A ROBUST VOLTAGE CONTROL METHOD FOR
UNIVERSAL EV BATTERY CHARGER LLC
RESONANT CONVERTERS

A Thesis

by

Yilmaz Das

Submitted to the
Graduate School of Sciences and Engineering
In Partial Fulfillment of the Requirements for
the Degree of

Master of Science

in the
Department of Electrical and Electronics Engineering

Ozyegin University
December 2018

Copyright © 2018 by Yilmaz Das



A ROBUST VOLTAGE CONTROL METHOD FOR
UNIVERSAL EV BATTERY CHARGER LLC
RESONANT CONVERTERS

Approved by:

Asst. Prof. Ahmet TEKIN, Advisor, Asst. Prof. Goktiirk POYRAZOGLU,
Department of Electrical and Department of Electrical and
Electronics Engineering Electronics Engineering

Ozyegin University Ozyegin University

Asst. Prof. Ozkan AKIN,
Department of Electrical and
Electronics Engineering

Ege University

Date Approved: 17 December 2018



To my family and memory of my grandmother



ABSTRACT

In this study, a novel control method for LLC resonant converter with wide
output voltage range and constant switching frequency is proposed targeting wide range
of Electric Vehicle (EV) battery charger standards. In conventional LLC converter
control topologies, in order to reach lower output voltage levels, switching frequency
happens to move away from the resonance frequency, increasing in most of the cases.
However, the switching losses due to switching devices start to become the main
bottleneck at high switching frequency operation. In the proposed control method, the
switching losses can be reduced by changing duty ratio of PWM driver signals with
constant switching frequency operation. High switching frequency operation may cause
irreversible inrush current damage at the input terminals during the start-up with
corresponding overshoot at the output voltage as well, risking the clients on this
particular supply. During soft start, the excessive inrush current can be eliminated by
controlling dead time duration of PWM signals in proposed method. The work
presented in this thesis proposes a robust and reliable control solution for these
particular resonant converter drawbacks. Theoretical analysis for both conventional and
proposed control methods are presented in detail. In order to show the effectiveness of
the proposed technique, performance metrics of the both are compared experimentally
on an LLC resonant converter specification having an output voltage range of 150-500

V with a maximum output power of 7.5 kW.



OZET

Bu c¢alismada elektrikli aracglar batarya sarj cihazlarmin standartlar1 temel
alinarak genis c¢ikis gerilimi araligina sahip ve sabit frekans ¢aligabilen LLC resonant
dc/dc ceviriciler icin yeni kontrol methodu sunulmustur. LLC doniistiiriictiler i¢in
kullanilan mevcut yontemlerin ¢ogunda diisiik seviyelerde ¢ikis gerilimi elde edebilmek
icin anahtarlama frekansi resonans noktasindan daha biiylik noktalara dogru kaydirilir.
Ancak bu bolgelerde anahtarlama kayiplar1 yiiksek frekans calismasindan dolay1 ana
problem olmaktadir. Onerilen kontrol yontemi ile sabit anahtarlama frekasmda pwm
sriicu sinyallerinin iletim sureleri ayarlanarak anahtarlama kayiplar1 azaltilabilir. EkK
olarak yuksek frekansta anahtarlama yapmak, sistemin yumusak baslangic yaptigi
zamanlarda ka¢milmaz ani artan akimlara ve buna bagl ¢ikis geriliminin hedef seviyeyi
asmas1 gibi kullaniciya da risk olusturabilecek problemlere yol agmaktadir. Onerilen
yontem ile yumusak baslangi¢ esnasindaki ani yikici akimlar siiriicii sinyallerinin sifir
zaman slreleri kontrol edilerek yok edilebilir. Bu tezde sunulan ¢alisma, resonant
ceviricilerin yukarida bahsedilen problemlerine giiclii ve giivenilir bir kontrol yontemini
¢6zim olarak dnermektedir. Hem geleneksel hem de 6nerilen kontrol yontemi icin
teorik analizler detayli olarak sunulmustur. Onerilen teknigin avantajmi gosterebilmek
icin her iki yontemin performans parametreleri 150-500 V ¢ikis gerilim araligma ve
maksimum 7.5 kW c¢ikig giiciine sahip bir LLC resonant doniistiiriicii {izerinde

karsilagtirilmastir.



ACKNOWLEDGMENTS

Firstly 1 would like to thank my advisor Asst. Prof. Ahmet Tekin for his
suggestions and cooperation during my studies. His knowledge, comments and guidance

are most valuable during my studies and will also help me in future.

| am grateful to my second advisor Assoc. Prof. Mutlu Boztepe. His theoretical
knowledge always helps me to understand the power electronics in detail. His

experience and guidance make me better researcher and designer.

My other colleagues in Vestel Electronics R&D department are helpful to my
studies as well. | would like to thank Cengiz Tarhan who is team leader of the power

electronics design group for his countless help.
Special thanks to my wife Nezihe Das and my daughter Meryem Ece Das for her
continuous encouragement and patience. Also | would like to thank my parents for their

support.

Vi



TABLE OF CONTENTS

ABST RACT . v
OZETCE oottt bbbttt v
ACKNOWLEDGMENTS ..ottt Vi
LIST OF TABLES.......coo oot e iX
LIST OF FIGURES ..ottt X
| INTRODUCTION ..ottt e 1
1.1 Electric Vehicle Charging MOdesS ...........cccueeviiieeiiiiee e 1
1.2 DC-DC POWEr CONVEISION .....oveiiviiiiiiiiee et eiee et 3
1.3 Isolated DC-DC Converter TOPOIOGIES .......cccvvvvieeiiiiireeiiiiiee e eiiieeee s 7
1.4 Thesis Objectives and LayOuULt...........cccoccveveeeiiiiiinee e 14
Il THEORY oot 16
2.1 Design Methodology of LLC Resonant Converter..........cccccoccvvveeevinnnen. 16
2.2 Conventional Constant On Time Control Method for LLC Resonant
(O00] 01V =] (T PP PR 36
2.3 Proposed Control Method for LLC Resonant Converter ...............c........ 39

2.4 Loss Analysis of Proposed and Control Method for LLC Resonant
(00 01V 4 (=] PR PTU PR TPPP 40

vii



2.4.1 Power Losses in Proposed Control Method........................... 42

2.4.2 Power Losses in Conventional Control Method...................... 44

111 DESIGN AND ANALYSIS OF LLC RESONANT CONVERTER...... 45
3.1 Implementation of the Desing Methodology ........c.cccccvvveiiiviiiiiie i, 45

3.2 Improved Soft Start Characteristics with Proposed Method.................... 52

3.3 Loss Comparison of a Low Side Mosfet for Both Methods ................... 57

Y G0 1 [0 0 1] 1 ] N P 66
APPENDIX A -SOME ANCILLARY STUFF ... 67
BIBLIOGRAPHY ..o ssasaansssnnnnannnnes 70
VITA. . N ...... N A A A A .. 73

viii



LIST OF TABLES

Table 1.1: IEC61851-1 Charging MOUES. ........covviriiriiiieieeeceeeeeaee, 3
Table 3.1: System design specification of the LLC resonant converter.......... 46
Table 3.2: Resonant network parameters of the LLC resonant converter........ 49
Table 3.3: The Selected Mosfet Parameters for Loss Comparison................ 58
Table 3.4: Test Steps for Loss ComMparison...........c.ovveiiiininiiiiiniininnann 60



LIST OF FIGURES

Figure 1.1: Charging Modes in IEC B1851-1 ........cccceiiieiiiiiieniienieeree e 2
Figure 1.2: Applications of DC-DC converters with corresponding output power and
VOITAGE TBVEIS ... 4
Figure 1.3: The power-system architecture of an EV/PHEV with charging station........ 6
Figure 1.4: General schematic of a non-resonant dc-dc Converter ............cccoceevvenneene. 7
Figure 1.5: General schematic of a resonant dc-dc CONVEITer ..........ccoovvviieiiiciieennenne 8
Figure 1.6: High power dc-dc converters with galvanic isolation ................ccccovvennen, 9
Figure 1.7: The series resonant converter (SRC) with its operating waveforms in
continuous conduction MOAe (CCM) .....ccuiiiiiiiiiiii e 10
Figure 1.8: The parallel resonant converter (PRC) with its operating waveforms in
continuous conduction MOAe (CCM) .....couiiiiiiiiie e 12
Figure 1.9: The LLC converter with its operating waveforms in continuous conduction
MOTE (CCM) ettt ekttt ettt et e bbb 13
Figure 2.1: Schematic representation of the full bridge LLC resonant converter ......... 16
Figure 2.2: Switch network output voltage SPectrum ..........cccocvevvveiviie e, 18
Figure 2.3: Frequency spectrum of the resonant network current.............cccccceveevinnnnn 18
Figure 2.4: Square wave output voltage of the switch network..............ccccceevivveiinnnnn, 19
Figure 2.5: Resonant and switch network current............ccccooove e, 20
Figure 2.6: Equivalent circuit of the switch NEtWOrK ............ccoveviviiiiii e, 20
Figure 2.7: Input voltage of the rectifier network and rectifier current ....................... 21
Figure 2.8: Actual and filtered waveforms of the Vr(t) ........ccoceeviiieiiiie i, 22
Figure 2.9: Rectifier network equivalent CirCUIt ............cccoveiiieiiire e 23
Figure 2.10: Linear circuit representation of the resonant network...............cccceeenenn 24
Figure 2.11: Linear circuit representation of the overall network .............ccccccevveinnnn 25
Figure 2.12: DC voltage gain curve of the LLC converter for various Q values .......... 27
Figure 2.13: Capacitive and inductive operation waveforms..............ccccoevveeviieeiinnnnn, 28
Figure 2.14: Gain margin for defining minimum switching frequency ............c........... 29
Figure 2.15: Attainable maximum gain with Q for different m values......................... 30
Figure 2.16: Bobbin without primer-seconder SECtion...........ccccccvvvveiviieeiviie e, 34
Figure 2.17: Sectional Bobbin .............oooiiiiiiii e 34
Figure 2.18: Flux density waveform in the transformer.............ccccccoviii i, 35
FIgure 2.19: A SQUAE WAVE .......oeeeieiieeiiie e et e ettt e e st e e st e stae e st e e s stre e e snaaeesnaeesnneeens 36
Figure 2.20: AC equivalent circuit of the LLC resonant converter ...........cc.cccceveevnneen. 37
Figure 2.21: A modified SQUAIE WAVE ..........cceeeeiieeiiiee et 39
Figure 2.22: Switching transition of a switch and associated power a) Symmetrical
transition b) Worst-case condition for on-off transition..............ccccccovviiie i, 41
Figure 2.23: Typical switching transition of a MOSFET a) turn-on b) turn-off ........... 42
Figure 3.1: Schematic of the proposed SYStEM .........ccccvveeiiiiiie e 45
Figure 3.2: Representation 0f dC QaiNS........ovieiiiiiiee i 48



Figure 3.3: Voltage gain curve vs SWitching freqUENCY .........cccooviiiiiiieniiiiie e, 49

Figure 3.4: Winding construction of the transformer.............ccccooviiiiiiiieen, 50
Figure 3.5: Winding specification of the transformer ..............ccoocovviiienicieniiennn, 50
Figure 3.6: Electrical characteristics of the transformer .............ccccooeviieiiiieiiicnnn, 51
Figure 3.7: Winding specification of the resonant inductor .............cccoccevieiiieniiennen, 52
Figure 3.8: Soft start waveforms with conventional method............ccc.ccoviiieniennn, 54
Figure 3.9: Soft start waveforms with proposed method.............c.cocceviiniiiiiiniiennn, 57
Figure 3.10: Experimental prototype ........coooiiiiieiiieiieeecees e 58
Figure 3.11: S2 drain-source voltage, gate input voltage and primer current with

conventional method @ Pout =1600 W, Vout=160 V, fsw=130 kHz, o=1 ps............ 59
Figure 3.12: S2 drain-source voltage, gate input voltage and primer current with

proposed method @ Pout =1600 W, Vout=160 V, fsw=80 kHz, 0=3.2S.................. 59
Figure 3.13: Loss comparison of the conventional and proposed method.................... 63
Figure 3.14: Measured AC waveforms a) Measured Input Voltage and Input Current of
classic control b) Measured Input Voltage and Input Current of proposed control........ 65

Xi



CHAPTERII

INTRODUCTION

1.1 Electric Vehicle Charging Modes

Electric vehicle (EV) market is one of the most growing markets in the world
because of increasing of fossil fuel consumption and air pollution [1]-[3]. Therefore,
battery charger applications are growing in parallel to EV market. EV battery chargers
can be divided into two groups; which are on-board and off -board chargers. There are 4
charging modes as defined in IEC 61851-1 [3], [4], [5]. Power ratings depend on the

type of charging mode for Europe as follows [3],[4],[5].

Mode 1 charging means that the connection of an EV to the AC line through
single phase not exceeding 250 V AC or a three phase not exceeding the 480 V AC.
Based on the country and standardization, it uses the national plug and socket with the
maximum current limit of 16 A. This type of charging provide low load for grid and the
car is charged economically using a night rate of power. Rated power level is up to 3.7
kW with 1-Phase AC Connection. Due to no additional infrastructure, this mode is

mainly used at homes and offices.

Mode 2 charging refers to the connection of an EV to the AC supply with same
limits as in Mode 1. It uses conventional plug and socket with maximum current limit of
32 A with protective earth. The difference with the Mode 1 is that the vehicle inlet and

connector present a control pin. The AC side of the charging cable doesn’t require a



control pin as the control operation is provided by the control box in the cable control

device. This recharge mode is generally used in private facilities.

Mode 3 charging means that the connection of an EV to the AC supplies by
using electric vehicle supply equipment (EVSE). Maximum limit of the line current
doesn’t exceed 63 A. There is an extended communication protocol between EVSE and
EV to ensure reliable and safety charging operation. This charging mode is typically
used in public charging stations and is supplied from the three phase AC line at 50/60
Hz. It is also called “semi-fast” charging since it allows the battery to charge in a few

hours once driver is at work or during an activity.

Mode 4 charging has been presented by the use of off-board chargers. There are
special communication protocols such as CAN or PLC depend on the charging standard.
There is a power conversion inside the EVSE. Moreover, the AC supply is converted to
each DC voltage that the EV may request. Plug on the EVSE provide that only
matching EV can be connected. Total charging time is in a range from 20 to 30 minutes.
By combining charger having high output power with latest battery technologies, it is

possible to charge from 0 to 80 % of battery in less than 5 minutes (Ultra-fast charging).

Mode 1 Mode 3
AC = AC
) '\9’2/‘}‘\ Data | '\\‘;j‘lp Dd’\l

Protection & |nte|1|gence in Installation

Mode 2 Mode 4
Ll AC DC
) ia S S
In cable \\a e =~ / 9 ‘\ \J@/ /.
protection — S e

AC/DC external to car

Figure 1.1: Charging Modes in IEC 61851-1



Figure 1.1 shows the representation of the charging modes in IEC 61851-1

standard [4]. Main specifications of the charging modes are provided in Table 1.1 [4].

Table 1.1: IEC61851-1 Charging Modes

Maximum Vehicle Battery
Charging Mode Charging Time
Current per Phase Charger
Mode 1 16 A 4~8h On Board
Mode 2 32A 2~4h On Board
Mode 3 63 A 1~2h On Board
Mode 4 400 ADC 5~ 30 min Off Board

1.2 DC-DC Power Conversion

Electrical and electronic products are significant equipment in our life today. All
of them involve power conversion to get correct AC or DC form and electrical power
level. Electronic circuits which are designed to provide DC voltage required by the
electrical and electronic equipment are called as DC-DC converters. Voltage and power
levels of the DC-DC converters cover a wide range because of the various applications
from low level products such as consumer electronics to high power products such as

renewable energy. Figure 1.2 shows the some applications of DC-DC converters [6].
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Figure 1.2: Applications of DC-DC converters with corresponding output power

and voltage levels

From Figure 1.2, in low power applications, as requiring power level of less than
1 kW, dc-dc converters are utilized generally in consumer electronics such as
televisions and 10T (Internet of Things) devices. In high power applications, as
requiring power level of more than 1 kW, dc-dc converters are mainly used industrial,
transportation, information and communication technologies and renewable energy

applications.

Due to adverse effects of increasing fossil fuel consumption, most notably air
pollution, great effort has been being made in electrification of transportation system to
meet emission standard and to reduce consumption of the fossil fuels. DC-DC
converters are mainly used in transportation system such as electric vehicles (EVS),
plug-in hybrid electric vehicles (PHEVS), electric trains and electric aircraft. DC-DC
converters are in EVs and PHEVs to perform power transfer between electric vehicle
supply equipment (EVSE) and batteries and loads. In electric trains, they are utilized as
solid state transformer in traction systems [7]. In addition to, they are also used as

auxiliary power supply on board for lightning, heating and other loads [8]. In aerospace



field, almost in all system such as mechanical, flying interface, control and hydraulic
systems, DC-DC are heavily used to make the systems more compacts, to reduce weight
of airplane and to improve fuel consumption. It is possibly in future, airplanes will need
more dc-dc converters with higher power ratings since the systems in airplanes are

replaced with electric versions [9].

As a result, the dc-dc converters may operate at different conditions. Therefore,
in some applications dc-dc converters should accommodate wide load range due to
changing loads and voltage variations on the output side. One example of such
converters is electric vehicle battery charger applications. There are a lot of electric
vehicle charging modes that are mentioned in section 1.1. One of the most important
implications of the above regulations is that the charger have to supply wide output
voltage range. In order to meet this requirement, the charger should work efficiently at
each voltage level which EV battery management system may request. Therefore, the
design has to accommodate an appropriate DC to DC converter scheme that operates
with high efficiency at each of the power levels providing high power density with
overall compact and reliable device size. Therefore highly efficient and high
performance dc-dc converter should be used to achieve these targets. The work
presented in this thesis proposes a robust and reliable control solution for these

particular dc-dc converter drawbacks.

Figure 1.3 represents the power-system architecture of an electric vehicle (EV)

and plug-in hybrid vehicle (PHEV) together with charging station [38].
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Figure 1.3: The power-system architecture of an EV/PHEV with charging

station

The unidirectional converters are highlighted by the grey shading in the figure to show
where they are used in the power architecture. In the electric vehicle, high voltage (HV)
battery is utilized as power source for motor drive system. As shown in the figure, the
system contains high voltage (HV) bus with a voltage up to 800 V [10] and low voltage
(LV) bus with a nominal value of 14 V. Bidirectional dc-dc converter is used to charge
and discharge the HV battery. The bidirectional converter is also required to get LV bus
from the HV bus [11]. The LV battery with a nominal voltage of 12 V supplies power to
LV dc loads. The unidirectional dc-dc converter is used as power source to HV dc loads
from HV bus. The battery system of the vehicle is charged with dedicated socket and
charging station [12] depending on the power capability. A unidirectional dc-dc

converter is used in the charging station to charge EV HV batteries. The converter in



charging station and also feeding from DC link obtained by three phase AC utility
transfers the power to HV bus in the vehicle. Since the loads and batteries in the vehicle
have wide power variations, the dc-dc converters shown in Figure 1.3 accommodate the
large load range. In addition to, as the battery need to wide voltage range during
charging, the dc-dc converter in the station have to supply wide output voltage range.
Providing high power density with overall compact and reliable device size is one of the

most important criteria in this operation.

1.3 Isolated DC-DC Converter Topologies

Galvanic isolation in power devices means that the output side of power circuit
is electrically and physically isolated from the input side. Electrical isolation is achieved
by implementing a transformer to the power circuit. Physical isolation refers to the fact
that the secondary wiring doesn’t connect to primary wiring. This is a requirement of
safety agencies to prevent shock hazard. The transformer can be used to step up or step
down voltages depending on its turn ratio between primary and secondary side.
Rectifier diodes rectify secondary input voltage and then targeted output voltage is
established after filtering with output filter unit. These converters are known as non-

resonant converters as depicted in Figure 1.4 [38].

- o
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Figure 1.4: General schematic of a non-resonant dc-dc converter



Figure 1.5 shows the schematic resonant dc-dc converter [13]-[15] which reduces the

switching losses by allowing soft switching techniques [38]. Since the reduction of

switching losses, it enables to operate the dc-dc converter at higher switching

frequencies that reduces the size of passive elements and EMI filters. Resonant network

consists of resonant capacitance and resonant inductor placed in different combinations

before transformer. Here the aim is to filter pulsating input voltage and current of the

resonant network generated by switches and to get fundamental harmonics of the

waveform so that the switches tur on or turn off at either zero voltage switching (ZVS)

and zero current switching (ZCS) respectively. As a result, these are known as soft-

switching and used to reduce switching losses and to get better efficiency in the

converter. As shown in Figure 1.5, both input voltage of the resonant and secondary

rectifier networks have resonant waveform due to filter behavior of the resonant

network. Secondary rectifier rectifies the input voltage and after output filter smoothed

output voltage is achieved.
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Figure 1.5: General schematic of a resonant dc-dc converter

Resonant topologies are classified as resonant load and resonant switch topologies.

Load resonant topologies use combination of resonant network with load [19]-[23].

Resonant load topologies include series resonant converter (SRC) [23], parallel resonant

converter (PRC) [23], inductor-inductor-capacitor (LLC) converters [24][25] and

inductor-inductor-capacitor (LCC) converters [25][26]. Resonant switch topologies



[27][28] also called as quasi-resonant topologies include quasi-resonant forward and
quasi-resonant flyback converters with galvanic isolation. Hybrid topologies use
advantages of both resonant and non-resonant converters. Hybrid topologies are
classified into two parts that are partial resonant and resonant transitions. Partial
resonant topologies operate as both resonant and non-resonant converters during overall
switching cycle. In resonant interval, it allows soft switching operation. Partial resonant
topologies comprise partial series resonant converter (PSRC) [16], output filter resonant
converter (OFRC) [17] and new full bridge hybrid series resonant converter (FB-
HSRC). In the resonant transition topologies, resonance only occurs during short
commutations between two switches in a phase to turn on at zero voltage. For the rest of
time, it operates as non-resonant converters. It can be divided into two sub-parts that are
ZV'S phase shifted full bridge [16] and auxiliary resonant commutated pole-full bridge

[18]. Detailed taxonomy of the converters can be observed in Figure 1.6 [38].
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Figure 1.6: High power dc-dc converters with galvanic isolation




The basic form of the load-resonant converters consists of two reactive elements
as depicted from Figure 1.5. The series resonant converter (SRC) and parallel resonant
converter (PRC) are in this class. In the SRC, L and C; are in series with load at output
side. Schematic of SRC and its voltage and current waveform can be shown in Figure

1.7 [38].
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Figure 1.7: The series resonant converter (SRC) with its operating waveforms in

continuous conduction mode (CCM)

The resonant frequency of the resonant network is defined as fres

1

Jres = 21 (Crly) (1.2)

10



In the SRC, ZVS or ZCS is achieved during wide load range and wide output
voltage operation. Voltage gain can be obtained due to frequency variation with a
certain interval. As a result, allowing soft switching operation with various voltage
gains provides high efficiency especially at full load points in series-resonant
converters. A circulating current flows in SRC and it increases when the load reduces.
Therefore the efficiency drops at light loads. As can be observed in Figure 1.7, due to

resonance and large swings of the is and ucr, peak current stress may occur in Cr and L,

In the parallel resonant converter (PRC), resonant capacitor, C;, is placed as
parallel with the load. Its operating waveforms can be depicted in Figure 1.8 [38]. The
parallel resonant converter is used as step-up or step-down converter depending on turns
ratio of the transformer over a switching frequency range so that this allows to handle
wide load range with wide output voltage range. VVoltage gain is controlled by changing
switching frequency in an interval of a certain range in PRC. Circulating current that
doesn’t contribute to the power transfer exists even at the no load condition. This is the
main reason of the temperature stress in resonant capacitance, resonant inductance and
switching devices and so on resulting lower system efficiency. Due to swings at
resonant points, highly peak currents occur in resonant network. This is another
disadvantage of the PRC similar to SRC. L, has very large inductance value to smooth
load current and provide almost constant current. But it brings extra loss and size to the

converter.

11
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Figure 1.8: The parallel resonant converter (PRC) with its operating waveforms in

continuous conduction mode (CCM)

The LCC converter is introduced and presented theoretically in [29]. It has low
circulating current and it can operate under no load. Both variable and constant
switching frequency control methods can be implemented. Constant switching
frequency with phase shifted control is described in [30]. It is generally used for high

voltage applications such as high voltage charger [31].

Inductor—inductor—capacitor (LLC) resonant converter is the most popular dc-dc
converter for many applications owing to low electromagnetic interference (EMI), ZVS
turn on and high efficiency [32]. It is illustrated in Figure 1.9 together with operating

waveforms in CCM mode [38].
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Figure 1.9: The LLC converter with its operating waveforms in continuous conduction

mode (CCM)

Outstanding advantages of the LLC converters which allow to operate under
ZVS for primary switching devices and allow to operate under ZCS for the secondary
rectifier diodes help designer reach high efficiency and power density. The main
advantage of the LLC converter is that besides the ZVS turn-on in CCM, ZVS turn-on
for primary switching devices is also achieved in discontinuous conduction mode
(DCM). Energy storing in the magnetizing inductance, Lm, depicted in Figure 1.9 is
provide ZVS turn-on even operating in DCM mode. High efficiency and high power
density is obtained with soft switching in DCM and CCM mode over operating wide
load and wide output voltage range. Similar to other resonant converters, variable
switching frequency or constant switching frequency PWM methods can be used in the

LLC control algorithm. For an LLC converter [33] to work as a wide output voltage

13



source, the voltage gain is set according to required output voltage level. Voltage gain is
inversely proportional to switching frequency, hence low output voltage levels becomes
problematic due to high switching frequency. High switching frequency operation
means higher switching losses on switching components which are most commonly
MOSFETs and IGBTs. Another point is that the system should start with low voltage
gain in order to eliminate excessive inrush current and high voltage spikes at start up
[34][35]. In order to avoid such unexpected dangerous conditions due to parasitic
capacitance and stray inductance of the system, initial switching frequency starts from
high value and then decreases progressively until the final desired output voltage level
is established. During start up, because of inrush current and high switching frequency
with the stray inductances on the physical layout of circuit and self-inductance of the
MOSFET itself, high voltage spikes can occur at the drain-source junction [36]. Once
this voltage spike is higher than breakdown voltage of the MOSFET, the device enters
avalanche mode [36][37]. In this mode, the device experiences large avalanche current

that may result in permanent damage [36].

1.4 Thesis Objectives and Layout

In this thesis, a new control method for the LLC resonant converter is proposed
which allows low output voltage levels without going up high in switching frequency.
Switching losses are reduced by operating at relatively low switching frequency.
Moreover, the circuit is protected from excessive inrush current and high voltage spikes
at start up by implementing a soft start procedure in which the MOSFET conduction
time is gradually increased from zero to the final value. Since on time of the MOSFET
is minimum at start up, high voltage spikes and current peaks are naturally eliminated.

Thesis is organized as follows;

14



Chapter | introduces electric vehicle charging modes in standards. DC-DC
power conversion, its applications and usage of it in EV/PHEV are presented.
Taxonomy of the isolated dc-dc converter topologies is provided and resonant
topologies are classified in detail.

Chapter Il gives theoretical analysis for the design steps of the resonant network,
conventional control and proposed control method for the LLC converter respectively.
In addition to, loss analysis of the both methods for the LLC converter is presented
theoretically in detail.

In Chapter Il1, in order to show the effectiveness of the proposed technique,
performance metrics of the both are compared experimentally on an LLC resonant
converter specification having an output voltage range of 150-500 V with a maximum
output power of 7.5 kW.

Chapter IV concludes the thesis.
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CHAPTER II

THEORY

2.1 Design Methodology of LLC Resonant Converter

LLC resonant converter mainly consists of the three stages that are switch
network, resonant network and rectifier network respectively. A simplified schematic of
the full bridge LLC resonant converter is shown in Figure 2.1. Here, Vs(t) is input
voltage at resonant network terminal or output voltage at switch network terminal. is(t)
the resonant network current in primer side. V((t) is input voltage of the rectifier

network and ir(t) is rectifier current in seconder side.

SwitchNetwork Rectifier Network

P === r====-:

' " Resonant e

1 " N

s S3 ,l\th‘faﬂs_. : :

i —H H .

] I (D Dy 1 ; Vout +

Vi O v I o o : I = = Battery
CD : Vs(t) ::Cr Ly ng '_r ) ! C, " Pack

~ Bl Oy . 1

: L I = :
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: . I 1

=== l - om ow m oml

Figure 2.1: Schematic representation of the full bridge LLC resonant converter

Switch network can be full bridge type or half bridge type in LLC topology and
full bridge type is commonly implemented in most of high power applications

especially in dc fast EV chargers due to provide high power rating. Switching devices
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are grouped as S1-S4 and S2-S3 respectively as shown in Figure 2.1. Switch network
generates symmetrical square wave having amplitude Vi, by driving grouped switches
alternately with 50 % duty cycle. A dead time is implemented to prevent cross-
conduction.

Lm is magnetizing inductance which acts as a shunt inductor, L is leakage
inductance referred to primary side and C; is resonant capacitance. Resonant network
includes these reactive components. There is an important amount of the magnetizing
current in primary side and it doesn’t contribute to power transfer. Since the
magnetizing current freewheels in primary side of the transformer even at no-load
condition, it is disadvantage of the LLC converter. Amount of this current depends on
value of Lm. Since Ln is relatively small, it causes that considerable amount of the
circulating current flows into primary side.

Secondary stage is designed as full wave rectifier that rectifies secondary input
voltage in both positive and negative half periods.

The filtering behavior of the resonant network allows usage of only fundamental
harmonic of the square wave resonant network input voltage (Vs(t) as shown in Figure
2.1) that contributes to the power transfer. This approximation is known as fundamental
harmonic approximation (FHA) and it ensures simplified sinusoidal AC analysis of the

resonant converter to developer.
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Frequency spectrum for the output voltage of the switch network, Vs(t), is shown

in Figure 2.2 [22].

Switch 1
output
voltage
spectrum T
£ 3f, 57, f

Figure 2.2: Switch network output voltage spectrum

fs is switching frequency of the switch network. Side harmonics in addition to
fundamental harmonic fs can be shown in spectrum of the output voltage of the switch
network.

Since the filtering behavior of the system, only fundamental harmonics of the

resonant network current (is(t)) is observed in Figure 2.3 [22].

Tank
current
spectrum

Figure 2.3: Frequency spectrum of the resonant network current.
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Output voltage of the switch network, Vs(t), is shown in Figure 2.4 [22]. Vsk is

fundamental harmonic of the square wave voltage.

-Vin

Figure 2.4: Square wave output voltage of the switch network

Fourier series for the output voltage of the switch network can be defined as [39]

Vs(6) = Tn oaa(52)sin(not) (2.1)
The fundamental component is
Ver(t) = 4‘:" sin(nwgt) = Vg g sin(nwgt) (2.2)

To obtain average value of the switch network current ig(t), it is assumed that the

resonant network current can be defined as:

is(t) = IgSi n((*)st - (ps) (2-3)
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Figure 2.5 shows both resonant current and switch network current in integrated form

[22].

-1

I

Figure 2.5: Resonant and switch network current

ig(t) expresses the current for each leg in switch network. Its mean value can be defined

as:
Ts

. 2 (2,
<ig(t) >TS:TJ; ig(t)dt

S
, Ts
<ig(t) >p= T—Sfoz I sin(wgt — @) dt

< ig(t) >r5= =I5 c05(5) (2.4)

Figure 2.6 shows the equivalent circuit of the switch network [22].

-
-

Igl) =
I,sm(wl—9¢)

- 1'..'1{”_

l 2 cos (p,) 4V
T : 7 sin (e,1)

Vin

Figure 2.6: Equivalent circuit of the switch network
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In order to model rectifier network, it is assumed that there is large output filter
having small voltage ripple at the output. V((t), input voltage of the rectifier network and

ir(t), rectifier current are shown in Figure 2.7 [22].

A i i
Vi)

i () ws(t)

=¥

Figure 2.7: Input voltage of the rectifier network and rectifier current

Fourier series for V((t), can be defines as:

V(6) = n 0aa Co)sin(nast — o) (2.5)

ir(t) is in phase with V(t) as can be shown in Figure 2.7 and it is expressed as:

ir(t) = I1Si n(wst - q’r) (2-6)

Since the resonant network filters the other harmonics except fundamental
component of the applied voltage, other harmonics in V((t) can be ignored and it is

simplified as:

Vit t) = %Sin(wst - (pr) = Vpisin(wgt — @;) (2.7)
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Actual waveforms and filtered waveforms can be observed in Figure 2.8 [22].

Actual waveforms with harmonics ignored
4
4 v, (f Y oqV G
2 ) ﬁfndﬂmenmf
7
. /
3 :
m w.r %1@ o
. Vi)
Ir;(f): I::a‘lzc
_ V F:%R
Qr o,

Figure 2.8: Actual and filtered waveforms of the V(t)

DC output current is equal to mean value of ir(t) and it is denoted by “1” as

follows:

<i(t) >r=1 (2.8)
Hence

Ts

2 (2
<ip(® >re= - [ hlsin(ost - )l de
0

N

, 2
< lg(t) >1s= ;Irl (2.9)
Fundamental harmonics of the rectifier current and voltage are in phase and

therefore rectifier network introduces resistive load to resonant network. Equivalent

circuit is shown in Figure 2.9 [22].
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Figure 2.9: Rectifier network equivalent circuit

Since the harmonics in Vri(t) doesn’t contribute to power transfer, effective resistance

or AC equivalent load resistance can be calculated as

R _Va@® 8V
¢ I,(t) w2l

R = =R = 0.8106R (2.10)

Considering the transformer turns ratio (Np/Ns=n), effective resistance referred to

primer side can be defined as

R, =R (2.11)

Figure 2.10 shows the replaced linear circuit with ac circuit. Resonant network is

induced by sinusoidal Vs £(t) and loaded by the equivalent load resistance Re [22].
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Figure 2.10: Linear circuit representation of the resonant network

To obtain transfer function H(s), conventional linear circuit analysis is made.

_Vn (s)
H(s) =6

Magnitude of H(s) is the ratio of peak values of input and output voltages.

Vi1

|H(S)|S=ju)s = E

Resonant network output current is expressed as

: Vri(s) _ H(s)
iy () = == = 2 Vaa ()

Magnitude of the ir1(s)

_ [H(S)s= jog Vv
- s1

l
rl Re
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Now, model of the ac circuit is reduced to linear circuit. Figure 2.11 shows this

circuit and it is used in calculating voltage gain which is denoted by M [22].

Transfer function

_Ho
J1-.:IICIE irl_(f) '_{
S — —
. ¥ 7 Resonant 5 _
Vin C—) l ~ | 2| network V(D 5 R, #In T ¥ ; R
» 1
\
| Ver(t) — —
- cos () =—" sin (w7 fon

Figure 2.11: Linear circuit representation of the overall network

Voltage gain of the system is defined as follows based on Figure 2.11.

-EOBEEE en

From Figure 2.11, each value is implemented as follows

M=7==® ) ) HOlee) (B @)

Vin T

Since Re eliminates (1/Re) in above formula, consequently M is defined as

= = |H(5)| 5= o, (2.18)

Vin

M

So, voltage gain of the system is equal to magnitude of the resonant transfer
function that is loaded by the effective resistance Re. Considering the transformer turns
ratio (Np/Ns=n), output voltage shown in primer side is n times V. Therefore M is

obtained as

M=nrt (2.19)
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The voltage gain is provided based on the FHA technique [40],

1

[ty

M(fn, 1, Q) =

with the following definitions :

DC voltage gain: M = nVL

mn

1

21,/ Ly-Cy

Resonant frequency: f,.s =

Characteristic impedance: Z, = i 2N fresLy = :

Cr 2T fresCr

Quality factor: @ = 2 = Tlout
: Re  8Vpym2 0

. L
Inductance ratio: [ = L—T

m

Js

Normalized frequency: f;, = F

where fs denotes the switching frequency
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(2.21)
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(2.23)
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(2.25)
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Figure 2.12: DC voltage gain curve of the LLC converter for various Q values

From Figure 2.12 [34], Voltage gain characteristic of the LLC resonant converter is
only related to fs if the load situation and inductance ratio isn’t changed. Figure 2.12
shows the dc voltage gain characteristic versus normalized switching frequency for
various Q with constant | value of 0.2. It can be clearly seen in Figure 2.12 that voltage
gain of the LLC resonant converter is almost independent of the load if the switching
frequency is around resonant frequency. At this point the gain is unity regardless of the
load variation. This is key advantage of the LLC resonant converter over classic series
resonant converters. Therefore if the system has unique output voltage, operating

frequency of the converter is set to resonant point that is natural behavior of the

developer.

0.6 0.7 0.8 09 1
Normalized Frequency f,
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Above the peak gain frequency, impedance of the resonant network becomes inductive
and primer current lags the applied voltage as shown in Figure 2.13 [34]. This allows
the switching devices to turn on under ZVS operation. However, below the peak gain
frequency, impedance of the resonant network becomes capacitive and primer current
leads the applied voltage as illustrated in Figure 2.13. This causes noise problems due to
reverse recovery of the MOSFET body diode in switching transition. In addition,
control algorithm of the output voltage developed for inductive region isn’t valid during

capacitive operation.

& M ! _
capacitive inductive
region

Fc:‘ i Ifu’

Y
¥

f\‘ i
V4 1IN
Zaa\RAValEs

"n‘_‘\‘- 111 - |Iflf ".‘_ !.r' -

reverse recavery : ZVS

Figure 2.13: Capacitive and inductive operation waveforms
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Therefore, inductive region should be selected for overall operation and minimum
switching frequency have to be limited to be above the peak gain frequency that
guarantees ZVS operation at entire load and output voltage conditions. 10-20% of the
maximum peak gain is commonly implemented as a margin during design as depicted in

Figure 2.14 [34].

Gain (M)
I .
]lx'*"-\. peak gain
1(~20% af M™= ™, . . .
/Y maxinmum eperation gain
(M
£, 1,

Figure 2.14: Gain margin for defining minimum switching frequency

Figure 2.15 shows variation of attainable maximum gain with Q for different

m= (L, + L)/ L, values[34].
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Figure 2.15: Attainable maximum gain with Q for different m values

Design steps are presented in below by using Figure 2.1 as a reference [34],[40].

1) Determine system specifications

The efficiency (Eet) of the converter should be estimated to specify maximum input

power with a given maximum output power. With a given output power, efficiency of

the power converter is defined as:

P _ Pout,max
inmax —
Eery

(2.27)

where Pinmax IS maximum input voltage and Poutmax IS maximum output voltage.
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Secondly, dEflne Vin,min, Vin,max, Vout,min, Vout,max, Vin,nom, Vout‘nom that are minimum
input voltage, maximum input voltage, minimum output voltage, maximum output

voltage, nominal input voltage and nominal output voltage respectively.

2) Obtain a transformer turns ratio
The minimal transformer turns ratio in Figure 2.1 should be selected at unity gain

once input and output voltages are at nominal value and turns ratio is given by:

n = innom (2.28)

Vout,nom

3) Define the minimum, maximum and nominal dc voltage gain of the
resonant converter

In order to limit variation of the switching frequency, switching frequency is set to

near points of the resonant frequency. Since the maximum output power is given at

nominal output voltage, the converter is designed to operate at resonant frequency for

maximum output power at nominal output voltage condition. Maximum and minimum

voltage gains are defined as follows:

M = (22 n 29

M _ Vout,min 230

min = Vinmax n ( . )
Vin,nom

Mnom - Vout,nom (231)

Miom is almost unity once the resonant converter operates at resonant frequency.
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4) Calculate the effective load resistance
The effective load resistance (Re) is defined as follows by getting transformer turns

ratio in above equation.

R, = () () (2.32)

2 P,

5) Define resonant network components

In order to design resonant network, right quality factor (Q) should be chosen from
peak gain curves illustrated in Figure 2.15 for various m values. m value is chosen in
step 2 to provide unity voltage gain at resonant frequency with nominal output voltage
condition. Before selecting Q, 10-20% gain margin have to be implemented on
maximum voltage gain to maintain ZVS operation at load transients and unexpected

conditions. After Q is selected, resonant network parameters are given as:

1

r= 21Q fresRe (233)
_ 1

Lr N (2nfres)?Cr (234)

L,=mxL, (2.35)
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6) Design the transformer of the resonant converter

After determining the L, and L, these values can be measured in a transformer as
well. While L, is measured in primary-side by making secondary windings open circuit,
Lr can be measured in primary terminals together with making primary windings short-
circuit. Ly can also be given with discrete core for high power converters, although it is
provided with integrated power transformer for low power applications. Thermal
limitation on winding elements doesn’t allow to get L, from an integrated transformer in
high power applications. Therefore, for the resonant inductor, discrete core should be
used in high power converters. So, bobbin without section can be used and one
schematic for this type of bobbin can be shown in Figure 2.16. In low power converters,
in order to get L, from the transformer, sectional bobbin is used as shown in Figure 2.17
to put a distance between primary side and secondary side and to increase leakage
inductance shown in primary side [34]. Winding construction, number of turns of both
sides and length of distance between both windings are key factors once determining L
value. In addition, air gap between primer and seconder side and turn number of
primary winding affects Lm strongly. Various types of cores can be used but PQ and EE

types of core are generally used in high power applications.
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Figure 2.16: Bobbin without primer-seconder section

Figure 2.17: Sectional Bobbin

Equation (2.35) shows the minimum turn number for the primary side.
Maximum dc gain occurs at minimum switching frequency. Here, in order to obtain
minimum operating frequency, equation (2.20) is used after plotting the gain vs

frequency curve and getting maximum dc voltage gain.
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min __ n.Vout
Np T 2£,™M" M, AB.A, (2.36)

Where A, is cross-sectional area of the transformer core its unity is m? and AB is

peak to peak flux density in Tesla as can be observed in Figure 2.18 [34].

n (V, VM,

Vir [120)

N
/

Figure 2.18: Flux density waveform in the transformer
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2.2 Conventional Constant On-Time Control Method for LLC
Resonant Converter

The filtering behavior of the resonant network circuit implies to apply FHA
method to get voltage gain equation of the system where only the fundamental

frequency component of input square wave is taken into account.

Ve

Ve

Figure 2.19: A Square wave

Figure 2.19 shows a square wave waveform. Fourier series for the square wave

contains odd harmonics and can be described as [39]

V(®) = ZnoaaCy )sin(neot) (2:37)

Figure 2.20 shows the AC equivalent circuit of the LLC resonant converter shown in
Figure 2.1, where Vour is the fundamental component of the square wave output

voltage and Vinr is fundamental component of the square wave input voltage [39]-[41].
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Figure 2.20: AC equivalent circuit of the LLC resonant converter

IVout sin(wt) (2.38)

T

Vout,F =

Ving = (4‘;"") sin(wt) (2.39)
Based on the AC equivalent circuit of the LLC converter, the voltage gain

(IM(iw)|) can be derived by circuit analysis [22][39][40][41]. In s domain, the input

impedance Zi, and output impedance Zoy can be found from Figure 2.20 as
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Vin F Vout F

Zin = SLT + — (240)

SCr

LmRaC
Zout = SLm//Rgc = omler (2-41)

SLm~+Rgac

The voltage gain is defined as

M(S) — Vout,F(s) _ Zout (242)

VinF(s) ZintZout

Therefore, by substituting (2.40) and (2.41) into (2.42), voltage gain in

frequency domain can be obtained as

(2.43)

where:

Q= L—T<i) Wy = ——, 0, = —— w = 21f,
T NG \Re/ T 0 T L TP T I SW-
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In conventional control method, as observed from (2.43), variable gain is
achievable only by changing switching frequency, fsw, Since the magnitude of input

square wave and resonant network are constant at a specific load condition.

2.3 Proposed Control Method for LLC Resonant Converter

In the proposed method, the converter’s switching frequency is constant, and in
turn, the voltage gain is also constant. Therefore, in order to adjust the output voltage,
the only way is to control the input fundamental voltage magnitude. The simple way to
control the fundamental component in an inverter circuit is using modified square wave

modulation as shown in Figure 2.21 [39].

1fdc =
i
2 & o o
'|—|'I'|—|' F::'JI
I ! wt
T n
"fdc—

Figure 2.21: A modified square wave

Fourier series of this waveform shown in Figure 2.21 is defined by [39]

4Vdc

nm

V(t) = Y oaa(—)cos(na)sin(nwgyt) (2.44)

where o is the zero (dead) time duration of the voltage at each end of the pulse

symmetrically.
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As can be seen from (2.44), the fundamental component of the square wave depends on
the cosine of a. As a result, even if the voltage gain remains constant at a specific
switching frequency, since the amplitude of Vinr shown in Figure 2.20 can be controlled
by a, the converter can provide variable output voltage. More specifically, in proposed
pulse width control method, the a of the modified square wave signal are controlled
precisely until the output voltage reaches the desired level. During this time the

switching frequency is kept constant.

2.4 Loss Analysis of Proposed and Control Method for LLC
Resonant Converter

In a power circuit, actually switching devices for example diodes and transistors
are not ideal even though all assumptions generally are made with ideal switches to
simplify calculations and to well define. Voltage drops over MOSFETSs, IGBTs and
diodes affects significantly thermal performance of a converter. It causes that power
losses on the switching devices and reduction of the converter efficiency when current
flows through the devices.

In addition to on-state losses due to voltage drops in a switch, switching losses also
have to be taken into account when it turns on and turns off. Figure 2.22 shows the two

possible scenarios for the switches during switching transition [39].
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Figure 2.22: Switching transition of a switch and associated power a)

Symmetrical transition b) Worst-case condition for on-off transition

Here, Figure 2.22-a illustrates the simultaneous voltage and current waveforms for
a switch. It also shows instantaneous power that occurs during transition. Figure 2.22-b
shows the waveforms which are not symmetrical. Switching transition illustrated in
Figure 2.22-b can generally exist in actual on-off transition. As can be seen in that
Figure, switching losses in crossing area is larger than occurs in first condition. Since
the average power loss is are under instantaneous power curve divided by the switching
period, higher switching frequency means higher switching losses. In order to reduce
these losses, one way is that allow converter operate under ZVS or ZCS which is aim of

the resonant converters.
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2.4.1 Power Losses in Proposed Control Method

Figure 2.23 illustrates typical switching transition for the MOSFETS [44].

-"rh us

torr ! "yhus

Inoad

Figure 2.23: Typical switching transition of a MOSFET a) turn-on b) turn-off

MOSFET losses can be divided into switching loss, conduction loss and the
MOSFET body diode loss which are denoted by Psw, Pcond and Paiode respectively. The

total loss of a MOSFET can be described as [42]:

Pmosf = Psw + Peona + Paiode (2.45)
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Switching loss of a MOSFET can be further divided into two section turn on and
turn-off loss which is denoted by Psw.on and Psw.off respectively.

For the body diode, there are conduction losses and turn-off losses denoted by
Pdiode,cond and Paiode off respectively. Reverse recovery of the body diode is reason of the
turn off loss. But since the voltage across the body diode is nearly zero during reverse

recovery, Pdiodeoff iS eliminated. Total loss can be extended as [42]:

Pmosf = Psw,on + Psw,off + Pcond + Pdiode,cond (2-46)

The relation between switching losses and energies is defined as [42]

Psw,on = Esw,onf:sw (2-47)

Psw,off = Esw,offf:sw (2.48)

Here, Eswon IS turn on energy and Eswoff IS turn off energy of a MOSFET during

switching transition.

The rest of the losses are derived as following steps [42]-[44];

Esw,on = fotonv(t)i(t)dt

ton

where i(t) = L,y (é) s U(t) = Viys <1 - (L)>

V uslmaxton
Esw,on = % (2-49)
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to

Esw,off = fo ffv(t)i(t)dt

where v(t) = Vbus(i) ; i(t) = Inax (1 B ( t ))

torr
Esw,off — Vbuslrr;axtoff (250)
Pcond = Irznosf,rmS'Rds,on (2-51)

where Imost,rms IS the RMS value of the MOSFET drain-source current and Rgs,on iS drain-

source resistance during MOSFET is on.

Pdiode,cond = Idiode,mean- Vf (2.52)

where lgiode,mean iS the mean value of the diode current and Vs is forward voltage of the

diode.

2.4.2 Power Losses in Conventional Control Method
In conventional method, since the LLC converter allows to operate under ZVS,

Eswon and Pudiode off are eliminated. Therefore, total MOSFET loss can be found as

Pmosf = Psw,off + Pcond + Pdiode,cond (2-53)
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CHAPTER 111

DESIGN AND ANALYSIS OF LLC RESONANT
CONVERTER

3.1 Implementation of the Desing Methodology

Figure 3.1 shows the schematic of designed full-bridge LLC resonant converter
where Lmi, Lm2, Lmz and Lms are the magnetizing inductances for each transformer.
Resonant tank consists of L,...,.Ls and C, which are the resonant inductances and

resonant capacitance respectively.

-cxlt +
—= Battery
T Pack

Figure 3.1: Schematic of the proposed system
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Transformer and resonant inductor contribute to power transfer in the converter.
Since resonant current directly flows through the transformer and resonant inductance in
primary side, conduction loss due to impedance of winding components and therefore
thermal requirements becomes unavoidable parameters. In order to meet thermal
constraints effectively, current can be reduced by paralleling and stored energy in a
passive component can be reduced by dividing required value to smaller parts.

In this application, EE55 core was utilized for the resonant transformer. As shown
in Figure 3.1, 4 identical transformers are used instead of a transformer to reduce
current flowing through a transformer and to reduce conduction loss in a power transfer
line. Thus, total output power is shared equally for each transformer and temperature
rise in the EESS5 core is limited even under worst case.

For the resonant inductor, PQ3812 core is used. The energy stored in the
inductance is directly proportional to inductance value and current flowing through
itself. Since the temperature rise in the resonant inductor directly depends to the stored
energy, total required inductance value is divided to 8 equal parts in order to suppress
temperature rise in the core and winding.

System design specifications can be seen from Table 3.1.

Table 3.1: System design specification of the LLC resonant converter

Parameters Value
Input VVoltage Range, Vi, min~ Vinmax 340~360 V
Nominal Input Voltage, Vi nom 350 V
Output Voltage Range, V,ut min ~Vout max 200-500 V
Nominal Output Voltage, Voutnom 350 V
Maximum Output Power, Pyt max 7.5 kW
Resonant Frequency, f,eg 114 kHz

46



Based on the target system design specifications provided above, full load
condition at nominal output voltage is designed to operate at resonant frequency whose
voltage gain is close to unity. Design methodology introduced in 2" section is used in

calculations during design stage and following presents these steps respectively.

1) Determine system specifications
Vinmin, Vinmax, Voutmin, Voutmax, Vinnom and Vounom have been provided in Table

3.1. System efficiency of 98 % is targeted for this application.

2) Obtain transformer turns ratio

_ Vin,nom _ 350 _
Vout,nom 350

n is valid only when a transformer is used. In this application, as 4 same
transformers are used, the turns ratio of each transformer becomes one-fourth of

n. Turns ratios are provided in Table 3.2.

3) Define the minimum, maximum and nominal dc voltage gain of the

resonant converter

_ Vout,max _ 5.;0 —
M, = (—)n = (52)+1=147

Vin,min

Moy, = (M)n = (2)+1=10.5556

Vin,max 360

Mnom — Vin,nom — 350 —
Vout,nom 350
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Figure 3.2: Representation of dc gains

4) Calculate the effective load resistance
For the maximum load condition at nominal output voltage, maximum effective

load resistance is obtained as:

o= () (2) - () () - o2sn

5) Define resonant network component

m defined in 2" section is ratio of ( Lr + Lm ) to Lr and it is selected as 11.
Q is quality factor at maximum gain point and it is selected as 0.8. After
selecting resonant frequency of 114 kHz defined in Table 3.1, resonant network

components are obtained as:
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1

- - ~ 130 nF

C. = =
T 2nQfresRe  2%3.14%0.8¥115000%13.25

! = ! ~ 15 pH

L. = =
T (2nfres)?Cr  (2%3.14%115000)2%130~9

L,=mxL,=11x15uH = 165 pH

Ly =L, —L, =150 uH

As seen in Figure 3.1, L is divided to 8 equal parts and L is divided to 4 equal

parts. Table 3.2 shows magnitudes of the components which are used in designed

converter.

Table 3.2: Resonant network parameters of the LLC resonant converter

Parameters Value
Resonant Inductance, L,;~L,g 1.875 pH
Resonant Capacitance, C, 128 nF
Magnetizing Inductance of transformer, L,,,; ~L,4 37.5 pH
Turn ratio, n;~n, 1/4

Voltage gain curve of the system with respect to switching frequency for

various loads can be observed from Figure 3.3.

25 T T T

Voltage Gain
P
T

0.5

1 1 1

= %100 load
%80 load
%60 load
— %40 load
s 9,20 load

0 0.5 1 1.5
Frequency [Hz]

Figure 3.3: Voltage gain curve vs switching frequency
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6) Design the transformer of the resonant converter
For the resonant transformer, EE55 core is selected. Winding construction can be

seen in Figure 3.4.

€800, 9
N1 Q
ORS—p | | 636
N3 j C NG
€600 o || C e
N (366
D43
e
eonoe————

Figure 3.4: Winding construction of the transformer

In addition, LITZ Wire has been chosen to eliminate the skin effect and proximity
effect losses in conductors used in the transformer. The winding specification for each

layer is given in Figure 3.5.

9, ?
A e 0.07mmX 147MNX2N LITZ 12TS P4
7| NS 0.07mnX 14TNXIN LITZ 12TS )
| 0.07mmX 14TNX3N LITZ 3TS |
Bk 0.07mmX 14TNX3N LITZ 3TS 7
”'; N2 D.07mmX 14T NX3N LITZ 3TS ;,
A i D07mmX 147 NKIN LITZ 3TS [
| | EOEEIN | |

Figure 3.5: Winding specification of the transformer
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The layers N1-N2 and N3-N4 are primary windings and are connected in series to
achieve 6 turns number on the primary side, but each winding pair is parallel in itself.
Similar to primary windings, N5 and N6 layers are secondary windings and they are
connected in parallel to obtain 24 turns number for seconder side. Air gap length
between main parts of EE55 core that is 0.1 mm is arranged to get primer inductance

value of 150 pH. Electrical characteristics of the transformer are depicted in Figure 3.6.

Parameter Terminals Criteria

Inductance L(1,2,3,4,5-8,9,10,11,12) 37.5uH+10%
. LK(1,2,3,4,5-8,9,10,11,12)

Leakage inductance Short Other 0.65uH MAX

Figure 3.6: Electrical characteristics of the transformer

For the resonant inductor, PQ3812 core is selected and winding specification can
be seen in Figure 3.7. A total of 8 resonant inductors, each one is 1.8 pH, are used to
obtain around 15 pH inductance value in the converter. Magnetic flux flowing in air gap
between main parts of the core can cause magnetic interference resulting the EMI and
thermal problems upon the cores and the windings especially in high output power
operations [45]. In order to reduce magnetic interference, the winding should be placed
to be far from the air gap [45]. The magnitude of magnetic interference is reversely
proportional to the air gap length [45]. The gap have to be big enough as much as to

reduce electromagnetic interference [45].
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.

A N1 0.07mmX 147 NX4N LITZ 3TS
| | BOEEIN

Figure 3.7: Winding specification of the resonant inductor

3.2 Improved Soft Start Characteristics with Proposed Method

In conventional soft starting, since the switching frequency is inversely
proportional to the voltage gain of the system, it starts up with high frequency to get low
voltage gains and then the switching frequency starts to decrease progressively until
output voltage is set. This is very important to prevent the power circuit from inrush
current and overshoot of the output voltage. However, high switching frequency
operation may not be enough sometimes to suppress inrush current and voltage spikes
during start up because of fast transients, stray inductors and parasitic capacitors of
layout and devices in the circuit.

Figure 3.8-a shows the output voltage and the resonant tank current with
conventional soft start. Here, the initial value of switching frequency is 150 kHz and the
final value is 100 kHz with constant dead time of 1us. While Figure 3.8-b and Figure
3.8-c show the waveforms for transient points at switching frequency of 150 kHz and
114 kHz respectively, Figure 3.8-d shows the waveforms for steady state operation its

switching frequency of 100 kHz.
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Figure 3.8: Soft start waveforms with conventional method V;,,= 200 V, V,,,.=200
V, P,,,:=500 W
a) General view b) Waveforms @150 kHz c) Waveforms @114 kHz d)
Waveforms @100 kHz
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In proposed method, the system starts with minimum duty ratio and it rises
progressively by keeping the switching frequency constant until output voltage is
established. Since initial on time of switching components are minimum, inrush current
are not observed at start up. Soft start for both primer current and output voltage are
obtained by increasing on time of pulses progressively.

Figure 3.9-a shows the output voltage and the resonant tank current during start up
with proposed method. Here the system has constant switching frequency of 100 kHz.
Soft start is implemented by decreasing o from 5 s to 1 ps gradually. While Figure 3.9-
b and Figure 3.9-c show the waveforms at transient points, Figure 3.9-d shows the

waveforms at steady state operation.

Iprimer

&X» 100.0V/div MO §y:20.0M @ [158.838ms | BT / 30.4mv 20.0ms/div 100MS/s 10.0ns/pt
&P 10.0A/div 500 B,:20.0M 48ms | Single Seq |
@D 80.0mV/div 1MQ §,:20.0M & 10.0us | 1 acqs RL:20.0M

Auto July 27, 2018
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Figure 3.9: Soft start waveforms with proposed method V;,,= 200 V, V,,,,,=200 V,
Pyu:=1 kKW
a) General view b) Waveforms @10ms 100 kHz ¢) Waveforms @65ms 100 kHz d)
Waveforms @156ms 100 kHz
As a result, the inrush current is not observed during soft start at 1 kW load thanks
to proposed method. However excessive inrush current is observed in conventional

method even though it is tested with 500W load which is the half of the proposed

method load.
3.3 Loss Comparison of a Low Side MOSFET for Both Methods

To verify advantage of the proposed method in terms of the MOSFET losses, the
full bridge LLC resonant converter has been built based on the specification in Table
3.1 and Table 3.2. Figure 3.10 shows the experimental prototype of the converter.
Teledyne LeCroy MDA810A and Tektronix DPO 7104C oscilloscopes are used for the

measurements.
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Figure 3.10: Experimental prototype

A commercial MOSFET is selected and its associated parameters are tabulated in

Table 3.3 for both methods.

Table 3.3: The Selected Mosfet Parameters for Loss Comparison

FMW60N027S2FDHF

Parameters Value
Maximum Drain-Source Voltage 600 V
Continuous Drain Current 60 A
Turn-on time 100 ns
Turn-off time (50-100)ns
Drain-Source On-State Resistance 0.04 Q
Diode Forward On-Voltage 1.35V

Figure 3.11 shows the waveforms at output voltage of 160 V and output power of
1600 W using conventional method whose dead time of 1 us and switching frequency
of 130 kHz. Here, the drain-source and gate-source voltages of the S2 MOSFET in
Figure 3.1 and resonant tank primer current can be observed. It is denoted by Vs, Vgs ,

and lprimer respectively.
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Figure 3.11: S2 drain-source voltage, gate input voltage and primer current with
conventional method @ P,,,, =1600 W, V,,,.,=160 V, f,,=130 kHz, =1 ps

The same operating condition mentioned above is obtained thanks to proposed
method by implementing 80 kHz switching frequency with =3.2 ps. Figure 3.12 shows

the related waveforms.

o]
Iprimer

W R s L
Vgs of low side \
\

\ | MOSFET

&3 100.0mVidiv MO B,:20.0M | K s e /S 120mv 5.0psidiv  1.0GS/s 1.0ns/pt
=D s.0A/div 500 8,:20.0M |50.0n8 Preview

ETD 700.0mV/div MO §,:20.0M | 12,5 RL:50.0k
= . E Auto  July 31,2018

Figure 3.12: S2 drain-source voltage, gate input voltage and primer current with
proposed method @ P,,; =1600 W, V,,,,=160 V, f;,,=80 kHz, a=3.2us
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Test steps for both methods are same and provided in Table 3.4. In conventional
method, the « time is selected as 1 ps due to dead time requirements against cross-

conduction.

Table 3.4: Test Steps for Loss Comparison

Output Output Switching Dead
Power, Voltage, frequency, time,
Py [W] Voue[V] [swlkHz] a
Conventional
Method 1500 216 195 1us
3100 308 130 1us
7500 350 100 1us
6000 360 90 1us
5000 370 85 1us
2500 405 75 1us
1500 216 80 4.2us
Proposed 3100 308 80 3.2us
Method 7500 350 80 2.2Us
6000 360 80 1.8us
5000 370 80 1.5us
2500 405 80 900ns

Based on the test conditions given in Table 3.4, Figure 3.13 illustrates the
comparison results of the calculated losses of a low side MOSFET in the prototype by
using theoretical loss analysis characterized in Section Il for both proposed and

conventional methods.
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Figure 3.13: Loss comparison of the conventional and proposed method
a) Turn off loss vs output power
b) Turn on loss vs output power
c¢) Conduction loss vs output power
d-) Conduction loss of the body diode vs output power
e) Total loss of the MOSFET vs output power

Figure 3.13-a shows comparison of the MOSFET turn off losses, Psw,of, for two
control methods. Turn off loss is directly depend on switching frequency. While the low
output voltage levels are achieved at low switching frequency by adjusting o in
proposed method, the same voltages are produced at high switching frequencies in
conventional method. It can be clearly observed that the proposed method provides

significant reduction of switching losses of the MOSFET especially when the system

needs low output voltages.
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It can be clearly observed from Figure 3.13-b that since the LLC converter allows
ZV/S operation in conventional control method, Pswon Can be neglected. Even though
hard switching can occur with proposed method, Pswon is negligible due to operation
under low switching frequency.

In proposed method, since the converter is operated with maximum dead time
values when the low output voltage and low output power levels are required, Pcond
becomes higher compared to conventional method. Figure 3.13-c shows comparison of
it according to two methods.

Since the lgiodemean Value in conventional method is same as the values in the
proposed method at each step, Pdiodecond IS almost equal for both methods. It can be
clearly seen from Figure 3.13-d

As a result, Figure 3.13-e shows the total losses of the MOSFET at each output
power levels for two methods. From this figure, it is clearly seen that proposed method
is more efficient especially at light loads requiring low output voltages. For this
application resonant converter rated efficiency of 98 % is targeted.

In addition to, the proposed method is investigated in terms of the power factor
performance at different loads and a comparison has been made. Consequently thanks to
PFC circuit, power factor remains almost equal with both methods at same output
power levels (power factor is 0.821 with conventional method and 0.8178 with
proposed method). Figure 3.14 shows the grid voltage and current at output voltage of

170 V and output power of 1.8 kW for both methods.

64
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Figure 3.14: Measured AC waveforms
a) Measured Input Voltage and Input Current of classic control
b) Measured Input Voltage and Input Current of proposed control
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CHAPTER IV

CONCLUSION

A novel PWM control method for the full bridge LLC resonant converter
targeting a wide output voltage source for EV battery chargers has been proposed.
Based on the FHA analysis, a design methodology which evaluates the system
specifications and provides accurate values of the parameters in the resonant tank is
introduced. Characterization of the both proposed and conventional method is presented
theoretically in detail. Although the voltage gain is controlled by adjusting the switching
frequency in the classical approaches, it is also controllable with pulse width control
method in proposed approach. Thanks to this particular method, a variable voltage gain
without changing the switching frequency provided significant advantages such as
improvement of the soft start characterization and reduction of the switching losses. A
design prototype is developed for the demonstration of the idea. It is illustrated that due
to minimum on-time of the MOSFET driving signal at the start up, excessive inrush
current is suppressed during soft start compared to such adversities in conventional
methods. In order to obtain low output voltage levels, unlike the conventional method,
the proposed method ensures important loss reduction by implementing low switching
frequency via gradually increasing duty ratio for the switch devices. Loss calculations
and comparisons show that system efficiency can be better through the targeted
approach when the system operates at low output voltage levels. With the help of this
study, a more efficient and reliable resonant converter could be designed with the

proposed method which may lead the research for future applications.
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APPENDIX A

MATLAB CODE FOR PLOTTING DC VOLTAGE GAIN

% Matlab code for plotting dc voltage gain versus switching frequency curve
clear all

clc

%system specification

Vin_max=360;

Vin_min=340;

Vin_nom=350;

Vout_min=200;

Vout_max=500;

Vout_nom=350;

Pout_max=7500;

lout_max=Pout_max/Vout_nom;

Rout=Vout_nom/lout_max;

m=11,

Q=0.8;

f res=114000;

%define transformer turns ratio

n=(Vin_nom/Vout_nom);

%minimum and maximum voltage gain of the resonant network
M_nom =1,

M_max = (Vout_max/Vin_min)*n;
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M_min=(Vout_min/Vin_max)*n;

%equivalent load resistance

Rac_max=((8*n"2)/pi*2)*Rout;

%Resonant Network

Cr=1/(2*pi*Q*f_res*Rac_max);

Lr=1/((2*pi*f_res)*(2*pi*f_res)*Cr);

Lp=m*Lr;

Lm=Lp-Lr;%Lm calculation

wo=1/sqrt(Lr*Cr);

wp=1/sgrt(Lp*Cr);

f=0:50:300e3;

s=1i*2*pi.*f; % Complex s variable
Zout=Rac_max.*Lm.*s./(Rac_max+Lm.*s); % Parallel impedance in AC equivalent
circuit

Zin=Lr.*s + 1./(Cr.*s); % Series impedance in AC equivalent circuit

MM=abs(Zout./(Zin+Zout)); % DC gain

plot(f, MM) %100 load
hold on
Ro=(100/80)*Rout; %80 load

Rac=((8*n"2)/pi"2)*Ro;
Zout=Rac.*Lm.*s./(Rac+Lm.*s);
Zin=Lr.*s + 1./(Cr.*s);
MM=abs(Zout./(Zin+Zout));
plot(f, MM)

hold on
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Ro=(100/60)*Rout; %60 load
Rac=((8*n"2)/pi"2)*Ro;
Zout=Rac.*Lm.*s./(Rac+Lm.*s);
Zin=Lr.*s + 1./(Cr.*s);
MM=abs(Zout./(Zin+Zout));

plot(f, MM)

hold on

Ro=(100/40)*Rout; %40 load
Rac=((8*n"2)/pi"2)*Ro;
Zout=Rac.*Lm.*s./(Rac+Lm.*s);
Zin=Lr.*s + 1./(Cr.*s);
MM=abs(Zout./(Zin+Zout));

plot(f, MM)

hold on

Ro=(100/20)*Rout; %20 load
Rac=((8*n"2)/pi"2)*Ro;
Zout=Rac.*Lm.*s./(Rac+Lm.*s);
Zin=Lr.*s + 1./(Cr.*s);
MM=abs(Zout./(Zin+Zout));

plot(f, MM)

hold on

grid

xlabel("Frequency [Hz]")

ylabel("Voltage Gain’)

legend('%100 load','%80 load','%60 load','%40 load','%20 load')
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