powers (<1 kw) since there is a high electrical stress on power
circuit elements. They also need a high capacity output capacitor to reduce output

voltage fluctuations.
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On the other hand, well-designed, two-stage on-board battery chargers can
accommodate desired features such as high energy transmission efficiency, high
power factor and low total harmonic distortion (THD). The two-stage on-board
battery chargers consist of an AC-DC converter to convert the alternating current
(ACQ) to direct current (DC) and a DC-DC converter to regulate direct current to the
desired level. AC-DC converters are used in conjunction with a power factor
regulator (PFC) circuit to regulate the power factor for the battery charger and
reduce the total harmonic distortions occurring in the grid current. However, DC-
DC converters, provide galvanic insulation between the battery and grid, while
enabling safer charging, and also the efficiency of the battery charging unit largely
depends on the efficiency of the DC-DC converters. Thus, DC-DC converters are
very important for battery chargers.

DC-DC converters designed to be used in battery chargers are expected to
have features such as high energy conversion efficiency, reduction of switching
losses and electromagnetic interference (EMI) by applying soft switching methods.
In addition, they should be avoided additional circuit elements as much as possible
and also they should show performance in a wide load range and narrow frequency
change band. There are studies proposed in the Literature focusing on resonance
converter and soft switching methods to increase the efficiency of dc-dc converters
designed for battery chargers. There are studies proposed in the Literature which
have simple and feasible or complex and difficult-to-understand control methods to
increase performance of DC-DC converters. At the same time, topological
innovations have been proposed in the Literature, so that they can be fed from high
power density and environmentally friendly alternative energy sources.

In this Thesis, two different topologies are proposed for the two-stage on-
board battery charging unit. A design consisting of an AC-DC boost power factor
correction circuit and half bridge LLC resonance converter for two stage battery
charger topology is proposed in Topology-I. A control method capable of soft

switching (ZVS) with artificial neural networks (ANN) support has been developed
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for the LLC Resonance converter circuit. The voltage characteristics of LLC
resonance converter with the developed control method in different load range (5%
-100% load range) are compared with the traditional method. An improvement in
steady-state error and transient response time compared to the traditional method
has been observed under sudden load change. In addition, by applying soft
switching method, it is aimed to reduce switching losses and electromagnetic
interference (EMI) at high frequency. According to European efficiency standards,
efficiency analysis was performed by obtaining performance results in six different
load cases (5%, 10%, 20%, 30%, 50%, 100%). Thanks to soft switching (ZVS),
switching losses are reduced and efficiency increase is achieved. In addition, by
applying AC-DC converter average current mode control method (ACM), high
power factor and low phase angle were obtained, while total harmonic distortion
was observed to comply with IEC 61000-3-2 THD standards. Computer
applications of the proposed method were carried out using Matlab / Simulink
program.

In Topology-II, a two-stage battery charging architecture is proposed. In
the proposed battery charging architecture, the grid powered high power battery
and the auxiliary battery feeding the low power loads with PV panel connection are
on the same circuit. For the PV panel side, in order to operate the PV panel at the
maximum power point under variable radiation and temperature conditions, a two-
stage maximum power point tracking (MPPT) method has been developed. The
improved MPPT method consists of a soft calculation function, created according
to the current-voltage characteristics, and fuzzy logic for regulating PWM signal.
The developed MPPT method has been compared with traditional methods in terms
of accuracy and the convergence time and maximum power point capture
performance under variable atmospheric conditions. It has been observed that the
convergence time and accuracy rate are improved compared to traditional MPPT
methods. In addition, the low power battery that feeds auxiliary loads in

conventional battery chargers is powered by high power battery. In the proposed
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method, the battery feeding the auxiliary loads is fed from the PV panel. In this
way, the high power battery transmits the charged energy only to the electric
motor, allowing the electric vehicle to travel more with a single charge process. In
the grid supply side, high power factor and low harmonic distortion were obtained
by operating the bridgeless ac-dc power factor regulating average current mode
control method. In the dc-dc step, LLC Resonance transducer was designed to
operate the system as a two-input and two-output structure. The voltage and current
characteristics of the proposed topology under different load conditions are
analyzed. In addition, according to European efficiency standards, efficiency
analysis was performed by obtaining performance results in six different load
situations (5%, 10%, 20%, 30%, 50%, 100%). In addition, by applying ac-dc
converter average current mode control method, high power factor and low phase
angle were obtained, while total harmonic distortion was observed to comply with
IEC 61000-3-2 THD standards. Computer applications of the proposed method
were carried out using Matlab / Simulink program.

The proposed Topology-I can be a serious candidate for a two-stage battery
charge topology, both in terms of the control method being higher performance and
easier to apply than the traditional method, as well as low switching losses and
high efficiency due to the resonant converter and soft switching application. In
addition, Topology-II can be an important candidate for two-stage battery charging
topology in order to allow the electric vehicle to travel more with a single charge
process and to reduce the energy usage cost by using renewable energy in the short

term.
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GENISLETILMIS OZET

Fosil yakitlarin azalmasi, artan petrol fiyatlari, geleneksel i¢ten yanmali
motorlara sahip araglarin sebep oldugu karbon salinimi ve sera gazlarinin, insan ve
doga saglig1 iizerinde ciddi zararlar olusturmasi, elektrikli araglara olan ilginin
kiiresel Glgekte artmasina yol agmustir. Elektrikli araglarin performansini artirmak,
daha kisa siirede sarj edilebilmelerini saglamak ve tek bir sarj islemiyle daha fazla
yol alabilmesine olanak saglamak gibi aragtirma konulari, bilim diinyas1 tarafindan
yogun bir sekilde arastirilmaktadir. Elektrikli araglarin sahip oldugu gii¢ bilesenleri
(motor, yardimci yiikler, aydinlatma vb.) elektrikli araglardaki bataryalardan
beslendikleri icin, batarya sarj initeleri elektrikli arac teknolojisi ile ilgili
aragtirmalarin biiytik bir boliimiinii olusturmaktadir.

Batarya sarj tnitelerinin temel fonksiyonu, enerji kaynagi (sebeke) ile
batarya arasinda yliksek verimlilikte ve gilivenilir bir sekilde gilic aktarimm
saglamaktir. Literatiirde, batarya sarj iiniteleri temel olarak; dahili (On-board) ve
harici (Off-board) olmak iizere iki ana basglik altinda incelenmektedir. Harici
batarya sarj iiniteleri, geleneksel benzin dolum istasyonlarinin iglevselligini 6rnek
alacak sekilde tasarlanmistir. Sarj tiniteleri aracin disinda bulunur ve bataryanin
yiiksek giicte daha kisa siirede sarj isleminin gergeklesmesine olanak saglar. Fakat
harici batarya sarj linitelerinde yiiksek gii¢ talebi, karmasik batarya sarj yonetimi ve
bataryalarda 1sinma gibi problemler bulunmaktadir. Bu problemler, Literatiir i¢in
arastirma konular1 olarak ele alinmaktadir.

Dahili batarya sarj iiniteleri, tek-agamali ve iki-agamali olmak tizere iki ana
bashk altinda incelenmektedir. Tek asamali batarya sarj iinitelerinin saglamis
oldugu az devre eleman sayisi, diisiik maliyet, kolay kurulum, yiiksek verimlilik
gibi avantajlar1 olmasina ragmen bu batarya sarj tinitelerinde yiiksek giiclerde gii¢
devre elemanlar1 iizerinde elektriksel stres fazla oldugu icin genellikle diisiik

giclerde (<1 kW) tercih edilmektedir. Aym1 zamanda, cikis gerilim
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dalgalanmalarim1 azaltmak icin yliksek kapasiteye sahip ¢ikis kondansatoriine
ihtiya¢ duymaktadirlar.

Iyi tasarlanmug, iki-asamali dahili batarya sarj iiniteleri, yiiksek enerji
iletim verimliligi, yiiksek gii¢ faktorii ve diisiik toplam harmonik bozunum (THD)
gibi arzulanan 6zellikleri barindirabilmektedirler. Iki-asamali dahili batarya sarj
tinitelerinin ilk agsamasi alternatif akimi (AA) dogru akima (DA) doniistiirmek i¢in
bir AA-DA doniistiiriici ve ikinci asamasi ise dogru akimi istenilen diizeye
getirebilmek i¢in bir DA-DA  dondstiriiciden olusmaktadir. AA-DA
dondstiiriiciiler batarya sarj tnitesi i¢in gili¢ faktoriinii diizenlemek ve sebeke
akiminda meydana gelen toplam harmonik bozunumlar1 azaltmak igin bir giig
faktorii diizenleyici (PFC) devresi ile birlikte kullanilir. DA-DA Doniistiiriiciiler ise
batarya ile sebeke arasinda galvanik yalitim saglayarak daha giivenli bir sarj
islemine olanak saglarken ayn1 zamanda batarya sarj iinitesinin verimliligi biiyiik
oranda DA-DA doniistiiriiciilerin  verimlili§ine baghdir. Dolayisiyla, DA-DA
donistiiriictiler batarya sarj iiniteleri icin oldukca 6nem arz etmektedirler.

Batarya sarj Tnitelerinde kullanilmak {izere tasarlanan DA-DA
donistiiriictilerin  verimliliginin yliksek olmasi, yumusak anahtarlama metotlari
uygulanarak anahtarlama kayiplarinin ve elektromanyetik girisimlerin azaltilmasi
(EMI), miimkiin oldugunca ek devre elemanlarindan kaginilmasi, genis yiik
araliginda performans gosterebilmesi, frekans degisim bandinin dar olmasi gibi
Ozelliklere sahip olmasi beklenir. Literatiirde yapilan caligmalarda, batarya sarj
tiniteleri icin tasarlanan DA-DA doniistiiriiciilerin  verimliligini artirmak igin,
rezonans doniistlirlicii ve yumusak anahtarlama metotlar lizerinde yogunlasirken,
genis yiik araliginda yiiksek performans gostermek icgin ise basit ve uygulanabilir
veya karmasik ve anlagilmasi zor kontrol metotlari iizerinde durulmustur. Ayni
zamanda yiiksek gili¢ yogunlugu ve ¢evre dostu alternatif enerji kaynaklarindan
beslenebilmeleri igin topolojik yenilikler Literatiirde dnerilmistir.

Bu tez ¢aligmasinda, iki agamali batarya sarj tinitesi i¢in iki farkli topoloji

Onerilmistir. Topoloji-I'de iki asamali batarya sarj topolojisi i¢cin AA-DA artirict
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giic faktorii diizenleyici devresi ve yarim koprii LLC rezonans doniistiiriiciiden
olusan bir tasarim yapilmistir. LLC rezonans doniistiirlicii devresi i¢in yapay sinir
aglar1 (YSA) destekli yumusak anahtarlama yapabilen bir kontrol yontemi
geligtirilmistir. Gelistirilen kontrol yontemi farkli yiik Araliginda (5%-100% Yiik
araligl) c¢ikis akim ve gerilim karakteristikleri geleneksel yontem ile
karsilastirilmistir. Ani yiik degisiminde geleneksel yonteme gore kararli durum
hatasinda ve gegici tepki siiresinde iyilestirme oldugu gozlemlenmistir. Ayrica,
yumusak anahtarlama metodu wuygulanarak yiiksek frekansta, anahtarlama
kayiplarinin ve elektromanyetik girisimlerin (EMI) azaltilmasi amaglanmstir.
Avrupa verimlilik standartlarina gore alt1 farkli yiikk durumunda (%5, %10, %20,
%30, %50, %100) performans sonuglari alinarak verimlilik analizi yapilmistir.
Yumusak anahtarlama sayesinde anahtarlama kayiplar azaltilarak verimlilik artist
saglanmistir. Ayrica AA-DA doniistliriicii  ortalama akim kontrol metodu
uygulanarak, yiiksek giic faktorii ve diisik faz agisi elde edilirken, toplam
harmonik bozunumun ise IEC 61000-3-2 THD standartlarina uygun oldugu
gozlemlenmistir. Onerilen yontemin bilgisayar uygulamalar1 Matlab/Simulink
programi kullanilarak gerceklestirilmistir.

Topoloji-II’de ise sebeke ve fotovoltaik (PV) beslemesi olan yiiksek giiclii
batarya ve diisiik giiclii yiikleri beslemek icin yardimci bataryanin ayni devre
iizerinde sarj olabilecegi iki agamali bir batarya sarj mimarisi modellenmistir. PV
besleme basamagi icin farkli 1s1nim ve sicaklik durumlarinda PV paneli maksimum
giic noktasinda calistirabilmek i¢in PV panelin akim ve gerilim karakteristiklerine
gore yumusak hesaplama ve bulanik mantiktan olusan iki asamali bir maksimum
gii¢ noktasi izleme (MGNI) metodu gelistirilmistir. Gelistirilen MGNI metodu
farklt atmosferik kosullarda maksimum giic noktasina yakinsama hizi ve
maksimum gii¢ noktasini yakalama performansi olarak dogruluk orani bakimidan
geleneksel yontemlerle karsilastirilmistir. Geleneksel MGNI metotlara gore
yakinsama hizinda ve dogruluk oraninda iyilestirme saglandigir gozlemlenmistir.

Geleneksel batarya sarj iinitelerinde yardimci yiikleri besleyen diisiik giiclii
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batarya, yiiksek giiglii bataryadan beslenmektedir. Onerilen yéntemde ise yardimei
yiikleri besleyen batarya PV panelden beslenmektedir. Boylece yiiksek giicli
batarya sarj edilen enerjiyi sadece elektrik motoruna ileterek elektrikli aracin tek
bir sarj islemi ile daha fazla yol alabilmesine olanak saglayabilmektedir.

Sebeke besleme basamaginda ise koprisiz AA-DA gii¢ faktorii
diizenleyici ortalama akim kontrol metodu ile ¢alistirilarak, yiiksek gii¢ faktorii ve
disiik harmonik bozunum elde edilmistir. DA-DA basamaginda ise sistemin iki
girigli ve iki ¢ikish yapi olarak calistirilabilmesi i¢in LLC rezonans doniistiiriicti
tasarlanmistir. Onerilen topoloji farkli yiikk durumlarinda, gerilim ve akim
karakteristikleri analiz edilmistir. Onerilen sistem, Avrupa verimlilik standartlarina
gore alt1 farkli yiik durumunda (%S5, %10, %20, %30, %50, %100) performans
sonucglart alinarak verimlilik analizi yapilmistir. Ayrica AA-DA doniistiiriicii
ortalama akim mod kontrol metodu uygulanarak, yliksek gii¢ faktorii ve diisiik faz
acist elde edilirken, toplam harmonik bozunumun ise IEC 61000-3-2 THD
standartlarina uygun oldugu gozlemlenmistir. Onerilen yontemin bilgisayar
uygulamalar1 Matlab/Simulink programi kullanilarak gerceklestirilmistir.

Onerilen Topoloji-I, gerek kontrol yonteminin geleneksel yonteme gore
daha yiiksek performansli ve kolay uygulanabilir olmasi gerekse rezonans
donistiiriicii ve yumusak anahtarlama uygulamasindan dolay: diisiik anahtarlama
kayiplarina ve yliksek verimlilige sahip olmasi agisindan iki-agamali batarya sarj
topolojisi i¢in ciddi bir aday olabilir. Topoloji-II ise tek bir sarj islemi ile elektrikli
aracin daha fazla yol alabilmesine olanak saglamasi ve yenilenebilir enerji
kullanilarak kisa vadede enerji kullanim maliyetini diisiirebilmesi agisindan iki

asamali batarya sarj topolojisi i¢in 6nemli bir aday olabilir.
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1. INTRODUCTION Unal YILMAZ

1. INTRODUCTION

In this section, battery charging methods for plug-in electric vehicles,
charging standards and codes, on-board single-stage and two-stage battery charging
methods with specifications and challenges encountered, AC-DC PFC converters
general structures and specifications and finally isolated DC-DC converters,
benefits and challenges to provide is presented. In addition, the research objectives,

contributions and organization of the thesis are given at the end of this section.

1.1. Background and Motivation

Researches show that vehicles with conventional internal combustion
motors used in transportation account for about 20% of the first energy consumed,
while 23% of CO, emissions and about 14% of emitted greenhouse gases. In
addition, if the current consumption rate is continued, fossil fuels are predicted to
be run out in the next 50 years (Ozbay et al., 2020). The fact that the traditional
internal combustion vehicles are nearing their exhaustion life and the damage they
give to the environment have increased the popularity of electric vehicle

technology (Ronanki et al., 2019, Restrepo et al., 2018, Lee et al., 2017).

==Other PHEV
mEmOther BEV
£=aUSs PHEV
==US BEV

==Europe PHEV

Electric car stock {milions)

EmmEurope BEV

= China PHEV

mmmChina BEV

O )
2010 2011 2012 2013 2014 2015 2018 2017 2018 2019 =0—World BEV

Figure 1.1 Global electric car stock (IEA, 2020).
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The supporting data that electric vehicles increase in popularity every year
worldwide is presented in Figure 1.1.

Research subjects such as improving the performance of electric vehicles,
making them charge in less time and driving more miles with a single charge
process are intensively researched by the scientific world. Since all components
(electric motor, auxiliary loads, lighting ...) are powered by batteries in electric
vehicles, battery chargers constitute a large part of the researches on electric
vehicle technology. Among the main functions of battery chargers are used to
achieve high efficiency and reliable power transmission between the energy source
(grid) and the battery (Bai et al., 2012, Iyer et al., 2019, Lee et., 2017). As shown in
Figure 1.2, in general structure, battery charging units are examined under two
main headings. The first one is the off-board and the second one is on-board

battery charger (OBC).

/ \ / \ Level/3 Off Board Battery

(DC/Fast Charger)

oo
EV
Charge
On Board 3
3 Char ger ) o rTttooptt
[ Battery |

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

Figure 1.2 General structure of battery chargers

Off-board chargers are the infrastructure that can mimic the functionality
of a petrol refueling station, the battery charger is located outside the EVs and
allows the battery to be charged in high power, in a shorter time (Ronanki et al.,

2019). However, off-board battery chargers have problems such as having a
2
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complex battery management system, high power demand, and battery heating
problem (Wirtz et al., 2011). Since have the serious drawbacks as mentioned, off-
board battery chargers demand rates are quite low compared to on-board battery
chargers.

On-board battery chargers (OBC) operate at relatively low powers, less
concerning about heating problem and battery management systems are easier to
implement. However, they are embedded in electric vehicles so that they create a
bit more weight and take up more space (Wirtz et al., 2011). The internal structure

of a plug-in EV and the on-board battery charger design are shown in Figure 1.3.

Figure 1.3 The internal structure of a plug-in EV and on-board battery chargers.

In order to perform battery charging process safely and to perform high
quality charging, different standards have been defined in the literature for the
charging of the battery in electric vehicles. The most widely used standard is the
J1772 standard, prepared by Society of Automotive Engineers (SAE). According to
SAE J1772 standard, the charging speed is expressed in certain levels as shown in
Table 1.1. In Level 1 and Level 2 charging methods, alternating current is provided
to the on-board AC-DC rectifier and the direct current required for battery charging

is obtained from the output of this rectifier. In the other type DC fast charging, the

3
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conversion of the alternating current to direct current is done at the charging station
and direct current is given to the battery of the vehicle. The average time of DC
charging, varies between 20 minutes and 20 hours depending on the type of
battery, energy capacity and charger (Polat et al., 2015) Motor rating power (kw),
battery capacities and range (mil) information of commercially produced electric

vehicles are presented in (Ronanki et al., 2019, Kongjeen et al., 2018).

Table 1.1 SAE J1772 standard (Kongjeen et al., 2018)

Type of Grid Voltage Current Type of

Charge Connection Charge
AC Level 1 1 phase 120V 12-16 A Slow
AC Level 2 1 phase 240 V <80 A Slow
AC Level 3 1,3 phase 240 V >80 A Slow
DC Level 1 - 200-450 V 80 A Slow
DC Level 2 - 200-450 V 200 A Medium
DC Level 3 - 200-600 V 400 A Fast

The 61851 standard, defined by the International Electrotechnical
Commission (IEC), is mostly used in Europe and China. Charging methods in the
IEC 61851 standard and maximum current and voltage values specified in these

methods are given in Table 1.2 (Polat et al., 2015).

Table 1.2 IEC 61851 charging standard

Charging Phase- Rated Max. Current
Mode Number Voltage (V) (A)
Mode 1 1 <250 <16
3 <480
AC Mode 2 1 <250 <32
3 <480
Mode 3 1 <250 <250
3 <480
DC Mode 4 - <1000 <400
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In order to reduce charging time (fast charging), CHAdeMO standards
used in Europe and USA as well as in Japan. The electrical characteristics of the

method is shown in Table 1.3 (Polat et al., 2015).

Table 1.3 CHAdeMO charging standards
Charging Type Rated Voltage  Max. Current Max. Power-

(Vdc) (A) (kW)
CHAdeMO 500 125 62.5

On-board battery chargers are generally presented in the literature in two
different topologies which are single-stage and two-stage OBC.

General structure of single-stage battery charger topology is given in
Figure 1.4. Single-stage OBC topologies provide high efficiency in low power
stages, since the number of circuit elements is low, they can be realized with high
reliability and low cost. On the other hand, since the electrical stress on the circuit
elements is high, they are generally preferred for low power stages (<1 kW). The
main drawback of the single-stage OBC is that they need a high capacity output
electrolyte capacitor to minimize output voltage ripples. (Li, et al., 2013, Oh, et al.,

2013, Jeong, et al., 2019).

| |
| |
| %%WW% |
UL |
|

| f AC $ | + I
| @ ) _l_i —_—| |

DC | —

e T e
______________ J

Figure 1.4 General structure of single-stage battery charger.
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On the other hand, well-designed two-stage OBC should have desired
features like performing at high power density, high power conversion efficiency,
high power factor, and low total harmonic distortion (THD). A conventional two-
stage battery charger topology consist of an AC-DC PFC converter as a first stage,
followed by isolated DC-DC converter as a second stage (Kim et al., 2015, Shi et
al., 2017, Yilmaz et al., 2019, Shi et al., 2018). The configuration of two stage
battery OBC is given in Figure 1.5.

G L 1°3c®
pC |}:| ~m
..... I I
. AC-DC Isolated DC-DC
i Rectifier PFC Converter Battery

HH -
I

Figure 1.5 General structure of two-stage OBC.

The AC-DC PFC converter is used to convert the alternating current
received from the power source (grid) into direct current in high efficiency and
high power factor, because low power factor causes extra electrical stress and
reduce system efficiency. PFC converter also provides stable dc-link voltage (Das
et al., 2013, Shi et al., 2016, Musavi et al., 2010). The effect of AC-DC PFC

converter in OBC is shown in Figure 1.6.
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Figure 1.6 The effect of AC-DC PFC converter in OBC

There are some features that AC-DC PFC converters designed for OBC
should provide. AC-DC PFC converters must meet The first of these challenges is
the high power factor. The power factor, in its most basic definition, is found by
the ratio of the real power P to the apparent power (S). Real power is the factor that
does the actual work in energy transfer. Apparent power is found by the rms values
of the current /,,,; and voltage V. If the real power and apparent power are equal,
the load is called completely resistive. However, if the actual power is not equal to
the apparent power, the system has energy storage circuit elements such as an
inductor and capacitor. In this case, they store and release energy during the energy
transfer process, resulting in low energy transfer efficiency (Alam., 2017).

The pf appears between ‘0’ and ‘1’ depending on the system designed. The
value expected from the pf is unity ‘1’ but even if this is done theoretically, 0.99
and above is considered to be good, since it is not possible to realize unity ‘1’ pf, in
circuits that do not have a fully resistive load. Pf is also directly related to total

harmonic distortion (THD) which is given in egs.1 (Alam., 2017).

PF:[;Jcos(qﬁv—m (1.1)
1+ (THD)*
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Phase voltage, current and harmonic relationship of power factor are

shown in Figure 1.7.

Voltage
v

Current
PF= 1 (Unity)

(THD)=0

B Time (s)

Figure 1.7 Voltage, current and THD relationship of power factor (Alam., 2017)

Another challenge to be overcome in PFC converter design is to reduce
total harmonic distortion. Power electronics circuits perform the conversion of
alternating current to direct current while battery charging is performed in EVs.
Harmonic distortions in current and voltage occur during this process. Harmonic
distortion and low power factor that occur in current and voltage increase power
loss in electrical cables and limit cable capacity (Biiyiik., 2019). For the sustainable
use of electrical energy, a standard is recommended by IEC61000-3-2 (D class)
(Musavi et al., 2011).

Total harmonic distortions (THD) can be defined as the ratio of the rms
value of the distortions occurring in individual signals (current and voltage) to the

rms value of the fundamental signal.

A2k (1.2)

Where k can be defined as voltage or current, k; is the fundamental signal
(Biyiik., 2019).
The limits of individual harmonic distortions occurring in current/watt is

specified in the standards. Table 1.4 presents the individual current harmonics and
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percentages determined according to IEC61000-3-2 standards (Musavi et al.,
2011).

Table 1.4 IEC61000-3-2 standards
Individual odd Harmonic Maximum permissible =~ Maximum permissible

order h harmonic current per harmonic current (A)
watt (mA/W)
3 34 23
5 1.9 1.14
7 1.0 0.77
9 0.5 0.4
11 0.35 0.33
13 0.3 0.21
15<n<39 3.85/n 0.15*15/n

Odd harmonics only

In the second stage of OBC, using an isolated dc-dc converter in order to
provide high power density, high efficiency (important for EVs to travel more with
a single charge process), galvanic isolation between battery and grid (for reliable
energy transfer), enabling battery charger to operate in a wide load range (charger
operation, under light load to full load condition) which are specified in Figure 1.8

(Lee et al., 2016, Gautam et al., 2013, Deng et al., 2014, He et al., 2017).
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Figure 1.8 The effect of isolated DC-DC PFC converter in OBC.

Increasing the efficiency of OBC is a very important issue for EVs since
the efficiency of BCUs is directly related to the mileage that the electric vehicle
can travel. Efficiency of two-stage OBC largely depends on the efficiency of the
isolated dc-dc converter, and the well-designed dc-dc converter also positively
contributes to battery lifespan. The isolated DC-DC converters to be used in battery
chargers are generally expected to provide the following challenges (Lee et al.,

2016, Gautam et al., 2013, Deng et al., 2014, He et al., 2017).

Wide load and output voltage range (light load-full load).
Application of soft switching under wide load range.
Avoiding using snubber circuit in order to reduce power loss.

Narrow switching frequency variation.

YV V V V V

High energy transmission efficiency

Due to the limited interior space in electric vehicles, the proposed OBCs
must meet some requirements. These requirements are; high power density, high
efficiency and good heat dissipation. The efficiency and high power density of

OBCs largely depend on the designed isolated DC-DC converters. In the isolated

10
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DC-DC converters, which are generally designed and operated at high frequencies,
the size of the circuit elements decreases, while the switching losses increase. In
order to prevent this situation, soft switching methods (Bai et al., 2012, Kim et al.,
2015, Whitaker et al., 2014, Lee et al., 2017, Praneeth et al. 2019, Tao et al., 2019),
resonance converters (Guatam et al., 2013, Pandey et al., 2019, Deng et al., 2014,
Wang et al., 2014, Lin et al., 2018), control methods (Choi et al., 2018, Iyer et al.,
2019, Liu et al., 2017, Alhamrouni et al., 2016, Hsieh et al., 2011) and topological
improvements (Kim et al., 2017, Lee., 2015, Lee et al., 2015, Shi et al., 2018, Lee
et al., 2017) are proposed in the Literature.

Isolated DC-DC converters proposed for on-board battery chargers in the
Literature are mainly focused on similar issues as described above. These issues
are; soft switching for high efficiency, resonant converters, either complex and
difficult to understand or simple but deficient control methods or topological

improvements for high power density.

1.2. Research Objectives and Contributions

Two-stage on-board battery chargers used in electric vehicles still suffer
from high production costs, conversion efficiency ratios and low power quality
conditioning. For this reason, it is very important to increase the efficiency of the
two-stage on-board battery chargers, improve the controller structures and use
renewable energy sources with topological developments. Since the effectiveness
of OBCs topologies largely depends on the efficiency of the DC-DC converter, it is
very important to support the DC-DC converter with different controller structures
and soft switching methods to increase efficiency. In addition, ensuring the use of
renewable energy sources with topological changes in the DC-DC converter will
save energy in a short time and help reduce energy production cost. Based on the
important issues described above, the aims of the presented research are to

overcome the shortcomings and expected developments.

11
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The objectives of the thesis are given below;

e Detailed investigation of the characteristics, design, control parameters of
isolated DC-DC topologies for EVs two processing stages battery chargers.

e Performing computer applications in different load ranges (light load-to-
full load) of isolated DC-DC converter topologies and controller structures
and presenting their results.

e Investigation of soft switching method for isolated DC-DC converters in
order to reduce switching losses and catch high efficiency.

e Design and analysis of two different AC-DC PFC converters and controller
structure, as well as realization of computer application for two-stage
battery charging unit.

e Presenting a detailed design approach based on theoretical analysis and
simulation studies for two-stage battery charger.

e Presenting of the designing, theoretical infrastructure and computer
application of two-stage battery charging unit with a maximum rated
power of 3.3 kw (Level-2) for the implementation of the control and soft
switching method (ZVS) designed for the LLC resonant converter.

e A LLC resonance converter for the proposed PV powered two-stage
battery charger architecture; design, working principle and circuit element
selection in detail.

e Investigation of maximum power point tracking (MPPT) methods for the
proposed PV powered two-stage battery charger architecture and also
comparison of accuracy and convergence rates.

e Development of an MPPT method for the proposed PV powered two-stage
battery charger architecture, and also comparison with traditional methods

in terms of accuracy and convergence rate.

12
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e Presentation of battery charging architecture, design, theoretical
infrastructure and computer application with a PV powered two-stage,

maximum 3.3 kw (Level-2) power with LLC resonance converter.

The original contributions of the researches carried out in this thesis can be

summarized as follows;

e ANN based controller, which can perform soft switching (ZVS) in a wide
load range, is proposed for isolated HBLLC resonant converter (Topology-
D.

e The ANN based soft switching (ZVS) control method for LLC resonant
converter, applied two-stage battery charger topology, and operated in
variable load cases according to European efficiency standards (Topology-
D.

e The system was investigated in terms of efficiency, grid current harmonics
(IEC61000-3-2, Class D- standards), load voltage ripples (AV) under
different operating cases (Topology-I)

e A two-stage battery charging topology with two inputs (PV system, Grid)
and two outputs (high and low voltage batteries), isolated LL.C resonant
which can operate wide load range is proposed (Topology-II).

e MPPT control method has been improved and applied PV system used in
the proposed system (Topology-II).

e The proposed MPPT control method was compared with conventional
methods under variable weather conditions. Under all operating conditions
performed at higher accuracy and speed than traditional methods
(Topology-I).

e In the proposed topology, the auxiliary battery that feeds low powers is fed
by the photovoltaic panel, so the load on the high power battery is reduced.

13



1. INTRODUCTION Unal YILMAZ

Thus allowing the electric vehicle to drive more miles with a single charge
process (Topology-II).

e In the proposed Topology-II, it provides energy saving in a short time
period by using clean reliable and environmentally friendly energy, thanks
to the PV panel and MPPT method.

e The designed two LLC resonant converter, applied proposed two-stage
battery charger topology, and operated in variable load cases according to
European efficiency standards (Topology II).

e The system was investigated in terms of efficiency, grid current harmonics
(IEC61000-3-2, Class D- standards), load voltage ripples (AV) under
different operating cases (Topology-II).

1.3. The Organization of Thesis

The organization of the thesis is arranged as follows;

Chapter 1 Overview of battery chargers for electric vehicles, presentation
of standards and codes, features of single-stage and two-stage battery chargers and
deficiencies in the Literature, features and conditions to meet of AC-DC and DC-
DC converters are summarized. It also explains the main objectives and
contributions of the thesis.

Chapter 2 The properties and deficiencies of isolated DC-DC converters
with the control methods for two-stage battery charger, are presented in detail and
analyzed together with the simulation results of the presented converters in the
Literature. The results obtained are given as a summary.

Chapter 3 Describes the soft switching methods in order to reduce
switching losses, reduce electromagnetic inference (EMI), and increase efficiency
of the isolated DC-DC converters used in two-stage battery charger.

Chapter 4 HBLLC resonant converter with ANN based soft switching
(ZVS) control method applied a 3.3 kw powered (Level-2) two stage battery

14
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charger topology. The results obtained by operating under variable load conditions
from the proposed system were presented by analyzing them according to
IEC61000-3-2, Class D- standards and European efficiency standards.

Chapter 5 HBLLC resonant converter for proposed 3.1 kw powered
(Level-2) two-stage battery charger topology with PV system is designed and also
MPPT control method developed for the proposed topology has been compared
with traditional methods under different weather conditions (temperature and
irradiance). The results obtained by operating under variable load conditions from
the proposed system were presented by analyzing them according to IEC61000-3-
2, Class D- standards and European efficiency standards.

Chapter 6 Conclusion and Future Work

The Organization of thesis detailed illustrated in Figure 1.9

15
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Figure 1.9 Organization of Thesis.
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2. DC-DC CONVERTER TOPOLOGIES

In this section, isolated DC-DC converters in the Literature are examined
one by one and their performances were evaluated by computer applications
(Matlab / Simulink). In addition, detailed analysis was carried out by operating the
converters in different load conditions (5%, 10%, 20%, 30%, 50%, 100% load
cases). Furthermore, all isolated DC-DC converters analyzed were run at the same
output power (3.3-kw, Level-2). Finally, at the end of this section, isolated DC-DC
converters used for battery charging unit in electric vehicles in the Literature are

given in detail.

2.1. Flyback Converter

Many isolated DC-DC converter structures for switching power supplies
are available in the Literature. Flyback converter has the simplest structure among
the existing isolated DC-DC converters. Output filter coil using only transformer
(coupled coil) as a magnetic element, using only one semiconductor switch which
simplifies the converter. On the other hand, due to limitations of the magnetic core
It is preferred for low power applications. However, by adding additional circuit
elements the flyback converter can be operated under high power demanded
circuits (Tarzamni et al., 2017, Abdelmessih et al., 2018, Connaughton et al., 2019,
Thangavelu et al., 2016, Wi et al., 2019, Shitole et al., 2018, Chen et al., 2015,
Kang et al., 2012, Wang et al., 2008). The traditional flyback converter with

control structure is shown in Figure 2.1.

17
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Figure 2.1 Flyback converter with controller

In order to analysis the switching operations of flyback converter the
following steps are given;

Analysis for switch on state;

V. =Vp _ Lm~Ale
d(t)
AiLm _ AiLm _ AiLm _ Vs .0
d@)  A@) DT Lm '
The magnetic inductance current change for switch on state is following
. V.DT
_(Ale)Clased = Lm |
Analysis for switch off state;
[ N1 N1 |
Vo=V -(—)=-V, . - (—
P N (N2,) Load (NZ)
AiLm N1 AiLm AiLm -V N1
= Vi 3= = =l () (2.2)
d(t) N2 dt) ((-D)-T Lm N2

The magnetic inductance current change for switch on state is following

, ~v, (1-D)T NI
(Ale)Open = £ dlfm ) (E)

18
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The net magnetic inductance current change is zero so that
(D) N1

(AiLm)Closed + (AiLm)Open =0< le)ad = VDC . (S) : (E)

2.3)

Where V.4 is the load current, L., is the magnetizing inductance, Vpc is
the source current D is the duty cycle, T is the switching period (Tarzamni et al.,
2017, Abdelmessih et al., 2018, Connaughton et al., 2019, Zavare et al., 2015,
Kushwaha et al., 2018, Singh et al., 2019).

In order to design control structure, the output voltage is subtracted from
the reference voltage and the resulting error signal is damped by the pi controller.
The reference signal obtained at the output of the pi controller is compared with the
frequency-specified carrier signal so that the desired frequency PWM is generated

for the switching element (mosfet) (Figure 2.1).

2.1.1. Performance Results

At this stage, the performance results of the computer application in pi
controlled isolated flyback DC-DC converter Matlab/Simulink are presented.
Figure 2.2 shows in detail the input-output voltage and output current of the

flyback converter, tested at different load conditions.

400 (@ El

350

300

250

200

V)

150

Load Voltage

100

0 0.05 o1 0.15 02 025 03 0 0.05 o1 0.15 02 025 03

Time (s) Time (s)

Figure 2.2 Source and load voltage (a), Load current under variable load
conditions (b)
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Transformer primary current and magnetizing current of the pi controlled flyback
converter tested in different load cases are given in Figure
2.3.

200

150

Primary Current (Ip)
8

Transformer magnetizing Current (Imag)

0.05 041 015 02 025 03 0.05 01 015 02 025 03

Time (s) Time (s)

Figure 2.3 Transformer primary side current (a), Transformer magnetizing current

(b)

The electrical characteristics of the pi controlled flyback converter with

computer application in Matlab / Simulink are given in Table 2.1.

Table 2.1 Electrical characteristics of flyback converter
Variables  Electrical Characteristics

Vin (dc) 400 V

Vou (de) 120 V

Rioad 4.965 t0 99.3Q

Np:N; 10:4

f, 100 kHz

Cout 2500uF

Poox 3.3-Kw (Level-2)
Controller

K, 2.283

Ki 6.328
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2.2. Full-Bridge Converter

In industrial applications, full-bridge isolated DC-DC converters are
generally used at high power and frequencies. In the full-bridge converter
performance, the parasitic oscillations between the switching losses and the
parasitic capacitance of the power switches and the leakage inductance of the
transformer reach unacceptable levels. However, by applying soft switching
method, current and voltage stress on power circuit elements can be reduced,
efficiency can be increased by reducing switching losses and it can perform in
lower electromagnetic interference. The isolated full-bridge converter with
conventional voltage control structure is shown in the Figure 2.4 (Kanamarlapudi
et al., 2018, Gautam et al., 2013, Safaee et al., 2015, Kanamarlapudi et al., 2017,
Shi et al., 2013., Safaee et al., 2016., Kathiresan et al., 2017., Lee et al., 2015., Lai
et al., 2013., Saeed et al., 2018).

Figure 2.4 Full-bridge DC-DC converter with control structure

When the turn-on and off states of the switches are analyzed, two different
situations occur. The Q2 and Q3 switches are turned off while the Q1 and Q4
switches are on. When the circuit is analyzed according to the switching state, the

following equation is obtained (Gautam et al., 2013).
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N2
‘:VLoud =2-Vpe .(Nl)‘D}

(2.4)

Where V.4 is load voltage Vpc is input voltage, D is duty cycle, N; and
N, are primary and secondary turn number (Gautam et al., 2013, Yang et al., 2015,
Whitaker et al., 2014, Tao et al., 2019, Kanamarlapudi et al., 2018).

In order to design control structure, the output voltage is subtracted from
the reference voltage and the resulting error signal is damped by the pi controller.
The reference signal obtained at the output of the pi controller is compared with the
frequency-specified carrier signal so that the desired frequency PWM is generated

for the switching element (Mosfet) (Figure 2.4).

2.2.1. Performance Results

At this stage, the performance results of the computer application in pi
controlled isolated full-bridge DC-DC converter Matlab/Simulink are presented.
Figure 2.5 shows in detail the input and output voltage and output current of the

isolated full-bridge DC-DC converter, tested at different load cases.
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State 1 State2 State3  State4 State 5 State 6
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State 1: 100% Load
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State 3: 30% Load

rent (A)

200 State 4: 20% Load

Voltage (V)

State1  State2 State3  State4 State 5 State 6 5 State 5: 10% Load
El State 6: 5% Load

50 le > <> <>

100

50

0 005 01 0.15 02 025 03 0 0.05 01 015 02 025 03

Time (s)

Figure 2.5 Source and load voltages (a), Load current under variable load
conditions (b)
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Figure 2.6 shows the transformer primary and secondary side voltages and
currents of the pi controlled full-bridge isolated DC-DC converter, tested in

different load cases.

-400

-600

Time (s) Time (s)

Figure 2.6 The transformer primary-secondary voltages (c) and current (d)

The electrical characteristics of the pi controlled isolated full-bridge DC-
DC converter with computer application in Matlab / Simulink are given in Table

2.2.

Table 2.2 Electrical characteristics of the isolated full-bridge converter

Variables Electrical Characteristics

Vin (do) 400 V

Vou (dc) 120V

Rioad 4.965 to 99.3Q

N:N,:Nj 3:1:1

f 100 kHz

Cou 220 uF

Lou 100 uH

P nax 3.3-Kw (Level-2)
Controller

K, 2.283

K; 6.328
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2.3. Half-Bridge Converter

Half-bridge isolated DC-DC converter has fewer switching elements than
full-bridge converter, so that switching losses are less. However, the current and
voltage stress on the power circuit elements is high. By applying soft switching
method, current and voltage stress on power circuit elements can be reduced,
efficiency can be increased by reducing switching losses and it can perform in
lower electromagnetic interference (Rathore et al., 2013, Yeon et al., 2016, Ye et
al., 2013, Liu et al., 2014., Mishima et al., 2009). In industrial applications, half-
bridge isolated DC-DC converters are generally used at medium power and high
frequencies required systems. The conventional isolated half-bridge converters

with voltage control structure is given in Figure 2.7.

+
Cout Vload

Vdc

Figure 2.7 Half bridge DC-DC converter with control structure

When the turning on and off states of the switches are analyzed, two
different situations occur. The Q2 switch is turned off while the Q1 switch is on. If
the circuit is analyzed according to the switching state, the following equation is

determined (Rathore et al., Yeon et al., 2016, Ye., 2014).
N2
‘:VLuad = VDC : (ﬁ) : D} (25)
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Where V.4 is load voltage Vpc is input voltage, D is duty cycle, N; and
N, are primary and secondary turn number (Lee et al., 2013, Duan et al., 2015, Xie
et al., 2018, Cunha et al. 2019).

In order to design control structure, the output voltage is subtracted from
the reference voltage and the resulting error signal is damped by the pi controller.
The reference signal obtained at the output of the pi controller is compared with the
frequency-specified carrier signal so that the desired frequency PWM is generated

for the switching element (Mosfet) (Figure 2.7).

2.3.1. Performance Results

At this stage, the performance results of the computer application in pi
controlled isolated half-bridge DC-DC converter Matlab/Simulink are presented.
Figure 2.8 shows in detail the input-output voltage and output current of the

isolated half-bridge converter, tested at different load cases.

- Tate T T00% Coad State 1 State 2 Stale3  State4  States State 6

State 2: 50 % Load
State 3: 30 % Load s [€ 2 >

State 4: 20 % Load

State 5: 10 % Load
250 2
State 6: 5 % Load

State 2: 50 % Load

v)

200 State 3: 30 % Load

State 1 State2  State3 State 4 State 5 State 6 State 4: 20 % Load

Voltage

5 > D> —>C——> € —>C—> State 5: 10 % Load

Load Current (A)

State 6: 5% Load

100

0 0.05 o1 0.15 02 025 03 0 005 01 0.15 02 025 03

Time (s) Time (s)

Figure 2.8 Half-bridge isolated DC-DC converter source and load voltage (a), load
current under variable load conditions (b)

In order to design control structure, the output voltage is subtracted from
the reference voltage and the resulting error signal is damped by the pi controller.

The reference signal obtained at the output of the pi controller is compared with the
25
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frequency-specified carrier signal so that the desired frequency PWM is generated
for the switching element (Mosfet).
Figure 2.9 shows the transformer primary-secondary voltages and currents

of the pi controlled half-bridge DC-DC converter tested in different load cases.

200
(© (d)
Primary side Voltage Seconary side Gurrent
B 15 ary side Current N

Seconary side Voltage

N

1:N2:N3: Vi/2:Vi(2/3):Vi(2/3)

015 0.15002 0.15004 015006 0.15008 [ 005 o1 0.15 02 025 03

Figure 2.9 Pi controlled half-bridge DC-DC converter transformer primary-
secondary side voltages (c¢) and current (d)

The electrical characteristics of the pi controlled isolated half-bridge

converter with computer application in Matlab / Simulink are given in Table 2.3.

Table 2.3 Electrical characteristics of the isolated half-bridge converter

Variables Electrical Characteristics

Vin (do) 400 V

V ou (dc) 120V

Rioad 4.965 to0 99.3Q

N;:N,:N; 3:2:2

f 100 kHz

Cout 220 pF

Lou 100 uH

Poax 3.3 kw (Level-2)
Controller

Kp 2.283

Ki 6.328
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2.4. LLC Resonant Converter

LLC resonant converters are of interest for two-stage battery charging units
used in electric vehicles, due to their high efficiency, low electromagnetic
interference (EMI), wide load and voltage operating range, as well as their ability
to operate under high power density. However, LLC resonant converters have
some problems at high frequency operations, these are higher susceptibility to
parasitic capacitance and leakage inductance, higher stress in switching devices,
and increased EMI. The isolated LLC resonant DC-DC converter with control
structure is shown in the Figure 2.10 (Jovanovic et al., 2016, Lin et al., 2018, Vu et
al., 2018, Noah et al., 2018, Park et al. 2016 Kang et al., 2016, Kundu et al., 2017,
Wang et al., 2018, Hua et al., 2019).
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Figure 2.10 LLC resonant converter and AC equivalent circuit

In order to analysis and determine the circuit parameters of LLC resonant
converter the following steps are given;

Current and voltage values of the AC equivalent circuit is shown;
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= '21 9 sin(wr)
VR, =+V, = if sin(wr) > 0 (2.6)

VR, =-V, = if sin(wt) <0

4.
VR, = %sin(wt)

AC load value has been determined by following equations;

VR 8 V 8
Ryc= i=—2= Rioap
l,, 1°1, 11’

N
n=—=,
N
8-n’
Ruc= RE Rioap

The voltage gain is determined by the following equations

M

_2n-V, w’L, R,.C,

2
in

jw(1l—

Where, w,=

Finally, voltage gain can be regulated as following equation;
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wh ok
D
m=2 Vo _ wp T
= DT g
P T 2k W, (2.9)
Lr
L C,
Where, k =—, Q=——
Lkp RAC

Where, V, is output voltage V;, is input voltage, Vgy is transformer
secondary side voltage, R, is ac load value, n is turn ratio of transformer, M is
gain w is switching frequency, w, is resonant frequency W, primary resonant
frequency, L,, magnetizing inductance, L, is resonant inductance, C, resonant
capacitance (Jovanovic et al., 2016, Lin et al., 2018, Vu et al., 2018, Noah et al.,
2018).

In order to design control structure, the output voltage is subtracted from
the reference voltage and the resulting error signal is damped by the pi controller.
With the signal at the output of the pi controller, the reference frequency
conversion is made and sent to the PWM regulator so that the PWM signal

produced at the desired frequency is sent to the switching element (Figure 2.10).

2.4.1. Performance Results
At this stage, the performance results of the computer application in
voltage controlled isolated half-bridge LLC resonant DC-DC converter

Matlab/Simulink are presented Figure 2.11.
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Figure 2.11 Resonant capacitor  and transformer magnetizing current (a),
Switching current (Is2) (b), Switching voltage (Vs2) (c¢), Diode current
(d)

Figure 2.12 shows in detail the output voltage, current and switching
frequency of the isolated half-bridge LLC resonant converter, tested at different

load cases.
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Figure 2.12 Load current (a), Switching frequency (b), Load voltage (c),
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The electrical characteristics of the voltage-controlled isolated half-bridge
LLC resonant DC-DC converter with computer application in Matlab / Simulink

are given in Table 2.4.

Table 2.4 Electrical characteristics of the isolated LLC resonance converter

Variables Electrical Characteristics
Vin (do) 400 V
Vou (dc) 120V
Rioad 4.965 t0 99.3Q
N;:N, 74:39
fs 65-120 kHz
L, 9.45 uH
C, 268.033 nF
L 35.84 uH
f, 100 kHz
Poax 3.3-Kw (Level-2)

2.5. Phase Shift Full Bridge Converter.

Phase shifted full-bridge dc-dc converter (PSFB) is similar to the
conventional full-bridge dc-dc converter. However, the (PSFB) converter can be
operated at high switching frequencies and also has advantages such as low EMI;
low switching losses and also doesn’t require additional snubber circuits to reduce
losses. PSFB converters are preferred for high power applications such as
renewable energy systems, battery charging systems, and etc. The switching
operations of PSFB converter is given in Figure 2.14. Conventional phase shift
isolated DC-DC converter with control structure is given in Figure 2.13 (Li et al.,
2015, Lo et al., 2011, Li et al., 2017 Liu et al., 2017, Hou et al., 2016, Mallik et al.,
2017, Safaee et al., 2016, Baek et al., 2018).
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Figure 2.13 Conventional PSFB DC-DC converter with control structure

A
Bl S I O I
ey _Mr—p 4y g

SQ3

SQ4

P Time (s)

Shift (6°)

Figure 2.14 Switching operations for PSFB converter

The following equations can be used to find the electrical characteristics of

the phase shifted full-bridge DC-DC converter;
P Vi-V,-N 5’

(0 —— (2.10)
W-L ( 7 )
AL Ty .11
input 8AVO
Coue =222 s 2.12)
AV,
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Where V| and V, are the input and output dc voltage, N is the turn ratio of
transformer, 6 is the phase angle, D is the duty cycle, Ty, is switching period, I is
the inductance current (Koroglu et al., 2019).

In order to design control structure, the output voltage is subtracted from
the reference voltage and the resulting error signal is damped by the integrator.
The signal obtained from the output of the integrator is converted to a signal in the
appropriate frequency range (100kHz-150kHz) by the voltage controlled oscillator
(VCO) and sent to the PWM generator. It is transmitted to the switching elements

by applying phase shifting between the produced PWM signals (Figure 2.13).

2.5.1. Performance Results

At this stage, the performance results of the computer application in
voltage controlled isolated full-bridge phase shifted DC-DC converter
Matlab/Simulink are presented.

Figure 2.15 shows in detail the input-output voltage and output current of

the isolated phase shifted full-bridge dc-dc converter, tested at different load cases.
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Figure 2.15 PHFB isolated DC-DC converter source and load voltage (a), Load
current under variable load conditions (b)
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Figure 2.16 shows the transformer primary and secondary side voltages

and currents of the voltage controlled phase shifted full-bridge isolated converter.
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Figure 2.16 PHFB isolated DC-DC converter transformer secondary side voltage-
current (a), primary side voltage-current (b)

Figure 2.17 shows the switching operations of voltage controlled phase

shift full-bridge isolated DC-DC converter tested in different load cases.
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Figure 2.17 PHFB converter switching signals (Qs2-Qs4) (a), (Qs1-Qs3) (b)

The electrical characteristics of the voltage-controlled isolated PSFB DC-

DC converter with computer application in Matlab / Simulink are given in Table

2.5.
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Table 2.5 Electrical characteristics of the isolated PSFB DC-DC converter

Variables Electrical Characteristics

Vin (do) 400 V

Vou (dc) 120V

Rioad 4.965 to 99.3Q

Ni:N, 1:1

Cou 26.6 uF

Cin 1.33 pF

L,/L, 3/1.2 yH

fs 100-150 kHz
Phase Shift (6°) 31.5°
Rated Power (Pmax) 3.3-Kw (Level-2)

2.6. Dual Active Bridge Isolated DC-DC Converter
Dual active bridge isolated DC-DC converter can be preferred in many
power ranges due to its advantages such as high power density, easy application

and design suitable for soft switching (ZVS).
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e
Ql-Q4 Q2-Q3
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< )

Figure 2.18 Dual active bridge isolated DC-DC converter with EPS control
structure
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Several different control methods for the DAB converter have been
proposed in the literature. One of these control methods is the traditional PWM
control method shown in Figure 2.18. In this method, while the DAB is operating,
the cross-connected switches (s;-S,-s3-S4) in the primary side (H,-bidge) are in the
conduction state, on the other hand the H2-bridge connected switches in the
secondary side (Q1-Q2-Q3-Q4) act out of the transmission and the current flows
through the diodes connected parallel to the switches (Wang et al., 2013, Liu et al.,
2014, Kondo et al., 2016, Assadi et al., 2018, Mishra et al., 2018). Although this
method is easy to implement, it is insufficient in terms of dynamic performance.
Also, it causes voltage limitation because the dc-input voltage has to be higher than
the ac-output voltage (transformer). The other control method is traditional phase
shift PWM control method, In the traditional phase shift PWM method, a phase
shifts (8) is given between the PWM modulations produced for switches connected
to H,-H, bridges. Thanks to this method, the power flow direction and magnitude
can be changed by the voltage induced on the transformer leakage inductor. So that
this method allows the dynamic performance of the converter to be increased and
the soft switching method to be applied more easily. However, in the traditional
phase shift PWM method, efficiency not reach the desired levels since current
stress and power losses on the circuit elements are high. In order to overcome this
situation, extended phase shift (EPS) PWM method has been developed in the
literature (Zhao et al., 2012). Thus, efficiency is increased by reducing power
losses and also reduce current stress the circuit elements.

In order to simplify DAB load voltage, control the relationship between

power and voltages (V;, and V .), The following equations are used.

. . 2 2.13
P:M(g_i) (2.13)
wL 11
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Where P is the transmission power rate, Vy,, represent source voltage, V oy.
represent the load-voltage, n is the transformer turn ratio, w is angular frequency
(W=2pfwicn), 0 is the phase shift, L is the sum of transformer inductance and
auxiliary inductances (L, L,)

The following equations are used to determine the capacitor values at the
input and output (Cy;, Cyo).

AT,

switch (2 14)

C xl
SA Vdc—link

capacitor value on the battery side;

I DT .
— Zout switch (215)

Cx2
A VLoad .

Where Aiy is the peak-peak ripple current (L1) Tyien iS switching period
(1/£5), AV geaink 18 the voltage output ripple, Io,q. is the load current, AV, is the
load voltage ripple, D is duty cycle.

In order to design control structure, the output voltage is subtracted from
the reference voltage and the resulting error signal is damped by the integrator. The
signal obtained from the output of the integrator is converted to a signal in the
appropriate frequency range (100 kHz-150 kHz) by the voltage controlled
oscillator (VCO) and sent to the PWM generator. It is transmitted to the switching
elements by applying phase shifting between the produced PWM signals (Figure
2.18).

2.6.1. Performance Results
At this stage, the performance results of the computer application in
voltage controlled isolated full-bridge phase shifted DC-DC converter

Matlab/Simulink are presented.
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Figure 2.19 shows in detail the input and output voltage and output current

of the isolated DAB DC-DC converter with extended phase shifted control, tested

at different loads cases.
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Figure 2.19 DAB isolated DC-DC converter source voltage and load voltage (a),
load current under variable load conditions (b)

Figure 2.20 shows the transformer Primary-Secondary voltages and

primary side inductor (L;) voltages and currents of the EPS controlled DAB

isolated dc-dc converter

—T—
s e Vprimer
1

05

3

3

2

g 0

3

2

5]

g 05

a8

=

P

K]

s

5]

E .15

s

3

2

g

s
0.02997 0.02998 0.02999 003

Time (s)

05

Inductor Current and Voltage (VL, IL)

0.02997

—
—

0.02998

Time (s)

0.02999

DAB isolated DC-DC converter transformer primary-secondary side

voltages (a), primary side inductor (L) voltage-current (b)

39



2. DC-DC CONVERTER TOPOLOGIES Unal YILMAZ

The switching signals of EPS PWM controlled DAB converter are shown in Figure
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Figure 2.21 DAB converter switching signals (s;-s,-83-54) (), (Q;-Q»-Q3-Q4) (b)

The electrical characteristics of the voltage-controlled isolated EPS DAB

converter with computer application in Matlab / Simulink are given in Table 2.6.

Table 2.6 Electrical characteristics of the isolated EPS DAB DC-DC converter

Variables Electrical Characteristics
Vin (dc) 400 V
Vou (dc) 120V
Rioad 4.965 t0 99.3Q
N;:N, 1:1
Cout 26.6 uF
Cin 1.33 pF
L,/L, 6.152 uH /15.85 pH
fs 100-150 kHz
Phase Shift, (6°) 31.5°
Phase Shift, (6°) 31.5°

Rated Power (Pmax)

3.3 kw (Level-2)
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2.7. Control Methods for DC-DC Converters

In two-stage battery chargers, batteries are connected to the output of
isolated dec-dc converters. Since different charging states (SoC%) affect the load
state of the battery, in the Literature, a dynamic load is generally, connected to the
output of the isolated DC-DC converters instead of the battery and a performance
analysis is done (from light load to full load). The current or voltage value
measured over the dynamic load must be operated by driving at a reference current
or voltage value. The current or voltage signal measured at the output of the DC-
DC converters is compared with the defined reference signal, and the resulting
error signal is passed through a controller to ensure the module operates at optimal
value. The converter switches are triggered at the specified switching frequency to
perform the control at the optimum value and reduce the error between the
measured and the reference value. DC-DC converters can be controlled in two
main control modes: current mode control and voltage mode control methods

(Celik., 2019).

2.7.1. Current Mode Control

The current mode control consists of the current loop inside and the voltage
loop outside, as shown in Figure 2.22. The current mode control can be expressed
as a revised version of the voltage mode control as a sampling holding circuit. The
outer voltage loop generates a reference signal for the current loop, while the
current loop generates the signal to regulate the duty cycle of the PWM signal sent
to the switching elements. While current mode control offers advantages such as
fast dynamic response, stable feedback and high bandwidth, on the other hand,
operating both current and voltage control on the same structure makes the control

of the system complex and difficult (Celik., 2019).
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Figure 2.22 Current mode control

2.7.2. Voltage Mode Control

Voltage mode control as shown in the figure; The output voltage (Load-
Voltage) of the isolated dc-dc converter is subtracted from the specified reference
voltage, the resulting error signal is suppressed by the controller and compared to
the carrier signal, the resulting signal is the PWM signal sent to the switches of the
converter. The main purpose of this controller is to set the duty cycle of the PWM

signal sent to the switches of the converter which is presented in Figure 2.23

(Celik., 2019).

Vout

Vref4>®7 Controller H(s) IE Switching Signal

Sawtooth Signal

Figure 2.23 Voltage mode control

Voltage mode control has easier applicability compared to current mode
control, and circuit analysis is easier in voltage mode control. In addition, ensuring

stable modulation and high noise tolerance can be shown as promising aspects of
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this control mode. However, the dynamic response of this control mode is slower

than current mode control.

2.8. DC-DC Converter for Bi-Directional Battery Charger

While bidirectional isolated DC-DC converters are used on-board battery
chargers in electric vehicles, it usually creates an interface between the dc-link at
the output of the ac-dc pfc converter and the battery. Dual active bridge (DAB)
DC-DC converters can provide high power density, high energy efficiency, wide
gain range, galvanic isolation and bidirectional power flow, and therefore have
potential applications as DC-DC converters for bidirectional EV charging systems.
In this study, the extended phase shift (EPS) PWM technique and soft switching
method were applied to the bi-directional DAB converter (as shown in Figure
2.24). This method aimed to reduce switching losses and current-voltage stress on

power circuit elements.

Buck Mode
(Charging)
- .
DC-Link Side H1 (Bridge) i — H2 (Bridge) Battery Side
Boost Mode

= Discarging s
ITI Q3
1 3
SJE}'ECI gl %% uooNnN2 L2 mLat L
i—‘ T c7

Vs

[+
'§

Vin =— — Cx1

Figure 2.24 Bidirectional isolated DAB DC-DC Converter

In order to simplify IBDC voltage control the relationship between power

and voltages (Vdc-link and Vy,.), The following equations are used.
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. . 2 2.16
:M(g_i) (2.16)
wL I1

Where P is the transmission power rate, V;,, represent dc-link voltage

p

(buck mode), Vy,. represent the battery voltage (boost mode), n is the transformer
turn ratio, w is angular frequency (W=2pfir), O is the phase shift, L is the sum of
transformer inductance and auxiliary inductances (L;, L)

The following equations are used to determine the capacitor values at the

input and output (Cy;, Cyo).

Ai,T, .
Cx1: lL switch (217)
8A‘/dc—link
capacitor value on the battery side;
1, DT .
C — _bat switch 2.18
x2 AV ( )

bat.

Where Ai; is the peak-peak ripple current (L;) T,icn 18 switching period
(1/f;), AV geaink 18 the voltage output ripple (boost mode), Ibat. is the load current
(buck mode), AVy,. is the load voltage ripple (buck), D is duty cycle.

2.8.1. Extended Phase Shift PWM Method

Two different PWM methods are generally used to control bi-directional
isolated dc-dc converters. These are traditional and phase shift PWM methods. In
the traditional PWM method, while the IBDC is operating in the buck mode, the
cross-connected switches (S;-s-S3-s4) in the primary side (H;-bidge) are in the
conduction state, on the other hand the H,-bridge connected switches in the
secondary side (Q;-Q,-Q3-Q,4) act out of the transmission and the current flows

through the diodes connected parallel to the switches.
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Figure 2.25 Operation states and wave form of the EPS and soft switching EPS.

This process is in the opposite when the converter is running in boost
mode. Although this method is easy to implement, it is insufficient in terms of
dynamic performance. Also, it causes voltage limitation because the dc-input
voltage has to be higher than the ac-output voltage. In the traditional phase shift
PWM method, a phase shifts (8) is given between the PWM modulations produced
for switches connected to H,-H, bridges. Thanks to this method, the power flow
direction and magnitude can be changed by the voltage induced on the transformer
leakage inductor (Egs. 2.16.). So that this method allows the dynamic performance
of the converter to be increased and the soft switching method to be applied more
easily. however, in the traditional phase shift PWM method, efficiency not reach
the desired levels since current stress and power losses on the circuit elements are
high. In order to overcome this situation, extended phase shift PWM method has
been developed in the literature. Thus, efficiency is increased by reducing power

losses and also reduce current stress the circuit elements. In this study, a soft
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switching EPS control method is proposed to reach high efficiency in both buck-

boost modes and also it is easy to apply the proposed method to IBDC.

2.8.2. Operation Modes of the EPS Method

In order to make the control method easy and understandable, the
waveforms of the operation modes are given in Figure 2.25. In addition, the
variable operation states are detailed for different time intervals.

State 1(t0’<t<tl): On the primary side of DC-DC converter the s, and s,
switches are on state s; and s; switches are off state, the inductor current is
increase linearly, on the secondary side Q, and Q3 switches are on states where Q,
and Q4 switches are off state, the voltage across primary side inductor is nearly

zero and secondary side voltage is —n*Vout, the inductor current is;

n-Vout (t—10) (2.19)

iL, (1) =iL, (10") +

1

State 2 (t1<t<tl"): s, is turned on state while the switching voltage is zero
the capacitor C, discharged and s, turned off while the switching current is zero
the C, capacitor is charged the inductor current increase linearly and the primary
voltage (V) is turn to input voltage (Vi,). In order to provide soft switching

method the dead time must be;

doad > (C1+ C2)Vin (2.20)

iL

pk

((tdead<Ts/4), Where T is switching frequency, C,;=C,=C3=C,)

State3. (t1'<t<t2): On the primary side s; and s4 switches are on state while
Q2 and Q3 switches on the secondary side conduction mode the inductor current
increase linearly and transformer secondary voltage turns to n*V,,. The primary

side inductor current is calculated as;
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iL(7) :iL(t1')+W++*V"’”(,_,lv) (2.21)

State 4(t2 <t<t2'): On the secondary side Q;-Q, turned on while switches
voltages are zero and Q,-Q; turned off while switches currents are zero s; and sy
switches are conduction mode. In order to provide soft switching method the dead

time must be;

(C5+C8)-n-V,

(2.22)
il

tdead >
pk

((tdead<Ts/4), Where T is switching frequency, Cs=Cs=C,=Cjs)
State 5 (t2' <t<t3): The switches conditions are continuing as state 4,
primary side transformer voltage is V,;-n*V,,, and the inductor current is

calculated as;

iL(t) = iL(r2") +W(z —12) (2.23)

State 6 (t3 <t<t3') s; is turned on state while the switching voltage is zero
the capacitor C; discharged and s4 turned off while the switching current is zero
the C, capacitor is charged the inductor current starts to decrease;

State 7 (t3'<t<t4) On the primary side s; and s; switches are on state while
Q; and Q3 switches on the secondary side conduction mode the inductor current
decrease linearly and transformer secondary voltage turns to -n*V,,. The primary

side inductor current is calculated as;

n*Vout (t—13) (2.24)

iL, (1) =iL, (13") -

1
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State 8 (t4<t<t4'): s; is turned off state while the switching current is zero
the capacitor C, charged and s, turned on while the switching voltage is zero the
C, capacitor is discharged the inductor current decrease as;

State 9 (t4'<t<t5): On the primary side s, and s; switches are on state while
Q; and Qj switches on the secondary side conduction mode the inductor current
decrease linearly and transformer secondary voltage turns to n*V ,,. The primary
side inductor current is calculated as;

—Vin—n*
IL(t) = iL(14") + —Yin—n*Vout Z Vout  _ a1y

(2.25)

State 10 (t5<t<t5"): Q;-Q, turned off switching currents are zero while Q,-
Qj; turned on and the switching voltages are zero the inductor current is decreasing
linearly.

State 11 (t5'<t<t6) On the primary side s, and s; switches are on state
while Q, and Qs switches on the secondary side conduction mode the inductor
current increase linearly and transformer secondary voltage turns to -n*V,,. The

primary side inductor current is calculated as;

iL(t) = iL(t5') + M(I —15) (2.26)

State 12 (t6<t<t6') s3 is turned off state while the switching current is zero
the capacitor C3 is charged and s4 turned on state while the switching voltage is

zero the C4 capacitor is charged the inductor current increase as;

iL(t) = iL(t2) + w(, —16) (2.27)
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The operation states of the method proposed in Figure 5 and the
transmission states of the switching elements are shown on the IBDC circuit
diagram.

2.8.3. Control Strategy for Bidirectional DAB DC-DC Converter

In this study, a controller designed for bi-directional on-board battery
chargers, which enables soft switching with the extended phase shift PWM
method, applied to the bi-directional dual active bridge DC-DC converter. The
designed controller is shown in detail in Figure 2.26. The first step of the controller
is to define the operating mode of the system (buck mode (charging), boost mode
(discharging)). PWM is then produced with the help of voltage controlled oscillator
(VCO) by taking the difference of reference voltage and measured output voltage.
Dead-time interval is determined for the produced PWM modulation and phase
shifting is placed between the switching signals, and the generated signals are
applied to the bi-directional DAB converter circuit performed for the operation of

the switches.
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Figure 2.26 Control method for extended phase shift DAB DC-DC converter.
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2.8.4. Performance Results
The bi-directional DAB converter has been tested for six different load
cases as shown in Table 2.7.

Table 2.7 Operating cases of bi-directional DC-DC converter
States State 1 State2 State3 State4 State5 State6

Loads 100% 50% 30% 20% 10% 5%

The system has been examined in two different situations: discharging

(boost mode) and charging (buck mode). Switching signals for boost mode are
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Figure 2.27 Switching signals for boost mode

While the system is operating in boost mode, the output current, input and
output voltages for different load situations are shown in detail in Figure 2.28.
Thanks to the proposed controller, the output voltage is kept constant over a wide

load range.
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Figure 2.28 Current and voltage characteristics of DAB converter for boost mode

While the system is operating in boost mode, the voltage and current
values of the switches s2 and s4 are shown in Figure 2.29. It has also been verified

that the proposed controller performs soft switching.
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Figure 2.29 Current and voltage characteristics of s,, s4 switches (boost mode)

While the system is operating in boost mode, the voltage and current
values of the switches Q, and Q4 are shown in Figure 2.30. It has also been

verified that the proposed controller performs soft switching.
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Figure 2.30 Current and voltage characteristics of Q,, Q4 switches (boost mode)

While the system is operating in boost mode, the voltage and current

values characteristics of transformer is shown in Figure 2.31.
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Figure 2.31 Current and voltage characteristics of transformer (boost mode)

The system has been examined in two different situations: discharging
(boost mode) and charging (buck mode). Switching signals for buck mode are

shown in Figure 2.32.
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While the system is operating in buck mode, the output current, input and

voltages for different load situations are shown in detail in Figure 2.33.

Thanks to the proposed controller, the output voltage is kept constant over a wide

load range.
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Figure 2.33 Current and voltage characteristics of DAB converter for buck mode

While the system is operating in boost mode, the voltage and current
values of the switches Q, and Q4 are shown in Figure 2.34. It has also been

verified that the proposed controller performs soft switching.
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Figure 2.34 Current and voltage characteristics of Q,, Q4 switches (boost mode)

While the system is operating in boost mode, the voltage and current

values of the switches Q, and Q. are shown in Figure 2.35. It has also been

verified that the proposed controller performs soft switching.

15

s4 Voltage, Current

15

0.03997

0.03998 0.03999

Time (s)

s2 Voltage, Current

1.5

10007
V'

— 52 Current
e 52 Voltage:
A5

0.03997 0.03998 0.03999 0.04

N

AN

Time (s)

Figure 2.35 Current and voltage characteristics of s2, s4 Switches (buck mode)

While the system is operating in buck mode, the voltage and current values

characteristics of transformer is shown in Figure 2.36.
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Figure 2.36 Current and voltage characteristics of transformer (buck mode)

2.9. Literature Overview
Isolated DC-DC converter topologies proposed for battery charging
unit of electric vehicles in the literature are presented in detail in this section.
The isolated DC-DC converter topologies and electrical performances used in

the Literature are summarized in Table 2.7.
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Table 2.8  Isolated DC-DC topologies used for battery charging unit in the
Literature.
References Topology Power Freq. Eff. (I])
Yang et al., 2015 Full-bridge 1-kW -- 95%
Whitaker et al., 2014 Full-Bridge 6.1-kW 200 kHz 95%
Tao et al., 2019 Full-Bridge ~600 W 100 kHz 95%
Kanamarlapudi et al., 2018  Full-bridge 1.2-kW 100 kHz ~95%
Zavare et al., 2015 Flyback 84-W 125-kHz 89%
Kushwaha et al., 2018 Flyback 850-W 50-kHZ 82%
Singh et al., 2019 Flyback 850-W 20-kHz ~90%
Lee et al., 2013 Half-bridge 1.2-kW 100 kHz 95.1%
Duan et al., 2015 Half-Bridge 2.5-kW 90-200kHz  93.2%
Xie et al., 2018 Half-Bridge 400-W 100-kHz ——
Cunbha et al. 2019 Half-bridge 3-kW 30-kHz -
Asacetal., 2013 LLC Resonant 1.2-kW — 97%
Wang et al., 2014 LLC Resonant 3.3-kW 200-kHz 97.4%
Saket et al., 2016 LLC Resonant 1.2-kW ==- 96.1%
Gumera et al., 2017 LLC Resonant 345-W 90-200 kHz 96.3%
Lietal., 2019 LLC Resonant 6.6-kW 270-315 95.3%
KhZ

Akamatsu et al., 2012 Phase Shift FB 1-kW 50-kHz ~90%
Luetal., 2017 Phase Shift FB 7.2-kW 500-kHz ~97%
Lim et al., 2019 Phase Shift FB 3.3-kW 50-kHz 97.3%
Lee etal., 2019 Phase Shift FB 3.3-kW 100-kHz 97.9%
Feizi et al., 2020 Phase Shift FB 1.37-kW  200-kHz 95.5%
Wang et al., 2013 DAB 525-W 20-kHz 84%
Liu et al., 2014 DAB 3.5-kW 60-90 kHz ~97%
Kondo et al., 2016 DAB 3.5-kW 20-kHz 93.3%
Assadi et al., 2018 DAB 6.6-kW 125-kHz
Mishra et al., 2018 DAB 3.5-kW 25-kHz
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Yang et al. proposed asymmetric PWM technique applied soft switched
full-bridge DC-DC converter for battery charging unit in electric vehicles. The aim
of the study is to design a high efficiency battery charging unit. The maximum
efficiency of the converter, designed as a 1 kW prototype, has reached 95% (Yang
et al. 2015).

Whitaker et al. proposed on-board battery charger unit architecture for
electric vehicles. It aimed to achieve high power density and high efficiency at high
frequencies by using silicon carbide power elements for the dc-dc converter. A 6.1
kW prototype was created for the dc-dc converter, which was applied in the soft
switching technique, and was able to reach 96% efficiency (Whitaker et al., 2014).

Tao et al. studied on a full-bridge DC-DC converter with two clamp diodes
and synchronous rectification is recommended for on-board battery charging unit
in electric vehicles. Clamp diodes are used to suppress the voltage oscillation of the
secondary side of the transformer and provide the commutation energy of the
lagging leg. A prototype with an output power of about 600-w was designed and
the maximum efficiency of the DC-DC converter with 100-khz switching
frequency reached 95% (Tao et al., 2019).

Kanamarlapudi et. Studied on a full-bridge DC-DC converter capable of
soft switching for two-stage on-board battery charging unit in electric vehicles. For
the study, passive auxiliary circuit elements used to apply soft switching technique
and also dampen voltage fluctuations on rectifier diodes in the secondary part. It
also aimed to achieve high efficiency by using asymmetric PWM control
technique. It has proposed a 1.2-kw prototype and has been reported to achieve a
maximum efficiency of 95% (Kanamarlapudi et al., 2018).

Zavare et al. Studied on isolated flyback DC-DC converter for low size and
low weight electric vehicle battery charger topology, the proposed battery charger
topology has 84-watt rated power and 14-volt dc output voltage, the peak
efficiency has reached 89% (Zavare et al., 2015).
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Kushwaha et al. Proposed a battery charger topology for electric vehicle
with isolated flyback converter. The rated power of proposed topology is 850-W
and 48-volt dc output voltage, efficiency of proposed topology is measured as 82%
(Kushwaha et al., 2018).

Singh et al. Proposed a battery charger topology with flyback DC-DC
converter. The proposed topology has 850-w rated power and voltage conversion
rate is 300V-to 65-V. The proposed topology has achieved approximately 90%
efficiency (Singh et al. 2019).

Lee et al. proposed a 4-transformer half-bridge DC-DC converter for
battery charging unit in electric vehicles. By applying soft switching technique to
the proposed converter, it aimed to reduce switching losses and increase efficiency.
A 1.2 k-w prototype has been made and has reached an efficiency of about 95%
with 100-kHz switching frequency (Lee et al., 2013).

Duan et al. proposed half bridge DC-DC converter for on-board battery
charging unit in electric vehicles. A new synchronous rectification control method
used for the proposed dc-dc converter. It reached 93.2% efficiency by using 2.5-kw
prototype and 12-V Li-ion battery (Duan et al., 2015).

Xie et al. proposed a current-fed half bridge DC-DC converter, which can
make soft switching for battery charging unit in electric vehicles. The purpose of
the proposed method is to reduce cost and increase power transfer efficiency by
reducing switching losses. A 400-w prototype has been proposed to prove the
reliability of the proposed converter (Xie et al., 2018).

Cunha et al. Proposed a boost half-bridge DC-DC converter for battery
charging unit in Hybrid- electric vehicles. In the proposed method, semiconductor
circuit elements are reduced and soft switching method is applied with
asynchronous PWM. A 3-kW prototype was analyzed to increase the reliability of
the proposed method (Cunha et al. 2019).

Asa et al. proposed a LLC locked loop controlled loop resonant converter

for battery charger in electric vehicles. It is aimed to reduce switching losses and
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increase efficiency by applying soft switching method to the proposed dc-dc
converter. To prove the reliability of the proposed method, the 1.2-kw prototype
was analyzed and claimed to achieve a maximum efficiency of 97% at full load
(Asaet al., 2013).

Wang et al. proposed LLC resonance converter for the on-board battery
charger in electric vehicles. By applying soft switching (ZVS) method to the
proposed dc-dc converter, it is aimed to reduce switching losses and increase
efficiency. To prove the reliability of the proposed method, the 3.3-kw prototype
was analyzed and claimed to achieve a maximum efficiency of 97.4% at full load
(Wang et al., 2014).

Saket et al. LLC has proposed an LLC resonant converter for the on-board
battery charger in electric vehicles. The main purpose of the proposed dc-dc
converter is reducing parasitic capacitances to avoid overlapping faces between
PCB traces. To prove the reliability of the proposed method, the 1.2-kw prototype
was analyzed and claimed to achieve a maximum efficiency of 96.1% (Saket et al.,
2016).

Gumera et al. proposed LLC resonant converter for the on-board battery
charger in light electric vehicles. The 345-kw prototype was analyzed and claimed
to achieve a maximum efficiency of 96.3% (Gumera et al., 2017).

Li et al. proposed resonance converter with SiC mosfet for on-board
battery charger in electric vehicles. It is aimed to reduce switching losses and
increase efficiency by applying soft switching method to the proposed converter.
To prove the reliability of the designed circuit, the 6.6-kw prototype was analyzed
and claimed to achieve a maximum charging efficiency of 95.3% (Li et al., 2019).

Akamatsu et al. proposed a secondary side phase shifted full-bridge DC-
DC converter for the on-board battery charger in electric vehicles. It is aimed to
reduce switching losses and increase efficiency by applying soft switching method

to the proposed converter. To prove the reliability of the designed circuit, the 1-kw
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prototype was analyzed and claimed to measure the maximum efficiency at about
90% (Akamatsu et al., 2012).

Lu et al. proposed a phase shifted dual active bridge DC-DC converter for
the on-board battery charger in electric vehicles. It is aimed to reduce switching
losses and increase efficiency by applying soft switching method to all switches of
the proposed converter. To prove the reliability of the designed circuit, the 7.2-kw
prototype was analyzed and claimed to measure the maximum efficiency at about
97% (Lu et al., 2017).

Lim et al. proposed a phase shifted full-bridge DC-DC converter with
employing a new center-tapped clamp circuit for on-board battery charging unit of
electric vehicles. The main purpose of the proposed converter is to reduce
conduction losses and increase efficiency. To prove the reliability of the designed
circuit, the 3.3-kw prototype was analyzed and claimed to measure the maximum
efficiency at about 97.3% (Lim et al., 2019).

Lee et al. proposed a novel clamping circuit with phase shifted full-bridge
DC-DC converter, for the on-board battery charging unit of electric vehicles. The
main purpose of the proposed converter is to increase the diode performance by
using a simple clamping circuit, thereby reducing the output filter to increase
efficiency. To prove the reliability of the designed circuit, the 3.3-kw prototype
was analyzed and claimed to measure the maximum efficiency at about 97.5% (Lee
et al., 2019).

Feizi et al. proposed a novel phase shifted full-bridge DC-DC converter
with current doubler rectifier, for on-board battery charging unit of electric
vehicles. By applying extended soft switching method to the proposed converter, it
is aimed to reduce switching losses, reduce voltage stress in the secondary part and
increase efficiency. To prove the reliability of the designed circuit, the 1.37-kw
prototype was analyzed and claimed to achieve maximum efficiency of about

95.5% (Feizi et al., 2020).
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Wang et al. proposed a dual active bridge DC-DC converter for on-board
battery charging unit of electric vehicles. It is aimed to increase the performance of
the converter by applying a dual-active-phase shift control method to the proposed
converter. In order to prove the reliability of the designed circuit, the 525-w
prototype was analyzed and claimed to achieve maximum efficiency of about 84%
(Wang et al., 2013).

Liu et al. proposed a dual active bridge with boost series resonance
converter for on-board battery charging unit of hybrid electric vehicles. It is aimed
to increase efficiency by applying soft switching method to the proposed DC-DC
converter. In order to prove the reliability of the designed circuit, the 3.5-kw
prototype was analyzed and claimed to achieve maximum charging/discharging
efficiency of 97% (Liu et al., 2014).

Kondo et al. proposed a dual active bridge isolated DC-DC converter for
battery charging unit of electric vehicles. It is aimed to increase efficiency by
applying a new phase shift control and soft switching method to the proposed dc-dc
converter. In order to prove the reliability of the designed circuit, the 3.5-kw
prototype was analyzed and claimed to achieve maximum charging-discharging
efficiency at 93.3% (Kondo et al., 2016).

Assadi et al. proposed a dual active bridge isolated DC-DC converter for
battery charging unit of electric vehicles. It is aimed to increase the performance by
applying non-linear active transformer saturation mitigation technique to the
proposed dc-dc converter. A 6.6-kw prototype was analyzed to prove the reliability
of the designed circuit (Assadi et al., 2018).

Mishra et al. proposed a dual active bridge isolated DC-DC converter for
Level-1 on board-battery charger in electric vehicles. It is aimed to increase
efficiency by applying modified phase shift control method to the proposed
isolated dc-dc converter. A 3.5-kw prototype was analyzed to prove the reliability

of the designed circuit (Mishra et al., 2018).
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2.10. Summary of the Section

In this section, the isolated DC-DC converter topologies used in two-stage
on-board battery charger designed for electric vehicles are given with their
controller structures. In addition, computer application results of DC-DC
converters are presented. Literature research and Matlab / Simulink simulation
results showed that in conventional isolated DC-DC converter topologies; The LLC
resonance converter seems to be more advantageous because the number of circuit
elements is low, its efficiency is high, and it performs in the narrow frequency
range in the wide load (light load-to-full load) range. In addition, due to its features
such as easy applicability, facilitating system analysis, ensuring stable modulation
and high noise tolerance, voltage mode control has been preferred for the control of

1solated dc-dc converters.
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3. SOFT SWITCHING METHODS FOR DC-DC CONVERTERS

Isolated pulse width modulation (PWM) DC-DC converters are widely
used in battery chargers of electric vehicles because of their high power density,
fast transition response and ease of control. As the power demanded for battery
charging increases, the power density of the converters needs to be increased, so
that the isolated DC-DC converters need to be operated at high frequencies.
However, as the switching frequency increases, switching losses and
electromagnetic interference (EMI) noise increase. Therefore, soft switching
methods have been proposed in the literature to solve these problems occurring in
traditional hard switching converters (Saygi et al., 2017, Akamatsu et al., 2017,
Altintas., 2007, Choi et al., 2014, Sayed et al., 2020, Mehedy et al., 2018). The
electrical and economic features provided by hard switching and soft switching to

the applied DC-DC converter are presented in Table 3.1.

Table 3.1 Electrical and economical property of hard switching and soft switching.

Electrical specifications Hard Switching Soft Switching
Switching Loss High Almost none.
Efficiency Low Probably high
Circuit element numbers. Ordinary More
Power Density Ordinary Probably high
Electromagnetic Inference High Less
(EMI)

Maturity Developed Developing
Cost Standard More
Applicability Easy More complex

The switching loss response between hard and soft switching can basically

be explained as follows; In hard switching during the 'on' state of the switch, the
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switching (MOSFET) voltage increases at least to be equal to the supply voltage,
the current tends to flow from the drain to the source, causing the switch and high
'on' state losses. In soft switching, the current during the 'on' state of the switch is
discharged over the output capacitance (C,) of the mosfet before turning on the
device, so that it is diverted from the source, which eliminates the switching OPEN
losses Shown in Figure 3.1. Initially, the parasitic mosfet transmits the body diode,
and when MOSFET is activated, the current is connected to the channel (Zuk et al.,

2014, Altintas., 2007, Iyer et al., 2017).

Vds (MOSFET) Id (MOSFET)

/4

—

Turn on Turn off
Hard switching Loss Hard switching Loss
Vds (MOSFET) Id (MOSFET)

T

,,,,\
\ Turn off

Turn on

o Hard switching Loss
Soft Switching Losless

Figure 3.1 Switching loss analysis of hard-soft switching
Different methods are proposed and examined in the literature for soft
switching techniques. These methods are; switching at zero current switching

(ZCS), zero voltage switching (ZVS), transition at zero current (ZCT), transition at

zero voltage (ZVT).
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3.1. Zero Current Switching

Zero current switching (ZCS) is the technique that is performed during the
time the power switch element turns on. A small value of inductance is connected
in series to the power switch element, thus limiting the rate of increase of the
current passing through the circuit element in the transmission process. As a result,
the power loss is reduced by preventing the coincidence of current and voltage
during the switching operation. In fact, the switching energy in the transmission
process is transferred to the inductance. This energy in inductance is spent at a
resistance in classical cells, but in modern cells it is recovered by transferring it to a
voltage source or load with a short-term partial resonance. (Altintas., 2007, Dobi et
al., 2018). The conventional basic zero current switching technique and waveform

is shown in Figure 3.2.
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Figure 3.2 Conventional basic zero current switching technique and waveform.

3.2. Zero Voltage Switching (ZVS)
Zero Voltage Switching (ZVS) is a soft switching technique performed
when entering the switch in the off-state time frame. In this technique, basically a
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small value capacitor is connected in parallel to the power switch (mosfet) of the
DC-DC converter, limiting the rate of rise of the voltage at the ends of the element
in the process of transmitting. Thus, in the process of exiting the transmission, the
switching energy loss is reduced and the switching energy is transferred to the
capacitor (Zuk et al., 2014, Altintas., 2007, Iyer et al., 2017, Dobi et al., 2018). The
conventional basic zero voltage switching technique and waveform is shown in

Figure 3.3.
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Figure 3.3 Conventional basic zero voltage switching technique and waveform.

3.3. Zero Current Transition (ZCT)

Zero Current Transition (ZCT) is a soft switching technique that is
performed when the power switch turns off. In the literature, it is generally,
preferred for low rated power and non-isolated DC-DC converters, it increases the
number of circuit elements considerably, the cost increases, it is complicated and
difficult to apply. However, in the ZCT technique, the current passing through the
power switch is reduced to zero as a result of a short partial resonance process, then

the control signal is cut off by keeping the current at zero. Thus, overlapping
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current and voltage and switching energy loss are completely eliminated. It can be
said that both ZCS and ZVS are provided here. As a result, this process is a soft
switching technique performed by reducing the current to zero (Saygi et al., 2017,
Altintas., 2007, Dobi et al., 2018). The basic converter circuit where the ZCT

method is applied is shown in Figure 3.4.

Snubber Cell

o
= =

Vi

Figure 3.4 ZCT method applied basic converter (Saygi et al., 2017)

3.4. Zero Voltage Transition (ZVT)

Zero Voltage Transition (ZVT) is a soft switching technique applied when
the power switch goes into the transmission state. In the literature, it is generally a
preferred switching technique in low rated power and non-isolated DC-DC
converters. The number of circuit elements increases considerably, production cost
is high, implementation is complicated and difficult. However, in this technique,
the voltage at the power switch ends is reduced to zero with a short-term partial
resonance and the control signal is applied while keeping this voltage at zero. Thus,
switching energy loss is completely eliminated. It can be said that both ZVS and
ZCS provide this technique, which is carried out by taking the tension down to
zero. This technique, in which switching energy is recovered, is also achieved with
modern cells and requires an additional switch (Saygi et al., 2017, Altintag 2007,
Dobi et al., 2018). The basic converter circuit where the ZVT method is applied is

shown in Figure 3.5.
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Snubber Cell

Figure 3.5 ZVT method applied basic converter (Saygi et al., 2017)

In the Literature, when the isolated DC-DC converters used for battery

charging unit of electric vehicles are examined, it is seen that generally, ZVS, ZCS

soft switching methods are used. It seems that the ZVT and ZCT methods are

generally common in DC-DC converters with non-isolated and low power switch

count. It has been observed that electric vehicles are not preferred in battery

charging units, as they increase the number of circuit elements and thus the cost of

production, and are also difficult and complex to apply. In the Literature, some of

the proposed soft switched DC-DC converters for the battery charging unit of

electric vehicles are shown in Table 3.2.

Table 3.2. The soft switched DC-DC converters for OBC in EVs

Reference Power Frequency Method Peak
Efficiency

Akamatsu et al., 2012 1-kW 50-kHz ZCS-ZVS -
Iyer et al., 2017 3.3-kW 50-kHz  ZVS 97.5%
Yang et al., 2015 1-kW 50-kHz  ZVS-ZCS 95%
Lietal., 2012 2-kW - ZVS-ZCS e
Wang et al., 2019 3.3-kW 150-kHz ~ ZVS ---

Sayed et al., 2020 3.2-kW 40-kHz ZVS-ZCS ---
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Akamatsu et al. proposed a novel soft switching secondary side phase shift
PWM techique for full bridge DC-DC converter and suitable for electric vehicle
battery charger. a 1-kw dc-dc converter prototype proposed, where it applies soft
switching methods (ZVS-ZCS). Graphically explained that the converter's peak
efficiency is around 90% (Akamatsu et al., 2012).

Iyer et al. proposed a dual active bridge DC-DC converter for two-stage
battery charging unit in electric vehicles. ZVS method has been applied as soft
switching to the proposed dc-dc converter. In order to verify the suitability of the
proposed method, a 3.3-kW prototype designed and stated that it reached 97.5%
peak efficiency (Iyer et al., 2017).

Yang et al. proposed a highly efficient soft-switched PWM technique and
applied the proposed technique to the isolated full bridge DC-DC converter. By
applying the asymmetric PWM technique, it aimed to achieve zero current
switching and zero voltage switching (ZVS-ZCS). To verify the suitability of the
proposed method, he designed a 1-kw prototype and reached a peak efficiency of
95% (Yang et al., 2015).

Li et al. proposed and analyzed a high power DC-DC converter and active
clamping circuit for battery chargers in electric vehicles. applied soft switching to
reduce voltage stress on power switches and reduce switching losses (ZVS-ZCS).
To verify the suitability of the proposed method, an insulated dc-dc converter with
2-kw rated power was analyzed (Li et al., 2012).

Wang et al. proposed a high power phase shifting full-bridge DC-DC
converter for battery chargers in electric vehicles. applied soft switching (ZVS) to
reduce voltage stress on the power switches, increase the power density of the
converter and reduce switching losses. To verify the suitability of the proposed
method, an isolated dc-dc converter with 3.3-kw rated power and 150-kHz
switching frequency was analyzed (Wang et al., 2019).

Sayed et al. proposed a new circuit topology for battery chargers in electric

vehicles. For the proposed topology, a high-power phase shifting, full-bridge DC-
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DC converter with a current doubler circuit is used in the secondary part. The
proposed dc-dc converter was applied soft switching (ZVS-ZCS) method to reduce
voltage stress on the power switches, increase the power density of the converter
and reduce switching losses. To verify the suitability of the proposed method, it
was analyzed on a prototype with a 2-kw rated output power and it was stated that

it reached over 92% efficiency (Sayed et al. 2020).

3.5. Summary of the Section

In this section, soft switching methods applied to isolated DC-DC
converters recommended for two stage on-board battery charging unit in electric
vehicles are examined. These methods are; Zero voltage switching (ZVS), zero
current switching (ZCS), zero voltage transition (ZVT) and zero current transition
(ZCT) methods. In isolated dc-dc converters recommended for electric vehicles,
ZVS and ZCS soft switching methods are generally preferred to reduce switching
current, increase the power density of the DC-DC converter, and reduce current
and voltage stress on power switches. ZVT and ZCT methods are generally
preferred for single-switch and non-isolated DC-DC converters. The main reasons
for this situation can be explained as follows; The ZVT and ZCT methods need
extra circuit elements, the production cost increases and the implementation is

difficult and complex.
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4. THE PROPOSED SYSTEM AND CONTROL

Since the internal volume of electric vehicles is limited, the on-board
battery chargers recommended for electric vehicles must meet some requirements.
These requirements are described in the Literature as follows: high power density,
high efficiency, good heat dissipation, low harmonic distortion and high power
factor. The power density and efficiency of on-board battery chargers largely
depend on the design of the isolated dc-dc converters. In addition, low total
harmonic distortions (THD) occurring in the grid current during the charging
process improves both power conversion performance and electrical quality, the
harmonic distortions occurring in the current should be within the range specified
in IEC 61000-3-2 THD standards. In order to carry out charging under different
load conditions, pi-based controller is used in conventional grid-connected on-
board battery charging units. However, the pi based controller is generally; has
problems such as slow dynamic response, steady state errors and complex
structure. In order to improve dynamic response, reduce steady state error and also
to simplify control structure in this study artificial neural network (ANN) based
controller is designed. In addition, in the isolated DC-DC converters operated at
high frequencies, circuit element sizes decrease while electromagnetic interference
(EMI) and switching losses increase. In the proposed study, soft-switched (ZVS)
half-bridge LLC resonance converter is designed for high efficiency, high power
density and low EMI. Besides, it is aimed to capture low harmonic distortion and
high power factor by using AC-DC boost PFC converter, easy to use, highly
efficient and effective in harmonic damping, the AC-DC boost PFC converter is
designed and controlled with the average current mode control (ACM). The two-
stage OBC topology and controller structures proposed for the battery charging

unit of electric vehicles are shown in detail in Figure 4.1.
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4.1. AC-DC PFC Converter Part of OBC

In proposed two stage OBC; ac-dc boost pfc converter is preferred for the
first stage, because it is easy to apply, highly efficient, high power factor and
effective performance in harmonic damping (Kupati et al., 2015, De Gusseme et
al., 2007, Karaarslan et al., 2011). The circuit structure of the ac-dc boost PFC
converter and the path followed by the current according to the operating mode are

shown in Figure 4.2.
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Figure 4.2 Switching operations of Boost PFC circuit

When the power switches turn on and off states are analyzed separately,
the following equations can be derived (Kupati et al., 2015, De Gusseme et al.,

2007, Karaarslan et al., 2011).
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The following equations are used in the Literature to determine the critical
values of the capacitor and inductor of the AC-DC boost PFC converter.
The minimum inductance value of the boost PFC converter can be calculated with

the following equation.

2
Lmin = %Rload (4.2)

The minimum capacitance value of the boost PFC converter can be calculated with

the following equation.

cC > o D & 4.3)
A+ R]uud fs 'AV

The mathematical models used in the equations are named as follows; Ip is
inductor current, inductor, fs is switching frequency, D is duty ratio, Vo is load
voltage, V;, is grid voltage (Kupati et al., 2015, De Gusseme et al., 2007,
Karaarslan et al., 2011).

Table 4.1 Operation parameters of boost PFC

Verid Frequency Vload Rload C L
220*1.414 50 Hz 400V (400*400)/3300  500e-6  0.6e-3
H

The electrical properties of the designed boost PFC converter, such as total
harmonic distortions (THD), phase angle between grid current and voltage and

power factor are shown in Figure 4.3.
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The average current mode controller structure used for current and voltage

control of the AC-DC boost PFC converter is shown in Figure 4.4.
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Figure 4.4 ACM controlled AC-DC boost PFC
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Average current mode control method is widely preferred and effective
control method for ac-dc PFC converters. In this controller; the output voltage is
subtracted from a reference voltage signal. The resulting error signal is given to the
input of the pi controller. While doing this, at the same time, the input voltage and
the rms value of the input voltage are divided and the absolute value of the signal
obtained is found. A reference signal for the inductance current is obtained by
multiplying the output signal of the pi controller and the input voltage signal whose
absolute value is taken. the inductance current is subtracted from the reference
value generated for the inductance current. the obtained signal limits are given to
the input of the specified relay. At the output of the relay, a PWM signal is

generated for the power switch.

4.2. Designing and consideration of isolated DC-DC part for OBC

LLC resonance converter has become the most remarkable topology due to
its high efficiency, low electromagnetic interference (EMI), wide load and voltage
operation range and also the ability perform under high power density. For the
second stage of OBC, a half-bridge LLC resonance converter with soft switched
(ZVS) and ANN based controller structure is proposed. The LLC resonance

converter and ac equivalent circuits are shown in Figure 4.5.
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In order to analysis and determine the circuit parameters of LLC resonant

converter the following steps are given;

Current and voltage calculation of AC equivalent circuit is specified in the

following equations;

I1-17
L= :

sin(wt)

VR, =+V, = if sin(wt) >0
VR, =-V, = if sin(wt) <0

- 4
VR, = %sin(wt)

4.4)

The calculation of the load value in the AC equivalent circuit is specified

in the following equations.

I VR,” 8V, 8 ]
RAC: 2= 5 ? = zRL()AD
1, nmi17 1

N
n=—=%,
Ny
8.n’
_RAC = RE RLOAD ]
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The mathematical expression and equation of the voltage gain are indicated

by the equation below.

M:2n-VO _ WszRACCR
. . W2 2 W2
" jw=—5)- (L, +0°L )+ R (1-—) (4.6)
Wo W ‘
Where, w,= ! > W, = !
L,C, L,C,

When the voltage gain is regulated, the following mathematical equation

can be derived.

w? k
2(—k 1)
=2V Wy KT
V. w w? (k+1)? w?
in ). (1= .O- +(1-
](wo) ( 02) Q 2k +1 ( w]f) 4.7
Ll‘
L C,
Where, k = =2, Q=1~1"
Lkp RAC

The mathematical values above can be explained as follows; V, is load
voltage V;, dc-link voltage, Vgy is transformer secondary side voltage, n is
transformer’s turn ratio, M is voltage gain, w is angular frequency, f, is resonant
frequency, f, primary resonant frequency, L, magnetizing inductance of the

transformer, L, is resonant inductance, C, is resonant capacitance.
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The effect of changing the quality factor (Q) and k index on the gain (M) is shown
in Figure 4.6.

ZVS Region a-o7

Gain (M)

ZCS Region

R — \

L L L L L L L L L
0.2 0.4 0.6 0.8 0.4 0.6 08 1 12 14

Normalized Frequency (f=fswifr) Q (Quality factor)

s
S
>
o
S

Figure 4.6 Effects of quality factor (Q) and inductance ratio (k) on the voltage gain
in the LLC resonance converter.

4.2.1. Selection of LLC resonance converter circuit elements
The steps to be followed when choosing the circuit elements of the LLC
resonance converter are presented below in equations.

In order to determine resonant capacitor (Cr);

{C,_ S S 302.82nF} (4.8)
211Q- f, - R,.

In order to determine resonant inductor (Lr);

{L, = % = 11.57,UH:| 4.9)
Q-7 -C,

In order to determine Primary resonant inductor;
(k+1)*

L =—-—"—(L,)=37.887 (4.10)

{ P2k +1) (L) HH

The relationship between primary resonant inductor, Magnetizing inductor

and transformer primary side inductor is;
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L
Ly =Ly + Ly k==L, =(k+1)-L

pri

=L, =6.314uH (4.11)
= L, =31.573uH

pri?® pri

In order to determine the winding turn numbers of the transformer;

_&_ ‘/in ( max ) 400

n=—-= M, =———-(1.18)=1.951 (4.12)
| Ns 2V, +2V,) 2(120+1)

Primary side minimum turn number can be determined as;

n-(V,+2V,)
plmin) = =

2-f,-AB-A, (4.13)
=N,=n-N,>N

P (min)

1.951-(121)

Np(min) = 3 6 = 79937
2:46-10°-0.3-107-10
:Np =n-N, > NP =79.937
b (4.14)
=>N,= 80
=N, >N, i = 40.972
= N, =41

To define the variables of the formulas above; A. is the transformers cross-
sectional area in m® (Ae = 107 mm?, EER3541), AB is the maximum flux density
swing in tesla; to prevent excessive hysteresis losses and heat generation, AB
should be lower than 0.8T (AB in this study is chosen as 0.3T) (Park et al., 2016).
V4 is the diode voltage, f, is the minimum switching frequency, Np is the primary

side turn number, Ns is the secondary side turn number, and n is the turn ratio.

4.2.2. Steady-state analysis for soft switched LLC resonance converter
In the switching operations of the LLC resonance converter, the switching

signals (PWM) (Vgsoi, Vasqe). the voltage on the power switches (Vpsoi, Vpsga)s
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current flowing through the power switch (Ig;, Io2), and diode bridge current (I4) in
the secondary part, waveforms It is shown in Figure 4.7 (Toshiba., 2019).

According to these waveforms, eight different operation modes are formed.
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Figure 4.7 LLC resonance converter waveforms.

Operation Mode 1-b (Q is on state Q, is off state)

In this operating mode, the first power switch (Q;) is on (Q,) while the
power switch is in the off state. The primary part of the transformer consists of the
current (I,) flowing over the resonant tank (L, and C,), the output current of the
secondary part (Io) and the magnetic inductance current (I,,,) of the transformer (I,

= I, + I,). In the secondary part of the transformer, the output current (I,) flows
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over the filter capacitor (C,) and the load. The voltage formed at the output
provides a voltage up to (N, / N,) * V,) according to the number of turns (n) in
the primary part of the transformer. Flow diagrams of the current in this operating
mode and the activity status of the circuit elements are shown in Figure 4.8 (a).
Operation Mode 2 (Q; is on state Q is off state)

In this mode of operation, the first power switches maintain the operation
mode, while (Q;) is on, (Q,) is on the power switch. In this mode, the output
current (Io) circulated in the primary part drops to zero. This mode continues until
the resonance state between L, and C, ends. In the primary part, only the
inductance current (I,,,) of the transformer continues to flow and at the output, the
energy induced on the capacitor (C,) tries to discharge over the load. At the end of
this mode, the Q; power switch turns off. Flow diagrams of the current in this
operating mode and the activity status of the circuit elements are shown in Figure

4.8(b).
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Figure 4.8 LLC resonance converter operation modes; (a) mode 1-b, (b) mode 2

Operation Mode 3 (Q, is off state Q, is off state)

In this mode of operation, both power switches (Q;, Q,) are off state. The
magnetic inductance current (I,,) of the transformer continues to flow in the
primary part. In this operating mode, since the switches are off state, current
continues to flow through the parasitic capacitors (Cq; and Cq,) of the switches. In
this case, Cq, goes into discharge state while Cq; is charging. Thus, while the
voltage of switch Q; increases, the voltage of switch Q, decreases. This mode of
operation continues until the charge and discharge states of the parasitic capacitors
are completed. Flow diagrams of the current in this operating mode and the activity

status of the circuit elements are shown in Figure 4.9 (a).
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Figure 4.9 LLC resonance converter operation modes; (a) mode 3, (b) mode 4

Operation Mode 4 (Q1 is off state Q2 is off state)

In this operation mode, both power switches (Q;, Q,) are off. The
magnetic inductance current (I,,) of the transformer continues to flow in the
primary part of the parasitic capacitors even after the charge and discharge states
are completed. In this mode, the transformer's magnetic current (I,,,) flows through
the body diode of the Q, switch, and the energy induced on the output capacitor
(Co) is discharged through the load. At the end of this operating mode, switch Q,
goes on. Flow diagrams of the current in this operating mode and the activity
status of the circuit elements are shown in Figure 4.9 (b).

Operation Mode 5-a (Q, is off state Q, is on state)
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The power switch Q; off state, while Q, turns on. The Q, switch turns on
at zero switching voltage (ZVS) when the body diode is freewheeling. When the
Q, switch turns on, the resonant capacitor (C,) acts as a power source and causes
current to flow in the primary part of the transformer. In the secondary part, the
load current flows through diodes d; and d;, creating Vo voltage on the load. The
output voltage causes a voltage (- (N, / N,) * V) on the magnetic inductance (L.,).
This voltage causes the magnetic current (I,,) to be decayed. Flow diagrams of the
current in this operating mode and the activity status of the circuit elements are

shown in Figure 4.10 (a).
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Figure 4.10 LLC resonance converter operation modes; (a) mode 5-a, (b) mode 5-
b.

Operation Mode 5-b (Q; is off state Q, is on state)
In this operating mode, the power switch (Q,) remains off state, while Q,
is on state. The magnetizing current (I,) starts to increase negatively. The

resonance between L, and C, ends. This operation mode is completed when the
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output current (I,) becomes zero and goes to the next operating mode. Flow
diagrams of the current in this operating mode and the activity status of the circuit
elements are shown in Figure 4.10 (b).

Operation Mode 6 (Q is off state Q, is on state)

In this operating mode, the power switch (Q,) remains off state, while Q,
is on state. The magnetizing current (I,,) continues to flow through the transformer,
L, and C, tanks. The C, resonance capacitor acts like a power source. At the end of
this operating mode, the Q, switch turns off and the next operating mode starts.
Flow diagrams of the current in this operating mode and the activity status of the

circuit elements are shown in Figure 4.11 (a).
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Figure 4.11 LLC resonance converter operation modes; (a) mode 6, (b) mode 7.

Operation Mode 7 (Q is off state Q is off state)
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In this mode of operation, both power switches (Q;, Q) are off state. The
magnetic inductance current (I,,) of the transformer continues to flow in the
primary part. In this operating mode, since the switches are off state, current
continues to flow through the parasitic capacitors (Cq; and Cq,) of the switches. In
this case, Cq, goes into charge state while Cq, is discharging. Thus, while the
voltage of switch Q; decrease, the voltage of switch Q, increases. This mode of
operation continues until the charge and discharge states of the parasitic capacitors
are completed. Flow diagrams of the current in this operating mode and the activity
status of the circuit elements are shown in Figure 4.11 (b).

Operation Mode 8 (Q is off state Q is off state)

In this operation mode, both power switches (Q;, Q,) are off. The
magnetic inductance current (I,,) of the transformer continues to flow in the
primary part of the parasitic capacitors even after the charge and discharge states
are completed. In this mode, the transformer's magnetic current (I,,) flows through
the body diode of the Q; switch, and the energy induced on the output capacitor
(Co) is discharged through the load. Flow diagrams of the current in this operating

mode and the activity status of the circuit elements are shown in Figure 4. 12 (a).
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Figure 4.12 LLC resonance converter operation modes; (a) mode 8, (b) mode 1-a.

Operation Mode 1-a (Q1 is on state Q2 is off state)

The power switch Q; on state, while Q, turns off. The Q, switch turns on
at zero switching voltage (ZVS) when the body diode is freewheeling. When the
Q; switch turns on, the resonant capacitor (C,) acts as a power source and causes
current to flow in the primary part of the transformer. In the secondary part, the
load current flows through diodes d2 and d4, creating Vo voltage on the load. The
output voltage causes a voltage ((N; / N,) * V,,) on the magnetic inductance (L,,).
This voltage causes the magnetic current (I,,) to be decayed. Flow diagrams of the
current in this operating mode and the activity status of the circuit elements are

shown in Figure 12b.
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4.2.3. Losses Analysis
Mosfet's power losses are calculated as the sum of three different power

losses; switching losses, conduction losses and body diode losses of MOSFET.

P :Psw+PC

mosf on.

. TP, (4.15)

iode

The switching losses are calculated as the sum of two different power
losses, P, while the switch turn ON and P when the switch turn OFF.

Mosfet's body diode losses are examined in sum of two power losses:
conduction losses and turn-off losses. However, in case of reverse recovery of the
body diode, the voltage across the body diode is approximately zero, so the turn of
loss of the body diode is eliminated. Therefore, equation 1 can be extended as

follows (Das et al., 2019, Frivaldsky et al., 2013, Ali et al., 2017).

P . =P +B)ﬁ'+P . TP

mosf on con,

(4.16)

iode—cond .

The relationship between power losses and energy can be defined as

POn = ESW—On ’ fsw
(4.17)

Poﬁ" = Esw—ojf ’ fSW

follows;

Here Eg,.o, is the switch turn-on energy, Eg, .o is the switch turn-off
energy.
In this case, for the calculation of power losses;

ton

E,, ,, = [v(t)-i(t)-dt 4.18)
0
In this case;
. t t
(1) =1, (z_); v(t) =V, (- (t—)) (4.19)
Finally;
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E, . = ViusTnax “ton (4.20)
6
For the switch turn-off losses
1off
E, = [v()-i(t)-dt @21)
0

In this case;

t . t
v(t) =V, (—)i@®) =1, A-()) (4.22)
tr)ﬁ taﬂ
Finally;
v, I -t
Esw—oﬁ = e "gx o (423)

For the conduction losses calculation;
2
I)cand. =1 mosf (rms) * Rdsfon (4.24)

Here I,nosems) represents the rms value of the drain-source current and Rds-

on represents the resistance drain-source during on state.

F, 1 diode(mean) Vf (4.25)

Here the Igiode mean) T€presents mean value of the body diode current Vi is

iode,cond. —

the forward voltage of the diode.
As a result; Since soft switching (ZVS) is applied to the LLC resonance

converter, Esw-on is eliminated and in the last case the loss analysis is calculated

as follows;
Pmosf = Poﬁ‘. + F)cond. + F)diode—cond. (426)

4.3. ANN Control Method
The operating logic and basic features of artificial neural networks are just

like biological neurons. In the most basic way, an artificial neural network
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algorithm consists of the input layer, the weight part, the summing node, activation
function and the output layer. While a simple artificial neural network diagram is
shown on the left side of Figure 4.13, the diagram of the artificial neural network

designed for this study is shown on the right side.
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Figure 4.13 Structure of ANN and algorithm for proposed study

In this study, an artificial neural network is designed and applied to control
the load voltage of the high efficiency two stage battery charging unit. Levenberg-
Marquardt (LM) was used as the activation algorithm of the artificial neural
network. Performance indicator for ANN structure is accepted as Mean square

error (MSE). If every target desired to be reached in the output layer of the ANN is
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realized with an equal probability, MSE is expressed as the sum of the squares of
the errors on the targets (Q) in the training sets, this situation is detailed with the
following mathematical expressions. (Chamjangali et al., 2007, Celik et al., 2016,
Singh et al., 2007).

0 T
F(x)= Z(tq -a,) (t,—a,)
- (4.27)

T 0 sM
Z(e,q) = Zw
q=
Where tg is gth target value of the function. aq is desired gth output of the
function. e; , represents jth element of the error, for the gth input/target pair.

The calculation of the Jacobian matrix in the LM algorithm is a very
important step, the backpropagation algorithm is used in this step. While
calculating the Jacobian matrix, the operation is performed by taking the
derivatives of the errors instead of the derivative of the squares of the errors.

(Chamjangali et al., 2007, Celik et al., 2016, Singh et al., 2007).
Vi =[v,v2,v3..vn] = [61,1 .€,,65,€,, ..Q] (4.28)

The parameter vector can be defined as;
X" =[x1,x2,x3..xn] = [Wlu Wws W bbb ] (4.29)

Where w'; represents the weight and b;' represent the bias in order to reduce
the error rate between targets and output values, V represents the weight vector of
hidden layers.

In order to calculate the backpropagation algorithm following equation is used,
T
OF (x) Oe,e,

4.30
ox, ox, (30

Calculation of LM is needed for the Jacobian matrix as;
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8vh _ 8ek,q

[J ]h,l =

4.31
ox,  Ox (3D

The detailed performance analysis of the Jacobian matrix can be shown in the

following mathematical model.

0 Oe Oe on"ii on"ii )
[y =2 = = SR =, S = Sl
Tooox, ow"i;  on"ig OW"ij Tow"i o
if x, is bias;
"1 6 mi 6 mi
n" =Zw,.';’+bl.'" So that nm =a”" and nm =1
= ow'i ob, (4.32)
Finally Marquardt sensitivity layeris;
[J]hl =%= 56},;‘1 _ aew,?q ‘an’:ji’q —sn al’lmmii,q —sn
’ 5x1 ow"i; on"ig OW"i; T ow"; .
The Total Marquardt sensitivity is;
S" = [s;“ s;"...|SQ'"]

Where J(x) is the Jacobian matrix, e, is the gth error between target and
output kth element (Chamjangali et al., 2007, Celik et al., 2016, Singh et al., 2007).

In this study, an artificial neural network controller consisting of three
inputs (Rioad, Vde-Links ViLoad), Single output (switching frequency) and 10 neurons
was designed. In addition, Levenberg-Marquardt activation algorithm was used for
the designed ANN controller. A two-stage battery charging unit was operated to
create a table of 8000 samples. 15% of the samples were used for training and 15%
for validation.

The flowchart of the designed ANN controller is shown in detail in figure
7. As stated in the flow diagram, firstly, dc-link voltage, load voltage and dynamic
load values should be measured. Then, the measured values should be compared
with the reference values. If the reference load voltage is greater than the measured

value, the dynamic load and dc-link voltages are compared with the reference
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values and regulate the switching frequency with the help of the ANN controller
activation function and Levenberg-Marquardt algorithm (fs = f5 + Afs). If the
reference load voltage is smaller than the measured value, the dynamic load and
dc-link voltages are compared with the reference values and regulate the switching
frequency with the help of the ANN controller activation function and Levenberg-
Marquardt algorithm (fs = fs-Afs). If the measured load voltage value is equal to
the reference value, the controller returns to the top to repeat the operations. The
flowchart for the design of the proposed two stage on-board battery charger
topology and ANN control based soft switched half-bridge LLC resonance

converter is shown in Figure 4.14.
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Figure 4.14 Flowchart of the proposed two-stage OBC
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The internal structure of the artificial neural network created in the NNtool
and GenSim sections of the Matlab simulation program is shown in Figure 4.15.
The input layer (Figure 4.15(a)), dc-link voltage, output voltage and variable load
(Rload) values are multiplied by weights (Figure 4.15 (b)) and collected with the
appropriate bias values (Figure 4.15 (c)) and sent to the second layer. In the second
layer (figure 4.15 (d)), the obtained data is multiplied by new weight values and the
result added with appropriate bias values and finally switching frequency (fs) is

generated at the output.

Inside of ANN Block ' (b) m_ﬁ Weight of Layer 1 Block
1 : ) LSRR

:Input Process Input 1 Layer 1 .5{1}

af1 }. Layer2 Process Output 1 Output

Inside of Layer 1 Block

o1} Dalays 1

‘:I ,ﬁ _E Inside of Layer 2 Block
a1} Delays 1 LW(2,1} :ﬁ } .I

= a@

B2} J
Figure 4.15 ANN block created in Matlab. (a) Network (b) Weight operation (b),
(c) Layer 1, (d) Layer 2.

In order to operate the system with ZVS, a dead time is required between
the primary side power switches. During this dead-time, the drain-source capacitors
of the power switches are charged and discharged. At the same time, the
transformer's magnetic inductance current (I ) circulates between the drain-source
capacitors of the power switches and the resonance tank (Alemdar., 2016, Jung et

al., 2007).
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m< tdead (4.33)
16-Cs(eq) - fsw

tdead >16-Lm-Cs(eq)- fsw < tdead >16%31.536¥107° *12*10~° *85*10°

= tdead >5.146*%107"
The dead-time interval placed between the PWM signals produced for primary side

power switches was created in Matlab / Simulink as shown in figure 4.16.
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;
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¥

H y
Oneiftdead ¢

AN elapsed '0'

4 N )

\al

Dead Time

Figure 4.16 Internal structure of Tdead block

4.4. Performance Analysis
The proposed two-stage battery charger was operated in six different load

states to calculate efficiency according to European efficiency standards.

Table 4.2 operation states of proposed system

States State 1 State 2 State 3 State 4 State 5 State 6
Values %100 %50 %30 %20 %10 %5 Load
Load Load Load Load Load

4.4.1. State 1: (100% Load)
The grid voltage and current at full load (100% load) are shown in Figure
4.17. Phase angle (Q,-Q;) between grid voltage and current, power factor and dc-

link voltage are shown in Figure 4.18. Switching frequency (F;), load voltage and
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current of the LLC resonance converter are shown in Figure 4.19. Resonance
capacitor current and magnetizing current (I, I,,) of transformer, current of power
switch (Ipsq:), voltage of power switch (Vpsqi), diode current (I4) are shown in
Figure 4.20. PWM signals of power switches (Vgsoi-Vasgz), switching currents
and ZVS operation are presented in Figure 4.21. The harmonic performance of

proposed topology and (IEC-3-2-Class D) standards are compared in Figure 4.22.
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Figure 4.17 Grid voltage and current (100% load)
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Figure 4.18 DC-Link voltage (a), Phase angle (b), Power factor (c), (100% load)
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Figure 4.22 Grid current harmonics order (IEC-3-2-Class-D and proposed
topology) (100% load)

The electrical properties obtained when the proposed two-stage battery
charger is operated at full load are shown in Table 4.3.

Table 4.3. Electrical properties of proposed two stage battery charger (full load)

State 1 pf

THD AV(ripple) Efficiency

Full Load  =0.99 <IEC61000-3-2-D-Class <05V 96.8%
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4.4.2. State 2: (50% Load)

The grid voltage and current at 50% Load are shown in Figure 4.23. Phase
angle (Q,-Q;) between grid voltage and current, power factor and dc-link voltage
are shown in Figure 4.24. Switching frequency (Fs), load voltage and current of the
LLC resonance converter are shown in Figure 4.25. Resonance capacitor current
and magnetizing current (I, I,) of transformer, current of power switch (Ipsq:),
voltage of power switch (Vpsq1), diode current (I4) are shown in Figure 4.26.
PWM signals of power switches (Vgsoi-Vasgz), switching currents and ZVS
operation are presented in Figure 4.27. The harmonic performance of proposed

topology and (IEC-3-2-Class D) standards are compared in Figure 4.28.

Grid Current (A), Grid Voltage (V)
Grid Current (A), Grid Voltage (V)

or (pf)

Time (s)

Figure 4.24 DC-Link voltage (a), Power factor (b), Phase angle (c), (50% load)
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Figure 4.28 Grid current harmonics order (IEC-3-2-Class D and proposed
topology) (50% load)
The electrical properties obtained when the proposed two-stage battery

charger is operated at 50% load are shown in Table 4.4.

Table 4.4 Electrical properties of proposed two stage battery charger (50% load)
State 2 pf THD AV(ripple) Efficiency

50% Load =0.99 <IEC61000-3-2-D Class <05V 94.1%

4.4.3. State 3: (30% Load)

The grid voltage and current at 30% Load are shown in Figure 4.29. Phase
angle (Q,-Q;) between grid voltage and current, power factor and dc-link voltage
are shown in Figure 4.30. Switching frequency (Fs), load voltage and current of the
LLC resonance converter are shown in Figure 4.31. Resonance capacitor current
and magnetizing current (I, I,) of transformer, current of power switch (Ipsq:),
voltage of power switch (Vpsq1), diode current (I4) are shown in Figure 4.32.
PWM signals of power switches (Vgsoi-Vasgz), switching currents and ZVS

operation are presented in Figure 4.33. The harmonic performance of proposed
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topology and (IEC-3-2-Class D) standards are compared in Figure 4.34.
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Figure 4.29 Grid voltage and current (30% load)
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Figure 4.34 Grid Current Harmonics order (IEC-3-2-Class D and proposed
topology) (30% load)
The electrical properties obtained when the proposed two-stage battery

charger is operated at 30% load are shown in Table 4.5.

Table 4.5. Electrical properties of proposed two stage battery charger (30%-load)
State 3 pf THD AV(ripple) Efficiency

30% Load =099  <IEC61000-3-2-D-Class <05V 92.6%

4.4.4. State 4 (20% Load)

The grid voltage and current at 20% load are shown in Figure 4.35. Phase
angle (Q,-Q;) between grid voltage and current, power factor and dc-link voltage
are shown in Figure 4.36. Switching frequency (Fs), load voltage and current of the
LLC resonance converter are shown in Figure 4.37. Resonance capacitor current
and magnetizing current (I, I,) of transformer, current of power switch (Ipsq:),
voltage of power switch (Vpsq1), diode current (I4) are shown in Figure 4.38.
PWM signals of power switches (Vgsoi-Vasgz), switching currents and ZVS
operation are presented in Figure 4.39. The harmonic performance of proposed
topology and (IEC-3-2-Class D) standards are compared in Figure 4.40.
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Figure 4.40 Grid current harmonics order (IEC-3-2-Class D and proposed
topology) (20% load)

The electrical properties obtained when the proposed two-stage battery

charger is operated at 20% load are shown in Table 4.6.

Table 4.6 Electrical properties of proposed two stage battery charger (20%-load)
State 4 pf THD AV(ripple)  Efficiency

20% Load =099  <IEC61000-3-2-D-Class <05V 91.3%

4.4.5. State 5 (10% Load)

The grid voltage and current at 10% load are shown in Figure 4.41. Phase
angle (Q,-Q;) between grid voltage and current, power factor and dc-link voltage
are shown in Figure 4.42. Switching frequency (Fs), load voltage and current of the
LLC resonance converter are shown in Figure 4.43. Resonance capacitor current
and magnetizing current (I, I,,) of transformer, current of power switch (Ipsqi),
voltage of power switch (Vpgq1), diode current (I4) are shown in Figure 4.44.
PWM signals of power switches (Vgsoi-Vasgz), switching currents and ZVS
operation are presented in Figure 4.45. The harmonic performance of proposed
topology and (IEC-3-2-Class D) standards are compared in Figure 4.46.
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Figure 4.46 Grid current harmonics order (IEC-3-2-Class D and proposed
topology) (10% load)

The electrical properties obtained when the proposed two-stage battery
charger is operated at 10% load are shown in Table 4.7.

Table 4.7. Electrical properties of proposed two stage battery charger (10%-load)
State 5 pf THD AV(ripple)  Efficiency

10 % Load =0.99 <IEC61000-3-2-D-Class <05V 87.6%

4.4.6. State 6 (5% Load)

The grid voltage and current at 5% Load are shown in Figure 4.47. Phase
angle (Q,-Q;) between grid voltage and current, power factor and dc-link voltage
are shown in Figure 4.48. Switching frequency (Fs), load voltage and current of the
LLC resonance converter are shown in Figure 4.49. Resonance capacitor current
and magnetizing current (I, I,) of transformer, current of power switch (Ipse:),
voltage of power switch (Vpsq1), diode current (I4) are shown in Figure 4.50.
PWM signals of power switches (Vgsqi-Vasqz), switching currents and ZVS
operation are presented in Figure 4.51. The harmonic performance of proposed

topology and (IEC-3-2-Class D) standards are compared in Figure 4.52.
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Figure 4.52 Grid current harmonics order (IEC-3-2-class D and proposed topology)
(5% load)

The electrical properties obtained when the proposed two-stage battery

charger is operated at 5% load are shown in Table 4.8.

Table 4.8 Electrical properties of proposed two stage battery charger (5% load)
State 6 pf THD AV(ripple) Efficiency

5%Load =09  <IEC61000-3-2-D-Class <05V 84.2%

ANN-controlled two-stage battery charging unit, where all the situations
are examined at the same time, and the load voltage, current and switching

frequency are shown in Figure 4.53.
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ANN control and conventional pi control were applied to the proposed

topology, and when examined for all cases, ANN control's dynamic response and

steady-state error were observed to be better than conventional pi control.

findings are presented in Figure 4.54.
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Figure 4.54 Dynamic response of ANN control and traditional pi control and

steady-state error

ANN-controlled two-stage battery charging unit, where all the situations

are examined at the same time, and the dc-link voltage and current are shown in

figure 4.55.
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Figure 4.55 DC-link voltage and current for all states.

ANN-controlled two-stage battery charging unit, where all the situations

are examined at the same time, and the grid voltage and current are shown in figure

4.56.
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Figure 4.56 Grid voltage-current for all states

02 025

For proposed two-stage battery charger topology, load voltage controller,

the designed ANN with feed-forward back propagation and Levenberg-Marquardt

activation algorithm performance is demonstrated in Figure 4.57, by 99% accuracy.
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Figure 4.57 MSE and regression performance of the ANN controller

The efficiency, load voltage ripples, dc-link voltage ripples, of the system
are given in Figure 4.58, under six different states. The peak efficiency of the two
stage battery charger is measured as 96.8% and the maximum load voltage ripple is
measured as lower than 1-volt and the maximum dc-link voltage ripples is
measured as lower than 10-Volt. According to European efficiency standards, the
system operated under six variable states (5%, 10%, 20%, 30%, 50%, 100%) and
the peak efficiencies of each state are calculated separately. Efficiency is obtained
by the ratio of output power to input power;

Ep =100 5100 (4.34)

IN
The European efficiency of the system calculated by the following equation.

EUn =0.037,5 +0.0677,,, +0.13175,0 +0.1775,3, +0.487,,5, +0.277,,,00
EUn=84.2%0.03+87.6%0.06+91.3%0.13+92.6%0.1+ 94.1%0.48 + 0.2%96.8 (4.35)
EUn =93,4%
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Figure 4.58 Two stage battery charger efficiency (a), DC-link voltage ripple, load
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The system designing parameters values and ANN control characteristics

are given in Table 4.9 and Table 4.10.

Table 4.9 System parameters and values

Parameters Values Parameters Values
Vin (PFC) 240 V Rioad 4.840Q-96.96Q
Frequency 50 Hz Vout 120 V

(PFC)
Vin (LLC) 365-420 V Kp 0.33

Power (kW) 3.3 kW (Level-2) Ki 74.66

Lr 11.57 pH THD <5%
Cr 302.82nF pf >0.99
Lm 31.573 uH fp 57 KHz
fr 85 KHz Lboost 0.6 mH
Cboost 500 pF Cdc-link 984 uF
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Table 4.10 ANN control characteristics

Parameters Values
Network Type Feed-Forward Backprop.
Input Data V Load> Rioads Vde-Link
Target Data Fwitching
Training Function TrainLM
Adaption Learning Function LEARNGDM
Performance Function MSE
Number of Layers 3
Number of Neurons 10
Trasfer Function TANSIG
Mu 0.001
Mu_dec 0.1
Mu_inc 10
Logging Data Decimation 4000
Epoch 1000 (42)

4.5. Discussion

In this study, a two-stage battery charging unit topology is designed. The
LLC resonance transducer capable of soft switching (ZVS) for the proposed system
has been controlled with a controller designed with artificial neural networks. It has
been determined that problems such as dynamic response of traditional pi
controller and steady state error are reduced (Figure 4.56. In addition, it is
anticipated that the system can perform at higher power density, less switching
losses and lower EMI conditions by designing a soft switched LLC resonance
converter. Maximum efficiency of the proposed system was measured as 96.8%. In

addition, when analyzed according to European efficiency standards, the efficiency
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of the system was calculated as 92.3%. It has been observed that the proposed
system complies with the recommended IEC-3-2-Class D harmonic standards for

the battery charging unit of electric vehicles, from light load to full load.
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5. PROPOSED BATTERY CHARGER ARCHITECTURE

In this study, a two-stage battery charger architecture that can be powered
both from the grid and a renewable energy source, was developed. A half-bridge
LLC resonance (HBLLC) DC-DC converter is designed for the proposed battery
charger and has been tested in a wide load range (5% load to 100% load). The first
input of the HBLLC resonant converter is powered from the bridgeless PFC
converter connected to the grid, while the other input is powered from the
photovoltaic (PV) system. Moreover, in this study, for PV system, a maximum
power point tracking (MPPT) method with higher accuracy and lower convergence
time than traditional methods, was developed. On the other hand, the first output of
the HBLLC resonance converter connected to the high power battery, while the
other output connected to the auxiliary battery that feeds low power loads. In
conventional battery chargers, the auxiliary battery is powered by the high power
battery. In the proposed operation, the auxiliary battery is charged by the PV
system. Thus, the high power battery has more energy to power the electric motor
and allows the electric vehicle to travel more miles with a single charge process. In
addition, the proposed architecture can save energy costs demanded from the grid
in the long term. Another advantage of the proposed battery charge architecture is
creating a compact structure to save extra cable cost. The proposed two-stage

battery charger architecture is shown in Figure 5.1.
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5.1. PV Systems

The first stage of the proposed battery charging unit consists of the PV-fed
LLC resonant converter with the developed MPPT method. PV panels are
renewable energy sources created by connecting solar cells in series and parallel.
The single-diode equivalent circuit of the solar cell, which is used most in the

literature, is shown in Figure 5.2.

p Is R2 > Io

+
Irradiance * Id *IR |

C*) DY RI § \Y%
J

Temperature

Figure 5.2 Single diode equivalent circuit of the solar cell.

The first resistance (R;) seen in the solar cell equivalent circuit represents
the loss of the small leakage current (High-value kQ), the second resistance (R,)

represents the metal losses in the solar cell (about 1Q) (Yilmaz et al., 2019).

I=1—1,—1I, (5.1)
(V+IRg)
1,=1, _[eq nKT _1} 5.2)

In order tor represent the electrical characteristics; the electron charge

value ¢, the Boltzmann constant K (1.38x10™J /K ), reverse saturation current /,,,

and diode factor n.

ste

Lmzéiﬂmw+yw(T—T)) (5.3)

stc
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Where ¢ is the temperature coefficient (short-circuit current), 7. . is

the reference short circuit current, 7' is p-n junction temperature (Yilmaz et al.,
2019).

DC electric power obtained from PV panels is affected by environmental
conditions such as temperature and radiation. The effect of radiation and

temperature on the electrical characteristics of PV panels is shown in detail in

Figure 5.3.
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Figure 5.3 (a) Power-voltage and current-voltage characteristics of PV array
(variable temperature °C), (b) Power-voltage and current-voltage
characteristics of PV array (variable irradiance, W/m2).

5.1.1. MPPT Methods and Proposed Model

There are many MPPT methods developed in the literature to obtain
maximum power from PV panels under different radiation and temperature
conditions. These methods are; differ in accuracy rate, easy applicability,

convergence rate and cost. One of the most widely used MPPT methods in the
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literature is the P&O method. Although the P&O method has important features
such as easy applicability and low cost, it remains unstable to react under different
environmental conditions, as it releases continuously around the maximum power
point, resulting in loss of power and hence efficiency. The following equations
form the basis of the P&O method (Ahmed et al., 2015, Abdelsalam et al., 2011,
Elgendy et al., 2012)

View = Vou AV xSlope = if (P> P,,) (5.4)

V,ew = Vou —AV xSlope = if (P<P,,)

Another traditional MPPT method is the Incremental conductance
algorithm. The Incremental conductance algorithm, just like the P&O method, is
easy to install and cost-effective. However, as it is oscillating around the maximum
power point, as in the P&O algorithm, it causes loss of power and decrease in
efficiency. However, many researchers state that the Incremental conductance
method gives better results under variable environmental conditions than P&O
algorithm. The following equations form the basis of the incremental conductance

algorithm (Tey et al., 2014, Elgendy et al., 2013, Yilmaz et al., 2020)

d—P>O<:>£>_—I:>leftsideofMPP

dv v’ v

ap <0< ar < - = right side of MPP (5:5)
av av v

P o =L ot the MPP

W% av v |

where V is the PV terminal voltage, P represents the PV generated power
and [ represents PV panel current.

The fuzzy logic MPPT (FLC) method has a high convergence rate and
there is no oscillation problem at the maximum power point. However, the cost is

higher than the other traditional methods because of the need for high speed
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microprocessors. The following equations form the basis of the FLC method

(Guenounou et al., 2011, Salah et al., 2011, Bendib et al., 2014).

_AP Py -Py,
S halrers
AV Vg Ve, (5.6)
CE = E(k) — E(kfl)

where E, represents an error (the slope of P-V characteristics) and CE
represents the change of error.

In the proposed MPPT method, the MPP voltage of the PV panel varies
according to the variable environmental conditions, this amount of change was
calculated by making use of the PV panel characteristic equations. In addition, the
method was created by taking advantage of the speed of the fuzzy logic algorithm.
Thus, a faster and higher accuracy MPPT method was developed than traditional
methods. The operation principle of the proposed MPPT method is shown in detail

in Figure 5.4.
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Figure 5.4 The operation process of the proposed method

The input data for the adaptive soft calculation part are given as
temperature and radiation and the reference voltage value at the MPP point is
calculated using the basic equations below. In the fuzzy logic block, the error rate
between the voltage at the MPP point (Ey) and the calculated voltage of the PV
panel and the change of the error over time (CEy) are used as input values. At the
output of the fuzzy logic, the duty cycle of the PWM signal generated for the

switching element is set (Yilmaz et al., 2019).
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Where K=-0.32398,

(1+a-AT)

oo (1+K-a-AT) In(e+b-AG)
.(1+K-a-AT)-In(e + b-AG)

G
—2 .(1+a-AT
G ¢ )

=V __.(1+K-a-AT)

=V, - In(e+b*AG)

temperature coefficient,

(5.7)

a=1.17*10", Thermal

coefficient. G is irradiance, Ggrc (1000W/m2’ in STC), Vypp is the PV panel MPP
voltage, T is ambient temperature, Tsrc (25°C, in STC), b=0.0005 (Ruo-li et al.,

2016).
The flowchart of the proposed MPPT

method is presented in detail in Figure 5.5.
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Figure 5.5 The flowchart of the proposed MPPT method.
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The FLC algorithm's output values are calculated in the inference process
section using the membership functions presented in Figure 5.7 and the rule table
shown in Table 1. In the de-fuzzification process section, Centroid, center of
gravity (CoG) method (Shown in Figure 5.6) was used. mathematically, the CoG
method is defined as follows (Samanta, 2018).

. X . (x)dx
x J“; (5.8)
j e (x)dx
Graphically;
A
He 4

/A"\>\4/.

|
|
|
|
x
x

\/

x, —»

Figure 5.6 Center of gravity de-fuzzification method

Where x* is the x-coordinate of center of gravity, Juc(x)dx represents the
area of the region bounded by the curve pc

If pc defined with a discrete membership function;

X'=i 5.9)
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X; is the sample element and n represents the number of samples in fuzzy
(Samanta, 2018).

the outputs of all rules are summed to produce a numerical crisp output
value. Abbreviations specified in membership functions are as follows; NB is
negative big, NS is negative small, ZE is zero, PS is positive small and PB is

positive big.

NB NS ZE PS PB NB NS ZE PS PB

LV N2

2 04 1

0.2 04 1 -1 -0.4 -0.2

-1 0.4
Variable Input Variable Input
(Error) (CE)
(@) (b)
, _NB NS  ZE PS PB
05 _\/\\]A
-1 0.4 0.2 0 o.é 0‘.4 1
Variable Output
(Duty Cycle)
(c)

Figure 5.7 Error (a), CE (b), Duty (c).

Table 5.1 MPPT method fuzzy logic rule bases

—
*E/ CE PB PS ZE NS NB
PB PB PS ZE PB PB
PS PB PS PS PS PB
ZE PS PS ZE ZE NS
NS NS NS ZE NS NB
NB NS NS NS NB NB
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The proposed method and traditional methods are compared under six
different environmental conditions (Variable environmental conditions are shown
in Table 5.2 and also detailed model of weather signals are shown in Figure 5.8).

The result signals and convergence time analysis are given in Figure 5.9 and 5.10.

Table 5.2 Variable operation states for MPPT methods

States State 1 State 2 State 3 State 4 State 5 State 6

Irradiance 1000 1000 800 800 600 600
W/m* W/m? W/m? W/m? W/m? W/m*

Temperature 25°C 35°C 25°C 35°C 25°C 35°C

1200
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i i
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Figure 5.8 PV system operated states (variable irradiance and temperature
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Figure 5.10 Comparison of efficiency and convergence time for MPPT methods
under variable environmental conditions

5.2. AC-DC Bridgeless PFC Converter

Research to reduce transmission losses in circuits with power
semiconductors is an important issue for the design and implementation of power
electronics topologies. Many topologies are available in the literature to reduce
transmission and switching losses in AC-DC rectifier topologies. Due to its low
THD, high power factor, low transmission loss and high efficiency, the bridgeless
PFC rectifier topology is highly preferred. In addition, the bridgeless PFC topology

has fewer semiconductor devices than conventional boost topology on the current
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path (Kararslan et al., 2009., Cheng et al., 2018., Lee et al., 2016, Yilmaz et al.,
2020). The bridgeless rectifier topology with average current mode control

structure is shown in Figure 5.11.
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Figure 5.11 AC-DC bridgeless rectifiers with ACM control
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The grid voltage (V;,) is divided by the RMS value then absolute operation
applied to the created signal. At the same time, the output voltage (Vo) is
compared with the reference voltage (V,uer) and an error signal is obtained. After
applying PI controller, this error signal is multiplied by the absolute value obtained
from the input voltage (|Vin|) and the reference signal for the inductor current
(ILirer) is created. By comparing the inductor current and reference value, the PWM
signal is created for the switching elements (Shown in Figure 5.11). In order to
clarify the operation process of the bridgeless rectifier, the system was operated in
four different situations. Switching elements (Q1) and (Q2) are operated
synchronously on and off (synchronous control method) (Kararslan et al., 2009.,

Cheng et al., 2018., Lee et al., 2016, Yilmaz et al., 2020).

Vgrid = ‘/m Sin (Wt)
Vgrid :LCZ_L:> O<l‘0n < DT
t diL (5.10)
Vgrid —‘/()ut :L'L: DT <t()ﬁ‘ <T
dt :
ty V
Vv .t =WV. -V -t = off _ _out
in “on ( in out) off T ‘/i"

where D is duty cycle, V;, is grid voltage, V,, is load voltage C is load
capacitor, L is equivalent inductor
Performance results of the AC-DC PFC converter for THD, power factor,

phase angle and current-voltage characteristics are shown in Figure 5.12.
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Figure 5.12 Voltage and current signals for designed bridgeless rectifier

5.3. Multi-Input Output LL.C Resonance Converter

Due to its high efficiency low electromagnetic interference (EMI) and its
ability to operate in a wide load range, LLC resonance converter was preferred in
the proposed battery charging architecture. The proposed LLC resonance converter
has two inputs to provide power flow from the grid and PV panel, while the output
of the LLC resonance converter has a high-power battery connection as well as an
auxiliary battery connection for feeding low power loads. The LLC resonant

converter for proposed architecture is shown in Figure 5.13.
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Figure 5.13 Designed LLC resonance converter for proposed battery charger
architecture

Current and voltage signals of the LLC resonance converter are shown in

Figure 5.14.
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Figure 5.14 Voltage-current signal of HBLLC converter.

The switching period of the dc-dc converter can be examined in 8 different
time intervals.

State 1 (t0<t<tl): While switching elements Q; and Q5 are in transmission
state, switches Q, and Q4 will be off state. D, D4, D5, Dg will be forward bias and
variable loads are fed by I, and I, currents. In addition, the magnetizing currents
I and I, decreases linearly.

State 2 (t1<t<t2): The magnetizing current (I,,) and the resonance current
(I;) become equal in size, all the diodes in the secondary part are in reverse bias
state and the filter capacitors (C,) are discharged through variable loads. Magnetic
inductance (L,,) acts as resonance inductance, so resonance occurs between L, L,

and C,.
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State 3 (t2<t<t3): The switching elements Q, and Q; are switching off.
While I,; and I, charge the C;; and Cg; parasitic capacitors, Cy, and Cy parasitic
capacitors discharged. The transformer is clamped and on the secondary side, the
diodes D,, D3, D¢ and D, are forward bias and variable loads are fed by the
currents I,; and I,.

State 4 (t3<t<t4): The voltage on the Cy, and Cy parasitic capacitors
decreases to zero, currents circulate to through body diode of Q, and Q. that
reversely increases in sinusoidal mode. On the secondary side, D,, D3, Dg and D5
forward biased and the variable loads are fed by the currents I,; and I.,. In this
case, Q, and Q4 soft switching technique (ZVS) can be easily realized.

State 5 (t4<t<t5): The switches O, and Q, are turned on, primary resonant
currents are carried by Q,-Q, and also gradually increases to reverse direction as
sinusoid. on the secondary side, D,, D;, Ds and D; are forward biased, secondary
side of transformers are clamped by output voltage, therefore resonance occurs
between (L,;, C,;) and (L,,, C,;), on the primary side the magnetizing currents I,
and /,,, circulating through L,,;, L, and increases linearly.

State 6 (t5<t<t6): The Magnetizing currents (I,,; and I,;;) in the primary
part of the transformer will be equal in size to the I,; and I, resonance currents.
The diodes in the second part of the transformer will be reverse bias and the filter
capacitors (C,) will be discharged through variable loads. The Magnetizing
inductance (L,,) acts as resonance inductance, so resonance occurs between L., L,
and C,.

State 7 (t6<t<t7): The switching elements Q, and Q, are switching off.
While I,; and I, charge the Cy, and Cgy parasitic capacitors, Cy; and C,; parasitic
capacitors discharged. The transformer is clamped and on the secondary side, the
diodes D, Dy, Ds and Dg are forward bias and variable loads are fed by the
currents I,; and I,.

State 8 (t7<t<t8): The voltage on the C;; and Cg parasitic capacitors

decreases to zero, currents circulate to through body diode of Q; and Q3 that
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reversely increases in sinusoidal mode. On the secondary side, D,, D3, Dg and D,
forward biased and the variable loads are fed by the currents I,; and I,,. In this
case, Q, and Q, soft switching technique (ZVS) can be easily realized. The states
of the circuit elements during switching of the two input-output HBLLC resonance
converter are shown in detail in Table 5.3. (Jovanovic et al., 2016, Lin et al., 2018,
Vu et al., 2018, Park et al., 2016, Park et al., 2017, Wang et al., 2018, Yilmaz et al.,
2020)

Table 5.3 Switching method and state of the circuit elements

State 1  State2  State3  State4  State5  State 6 State  State 8

Q1 N N o o o o o o
Q2 o o o o N N o o
Q3 V v o o o o o o]
Q4 o o o o \ \ o o
D1 \/ o o o o o) o N
D2 o o o A A o o o
D3 o o o + A o o o
D4 y o o o) o o) [} \/
D5 y o o o o o o \/
D6 o o o \/ \/ o [} o)
D7 o o o \/ \/ o [} o)
D8 Y o o o o o o \/
Body | o o v o o o \ \
dan

Body | o o v N o o] \ o
(d2)

Body | o o v o o] o] \ \
(d3)

Body o o ~ N o o N o
(d4)

Csl N o ~ o o o ~ o)
Cs2 o o ~ o N o Y o
Cs3 v o \/ o o o Y o
Cs4 o o v o N o \ o
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In order to analyze the proposed LLC resonance converter and to

determine the circuit elements AC analysis of the circuit has been performed which

is shown in Figure 5.15.

Ll

|
] N1:N2
= N
A
E

D3 %

=
T Y

Da g%

+

Q
Y
I
r
0O
g Vout
Dynamic Load

Vin (PV)

Resonant Tank =
Qs ! ! J# D7 % D5 .o
! L2 | 1 3
Ir2 o E C2 = £
g it R =]
= D8 X D6
ooy | g 5
t

Vro

n”2Lks

(79

Lm2 rac2 ? nVin

(Vo)

Figure 5.15 The AC equivalent circuit of LLC resonant converter.

Current and voltage calculation of AC equivalent circuit is specified in the

following equations;

IT-1
I= 5 9 sin(wr)

VR, = %sin(wt)

VR, =+V, = if sin(wt) >0
VR, =-V, = if sin(wt) <0

5.11)

The calculation of the load value in the AC equivalent circuit is specified

in the following equations.
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R VRS _ 8V, 8 ]
AC T, 2 , 2 o
N, (5.12)
n=—r
Ny
8-n’
_RAC = FRLOAD ]

The mathematical expression and equation of the voltage gain are indicated

by the equation below.

r

M = _ WszRACCR
in : w’ 2 w?
jw(l=——>)- (L, +n°L,)+R,(1-—)
0 Wo
1 1
Where, w,= s w, =
L C L.C

(5.13)

When the voltage gain is regulated, the following mathematical equation

can be derived.

w? k
5 (—k 1)
=2V _ Wy KT
v w w? (k+1)* w?
in —)-(1- .0- +(1-
J(Wo) ( Woz) 0 Y] ( 1)2)
Lr
C,
Where, k = —=2 Q="-—"
kp RAC

(5.14)

The mathematical equations given can be explained as follows; V, is load

voltage V;, dc-link voltage, Vgy is transformer secondary side voltage, n is

transformer’s turn ratio, M is voltage gain, w is angular frequency, f, is resonant

frequency, f, primary resonant frequency, L, magnetizing inductance of the
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transformer, L, is resonant inductance, C, is resonant capacitance, Q is quality
factor (Jovanovic et al., 2016, Lin et al., 2018, Vu et al., 2018.).
The effect of changing the quality factor (Q) and k index on the gain (M) is

shown in figure 5.16.

ZVS Region Q=074

------

ZCS Region

L L L L L L L L L L L
02 04 06 08 1 12 1.4 1.6 02 04 06 08 1 12 14

Normalized Frequency (in=fsw/fr) Q (Quality factor)

Figure 5.16 Effects of quality factor (Q) and inductance ratio (k) on the voltage
gain in the LLC resonance converter.

5.3.1. Selection of LLC resonance Converter circuit elements
5.3.2. Bridgeless PFC and HV Battery side

The steps to be followed when choosing the circuit elements of the LLC
resonance converter are presented below in equations.

In order to determine resonant capacitor (Cr);

{C, I S 302.82nF} (5.15)
2110 f, R,

In order to determine resonant inductor (Lr);

L =12=11.57,UH:| (5.16)
L - f,)"-C,

In order to determine Primary resonant inductor;

_k+DT 5.17
_ 1,_(2k+1)(L,)—37.887,uH} (5.17)
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The relationship between primary resonant inductor, Magnetizing inductor

and transformer primary side inductor is;

L
Ly =L, + L, k=—"= L, =(k+D-L,,

pri

=L, =6.314uH (5.18)
=L, =31.573uH

pri?

In order to determine the winding turn numbers of the transformer;

|:n_&_ ‘/in ( max ) 400

M, =————-(1.18)=1.951 (5.19)
Ns 2V,+2V,) 2(120+1)

Primary side minimum turn number can be determined as;

n-(V, +2V,)
p(min) = =
2-f,-AB-A, (5.20)

=N,=n-N,>N

P (min)

1.951-(121)

N~ 3 —=79.937
? 2-4.6-10°-0.3-107-10
=N,=n-N,>N, =79.937
(5.21)
= N,=80
=N, >N, =40.972
= N, =41

5.3.3. PV Panel and Low Voltage Battery Side
The steps to be followed when choosing the circuit elements of the LLC
resonance converter are presented below in equations.

In order to determine resonant capacitor (Cr);

C, = . 2484nF} (5.22)
|7 2M1Q-f, R,

In order to determine resonant inductor (Lr);

L =% =1.019,uH} (5.23)
|-’ c,
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In order to determine primary resonant inductor;

{L _(k+1)
P2k +1)

(L) = 4.384/1H}

The relationship between primary resonant inductor, magnetizing inductor

and transformer primary side inductor is;

pri®

L
Ly =L+ Ly k=—"==1L,=(k+D-L,,
pri

=L, =0.543uH (5.24)
=L =38uH

In order to determine the winding turn numbers of the transformer;

_&_ ‘/in(max) 65

= T M) = (1.14) =1.482 (5.25)
. Ns 2V, +2V,) 2(24+1)

Primary side minimum turn number can be determined as;

n-(V, +2V,)
P — ~ T o«

2-f,-AB-A, (5.26)
:}Np =I’l-]VAY >N

P (min)

1.482-(25)
Ny winy = 3 6
2-4.84-10°-0.3-107-10
= N,=n-N, >Nplmm> =11.916

=11.916

(5.27)
=N,=12
= N, >N, =8.0409
=N, =9

For this study, the measured transformers turn number is given in Figure

5.17.
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S L

NP=12 NP=9
s [0
(a) (b)

Figure 5.17 Transformer design, (a) HV battery side, (b) LV battery side.

5.3.4. Control Structure of LLC Resonant Converter

The feed-back loop control of the LLC resonance converter consists of the
transfer function for determining the power stage, a feedback compensator to
perform the power transfer appropriately, and a PWM generator for the production
of PWM to the switching elements as shown Figure 5.18. Additionally, the error
amplifier and compensation block are designed to compensate for the error signal,
which is the difference between the reference and the output voltage. Therefore, the
resulting signal transmitted to V., and V., blocks in order to convert the
measured signal to switching frequency. The switching frequency created
according to the error signal is converted into a pulse signal for the switch
elements. Finally, the signals generated by the PWM generator are sent to the gate
of the switches QI, Q2, Q3, Q4 and a cycle of the feed-back control loop is
realized. This process repeats throughout the operation period (Jovanovic et al.,
2016, Lin et al., 2018, Vu et al., 2018, Park et al., 2016, Park et al., 2017, Wang et
al., 2018).
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ﬂ

Vcol " Q1

Driver Q2

3
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Figure 5.18 Control structure for proposed LL.C resonant converter.
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5.4. Performance Results
The grid voltage-frequency values are applied to the bridgeless converter
controlled in average current mode in five different electrical situations (shown in

Table 5.4) and the THD status is presented in Figure 5.19.

Table 5.4 Variable operation states for bridgeless PFC converter

States State 1 State 2 State 3 State 4 State 5
Voltage 220V 180 V 245V 220V 220V
Frequency 50 Hz 50 Hz 50 Hz 48 Hz 65 Hz

P
@
2
3
&
o o s
THD (%)

Normalized Grid Voltage (V) and Current (A)
. a gl . .
8
@
g
o o s
-

Grid Voltage

Grid Current

Figure 5.19 Ac-dc bridgeless PFC converter under variable operation states.

The high power battery charger unit of the proposed battery charging
architecture was operated in six different load situations (From 5% load to 100%

load) as shown in Table 5.5.
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Table 5.5 Variable load states for proposed battery charger
States State 1 State 2 State 3 State 4 State 5  State 6

Load 100% 50% 30% 20% 10% 5%

5.4.1. State 1 (100% Load):

Grid voltage and current, DC-Link voltage and current, phase angle
between voltage and current, power factor are shown in Figure 5.20. Bridgeless
converter side load voltage and current are shown in Figure 5.21. PV panel power-
voltage characteristics, PV power, PV voltage and current, are shown in Figure
5.22. PV panel side load voltage and current are shown in Figure 5.23. Grid-side
resonance capacitor and transformer magnetizing current, switch current, switch
voltage, rectifier diode current are shown in Figure 5.24. PV panel side resonance
capacitor and transformer magnetizing current (Icr-Im), switch current (IsQ1),
switch voltage (VsQl), rectifier diode current are shown in Figure 5.25.
Comparision of bridgeless PFC side grid current harmonics and IEC 61000-3-2-

Class-D standards are shown in Figure 5.26.

—— Grid Volage

age (V) and Current (A)

Grid Voltage (V) and Current (A)

DC-Link Voltag
o
°
°
S
o
b
o
2
o
&

100 1
—0 T

Qu-Qi)
.7
-

Phase Angle (Qv-Qi)
1
H
3
H
8
>
2
s
Power Factor (pf)

Figure 5.20 Grid voltage and current (a), DC-Link voltage and current (b), Phase
angle between voltage and current (c), power factor (d)
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Figure 5.23 Load voltage (LV-battery side) (a), Load current (L'V-battery side) (b)
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Figure 5.24 Grid-side resonance capacitor and transformer magnetizing current
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Figure 5.25 PV Panel-side resonance capacitor and transformer magnetizing
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Figure 5.26. Comparison of bridgeless PFC harmonics and IEC 61000-3-2-Class-D
standards.

In the case of full load, in HV battery side and LV battery side, the

performance results of the proposed circuit are summarized in Table 6.

Table 5.6. Performance results in the case full load

Power THD MPPT  AV(ripple)
Factor Accuracy
HV (Bat.) >0.99 < IEC61000-3-2-D-Class -- <1V
LV (Bat.) -- - >(0.99 <1V

5.4.2. State 2 (50% Load)

Grid voltage and current, DC-Link voltage and current, phase angle
between voltage and current, power factor are shown in Figure 5.27. Bridgeless
converter side load voltage and current are shown in Figure 5.28. PV panel power-
voltage characteristics, PV power, PV voltage and current, are shown in Figure
5.29. PV panel side load voltage and current are shown in Figure 5.30. Grid-side

resonance capacitor and transformer magnetizing current, switch current, switch
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voltage, rectifier diode current are shown in Figure 5.31. PV panel side resonance
capacitor and transformer magnetizing current (Icr-Im), switch current (IsQ1),
switch voltage (VsQl), rectifier diode current are shown in Figure 5.32.
Comparision of bridgeless PFC side grid current harmonics and IEC 61000-3-2-

Class-D standards are shown in Figure 5.33.
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Figure 5.27 State 2, Grid voltage and current (a), DC-Link voltage and current (b),
Phase angle between voltage and current (c), power factor (d)
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Figure 5.28 State 2, Load voltage (HV-Battery side) (a), Load current (HV-battery
side) (b)
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Figure 5.29 State 2, PV panel power-voltage characteristics (a), PV power (b), PV
voltage (c), PV current (d)
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Figure 5.30 State 2, Load voltage (LV-battery side) (a), Load current (LV-battery
side) (b)
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Figure 5.31 State 2, Grid-side resonance capacitor and transformer magnetizing

current (Icr-Im) (a) Switch current (IsQ1) (b), Switch voltage (VsQ1)
(c), Rectifier diode current (d)
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Figure 5.32 State 2, PV panel-side resonant capacitor and transformer

magnetizing current (Icr-Im) (a) Switch current (IsQ1) (b), Switch
voltage (VsQl) (c), Rectifier diode current (d)
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Figure 5.33 State 2, Comparison of bridgeless PFC harmonics and IEC 61000-3-2-
Class-D standards.

In the case of 50% load, in HV battery side and LV battery side, the

performance results of the proposed circuit are summarized in Table 5.37.

Table 5.7 Performance results in the case 50% load

Power THD MPPT  AV(ripple)
Factor Accuracy
HV (Bat.) =>0.99 <IEC61000-3-2-D-Class - <1V
LV (Bat.) - - >(0.99 <1V

5.4.3. State 3 (30% Load)

Grid voltage and current, DC-Link voltage and current, phase angle
between voltage and current, power factor are shown in Figure 5.34. Bridgeless
converter side load voltage and current are shown in Figure 5.35. PV panel power-
voltage characteristics, PV power, PV voltage and current, are shown in Figure

5.36. PV panel side load voltage and current are shown in Figure 5.37. Grid-side
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resonance capacitor and transformer magnetizing current, switch current, switch

voltage, rectifier diode current are shown in Figure 5.38. PV panel side resonance

capacitor and transformer magnetizing current (Icr-Im), switch current (IsQ1),

switch voltage (VsQl), rectifier diode current are shown in Figure 5.39.

Comparision of bridgeless PFC side grid current harmonics and IEC 61000-3-2-

Class-D standards are shown in Figure 5.40.
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Figure 5.34 State 3, Grid voltage and current (a), DC-Link voltage and current (b),
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Figure 5.35 State 3, Load voltage (HV-battery side) (a), Load current (HV-battery

side) (b)
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Figure 5.40 State 3, Comparison of bridgeless PFC harmonics and IEC 61000-3-2-
Class-D standards.

In the case of 30% load, in HV battery side and LV battery side, the

performance results of the proposed circuit are summarized in Table 5.8.

Table 5.8 Performance results in the case 30% load

Power THD MPPT  AV(ripple)
Factor Accuracy
HV (Bat.) 099  <IEC61000-3-2-D-Class -- <1V
LV (Bat.) -- - >0.99 <1V

5.4.4. State 4 (20% Load)

Grid voltage and current, DC-Link voltage and current, phase angle
between voltage and current, power factor are shown in Figure 5.41. Bridgeless
converter side load voltage and current are shown in Figure 5.42. PV panel power-
voltage characteristics, PV power, PV voltage and current, are shown in Figure
5.43. PV panel side load voltage and current are shown in Figure 5.44. Grid-side

resonance capacitor and transformer magnetizing current, switch current, switch
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voltage, rectifier diode current are shown in Figure 5.45. PV panel side resonance
capacitor and transformer magnetizing current (Icr-Im), switch current (IsQ1),
switch voltage (VsQl), rectifier diode current are shown in Figure 5.46.

Comparision of bridgeless PFC side grid current harmonics and IEC 61000-3-2-

Class-D standards are shown in Figure 5.47.
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Figure 5.47 State 4, Comparison of bridgeless PFC harmonics and IEC 61000-3-2-
Class-D standards.

In the case of 20% load, in HV battery side and LV battery side, the

performance results of the proposed circuit are summarized in Table 5.9.

Table 5.9 Performance results in the case 20% load

Power THD MPPT AV(ripple)
Factor Accuracy
HV (Bat.) 0.99 < IEC61000-3-2-D-Class -- <05V
LV (Bat.) - - >(0.99 <05V

5.4.5. State 5 (10% Load)

Grid voltage and current, DC-Link voltage and current, phase angle
between voltage and current, power factor are shown in Figure 5.48. Bridgeless
converter side load voltage and current are shown in Figure 5.49. PV panel power-
voltage characteristics, PV power, PV voltage and current, are shown in Figure
5.50. PV panel side load voltage and current are shown in Figure 5.51. Grid-side

resonance capacitor and transformer magnetizing current, switch current, switch
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voltage, rectifier diode current are shown in Figure 5.52. PV panel side resonance
capacitor and transformer magnetizing current (Icr-Im), switch current (IsQ1),
switch voltage (VsQl), rectifier diode current are shown in Figure 5.53.
Comparision of bridgeless PFC side grid current harmonics and IEC 61000-3-2-

Class-D standards are shown in Figure 5.54.
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Figure 5.54 State 5, Comparison of bridgeless PFC Harmonics and IEC 61000-3-2-
Class-D standards.

In the case of 10% load, in HV battery side and LV battery side, the

performance results of the proposed circuit are summarized in Table 5.10.

Table 5.10 Performance results in the case 10% load

Power THD MPPT  AV(ripple)
Factor Accuracy
HV (Bat.) >0.99 <IEC61000-3-2-D-Class - <05V
LV (Bat.) --- - >0.99 <05V

5.4.6. State 6 (5% Load)

Grid voltage and current, DC-Link voltage and current, phase angle
between voltage and current, power factor are shown in Figure 5.55. Bridgeless
converter side load voltage and current are shown in Figure 5.56. PV panel power-
voltage characteristics, PV power, PV voltage and current, are shown in Figure
5.57. PV panel side load voltage and current are shown in Figure 5.58. Grid-side

resonance capacitor and transformer magnetizing current, switch current, switch
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voltage, rectifier diode current are shown in Figure 5.59. PV panel side resonance

capacitor and transformer magnetizing current (Icr-Im), switch current (IsQ1),

switch voltage (VsQl), rectifier diode current are shown in Figure 5.60.

Comparision of bridgeless PFC side grid current harmonics and IEC 61000-3-2-

Class-D standards are shown in Figure 5.61.
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Figure 5.61 State 6, Comparison of bridgeless PFC harmonics and IEC 61000-3-2-
Class-D standards.

In the case of 5% load, in HV battery side and LV battery side, the

performance results of the proposed circuit are summarized in Table 5.11.

Table 5.11 Performance Results in the case 5% Load

Power THD MPPT AV(ripple)
Factor Accuracy

HV (Bat.) >0.96 <EC61000-3-2-D-Class - <05V

LV (Bat.) --- --- >0.99 <05V

Under variable load states, the efficiency, load voltage ripples (AV) and
THD ratios of the proposed system are presented in Figure 5.62.
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Figure 5.62 Efficiencies (a), Load voltage ripples (b), DC-Link voltage ripples (c),
THD (d).

The European efficiency standards calculations for the system is shown as

the following equation:
EUn=0.03n,,; +0.0677,,,, +0.137,,, +0.177,,5, +0.487,,5, +0.277.,,4
EUN 0y, =92,041%
EUn ey, =90,743%
EUR e pe,,., =94.48%

(5.29)

5.5. Discussion

In this study, two-stage battery charging unit is proposed. The first stage of
the proposed battery charger consists of a mains powered ac-dc PFC converter and
half bridge LLC resonance converter. The power factor (pf) of the AC-DC pfc
converter has been observed to be greater than 0.99 in most load cases. In addition,
the THD of the mains current has been compliant with the IEC61000-3-2-D-Class
standard in most load cases. In the second phase of the proposed battery charger,
the PV powered half bridge LLC is modeled as low power battery dynamic load for
auxiliaries loads with resonance converter. For the proposed battery charger, the

MPPT method has also been proposed and its performance has been observed to be
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better than traditional methods. The aim of this study is to feed the high power
battery and low power battery through the same converter, to enable the electric
vehicle to take more miles with a single charge process and at the same time to
reduce the electricity production cost after a certain period of time by using
environmentally friendly green energy. The results obtained are enough to prove
the accuracy of the proposed method Electrical characteristics and system

parameters are presented in Table 5.12.

Table 5.12 System parameters in Topology-2

Parameters Values Parameters Values
Vin (PFC) 85-265V Rioa (HV) 4.840-96.96Q
Frequency (PFC) 48-65 Hz Vou (HV) 120V
Vdc-Link (HV) 365-420 V Kp 0.35
Power (kW) (HV) 3.3 kW Ki 6.815
(Level-2)

Lrl 8.364 uH THD <5%
Crl 302.82nF of >0.99
Lml 31.573uH I 57 KHz
fri 100 KHz Lboost 0.6 mH
Cboost 500uF Cdc-link 984 uF
PV power (W) s1c. 7204 W PV voiage (V) sTC-MPP) 24V
MPP)
CeLink (LV) 250 pF Rioa (LV) 0.9 Q-18 Q
Vou (LV) 24V Lo 2.737 pH

Electrical characteristics of Zhejiang Wanxiang Solar WXS180P PV panel,
which is selected from the PV array simulator for the proposed two-stage on-board

battery charging system, are shown in detail in Table 5.13.
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Table 5.13 Electrical characteristics of PV panel
PV Panel Model Zhejiang Wanxiang
Solar WXS180P
Open Circuit Voltage 2952V
Voltage at maximum Power Point 2424V
Vmpp
Temperature coefficient of Voc -0.32398
(%/deg.C)
Cells per module (Ncell) 48
Module Data Short-circuit current Isc (A) 83 A
Current at maximum power point 743 A
Imp (A)
Temperature coefficient of Isc 0.027
(%/deg.C)
Light-generated current IL (A) 8.3808 A
Model Diode saturation current 10 (A) 6.972e-11
Parameter Diode ideality factor 0.9432
Shunt resistance Rsh (ohms) 46.97
Series resistance Rs (ohms) 0.231
Array Data Parallel strings 2
Series-connected modules per 2

string
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6. CONCLUSION AND FUTURE

This section presents the results of the proposed studies, summarizes the
main contributions of the thesis study to the Literature, and indicates the areas of

study in which the thesis can be directed in the future.

6.1. Conclusion and Discussion

Electric vehicles technology has become very interesting in recent years
due to its advantageous features. However, there are still aspects that need to be
improved, such as improving the performance of electric vehicles, allowing them
to be charged in less time and travel more with a single charge process. Power
components (motor, auxiliary loads, lighting etc.) in electric vehicles are powered
by batteries. Therefore, battery chargers have an important place in the research
topics for electric vehicles.

During the battery charging process of electric vehicles, it is necessary to
provide efficient and reliable transfer of energy. However, some problems may
occur due to the design of the battery charging unit while charging is taking place.
In order to eliminate these problems, DC-DC converters are of great interest due to
the functional interface between the battery and the grid. In addition, DC-DC
converters have a significant impact on improving efficiency, power quality and
reliability.

In this thesis, two different studies are proposed for two-stage on-board
battery charge topologies.

Since the internal volume of electric vehicles is limited, the on-board
battery chargers recommended for Electric vehicles must meet some requirements.
These requirements are described in the Literature as follows: high power density,
high efficiency, good heat dissipation, low harmonic distortion and high power
factor. The power density and efficiency of on-board battery chargers largely

depend on the design of the isolated DC-DC converters. In addition, low total
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harmonic distortions (THD) occurring in the grid current during charging process
improves both power conversion performance and electrical quality, the harmonic
distortions occurring in the current should be within the range specified in IEC
61000-3-2 THD standards. In order to carry out charging under different load
conditions, pi-based controller is used in conventional grid-connected on-board
battery charging units. However, the pi based controller is generally; has problems
such as slow dynamic response, steady state errors and complex structure. In the
proposed Topology-I, the output voltage was controlled with artificial neural
networks to eliminate the negative effects of the conventional pi-based controller.
In addition, in the isolated DC-DC converters operated at high frequencies, circuit
element sizes decrease while electromagnetic interference (EMI) and switching
losses increase. In the proposed Topology-I, without any hardware changes,
significant improvements were made in the variable load conditions, dynamic
response and steady state error compared to the conventional pi control method
thanks to the proposed Topology-I (shown in Figure 55). Moreover, thanks to the
soft switching (ZVS) method applied to the LLC resonance converter, the
efficiency of proposed topology increased 2% and 96.8% peak efficiency has been
reached. In addition, the proposed study to calculate efficiency according to the
European efficiency standard was operated in 6 different load situations from 5%
to 100%, and efficiency was calculated as > 93%. It was observed that power
factor> 0.99 and output voltage ripples <1V for all load cases. In addition, grid
current harmonics for all load cases have been observed to comply with the IEC
61000-3-2 THD standard.

For the topology II, a two-stage battery charger architecture that can be
powered both from the grid and a renewable energy source, was developed. A half-
bridge LLC resonance (HBLLC) DC-DC converter is designed for the proposed
battery charger and has been tested in a wide load range (5% load to 100% load).
The first input of the HBLLC resonance converter is powered from the bridgeless

PFC converter connected to the grid, while the other input is powered from the
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photovoltaic (PV) panel. Moreover, in the Topology-II, for PV system, a maximum
power point tracking (MPPT) method with higher accuracy and lower convergence
time than traditional methods, was developed. On the other hand, the first output of
the HBLLC resonance converter connected to the high power battery, while the
other output connected to the auxiliary battery that feeds low power loads. In
conventional battery chargers, the auxiliary battery is powered by the high power
battery. In the proposed operation, the auxiliary battery is charged by the PV
system. Thus, the high power battery has more energy to power the electric motor
and allows the electric vehicle to travel more miles with a single charge process. In
addition, the proposed architecture can save energy costs demanded from the grid
in the long term. Another advantage of the proposed battery charge architecture is
creating a compact structure to save extra cable cost. The accuracy rate of the
MPPT method proposed for Topology II was compared with conventional methods
under different radiation and temperature conditions, and it was observed that in all
cases it was over 99% (the results are shown in detail in figures 8, 9 and 10). In
addition, the proposed study to calculate efficiency according to the European
efficiency standard was run in 6 different load situations from 5% to 100%, and
efficiency was calculated as > 90%. It was observed that power factor > 0.99 and
output voltage ripples <1V for all load cases. In addition, grid current harmonics
for all load cases have been observed to comply with the IEC 61000-3-2 THD

standard.

6.2. Future Work
The studies planned for the future are presented below.
e Two-stage battery charging units (Topology-I and II) given as computer
applications are planned to be carried out experimentally.
e The power circuit of the proposed topologies will be modified to reduce

the size and number of components.
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e For the battery charging unit proposed in Topology-II, different soft
switching methods will be applied to reduce switching losses and EMI.

e In order to improve the dynamic response of the two-stage battery charging
unit proposed in Topology-Il at different loads, different and easily

applicable control methods will be applied.
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