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On-board chargers (OBCs) in electric vehicles (EVs) must provide more
power in a smaller volume to increase the volume allocated to the battery. Increasing
the power density of the OBCs largely depends on the improvements to be made in the
AC-DC Power Factor Corrected (PFC) converter, which is its most important part. The
main purpose of this thesis is to increase the power density of AC-DC PFC converter.
For this purpose, two different solutions are presented. In the first of these, a dynamic
voltage compensator (DVC) has been proposed to reduce the amount of output voltage
ripple of the interleaved PFC boost converter that affects the size and lifetime of the
DC-link capacitor in OBCs. Along with the reduction of the amount of the voltage
ripple, it is possible to use capacitor technologies with a smaller size and longer life. In
this way, the designed OBC will have a high power density and long service life. In the
second of the presented solutions, a new soft-switched AC-DC PFC boost converter is
proposed to increase the power density. In the proposed converter, thanks to the
developed active snubber cell (ASC), switching losses are eliminated by providing soft
switching (SS) for all switching elements. In addition, the developed ASC did not
cause any voltage and current stress on the circuit elements. These two proposed
topologies are the best candidates for the AC-DC conversion part of OBCs due to their
advantageous properties.

Key Words: AC-DC PFC Converter, DVC, Electric Vehicles, Soft Switching,
On-Board Charger.
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Elektrikli araglardaki dahili sarj cihazlar1 (DSC’ler), bataryaya ayrilan hacmin
arttirllmast i¢in daha kiiciik hacimde daha fazla gii¢ saglamasi gerekmektedir.
DSC’lerin gii¢ yogunlugunun arttirilmasi biiyiik 6l¢iide en énemli kismi olan AA-DA
gii¢ faktorli dogrultulmus (GFD) déniistiiriiciide yapilacak iyilestirmelere baglidir. Bu
tezin temel amaci, AA-DA GFD doniistiiriiciiniin gii¢ yogunlugunun arttirilmasini
saglamaktir. Bu amagla, iki farkli ¢6ziim sunulmustur. Bunlarin ilkinde, DSC’lerdeki
DA-bag kondansatoriiniin boyutunu ve dmriinii etkileyen, i¢ ice gecmis GFD yiikselten
doniistiiriicliniin ¢1kis gerilimi dalgalanma miktarin1 azaltmak i¢in bir dinamik gerilim
kompanzatorii (DGK) oOnerilmistir. Gerilim dalgalanma miktarinin azaltilmasi ile
birlikte, daha kiicik boyutlu ve daha uzun Omiirli kondansatdr teknolojilerinin
kullanmasina olanak saglanmaktadir. Bu sayede, tasarlanan DSC yiiksek gii¢
yogunlugu ve uzun kullanim dmriine sahip olacaktir. Sunulan ¢ézlimlerin ikincisinde,
giic yogunlugunu artirmak ic¢in yeni bir yumusak anahtarlamali AA-DA GFD
yiikseltici doniistiiriicii onerildi. Onerilen déniistiiriiciide, gelistirilen aktif bastirma
hiicresi (ABH) sayesinde, tiim anahtarlama elemanlar1 i¢in yumusak anahtarlama
saglanarak anahtarlama kayiplar1 elimine edilmistir. Ayrica, gelistirilen ABH, devre
elemanlart tlizerinde herhangi bir gerilim ve akim stresi meydana getirmemistir.
Onerilen bu iki topoloji, avantajli 6zellikleri nedeniyle DSC’lerin AA-DA déniisiim
kismi i¢in en iyi adaylardir.

Anahtar Kelimeler: AA-DA GFD Doniistiiriicii, DGK, Elektrikli Araglar,
Yumusak Anahtarlama, Dahili Sarj Cihazi.
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EXTENDED SUMMARY

In recent years, due to the rapid depletion of oil resources, increasing CO,
emissions, depletion of the ozone layer and the outbreak of the health problems in
densely populated areas, clean and environmentally-friendly EVs are becoming the
center of attention. EV technologies are attractive solutions to these problems, but
the battery performance, which limits the vehicle range, remains the biggest
obstacle for the mainstream adoption of EVs. Although only battery technology
seems to affect battery performance, the way the battery is used and the quality of
charging also greatly affect battery performance. Therefore, battery chargers play a
critical role in the development of EV technology. In addition, during the charging
of many electric vehicles at the same time, an overload will occur on the grid.
Therefore, the performance of the battery charger is also essential to minimize
stress on the grid and limit the input current harmonics to meet the international
standards.

Battery chargers are designed in two forms such as on-board and off-board
depending on their allocations. Off-board chargers are only found at stations such
as fuel stations. Although these chargers provide fast charging opportunities, they
cause overheating on the battery and the batteries to deteriorate more quickly due
to the very high currents passing through the battery during the charging process.
On the other hand, on-board chargers (OBCs) are located in the vehicles and
provide charging from any electrical outlet in places such as home, office, hospital,
shopping mall, alleviating consumer range concerns. OBCs, which prioritize
battery health, come to the fore in this context.

OBCs are designed in two structures, as single-stage and two-stage. The
single-stage OBCs consist of a diode bridge rectifier, along with an isolated DC-
DC converter. The DC-DC converter stage controls both the implementation of the
PFC and the regulation of the output voltage according to the battery voltage. Since

there is no DC-Link capacitor in this structure as in the two-stage OBC structure,
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there is no need to control the voltage of this capacitor. In addition, galvanic
isolation is provided by a transformer in the DC-DC converter structure. A large
amount of voltage ripple occurs at the output of the DC-DC converter in this
topology. To reduce the amount of ripple and provide constant output power, the
use of large internal capacitors is required. Although this topology provides high-
efficiency results in low power applications, it is insufficient in high power
applications due to the limited number of circuit elements. The two-stage OBC
structure consists of an AC-DC PFC converter, an isolated DC-DC converter and a
DC-link capacitor that provides the connection between these two parts. While the
AC-DC PFC stage performs both the rectification of the AC grid voltage and the
correction of the input power factor, the DC-DC converter stage regulates the
output voltage and provides galvanic isolation to prevent battery damage in case of
failure on the grid side. Since this structure includes DC-link control, it has a more
complex controller than a single-stage structure and has a higher number of active
circuit elements compared to a single-stage structure. However, this topology is a
suitable candidate for OBCs as it provides flexible input and output voltage ranges
and high-efficiency results in high power applications.

Since AC-DC PFC converters perform both rectification and PFC, they
play a major role in improving the performance and power density of the onboard
two-stage battery chargers. AC-DC PFC converters suffer from low power density
and high output voltage ripple problems affecting the size and lifetime of the DC-
link capacitor. By increasing the switching frequency, the circuit element sizes
decrease and the power density of the converter increases. However, increasing the
switching frequency causes an increase in switching losses. SS techniques have
been proposed in the literature to solve this problem. Although some of the
proposed soft-switching techniques provide high-efficiency results, they have high-
cost design. Methods realized with low-cost designs are also inadequate to reduce
switching losses. In some of the methods, extra current and voltage stresses occur

on the circuit elements.
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On the other hand, some of the methods developed to reduce the output
voltage ripple are carried out by controller design, while others are performed by
using an extra circuit. A complex controller structure is required in the studies
performed with the controller design. In some of the methods performed with the
additional circuit, the circuit elements were exposed to high voltage because they
were connected parallel to the load and efficient results could not be obtained. In
other methods, the circuit elements are connected in series to the load and they are
not exposed to high voltage, but the amount of the voltage ripple has not been
completely reduced.

In this thesis, two different designs are presented to solve the problems
mentioned hereinabove. In the first of the designs, a DVC is proposed to reduce the
amount of output voltage ripple of the interleaved PFC boost converter. The
proposed DVC aims to reduce the voltage ripple on the DC-link capacitor by
creating a reverse voltage as much as the amount of voltage ripple on the capacitor.
The performance results of the converter are obtained for variable input voltage
and six different load cases specified in European efficiency standards and
compared with the traditional circuit (without DVC). It has been observed that with
the designed DVC, the amount of output voltage ripple of the converter is
substantially reduced under all load conditions. In addition, the designed DVC has
made improvements to the input characteristic of the converter. The input power
factor has been approximated to the unity power factor, and the input current total
harmonic distortion is also greatly reduced. With the designed DVC, higher
efficiency results are achieved compared to the traditional circuit (without DVC).

In the second of the designs, a new soft-switched AC-DC PFC boost
converter is proposed to increase the power density. Thanks to developed active
snubber cell (ASC), the main switch of the proposed converter turns on under zero
voltage transition (ZVT) condition and turns off under zero current transition
(ZCT) condition. Thus, switching losses of the main switch are eliminated. The

ASC switch of the proposed converter turns on under zero current switching (ZCS)
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condition and turns off under ZCT condition. The diode of the converter turns on
under zero voltage switching (ZVS) condition and turns off under ZCT condition.
Also, the diodes of the ASC circuit turn on under ZCS condition and turn off under
ZVS condition. Although a small amount of conduction losses occurs with the
additional ASC circuit, the converter's switching losses are eliminated, and the
converter performance has been improved. Furthermore, the developed ASC has a
low-cost design unlike the existing ASCs, as well as did not cause any additional
current and voltage on the circuit elements. The performance results of the
proposed converter are obtained for different cases studies and compared with the
hard-switching counterpart. SS conditions and unity power factor are achieved for
all load conditions. In addition, the input current THD values comply with the
range given in IEC 61000-3-2 standards and are less than the hard-switched
counterpart.

The two designed converter topologies can be good candidates for the AC-
DC converter parts of the two-stage OBCs since they have high power density and
high efficiency.
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GENISLETILMIS OZET

Son yillarda petrol kaynaklarinin hizla tiikenmesi, artan CO, emisyonlari,
ozon tabakasinin incelmesi ve yogun niifuslu bolgelerde saglik sorunlarinin ortaya
¢ikmasi nedeniyle temiz ve ¢evre dostu EV’ler ilgi odagi haline gelmektedir. EV
teknolojileri, bu sorunlara ¢éziim iiretmesi acisindan ¢ekici ¢oziimlerdir, ancak arag
menzilini sinirlayan pil performansi, EV’lerin yaygin olarak benimsenmesinin
oniindeki en biiyiik engel olmaya devam etmektedir. Yalnizca pil teknolojisi pil
performansini etkiler gibi goriinse de, pilin kullanim sekli ve sarj kalitesi de pil
performansini biiyiik dl¢lide etkilemektedir. Bu yiizden, batarya sarj cihazlart EV
teknolojisinin gelisiminde kritik bir rol almaktadir. Ayrica, EV sayisindaki artis,
sarj islemi sirasinda sebeke lizerinde strese neden olacaktir. Bu nedenle, sarj
cihazinin performansi, sebeke iizerindeki baskiy1 en aza indirmek ve giris akimi
harmoniklerini uluslararas1 standartlar1 karsilayacak sekilde sinirlamak igin de
gereklidir.

Batarya sarj cihazlari, yerlesim yerlerine bagli olarak dahili ve harici olmak
tizere iki sekilde tasarlanmaktadir. Harici sarj cihazlari, yalnizca akaryakit
istasyonlar1 gibi istasyonlarda bulunmaktadir. Bu sarj cihazlari, hizli sarj olanag:
saglamalarina ragmen, sarj islemi sirasinda batarya lizerinden ¢ok yiiksek akimlar
gectiginden dolayi, batarya {izerinde i1sinmalara ve bataryalarin daha ¢abuk
bozulmalarina sebep olmaktadir. Dahili sarj cihazlar1 (DSC’ler) ise araglarin iginde
yer almaktadir ve ev, ofis, hastane, aligveris merkezi gibi yerlerde her tiirlii elektrik
prizinden sarj saglayarak tiiketici menzil endiselerini hafifletmektedir. Pil sagligin
on planda tutan DSC'ler bu baglamda 6n plana ¢ikmaktadir.

DSC’ler, tek agsamali ve iki asamali olarak iki yapida tasarlanmaktadir. Tek
asamali DSC’ler, bir diyot koprii dogrultucu ve izole edilmis bir DA-DA
doniistiiriiciiden  olusur. DC-DC  doniistiirlici  asamasi, hem GFD’nin
uygulanmasint hem de ¢ikis voltajinin batarya gerilimine gore diizenlenmesini

kontrol eder. Bu yapida, iki asamali DSC yapisindaki gibi bir DA bag
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kondansatorii bulunmadigindan bu kondansatoriin geriliminin kontroliine de ihtiyag
duyulmamaktadir. Ayrica, DA-DA doniistiiriicii yapisindaki bir trafo ile galvanik
yalitim saglanmaktadir. Bu topolojide DA-DA doniistiiriiciiniin ¢ikisinda biiyiik
miktarda voltaj dalgalanmas1 meydana gelir. Bu dalgalanma miktarin1 azaltmak ve
sabit ¢ikig gilicii saglamak icin dahili biiyilk kondansatdr kullanimina ihtiyag
duyulmaktadir. Bu topoloji, diisiik gii¢lii uygulamalarda yiiksek verimli sonuglar
saglasa da, devre elemanlarinin sinirli sayida olmasi nedeniyle yiiksek giiclii
uygulamalarda yetersiz kalmaktadir. Iki asamali DSC yapisi, bir AA-DA GFD
dontistliriicti, bir yalitmli DA-DA doniistiiriiciinden ve bu iki kisim arasindaki
baglantiy1 saglan bir DA-bag kondansatoriinden olusmaktadir. AA-DA GFD
asamasi hem AA sebeke voltajinin dogrultulmasini hem de giris giic faktoriiniin
diizeltilmesi islemini gergeklestirirken, DA-DA doniistiiriici asamasi ¢ikis voltajini
diizenlemekte ve sebeke tarafinda meydana gelebilecek ariza durumunda batarya
hasarini 6nlemek i¢in galvanik yalitim saglamaktadir. Bu yap1 DA-bara kontrolii
icerdiginden dolayi tek agamali yapidan daha karmasik bir denetleyiciye sahiptir ve
tek asamal1 yapiya kiyasla daha fazla aktif devre elemani sayisina sahiptir. Fakat
bu topoloji esnek giris ve ¢ikig gerilim araliklar1 ve yiiksek giiclii uygulamalarda
yiiksek verimli sonuglar sagladigi igin DSC’ler i¢in uygun bir adaydir.

AA-DA GFD donistiriciler hem dogrultma hem de GFD’yi
gerceklestirdiginden iki asamali dahili batarya sarj cihazlarimin performansinin ve
giic yogunlugunun iyilestirilmesinde biiyiik role sahiptir. AA-DA donistiiriiciiler
disiik giic yogunlugu ve DA-bag kondansatoriiniin boyutunu ve dmriinii etkileyen
yiiksek ¢ikis gerilim dalgalanmasi sorunlarindan muzdariptir. Anahtarlama
frekansinin arttirilmasiyla devre eleman boyutlar1 azalmakta ve doniistiiriiciiniin
glic yogunlugu artmaktadir. Fakat anahtarlama frekansinin artmasi anahtarlama
kayiplarinin artmasina sebep olmaktadir. Bu sorunun ¢oziimii icin literatiirde
yumusak anahtarlama teknikleri onerilmistir. Onerilen yumusak anahtarlama
tekniklerin bir kisminda yiiksek verimli sonuglar sunulmasina ragmen da yiiksek

maaliyetli tasarima sahiptirler. Diisiik maaliyetli tasarimlar ile gergeklestirilen
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yontemler de anahtarlama kayiplarini azaltmada yetersiz kalmaktadir. Y6ntemlerin
bir kisminda ise devre elemanlarn iizerinde ekstra akim ve gerilim stresleri
meydana gelmektedir.

Diger bir yandan, ¢ikis gerilim dalgalanmasinin azaltilmas: igin gelistirilen
yontemlerin bir kism1 kontrolcii tasarim ile gergeklestirilirken diger bir kismi ise
ekstra devre kullanilarak gerceklestirilmektedir. Kontrolcii tasarimi ile
gergeklestirilen caligmalarda karmasik bir kontrolcii yapisi gerekmektedir. Ek
devre ile gergeklestirilen yontemlerin bir kisminda devre elemanlar1 yiike paralel
olarak baglandigindan dolay1 yiiksek gerilime maruz kalmiglardir ve verimli
sonuglar elde edilememistir. Diger yontemlerde ise, devre elemanlan yiike seri
baglanmistir ve yiiksek gerilime maruz kalmamislardir fakat dalgalanma miktari
tam olarak azaltilamamustir.

Bu tez calismasinda, yukarida belirtilen sorunlarin ¢oziimii i¢in iki ayr
tasarim sunulmustur. Tasarimlarin birincisinde, i¢ ice gecmis GFD yiikselten
donistiiriiciniin  ¢ikis gerilim dalgalanma miktarin1 azaltmak i¢in bir DGK
onerilmektedir. Onerilen DGK, kondansatdr iizerindeki gerilim dalgalanmasi
miktar1 kadar bir ters gerilim olusturarak DA-bag kondansatorii iizerindeki gerilim
dalgalanmasini azaltmayi amaglamaktadir. Doniistiiriiciiniin performans sonuglari,
degisken giris gerilimi ve Avrupa verimliligi standartlarindaki alti farkli yiik
durumu i¢in almarak geleneksel (DGK olmayan) devre ile karsilastirilmistir.
Tasarlanan DGK ile doéniistiiriicii ¢ikis gerilimi dalgalanma miktarinin biitiin yiik
durumlarinda biiylik oranda azaltildigi gézlemlenmistir. Ayrica, tasarlanan DGK,
donistiiriicliniin girig karakteristigi lizerinde de gelisimler saglamistir. Giris giic
faktorii birlik giic faktoriine yaklastirilmig olup, giris akim toplam harmonik
bozulmasi da biiylik 6l¢iide azaltilmigtir. Tasarlanan DGK ile geleneksel (DGK
olmayan) devreye gore daha yiiksek verimli sonuglar elde edilmistir.

Tasarimlarin ikincisinde, giic yogunlugunu artirmak i¢in yeni bir yumusak
anahtarlamali AA-DA GFD yiikseltici doniistiiriicli 6nerilmistir. Gelistirilen ABH

sayesinde Onerilen doniistliriiciiniin anahtari, sifir gerilimde gecis (SGG) kosulu
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altinda acilir ve sifir akimda gecis (SAG) kosulu altinda kapatilir. Bdoylelikle
doniistiiriicii  anahtarinin  anahtarlama kayiplar1 ortadan kaldirilir.  Onerilen
doniistliriictiniin ABH anahtar1 sifir akimda anahtarlama (SAA) kosulu altinda
acilir ve SAG kosullar1 altinda kosulu altinda kapanir. Ana devre diyotu sifir
gerilimde anahtarlama (SGA) kosulu altinda agilir ve SAG kosulu altinda kapatilir.
Ayrica, ABH devresin diyotlart SAA kosulu altinda agilir ve SGA kosulu altinda
kapatilir. Ek ABH devresi ile az miktarda iletim kayb1 meydana gelmesine ragmen,
dontistliriicliniin  anahtarlama kayiplar1  biiylik 06l¢iide ortadan kaldirilir ve
dontistliriicli performansi biiylik Olglide 1iyilestirilir. Ayrica, gelistirilen ABH,
mevcut ABH’lerden farkli olarak diisiik maliyetli bir tasarima sahiptir ve devre
elemanlar1 iizerinde herhangi bir ilave akim ve gerilime sebep olmaz. Onerilen
donistiiriiclinlin performans sonuglari, farkli durum ¢aligmalari i¢in alinmis ve sert
anahtarlamali karsiligi ile karsilastirilmigtir. Biitiin yiik kosullart i¢in yumusak
anahtarlama kosullar1 ve birim gii¢ faktorii elde edilir. Ayrica giris akimi toplam
harmonik bozulma degerleri IEC 61000-3-2 standartlarinda verilen araliga
uygundur ve sabit anahtarlamali muadilinden daha diistiktiir.

Tasarlanan iki doniistiiriicli topolojisi de yiiksek gii¢ yogunlugu ve yiiksek
verime sahip olduklarindan dolay1 iki asamali DSC’lerin AA-DA doniistiiriicii

kisimlari i¢in en iyi birer aday olabilirler.
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1. INTRODUCTION Omer TURKSOY

1. INTRODUCTION

In this chapter, the research methodology of the thesis is given. Firstly, the
importance of OBCs for the development and adoption of EVs. The structure of the
OBCs is presented and expressed in detail. Secondly, detailed information is given
about the main tasks of AC-DC PFC converters, which is the most important stage
of the OBCs. Further, power quality requirements defined in international
standards, which must be complied with during the withdrawal of current from the
grid, are presented and some important definitions are provided. At the end of this
chapter, the research objectives, the contribution of the thesis and the organization

of the thesis are given.

1.1. Background and Motivation

In recent years, the automotive industry has been facing unprecedented
changes due to concerns, such as rapid depletion of oil resources, increasing CO,
emissions, depletion of the ozone layer, and the outbreak of the health problems in
densely populated areas (Ahmadi, 2019; Held and Schiicking, 2019; Mi and
Masrur, 2017). Governments and industries have invested heavily in electric
vehicle (EV) and plug-in hybrid electric vehicle (PHEV) technologies that resolve
these concerns (Wei et al.,, 2020; Khaligh and D'Antonio, 2019). With these
investments, EV and PHEV technologies are developing year-over-year, and are
gaining increasing interest among consumers as seen from Figure 1.1 (IEA, 2020).

EV and PHEV technologies are attractive solutions in that they are
environmentally friendly, but battery performances that limit vehicle range are still
the biggest barrier for mainstream adoption. Although only battery technology
appears to affect battery performance, how to use and charge the battery also
greatly affects battery performance. Moving from this standpoint, the efficiency of
the battery charger has vital importance on battery performance. On the other hand,

the increase in the number of EVs and PHEVs will lead to stress on the grid during
1
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the charging process. Therefore, the efficiency of the charger is also essential to
minimize load stress on the grid and limit the input current harmonics to meet the

international standards.
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Figure 1.1. Annual sales and market share of EVs in worldwide for 2013-2019
(IEA, 2020)

Battery chargers are available in two different type such as AC charging
and DC charging. In addition, AC and DC chargers are divided into three different
categories according to their power levels as level 1, level 2 and level 3 as given in
Table 1.1 (Kongjeen and Bhumkittipich, 2018). AC chargers offer slow charging,
resulting in longer charging times. AC chargers used in both private and public
areas. Today, many researchers are concentrating on AC chargers. DC chargers are
usually offered at charging stations for commercial purposes because it requires
installation costs, infrastructure costs and maintenance cost. DC Level 3 chargers

offer fast charging facilities (Yilmaz and Krein, 2013; Xu et al., 2020).
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Table 1.1. Charging power levels of the battery chargers

Power Level Grid Grid Current Charging type
connection - Voltage (V)  (A)
Level 1 - 1 phase 120 12-16 Slow
AC : Level 2 ' 1 phase 240 <80 Slow
Level 3 | 1, 3 phase 240 >80 Slow
Level 1 - 200-450 80 Slow
DC Level2 - - 200-450 200 Medium
Level3 - . 200-600 400 . Fast

Battery chargers can be designed in two forms such as on-board and off-
board depending on their allocation with unidirectional and bidirectional power
flow options. Unidirectional charger, enabling only energy transfer from network
to the vehicle; is an attractive solution with low hardware requirements, easy
connectivity and a tendency to reduce battery degradation. The bidirectional
battery charger is a solution that enables energy transfer from the grid to the
vehicle (G2V) and from the vehicle to the grid (V2G), where battery health is in
the background and network security is at the forefront. Bidirectional chargers are
not widely preferred because they cause the battery degradation problems. Off-
board chargers are located in stations where it is difficult to access such as oil
stations despite providing fast charging. On the other hand, on-board chargers
(OBCs) are designed built into the vehicle. OBCs alleviate the consumer’s range
concerns by providing charging from any electrical outlet in places where there is
no fast charging station such as home, office, hospital, mall, etc. The comparison of

the features of the on-board and off-board chargers are provided in the below table.
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Table 1.2. The comparison of the on-board vs. off-board chargers

On-Board Off-Board

Low power range High power range

Basic BMS Complicated BMS

No battery heating problem Battery heating problem

Add weight to the vehicle Remove weight from the vehicle
Level 1 and Level 2 charging level Level 3 charging level

Off-board chargers are an attractive solution from the standpoint of
charging time; however, they adversely affect the battery health as they pass high
current rates over the battery while charging process. OBCs, which prioritize
battery health, come to the fore in this context. The schematic representation of the

on-board battery charger on the EV powertrain is given in Figure 1.2.
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Figure 1.2. The schematic representation of the OBC on the EV powertrain

OBCs are categorized into two main categories such as single-stage and
two-stage structure according to their power conversion characteristics. The simple
block diagram of the single-stage OBC structure is illustrated in Figure 1.3. Single-
stage OBC consists of a diode bridge rectifier and an isolated DC-DC converter.
The isolated DC-DC converter stage both controls the implementation of the unity

4
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power factor and regulation of the output voltage. In this structure, there is no need
for voltage control of the DC-Link capacitor, which provides the interconnection of
the AC-DC and DC-DC converter in the two-stage OBC structure. Also, galvanic
isolation is provided with an isolation transformer in its structure. This topology
uses the internal bulky capacitor to provide constant output power. This topology
provides high efficiency in low power applications, but it is insufficient in high

power applications due to the limited number of components.

o AN “AAAAAAANAARAAAA -

sRERRRRARRRRARE

Diode Bridge Isolated DC-DC Output
Rectifier ) Converter . P Filter 3 Battery Pack
J \ J
A
[

‘( C 1
—L ontroller -

Figure 1.3. Simple block diagram of the single-stage OBC structure

The simple block diagram of the two-stage OBC structure is illustrated in
Figure 1.4. The two-stage OBC structure consists of an AC-DC PFC converter and
a DC-DC converter with a high-frequency isolation transformer. The AC-DC PFC
stage provides both the rectification of the AC grid voltage and implementation of
the unity power condition, whereas the DC-DC converter stage is used to regulate
the output voltage and provide galvanic isolation to prevent battery damage in the
event of a fault on the side of the grid. The controller of this structure is more
complicated than the single-stage structure because it contains DC-link control and

the number of switches is higher. But, this topology is a proper candidate for OBCs
5
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as it provides flexible input and output voltage ranges and high efficiency at high

power levels.
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Figure 1.4. Simple block diagram of the two-stage OBC structure

As mentioned above, the first major task of the AC-DC PFC converter is to
provide a unity power factor (PF). The PF is defined as the ratio of the active
power to apparent power (S) which is the summation of the active and reactive
power. Apparent power is calculated by multiplying the root mean square (rms)
value of the current drawn from the grid and the rms value of the grid voltage as

given in Eq. 1.1.

S =V i s (1.1)

Active power represents the actual amount of power delivered to the load.
It is also known as usable energy quantity. Apparent power drawn from a grid
equals active power and reactive power equals to zero if the load is purely resistive.

In addition, if active power and apparent power are not equal, reactive power is
6
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consumed by inductive and capacitive elements. In such a case, it means that not
all the drawn power is transferred to the load. From an ideal power conversion
equipment, it is expected that all the power drawn from the grid will transfer to the
load. This is only possible if the current drawn from the grid and the voltage are in
the same phase. When the phase difference occurs between them, some of the
incoming energy drawn from the grid is consumed reactively and is lost. The PF
usually ranges from 0 to 1 and is expected to be close to 1. PFC is provided by

bringing the current and voltage to the same phase as shown in Figure 1.5.

Power factor=1

Figure 1.5. The representation of the unity power factor condition

The second major task of the AC-DC PFC converter is to achieve the
minimum total harmonic distortion to meet the international standards. During AC-
DC conversion, harmonic distortions occur in the current and voltage drawn from
the grid due to load and converter. These distortions cause power losses and also
create extra stress on the circuit elements. On the other hand, these harmonics have
disruptive effects on the grid. Some international standards such as IEC61000-3-2
have been prepared to control these distortions. In its simplest definition, total

harmonic distortion (THD) is known as the ratio of the rms values of the non-
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fundamental component of the signal to the rms value of the fundamental
component. The THD value of any signal can be calculated with the following

equation:

®© 2
Zn=2 Sn,rms

1,rms

THD, = , S: Voltage or current (1.2)

THD value may vary depending on the load and the performance of the
converter. However, these values are expected not to exceed the permissible limits
specified in the standards for grid security. The permissible current harmonics

limits according to the IEC61000-3-2 standards are given in Table 1.3.

Table 1.3.  Current harmonics limits according to the IEC61000-3-2 (Class D)

standards
Individual odd Harmonic =~ Maximum permissible Maximum permissible
order h Harmonic Current per harmonic current (A)
watt (mA/W)

3 34 2.3

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

Due to the above-mentioned features, the improvement of the AC-DC PFC
converters largely affects the performance and the size of two-stage OBCs. For the
development of AC-DC PFC converters, challenges such as low conversion
efficiency, high output ripple and low power density need to be examined in detail.

In order to overcome these shortcomings, many studies have been conducted in the

8
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literature. For improving the efficiency of the converter, studies mainly focused on
the topological changes. Numerous circuit topologies are developed to increase
efficiency by eliminating the deficiencies of the existed topologies (Jia et al., 2020;
Lee and Kim, 2019; Wu et al., 2018; Wu et al., 2017; Alam et al., 2017a; Tang et
al., 2015; Alam et al., 2014; Athab et al., 2014; Das et al., 2013; Musavi et al.,
2011a, 2011b; Athab and Lu, 2010; Jang and Jovanovic, 2007). The low power
density problem can be solved by increasing the switching frequency. As the
switching frequency increases, the inductor and capacitor sizes used in the circuit
decreased, thus high power density is achieved. However, high operating frequency
causes increased switching losses and thus low conversion efficiency. To solve this
problem, various soft-switching converters are presented to mitigating the
switching losses (Jeong et al., 2020; Valipour et al., 2020a; Cetin and Yenil, 2019;
Korada and Ayyanar, 2019; Park et al., 2019; Ting et al., 2019; Yu et al., 2019;
Zhen and Qingyun, 2019; Cetin, 2018; Alam et al., 2017b; Du and Bhat, 2016; Lim
et al., 2016; Pahlevaninezhad et al., 2012¢; Akin and Bodur, 2011; Liu and Chang,
2009; Jang and Jovanovic, 2008; Tsai et al., 2007; Kang et al., 2002). High output
ripple causes battery degradation and to mitigate this effect it is required the use of
high-value DC-link capacitor. The reduction of the output ripple makes it possible
to decrease the size of the DC-link capacitor used. The decreased size of this
capacitor allows the usage of the long-life film-capacitors. On the other hand, as
the size decreases, space is opened on the vehicle and this space will be used to
increase the battery capacity and the range of the vehicle will be extended. From
the standpoint of the reduction of the output ripple, many techniques are proposed
to compensate the output ripple by an additional circuit (Pan and Zhang, 2015;
Wang et al., 2014; Ohnuma and Itoh, 2014; Wang et al., 2011; Li et al., 2011;
Shimizu et al., 2000). In addition, many control structures have been presented to
enhance the dynamic performance of the converter and reduce controller
complexity (Lee et al., 2020; Zhang et al., 2019; Mallik et al., 2018; Badawy et al.,

2016; Cao et al., 2016; Chen et al., 2016; Hwu et al., 2015; Park and Park, 2015;
9
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Pahlevani et al., 2014; Musavi et al., 2013a, 2013b; Pahlevaninezhad et al., 2012a,
2012b; El Aroudi and Orabi, 2010).

1.2. Research Objectives

Limited conversion efficiency, high output ripple and low power density
are still the issues that need to be resolved for AC-DC PFC converters in OBCs.
Therefore, the design of high efficient AC-DC PFC converter topology is needed
for the development of the OBCs. In addition to a high-efficiency design, the
converter to be designed must be minimal in size and cost when meeting the above-
mentioned challenges and must meet the conditions specified in the standards. The
high efficiency will reduce the stress on the grid and charging cost, the smaller the
charger size will free up space on the vehicle to increase the battery capacity and
the vehicle range will be increased by using a higher capacity battery.

The objectives of the presented research have been prepared to overcome
the shortcomings mentioned above.

The objectives of the thesis are given as follows:

e AC/DC PFC circuit topologies and their control structures will be
examined profoundly and the best proper topology for two-stage OBC will
be proposed for wide input and output operation conditions.

e The control structure of the AC-DC PFC converters will be investigated
and it is planned to develop a digital control method to reduce the rate of
injected harmonics and generated reactive power.

e It is aimed to design a DVC in order to decrease the output ripple of the
AC-DC PFC converter. The reduction of the output ripple will allow the
use of a smaller sized capacitor, and the volume and weight of the OBC
charger will be reduced.

e [t is aimed to validate the performances of the DVC and its controller

10
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under different load conditions specified in European efficiency standards.

e [t is planned to develop a high-frequency AC-DC PFC converter to reduce
the size of the OBCs.

e [t is aimed to analyze in detail the traditional soft-switching methods
developed to increase the power density of the AC-DC PFC converter.

e A new soft switched AC-DC PFC converter based on active snubber cell
(ASC) will be proposed for increasing efficiency by eliminating the
switching losses hence achieving the high power density.

e [t is aimed to provide a detailed loss analysis to verify the efficiency
increase of the proposed soft-switching AC-DC PFC converter.

e A comprehensive comparison between the proposed and existing soft-
switching converters in terms of efficiency, cost and size.

e [t is aimed to provide a detailed design procedure for proposed designs and

their controllers with theoretical analysis and simulation case studies.

1.3. Contribution of the Thesis

The main contributions of this thesis are given as follows:

e A DVC is proposed to reduce the output ripple of the interleaved AC-DC
PFC boost converter. With the proposed DVC, the output voltage ripple is
reduced to below 0.5V. Thus, it is possible to use the smaller and longer-
life film capacitor as a DC-link capacitor.

e The controller performance of the AC-DC interleaved PFC boost converter
enhanced to reduce the rate of injected harmonics and transient time.

e A novel soft-switching AC-DC PFC boost converter is proposed to increase

efficiency by eliminating switching losses.

11
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e The detailed loss analysis of the proposed converter is conducted to
demonstrate the effect of the SS on the efficiency of the traditional AC-DC
PFC boost converter.

e A detailed comparison study is presented between the proposed soft-
switching AC-DC PFC boost converter and the existing soft-switching AC-
DC PFC boost converters in terms of efficiency, cost and advantages.

e A high-frequency AC-DC PFC converter topology is proposed to reduce
the size of the OBCs.

e A comprehensive design procedure for proposed controllers and their
controllers are presented with theoretical analysis and simulation case
studies.

e The proposed AC-DC PFC topologies are the most proper candidates to be

commercialized for OBCs due to their advantages properties.

1.4. The Organization of the Thesis

The organization of the thesis is as follows:

Chapter 1: Introduction

The importance and need of AC-DC PFC converters for OBCs, the most
important part of EVs, has been introduced and motivation has been provided for
this thesis. Also, the research objectives, the contribution of the thesis and the

organization of the thesis are given.

Chapter 2: State-of-the-Art AC-DC PFC Converters
In this chapter, the state-of-the-art AC-DC PFC converter topologies and
controllers are investigated in detail. In addition, each topology is modeled in the

simulation environment and performance results are provided.

12
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Chapter 3: Overview of Soft-Switching Techniques
In this chapter, the SS techniques in the literature are explained in detail

for the illustrate the deficiencies of the methods in the literature.

Chapter 4: Design and Analysis of the Proposed DVC for Ripple Reduction of
the Interleaved PFC Boost Converter

In this chapter, the operating modes and design criteria of the proposed
dynamic voltage compensator (DVC) and its controller are provided in detail,
which is recommended to reduce the output voltage ripple of the interleaved PFC
boost converter. Also, the performance of the proposed converter and the controller
has been tested by different case studies according to the European efficiency

standards.

Chapter 5: Design and Analysis of Soft-Switching AC-DC PFC Boost
Converter

In this chapter, the description and steady-state operating principles of the
proposed soft-switching AC-DC PFC boost converter are explained. The design
considerations are provided in depth. Also, the performance of the proposed
converter has been tested by case studies according to the European efficiency

standards.

Chapter 6: Conclusion and Future work
Concluding remarks and main contributions of the thesis are given in this
chapter. Also, the future perspectives of the thesis work are discussed.

The organization of the thesis is illustrated in Figure 1.6.

13
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Figure 1.6. The organization of the thesis
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1.5. Summary

Firstly, the background and motivation of the thesis are provided in this
chapter. Then, based on this information, the research objectives of the thesis are
determined and all the contributions of the thesis are presented. Finally, the

organization of the thesis has been presented.

15



1. INTRODUCTION Omer TURKSOY

16



2. STATE-OF-THE-ART AC-DC PFC CONVERTERS Omer TURKSOY

2. STATE-OF-THE-ART AC-DC PFC CONVERTERS

In this section, AC-DC PFC converter configurations and control
techniques in the literature are presented in detail. The performance of each
configuration is evaluated by case studies for load conditions at European
efficiency standards. At the end of this section, recent publications on AC-DC PFC

converters developed for a battery charging system in EVs are provided in detail.

2.1. Topologies for AC-DC PFC Converters

In the literature, many converter configurations such as buck, boost, buck-
boost and their variations have been developed to perform AC-DC PFC
conversion. The input current of the boost PFC converter topologies is continuous
and therefore does not need a large filter at the input side. Since other topologies
have pulsed input current, they need larger filtering at the input sides. Also, boost
topology has a wide input voltage range, while other topologies have a more
limited input voltage range (Alam, 2017). Due to these mentioned benefits, this

thesis has focused on AC-DC PFC Boost converters and their variations.

2.1.1. Traditional PFC Boost Converter

This converter is the most popular among AC-DC PFC converters with its
simple structure, low cost and easy controllability. This converter consists of two
stages, a diode bridge rectifier and a boost converter, as illustrated in Figure 2.1.
The inductor ripple current of the boost circuit directly affects the input current of
the converter and requires filtering to comply with electromagnetic interference
(EMI) specifications. The output diode current of the boost circuit is discontinuous
and it must be filtered by the output capacitor to ensure the continuity of this
current.

This converter suffers from low efficiency due to high switching losses in

the boost circuit and high conduction losses of the input rectifier bridge. In
17
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addition, at high operating frequencies, reverse recovery problems occur at the
diode of the boost circuit, resulting in turn-off losses and EMI. Therefore, reducing
switching losses is the basis of studies on this topology (Yao et al., 2020; Luo et
al., 2020; Li et al., 2020; Nair and Narasamma, 2019; Kim et al., 2018;
Kulasekaran and Ayyanar, 2018). With proper switching and control techniques,

close to unity power factor and high efficiency can be achieved.

Input bridge rectifier PFC stage
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Figure 2.1.  Schematic representation of the traditional PFC boost converter and
its controller
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Equivalent circuits of the operation states in the traditional PFC boost
converter are derived from “off-state” and “on-state” of the converter switch as
given in Figure 2.2. Based on these equivalent circuits, the mathematical model of
the converter is derived by the following equations:

di, v

E:%’(t e[0,DnT,]) (2.1)

vin (t) = \/El/in,rms SIH(Wt) = \/El/in,rms Sin (2_ﬂ-tJ (22)

Sw

di, (t) Y, (1)—v,
dt - L ’(ZE[D];W’];W]) (23)

The minimum value of the boost circuit inductance is calculated by the
following equation.
_D(1-D)

‘min _TSW load (24)

The minimum value of the output capacitor of the boost circuit is
calculated by the following equation.

D

C, = 2.5
f;leoad AI/vO ( )

The duty cycle of the boost circuit switch is defined by the following

equation.

2.6)

where v, is the input voltage, v, is the output voltage, f.

Sw

is the switching

frequency, T

Sw

is the switching period, D is the duty ratio, R ,is the load
resistance, AV, is the output voltage ripple, V,, . is the rms value of the input

voltage, i, is the inductor current.
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Figure 2.2.  Equivalent circuits of the operation states in the traditional PFC boost

converter: a) State 1, b) State 2

In order to assess the performance of this topology, a 3.3kW circuit and its

controller are constructed in the Matlab/Simulink environment and tested for

various load conditions in European efficiency standards. The simulation

parameters of the constructed traditional PFC boost converter are provided in the

below table.

Table 2.1.  The simulation parameters of the constructed traditional PFC boost

converter
Parameter Value Unit
Input voltage (Vi) 220 Vims
Input line frequency (f) 50 Hz
Output voltage (Vou) 400 Vdc
Output power (Poy) 33 kW
Inductance (L) 150 uH
Switching frequency (fy) 70 kHz
Output capacitor (C,) 1 mF
PI constants of the voltage controller K,=0.03,Ki=6 N/A
PI constants of the current controller K,=2,K;=3 N/A

Figure 2.3 shows the input current and voltage graphs at different load

conditions. The total harmonic distortion values occurring in the current drawn

20



2. STATE-OF-THE-ART AC-DC PFC CONVERTERS Omer TURKSOY

from the network for each load case are indicated on the graphs. Another important
parameter to verify the performance of the converter is the PF. The PF values for

each load case are measured and indicated on the figure.
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Figure 2.3.  The input current and voltage graphs of the traditional PFC boost

converter

Output voltage and current graphs for different load conditions are given in
Figure 2.4 and Figure 2.5. With these graphs, both the dynamic response of the

converter and the amount of the output voltage ripple is tested.
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Figure 2.4. The output voltage graph of the traditional PFC boost converter
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Figure 2.5.  The output current graph of the traditional PFC boost converter under

variable load conditions

2.1.2. Bridgeless PFC Boost Converter

This topology eliminates the input bridge rectifier in the traditional boost

PFC topology but preserves the boost structure as illustrated in Figure 2.6. There is

no difference in the size of the passive components compared to the traditional

PFC circuit. By eliminating the input bridge rectifier, the total number of

semiconductors has decreased from six to four and reduces conduction losses and
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the associated heat management problem at the input rectifier bridge (Valipour et
al., 2020b; Jappe et al., 2019; Mejia-Ruiz et al., 2017). In addition, this topology
has high switching losses due to the hard switching operation of the boost circuit
switches. This problem can be overcome with proper SS techniques (Muhammad
and Lu, 2015; Tsai et al.,, 2011). Although switching losses increase in this
topology, eliminating the conduction losses of the input bridge ensures more

efficient results for high power applications.
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Figure 2.6. Schematic representation of the bridgeless PFC boost converter and
its controller

The bridgeless PFC boost converter has four different operating states for
the positive and negative cycle of the AC input voltage, depending on whether the
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switches S; and S, are on and off as shown in Figure 2.7. For these different states

of S; and S, switches, both output voltage control and PFC are performed.

peo]

peoT

Figure 2.7.  Equivalent circuits of the operation states in the bridgeless PFC boost
converter: a) State 1, V>0, b) State 2, V;,>0, c) State 3, V;,<0, d)
State 4, V;,<0

Since the switches S; and S, in this topology are driven synchronously, for
some cases, the voltage on it becomes zero and some of the switching losses are
eliminated since it will be in the on position when current flows through them.
Current sensing is more complex than traditional PFC boost topology since the
current path does not share the same grounding in every half-line cycle (Frank et
al., 2005). It also requires a low-frequency transformer and optical coupler for the
measurement of the input voltage since the grid floats compared to the ground of
the PFC stage.

In order to assess the performance of this topology, a 3.3kW circuit and its
controller are constructed in the Matlab/Simulink environment and tested for

various load conditions in European efficiency standards. The simulation
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parameters of the constructed bridgeless PFC boost converter are given in Table

2.2.

Table 2.2.  The simulation parameters of the constructed bridgeless PFC boost

converter
Parameter Value Unit
Input voltage (Vi) 220 Vims
Input line frequency (f) 50 Hz
Output voltage (Voy) 400 Vdc
Output power (Py) 33 kW
Inductance (L) 150 uH
Switching frequency (fy) 70 kHz
Output capacitor (C,) 1 mF
PI constants of the voltage controller K;=0.03,K;=6 N/A
PI constants of the current controller K,=2,K;=3 N/A

Input voltage and current graphs for different load conditions are provided
in Figure 2.8. In addition, the THD values occurring in the current drawn from the
network for each load case are indicated on the graphs. Another important criterion
for verifying the performance of the converter is the power factor, its value is

calculated separately for each load case and indicated on the figure.

25



2. STATE-OF-THE-ART AC-DC PFC CONVERTERS Omer TURKSOY

State 1: 100% Load State 2: 50% Load

40 40

< <
= 20H = 20
3 3
£ 0 2 0
2 20t 2 20
£ £

-40 -40

0.5 0.5
Time (s) Time (s)

State 3: 30% Load State 4: 20% Load

40 40

Amplitude (V, A)
: o

Amplitude (V, A)
: o

L L L I
05 0.52 0.54 0.56 0.58 0.6 05

Time (s} Time (s)
State 5: 10% Load State 6: 5% Load
. 40 PF=0.9840 . 40 THD: 35.47 %
< <
> 20 > 20
w SAWAFAWA
2 ° 2 ° ‘;] ‘;] ‘;] ‘;]
5 B
g2 g2
< <
-40 -40
0.5 0.52 0.54 0.56 0.58 0.6 0.5 0.52 0.54 0.56 0.58 0.6
Time (s) Time (s)
e |nput Current e |nput Voltage (1:10)

Figure 2.8. The input current and voltage graphs of the bridgeless PFC boost
converter

Figures 2.9 and 2.10 illustrate the output voltage and current graphs for
different load conditions. With these results, both the dynamic response of the

converter and the amount of the output voltage ripple are tested.
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2.1.3. Semi-Bridgeless PFC Boost Converter

The main problem of the bridgeless PFC boost converter is EMI noise. The
output voltage ground of a bridgeless PFC boost converter always floats relative to
the input line. This causes common-mode noise due to the parasitic capacitance of
the switching elements. Also, since the connection node of switch S, and diode D,
is directly connected to the mains line, high dv/dt problems occur during the turn-
off of the switch. Semi-bridgeless PFC boost topology is introduced to solve these
problems. Two slow diodes are added to the input to solve the EMI noise issue. In
addition, one inductance has been added to prevent the connection of the S, switch
and the D, diode directly to the grid side as illustrated in Figure 2.11. The added
elements do not affect the efficiency, on the contrary, they minimize the current
pressure on the switching elements (Perez et al., 2018; Marcos-Pastor et al., 2015;

Sudheer et a., 2015; Alam et al., 2012).
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Figure 2.11. Schematic representation of the semi-bridgeless PFC boost converter
and its controller
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The size of the added inductance is equal to the size of the inductance in
the traditional PFC boost circuit. The operating modes of this topology are the
same as those of the bridgeless PFC boost topology. There are a parallel diode
sharing the current passing through the switch in the return path and a serial
inductor in the current path.

The performance of the semi-bridgeless PFC boost converter topology is
tested with a constructed 3.3kW circuit and its controller in Matlab/Simulink for
various load conditions. The simulation parameters of the constructed semi-

bridgeless PFC boost converter are provided in the following table.

Table 2.3.  The simulation parameters of the constructed semi-bridgeless PFC
boost converter

Parameter Value Unit
Input voltage (Vi) 220 Vims
Input line frequency (f) 50 Hz
Output voltage (Vour) 400 Vdc
Output power (Poy) 33 kW
Inductances (L4, L,) 150 uH
Switching frequency (fsw) 70 kHz
Output capacitor (C,) 1 mF
PI constants of the voltage controller K,=0.05,K;=3 N/A
PI constants of the current controller K,=3,K;=0.1 N/A

In Figure 2.12, input current and voltage graphs for different load
conditions are illustrated. For each load case, the THD values occurring in the
current drawn from the network are calculated and shown on the graphs. In
addition, the power factor, which is an important criterion to verify the
performance of the converter, is calculated and shown separately for each load
case.

The output voltage and current graphs for different load conditions are
given in detail in Figures 2.13 and 2.14 to test both the dynamic performance and

output characteristics of the converter.
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Figure 2.12. The input current and voltage graphs of the semi-bridgeless PFC
boost converter
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under variable load conditions
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Figure 2.14. The output current graph of the semi-bridgeless PFC boost converter
under variable load conditions

2.1.4. Interleaved PFC Boost Converter
This topology consists of two parallel traditional boost converters that

operate with 180 phase difference as shown in Figure 2.15.
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Figure 2.15. Schematic representation of the interleaved PFC boost converter and
its controller

The input current of the interleaved PFC boost converter is equal to the
sum of the inductor currents of these two boost circuits (Yang et al., 2020; Xu et
al., 2019; Marcos-Pastor et al., 2016; Wang et al., 2015a, 2015b). Due to the phase
difference between the currents of these inductors, the ripple on the currents
eliminates each other and the input current ripple is reduced. The maximum ripple

elimination of the input current occurs at a 50% duty cycle (d). In the following
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equations, the variation of the ratio of the input ripple current to the inductor ripple

current (R(d)) depends on the duty cycle is shown (O'Loughlin, 2007).

AL
R(d)=" @7
AILI
1-2d
R(d)=—22 4<o. .
(d)="—7 <05 2.8)
R(d):%, d>0.5 (2.9)

The output capacitor current is equal to the sum of the diode currents at the
output of the boost converters. Similar to the input current, due to the phase
difference between them, the diode ripple currents eliminate each other and the
capacitor ripple current is reduced. The variation of capacitor ripple current (/c,)

with the duty cycle is given in the equations as follows (O'Loughlin, 2007):

ICO(d):%\/(l—2d)(l—2d)2 , d<0.5 (2.10)

JCO(a')=%\/(2—2ar)(2—2a')2 , d>05 @.11)

For the design of the interleaved PFC boost converter, it can be considered
as parallel connection of the two same traditional boost PFC converters with half
the total power. Thus, all calculations in the traditional PFC converter apply here as
well. This topology eliminates the input current ripple and output voltage ripple.
But, input bridge still causes the heat problem and lead to low efficiency under low
grid voltages.

There are four different operating states of the interleaved PFC boost
converter for each positive and negative cycle of the AC input voltage depending

on whether the switches S; and S, are on and off as shown in Figure 2.16.
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Figure 2.16. Equivalent circuits of the operation states in the interleaved PFC
boost converter: a) State 1, b) State 2, ¢) State 3, d) State 4

In order to assess the performance of this topology, a 3.3kW circuit and its

controller is constructed in the Matlab/Simulink environment and tested for various

load conditions in European efficiency standards. The simulation parameters of the

constructed interleaved PFC boost converter are provided in the following table.

Table 2.4.  The simulation parameters of the constructed interleaved PFC boost

converter

Parameter Value Unit
Input voltage (Vi) 220 Vims
Input line frequency (f) 50 Hz
Output voltage (V oy 400 Vdc
Output power (Py) 33 kW
Inductances (L, L,) 150 uH
Switching frequency (fyy) 70 kHz

Output capacitor (C,)
PI constants of the voltage controller
PI constants of the current controller

1 mF
K,=0.03,Ki=6 N/A
1.5,K;=3 N/A

Figure 2.17 illustrates the input current and voltage graphs for different

load conditions. The THD values occurring in the current drawn from the network

and the power factor, which is an important criterion to verify the performance of

the converter are calculated and shown on the graphs for each load condition.
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The output voltage and current graphs for different load conditions are

provided in Figure 2.18 and 2.19, respectively.
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Figure 2.17. The input current and voltage graphs of the interleaved PFC boost
converter

35



2. STATE-OF-THE-ART AC-DC PFC CONVERTERS Omer TURKSOY

450 T

400

N oy A Y Y A

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

w
(=)
o

N
()
o
T
1

N
[=]
(=]

Amplitude (V)

N
(o)
o
T
1

State 1: 100 % Load
State 2: 50 % Load n
State 3: 30 % Load
State 4: 20 % Load _
State 5: 10 % Load

State 6: 5 % Load | | | Output voltage

1 2 3 4 5) 6
Time (s)
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Figure 2.19. The output current graph of the interleaved PFC boost converter
under variable load conditions

2.1.5. Bridgeless Interleaved PFC Boost Converter

The bridgeless interleaved (BLIL) PFC boost topology is designed to
combine the beneficial features of bridgeless and interleaved PFC boost converter
topologies. This topology has a similar structure to the bridgeless PFC boost

converter topology, which prevents the input bridge diode heat losses of the
36
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interleaved boost converter topology. In the circuit structure, unlike the interleaved
PFC, it contains two extra MOSFETSs and inductors, two fast diodes instead of four
slow diodes as shown in Figure 2.20. The switches are driven in pairs,
synchronously and with a 180° phase difference with the other pair. This converter
topology provides solutions to rectifier losses thanks to its bridgeless structure, and
input current ripple and output voltage ripple thanks to its interleaved structure.
With these aspects, it gives highly efficient results in high power applications.
(Gunasekaran, and Thazhathu, 2017; Kannan et al., 2016; Musavi et al., 2011a).
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Figure 2.20. Schematic representation of the BLIL PFC boost converter and its
controller
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Although this topology solved the input bridge rectifier conduction losses,
it could not prevent the increased switching losses due to the high number of
switches. With SS techniques, these losses can be eliminated, but cost and
controller complexity will increase even more.

The circuit operating states differ according to the duty ratio of the
switches. The detailed operating states for D>0.5 and D<0.5 in the positive and
negative half cycles of the grid voltage are provided in Figure 2.21. Figure 2.21.a-c
figures show the operating states for D> 0.5, while Figure 2.21.d-f figures show the

operating states for D <0.5.
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Figure 2.21. Equivalent circuits of the operation states in the interleaved PFC
boost converter: a) State 1, D> 0.5, b) State 2, D> 0.5, ¢) State 3, D>
0.5, d) State 4, D< 0.5, e) State 5, D< 0.5, f) State 6, D< 0.5

In order to assess the performance of this topology, a 3.3kW circuit and its

controller is constructed in the Matlab/Simulink environment and tested for various
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load conditions in European efficiency standards. The simulation parameters of the

constructed BLIL PFC boost converter are given in Table 2.5.

Table 2.5. The simulation parameters of the constructed BLIL PFC boost converter

Parameter Value Unit
Input voltage (Vi) 220 Vims
Input line frequency (f) 50 Hz
Output voltage (Vou) 400 Vdc
Output power (Py) 33 kW
Inductances (L, L, L, Ly) 150 uH
Switching frequency (fyy) 70 kHz
Output capacitor (C,) 1 mF
PI constants of the voltage controller K,=0.03,Ki=6 N/A
PI constants of the current controller K,=15,K;=5 N/A

The input current and voltage graphs of the converter for different load
conditions are provided in Figure 2.22. For each load condition, the THD values
occurring in the current drawn from the network and the power factor, which is an
important criterion to evaluate the performance of the converter are calculated and
shown on the graphs.

The output voltage and current graphs for different load conditions are

provided in Figure 2.23 and 2.24, respectively.
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Figure 2.22. The input current and voltage graphs of the BLIL PFC boost converter
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Figure 2.24. The output current graph of the BLIL PFC boost converter under
variable load conditions

2.1.6. Totem-Pole Bridgeless PFC Boost Converter

The totem-pole bridgeless (TPBL) PFC boost topology shown in Figure
2.25 is a design obtained by replacing the D; diode and S, switch of the bridgeless
PFC boost topology in Figure 6. This topology is called the totem-pole bridgeless
PFC boost because one of the two switches is top of the other. Both diodes D1 and
D2 can be selected as slow recovery type. The AC input is connected to the ground
of the output through D, during the positive cycle and to the positive terminal of
the ground line of the output through D, during the negative cycle. Since the output
never floats compared to the input, the common mode EMI is less and the input
voltage measurement becomes easier. In this topology, conduction losses are
minimal because only two semiconductor devices operate in each current cycle
(Fischer et al., 2020; Jeong et al., 2020; Yu et al., 2019; Liu et al., 2016; Su et al.,
2011).
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Figure 2.25. Schematic representation of the TPBL PFC boost converter and its
controller

With silicon MOSFETs, the TPBL PFC boost converter can only work in
discontinuous conduction mode (DCM) or critical conduction mode (CrM) because
excessive losses occur due to reverse recovery times of MOSFETSs' body diodes in
continuous conduction mode (CCM). Although the usage area of the totem-pole
bridgeless PFC boost converter is narrow with silicon MOSFETSs, it is even
preferred in the CCM operation with the emergence of zero reverse recovery
conduction switching elements such as silicon carbide and gallium nitride
switching elements. Although it is practical to work with CCM with these devices,
it is much more useful to operate the circuit in zero voltage switching in CrM

because the output capacitance losses are eliminated in this mode. Also, the gate
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driver circuit is relatively complicated and should have a high side/low side or
insulated structure (Chellappan, 2018).

Because the circuit topology of the TPBL PFC boost converter is similar to
the bridgeless PFC boost converter, the design procedure is the same as the
traditional PFC converter like the bridgeless PFC boost converter.

The TPBL PFC boost converter has four different operating states for each
one cycle of the AC input line, depending on whether the switches S| and S, are on

and off as shown in Figure 2.26.

Figure 2.26. Equivalent circuits of the operation states in the interleaved PFC
boost converter: a) State 1, V>0, b) State 2, V;,>0, ¢) Sate 3, V;,<O0,
d) State 4, Vi,<0

The performance of this topology is tested with a constructed 3.3kW circuit
and its controller in Matlab/Simulink for various load conditions. The simulation

parameters of the constructed TPBL PFC boost converter are given in Table 2.6.
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Table 2.6. The simulation parameters of the designed TPBL PFC boost converter

Parameter Value Unit
Input voltage (Vi) 220 Vims
Input line frequency (f) 50 Hz
Output voltage (Vou) 400 Vdc
Output power (Py) 33 kW
Inductance (L) 150 uH
Switching frequency (fyy) 70 kHz
Output capacitor (C,) 1 mF
PI constants of the voltage controller K,=0.03,Ki=6 N/A
PI constants of the current controller K,=2,K;=2 N/A

In Figure 2.27, input current and voltage graphs for different load
conditions are illustrated. For each load case, the THD values occurring in the
current drawn from the network are calculated and shown on the graphs. In
addition, the PF, which is an important criterion to evaluate the performance of the
converter, is calculated and shown separately for each load case.

The output current and voltage graphs for different load conditions are
given in detail in Figures 2.28 and 2.29 to test both the dynamic performance and

output characteristics of the converter.
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Figure 2.27. The input current and voltage graphs of the TPBL PFC boost
converter
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2.2. Control Techniques for AC-DC PFC Converters

AC-DC PFC converters should be formed to enable the battery charger to
deliver power from the grid to the battery with a high power factor and in
compliance with the standards. Operation at low power factor values increases the
reactive power drawn from the grid and this causes the efficiency of the battery
charger to decrease. Increasing the THD of the current drawn from the grid creates
stress on the circuit elements and also negatively affects the efficiency of the entire
system. In addition, the performance of the AC-DC PFC converter determines the
amount of ripple that occurs at its output in rectifying the grid voltage. The amount
of these ripple effect both the size and lifetime of the DC-link capacitor. Therefore,
the control of the AC-DC PFC converters is a vital task for battery chargers.

The control of AC-DC PFC converters is provided by current mode control
techniques consisting of an outer voltage loop that controls the output voltage and
an inner current loop that enables the implementation of PFC. With these control
techniques, AC-DC PFC converters operate in three different operating modes
according to the input inductor current continuity, CCM, DCM and CrM. In CCM
operation, the current passing through the inductor does not drop to zero during the
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entire switching time, the switch is turned on again before the current drops to zero.
The voltage ripple is lower than in DCM operation, resulting in lower conduction
losses. In addition, the low ripple current produces lower inductor-core losses.
Therefore, CCM operation is preferred at high power levels. The only problem
with CCM is that it requires a diode with a very fast recovery feature. The AC-DC
PFC boost converter operating in DCM and CrM modes is easier to control than
CCM operation, but, it has a higher current ripple, resulting in higher input
inductor current, higher losses, and required large size filter. Thus, these modes are
more suitable for low power applications.

Current mode control techniques designed for AC-DC PFC converters are
peak current mode control, average current mode control, hysteresis current mode
control, borderline current mode control, one cycle current mode control and these

methods are discussed in the following sections.

2.2.1. Peak Current Mode Control

The control scheme of the peak current mode (PCM) control technique and
the current waveforms are given in Figure 2.30 and 2.31, respectively. In this
control technique, switch S is turned on by a clock signal which has a constant
frequency. When the sum of the positive ramp of the inductor current and external
ramp signal equals the reference signal, the switch is turned off. This reference
signal is obtained by scaling the rectified input voltage with a gain value and
multiplying it with the output of the outer voltage loop that adjusts the amplitude of
the current reference. This reference signal, synchronized with line voltage, enables

the obtain of the unity power factor.
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Figure 2.30. The control scheme of the PCM control technique

When the inductor current drops to zero, the switch turns on. When it
reaches the reference current value, the flip-flop is reset and the switch turns off.

The switch remains in the turned-off position until the next clock signal comes.

Figure 2.31. The current waveform of the PCM control technique

PCM control technique has advantages of fixed switching frequency,
absence of the current error amplifier and its compensation circuit. However, it
suffers from harmonic oscillations that will occur if the duty cycle is above 50%.
And, at high input voltage and light loads, the distortion of the input current

increases and tends to worsen with external ramp. Also, it is very sensitive to
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commutation noises. Therefore, this controller is not widely used in AC-DC PFC

converter applications.

2.2.2. Average Current Mode control

The control scheme of the average current mode (ACM) control technique
and the current waveforms are given in Figure 2.32 and 2.33, respectively. In the
PCM control technique, the switch is triggered by comparing the difference of the
inductor current with the output of the outer voltage loop directly with the clock
signal. This current loop has low gain and therefore causes controller instability
when the duty cycle is higher than 50%. The ACM control technique overcomes
these problems by adding a high gain current error amplifier to the inner current
loop. The sensed output voltage is subtracted from the reference voltage value via a
voltage error amplifier and filtered. This filtered signal is then multiplied by the
rectified and scaled input voltage and transmitted to the current error amplifier as a
current reference signal. The measured inductor current is subtracted from the
reference current signal by the current error amplifier and filtered. This signal is
then compared to a saw tooth signal and the triggering signal of the switch is

generated.
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Figure 2.33. The current waveforms of the ACM control technique

ACM control technique has advantages such as constant switching
frequency, providing the high input power factor, no need for compensation ramp
for inner current loop, having high noise immunity. However, the necessity of
current sensors, current fault amplifiers, multipliers and dividers complicates the
control circuit. AC-DC PFC converters operate in CCM with this control technique
and can also switch to DCM under low load conditions. It is widely used in high

power applications due to the above-mentioned features.
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2.2.3. Hysteresis Current Mode Control

The control scheme of the hysteresis current mode (HCM) control
technique and the current waveforms are given in Figure 2.34 and 2.35,
respectively. In the HCM control technique, a hysteresis band is added to the
coming current reference signal from the external voltage loop, and two current
references are generated as I,,.) upper reference and /.. lower reference. The
switch turned on when the inductor current drops below the lower reference signal
Lyep, turned off when the upper reference signal rises above 1., and this causes
variable frequency control. The amount of the input ripple current can be reduced
by shrinking the hysteresis band, but the narrower the hysteresis band, the higher
the switching frequency, resulting in increased switching losses. Thus, the band
value should be chosen optimally, taking into account all parameters (Rossetto et

al., 1994).
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Figure 2.35. The current waveforms of the HCM control technique

In addition, with this control technique, the converter works in CCM. The
HCM control technique works fast and also provides excellent dynamic
performance. In addition, a natural peak current limiting capacity is also achieved.
This control technique does not need a compensation ramp for the internal current
loop. Also, the input current distortion of the converter with this controller is less.
Having a variable switching frequency is its main disadvantage because the filter

inductor must be designed for the lowest frequency.

2.2.4. Borderline Current Mode Control

The control scheme of the borderline current mode (BCM) control
technique and the current waveforms are given in Figure 2.36 and 2.37,
respectively. In the BCM control technique, the switch remains turned on and
constant during the line cycle. The switch turned off when the inductor current
drops to zero. The converter operates along the boundary between CCM and DCM
operating modes. In this way, the switch turned on with zero current switching, and
switching losses are reduced. However, in order to transfer the required power to
the output, the peak of the current will increase compared to other topologies and
high current peaks increase device stresses and conduction losses.

The case where the lower reference current in the HCM control technique

is zero represents the BCM control technique.

52



2. STATE-OF-THE-ART AC-DC PFC CONVERTERS Omer TURKSOY

Yo

(@}
AY|
1
AN
peo’

Junn
|
|
| L
| R S
L] - ip(ref)
|1 |
I | i i —_— Zero Current o
: Detector

Figure 2.37. The current waveforms of the BCM control techmque

BCM control technique has advantages such as no need for compensation
ramp and current error amplifier for the inner current loop, having switch current
limitation capability. However, having the variable switching frequency and
requiring the sensing of the inductor voltage to zero current detection are the main

disadvantages of the BCM technique.

2.2.5. One Cycle Current Mode Control
The control scheme of the one cycle current mode (OCCM) control

technique is given in Figure 2.38. OCCM control technique does not require
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multiplier, input voltage measurement and external ramp. The output voltage of the
converter is subtracted from the reference voltage by the voltage error amplifier,
filtered and the modulation voltage is produced. Since the voltage loop bandwidth
is very narrow, this voltage changes very slowly and can be considered constant
throughout a switching cycle. The difference of the measured inductor current and
this modulation voltage is compared with the modulation voltage passed through

the integrator and the control signal of the switch is generated.
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Figure 2.38. The control scheme of the OCCM control technique

The most important advantages of this control technique are that it
provides high input power factor, does not need to measure sinusoidal input
voltage, operates in CCM, no multiplier and divider, and simplicity of the control
system. At high input voltage and light loads, the distortion of the input current
increases. Also, it is very sensitive to commutation noises. Therefore, this

controller is not widely used in AC-DC PFC converter applications.
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2.3. Literature Survey of the AC-DC PFC Converters

The recent publications on AC-DC PFC converter topologies developed for
the battery charging system in EVs are provided in detail. The specifications of the
developed converter topologies are summarized in Table 2.7. In the table, the
studies carried out for each converter topology are presented with features such as
power range, input voltage, output voltage, switching frequency and maximum

efficiency.

Table 2.7.  The conducted studies for AC-DC PFC converters for the battery
charging system of EVs in the literature

References Topology  Power Input Output  Switching Maximum
Rate voltage  voltage  Frequency  Efficiency
W) Vems) ™) (Hz)

Luo et al., 2020 Traditional 300 90-132 400 65k 95%
PFC Boost

Zhang et al., 2019  Traditional 1000 110 360 50k N/A
PFC Boost

Ting et al., 2019 Traditional 600 85-240 400 100k 95.7%
PFC Boost

Kulasekaran and ~ Traditional 3300 240 400 500k 97.03%

Ayyanar, 2018 PFC Boost

Cetin, 2018 Traditional 1000 85-230 380 100k 98%
PFC Boost

Bodur and Traditional 2000 85-230 400 100k 97.4%

Yildirmaz, 2017 PFC Boost

Pahlevani et al., Traditional 3000 85-246 400 100k N/A

2014 PFC Boost

Valipour et al., Bridgeless 2000 90-530 800 60k 98.2%

2020b PFC Boost

Cetin and Yenil, Bridgeless 1000 220 400 100k %97.4

2019 PFC Boost
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Table 2.7. Continue

Alam et al., Bridgeless 650 85-265 400 70k 97.5%

2017a PFC Boost

Alam et al., Bridgeless 650 85-265 400 150k 96.95%

2017b PFC Boost

Musavi et al., Semi- 3400 90-265 400 70k 98.8%

2013a Bridgeless
PFC Boost

Yang et al., Interleaved 1000 85-265 400 100k ~97%

2020 PFC Boost

Xuetal., 2019 Interleaved 3300 220 400 80k 97.7%
PFC Boost

Marcos-Pastor Interleaved 2000 230 400 60k ~96.5%

etal., 2016 PFC Boost

Wang et al., Interleaved 1000 155 400 40k 93.5%

2015a PFC Boost

Wang et al., Interleaved 1000 155 400 75k 97.5%

2015b PFC Boost

Pahlevaninezha  Interleaved 3000 170-267  235-431 50k ~96.5%

detal,2012a PFC Boost

Pahlevaninezha  Interleaved 3000 170-267  235-431 50k ~96.5%

detal., 2012b PFC Boost

Pahlevaninezha  Interleaved 3000 170-267  235-431 80k ~98.5%

detal., 2012¢ PFC Boost

Gunasekaran BLIL PFC 300 110-230 400 70k 97%

and Thazhathu, Boost

2017

Musavi et al., BLIL PFC 3400 85-265 400 70k 98.9%

2011a Boost

Jeong et al., TPBL PFC 800 100-240 400 100k 97.81%

2020 Boost

Yuetal, 2019 TPBL PFC 2400 240 400 400k 98.35%
Boost

Fanetal,2019 TPBL PFC 1000 85-265 400 45k ~98.75%
Boost

Muhammad and TPBL PFC 400 90-240 400 45k ~96%

Lu, 2015 Boost

Suetal., 2011 TPBL PFC 350 90-264 400 30k-250k 98.4%
Boost
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Luo et al. proposed a new control strategy for traditional PFC boost
converter operating in CCM. In the structure of the traditional ACM control
technique, the bandwidth of the voltage controller should be narrowly designed to
reduce the effect of the output voltage variations on the current controller.
Increasing the bandwidth of the voltage controller causes poor converter dynamic
response. In their study, the effect of the voltage controller on the current controller
is eliminated by separating the voltage control loop and the current control loop,
thereby improving the dynamic response of the converter. A 300W hardware was
presented to validate the performance of the proposed controller. The maximum
efficiency of the constructed system has reached 95% (Luo et al., 2020).

Zhang et al. proposed a new cascaded proportional control with an
algebraic estimation method to strengthen the poor dynamic response of the
traditional PFC boost converter. With the proposed controller, the average dc-bus
energy and instantaneous input power of the converter are regulated. In addition,
load power, system nonlinearity and uncertainties were estimated by the proposed
algebraic estimation method. A 1 kW hardware was designed to assess the efficacy
of the proposed control technique (Zhang et al., 2019).

Ting et al. proposed a new ASC to reduce switching losses for the
traditional PFC boost converter. The performance of the proposed cell was verified
by theoretical studies and experimental studies obtained from a 600W prototype.
With the proposed snubber cell, the converter has achieved a maximum efficiency
of 95.7% (Ting et al., 2019).

Kulasekaran and Ayyanar have developed a low loss traditional PFC boost
converter with the ZVT circuit. With developed ZVT circuit, the turn-on and turn-
off switching losses of the converter are minimized and the efficiency of the
converter is increased. The effectiveness of the ZVT circuit has been validated by
simulation studies and experimental results obtained from the 3.3-kW setup. The
converter has reached a maximum efficiency of 97.03% (Kulasekaran and

Ayyanar, 2018).
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Cetin proposed a soft-switching PFC boost converter topology. The SS in
the proposed converter was provided with a developed ASC. The theoretical
analyzes of the converter are provided and the performance of the converter has
been confirmed experimentally with a 1kW setup. The maximum efficiency of the
converter has been measured around 98% and the input current has a power factor
0f 0.996 at 220 Vs (Cetin, 2018).

Bodur and Yildirmaz have developed an ASC for the traditional PFC boost
converter. All switching elements have turned-on and turned-off under SS
conditions. With the transformer in the developed ASC structure, the energies in
the switching elements are delivered to the output during the ZVT process, thereby
significantly reducing the current voltages of the auxiliary components. The
performance of the developed converter has been confirmed by extensive
theoretical analysis and results obtained from a 2kW experimental setup (Bodur
and Yildirmaz, 2017).

Pahlevani et al. presented an adaptive nonlinear observer capable of
accurately predicting the inductor current for sensorless control of the PFC boost
converter, despite the uncertainties in the load and other parameters. To verify the
effectiveness of the proposed adaptive nonlinear observer, a 3kW hardware was
constructed and experimental results were obtained (Pahlevani et al. 2014).

Valipour et al. proposed a bridgeless PFC boost converter with a dc-bus
voltage of 800Vpc, which provides a wide input voltage range from 90V s to
530Vms. The proposed converter exhibited an almost flat efficiency for entire input
voltage range. Theoretical analyzes are presented in detail and also experimentally
confirmed with a 2kw prototype. The proposed converter has reached 98.2%
maximum efficiency at Vi,=480Vrys (Valipour et al., 2020b).

Cetin and Yenil have proposed a soft-switching bridgeless PFC boost
converter with a developed ASC. With the designed ASC, the converter switches
turn on under ZVT and turn off under ZVS. Also, the switch of the designed ASC

turns on and turns off under soft-switching conditions. The performance of the
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proposed converter is validated by theoretical and simulation studies (Cetin and
Yenil, 2019).

Alam et al. developed an HRPWM bridgeless PFC boost converter
topology for the electric vehicle battery charging applications. With the proposed
topology, the input diode bridge rectifier, which affects the efficiency of the AC-
DC PFC converter, has been eliminated. The resonance tank components in the
designed converter are small in size, with this resonance tank the converter
operates in hybrid resonant mode and the reverse-recovery losses for the body
diodes of the converter are reduced. A 650W prototype was designed and tested.
The developed converter has reached the 97.5% maximum efficiency at 240-V
input voltage and 205W load (Alam et al., 2017a).

Alam et al. have proposed a new soft-switched bridgeless PFC boost
converter topology for the electric vehicle battery charging applications. With the
designed resonance tank, ZVS is provided for all switches and switching losses are
minimized. In addition, the speed of the di/dt rate of the output diodes is limited,
thereby reducing recovery losses. Since the switches of the proposed converter are
triggered with the common control signal, it has a simple controller structure. To
verify the proof of concept, the detailed theoretical studies and experimental results
are taken from a 650W setup are provided (Alam et al., 2017b).

Musavi et al. proposed a new phase-shifted switching circuit to facilitate
the sensing of the current in the semi-bridgeless PFC boost converter topology. The
proposed converter has exhibit highly efficient results even at light load conditions
and lower grid voltage values. Detailed theoretical analyzes of the designed
converter were conducted and compared with the results obtained from a 3.4kW
hardware. The presented converter has reached the 98.8% maximum efficiency
(Musavi et al., 2013a).

Yang et al. presented a detailed theoretical analysis of the interleaved PFC

boost converter with the coupled inductor. A 1kW hardware setup was constructed
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to validate the analysis. The constructed prototype has exhibit a 97% maximum
efficiency (Yang et al., 2020).

Xu et al. developed a novel design optimization technique for high
efficiency interleaved PFC boost converter applications, considering current
fluctuations, power factor, maximum magnetic flux density and boost inductor
volume. To evaluate the effectiveness of the proposed optimization technique, a 3.3
kW hardware was constructed. The experimental results illustrate that the proposed
technique was enhanced the efficiency of the interleaved PFC boost converter with
low-cost low-performance devices for all load conditions. The constructed
converter has exhibit a 97.7% maximum efficiency (Xu et al., 2019).

Marcos-Pastor et al. presented a digitally controlled interleaved PFC boost
converter topology based on the sliding mode approach. Both boost cells of the
converter are controlled by an independent internal controller based on the
discrete-time sliding mode control method that applies lossless resistance behavior
to each cell. The performance of the presented design has been confirmed by
experimental results taken from the 2kW hardware. The proposed converter has
reached 96.5% maximum efficiency (Marcos-Pastor et al., 2016).

Wang et al. proposed an interleaved PFC boost converter with an ASC to
provide the ripple reduction and ZCT for the switching elements of the converter.
With the developed ASC, the switching losses of the switching elements have been
minimized and the diode reverse recovery losses have been removed. The working
principle of the proposed converter is provided in detail. In addition, the
performance results of the proposed design have been obtained from a 1kW
experimental setup. The proposed design has achieved a 93.5% maximum
efficiency (Wang et al., 2015a).

Wang et al. proposed an interleaved PFC boost converter with an ASC to
provide the ripple reduction and ZVT for the switching elements of the converter.
The switching losses of the switching elements have been minimized and also

diode reverse recovery losses have been removed. The performance results of the
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proposed design have been obtained from a 1kW experimental setup. The proposed
design has reached the 97.5% maximum efficiency (Wang et al., 2015b).

Pahlevaninezhad et al. developed a novel control technique to control the
input power of the AC-DC PFC converter, based on the differential flatness theory
with the charging characteristics of the battery rather than the dc-bus voltage
control. The dynamic behavior of the interleaved PFC boost converter has been
enhanced with the proposed control technique. With the adaptive regulation of the
DC-bus voltage to the load, a highly efficient dc-dc converter is carried out even
poor load conditions. The performance of the developed control technique has been
evaluated with results obtained from a 3 kW experimental setup. The presented
converter has reached the 96.5% maximum efficiency (Pahlevaninezhad et al.,
2012a).

Pahlevaninezhad et al. proposed a new control technique based on the
Control-Lyapunov function for interleaved PFC boost converter. The proposed
controller uses the input power instead of the output voltage as a control variable.
Thus, it has been shown that the dynamic characteristic of the converter has been
enhanced by removing the influence of the voltage controller on the current
controller in the traditional PFC controller. The performance of the developed
control technique has been evaluated by results obtained from a 3 kW experimental
setup. The designed converter has reached a maximum efficiency of 96.5%
(Pahlevaninezhad et al., 2012b).

Pahlevaninezhad et al. proposed a new soft-switched interleaved PFC boost
converter topology. SS is provided by a passive snubber circuit. The performance
of the developed control technique has been evaluated by results obtained from a 3
kW experimental setup. The proposed converter has reached the 98.5% maximum
efficiency (Pahlevaninezhad et al., 2012c).

Gunasekaran and Thazhathu have proposed a digital control technique that
uses a resettable integrator to provide a unity power factor. The control approach

eliminates the effect of the input voltage and load variations better than linear
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feedback control methods. The performance of the developed controller has been
confirmed in the simulation environment and by experimental results obtained
from a 300W setup. The proposed converter has reached 97% maximum efficiency
(Gunasekaran and Thazhathu, 2017).

Musavi et al. proposed a novel BLIL PFC boost converter topology for the
electric vehicle battery charging applications. The developed converter provided
solutions to problems such as input bridge diode rectifier losses and EMI noise
occurring in other topologies. The detailed operational analysis of the converter is
provided in detail and verified by results obtained from a 3.4kW experimental
setup. The proposed converter has reached 98.9% maximum efficiency at 265V
input voltage and 35% load condition (Musavi et al., 2011a).

Jeong et al. introduced a new soft-switched TPBL PFC boost converter
topology. In the proposed converter, the soft-switching operation is provided by the
inrush current limiter (ICL) circuit. It also resolved the reverse-recovery problems
of converter switches. The fact that the ICL circuit can be integrated enables it to
be designed in a smaller size than other SS circuits. The performance of the
developed converter topology has been validated by the experimental results
obtained from an 800W setup. The proposed converter has reached 97.81%
maximum efficiency in the case of 230Vrms input voltage and 80% load (Jeong et
al., 2020).

Yu et al. proposed a ZVT ASC for the totem pole PFC boost converter.
This ASC circuit consisting of a small inductor and two switches enables ZVS
operation for the converter switches. In addition, ZCS operation is provided for the
ASC circuit. The performance of the designed ASC circuit has been validated by
experimental results obtained from a 2.4kW setup. The presented converter has
reached 98.35% maximum efficiency (Yu et al., 2019).

Fan et al. proposed a new hybrid PWM technique to minimize the zero-
crossing current distortion in the TPBL PFC boost converter. With the proposed

modulation technique, zero-crossing current distortion is effectively reduced,
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without having a noticeable effect on power conversion efficiency compared to the
traditional one. To observe the effect of the proposed modulation technique on the
converter, experimental results are obtained from a 1kW setup (Fan et al., 2019).

Muhammad and Lu have developed a zero current switching TPBL PFC
boost converter. Unlike existing studies, SS was performed with a small number of
elements in the proposed topology. In addition, a controller combining traditional
ACM controller with logic gates and phase detection element is designed to
obtained high PF, proper input current form and wide soft-switching operating
range. The detailed analysis of the developed converter is conducted and validated
by experimental results (Muhammad and Lu, 2015).

Su et al. proposed a new TPBL PFC boost converter that operates in the
boundary of the CCM and DCM operations, with features such as zero current
detection and ZVS. The performance of the developed topology has been validated
experimentally by a 350W setup. The presented converter has reached a 98.4%

maximum efficiency (Su et al., 2011).

2.4. Summary

In this section, AC-DC PFC converter topologies used in the battery
charging system in EVs and control techniques are addressed in detail. The
performance of each topology is evaluated with case studies for load conditions at
European efficiency standards. Moreover, AC-DC PFC converter topologies
utilized in the battery charging system in EVs are explained by giving a survey of
related literature. In light of the studies in the literature and the results of the
simulation studies, the superior aspects of topologies and some deficiencies that are
open to development are determined. Among the topologies, BLIL PFC boost
topology stands out as the best topology in terms of efficiency and input and output
characteristics. However, the fact that it contains more circuit elements compared
to other topologies and requires a more complex control circuit are the biggest

obstacles to the adoption of this topology. Among other topologies, traditional PFC
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boost converter and interleaved PFC boost converter topology with low circuit
number and simple controller structure are the most commonly used topology in
the battery charging system of EVs. The major disadvantages of these topologies
are that they have high switching losses and require a high volume output
capacitor. Many studies have been done on these issues, but they have many
shortcomings. In this thesis study, the solutions to these two issues have been

provided by eliminating the shortcomings of the existing studies.
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3. OVERVIEW OF SOFT SWITCHING TECHNIQUES

In this section, the concepts of switching, hard switching and SS are
introduced first. Then, SS techniques developed for reducing the switching losses
are explained in detail. At the end of this section, soft-switched AC-DC PFC
converter studies in the literature are presented and discussed with their features
such as power range, efficiency, number of circuit elements, cost and

disadvantages.

3.1. The Switching Concept and Soft Switching

In its simplest terms, switching can be defined as changing the conduction
state of a semiconductor switching element. The switching performed without an
additional circuitry is called hard switching (HS). The HS causes some losses in the
converters, such as switching losses due to overlap of the voltage and current of the
switching element, reverse recovery losses of the diodes and discharge loss of the
parasitic capacitance of the power switches. Also, during the HS process, high
speed current and voltage rise cause higher EMI noises which adversely affect the
control signals of the circuit. SS techniques have been introduced to solve these
problems (Ting, 2016).

SS is defined as eliminating or minimizing the switching losses and EMI
noises with additional circuitry. Additional circuitries that are designed to provide
the SS and are not an essential part of the converters are called snubber cells.
Snubber cells provide the functions of minimizing the current and voltage values to
which semiconductor switching elements are exposed and decreasing the rate of
the current and voltage rises. Snubber cells can create additional current and
voltage on circuit elements and create additional switching and transmission losses.
These losses should be minimized. In addition, the operating range of the snubber

cell should be limited to the opening and closing times of the converter switches
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and should not affect the operating modes of the converter. When choosing a
snubber cell, the balance of all benefits and additional burdens is very important.

The basic functions expected from SS techniques can be listed as follows:

e To minimize or eliminate the coincidence of current and voltage during the
switching of the semiconductor element.

e Providing a noise-free working environment by reducing EMI noise.

e To limit the rate of the current and voltage rises of the switching elements.

e Transferring the energy of the parasitic capacitance of the switch to the
load.

e Increasing the efficiency of the converter.

e Reducing the diode reverse recovery losses.

e Maintaining the SS operation for all load conditions.

e To minimize the size and cost of the circuit.

Snubber cells are classified into two categories as active and passive.
Passive snubber cells are simpler in nature and are the arrangements that do not
require additional active power elements in the circuit. ZCS and/or ZVS techniques
can only be achieved with passive snubber cells. Therefore, the switching losses in
many passive snubber cells cannot be eliminated. ASCs can achieve ZVT and ZCT
techniques, which are advanced SS techniques. In these techniques, it is ensured
that switching losses are eliminated. Especially in the case of the semiconductor
power element is MOSFET, ZVT techniques and in case of IGBT, ZCT techniques

show favorable results.

3.2. Soft Switching Techniques
SS techniques are classified into four main categories such as ZVS, ZCS,
ZVT and ZCT. The control signal of a semiconductor power element and the
current and voltage graphs of hard switching and SS techniques are given in Figure
3.1.
66



3. OVERVIEW OF SOFT SWITCHING TECHNIQUES Omer TURKSOY

3.2.1. Zero Voltage Switching (ZVS)

ZVS is a primitive SS technique performed during the turn off process of
the semiconductor switching element. This technique is accomplished by
connecting a small value parallel capacitor to the switching element. When the
turn-off signal is applied, this capacitor limits the voltage increase rate of the
switching element. The sudden rise of the voltage on the switch is prevented and it
is allowed to the increasing gradually, as shown in Figure 3.1. As a result, the
overlap of the voltage and current on the switch is reduced during the turn-off
process, thus reducing the turn-off switching energy losses and transferring this
energy to the parallel-connected capacitor. This energy in the capacitor is
consumed through resistance or is recovered with some snubber -cells
(Moschopoulos, 2019).

Control Signal

t

v

HS
L t
< t, > * t, >

v

ZCS SS ZVS
L t

= —_—

ZVT 55 ZCT
L t

‘tZVT: ‘tZCT‘

Figure 3.1.  The control signal, current and voltage graphs of a switching element
at HS and SS operations (Bodur, 2017)
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3.2.2. Zero Current Switching (ZCS)

ZCS is a primitive SS technique performed during the turn-on process of
the semiconductor switching element. This technique is accomplished by
connecting a small series of inductance to the semiconductor switching element
and this inductor limits the rate of the current rise passing through the switch as
shown in Figure 3.1. When the switch is turned on, the amount of overlap between
the voltage and current is reduced, so that the turn-on switching losses can be
significantly reduced. This energy in the inductor is consumed through resistance
or is recovered with some snubber cells (Moschopoulos, 2019).

In ZVS and ZCS methods, the switching energy losses cannot be
eliminated. Therefore, these methods are also called approximate ZVS and
approximate ZCS techniques. The inductor element connected in series to the
switching element used for the ZCS is called the series snubber element, and the
capacitor connected to the ends of the switching element for the ZVS is called the
parallel snubber element. Inductor, which is a serial snubber element, causes
additional voltage stress during turn-off on the switch, while the capacitor, which is

used as a parallel snubber element, causes current stress during turn-on.

3.2.3. Zero Voltage Transition (ZVT)

ZVT is an advanced soft-switching technique that is performed during the
turn-on of the semiconductor switching element, ensuring the elimination of
switching losses. Before applying the turn-on signal, the voltage across the switch
is dropped to zero with a short time partial resonance and kept at zero as shown in
Figure 3.1. Meanwhile, by applying the turn-on signal, a perfect turn-on process is
provided. As the voltage on the switching element is zero during the turn-on
process, the coincidence of current and voltage is completely avoided and losses of

turn-on switching are eliminated (Bodur, 2017).
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This technique is carried out with ASCs containing an additional switch,
and there is no specific circuit for this. Many snubber cells have been designed to
implement this technique.

In this technique, since the parasitic capacitor of the switching element is
fully discharged during the turn-on process, the application of this technique in
converters using switching elements with high parasitic capacitance such as
MOSFET provides serious advantages in terms of reducing losses and increasing

power density.

3.2.4. Zero Current Transition (ZCT)

ZCT is an advanced SS technique that is realized during the turn-off of the
semiconductor switching element, ensuring the elimination of switching losses.
Before the trigger signal of the switching element is interrupted, the current passing
through it is dropped to zero with a short time partial resonance and kept at zero as
shown in Figure 3.1. Meanwhile, the control signal is interrupted, ensuring a
perfect turn-off process. Since the current passing through the switching element
during the turn-off process is zero, current and voltage coincidence are completely
prevented and the turn-off switching losses are eliminated. This technique is
carried out with ASCs like the ZVT technique (Cetin, 2011).

Since the switching losses in the turn-off process are eliminated with this
technique, the use of the IGBT switching element in the studies performed with
this technique provides important advantages for reducing losses and increasing the
power density. Because during the turn-off of the IGBT switching element, a
current called tail current and causing additional switching losses to occur. With
this technique, losses due to this current in the turn-off process can also be

eliminated.
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3.3. Literature Survey of the Developed Soft Switching Techniques for AC-
DC PFC Converters

In the literature, SS techniques have been applied in many areas after the
first emergence in the 1980s and contributed to increasing the power density. AC-
DC PFC converters in the battery charging system of EVs is the areca was
increasing the power density is the most important. Many passive and ASCs have
been developed to perform the soft switching techniques in AC-DC PFC
converters. The recent publications on soft switched AC-DC PFC converters are

summarized in Table 3.1.

Table 3.1.  The specifications of the developed soft switched AC-DC PFC

converters
Ref. Converter SS Power  #of Aux. Maximum Cost  Voltage Current
Topology Techni Range elements Efficiency stress Stress
que wv)
L:2/C:2/
Kim et al., Traditional ZVS,
3300 R:0/S:0/ 97% M X X
2015 PFC Boost ZCS
D:5/T:0
Muhammad L:1/C:1/
TPBL PFC
and Lu, ZCS 400 R:0/S:0/ 96% L X v
Boost
2015 D:1/T:0
Pahlevanin L:1/C:1/
Interleaved
ezhad et al., ZVS 3000 R:0/S:0/ 98.5% M X X
PFC Boost
2012¢ D:0/T:0
Mahesh L:2/C:1/
Traditional ZVS,
and Panda, 500 R:0/S:0/  9T% M v v
PFC Boost ZCS
2012; D:4/T:0
. . L:2/C:1/
Cetin and Bridgeless
_ ZVT 1000 R:0/S:1/  97.4% H x v
Yenil, 2019  PFC Boost
D:5/T:0
L:1/C:0/
Yuetal., TPBL PFC
ZVT 2400  R:0/S:2/ 9835% M v v
2019 Boost
D:0/T:0
. L:2/C:2/
. Traditional
Cetin, 2018 ZVT 1000 R:0/S:1/ 98% M X v
PFC Boost
D:4/T:0
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Table 3.1. Continue
Kulasekara
. L:1/C:1/
n and Traditional
ZVT 3300 R:0/S:1/ 97.03% L v v
Ayyanar, PFC Boost
D:2/T:0
2018
L:1/C:2/
Alametal.,, TPBL PFC
ZVT 650 R:0/S:1/  96.95% L v v
2017b Boost
D:1/T:0
Bodur and . L:1/C:2/
. Traditional
Yildirmaz, ZVT 2000 R:0/S:1/ 97.4% H X v
PFC Boost
2017 D:4/T:1
. L:1/C:4/
Hua et al., Bridgeless
ZVT 700 R:1/S:1/ 97.15% H v x
2016 PFC Boost
D:4/T:1
Genc and L:1/C:2/
Interleaved
Iskender, ZVT 600 R:0/S:1/ 96.12% M 4 X
PFC Boost
2011 D:4/T:0
. . L:1/C:4/
Tsai et al., Bridgeless
ZVT 600 R:1/8:1/ 97% H X X
2011 PFC Boost
D:5/T:1
Mahdavi
. L:1/C:1/
and Bridgeless
ZCT 500 R:0/S:1/ 97.6% L X X
Farzanehfar ~ PFC Boost
D:1/T:0
d, 2009
. .. L:1/C:2/
Ting et al., Traditional ZVT,
600 R:0/S:1/ 95.7% M x v
2019 PFC Boost ZCT
D:1/T:0
. L:1/C:2/
. Traditional ZNT,
Sahin, 2018 500 R:0/S:1/  98.9% H v v
PFC Boost ZCT
D:3/T:1
. L:2/C:2/
. Traditional ZVT,
Ting, 2018 500 R:0/S:1/  95.5% L v x
PFC Boost ZCT
D:1/T:0
. L:2/C:1/
Ting et al., Interleaved ZVT,
1500 R:0/S:1/ N/A M X X
2016; PFC Boost ZCT
D:4/T:0
. L:2/C:2/
Altintas, Traditional ZVT,
500 R:0/S:1/ 97.9% M x v
2014 PFC Boost ZCT
D:3/T:0
Akin and . L:1/C:2/
Traditional ZNT,
Bodur, 300 R:0/S:1/ 98% H x v
PFC Boost ZCT
2011 D:4/T:1

L: inductor, C: capacitor, R: resistor, S: switch, D: diode, T: transformer, RL: relay

L: Low, M: Medium, H: High
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Kim et al. proposed a passive snubber cell to achieve the ZVS and ZCS for
the traditional PFC boost converter. The proposed snubber cell provided the
turning on and off of the converter switch with ZCS, ZVS and minimized the
reverse recovery current of the output diodes owing to the coupling effect of the
coupled inductor in its structure. The validity of the proposed snubber cell was
confirmed by experimental findings obtained from a 3.3kW design. The proposed
circuit has achieved 97% maximum efficiency (Kim et al., 2015).

Muhammad and Lu proposed a soft switched TPBL PFC boost converter
with a passive snubber cell. Thanks to the snubber cell consisting of inductor,
capacitor and diode, ZCS is provided for the converter switches, but additional
current stress has occurred on the converter switches. To verify the proof of
concept, a 400W hardware prototype has been developed and tested. The presented
converter has reached 96% maximum efficiency (Muhammad and Lu, 2015).

Pahlevaninezhad et al. presented a ZVS interleaved PFC boost converter
for the battery charging system of EV. In the proposed converter, soft switching is
carried out through a simple passive snubber cell consisting of the inductor and
capacitor located between the two phases of the converter. While the converter
switch is turned-on with ZVS, it is turned-off with hard switching. To evaluate the
performance of the proposed design, a 3kW hardware converter is designed. The
experimental results were compared with hard switched counterparts. The proposed
converter has achieved 98.5% maximum efficiency (Pahlevaninezhad et al.,
2012c).

Mahesh and Panda proposed a soft switched traditional PFC boost
converter topology. With the proposed passive snubber cell, the converter switch is
turned-on with ZCS and turned-off with ZVS. Also, ZCS and ZVS are provided for
other elements. The proposed converter has 97% maximum efficiency (Mahesh
and Panda, 2012).

Cetin and Yenil proposed a soft switched bridgeless PFC boost converter

with an ASC. The designed ASC provided that the converter switch was switched
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on with ZVT and switched off with ZVS. Also, the ASC switch and diodes are
switched on with ZCS and switched off with ZVS. No voltage stress exists on any
of the circuit elements, but some current stress has occurred on the snubber switch.
The efficiency of the developed design has been tested by a configuration of 1kW
in the simulation environment. The presented converter has a 97.4% maximum
efficiency. The cost of the proposed ASC is high compared to other existing
snubber cells (Cetin and Yenil, 2019).

Yu et al. proposed an ASC for the TPBL PFC boost converter, which
operated with CCM. The proposed ASC consists of an inductor and two switches
in parallel with the input inductor element. The ASC provides the ZVT operation
for converter switches. Also, ZCS operation is ensured for the ASC switch. The
small proportion of current and voltage stress has occurred for the circuit elements.
The effectiveness of the proposed ASC has been confirmed by experimental results
obtained from the 2.4 kW laboratory prototype. The proposed converter has
reached the 98.35% maximum efficiency (Yu et al., 2019).

Cetin proposed a soft switched traditional PFC boost converter with ASC.
ASC provides the converter switch to turn-on with ZVT and turn-off with ZVS.
The diode of the converter turned on ZVS and turned off with ZCS. Also, turn on
with ZCS and turn off with ZVS is provided for ASC switch. The efficiency of the
proposed converter has been checked by the experimental tests of the 1kW
prototype and it has reached 98% maximum efficiency (Cetin, 2018).

Kulasekaran and Ayyanar proposed a soft switched traditional PFC boost
converter with ASC for the battery charging system in EVs. The ASC consist of an
inductor, capacitance, diode and switch. The converter switch is turned on with
ZVT and ASC switch is turned-off with ZCS. The efficiency of the proposed
converter has been checked by the experimental tests of the 3.3kW prototype and it
has reached 97.03% maximum efficiency (Kulasekaran and Ayyanar, 2018).

Alam et al. presented a novel soft switched TPBL PFC boost converter for

battery charging applications. ZVT operation is provided for the converter switch
73



3. OVERVIEW OF SOFT SWITCHING TECHNIQUES Omer TURKSOY

and ZVS operation is achieved for all switches. A 650W laboratory prototype has
been constructed and tested. The constructed converter has exhibited a 96.95%
maximum efficiency (Alam et al., 2017b).

Bodur and Yildirmaz proposed an ASC for traditional PFC boost converter
operating in CCM. The ASC provides the ZVT to turn on and ZVS to turn off of
the converter switch. Also, soft switching is provided for the switch and all other
auxiliary diodes of the ASC circuit. The converter elements and ASC elements
were not exposed to any extra voltage stress but, ASC switch subjected to a small
proportion of current stress. The cost of the presented ASC is high compared to
other existing snubber cells. The efficiency of the proposed converter has been
checked by the experimental tests of the 2kW system. The 97.4% maximum
efficiency is measured at full load condition (Bodur and Yildirmaz, 2017).

Hua et al. proposed a soft switched bridgeless PFC boost converter with
ASC. With the designed ASC, the converter switch is switched on with ZVT, ASC
switch is switched off with ZCS. The voltage stress occurred on the ASC switch.
To verify the proof of concept, a 700W laboratory prototype has been constructed
and tested. The 97.15% maximum efficiency is achieved (Hua et al., 2016).

Genc and Iskender developed a soft switched interleaved PFC boost
converter. The proposed ASC provides the ZVT operation for the converter switch
and soft-switching operation for all semiconductor elements. None of the
semiconductor components is exposed to current and voltage stress. A 600W
laboratory prototype has been constructed and tested. The presented converter has
reached 96.12% maximum efficiency (Genc and Iskender, 2011).

Tsai et al. presented an ASC for a bridgeless PFC boost converter to reduce
the switching losses. The proposed ASC ensures reducing the turn-on switching
losses of the converter switch and turn-off switching losses of the ASC switch.
None of the elements is exposed to any voltage stress but some current stress. The
proposed design has a high cost compared to counterparts. A 600W laboratory

prototype has been constructed and tested to validate the performance of the
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proposed converter. The proposed concept has reached a 97% maximum efficiency
(Tsai et al., 2011).

Mahdavi and Farzanehfard proposed a soft switched bridgeless PFC boost
converter with ASC. The ASC provides the ZCT operation for the converter IGBT
switch and also provides the soft switching operation for all semiconductor
elements without any voltage and current stress. The efficiency of the proposed
converter was checked by simulation tests and experimental data obtained from the
500W prototype. It has reached a 97.6% maximum efficiency.

Ting et al. developed an ASC for a traditional PFC boost converter to
eliminate the switching losses. The converter switch is switched on with ZVT and
switched off with ZVS. The switch of the ASC is switched on with ZCS and
switched off with ZCT. None of the semiconductor elements is exposed to any
voltage stress, but the ASC switch is exposed to a small proportion of current
stress. Simulation and experimental studies have been carried out with a 600W
design to validate the efficacy of the ASC. The proposed converter has achieved a
95.7% maximum efficiency (Ting et al., 2019).

Sahin proposed a novel soft switched traditional PFC boost converter with
ASC, which combines the ZVT and ZCT SS techniques. With the designed ASC,
the converter switch turned on with ZVT and turned off with ZCT. The ASC
switch is turned-on and turned-off with ZCS. All of the semiconductors operate
with SS. Thanks to the transformer in ASC, the switching energy is transferred to
the output. Current and voltage stress did not occur in any of the converter
elements. However, a small proportion of current and voltage stress occurred on
ASC elements. The performance of the proposed design has been assessed by
theoretical and experimental studies on a S00W design. The proposed converter has
reached the 98.9% maximum efficiency (Sahin, 2018).

Ting proposed a fully soft switched traditional PFC boost converter with
ZVT-ZCT snubber cell. The designed ASC provides the ZVT turn on and ZCT turn

off for the converter switch. The converter diode turned-on with ZVS and turned
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off with ZCS. Also, the ASC switch is turned on with ZCS and turned off with
ZVS. None of the converter elements was subjected to current and voltage stress.
However, a small proportion of voltage stress has occurred on the ASC switch. The
performance of the designed converter has been verified by theoretical and
experimental studies. It has reached a 95.5% maximum efficiency (Ting, 2018).

Ting et al. proposed an ASC for an interleaved PFC boost converter to
minimize the switching losses. The proposed ASC provided ZVT for the turn on
operation of the converter switches and ZCT for turn off operation. The converter
diodes are turned on with ZVS and turned off with ZCS. Also, the ASC switch is
turned on with ZCS and turned off with ZVS. The performance of the proposed
converter is assessed with the 1.5kW design in the simulation environment (Ting et
al., 2016).

Altintag proposed a soft switched traditional PFC boost converter with
ASC, which combines the ZVT and ZCT techniques. The converter switch is
turned-on with ZVT and turned-off with ZCT. All other semiconductor elements
operate under SS. None of the semiconductor elements was subjected to any
voltage stress, but the converter switch was subjected to a small proportion of
current stress. The performance of the proposed design has been assessed by a
500W experimental setup. It has reached a 97.9% maximum efficiency (Altintas,
2014).

Bodur and Akin proposed an ASC for a traditional PFC boost converter.
The proposed ASC combines the ZVT and ZCT techniques for reducing the
switching losses. The converter switch is turned-on with ZVT and turned-off with
ZCT. Also, the ASC switch is turned-on and turned-off with ZCS. The proposed
converter has a high cost and contains a coupled inductor. The design of the
coupled inductor is very important because it causes leakage inductor losses if not
properly designed. The performance of the proposed converter has been confirmed
by the results obtained from the 300W experimental setup. The proposed converter

has reached a 98% maximum efficiency (Bodur and Akin, 2011).
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3.4. Summary

In this section, SS techniques developed to reduce the switching losses of
AC-DC PFC converters used in the battery charging system in EVs are addressed
in detail. Passive snubber cells developed to perform ZVS and ZCS soft switching
techniques, although they greatly reduced switching losses, were not able to
eliminate them. In addition, current and voltage stress on the converter switch is
transferred to passive snubber cell elements. Active snubber cells developed to
perform ZVT and ZCT SS techniques have improved converter performance by
eliminating switching losses. However, some of the developed ASCs have a high
cost because they contain transformers, some of them contain coupled inductors
and cause leakage inductor losses, and some of them have additional current and
voltage stress on ASC elements. In this thesis study, a new active snubber cell will

be proposed to overcome the aforementioned problems.
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4. DESIGN AND ANALYSIS OF THE PROPOSED DVC FOR RIPPLE

REDUCTION IN THE INTERLEAVED PFC BOOST CONVERTER

In this section, the design and analysis of the proposed DVC to reduce the
output voltage ripple of the interleaved PFC boost converter are presented by
providing information about the developed DVC circuit and its operating
principles. Furthermore, the design procedure of the entire circuit is meticulously
provided. The performance of the designed converter has been tested with various

case studies in Matlab/Simulink simulation environment.

4.1. Introduction

The interleaved PFC boost converters stand out among the AC-DC PFC
converters developed for battery charging systems in EVs, as they have low
switching loss and EMI thanks to their interleaved structure. However, as they
work in wide input voltage and wide output load range as in other topologies, high
voltage ripple occurs at their outputs at nominal load values. They need large-sized
filter capacitors to reduce this voltage ripple. This need is met by electrolytic
capacitor technology, which has a shorter lifetime than other capacitor
technologies. Reducing the voltage ripple at their output will allow this capacitor
size to be reduced and the use of longer-life film capacitors. Many methods have
been developed in the literature to reduce this ripple value. These methods are
generally carried out using additional circuits or by modifying the switching
technique. Of these methods, active power filters are realized with an auxiliary
circuit connected in parallel to the filter capacitor (Kyritsis et al., 2007; Li et al.,
2009; Pan and Zhang, 2015). Since it is connected parallel to the capacitor, a
voltage as much as the output voltage falls on the auxiliary circuit elements. This
causes an increase in the size of the elements to be used in the auxiliary circuit.
Wang et al. and Li et al. have proposed a series voltage compensator circuit for

reducing the ripple voltage in capacitor supported system and grid-tie solar inverter
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(Wang et al., 2014; Liu et al., 2015). As the auxiliary circuit used in these methods

does not operate dynamically, it has not been successful in reducing ripple under
all load conditions.

In this study, a new DVC is developed for reducing the output voltage
ripple of the interleaved PFC boost converter. Since the DVC circuit is connected
to the load in series, a low voltage falls on it, so the size of the elements to be used
in its structure is small. Also, this compensator has a simple structure. This
compensator aims to reduce the voltage ripple on the capacitor by creating a
reverse voltage as much as the amount of voltage ripple on the capacitor. The
proposed compensator has a dynamic operating principle and provides to keep the
output voltage ripple under 0.5V at all load conditions. In addition, the DVC allows
the converter input current THD to be reduced. Thus, the additional current and
voltage stress on the converter elements are decreased and converter efficiency is
increased. The power density of the designed interleaved PFC boost converter with
the developed DVC has been increased. The proposed converter operates in the
universal input voltage range and the input current THD values are compatible with
the range given in IEC 61000-3-2 standards.

Steady-state operating principles, design criteria and the performance

results of the proposed converter are presented in the following sections.

4.2. Descriptions of the Proposed Converter with Developed DVC

The proposed interleaved AC-DC PFC boost converter with developed
DVC circuit is illustrated in Figure 4.1. This converter consists of two-part such as
the main circuit and auxiliary DVC circuit. V; is grid voltage, Vo is the output
voltage, S;; and S, is the main switches, D;; and Dj, is the main diodes, D,-D, are
the bridge rectifier diodes, L;; and L;, are the main circuit inductance, C, is filter
capacitance, in the main circuit. In the DVC circuit, L¢ illustrates the filter
inductance, Cc corresponds to the filter capacitance, Q,-Q, are the auxiliary

switches, V. is the variable dc input voltage.
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Figure 4.1. The proposed interleaved PFC boost converter with developed DVC
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As a controller of the main circuit, the average current mode control

method is used, which is a well-known and effective method as illustrated in Figure
4.2. This controller consists of two parts, such as voltage control and current
control loops. Firstly, the output voltage (V,y) is compared to the reference voltage
(Vou®) and passed through a PI controller. Then, the signal generated at the output
of the PI controller is multiplied by the sensed input voltage (V) with a phase-
locked loop (PLL) and the current reference (I..¢) is created. Finally, the generated
reference current (L) and the inductor currents (Ir;;, Ir;p) are compared and passed

through a PI controller to generate the switching signal of the main switch.
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Figure 4.2. Controller of the proposed converter with developed DVC

The control of the DVC circuit is carried out with a hysteresis control
technique as shown in Figure 4.2. The gate signals of the switches of the DVC
circuit are generated with a bipolar switching technique. Firstly, the capacitor
voltage V., is sensed and compared with a reference voltage value V,,*. Then, the
produced error signal is passed through a limiter and a V ,mp™ reference signal is
created. Sensed V .m, voltage compared with reference signal Vi emp*. The

generated error signal passed through hysteresis control and pulse-width
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modulation (PWM) signals are generated. The generated PWM signals have

triggered the switches of the DVC circuit.

4.3. Steady-State Operating Principles of the Proposed Converter

The operation states of the proposed converter are the same for the positive
and negative cycles of the AC input voltage. For each cycle, where the duty cycle
is greater than or less than 0.5, it is determined separately.

For D>0.5, each circuit of the operating states and the current graphs of the
operating states are given in Figure 4.3 and Figure 4.4, respectively. The operating
cycle of the added DVC circuit is designed not to affect the operating cycle of the

main circuit.
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Figure 4.3. Operating states of the proposed converter for D>0.5
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Figure 4.4. The current graphs of the operating states for D>0.5

State 1 (t;<t<t,): At the beginning of this state, S;; switch is turned-off and
Si> switch is turned on as shown in Figure 4.3(a). In this state, the energy stored on

L;; is transferred to the load via D;; diode and the current on L;; decreases linearly.
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The Li; inductor charges through the Sj; switch, and the energy induced on it

increases. The corresponding equations for the L;; and L;, are given as follows:

1
Ai,, =—(V
Lil Li] ( out

~7,)(1-D)T, (4.1)

s

Aiy, :LLVM (I_D)Ts (4'2)

2
where L;; and L, are the main circuit inductors, AL;; and AL;, are the current
changes of the L;; and L;, inductors, V is the output voltage, D is the duty ratio,
T, is the switching frequency.

Input current ripple of the converter is calculated as follows:

Ai, =Ai, +AL, 4.3)

State 2 (t,<t<t;, t,<t<ts): At the beginning of this state, S;; switch is
turned-on and S;; switch continues to flow current as shown in Figure 4.3(b). In
this state, L;; and L;, inductors charge through S;; and S;,, respectively. The current
of the L;; and L, increase linearly and the corresponding equations for the L;; and

L;, are given as follows:

1 1
O e G (44)
A= Ly (D—lJT (4.5)
Li2 L[Z in 2 K

State 3 (t;<t<t,): At the beginning of this state, S;; switch is turned-off and
S;1 switch continues to flow current as shown in Figure 4.3(c). In this state, the
energy stored on L, is transferred to the load via Dj, diode and the current on L;,
decreases linearly. The L;; inductor charges through the S;; switch, and the energy
induced on it increases. The corresponding equations for the L;; and L;, are given

as follows:

Ai,, =

Lil LVin(l_D)Ts (46)
Lil
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L, -r)0-D)1, @“7)

i

Ai

Li2 =

For D<0.5, each circuits of the operating states and the current graphs of

the operating states are given in Figure 4.5 and Figure 4.6, respectively.

Lit_
B P +
Liz
> =
—~Cr |8
< o
* 4

Figure 4.5. Operating states of the proposed converter for D<0.5

For D>0.5, each circuit of the operating states and the current graphs of the
operating states are given in Figure 4.3 and Figure 4.4, respectively.

State 1 (t;<t<t,, t;<t<ty): At the beginning of this state, S;; and S;
switches are turned-off as shown in Figure 4.5. In this state, the energy stored on
L;; and Lj, is transferred to the load via D;; and Dy, diodes, respectively. L;; and L;,
currents decrease linearly and these current can be calculated as follows:

. 1 1
AlLil :L_(Vout _Vin)[E_DjT; (48)

il
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1 1

Ai,, =—(V -V ) =DI|T 4.9
lLlZ Liz( out m)(z j s ( )

State 2 (t;<t<t;): At the beginning of this state, S;; switch begins the
flowing current and S;; switch is still in cut-off condition. This state is similar to
state 1 at D>0.5 in terms of switch states. But the amount of change of inductor
ripple currents is different from each other. The corresponding equations for the

calculation of the current of the L;; and L;; inductors are given as follows:

Ay, =L(V v, )DT, (4.10)

out in
il

A, =y DT 4.11)

Li2 = in s
i2

State 3 (t,<t<ts): At the beginning of this state, S;; switch is turned on and
the S;; switch is turned off. This state is similar to state 3 at D>0.5 in terms of
switch states. The current of the L;; inductor and the energy induced on it increase
linearly. The current of the L;, inductor decreases linearly and the energy stored on
the Lj inductor is transferred to the load via Dj diode. The corresponding
equations for the calculation of the current of the L;; and L;, inductors are given as

follows:

Ai,, =—V, DT, (4.12)

Al = i(Vum -V, )DT, (4.13)

4.4. Performance Results

To evaluate the performance of the proposed interleaved PFC boost
converter with developed DVC, a 3.3kW system has been designed and tested with
three different case studies in the MATLAB/Simulink environment. The simulation

parameters of the designed system are given in Table 4.1.
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Table 4.1. Simulation parameters of the proposed converter
Parameter Symbol Value
Output power P, 3300W
Input voltage Vi 85-265V s
Output voltage Vout 400V
Switching frequency Sow 70kHz
Interleaved inductors L, L 150uH
Output filter capacitor C, 984uF
DVC inductor L 1uH
DVC capacitor C 33uF
Sample time of the simulation t 0.1us
Proportional constant (voltage controller) K’ 0.03
Integral constant (voltage controller) K’ 5
Proportional constant (current controller) K 1.5
Integral constant (current controller) K! 3
Hysteresis band value of the DVC controller | Ax 0.2

In the first of the case studies, the performance results of the converter at
220V.ns input voltage are presented for six different load conditions in European
efficiency standards as given in Table 4.2. Input voltage and current graphs of the
proposed converter are presented to show that the unity power factor of the
converter is achieved, and THD results of the input current are provided to show
that they are compatible with the THD values in the standards. The output voltage
graphs of the proposed converter with DVC and without DVC are presented in
separate graphs for each load case to show the effect of the developed DVC circuit
on the converter output voltage ripple. In addition, the efficiency, power factor,
THD, output voltage ripple results of the converter with DVC and without DVC
were compared with graphics for all load cases. In the second of the case studies,

the same procedure was repeated for the input voltage of 110V . In the third of
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the case studies, the converter's performance has been validated in case of

disturbances on the network side under six different load cases.

Table 4.2. Load conditions at European efficiency standards

States State 1 State 2 State 3 State 4 State 5 State 6
Values %100 %50 %30 %20 %10 %S5 Load
Load Load Load Load Load

Finally, the overall efficiency of the converter is calculated according to
the European efficiency standards by the following formula:

EUn=0.03n,,5 +0.06Mm,,,, +0.131,5, +0.1n,5, +0.481,,5, +0.211,,,00 (4.14)

4.4.1. Casel

In this case, the performance of the proposed converter has been tested for
Vin=220V,;s under six different load conditions given in European efficiency
standards. Figure 4.7 represents the input current and voltage graphs of the
proposed converter with developed DVC under six different load conditions. It can
be clearly seen from the figure that the proposed converter has achieved nearly
unity power factor from light load to full load condition. Also, it is noted that input
current harmonics (THD) of the proposed converter is lower than 5% from half
load to full load and it is compliant with the IEC 61000-3-2 standards. Figures 4.8-
13 illustrate the output voltage graph of the proposed converter with and without
developed DVC under six different load conditions for V;;=220V . It is clearly
seen from the figures that the output voltage ripple of the converter proposed with
the developed DVC is reduced to below 0.5V in all load cases. Figure 4.14 shows
the efficiency curves of the proposed converter with and without developed DVC
for different load conditions. It is obvious that developed DVC has increased
converter efficiency. The maximum efficiency of the proposed converter has

increased from 94.11% to 96.75%. The overall efficiency of the proposed converter
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according to European efficiency standards is increased from 93.09% to 95.87%.

The reason for the increase in efficiency is the reduction of current and voltage
stress on the circuit elements. In Figure 4.15, the power factor results of the
proposed converter are provided for all load conditions. It can be seen from the
figure that developed DVC has improved the PFC capability of the converter. With
the developed DVC, 0.9999 power factor has been achieved at full load condition.
Figure 4.16 shows the input current THD results of the proposed converter. It can
be observed that input current THD value is decreased from 2.23% to 0.92% at full
load condition. In addition, the proposed converter has low input current THD
values in all other load cases. The output voltage ripple results of the proposed
converter with and without developed DVC are provided in Figure 4.17. It is clear
from the figure that the ripple value is kept below 0.5 V in all load cases. In Table
4.3, the comparison of the performance results of the proposed converter with and
without developed DVC under six different load conditions are given in detail. It
can be concluded from the table that the developed DVC improves converter

performance under all load conditions.
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Figure 4.7. The input current and voltage graphs with developed DVC at
different load conditions (Vi;=220V )
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Figure 4.8.  The output voltage graphs with and without developed DVC for state
1 (Vin=220V s)
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Figure 4.10. The output voltage graphs with and without developed DVC for state
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Figure 4.11. The output voltage graphs with and without developed DVC for state
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Figure 4.16. The input current THD results with and without developed DVC at
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Table 4.3.  The performance results with and without developed DVC under six
different load conditions (V{,;=220V )

States Efficiency THD Output Voltage Ripple
Traditional Proposed Traditional Proposed Traditional Proposed

State 1 94.11% 96.75% 2.23% 0.92% 26.4V 0.50vV
State 2 94.01% 96.41% 2.68% 1.63% 13.4V 0.30V
State 3 93.90% 96.02% 3.46% 2.65% 8.1V 0.30V
State 4 92.87% 95.37% 4.60% 3.93% 5.5V 0.25V
State 5 88.42 93.22% 8.50% 8.18% 3.2V 0.25V
State 6 79.18% 88.42% 18.65% 17.20% 1.4V 0.20V

4.4.2. Case Il

In this case, the performance of the proposed converter has been tested for
V=110V, under six different load conditions given in European efficiency
standards. Figure 4.18 represents the input current and voltage graphs of the
proposed converter with developed DVC under six different load conditions. It can
be clearly seen from the figure that the proposed converter has achieved nearly
unity power factor from light load to full load condition. Also, it is noted that input
current harmonics (THD) of the proposed converter is lower than 5% from half
load to full load and it is compliant with the IEC 61000-3-2 standards. Figures
4.19-24 illustrate the output voltage graph of the proposed converter with and
without developed DVC under six different load conditions for V=110V . It is
clearly seen from the figures that the output voltage ripple of the converter
proposed with the developed DVC is reduced to below 0.4V in all load cases.
Figure 4.25 shows the efficiency curves of the proposed converter with and without
developed DVC for different load conditions for Vi;=110V . It is obvious that
developed DVC has increased converter efficiency. The maximum efficiency of

the proposed converter has increased from 93.2% to 95.4%. The overall efficiency
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of the proposed converter according to European efficiency standards is increased

from 90.77% to 93.77%. The reason for the increase in efficiency is the reduction
of current and voltage stress on the circuit elements. In Figure 4.26, the power
factor results of the proposed converter are provided for all load conditions. It can
be seen from the figure that developed DVC has improved the PFC capability of
the converter. With the developed DVC, 0.9999 power factor has been achieved at
full load condition. Figure 4.27 shows the input current THD results of the
proposed converter. It can be observed that input current THD value is decreased
from 2.07% to 0.72% at full load condition. In addition, the proposed converter has
low input current THD values in all other load cases. The output voltage ripple
results of the proposed converter with and without developed DVC are provided in
Figure 4.28. It is clear from the figure that the ripple value is kept below 0.4 V in
all load cases. In Table 4.4, the comparison of the performance results of the
proposed converter with and without developed DVC under six different load
conditions are given in detail. It can be concluded from the table that the developed

DVC improves converter performance under all load conditions.
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Figure 4.18. The input current and voltage graphs with developed DVC at
different load conditions (Vi;=110V )
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Figure 4.27. The input current THD results with and without developed DVC at
different load conditions (Vi;=110V ;)
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Table 4.4.  The performance results with and without developed DVC under six
different load conditions (V;,;=110V )

States Efficiency THD Output Voltage Ripple
Traditional | Proposed | Traditional | Proposed Traditional Proposed

State 1 87.5% 90.8% 2.07% 0.72% 26.4V 0.40V
State 2 93.2% 95.4% 2.27% 1.19% 13.3V 030V
State 3 92.1% 95.2% 2.52% 1.56% LAY 0.30V
State 4 90.5% 93.9% 2.73% 1.85% 5.4V 0.25v
State 5 86.4% 91.8% 3.83% 3.31% 2.76V 0.25v
State 6 78.1% 86.4% 7.18% 6.91% 1.4V 0.20V

4.4.3. Case Il

In this case, it is aimed to test the performance of the proposed converter in
case of disturbances on the network side. Therefore, 11V,,s 1kHz voltage was
injected into the 220V s SOHz grid voltage to represent 5% THD distortion in the
grid voltage as shown in Figure 4.29. The converter performance results were
obtained for six different load conditions at the applied distorted grid voltage.
Figures 4.30-35 illustrate the output voltage graphs of the proposed converter with
and without developed DVC under six different load conditions. It can be seen
from the figures that the output voltage ripple of the converter proposed with the
developed DVC is still kept below 0.5V in all load cases despite the distorted grid
voltage. The output voltage ripple results of the proposed converter with and
without developed DVC are illustrated in Figure 4.36. With the obtained results, it
is clearly seen that the designed converter prevents the output voltage from

deteriorating by compensating the disturbances on the grid side.
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Figure 4.29. The applied distorted grid voltage waveform (220V s + 5%THD)
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Figure 4.30. The output voltage graphs with and without developed DVC for state
1 (Vii=220V s + 5% THD)
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Figure 4.31. The output voltage graphs with and without developed DVC for state
2 (Vis=220V s + 5% THD)
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Figure 4.32. The output voltage graphs with and without developed DVC for state
3 (Vis=220V s + 5% THD)
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Figure 4.34. The output voltage graphs with and without developed DVC for state

5 (Vi=220V,ms + 5% THD)
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Figure 4.35. The output voltage graphs with and without developed DVC for state
6 (Vis=220V s + 5% THD)
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Figure 4.36. The output voltage ripple with and without developed DVC at
different load conditions (Vi;=220V )
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4.5. Summary

In this section, the design and analysis of the proposed interleaved PFC
boost converter with developed DVC are presented. The proposed converter has
been tested under different input voltage conditions and different load conditions
given in European efficiency standards by case studies. The proposed converter has
performed high efficient performance. The output voltage ripple is kept below
0.5V from light load to full load conditions. Furthermore, the developed DVC has
improved the input current characteristic of the converter. The proposed converter
has achieved a nearly unity power factor. The proposed converter operates in the
universal input voltage range and the input current THD values are compatible with

the range given in IEC 61000-3-2 standards.
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5. DESIGN AND ANALYSIS OF PROPOSED SOFT-SWITCHING AC-DC
PFC BOOST CONVERTER

In this section, the design and analysis of the proposed soft-switched AC-
DC PFC boost converter are presented by providing information about the
developed ASC and its operating principles. Furthermore, the design procedure of
the entire circuit is meticulously presented. The performance of the designed
converter has been tested with various case studies in Matlab/Simulink simulation

environment.

5.1. Introduction

AC-DC PFC boost converters are the most popular topology among the
AC-DC PFC converters developed for battery charging systems in EVs with their
simple structure, high power density and easy controllability aspects. Higher power
density is possible by increasing the switching frequency. However, increased
switching frequency causes increased switching losses and EMI problems. SS
methods have been developed for the solution of these problems. ZVS and ZCS
techniques are one of the most basic methods to greatly reduce switching losses by
limiting the intersection of current and voltage in the switching element during the
turn on/off operations in AC-DC PFC boost converters. These methods not only
eliminate switching losses but also create extra voltage and current stress on the
additional passive snubber cell. Advanced SS techniques have been developed to
overcome the shortcomings of these methods. ZVT techniques have been
developed to eliminate losses during turn-on and ZCT techniques to eliminate
losses during turn-off. These techniques are implemented with ASC and there are
many ASC designs in the literature. Although some of these ASC managed to
eliminate switching losses, they could not become widespread due to their high
cost. In some studies, it has managed to eliminate switching losses with low-cost

designs but created extra voltage and current stress on the switching elements.
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In this study, a new soft-switching AC-DC PFC boost converter is

developed with a novel ASC. The converter switch is turned on and turned off with
ZVT and ZCT thanks to developed ASC, respectively. Thus, switching losses of
the converter switch are eliminated. The ASC switch is turned on and turned off
with ZCS and ZCT, respectively. The main circuit diode is turned-on with ZVS
and turned-off with ZCT. Also, ASC circuit diodes are turned-on and turned-off
with ZCS and ZVS, respectively. Although a small amount of conduction losses
occurs with the additional ASC circuit, the converter's switching losses are largely
eliminated, and the converter performance is greatly improved. Furthermore, the
developed ASC has a low-cost design unlike the existing ASCs, as well as does not
create any current and voltage stress on the circuit elements. The proposed
converter has a high power density in these aspects. The proposed converter
operates in the universal input voltage range and the input current THD values are
compatible with the range given in IEC 61000-3-2 standards. SS conditions and
unity power factor are achieved from light load to full load conditions.

Steady-state operating principles, design criteria and detailed loss analysis

of the proposed converter are presented in the following sections.

5.2. Descriptions of the Proposed Converter

The proposed soft switched AC-DC PFC boost converter with developed
ASC is illustrated in Figure 5.1. This converter consists of two-part such as the
main circuit and auxiliary ASC circuit. V; is grid voltage, Vg is the output
voltage, S; is the main switch, D, is the body diode of the main switch, D;;-Dj, are
the bridge rectifier diodes, L, is boost inductance, D is the main diode, C, is filter
capacitance, in the main circuit. In the ASC circuit, L,, L; and C; illustrate the
resonance inductances and capacitance, C, corresponds the parasitic capacitance of
the main circuit switches, S, represents the auxiliary switch, D; is the body diode
of the auxiliary switch, D4-Ds are the reverse blocking diodes and D is the energy

transferring diode.
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As a controller of the main circuit, the average current mode control

method is used, which is a well-known and effective method. This controller
consists of two parts, such as voltage control and current control loops. Firstly, the
output voltage (Vou) is compared to the reference voltage (Vou ) and passed
through a PI controller. Then, the signal generated at the output of the PI controller
is multiplied by the rectified input voltage (Viurect) and the current reference (IL*) 18
created. Finally, the generated reference current (I.") and the inductor current (I;)
are compared and passed through a PI controller to generate the switching signal of
the main switch.

The ASC circuit is controlled to operate on switch S; opening and closing
times. The auxiliary switch is triggered by adding a calculated time delay to the
signal of the main switch.

L, and C, inductance and capacitance values are calculated as enough to
keep the CCM operation, switching and resonance elements are chosen ideal and
reverse recovery time, small enough to be neglected, diodes are selected for steady-

state analysis.
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5.3. Steady-State Operating Principles

There are eleven different operating states in a switching cycle. Each
circuit of the operating states and the graphs of the operating states are given in
Figure 5.2 and Figure 5.3, respectively. The operating cycle of the added ASC is
designed not to affect the operating cycle of the main circuit.

State 1 (ty<t<t;): The initial conditions at the beginning of this state are as

follows: v, =0, v, =V

ol =0, 1,,=0, iy =i i, =0,1,=0. Before t=to,
the S; main switch and S, auxiliary switch are in the off state and the input voltage
Vi, feeds the output via boost diode D;. At t=t,, for turn-on of the switch S,, the
turn-on signal is given to its gate. S, switch and D4, Ds diodes are turn-on with
ZCS due to series-connected L, and L; inductances. With this state, auxiliary ASC
are turn-on and resonance occurs between L,, L; and C,. This resonance increases
the voltage on C; and the current passing through S,. Meanwhile, the current of the
D, decreases. At the end of this state, the current of the S, becomes equal to the
input current. At that time the current of the D, diode drops to zero, and this diode
becomes turn-off with ZCT. The corresponding equations for the elements are

given as follows:

i, =%2Vc1(l—fo) (5.1

I3 ZL(I/OM _Vc1)(t_to) (5.2)
L,

Ve :Ci(iia L2)(t ! ) (5.3)

1

The final conditions at the end of this state are as follows: v, =vi,,

Ve, =V,

out> 1o Tl U3 = =0, Ig = 0, I, =

State 2 (t;<t<t;): The initial conditions at the beginning of this state are as

. — —
follows: v, =Vvg,, Vo, =V,

out> 12 lL2’ lL3 :lin’ lDl = 0’ ls2 l‘ . At the

m’ in

beginning of this state, resonance starts between the C, parasitic capacitor and C,,
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L, and Ls. This resonance increases the current of L, and L3 and the voltage of C,

but decreases the voltage of C,. When t = t,, the C, capacitor voltage falls to zero

and this state ends. The corresponding equations for the elements are given as

follows:

1

i, :L_VC (t-1) (5.4)
2

. 1

I3 :L_(VC2 _Vc1)(t_t1) (5.5)
3
| .

Ve :E(lm _lLZ)(t_tl) (5.6)
1
"

Vea ZF(lin _lL3)(t_t1) (5.7)

9.0 0 2 2
The final conditions at the end of this state are given as follows: v, =V,
_ . _ o2 . _ o2 . il . ol . _ o2
Ver =05 iy =iy iy =gy, 1 =0, 15, =0, i =ij5.

State 3 (t;<t<t;): The initial conditions at the beginning of this state are as

follows: v, =V, Ve, =0, i, =i, i,,=i5, i, =0, ig, =0, i,=i> At the
beginning of this state, as the voltage of the C, parasitic capacitor falls to zero, D,
diode turn in conduction mode. While the D, body diode is in the conduction, the
control signal of the S; main switch is applied.

Thus, the S; switch becomes turn-on with ZVT. As the switch S; starts to
flow current, the current of the inductance L; begins to decrease. And with this
current falling to the level of the input current, the D, body diode turns-off under
ZCS condition. When the current of the S; switch increases and reaches the input
current level, the S, auxiliary switch is turn-off under ZCT. As soon as the S, turn-
off, the body diode D; turn-on for a while. After passing the reverse recovery
current, the diode D3 switched off with ZCS and this state ends. The corresponding
equations for the elements are given as follows:

i) :LLVCI (1-1,) (5.8)

2
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. 1
iy =——V¢ (t - tz) (5.9)
L2
1, .
Vel :F(lm _le)(t_tZ) (5.10)

1
The final conditions at the end of this state are given as follows: v, =V,
Ver =0, 0, =i, i3 =0, iy =0, i, =i, i, =0.
State 4 (t;<t<t,): The initial conditions at the beginning of this state are as

follows: v, =vo, Ve, =0, i,=i, i,,=0, i, =0, ig =i, i,=0. At the
beginning of this state, resonance occurs between C; and L,, with the switch S, and
the body diode D turn-off. With this resonance, the current of the L, inductance
decreases and the capacitor C; charges. The current of L, falls to zero and this state
ends. The transfer of energy stored in capacitor C; to the inductance L, or the
capacitor C, is prevented by diodes D, and Ds. The corresponding equations for the

elements are given as follows:

. 1
i, =—Vo(t-1,) (5.11)
L2
1.
Vo == (t—1t,) (5.12)

1

The final conditions at the end of this state are given as follows:

2 2
R , _ . . . ..
vCl_VCI_\/(VCI) +(ZL2\/L2/C1)7 Ver =0, 0, =0, 13=0, iy =0, ig=i,
=0.

State S (t,<t<ts): In this state, only the S; main switch is in conduction. All
other elements are in turn-off. The initial and final conditions are the same and
given as follows: v, =vi=vt, v.,=0, i,=0, i,=0, i, =0, ig=i,
i, =0.

State 6 (ts<t<tg): The initial conditions at the beginning of this state are as
follows: v, =ve, Ve =0, i,=0, i,,=0, i, =0, ig=i, i,=0. At the
beginning of this range, the turn-on signal of S, is applied and its current is
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restricted by L; and turn-on with ZCS. With the turn-on of the S, switch, a series of

resonance occurs between C; and L;. Due to this resonance, the current of the S,
and S, switches decreases and increases, respectively. As the S; current falls to
zero, D, body diode turn-on with ZCS. Diode D, keeps the current of switch S; at
zero, and the control signal of switch S, is interrupted. Thus, S; switch turns-off
under ZCT condition. The resonance between C; and L; continues through the D,
body diode with switch S; turn-off. At the end of this state, the voltage of C, falls
to zero. The corresponding equations for the elements are given as follows:

1
i =—L—Vc1(l—fs) (5.13)

3

|
Ver :El”(t_ts) (5.14)

1

The final conditions at the end of this state are given as follows: v, =0,

Ve, =0, 7,,=0, i, —1L3 (VCI/\/ 3/C) 51 =0, iszzig'

State 7 (ts<t<t;): The initial conditions at the beginning of this state are as
follows: ve, =0, v, =0, i,=0,i,=i%, i,=0, ig=0, i,=i5 At the
beginning of this state, when the voltage of the C; capacitor is positive, Ds
becomes turn-on with ZCS. With the turn-on of Ds, resonance occurs between C;,
L, and L;, and the current of L; begins to decrease. When the current of the L;
inductance reaches the level of the input current, the diode D, turn-off with ZCS.

The corresponding equations for the elements are given as follows:

1

i, =L—Vc,l(t—t7) (5.15)
2

. 1

U :L_(I/aut_VCl)(t_[é) (5.16)
3
1. .

Ver =F(1L3 —ZLZ)(t—fG) (5.17)

1
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I

B

Figure 5.2. Operating states of the proposed converter
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The final conditions at the end of this state are given as follows: v, =i,

_ .7 .. . . ..
Ver =0, 1, =05, I3 =1, i =0, i, =0, i, =]

" tin> in*®

State 8 (t;<t<tg): The initial conditions at the beginning of this state are as

follows: v, =V, v, =0, i,=i, i,,=i, i,=0, ig=0, i,=i . At the
beginning of this state, with the turn-off of the D, diode, a resonance begins
between C;, L,, L3 and C,, and the current of the L; inductance decreases, at the
same time, the voltage of the capacitor C, increases due to this resonance. With the
current of the L; inductance dropping to zero, the switch S, becomes turn-off and
the D5 diode turn-on. After some current has passed through diode D;, it's current

falls to zero and is closed with D4 together with ZCS. The corresponding equations

for the elements are given as follows:

1
i =L—VC1(t—t7) (5.18)
2
: 1
U% :L_(ch _Vc1)(t_t7) (5.19)
3
| .
Vel :E(lm _le)(t_t7) (5.20)
1
1, .
Veo :F(lin _ZL3)(t_t7) (5.21)

2

The final conditions at the end of this state are given as follows: v, =vi,

8 . a8+ o s s o0 i
Voo =Vezs o =l lL3_0’ lDl—O, Iy =0, lsz_o'

State 9 (ts<t<ty): The initial conditions at the beginning of this state
are as follows: v, =V, v, =V, i), =iy, i, =0, i, =0, i, =0, i,=0.In
this state, C, charges, and resonance occurs between C; and L,. After a

while, the sum of the voltages of the capacitors C; and C, become V, and
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the diodes D; and Dg turns-on with ZVS and this state end. The

corresponding equations for the elements are given as follows:

1

i, =L—VCl (t—1,) (5.22)
2
1.
V., =—Fsz(t—t8) (5.23)
1
1
Ve, :C_i"" (t—t) (5.24)
2

The final conditions at the end of this state are given as follows:
_ 9 - O . w9 2 0y i () i —0 i —
Vo =Vers Ver =Vou =Vers Bpa =iy i3 =0, 0y =0, i =0, i, =0.

State 10 (ty<t<t;o): The initial conditions at the beginning of this state are
as follows: vy, =V, Ve, =V, —Vey, i, =0y, i;3=0, iy, =0, i5 =0, i,=0.
In this state, which starts with the turning-on the D, and D¢ diodes, resonance
occurs between L,, C; and C, and the switching energy stored in the inductance of
L, and the capacitor of C; are transferred to the battery. At t=t;o, L, inductance
current and C; capacitor voltage drop to zero. D4, Ds and D¢ turn-off with ZVS and
D, turn-on with ZVS.

1

i :L_(ch _Vout)(t_t9) (5.25)
2
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Figure 5.3. The current and voltage graphs of the switching elements in the
operating states
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1 .
Ve = C+C, [(lm _le)(t_t9) - ClV(mt] (5.26)

The final conditions at the end of this state are given as follows:

Ver =0, ve, =V,s 1, =0, i;3=0, iy =i, i5 =0, i,=0.

State 11 (t;o<t<ty1): The initial conditions at the beginning of this

state are as follows: v, =0, v.,=V , i,=0, i,;=0, i,=i, ig=0,

i, =0. In this state, only D, diode is in conduction. All other switching

elements are turn-offs. With the end of this state, a switching period is
completed.

The final conditions at the end of this state are given as follows:
Var =0, Ve, =V, 15 =0, 05, =0, iy =i, i5; =0, i, =0.
5.4. Design Considerations

In this section, the design constraints of the presented converter are
provided. Circuit elements of the converter the are calculated to following input
and output specifications: Output power: P,,=3300W, Grid voltage: V;=85-
265V ms, Output voltage: V=400V, switching frequency: f;,=100kHz.

5.4.1. Selection of Main Circuit Components

Boost circuit inductor value is calculated based on parameters such as
maximum duty cycle, inductor ripple current, lowest input voltage and maximum
load current as given in following equations (Abdel-Rahman et al., 2016; Batarseh

and Harb, 2018):

Vo=V oot inceni
= tV—t(m) (5.27)
out
Vrectjn(min) = \/EVin(min) (528)
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2P

AT 5.29
) \/5 x I/ln(min) ( )
Alin = I[n(max) x kd (530)

I/rect in(min)szmeax
L > —ectintmin T T (5.31)
Al

where D, is the maximum duty ratio of the converter switch, V,,, is the output
voltage, Viecrinminy 1S the minimum rectified input voltage, Liomay is the maximum
input current, P,, is the nominal output power, Vi, is the minimum input
voltage, k, is the ripple ratio, Ty, is the switching period, 41;, is the inductor ripple
current.

The output capacitor is calculated according to parameters such as output
voltage, voltage ripple and hold-up time. The capacitor value should be chosen to

be large enough to provide the following two equations.

2-P -t
’ > V2 _ou;/2 hold (532)
out out(min)
C > Fou (5.33)

L2 fine AV Vo
where 4V, is the output voltage ripple, #, is the hold-up time, Voymm is the
minimum output voltage, f;,. is the input frequency. According to the above
equations output filter capacitor C, is selected 984uH, L, inductor is selected 1mH
for CCM operation.
The voltage and current range of the boost switch, input rectifier diodes

and boost diode are designed as in a traditional boost converter as follows

(Akhlaghi et al., 2018):

VDSum“) = VDum) =V (5.34)
Dj1_4(max) =Vin (535)
=Ip,., = -1+ (5.36)

Simay  Digmay  Dicagmag i1 7 .
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where 41;; is the ripple current of the L, inductance. This parameter is selected to

ensure the CCM operation. According to these boundary conditions, the maximum
voltage of the boost switch and boost diode is calculated 400V and their maximum
current is calculated 45A. Also, the maximum voltage of the input rectifier diodes
is calculated as 311V and the maximum current is calculated as 45A. With these
calculations, MOSFET IPB60R040CFD7 from Infineon has been selected as a
boost switch. The technical properties of IPB60R040CFD7 are given in the
following table.

Table 5.1.The technical properties of IPB60R040CFD7

VDs(max) Ip(max) Rps(on),max td(on) ta(otn) t; te Coss

600 V 50A 40mQ 36ns 112ns 19ns 6ns | 85pF

The boost diode of the converter FFH50US60S from Fairchild
Semiconductor has been selected due to its proper technical properties. The

technical properties of FFH50US60S are given in the following table.

Table 5.2. The technical properties of FFH50US60S

Maximum DC Average Rectified Instantaneous Reverse
Blocking Voltage Forward Current Forward Voltage | Recovery Time
600 V 50A 1.38V 113ns

The input bridge rectifier diodes of the converter KBPC5000 from
EICSEMI has been selected because of the proper technical properties. The
technical properties of KBPC5004 are given in the following table.

Table 5.3.The technical properties of KBPC5004

Maximum . Maximum Maximum
Maximum RMS
Recurrent Peak Voltage Average Forward Forward
Reverse Voltage & Current Voltage
400 V 280 V 50 A 1.1V
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5.4.2. Selection of ASC Circuit Components

L; inductance is calculated according to the rise time of the S, switch, as it
functions to restrict the di/dt of the S, switch during the turn-on time. It also affects
the current that will pass over the S, switch. Therefore, in its design, attention
should be paid to parameters such as voltage on S, switch, the current through it

and rise time.

Vv
L, =—2t (5.37)

cirt riseg,
in,

For the turn-off the S, switch under ZCT condition, while this switch flows
the current, with the resonance that occurs, the body diode D; of this switch should
turning-on and the control signal should be interrupted in the range where this
diode is in the conduction. For the turn-on of D3, the L, value must be at least three

times of the L; value.

L, 23L (5.38)

From the (4.37) and (4.38), L, and L; inductances are selected 3uH and 1uH,
respectively.

C, capacitor significantly changes ZVT and ZCT times with resonances
created by both L, and L; inductances. As the size of the C, capacitor increases,
ZVT and ZCT times increase. However, these times should be chosen optimally so
that they do not affect the switching times of the main converter. This value is
chosen as 25nF for the designed circuit.

C, represents the parasitic capacitances of all switching elements in the
circuit. Since the switching elements are considered ideal in the analyses, this
capacitor was added to observe the effect of parasitic capacitance in the analyses.
This value is chosen as 2nF.

Since there is no current and voltage stress on the elements in the ASC
circuit, the same diodes and switches used in the main circuit can also be used in

the ASC circuit.
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5.5. Loss Analysis

To perform the loss analysis of the proposed converter, the loss of power
on each element must be calculated. The losses of main switch S; used as the
switching element consist of conduction, switching and capacitive turn-on losses as
given in the following equation:

P, =P,, +P, +F (5.39)

cond. sW cap.
where P, is the conduction loss of the §; switch, Py, is the switching loss of the
S; switch and P, is the capacitive turn-on loss of the S; switch.

Switching loss of the S; switch is consist of turn-on switching losses and

turn-off switching losses and they can be calculated as follows:

1
Rw—on = fj\'w [EVS] (max)IS] (max) (ta'(on) + tr )] (540)
! 5.41
Rw—qff = fm EVSI(maX)ISl (max) (td(qff) + tf) ( A1)

where f;,, is the switching frequency, Vs;umay 1s the maximum switch voltage, Is;gmay)
is the maximum switch current, 74, is the turn-on delay time, ¢, is the rise time of
the switch, 4 is the turn-off delay time, # is the fall time of the switch.

The turn-on capacitive loss of §; switch is a loss caused by the output

capacitor in the structure and is calculated by the following equation:

1 2
Pcap. = E f;wcoss I/S1 (max)

(5.42)
where C,, represents the output capacitance of the S; switch.
The loss that occurs during conduction on the S; switch is calculated with
the formula below.

Pt =Ry, 1 (5.43)

< DS;(ony = Sy (rms)

where Rps;on) represents the on-resistance of the S; switch, Zy;.s) represents the rms

value of the S; switch current.
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The switching losses of the auxiliary switch S, are calculated by the

formula below.

1

})xw—on = frw(Sz) (EVSZ (max)ISZ (max) (ton + toff )) (544)

The turn-on capacitive loss of S, switch is a loss caused by the output
capacitor in the structure and is calculated by the following equation:

1 2

cap. = Ef;w oss’ S, (max) (545)

where C,, represents the output capacitance of the S; switch.
The loss that occurs during conduction on the S, switch is calculated with
the following equation:

P

cond. — RDSZ(M) IS2 (rms)

(5.46)

where Rpsoon) represents the drain-source on-state resistance of the S, switch, Lo gmg)
represents the rms value of the S, switch current.

Conduction loss of the boost diode D; is calculated by the following
equation:

Boa. =Velp, (5.47)

(avg)
where V- is the forward voltage of the boost diode D;, Ip;ay, is the average current
of the boost diode D,.

Conduction losses of the ASC circuit diodes D;, D, Ds, Dg are calculated
by the following equation:

P, =V.I

cond.

(5.48)

Dy a5 (ave.)
where Vi is the forward voltage of the ASC circuit diodes D356 Ipigavg) 15 the
average current of the ASC circuit diode D;.

The bridge rectifier total power loss is calculated using the average input
current passing through bridge rectifier diodes as in the following equation (Abdel-

Rahman et al., 2016):
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2\2-P,

IDi1.2,3,4(ang) = - V,-,, : (549)

B = 4. Ve 'IDi1,2,3,4(avg.) (5-50)

where Vi is the forward voltage of the rectifier bridge diodes D3 456 Ipifavg,) 15 the

average current of the rectifier bridge diodes Dj 4 5.

5.6. Performance Results
In order to assess the performance of the presented converter, the case
studies were performed in the MATLAB/Simulink environment. The simulation

parameters of the proposed converter are given in Table 5.1.

Table 5.4. Simulation parameters of the proposed converter

Parameter Symbol Value
Output power P, 3300W
Input voltage Vi 85-265V s
Output voltage Vou 400V
Switching frequency fow 100kHz
Boost inductor L; ImH
Output filter capacitor G, 984uF
Upper resonance inductor L, 3uH
Lower resonance inductor L; 1uH
Resonance capacitor C; 25nF
Parasitic capacitor G 2nF
Sample time of the simulation t 20ns
Time delay value for ASC switch ty 300ns
Proportional constant (voltage controller) K’ 0.08
Integral constant (voltage controller) K’ 5e-3
Proportional constant (current controller) K 6
Integral constant (current controller) K! le-3
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Three case studies are presented to evaluate the performance of the

proposed soft switched AC-DC PFC boost converter. In the first of these case
studies, the performance results of the converter at 220V, input voltage are
presented for six different load conditions in European efficiency standards as
given in Table 5.2. Input voltage and current graphs of the proposed converter are
presented to show that the unity power factor of the converter is achieved, and
THD results of the input current are provided to show that they are compatible with
the THD values in the standards. In addition, the current and voltage graphs of the
switching elements are presented in detail to show that SS, the main contribution of
the study, is achieved under all load conditions. Output voltage and current are
presented to show the transient-state and steady-state characteristics of the
converter. Finally, the power losses for each element of the converter are listed in
detail for the full load condition. In the second of the case studies, the same
procedure was repeated for the input voltage of 110V . In the third of the case
studies, the performance of the proposed converter has been tested in case of

disturbances on the network side under six different load cases.

Table 5.5. Load conditions at European efficiency standards

States State 1 State 2 State 3 State 4 State 5 State 6
Values %100 %50 %30 %20 %10 %>35 Load
Load Load Load Load Load

Finally, the overall efficiency of the converter is calculated according to
the European efficiency standards by the following formula:

EUn=0.031,; +0.061,,,, +0.131),50 +0.11,5, +0.481,5) + 021,00 (5.51)

5.6.1. Casel
In this case, the performance of the proposed converter has been tested for
Vii=220V,;s under six different load conditions given in European efficiency

standards. Figure 5.4, Figure 5.5 and Figure 5.6 represent the effect of the load
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variations on the input characteristic of the proposed converter. It can be clearly

seen from Figure 5.5 that the proposed converter has achieved nearly unity power
factor from light load to full load condition. Also, it is noted that input current
harmonics (THD) is lower than 5% from half load to full load and it is compliant
with the IEC 61000-3-2 standards as shown in Figure 5.6. Figure 5.7 illustrates the
gate control signals of the converter switch S; and ASC switch S, for six different
load conditions. The ASC switch S, converter switch is activated during the turn-
on and turn-off moments of S;, allowing the SS of the S; switch. The ASC switch
S, converter switch is activated during the turn-on and turn-off moments of S,
allowing the SS of the S; switch. Figure 5.8 shows the current and voltage graphs
of the converter switch S,. It can be clearly seen from the figure that the ZVT turn-
on and ZCT turn-off operation of the converter switch S; is achieved over the
entire load range. In addition, no current and voltage stress occurred on the switch.
The voltage and current graphs of the ASC switch S, are shown in Figure 5.9. It
can be seen from the figure that turn-on and turn-off operations of the S, switch
under all load conditions are performed with ZCS and ZCT, respectively. The
current and voltage graphs of converter diode D; are given in Figure 5.10. In all
load cases, turn-on transition is realized with ZVS and turn-off transition is realized
with ZCT. Figure 5.11 and Figure 5.12 represent the output voltage and current
graphs of the proposed converter under six different load conditions. It is noted that
the proposed converter has a robust controller characteristic in both transient-state
and steady-state conditions. Efficiency curves of the proposed soft switched
converter vs. hard switched counterpart are shown in Figure 5.13 for all load
conditions. It can be obviously seen from the figure that the proposed converter has
high efficiency compared to the hard switched counterpart over the entire load
range and the proposed converter has achieved 97.82% maximum efficiency. The
overall efficiency of the proposed converter is calculated as 96.66% according to
European efficiency standards. In Table 5.3, the comparison of the losses of the

proposed converter and hard switching counterpart is provided.
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Figure 5.5. The input PFs of the proposed converter at all load cases (Vi;=220V 1)
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Figure 5.6. The input current THD results for all load cases (Viy=220V ;)
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Figure 5.8. Ip current and Vpg voltage of the S; switch at different load

conditions (Vi7=220V )
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Figure 5.9. Ip current and Vpg voltage of the S, switch at different load

conditions (Vi7=220V )
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Figure 5.10. Ip current and Vp, voltage of the D, diode at different load conditions

(Vie=220V p5)
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Table 5.6.  The list of the losses of the proposed converter and hard switching
counterpart (Vi,=220V s, Pou=3300W)

Hard switching Proposed
counterpart converter
Switches v S 400V 400V
max S, N/A 400V
I S 15.63A 15.28A
s S, N/A 15.28A
Diodes v D, 1.38V 1.38V
) Ds N/A 1.38V
I D, 8.25A 8.25A
e D N/A 0.2A
VE Dii4 0.9V 0.9V
Lims Di14 16.39A 16.39A
Capacitive turn-on loss 0.68W 0
S Switching | turn-on 19.89W 0
: loss turn-off 52.16W
Conduction loss 0.63W 0.61W
% Capacitive turn-on loss N/A 0
% S, Switching loss N/A 0
Conduction loss N/A 0.30W
D, Conduction loss 2x11.38W 2x11.38W
D Conduction loss N/A 4x0.27W
D,., | Conduction loss 4x12.65W 4x12.15W
Total Loss 146.72W 73.35W
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Figure 5.13. The efficiency of the proposed converter and hard switched
counterpart (Viy=220V ;)

5.6.2. Case Il

In this case, the performance of the proposed converter has been tested for
V=110V, under six different load conditions given in European efficiency
standards. Figure 5.14, Figure 5.15 and Figure 5.16 represent the effect of the load
variations on the input characteristic of the proposed converter. It can be clearly
seen from Figure 5.15 that the proposed converter has achieved nearly unity power
factor from light load to full load condition. Also, it is noted that input current
harmonics (THD) is lower than 5% from half load to full load and it is compliant
with the IEC 61000-3-2 standards as shown in Figure 5.16. Figure 5.17 illustrates
the gate control signals of the converter switch S; and ASC switch S, for six
different load conditions. The ASC switch S, converter switch is activated during
the turn-on and turn-off moments of S, allowing the SS of the S, switch. The ASC
switch S, converter switch is activated during the turn-on and turn-off moments of
Si, allowing the SS of the S, switch. Figure 5.18 shows the current and voltage

graphs of the converter switch S;. It can be clearly seen from the figure that the
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ZVT turn-on and ZCT turn-off operation of the converter switch S; is achieved

over the entire load range. In addition, no current and voltage stress occurred on the
switch. The voltage and current graphs of the ASC switch S, are shown in Figure
5.19. It can be seen from the figure that turn-on and turn-off operations of the S,
switch under all load conditions are performed with ZCS and ZCT, respectively.
The current and voltage graphs of converter diode D, are given in Figure 5.20. In
all load cases, turn-on transition is realized with ZVS and turn-off transition is
realized with ZCT. Figure 5.21 and Figure 5.22 represent the output voltage and
current graphs of the proposed converter under six different load conditions. It is
noted that the proposed converter has a robust controller characteristic in both
transient-state and steady-state conditions. Efficiency curves of the proposed soft
switched converter vs. hard switched counterpart are shown in Figure 5.23 for all
load conditions. It can be obviously seen from the figure that the proposed
converter has high efficiency compared to the hard switched counterpart over the
entire load range and the proposed converter has achieved 96.96% maximum
efficiency at half load conditions. The full load efficiency of the proposed
converter is decreased from 97.82% to 95.99% at V;;=110V,,. The overall
efficiency of the proposed converter is calculated as 96.07% according to European
efficiency standards. Because as the input voltage decreases, the input current
increases and therefore the input bridge rectifier losses increase. In Table 5.4, the
comparison of the losses of the proposed converter and hard switching counterpart

is given.
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Figure 5.14. The input voltage and current graphs of the proposed converter at
different load conditions (Vi;=110V ;)
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Figure 5.15. The input PFs of the proposed converter at all load cases
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Figure 5.16. The input current THD results of the proposed converter at all load
cases (Viy=110V,ns)
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Figure 5.17. The trigger signals of the converter switches (Vi,=110V )
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Figure 5.19. Ip current and Vpg voltage of the S, switch at different load
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Figure 5.21. The output voltage graph of the proposed converter at different load
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Figure 5.22. The output current graph of the proposed converter at different load
conditions (Viu=110V )

150



5.DESIGN AND ANALYSIS OF PROPOSED SOFT-SWITCHING AC-DC PFC
BOOST CONVERTER Omer TURKSOY

Table 5.7.  The list of the losses of the proposed converter and hard switching
counterpart (Vi,=110V s, P, =3300W)

Hard switching Proposed
counterpart converter
Switches | Viax Sy 400V 400V
S, N/A 400V
Lims Sy 35.29A 31.84A
S, N/A 31.84A
Diodes Vr D, 1.38V 1.38V
Dig N.A 1.38V
Lve D, 8.25A 8.25A
Ds N/A 0.2A
VF Di1-4 1V 1V
T Dji4 35.29A 31.84A
Capacitive turn-on loss 0.68W 0
S Switching | turn-on 44.91W 0
: loss turn-off 117.78W
Conduction loss L41W 1.27W
% Capacitive turn-on loss N/A 0
% S, Switching loss N/A 0
Conduction loss N/A 0.636W
D, Conduction loss 2x11.38W 2x11.38W
Ds Conduction loss N/A 4x0.27W
Di4 Conduction loss 4x29.34W 4x28W
Total Loss 304.9W 137.74W
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Figure 5.23. The efficiency of the proposed converter and hard switched
counterpart (Vi;=110V 1)

5.6.3. Case 111

In this case, it is aimed to test the performance of the proposed converter in
case of disturbances on the network side. Therefore, 11V,,s 1kHz voltage was
injected into the 220V, 5S0Hz grid voltage to represent 5% THD distortion in the
grid voltage as shown in Figure 5.24. In order to show that the proposed converter
still performs soft-switching during this disturbance condition, and provides a
stable output power, output voltage and current graphs and current and voltage of
the converter elements are provided. The converter performance results were
obtained for six different load conditions at the applied distorted grid voltage.
Figure 5.25 illustrates the gate control signals of the converter switch S; and ASC
switch S, for six different load conditions. The ASC switch S, converter switch is
activated during the turn-on and turn-off moments of S;, allowing the SS of the S,
switch. The ASC switch S, converter switch is activated during the turn-on and
turn-off moments of S;, allowing the SS of the S, switch. Figure 5.26 shows the

current and voltage graphs of the converter switch S;. It can be clearly seen from
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the figure that the ZVT turn-on and ZCT turn-off operation of the converter switch

S, is achieved over the entire load range. In addition, no current and voltage stress
occurred on the switch. The voltage and current graphs of the ASC switch S, are
shown in Figure 5.27. It can be seen from the figure that turn-on and turn-off
operations of the S, switch under all load conditions are performed with ZCS and
ZCT, respectively. The current and voltage graphs of converter diode D, are given
in Figure 5.28. In all load cases, turn-on transition is realized with ZVS and turn-
off transition is realized with ZCT. Figure 5.29 and Figure 5.30 represent the
output voltage and current graphs of the proposed converter under six different
load conditions. It is noted that the proposed converter has a robust controller
characteristic in both transient-state and steady-state conditions. With the obtained
results, it is clearly seen that the proposed converter maintains soft-switching states

and provides a stable output power despite the grid side disturbances.
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Figure 5.24. The applied distorted grid voltage waveform (220V s + 5%THD)
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Figure 5.25. The trigger signals of the converter switches (220V s + 5%THD)
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Figure 5.26. Ip current and Vpg voltage of the S; switch at different load
conditions (220V s + 5%THD)
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Figure 5.27. Ip current and Vpg voltage of the S, switch at different load
conditions (220V s + 5%THD)
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Figure 5.28. Ip current and Vp, voltage of the D, diode at different load conditions
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5.7. Summary

In this section, the design and analysis of the proposed AC-DC PFC Boost
converter with developed ASC are presented for the battery charger in EVs. The
proposed converter has been tested under different input voltage range and
different load conditions given in European efficiency standards by case studies.
The proposed converter has performed high efficient performance compared to the
hard switching counterpart in all conditions. SS operation and unity power factor
implementation are achieved from light load to full load conditions. Furthermore,
the developed ASC has a low-cost design unlike the existing ASCs, as well as does
not create any current and voltage stress on the circuit elements. The proposed
converter has a high power density in these aspects. The proposed converter
operates in the universal input voltage range and the input current THD values are

compatible with the range given in IEC 61000-3-2 standards.
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6. CONCLUSION AND FUTURE WORK

In this section, the main contributions of the thesis are summarized, the
concluding remarks related to the thesis are emphasized, and the aspects of the

thesis for future studies are discussed.

6.1. Concluding Remarks and Discussion

The interest in EV technology has been increasing in recent years due to its
superiority over traditional internal combustion engine vehicles. However, battery
performance, which limits vehicle range, is still the biggest obstacle to their
proliferation. Although only battery chemistry seems to affect battery performance,
battery charge quality also greatly affects battery performance. Therefore, battery
chargers have a critical role in the development of EV technology.

The development of battery chargers depends largely on the performance
of the AC-DC PFC converter, it's the most important part. AC-DC PFC converters
suffer from low power density and high output voltage ripple problems affecting
the size and lifetime of the DC-link capacitor in the battery charger. To solve these
problems, two different designs have been proposed in this thesis.

In the first of the proposed designs, a DVC is developed to reduce the
amount of output voltage ripple of the interleaved PFC boost converter. The
developed DVC aims to reduce the voltage ripple on the DC-link capacitor by
creating a reverse voltage as much as the amount of voltage ripple on the capacitor.
The performance results of the converter are obtained for different case studies and
compared with the results of the traditional circuit (without DVC). With these case
studies, it is aimed to test the performance of the converter for variable input
voltages and variable load conditions at these voltage levels. In the traditional
interleaved PFC boost converter, the maximum output voltage ripple occurred as
26.4V at 220V, input voltage and full load condition. With the developed DVC,

this ripple value has been reduced to 0.5V. In addition, it has been observed that
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the ripple value is kept below 0.5 for all other load conditions. In addition to
reducing the amount of output voltage ripple with the proposed DVC,
improvements have been observed in the efficiency of the converter and the input
current characteristic. In traditional interleaved PFC boost converter, the maximum
efficiency is measured as 94.11% at 220V s input voltage and full load, while this
value has been increased to 96.75% with the developed DVC. The overall
efficiency of the converter is calculated as 93.77% according to the European
efficiency standards. Input PF of the converter is measured as greater than 0.99
over the entire load range. The input current THD value is maintained less than
%35, which is compatible with the IEC 61000-3-2 THD standard, from half load to
full load conditions. Further, to test the performance of the proposed converter in
case of grid side disturbances, 5% THD was added to the grid voltage and applied
to the input of the circuit. The converter performance results were obtained for six
different load conditions at the applied distorted grid voltage. With the obtained
results, it is concluded that the designed converter prevents the output voltage from
deteriorating by compensating the disturbances on the grid side.

In the second of the designs, a new soft-switched AC-DC PFC boost
converter with active snubber cell (ASC) is proposed to increase efficiency and
power density. The converter switch is turned on and turned off with ZVT and
ZCT thanks to developed ASC, respectively. Thus, switching losses of the
converter switch are eliminated. The ASC switch is turned on and turned off with
ZCS and ZCT, respectively. The main circuit diode is turned-on with ZVS and
turned-off with ZCT. Also, ASC circuit diodes are turned-on and turned-off with
ZCS and ZVS, respectively. Although a small amount of conduction losses occurs
with the additional ASC circuit, the converter's switching losses are largely
eliminated, and the converter performance is greatly improved. Furthermore, the
developed ASC has a low-cost design unlike the existing ASCs, as well as does not
create any current and voltage stress on the circuit elements. The performance

results of the proposed converter are obtained for different case studies and
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compared with the hard-switching counterpart. With these case studies, it is aimed
to test the performance of the converter for variable input voltages and variable
load conditions at these voltage levels. While in traditional AC-DC PFC boost
converter under 220V, input voltage and full load 146.72W total loss occurs, this
value was reduced to 73.35W in the developed soft-switched AC-DC PFC
converter by eliminating the switching losses. With the elimination of switching
losses, the converter's maximum efficiency increased from 95.74% to 97.82%. The
overall efficiency of the proposed converter is calculated as 96.66% according to
European efficiency standards. SS conditions are maintained from light load to full
load conditions. Input PF of the converter is measured as greater than 0.99 over the
entire load range. The input current THD value is maintained less than %5, which
is compatible with the IEC 61000-3-2 THD standard and is less than the hard-
switched counterpart, from half load to full load conditions. Further, to test the
performance of the proposed converter in case of grid side disturbances, 5% THD
was added to the grid voltage and applied to the input of the circuit. The converter
performance results were obtained for six different load conditions at the applied
distorted grid voltage. It is noted that the proposed converter has a robust controller
characteristic in both transient-state and steady-state conditions. With the obtained
results, it is clearly seen that the proposed converter maintains soft-switching states
and provides a stable output power despite the grid side disturbances.

The proposed two converter topologies provide many advantages such as
high power density and high efficiency. It can be clearly concluded that the
proposed converter topologies can be a serious candidate for the AC-DC converter

parts of the two-stage OBCs.
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6.2. Future Work

Possible study topics related to this thesis planned to be carried out in the

future are listed below.

e It is planned to verify the two designs whose performance is tested with
theoretical and simulation studies with an experimental prototype.

e In order to improve the performance of the AC-DC PFC converter in light
loads, different control methods will be applied.

e The developed SS circuit will be modified to reduce the number of
elements.

e The DVC circuit will be modified and implemented with a simpler and

easily controllable circuit.
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