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ABSTRACT

The acquisition of inductive power transfer (IPT) technology in commercial electric
vehicles (EVs) alleviates the inherent burdens of high cost, limited driving range, and long
charging time. In EV wireless charging systems using IPT technology, power electronic
converters play a vital role to reduce the size and cost, as well as to maximize the efficiency
of the overall system. Conventionally, the IPT systems utilize two power conversion stages
to generate a high-frequency primary current/voltage from low-frequency utility supply,
causing the lower power density and higher cost of the system. Recent research shows that
the use of direct AC/AC converters in the IPT systems can mitigate these limitations.
However, these topologies still have the drawbacks such as large switching component

count, poor input current quality, or complex control schemes.

In this thesis, a novel direct AC/AC active-clamped half-bridge (HB) converter for
the wireless EV IPT charging application is proposed and implemented. The proposed
converter can overcome the aforementioned limitations of the existing power converter
topologies. It offers several appealing features such as high efficiency, less component
requirement, continuous sinusoidal input current, and zero voltage switching (ZVS)
operation. Moreover, a new simple hybrid (nonlinear and linear) dual-loop control strategy
for the AC/AC active-clamped HB converter based IPT charging system is developed. It
enables the input current correction and charging current regulation in a single power
conversion stage. The performance of the proposed charging system is verified by
simulation and experimental results on a 1.0-kW prototype. The experimental verification
shows that the proposed IPT system with a peak overall efficiency of 93.4 % is more

efficient than the existing single-stage converter based IPT systems. In order to have a



knowledge foundation for the successful analysis, design and implementation of the
proposed AC/AC converter system, an active-clamped half-bridge boost inverter (HBBI)
based IPT charging system is initially studied. The ZVS operation principles, mathematical
model, design methodology, and control strategy of the active-clamped HBBI based system
are derived and developed in detail. Simulation and experimental results are given to verify

the theoretical analyses and system performance.

Keywords: AC/AC converter; active-clamped circuit; DC/AC inverter; EV charger;

inductive power transfer.



AUTHOR’S DECLARATION

| hereby declare that this thesis consists of original work of which | have authored.
This is a true copy of the thesis, including any required final revisions, as accepted by my

examiners.

| authorize the University of Ontario Institute Of Technology (Ontario Tech
University) to lend this thesis to other institutions or individuals for the purpose of scholarly
research. | further authorize University of Ontario Institute of Technology (Ontario Tech
University) to reproduce this thesis by photocopying or by other means, in total or in part,
at the request of other institutions or individuals for the purpose of scholarly research. |

understand that my thesis will be made electronically available to the public.

PHUOC SANG HUYNH




STATEMENT OF CONTRIBUTIONS

Part of the work described in Chapter 1, 2, and 3 has been published as:

[1]

[2]

P. S. Huynh, D. Ronanki, D. Vincent, and S. S. Williamson "Overview and
comparative assessment of single-phase power converter topologies of inductive

wireless charging systems,"” Energies, vol. 13, no. 9, 2020.

| performed the majority of the synthesis, testing of membrane materials, and writing

of the manuscript.

P. S. Huynh, D. Ronanki, S. S. Williamson, “Power electronics for wireless charging
of future electric vehicles” in Emerging power converters for renewable energy and

electric vehicles, CRC press. (Accepted)

| performed the majority of the synthesis, testing of membrane materials, and writing

of the manuscript.

Part of the work described in Chapter 4 and 5 has been published as:

[1]

[2]

P. S. Huynh and S. S. Williamson, "Analysis and design of soft-switching active
clamping half-bridge boost inverter for inductive wireless charging applications,”

IEEE Trans. Transport. Electrific., vol. 5, no. 4, pp. 1027-1039, Dec. 2019.

| performed the majority of the synthesis, testing of membrane materials, and writing

of the manuscript.

P. S. Huynh and S. S. Williamson, "A soft-switched active clamped half-bridge

current source inverter for wireless inductive power transfer,” 2019 IEEE Energy

Vi



Conversion Congress and Exposition (ECCE), Baltimore, MD, USA, 2019, pp. 2129-

2134.

| performed the majority of the synthesis, testing of membrane materials, and writing

of the manuscript.

Part of the work described in Chapter 6 and 7 has been published as:

[1]

[2]

P. S. Huynh, D. Ronanki, D. Vincent, and S. S. Williamson "Direct AC-AC active-
clamped half-bridge converter for inductive charging applications,” IEEE Trans.

Power Electron. (Early Access)

| performed the majority of the synthesis, testing of membrane materials, and writing

of the manuscript.

P. S. Huynh and S. S. Williamson, "An inductive power transfer system using soft-
switched AC/AC active-clamped half-bridge converter with predictive dead-beat grid
current control,” 2020 IEEE Energy Conversion Congress and Exposition (ECCE).

(Accepted)

| performed the majority of the synthesis, testing of membrane materials, and writing

of the manuscript.

vii



ACKNOWLEDGEMENTS

I would like to express my deepest gratitude to my supervisor Dr. Sheldon S.
Williamson for offering me a precious opportunity to work in his research group and learn
from him. His informative guidance, sustained support and immense encouragement have
brought me more confidence and motivation to complete my research projects. Moreover,

his kindness and friendliness make me feel at home always.

It is my great pleasure to work with talented colleagues in Smart Transportation
Electrification and Energy Research (STEER) group. | would like to thank Dr. Lalit
Patnaik, Dr. Najath Abdul Azeez, Dr. Kunwar Aditya, Dr. Siddhartha Singh, Dr.
Janamejaya Channegowda, Dr. Rishi Menon, Dr. Nimesh Vamanan, Dr. Ashutosh Trivedi,
Dr. Jaya Sai Praneeth, Dr. Deepak Ronanki, Mr. Arvind Kadam, Mr. Nabir Sidhu, Ms.
Deepa Vincent, Ms. Soma Chakraborty, Mr. David Capano, Mr. Hassan Abo-reeda, Mr.
Manjot Sidhu, Mr. Vinicius Marcis, Ms. Sandra Aragonaviles, Mr. Aporva Kelkar, and Mr.
Yashwanth Dasari. My studies and research are enjoyable with their helpful discussions,
valuable support and great friendship. My gratitude also goes out to the visiting scholars,

Mr. Ibsan Castillo and Mr. Edgar Rodrdiguez, for their help with my research and my life.

My thanks are extended to Mr. Joel Stewart from Faculty of Engineering and Applied
Science, and Ms. Shari Martin from Department of Electrical, Computer and Software

Engineering for their assistance in various administrative tasks.

Dad and Mom, | love you so much! This is the thing | would like to say to my parents
who are always behind me with never-ending love, unconditional support and huge

encouragement. In every step forward of my life, I have owed them a great debt of thanks

viii



that cannot be expressed in any words. Also, | would like to thank my younger sisters for
taking care of our parents while | am staying away from home, which helps me stay focused

on this thesis.

Finally, | thank my beloved wife, Nguyen Minh Tho, for her unlimited sharing,
support and encouragement through all the happiness and difficulties over the past years.

Her love has been a strong energy for my entire study.

This research has been supported by the Natural Sciences and Engineering Research
Council (NSERC) Canada Research Chair Program, and Ontario Trillium Scholarship

(OTS).



TABLE OF CONTENTS

AB ST R A CT ettt et e e ea e i
AUTHOR’S DECLARATION .....uiiiiiiiiiiiiiiiiiiiniiunminimnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnns v
STATEMENT OF CONTRIBUTIONS ...ttt Vi
ACKNOWLEDGEMENTS ..ottt viil
TABLE OF CONTENTS . ...ttt ettt a e e X
LIST OF TABLES. ... ..ottt e et e et e e e entbeeas XV
LIST OF FIGURES ..ottt et e s XVi
LIST OF ABBREVIATIONS ...ttt XXii
LIST OF SYMBOLS ...ttt ettt e et e e anneeeas XXV
Chapter 1. INtrOQUCTION ....veveiiie e e et e e 1
1.1 Wireless POWEr TranSTer ........cccuoiiiiiiiiieiie e 1

1.2 Necessity of Wireless Charging Systems for Electric Vehicles..................... 2

1.3 EV Wireless Charging Standards ............ccceevveeeiiieeiiiire e siee e 5

1.4 PUrpose OF the TRESIS ....c.vvveiiiie ettt 7

1.4.1 IMOTIVALIONS ...t 7

1.4.2 Research Goals and ODJECtIVES.........ccceeviireeiiii i 8

1.5 TheSIS OULINE ..o 11
Chapter 2. Background and Literature REVIEW ...........ccoveviiveiiiee i 14
2.1 Compensation NEEWOIKS .......cuvieiiie e 14

2.2 Inductive Coupling StrUCLUIE .........ccoiviieiiie e 19

2.3 Power Converter TOPOIOGIES......cvvvvie it 20

2.3.1 Dual-stage CONVEISION .......ccciuuiiieiiiiiie et 23



2.3.2 Single-stage CONVEISION .......cciuiiiiieiie e 25

2.4 PoOwer Control SChEMES .......ooiiiiiiiee e 27

2.5 SUMIMEIY .ottt ettt ettt ekttt e et e e b e e 29
Chapter 3.  Design Considerations and Comparative Assessment of Typical Single-

phase Power Converter Topologies of Inductive Wireless Electric Vehicle

Charging SYSIEMS .....cuviiiie e 31

3.1 DesSigN CONSIABIATIONS ......ccuvieieeiiieiiie ittt 31
3.2 Specifications of the IPT charging SYStEMS ........cccceiviriiiiinieiiie e 36
3.3 Performance COMPAIISON ........cuuiuiiiiieiie ittt 40
3.3.1 Input Power Factor and Input Current DIStortion.............cc.ceeevvernenne 40
3.3.2 SWILCNING SEIESS ... .vvieiiiie et et e e e e eaee e 40
3.3.3 Efficiency and Loss DiStribution ...........ccccccvveiiireeniiee e 42
3314 G0ttt 44
3.4 DISCUSSIONS ...tttk etttk bbbttt nne s 45
3.5 SUMMEIY ..t e e e e s s st r e e e e e e e e 46

Chapter 4.  Soft-switched, Active-clamped Half-bridge Boost Inverter for Inductive

Wireless Charging Applications — Operation Principles, Modeling and

D= [0 | S OPS PR OPRROTIS 48

4.1 INEFOTUCTION ..ot 48
4.2 Operation PriNCIPIES.........ccviiiiie e 51
4.3 MOAEING ANAIYSIS ....c..veieiiiie it 54
4.3.1 Nonlinear State EQUAtIONS ..........ccvvieiiiiiiie e 55
4.3.2 Harmonic Approximation and Extended Describing Functions........... 57

Xi



4.3.3 HarmONIC BalanCe ...... oo 58

4.3.4 Steady-state MOGel..........ccoooiiiii 61
4.3.5 Small-signal Model ..o 62
4.4 Design Approach for ZVS........coo i 64
4.4.1 BOOSE INAUCLOT (Li) +-veeveeiieeeieeeiee et 64
4.4.2 Mutual InduCtance (M) .......ooiuviiiieiiiie e 65
4.4.3 Primary and Secondary Self-inductance (Lp and Ls).......c.ccovvervieninenn 67
4.4.4 Primary and Secondary Compensation Capacitors (Cp and Cs)............ 68
4.4.5 Clamping Capacitor (Ci).....coiverrarieiieiieieesee st 69
A5 SUMIMAIY ...ttt ekttt e et e et e e b e 69

Chapter 5. Validation of Soft-Switched, Active-clamped Half-bridge Boost Inverter

based Inductive Wireless Charging SYStem ..........ccccevvveeviieeiiieesiiee e, 71

5.1 Hardware DeSCIIPLION .....ccvvveiiire e cie e see ettt e e e nee e enee e 71
5.2 Verification of Small-Signal Model .............coovi i 73
5.3 Output Current Controller DeSIGN .........ceevviveiiiie e 75
5.4. Verifications and DISCUSSIONS ..........cveiveiieiieiiiiesresee e 78
5.4.1 Current controller performance...........cccccvevvive e 78
5.4.2 ZNVS VETIFICALION.......oviiiiiiiiiiei s 82
5.4.3 Clamping voltage Variation.............cccccoceveiiiie i 86
5.4.4 System effiCIBNCY ......covieiiiei e 86
5.4.5 L0SS dIStIDULION........cueiiiiiiiiiiieiiec e 89
5.5 SUMMEAIY ... e a e e e e e e s e r e e e e e e e e 90

Xii



Chapter 6. Direct AC/AC Active-clamped Half-bridge Converter for Inductive

Charging APPIICALIONS .......ccviiiiiiieeiee e 91
6.1 INEFOAUCTION ...ttt 91
6.2 Circuit Configuration of the Proposed Inductive Charging System............. 92
6.3 OPeration PriNCIPIES. ........coouiiiiiiiii et 93
6.4 Mathematical Steady-state Model ............ccccooiiiiiiii 99
6.5 DESIGN PrOCEAUIE........eiiiieiiieiee et 102
6.6 SUMIMAIY ...ttt 105

Chapter 7. Control Design for Direct AC/AC Active-clamped Half-bridge Converter

Based Inductive Charging System — Operation Principles, Modeling and

D=L o | USROS 106

7.1 INEOAUCTION ... 106

7.2 Inner Current Control LOOP.......ccvuveiiireiiii e e e see e see e 107

7.3 Outer Current Control LOOP ......ccviveiiiee e 110

7.4 Verifications and DiSCUSSIONS ........ccveiviiieiieiieiieie e 113

7.5 SUMIMATY ..ttt ettt e e e e e s s bbbt e e e e e e s s et bbb e e e e e e e e e s ans 126
Chapter 8.  Conclusions and FUture WOrK ............coooieiiieiiin e 128
8.1 CONCIUSIONS ...t 128

8.2 FULUIE WOTK ..o 132

Appendix A. Modelling Equation Derivation of Active-clamped Half-bridge Boost

Inverter Based IPT Charging SYStem.........ccocevviveiiiie i, 134
A.1 Basic Taylor’s Series Expansion EQUAtIONS...........ccccoevveeviiieiiieeniieenne, 134
A.2 Linearization of Nonlinear EQUatiONS............ccccvvveeiviiiic e, 134

Xiii



A.3 Steady-State Model EQUALIONS.............cooviiiieriieiieeieiee e 136

A.4 Small-Signal Model EQUALIONS ..........cccoiiiiiiiiiieieeeeee e 137

Appendix B.

Appendix C.

Appendix D.

Appendix E.

Appendix F.

Appendix G.

Appendix H.

Bibliography

Detailed Parameter Calculation of 1.0-kW Active-clamped Half-bridge
Boost Inverter based Inductive Wireless Charger ..........cccooevveiieinnene, 139
All-switch ZVS Operation of Direct AC/AC Active-clamped Half-bridge
Converter Based Inductive Wireless Charger ..........cccccooveviiinieniiennn, 144
Detailed Parameter Calculation of 1.0-kW Direct AC/AC Active-clamped
Half-bridge Converter Based Inductive Wireless Charger ...................... 148
Duty Cycle—to—Input Current Transfer Function Derivation of Direct AC/AC

Active-clamped Half-bridge Converter Based Inductive Wireless Charger

LO00] 01 V/=1 o (=] ST 159
PUBTICALIONS ... et 160
.............................................................................................................. 163

Xiv



LIST OF TABLES

Table 1.1: WPT power classifications for light duty vehicles .............ccccooiiiiiiiiiininn, 6
Table 1.2: Interoperability DY POWET ClaSS.........c.cooiviiiiiiiei 7
Table 1.3: Z-Classes SPECITICATIONS .........civiiiiiiiiieiii e 7
Table 2.1: Design summary of compensation topologies [54]. .....cccovviiiiiiiiiiiiiieee 18

Table 2.2: Compatibility of power conversion topologies and control schemes of the IPT

)Y 1(=] 11 PP PUPRRT PRI 30
Table 3.1: Power conversion topologies and control schemes of the IPT systems........... 35
Table 3.2: Specifications of IPT charging SYStEMS .........cccuveriiiiieiiieiiee e 36
Table 3.3: Main components of power CONVErsion StAgeS.........cccvvervreeriueeerieeesiineesiienens 37
Table 5.1: IPT charging system SpPecCifiCations............cocvveiiireiiiie e 73
Table 5.2: Comparison of various IPT SYSTEMS .........ccoivreiiire e cee s see e 88
Table 7.1: Charging system SPeCIfiCations ...........cccvveiiireiiiie e 115
Table 7.2: Comparison of various single-stage converter based IPT systems................ 121

Table B.1: Component specifications of the 1.0-kW active-clamped HBBI based IPT
(010 T 0 T PSSR PRSTRROPRS 143

Table D.1: Component specifications of the 1.0-kW AC/AC active-clamped HB converter

DASEA IPT CRAIQEN ... et e e sre e et e e anee e 150
Table F.1: Classification of IEC 61000-3-2...........cccuiiuiiiiiieiiaiiaiesie e 155
Table F.2: Current harmonic limits for class A equipment .............cccccovvieeviieeiiiee e, 156
Table F.3: Current harmonic limits for class B equipment............ccccoveeviveeviieeiiieeeee, 157
Table F.4: Current harmonic limits for class C equipment...........cccccovviveeniiiinee v, 158
Table F.5: Current harmonic limits for class D equipment ..........ccccccvvvveeiiiiieee i, 158

XV



LIST OF FIGURES

Figure 1.1: GHG emissions of the economic sectors in Canada in 2017. ............cccoovevenenn 3
Figure 2.1: Inductive coupler. (a) Electric circuit, (b) Equivalent T-circuit model, and (c)
Equivalent mutual inductance MOdel............cooviiiiiiieii e 15
Figure 2.2: Basic compensation topologies for IPT. (a) SS, (b) SP, (c) PP, and (d) PS....17
Figure 2.4: Polarized planar couplers. (a) DD, (b) DD-Q, and (c) Bipolar. ..................... 20

Figure 2.3: Non-polarized planar couplers. (a) Circular, (b) Rectangular, and (c) Square.

Figure 2.5: Configuration of EV IPT systems with (a) Dual-stage power conversion and
(b) Single-Stage POWET CONVETSION. ......ciuvieiieeiiieiiie ettt ettt 22
Figure 2.6: Classification of front-end converter topologies for IPT applications. ......... 22
Figure 2.8: Voltage-source inverter topologies. (a) Buck, (b) Half-bridge, and (c) Full-
0] T o 1= SR TRR 24
Figure 2.7: Current-source inverter topologies. (a) Push-pull, (b) Half-bridge, and (c) Full-
0] T o 1= TSR 23
Figure 2.9: Compatibility between inverter types and primary compensation circuits in IPT
)T (=] 11T OO P PPPPR TP 25
Figure 2.10: Buck-derived MCs. (a) Buck, (b) Half-bridge, and (c) Full-bridge. ............ 26

Figure 2.11: (a) Boost-derived MC, and (b) FB VSI-integrated bridgeless boost converter.

Figure 2.12: Classification of power control schemes for IPT applications. ................... 28
Figure 3.1: IPT charging system fed by dual-stage power converter (PFC and FB VSI). 32

Figure 3.2: IPT charging system fed by buck-derived FBMC.............cccccovveeiiiiineen i, 33

XVi



Figure 3.3: IPT charging system fed by boost-derived FBMC. ...........cccccooviviiiiiiinennnn. 34
Figure 3.4: Simulation waveforms of IPT charging systems fed by dual-stage converter
with the horizontal magnification of the high-frequency signals (vp, ip, Vs, and is)........... 38
Figure 3.6: Simulation waveforms of IPT charging systems fed by boost-derived FBMC
with the horizontal magnification of the high-frequency signals (iip, Vp, ip, Vs, and is)......39
Figure 3.5: Simulation waveforms of IPT charging systems fed by buck-derived FBMC

with the horizontal magnification of the high-frequency signals (ii, vp, ip, Vs, and is). ......39

Figure 3.7: Total harmonic distortion (THD) of grid CUITent. .........cccccovvvviienieineeiienne, 40
Figure 3.8: Switching stresses. (a) Current stress, and (b) Voltage stress. ..........ccceeueeee. 41
Figure 3.9: Power-conversion-stage effiCIeNCY.........cccovuiiiieiiieiiieie e 42

Figure 3.10: Loss distribution. (a) Dual-stage topology, (b) Buck-derived FBMC, and (c)
BOOSE-AEriVed FBIMC.......ooiiiiiieiii ettt 43

Figure 3.11: Component cost structure of the charging system excluding inductive coupling

coils and compensation NEEWOTKS. ..........cccuireiiiie e 45
Figure 3.12: Comparison summary of the dual-stage and single-stage IPT systems. ....... 46
Figure 4.1: Active-clamped HBBI based SS-IPT charging system. .........ccccccoevvevivirennnen. 50

Figure 4.2: Steady-state waveforms of the active-clamped HBBI based SS-IPT charging
VA1 (=] 1 OO PPPP TP 52
Figure 4.3: Circuit states of the operation modes during one switching cycle. ................ 53

Figure 4.4: Equivalent circuits. (a) Inversion stage, (b) Resonant inductive coupling, and

(C) RECHTICALION STAQGE. ....vvve ettt et e e aee e 55
Figure 4.5: Key waveforms of the primary InVerter. .........ccccovvveeiviiiie i 66
Figure 5.1: EXperimental SELUP. .....ccvviiieiiiiiee ettt 72

Xvii



Figure 5.2: Bode plots at D =0.34 and V, = 72 V (Simulation results). (a) Duty cycle—to—
output current. (b) Duty cycle—to—output VOItAge. ........c.covvvveiiiiiiiiii e 74

Figure 5.3: Bode plots at D =0.34 and V, = 72 V (Simulation results). (a) Duty cycle—to—

output current. (b) Duty cycle—to—output VOItAgE. .........evvvvvveiiiieeciie e 75
Figure 5.4: Block diagram of the current control 100p. ........ccccceiiiiiiiiiic 76
Figure 5.5: Timing diagram of current sampling and duty cycle update.......................... 76
Figure 5.6: Bode plots of the current control [00p. ........c.oooviiiiiiii 78

Figure 5.7: Steady-state waveforms at Vi = 150 V, Vb, =72 V and |, = 14 A (Experimental
results). (a) Input voltage, input current, primary voltage and primary current. (b) Battery
voltage, battery current, secondary voltage and secondary CUrrent............cccccvevvvveervnnnn. 79
Figure 5.8: Dynamic response with reference current step change (Experiment results). (a)
From8 Ato 14 A. (D) From 14 A0 10 A oot 80
Figure 5.9: Dynamic response with battery voltage step change (Experiment results). (a)
From58 V10 72 V. (D) FFOM 72 V10 58 V. .eeeiiiie e 81
Figure 5.10: Dynamic response with battery voltage linear increase from 58 V to 72V at
lo =14 A (EXPEriment FESUILS). ..oeivieeiiiee ettt 82
Figure 5.11: ZVS operation region of the converter with different mutual inductance
(Calculation results). (@ M =18 uH. (b)) M=15puH. (C) M =12 uH....ccocoiiiiiiieee, 83
Figure 5.12: Experimental waveforms validating the ZVS operation of the inverter at
nominal mutual inductance M = 15 uH. () Vb =58 V and I, = 14 A. (b) Vb =72 V and I,
=14A. () Vo=80Vand lo=8A. (d) Vo =88V and lo =4 A...oovevereeeeeeeeeeeereerennnn, 84
Figure 5.13: Experimental waveforms validating the ZVS operation of the inverter at M =

12 uH, Vo =46 V, and lo = 14. A oo 85

Xviil



Figure 5.14: Experimental waveforms validating the ZVS operation of the inverter at M =
1B UH, Vo =64V and lo = 14 A oottt 85
Figure 5.15: Average voltage and voltage ripple across clamping capacitor (Calculation
and experimental rESUILS). ........cuioiiiiie e 86
Figure 5.16: Measured efficiency curves of the designed system at different mutual
inductance values (Experimental reSUItS). .........occoiiiiiiiii i 87
Figure 5.17: Measured efficiency curves of ZVS-designed and non-ZVS-designed systems
(EXPErimental FESUIS). .......cueiieiiie e 87
Figure 5.18: Loss distribution of the designed system at different battery voltages and
output currents (SIMUIALION rESUILS). ......cvviiiiiiieiie e 89
Figure 6.1: Proposed inductive charging system fed by the direct AC/AC active-clamped
HB CONVEITET . ..t e e e s 93
Figure 6.2: One-switching-cycle steady-state operating waveforms of the proposed
inductive charging SYStemM at Vi > 0 .....cociiiiiiiec e 94
Figure 6.3: One-switching-cycle steady-state operating waveforms of the proposed
inductive charging SYStemM at Vi < O ....ocociiiiiiie e 95

Figure 6.4: Operation modes of the proposed inductive charging system in one switching

CYCIE AL Vi > 0.ttt et et a e e e ara e 98
Figure 6.5: Equivalent circuit of the charging SyStem. ..........cccceevviiiiie i, 100
Figure 7.1: Control block diagram. ............cccvveiiiiiiiie e 107
Figure 7.2: Triangle modulation waveforms and sampling instants of input current. ....108
Figure 7.3: Block diagram of the exponential moving average IIR filter...................... 112
Figure 7.4: EXperimental PrototyPe. ......ccoiiiiie ettt 114

XiX



Figure 7.5: Experimental steady-state waveforms of the charging system at (a) V, = 250 V
and lb =4 A, and (D) Vo =250V and o = 2 A. oo 116
Figure 7.6: Analytical and experimental comparison of clamping voltage over half line
voltage (Calculation and experimental reSultS). ...........ccooiiiiiiiienii e 117
Figure 7.7: Experimental waveforms validating the ZVS of the AC/AC converter and
FECTITIEN. ..ottt ettt ettt ennee s 117
Figure 7.8: Dynamic response of the proposed charging system under the average battery
current command step change from 4 Ato 2 A at Vp = 250 V (Experimental results). ..118
Figure 7.9: Dynamic response of the charging system under the battery voltage step change
from 200 V to 250 V at Ip = 4 A (Experimental results). .........ccccovvviiiiniieniieiiein, 118
Figure 7.10: Input current THD and system efficiency at different charging currents
(EXPErimental FESUILS)........eeiiiee ettt e e e e e e e e anneee s 119
Figure 7.11: Input current harmonic contents at (a) Vb =250 V and I, =4 A, and (b) V =
250 V and Ip =2 A (EXPeriment reSUltS). .......c.eeovvveiiiie i 120
Figure 7.12: Loss distribution of the proposed charging system (Simulation results). ...121
Figure 7.13: Simulation steady-state waveforms in the charging system when M decreases
DY B000. +veveeeeeeeeeeeeeeeee et ettt ettt ettt ettt et ettt ettt 123
Figure 7.14: Simulation steady-state waveforms in the charging system (a) when C,
increases by 5%, and (b) when Cp decreased DY 5%0. .......cooovvviieiiiiiiiiiiee e 124
Figure 7.15: Simulation steady-state waveforms in the charging system (a) when Cs
increases by 20%, and (b) when Cs decreased by 20%. .........ccccocoveeiieeeiiiie e, 125
Figure 7.16: Loss distribution at the different conditions of tuning and misalignment

(SIMIALION TESUILS)....eveee et e e s e e e s eraeae e 126

XX



Figure C.1: Key operating waveforms on the primary Side. .........cccccooveviieeniiee e, 145
Figure C.2: All-switch ZVS operation region of the charging system at 8= 60°, V, = 250
V and Iy = 3.5 A during the positive half line cycle. .........cccoooiiiiiii, 145
Figure C.3: Simulation waveforms of ZVS verification at 6= 60° V, =250 V and I = 3.5
A. (a) ot =1.8rad. (D) @t = 73 1A, ....ooiiiiiie 147
Figure E.1: (a) Equivalent circuit of AC/AC conversion stage, and (b) Its typical
waveforms over the positive half line cycle. ..., 152

Figure G.1: Schematic diagram of the direct AC/AC active-clamped half-bridge converter.

Figure G.2: PCB layout of the direct AC/AC active-clamped half-bridge converter. ....159

XXi



LIST OF ABBREVIATIONS

AC

APT

CC

CC-CVv

CPT

CSlI

DC

DCM

EDF

EMF

EMI

EV

FB

FBMC

G2v

GA

GHG

Alternating current

Acoustic power transfer

Capacitor-capacitor

Constant-current constant-voltage

Capacitive power transfer

Current-source inverter

Direct current

Discontinuous conduction mode

Extended describing function

Electromagnetic field

Electromagnetic interference

Electric vehicle

Full-bridge

Full-bridge matrix converter

Gird-to-vehicle

Ground assembly

Greenhouse gas

XXii



HB

HBBI

ICE

IR

IPT

LCCL

LCL

MC

MCC

MPET

MPPT

OPT

PCB

PFC

PP

PS

PV

PWM

Half-bridge

Half-bridge boost inverter

Internal combustion engine

Infinite impulse response

Inductive power transfer

Inductor-capacitor-capacitor-inductor

Inductor-capacitor-inductor

Matrix converter

Multi-step constant-current

Maximum efficiency point tracking

Maximum power point tracking

Optical power transfer

Printed circuit board

Power factor correction

Parallel-parallel

Parallel-series

Photovoltaic

Pulse-width modulation

XXiil



RFPT Radio frequency power transfer

RHP Right-hand-plane

SAE The Society of Automotive Engineers
SiC MOSFET Silicon-carbide metal-oxide-field-effect transistor
SP Series-parallel

SS Series-series

THD Total harmonic distortion

V2G Vehicle-to-grid

VA Volt-amp

VSI Voltage-source inverter

WPT Wireless power transfer

ZCS Zero current switching

ZVS Zero voltage switching

XXIV



LIST OF SYMBOLS

Chapter 2

PL

RL

Is

VLp

Zeq
Zp
Zs
Zy
Chapter 3
Cac
Cq
Co

Cp

Efficiency

Primary current

Secondary current

Primary inductance

Secondary inductance

Mutual inductance

Output power

AC load resistance.

Internal resistance of primary coil
Internal resistance of secondary coil
Voltage across the primary coil
Angular frequency of vip

Reflected impedance from the secondary side to primary side
Primary coil impedance

Secondary equivalent impedance

Total impedance seen from the primary side end

DC-link capacitor
Grid filter capacitor
Output filter capacitor

Primary compensation capacitor in SS compensation network

XXV



Cop Parallel capacitor of parallel-series CC compensation network

Chs Series capacitor of parallel-series CC compensation network
Cs Secondary compensation capacitor in SS compensation network
Dp Duty cycle of primary voltage

fs Switching frequency

k Coupling coefficient

Lg Grid filter inductor

Li Boost inductor of PFC

Lp Primary inductance

Ls Secondary inductance

M Mutual inductance

Po Output power

Vb Battery voltage

Vic DC-link voltage

Vg RMS value of grid voltage

Vp Primary voltage

Vs Secondary voltage

s Angular switching frequency

Chapter 4 and 5

Ci Clamping capacitor

Co Output filter capacitor

Coss1, Coss2 Output capacitors of upper and lower switches
Cop Primary compensation capacitor

Cs Secondary compensation capacitor

XXVIi



D Duty cycle of HBBI

AlLi Input current ripple

AVci Clamping voltage ripple

fs Switching frequency

n Efficiency

ici Clamping capacitor current
ILi Input current

lo Output current

ip Primary current

Is Secondary current

k Coupling coefficient

Li Boost inductor of PFC

Lp Primary inductance

Ls Secondary inductance

M Mutual inductance

Po Output power

Qs Secondary quality factor

I'b Internal battery resistance
td Dead time

Vb Battery voltage

Vei Clamping voltage

Vep Primary compensation capacitor voltage
Ves Secondary compensation capacitor voltage
Vi Input voltage

Vo Output voltage

Vp Primary voltage

Vs Secondary voltage

XXVil



Zeq

Chapter 6 and 7
Ci
Co
Cp
Cs
Alm
dp
Dpm
ds
AVc
fs

Po

Ts

Angular primary resonant frequency
Angular switching frequency

Reflected impedance from the secondary side to primary side

Clamping capacitor

Output filter capacitor

Primary compensation capacitor

Secondary compensation capacitor

Maximum input current ripple

Duty cycle of active-clamped AC/AC converter
Minimum duty cycle of active-clamped AC/AC converter
Duty cycle of secondary rectifier

Maximum clamping voltage ripple

Switching frequency

Efficiency

Battery current

Input current of active-clamped AC/AC converter
Peak input current

Primary current

Secondary current

Input inductor

Primary inductance

Secondary inductance
Mutual inductance
Output power

Phase displacement between primary and secondary voltage

Switching period

XXViil



Vb Battery voltage

VCi Clamping voltage

Vem Peak clamping voltage

Vi Input voltage of active-clamped AC/AC converter
Vm Peak input voltage

Vp Primary voltage

Vs Secondary voltage

s Angular switching frequency

XXIX



Chapter 1. Introduction

1.1 Wireless Power Transfer

Wireless power transfer (WPT) enabling transferring energy from a source to a load
without electrical contact has been extensively studied and successfully demonstrated
using various techniques namely acoustic power transfer (APT) [1, 2], radio frequency
power transfer (RFPT) [3, 4], optical power transfer (OPT) [5, 6], capacitive power transfer
(CPT) [7], and inductive power transfer (IPT) [8]. The WPT techniques are differentiated
based on their power transfer medium; however, their system configuration is similar. It
basically comprises a power source, a load, a coupler, and primary/secondary electronic
circuits. The WPT systems can be powered by a utility AC or DC supply, and their loads
vary from AC to DC depending on different applications. For example, an induction-
heating load is AC, whereas a wireless battery charging system has a DC load. The WPT
coupler including a transmitter and a receiver is different for different WPT technologies.
The couplers of the APT, RFPT and OPT systems are Piezo transducers, antenna/rectenna,
and laser diode/photovoltaic diode, respectively. For the CPT and IPT systems, their
mutual couplings are formed by metal plates and inductive coils, respectively. The primary
and secondary electronic circuits are usually composed of power electronic converters
(inverters, rectifiers, and DC/DC converters...) and compensators. In the CPT and IPT
systems, the compensators are LC circuits which play an important role in achieving
reactive power compensation, unity power factor, low volt-amp (VA) rating, low
electromagnetic interference (EMI), high power transfer capability, and high efficiency [9-
11]. The compensators in the RFPT systems are the RF resonant circuits or filters, while

the DC filters or current balancing circuits are the compensators in the OPT systems.
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Among aforementioned WPT technologies, the IPT technology has been recognized
in many applications such as implantable devices [12-14], home appliances [15, 16], and
mobile phones [17, 18]. Especially, it has been proven that the IPT technology is the most
suitable for the EV charging applications where the output power is from few to several
Kilowatts, and the air gap varies from a few centimeters to a few meters [19, 20]. Recently,
researchers and engineers have been fitting the outcomes of the IPT to the EV battery
charging systems in various commercial products (Witricity [21], Qualcomm [22],
Evatran/Plugless Power [23], Brusa [24], and Momentum Dynamics [25], etc.) and
standards [26-29]. The EV charging systems using the IPT technology are focused in this

thesis.

1.2 Necessity of Wireless Charging Systems for Electric Vehicles

Vehicular emissions across the globe are rapidly increasing, contributing a
significant portion of global greenhouse gas (GHG) emissions, and causing the climate
change. In Canada, the transportation sector was the second largest source of the GHG
emissions, occupying 24.3% (equivalent 174 megatons (Mt) of carbon dioxide) of the total
emissions in 2017 [30], as shown in Figure 1.1. Alternative to conventional internal
combustion engine (ICE) vehicles, the EVs can be considered as a promising solution to
reduce the emissions in transportation [31]. In the recent year, the wide adoption of the
renewable energy sources in power production has been even making the EVs gain more
attentions due to possible zero-emission achievement [32, 33]. In March 2019, one of
globally leading EV manufacturers, Nissan, reported that its Nissan Leaf owners
worldwide achieved the mileage of over 10 billion kilometers, and saved 3.8 million barrels

of oil per year since 2010 [34].
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Figure 1.1: GHG emissions of the economic sectors in Canada in 2017.

In order to achieve a greater commercial success for the EVs, their main inherent
drawbacks such as bulky and costly energy storage unit, and long charging time must be
addressed. The primary energy source of the EVs is the battery that should have high
energy and power density, reliability, safety, and long lifespan. Although the lithium-ion
batteries with the high energy density (100-265 Wh/kg) and power density (250-340 W/kg)
are being commonly used in the EVSs, the battery packs are still significantly heavy and
cumbersome [35]. For instance, the 24-kWh battery pack of Nissan Leaf is around 200 kg,
and the 85-kWh battery pack of Tesla Model S weighs 540 kg. Moreover, the high cost of
the battery packs, approximately $180/kWh - $350/kWh, makes the EVs less affordable
compared to the conventional ICE counterparts. Constantly, the driving range of the EVs
has been extended. Modern electric cars such as Chevrolet Bolt, Kia Niro EV, and Hyundai
Kona Electric offer the range of nearly 250 miles on a single charge; even Tesla Model S
can achieve 370-mile range, which is comparable to the gasoline vehicles. Nevertheless,
recharging the EVs usually takes from an hour to several hours depending on the how full
the battery pack is and the type of chargers that is used. It is much longer than refueling the

gasoline vehicles, which takes only few minutes. For example, it takes four hours to charge
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the 24-kWh battery pack of the Nissan Leaf from empty to full with a Level-2 home charger

(7.7 kW). In addition, EV charging stations are not as widely accessible as gas stations.

Wireless chargers using IPT technology can mitigate the aforementioned issues [19,
36-43]. With the fully-automated wireless chargers, the EVs can obtain more opportunity
charging, which allows charging the EVs little and often during the day when they are not
employed [44]. As a result, the deep discharge on the battery can be avoided with the EVs’
driving range extension [45]. Moreover, a 20-percent reduction of the battery capacity
requirement can be achieved through the opportunity charging techniques, which
consequently reduces the weight and price of the EVs [46]. The wireless chargers can be
deployed in residential garages, and office/service/shopping center parking lots for static
wireless charging [47], or they can be placed at bus stops, taxi ranks, and traffic lights to
implement quasi-dynamic wireless charging [48, 49]. Moreover, dynamic wireless
charging systems can be installed on the roads to constantly charge the EVs, in turn to
extend the driving range and reduce the battery volume of the wvehicles [50-52].
Additionally, the wireless chargers are safe and convenient because they have inherent
galvanic isolation, and enable WPT via an air gap between the power source and the
vehicles without any direct electrical contacts. As a result of that, long electric cables
between the charging points and the vehicles are removed in the wireless chargers, which
eliminates the drawbacks of the conventional plug-in chargers, e.g., plug-in failure,
tripping hazards, and the risk of electrocution due to aging or eroded cables/connectors
[42]. Last but not least, the wireless charging process is not unaffected by hostile
environment because the power transfer takes place through an electromagnetic link where

the transmitting pad can be buried underground. Consequently, the wireless chargers are



safe in extreme weather conditions such as rain or snow, and require less maintenance or

replacement [36, 53].

Compared to the conventional conductive charging systems, the main drawback of
the wireless charging systems is the high initial investment in the infrastructure including
road construction, installation work, constituent materials and components, etc. However,
this high initial cost can be significantly reduced by optimizing design and planning for the
charging infrastructure (number and locations of wireless chargers, power level, and
transmitter length) [54]. Additionally, this large initial cost can be compensated by the

battery size reduction and driving range extension [55].

1.3 EV Wireless Charging Standards

Recently, SAE J2954 [26], IEC 61980 [28], and ISO 19363 [29] are available
standards for the EV wireless charging application, and they have many common points.
In this thesis, the wireless charging prototypes are designed following the standard SAE
J2954. The standard SAE J2954 is established by the Society of Automotive Engineers
(SAE), a global association based in the United States. Its essential role is to develop
international standards for industry, especially in the transportation sector. It has recently
involved over 128,000 global members who are engineers and experts in the aerospace,
automotive and commercial vehicle areas. The standard SAE J2954 is developed to define
criteria for interoperability, electromagnetic compatibility, electromagnetic field (EMF),

minimum performance, safety, and testing for static wireless charging of light-duty EVs.

Table 1.1 shows the power classes, operating frequency and efficiency performance
targets of the WPT systems specified in the SAE J2954. As can be seen from Table 1.1,

four WPT classes are defined based on the maximum input VA drawn from the grid by the
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primary side/ground assembly (GA) electronics. The input real power depends on the input
power factor, while the output power depends on the efficiency of the system. The SAE
J2954 also specifies that the WPT systems should be operated at a single nominal frequency
of 85 kHz. However, for the WPT systems using frequency control to compensate system
variations, their operating frequency must be in the band of 81.38 to 90.00 kHz. The
interoperability requirements among the WPT classes are shown in Table 1.2. It can be
explained that the primary and secondary coils of the WPT 1 and WPT 2 systems are
necessarily compatible, whereas the WPT 3 primary coils must be compatible with the
WPT 2 secondary coils. There are no interoperability requirements for the WPT 4 coils.
Another important specification of the WPT systems is the air gap between the primary
and secondary coils. Although it is not exactly specified in SAE J2954, but can be estimated
from the Z classification which is defined based on the secondary or vehicle assembly coil

ground clearance, as shown in Table 1.3.

In this thesis, the developed wireless charging prototypes comply with SAE J2954 in
terms of operating frequency (85 kHz), coil air gap (Z2), and efficiency (> 93%). Although
their output power is only 1.0 kW, it can be scaled up to the power levels specified in SAE

J2954.

Table 1.1: WPT power classifications for light duty vehicles

WPT power classes 1 2 3 4
Maximum AC input power (KVA) 3.7 7.7 11.1 29
Minimum target efficiency at nominal alignment (%) >85 >85 >85 Tpgp
Minimum target efficiency at offset position (%) >80 >80 >80 TBD
Operating frequency (kHz) 81.38 — 90 (typical 85)




Table 1.2: Interoperability by power class

Secondary coils WPT classes
Primary coils WPT 1 WPT 2 WPT 3 WPT 4
WPT 1 Required | Required | Optional | Optional
WPT 2 Required | Required | Optional | Optional
WPT classes
WPT 3 Optional | Required | Required | Optional
WPT 4 Optional | Optional Optional | Required

Table 1.3: Z-classes specifications

VA coil ground clearance range

Z-class
(mm)
Z1 100 - 150
Z2 140 - 210
Z3 170 - 250

1.4 Purpose of the Thesis

1.4.1 Motivations

In recent years, the wireless EV charging systems via the IPT technology have been

intensively studied, and their performance has been continuously improved. However,

those systems have still needed further improvements regarding cost, deployment,

efficiency, infrastructure, interoperability, and magnetic field emissions before gaining

wide commercial acceptance. The research aspects of the IPT systems are 1) Power

converters 2) Inductive coil design, 3) Compensation network topologies, 4) Control

system, 5) EMI shielding methods, and 6) Communication.



Power electronic converters play a vital role in the IPT-based EV charging systems
regarding maximizing the system efficiency, power density, and cost-effectiveness.
Nowadays, most IPT systems are directly supplied from the mains, thus a front-end AC/DC
rectifier and an inverter are required to generate a high-frequency current/voltage exciting
the IPT systems. Those power supply topologies take large installation space and may
unnecessarily increase cost. It is desirable but challenging to design structurally simple and
compact power supplies with high performance. Some power-conversion-stage-reduction
topologies have been proposed for the IPT charging systems to alleviate the limitations, as
presented in Chapter 2 and 3. However, they still have drawbacks, e.g., large switching
component count, discontinuous input current leading to a bulky input filter, or high control
complexity. These issues are the main motivations of this thesis to develop a new single-
stage AC/AC converter that has high efficiency, simple structure, low component count,
and low control complexity to improve the overall performance of the IPT charging

systems.

1.4.2 Research Goals and Objectives

Many review studies including charging standards, coil structures, power converters,
and compensation networks for both static and dynamic wireless charging have been
reported in the literature [40, 42, 43, 53, 56-59]. However, design considerations and
comparative analysis focusing on the power converter topologies for the wireless charging
systems have not been discussed in detail. This thesis initially aims to fill this gap by
providing the detailed design procedure of the widely used dual-stage and single-stage
power conversion topologies in the IPT charging application. Then a comprehensive

comparison of their performance is presented to provide a deeper understanding of their



properties and constraints, which is useful for engineers to design better IPT charging
systems. Consequently, by considering the limitations of the existing power converter
topologies, a novel direct AC/AC active-clamped half-bridge converter with several
benefits such as less component requirement, high-quality input current, and low control
complexity is developed and implemented in this thesis. Before exploring the proposed
AC/AC converter, an active-clamped HBBI based IPT charging system has been
investigated with operation principles, modeling, design methodology and control strategy

to create a foundation for analysing the proposed AC/AC converter system.

Review, design and comparative assessment of the existing power supply
converter topologies for the EV IPT charging systems. An extensive overview of single-
phase power conversion topologies employed in the EV wireless charging applications is
presented. Then, the design procedure and performance comparison of the common
topologies including conventional dual-stage (power factor correction (PFC) and full-
bridge voltage-source inverter (FB VSI)), single-stage buck-derived full-bridge matrix
converter (FBMC), and single-stage boost-derived FBMC are provided. The comparison
involves the input power factor, input current distortion, power losses, switching stress,
and normalized cost, while taking into account the requirements of Standard J2954. It
concludes that the buck-derived FBMC surpasses the other counterparts with the
advantages of high efficiency, less component count and cost reduction. On the other hand,
the conventional dual-stage topology has the low stress on switching devices, and
maintains a comparable efficiency over wide load range. Although the single-stage
converter topologies have the advantage of the DC-link capacitor removal and cost

reduction, they still require many active switches and complex control schemes. A novel



direct AC/AC active-clamped HB converter is proposed in this thesis will address these

issues.

Analysis, design, and control of soft-switched, active-clamped HBBI for the IPT
charging system. A comprehensive investigation on the IPT charging system fed by the
active-clamped HBBI is realized. Firstly, the ZVS operation principles of the active-
clamped HBBI in the IPT charging system are presented. Then, both the steady-state model
and the small-signal model are correctly derived using the extended describing function
(EDF) method. The derived steady-state model is employed to develop a new design
approach to achieve zero-voltage switching (ZVS) for the inverter. The proposed ZVS
design methodology enables not only reducing switching losses but also avoiding
bifurcation. The dynamic behavior of the system is investigated based on the derived small-
signal model, and then a digital controller is designed to regulate the charging current.
Simulation and experimental results on a 1.0-kW laboratory prototype are provided to
verify the accuracy of the theoretical analyses. Also, the experimental results demonstrate
that the developed controller can effectively regulate the charging current with a fast
response and no steady-state errors, and the inverter can achieve ZVS over a wide variation
of the charging current and the battery voltage. The hardware prototype achieves a peak

DC-to-DC efficiency of 93.4% at a 170-mm air gap.

Analysis, design, and control of direct AC/AC active-clamped half-bridge
converter for the IPT charging system. A new direct AC/AC active-clamped half-bridge
converter feeding the IPT charging system is proposed. The proposed converter eliminates
the rectification stage, resulting in an actual single-stage (AC-to-AC) conversion with less

the number of switching devices. Furthermore, it avoids the use of bulky life-limited
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electrolytic DC-link capacitors. Based on the analyses on active-clamped HBBI for the IPT
charging system, the operation principles, steady-state model, and design considerations of
the proposed AC/AC converter are explored. Moreover, a new hybrid control scheme
combining a predictive dead-beat controller for grid current correction and a linear average
charging current controller is developed for the proposed converter. It enables the power
factor correction and charging current regulation in a single conversion stage. The
performance of the proposed IPT charger is validated through simulation and experimental
results on a 1.0-kW laboratory prototype. It is observed that the battery charging current is
effectively controlled, and the unity power factor is obtained under the variation of the
charging current command, the battery voltage, mutual inductance, compensation
capacitors. The input current harmonic content complies with the IEC 61000-3-2 Class A
standard. Due to single-stage-power-conversion and soft-switching features, the proposed
charging system achieve the maximum overall (AC-to-DC) efficiency of 93.4 %, which is
higher than that of the dual-stage converter based and single-stage converter based IPT

systems reported in literature.

1.5 Thesis Outline

Chapter 1: It includes an overview of the WPT technologies, the reasons of adopting
wireless IPT charging for the EVs, and the basic specifications of the static wireless EV
charging systems defined in the Standard SAE J2954. The statements of the main research

motivations, goals and objectives are also presented in this chapter.

Chapter 2: It provides an overview of the structure of the IPT systems. The
compensation networks, inductive coupling structures, power converter topologies and

control strategies of the IPT systems are reviewed.
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Chapter 3: It describes the design considerations and comprehensive simulation
assessment of the conventional dual-stage (PFC+VSI) topology and the single-stage
counterparts including the buck-derived FBMC and boost-derived FBMC in the EV IPT

charging application.

Chapter 4: The theoretical background of the proposed AC/AC active-clamped half-
bridge converter is initially established through an investigation on the active-clamped
HBBI based IPT charging system. In Chapter 4, the detailed operation principles, modeling
analysis, and design methodology of the active-clamped HBBI based IPT charging system

are given.

Chapter 5: In this chapter, the simulation and experimental results on a 1.0-kW
active-clamped HBBI based IPT charging prototype with a developed closed-loop current
controller are given to verify the theoretical analyses and design methodology presented in

Chapter 4.

Chapter 6: Based on the foundation provided in Chapter 4, the operation principles,
steady-state model, and design procedure of the proposed AC/AC active-clamped half-

bridge converter are established in detail in Chapter 6.

Chapter 7: In this chapter, a hybrid dual-loop control strategy composed of the
predictive dead-beat current control and the linear average current control is developed for
the IPT charging system fed by the direct AC/AC active-clamped half-bridge converter.
The feasibility and performance of the proposed controller are verified by simulation and

experimental results.

12



Chapter 8: It concludes the thesis with a summary of the accomplishments, and an

outlook on possible future work.
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Chapter 2. Background and Literature Review

An IPT charging system essentially comprises an inductive coupling coil pair,
compensation networks, primary converters to generate high-frequency inputs, and a
secondary rectifier to convert AC to DC current to charge the battery. In this chapter, an
overview of the existing compensation configurations, inductive coupling structures,
primary conversion topologies, and power control strategies for the EV IPT charging

systems are presented.

2.1 Compensation networks

Figure 2.1 illustrates the electric circuit of an inductive coupler and its equivalent
models, which are T-circuit and mutual inductance models [60], where L, and Ls are the
self-inductances of the primary (transmitting) and secondary (receiving) coils, rp and rs are
their parasitic resistances, M is the mutual inductance between two coils, and Ry is the AC

load resistance.

Assume that the primary coil is excited by a sinusoidal voltage vi, with angular
frequency . The steady-state equations in the phasor domain can be obtained from the

equivalent circuits as follows

V,=n 1+ joL, |,— joM I (2.1)

joM 1) = joL 1 +r 1 +R_ I, (2.2)

where VLp is the voltage across the primary coil, | p and I, are the currents flowing in the

primary and secondary coils, respectively.
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Figure 2.1: Inductive coupler. (a) Electric circuit, (b) Equivalent T-circuit model, and (c)

Equivalent mutual inductance model.

From (2.2), the equations (2.3) and (2.4) can be derived as follows

. 1. Z
I, === 2.3
I.S JoM
TS (2.4)
I
where Z, =1, + R, + jol, is the secondary equivalent impedance.
Substitution of (2.3) in (2.1) results in
. -a)M .
l J (2.5)

= V
Y Z,Z,+’M? L
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where Z_ =r + jol, is the primary coil impedance.
Then, the output power is derived as follows

2 G)ZMZ’\/LP
R =

- amp2P -
2,2, + oM’

2

IS

P =

L

(2.6)

From (2.3), the reflected impedance from the secondary side to primary side can be

derived as

L _cieMI,_ —jeMI, oM

2.7)

eq . .
3 | 2 jom %
The total impedance seen from the primary side end is given by
. ‘M2 i
Z,=r,+ joL + =Re(Z,)+jIm(Z,) (2.8)
S
where
R, )’ M? . *LM?
Re(zt)=rp + Ui é)w 7 » and Im(zt): Jjobly - - > 2 |are
(L +R) +(oL) (L +R) +(oLy)

the real and imaginary parts of the total impedance Z: seen from the primary side end.

From (2.4) and (2.8), the system efficiency is given by

o |2
I.| R
n=r 25 - r(r +RT? ) 12 (2.9)
l.| Re(Z,) (rS+RL){pa;M2L+1}+rp MSZ
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It can be seen from (2.6) and (2.9) that for a given mutual inductance, frequency and
load resistance, the efficiency and power transfer capability can be enhanced by
compensating secondary reactance. Additionally, by including a compensation network in
the primary side to compensate the reactance component of the total impedance Z, the VA

rating of the source is minimized, thus the size of the source is reduced.

The simplest compensation topologies use only a single capacitor on each side.
Depending on the placement of the capacitor on the primary and secondary side, there are
four basic compensation topologies [61], namely series-series (SS), series-parallel (SP),
parallel-parallel (PP), and parallel-series (PS), as shown in Figure 2.2. The design summary
of basic compensation topologies is listed in Table 2.1. The studies conducted in [19, 56,
62-64] to compare the basic compensation topologies reveal that the SS topology is suitable
for the EV charging applications since it is simple, load/mutual coupling-independent
compensation, constant output current, efficient, cost-effective, and has low coil-

fabrication copper mass.

4 I
C, C, C, C
1,3 SI, RL§ 1,3 $L, ==R;
(@) (b)
M I
o T
C=—1, L, ——R; C—1, L, R;
(c) (d)

Figure 2.2: Basic compensation topologies for IPT. (a) SS, (b) SP, (c) PP, and (d) PS.
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Table 2.1: Design summary of compensation topologies [61].

Topologies | Secondary capacitance Primary capacitance
1
C =
SS p ngp
1
C,= 2
SP L M7 w2
p Ls 0
1
C,=— L,
PS b NRTVEAL
(“’o j +agl?
L
2
LM
L
PP e
M 2R, M )
I N T

These basic compensation topologies are not so efficient for varying load conditions
and coil position misalignments, which affects the maximum power transfer [65]. Several
high-order compensation topologies including more than one reactive component on each
side have been proposed to improve the system performance [56]. However, the increase
of compensation elements is limited to avoid the significant extra power losses and cost.
The most common high-order compensation networks are the inductor-capacitor-inductor
(LCL) [66-68], inductor-capacitor-capacitor-inductor (LCCL) [69-71], and parallel-series
capacitor-capacitor (CC) [72, 73]. The double-sided LCL and LCCL topologies are suitable
to the dynamic chargers [74, 75], bidirectional systems [66, 67, 69, 76-78], and multiple

pick-up systems [79, 80].
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2.2 Inductive Coupling Structure

The high-frequency inductive coupler is the most crucial part of the IPT systems, which
comprises the transmitting and receiving coils separated by air as a medium. The desired
characteristics for the couplers are the high coupling coefficient, maximum power transfer
capability, high misalignment tolerance, and low losses. The IPT couplers are usually planar
structures. The Litz wire-based planar coils with ferrite spokes have minimized leakage
inductance and improved misalignment tolerance [61, 81]. The planar couplers can be

divided into non-polarized and polarized pads based on the orientation of magnetic path.

The most popular non-polarized coupler structures are circular, rectangular, and
square-shaped pads, as shown in Figure 2.3 [82]. Ferrite cores are added to these couplers
with the optimal arrangement so that maximum flux lines are guided from the primary to
the secondary side, which increases coupling [83]. These structures are characterised by
the single-sided direction of the magnetic field. It means their flux lines come in and out
from one side [84]. Despite its lower coupling coefficient, the circular charging pads
employing symmetrical Archimedean spiral coil pairs is one of the widely adopted pad
shapes in static EV battery charging applications. This is because of its identical
misalignment tolerance in all directions, facilitating vehicle parking [85]. The rectangle
and square-shaped coil structures have better power transfer capability and higher flux

areas with effective design [86].

The polarized charging pads use the parallel/horizontal component of the flux. The
most popular coil structures are DD, DD-Q, and bipolar, as shown in Figure 2.4 [56, 82].
These coupling structures provide a greater misalignment tolerance in horizontal directions

(X'and Y). It is demonstrated that bipolar pad (BP) exhibits identical performance in terms
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Figure 2.4: Polarized planar couplers. (a) DD, (b) DD-Q, and (c) Bipolar.

of coupling coefficient and misalignment tolerance to DDQ structure, but it has simple

structure and requires 25-30% less copper mass [87].

2.3 Power Converter Topologies

Until recently, dual-stage conversion (AC/DC/AC) were popularly employed in the
GA of IPT systems where power factor correction (PFC) is necessary during rectification
from AC main voltage to DC voltage in order to assure the quality of AC input power.

Then a high-frequency inverter connected to the PFC rectifier via a DC-link capacitor
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generates high-frequency inputs feeding the primary coil. The dual-stage converter
topologies are intensively studied and widely used in industry [88-90]. The main advantage
of the IPT systems using dual-stage conversion is that the PFC rectifier and the inverter are
decoupled through the DC-link capacitor; therefore, they can be separately designed and
controlled to optimize specific performance indices. However, the presence of multiple
conversion stages and a bulky DC-link capacitor increases cost, size and weight of the

system. Figure 2.5 (a) shows an EV IPT charging system using dual-stage conversion.

In recent years, the use of matrix converters (MCs) for feeding the IPT systems has
drawn increasing attention [91-101]. MCs enable direct conversion of low-frequency AC
inputs (50-60 Hz) to high-frequency outputs (up to 85 kHz) without any intermediate
conversion stage; therefore, they enhance the system performance in terms of power
density, reliability, and cost [93, 102]. The single-phase MC based IPT systems remove the
DC-link energy storage elements in primary side to absorb double line frequency ripple,
thus it appears on the battery side. Sinusoidal ripple current (SRC) charging technique
reported in [101, 103-110] allows batteries to be charged by double line frequency (100 or
120 Hz) current with minor side effects on their performance. Therefore, the MC based
IPT systems can use the sinusoidal charging technique advantageously and remove the
intermediate DC-link capacitor. The single-stage EV IPT charging system using MCs is

illustrated in Figure 2.5 (b).

In this section, an overview of front-end converter topologies for IPT applications is
provided. They can be classified into two groups namely dual-stage and single-stage based
on the power conversion stages. The classification of single-phase converter topologies for

IPT systems is shown in Figure 2.6.
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Figure 2.6: Configuration of EV IPT systems with (a) Dual-stage power conversion and

(b) Single-stage power conversion.
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Figure 2.5: Classification of front-end converter topologies for IPT applications.
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2.3.1 Dual-stage Conversion

A front-end AC/DC converter is used to convert the supply AC voltage to an
intermediate DC-link voltage and to shape the input current for both PFC and harmonic
reduction. A comprehensive review for the PFC rectifiers is presented in [111] and [112].
For the inversion stage, a current-source inverter (CSI) or a voltage source-inverter (VSI)

can be employed.

The CSI topologies commonly used in IPT systems are push-pull, half-bridge (HB)
[72, 113-117] and full-bridge (FB) [73, 118]. Figure 2.7 shows the configuration of CSls.
The requirement of blocking diodes and bulky inductors that increases the size and cost of
the whole IPT system is one of the major drawbacks of the CSls. A single parallel
compensating capacitor in the primary circuit is usually used with CSIs. The blocking
diodes of the CSls can be removed if the inverters are operated at zero voltage switching
(ZVS) to prevent momentary short circuit. A variable frequency control scheme is normally
used to regulate load variation and to achieve ZVS. However, the CSI based IPT systems

using the variable frequency control suffer the start-up and bifurcation issues. Moreover,

(a) (b) (©)

Figure 2.7: Current-source inverter topologies. (a) Push-pull, (b) Half-bridge, and (c) Full-
bridge.
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Figure 2.8: Voltage-source inverter topologies. (a) Buck, (b) Half-bridge, and (c) Full-
bridge.

the inverter switches will experience high voltage stress in high-power applications if only
single parallel capacitor compensation is used [113, 115, 117, 118]. In order to overcome
this drawback, a parallel-series CC compensation circuit is introduced in [72, 73]. The
fixed-frequency controlled FB CSI combining with the parallel-series CC compensation

circuit can mitigate the problems of start-up, bifurcation and switching stress.

For VSI topologies, buck, HB and FB topologies shown in Figure 2.8 can be used in
the IPT systems, and they are compatible with single capacitor series, LCL, and LCCL
compensation networks [36, 53, 66, 69, 81, 119-130]. The SS compensation is simple and
cost-effective. However, under light load conditions or in the absence of the receiver, the
system experiences severe instability [56, 63]. The LCL or LCCL tanks can overcome these
issues, they also have a higher tolerance to coil misalignments, and improve power transfer
capability [56]. Therefore, the LCL or LCCL topologies are suitable to the dynamic
chargers [74, 75], bidirectional systems [66, 67, 69, 76-78], and multiple pick-up systems
[79, 80]. However, a significant amount of lower-order harmonics in the output current of
the VSIs connected with LCL and LCCL compensation circuits deviates zero-phase-angle
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Figure 2.9: Compatibility between inverter types and primary compensation circuits in IPT

systems.

operation of the inverters [131]. Moreover, the inductors in LCL and LCCL compensation
circuits must be designed precisely as the effective power transfer capability is highly
sensitive to the inductance value [66, 69]. Figure 2.9 shows the compatibility of the inverter

types and primary compensation circuits of the IPT systems.

2.3.2 Single-stage Conversion

MCs are considered as a prominent candidate for powering the WPT systems with
only single-stage power conversion. Several MCs including buck [98, 99], HB [91, 101],
and FB [96, 132] have been introduced to IPT applications in literature. All MCs reported
in [91, 96, 98, 99, 101, 132] have a buck-derived configuration, as shown in Figure 2.10,
so they are compatible with series, LCL, and LCCL compensation networks. Due to the
buck-derived configuration, the line-current regulation of these topologies is compromised.
In the EV charging applications, if a highly nonlinear diode-bridge rectifier is used at the

battery side, there will be severe line current distortion and power factor deterioration, as
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explained in [133]. In [96], a secondary active full-bridge rectifier whose phase shift angle
follows the line-voltage waveform is used to shape the line current. In this topology, the
primary and secondary converters must be controlled synchronously in every switching

cycle, which increases implementation complexity.

In order to overcome the above issue, a boost-derived FBMC compatible with a
primary parallel-series CC compensation network is proposed in [100]. The proposed
converter topology is able to shape the line current and regulate power flow through two
control loops which are similar to those of a conventional boost converter. In [102], a
single-stage topology integrating bridgeless boost PFC converter and FB VSI is proposed
for IPT applications. The converter is operated in discontinuous conduction mode (DCM),
thereby the line current control loop is eliminated. However, the converter incurs more
current stress, losses, and EMI problems in DCM, which is not suitable for high-power
applications. Figure 2.11 shows the configuration of the boost-derived FBMC and the FB

VSl-integrated bridgeless boost PFC converter in the IPT systems.

i J
1 7
" EMI v EMI EMI
g Filter| g Filter Filter|
i J
1 1
@ (b) ()

Figure 2.10: Buck-derived MCs. (a) Buck, (b) Half-bridge, and (c) Full-bridge.
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2.4 Power Control Schemes

Figure 2.12 shows the classification of power control schemes for IPT systems. Power
control in IPT systems can be implemented on the primary, secondary side, or both sides.
The secondary side control is suitable for the IPT applications where multiple secondary
coils are coupled to a single primary coil. In these applications, the frequency and the
magnitude of primary current are fixed, and the power flow is controlled on the secondary
side by an active rectifier or a back-end DC/DC converter illustrated in Figure 2.12 for
each secondary coil [79, 101, 120, 121, 134-136]. These topologies are normally employed
in long-power track systems where a constant track current is required to power
independent secondary coils. However, in charging applications where only one secondary
coil is coupled to a primary coil and keeping the secondary-side configuration as simple as
possible is a priority, the primary side control is selected. The primary side control can be
divided into three groups: fixed frequency, variable frequency and discrete energy
injection. In fixed frequency control, the switching frequency of the inverter is kept at a
constant value, which is slightly different from the primary resonant frequency to offer

soft-switching operation. In order to control the power flow, the phase (phase shift control)
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Figure 2.12: Classification of power control schemes for IPT applications.

or the duty cycle of the inverter switches is varied [137, 138]. This allows the inverters to
produce output voltage/current with variable pulse width. The other way to regulate the
power flow with the fixed switching frequency is controlling the input DC voltage of the
inverter using a front-end DC/DC converter [113]. For the variable switching frequency
control scheme, the duty cycle of the gating signals is maintained constant at 50% and the
switching frequency is varied to regulate the output power [114]. However, if the operating
frequency is largely different from the resonant frequency, the resonant tank will incur a
large circulating current, causing an efficiency drop in the overall system due to large losses
in switches and in the coils. Moreover, the bifurcation phenomenon must be carefully

considered in this control technique [139].

In [98], a discrete energy injection control is used for the matrix buck converter in
order to control the magnitude of the primary current. The control technique reduces
switching frequency and enables soft switching. However, the zero-crossing detection of
primary high-frequency current which is required to ensure the converter to be operated in

zero current switching (ZCS) conditions is an implementation challenge. Moreover, current
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sag occurs during the zero-crossing of its single-phase input voltage, which degrades the
average power transferred. The dual-side control is suitable for bidirectional IPT systems
where power flow can be regulated in both directions by controlling the duty cycle of the
primary and secondary converters and the phase-shift between them [66, 119, 140]. Table

2.2 shows the compatibility of power conversion topologies and control schemes.

2.5 Summary

An extensive overview of the compensation networks, power conversion topologies,
coupling structure, and control schemes of the IPT systems was presented. Table 2.2 shows
the comparison summary of the power converter topologies in terms of component count
and control schemes. It can be seen that the CSls have more components but less control
scheme options compared to the VSIs. The parallel-series CC compensation network is a
good choice for the CSls in the high-power applications, since it mitigates the current and
voltage stresses on the inverter switches. Although the single-stage converter topologies
have the advantage of the removal of the front-end rectifier and the DC-link capacitor, they

still require many active switches, and complex control schemes, as shown in Table 2.2.

Although the power converter topologies for the EV charging applications was
generally reviewed with their own advantages and disadvantages in this chapter, they need
to be more intensively evaluated based on several other performance indices such as input
power factor, input current distortion, power losses, switching stress, and cost to obtain a
sound understanding of their properties and constraints. A more intensive performance
evaluation on the most common converter topologies including the conventional dual-
stage, single-stage buck-derived FBMC, and boost-derived FBMC topologies will be given

in the next chapter along with their design considerations.
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Table 2.2: Compatibility of power conversion topologies and control schemes of the IPT

systems
Power conversion . Component requirement
. Figure - - Control schemes
topologies Switches Passive components
1 inductor, e Variable switching
push-pull 2.4 (a) ﬁlgivkei;sg 1phase-splitting frequency
transformer ¢ DC-link voltage control
HB CSI 2.4 (b) 2 reverse 2 inductors o Second_ary-5|de control
blocking e Dual-side control
¢ Variable switching
frequency
4 reverse ¢ DC-link voltage control
FB CsSI 2.4 (c) blockin 1 inductor e Pulse width modulation
g (duty cycle control )
e Secondary-side control
Dual- o Dual-side control
stage 2 reverse o Discrete energy injection
. Buck VSI 25(a : None
(excluding ® conducting e Variable switching
front-end frequency
PFC ¢ DC-link voltage control
stage i i
ge) HB VS| 2.5 (b) 2 reverse 2 capacitors ¢ Pulse width modulation
conducting (duty cycle control)
e Secondary-side control
¢ Dual-side control
o Discrete energy injection
e Variable switching
frequency
4 reverse e DC-link voltage control
FBVSI 25(c) conducting None ¢ Pulse width modulation
(phase-shift control)
e Secondary-side control
¢ Dual-side control
2 o Discrete energy injection
Buck MC 2.7 (a S None . .
® | pidirectional e Pulse width modulation
Buck- 5 (duty cycle control)
derived half- | 2.7 (b) S 2 capacitors e Secondary-side control
. bidirectional .
bridge MC e Dual-side control
¢ Discrete energy injection
Buck- 4 ¢ Pulse width modulation
Single- derived 2.7(c) S None (phase-shift control)
stage FBMC bidirectional ¢ Secondary-side control
¢ Dual-side control
Boost- 4 ¢ Pulse width modulation
derived 2.8 (a) S 1 inductor e Secondary-side control
bidirectional .
FBMC airect e Dual-side control
Bridaeless 2 diodes, 1 inductor e Pulse width modulation
boos? 28() | 4 reverse 1 capacit o'r ¢ Secondary-side control
conducting e Dual-side control
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Chapter 3. Design Considerations and Comparative Assessment of
Typical Single-phase Power Converter Topologies of

Inductive Wireless Electric Vehicle Charging Systems

In this chapter, the design considerations and comprehensive performance
comparison of the conventional dual-stage (PFC and FB VSI) and single-stage topologies
including the buck-derived FBMC and boost-derived FBMC in the EV IPT charging
application are presented. The IPT charging systems are designed based on the
requirements of the WPT 1 system in the SAE J2954 wireless charging standard. The
performance comparison are realized by using the simulation PSIM software that is
developed by Powersim to specifically simulate power electronic and motor drive systems.
The comparison takes account into input power factor, input current distortion, power

losses, switching stress, and cost.

3.1 Design Considerations

The conventional dual-stage IPT charging system is illustrated in Figure 3.1. At the
front end, a conventional boost rectifier is used to shape the grid current and maintain a
constant DC voltage Vqc across DC-link capacitor Cqc. As a bulky and costly inductor is
required for the CSls, an FB VSI is the most common choice at the primary side to generate
a high-frequency voltage (vp) feeding the primary coil. A SS compensation topology is
used because it is simple, cost-effective, and primary compensation is independent of the
coupling coefficient and load [56, 62]. In order to maximize the power transfer capabilities
and minimize the VA rating of the primary inverter, the resonant circuits at both sides of
the coupling are usually tuned to the same resonant frequency equal to switching frequency
(ws) of the inverter.
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Figure 3.1: IPT charging system fed by dual-stage power converter (PFC and FB VSI).
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(3.1)

where L, and Ls are primary and secondary coil self-inductances, and Cp and Cs are primary

and secondary tuning capacitors.

Power regulation is conducted using the phase-shift control at the primary inverter
side. According to [126, 130], considering an ideal IPT system operating at the resonant

frequency, power transferred from the primary to the secondary side can be given by

8v. V. .
P :%sm 7D, (3.2)

where Dy, is the duty cycle of the primary voltage (vp), and M is mutual inductance and can

be calculated as

M =k, JL L (3.3)

In EV wireless charging applications, the coupling coefficient k may be in the range
of 0.1- 0.3. In dual-stage topology, the major drawback is low power density due to
multiple conversion stages and a bulky DC-link capacitor. The reduction of the number of

power conversion stages can be obtained using MCs. Figure 3.2 shows the IPT charging
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Figure 3.2: IPT charging system fed by buck-derived FBMC.

system using a buck-derived FBMC [132]. The FBMC constituted by four bidirectional
switches can directly convert low frequency (50-60 Hz) grid voltage to resonant frequency
(85 kHz) voltage feeding the inductive coil. During the positive half cycle of the grid
voltage vg, switches Spnp (N = 1, 2, 3, 4) are turned on and switches Spna are controlled by
the phase-shift pulse-width modulation (PWM) strategy. Otherwise, during the negative
half-cycle, the switches Spna are kept on and switches Spn are controlled by the phase-shift

PWM strategy.

An active rectifier is employed in the battery side for shaping the input current. The
primary and secondary converters are synchronized in every switching cycle so that
primary voltage v, is 90° lagging with secondary voltage vs, and the duty cycle of the
secondary voltage is controlled following grid voltage waveform to correct input current
as shown in Figure 3.2. In [132], The power transferred is controlled by adjusting the duty

cycle of the primary voltage.
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where Vy is the RMS value of the grid voltage.

Although the buck-derived FBMC based IPT charging system removes the
intermediate conversion stage, high-frequency communication is required to synchronize
the PWM patterns of the primary and secondary converters in every switching cycle, which
increases the control complexity. The boost-derived MC can solve the above issue. It is
capable of correcting the grid current and regulating power flow through two control loops
which are similar to those of a conventional boost converter. Figure 3.3 shows an IPT
topology fed by a boost- derived FBMC [100]. On the primary side, parallel-series CC
compensation is used to reduce voltage stress on the MC switches. The tuning capacitor
Cps Is selected so as to limit the maximum peak of v, across the converter switches. It is
desirable to restrict vp to 0.5~0.7 of the rating voltage of the switches [113]. The switching
scheme and controller design for boost-derived FBMC are described in [100]. Table 3.1

shows the component design of the converter components.
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Table 3.1: Power conversion topologies and control schemes of the IPT systems

Topologies Components Parameters
Dual-stage  Boost inductor L; Inductance Peak current
[130] 2 . _
= 1 Vg 1_\/5\/9 |Li:\/§i+A_l'
I %AII I:’o(max) fs Vdc Vg 2
DC-link capacitor Cqc Capacitance Peak voltage
— 1 PO 7 AVdc
“ " %AV, o2 Vae =Vae
Boost switch Sy and diode  Peak current Break down voltage
Do |5b:|Db:\/§Po/Vg+A|i/2 Vg, =Vp >V +AV, /2
Compensation capacitors Capacitance Peak voltage
Coand Cs 1 o 1 Voo M oy o e
il ofL, L ol @ 7y C,M T zalCM
Primary inverter switches Peak current Break down voltage
S A ~
(r‘]’”: 1,2,3,4) lspn = 4V, [ 7cO,M Vo >V T4V, /2
Secondary rectifier diodes  Peak current Break down voltage
Dsn (n - 1’ 2’ 3’ 4) IDsn = Vdc/”a)OM VDsn >Vb
Buck- Compensation capacitors Capacitance Peak voltage
derived FB Cpand C; V.M .
MC 1 1 @ zeiC M’
(132, 141] T Ay,
“ 7a!CM
Primary inverter switches Peak current Break down voltage
Spx(N=1,2,3,4and x = P -
af’“g)( [gpme = 4V, /70, M Vo > V2V,
Secondary rectifier Peak current Break down voltage
switches Ssn (=1, 2, 3, 4) I, = 4\/5\/g /”CUOM \753n >V,
Boost- Boost inductor L; Inductance Peak current
(ll\l/legved FB L =2V, /211, [, =v2P, NV, +Al,/2
[100] Compensation capacitors Capacitance Peak voltage
Cpp, Cps, and Cs C _ 1 5 7Z'PO \7 _ 4Vb .
. . S a)gLS ’ e o,CV,’ cpe ﬂa)ngsM '
Note: Cys is designed to 1 - >
limit the peak of primary T (ﬂj Lot
voltage v,, which is the C, = Do ps . _y - MU e,
vol_ttagr;]e stress on MC wg|;/| 4 N §[L B 21 J o e {ﬂwoMF’o 2
switches. 2, " wiC, v,
Primary inverter switches Peak current Break down voltage
Spnx(n:l, 2, 3,4andX: r 7 7
b Foome > V2PV, + Al /2 Vipme >V,
Secondary rectifier diodes  Peak current Break down voltage
Dn(n=1,234 i i
sn( ) IDsn>7z-Po/Vb VDsn >Vb
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3.2 Specifications of the IPT charging systems

The IPT charging systems are designed in compliance with the level 1 (WPT1) of
static wireless charging standard for light-duty vehicles provided in SAEJ2954 technical
information report [26] with power rating P, = 3.3 kW, operating frequency fs = 85 kHz,
grid voltage Vg = 208 V, and battery voltage V, = 300400 V. The parameters of the
charging system with each type of power conversion configuration are shown in Table 3.2.
All the parameters are calculated based on Table 3.1. The selection of components is based
on their maximum current and voltage stresses. Note that, available discrete Rohm SiC

MOSFETs and Schottky diodes are considered for all power conversion topologies.

Table 3.2: Specifications of IPT charging systems

Topologies Parameter Symbol Value Unit
Dual-stage Primary, secondary, mutual Ly, L, M 356, 328, 65 uH
inductance
Compensation capacitors Cp, Cs 10, 11 nF
Boost inductor i 0.215 mH
DC-link capacitor Cuc 1540 uF
DC-link voltage Ve 400 \Y
Grid filter inductor Ly 0.215 mH
Grid filter capacitor Cq 0.78 uF
Output filter capacitor Co 500 uF
Buck-derived Primary, secondary, mutual Ly, L, M 111,111, 24 uH
FBMC inductance
Compensation capacitors Cp, Cs 32,32 nF
Grid filter inductor Ly 0.215 mH
Grid filter capacitor Cq 0.78 uF
Output filter capacitor Co 500 uF
Boost-derived Primary, secondary, mutual Ly, L, M 111,111, 24 uH
FBMC inductance
Compensation capacitors Cps, Cpp, Cs 43, 115, 32 nF
Boost inductor Li 0.215 mH
Grid filter inductor Ly 0.036 mH
Grid filter capacitor (o 0.136 uF
Output filter capacitor Co 500 uF
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Table 3.3: Main components of power conversion stages

Topolo Unit
-gies Components Symbol Part number Quantity  Rating cost
($) *%
Dual- F_ront-end rectifier Dgn SCS240AE2C-ND 4 650 /40 A 12.75
stage diodes
Boost diode Db SCS240AE2C-ND 1 650 V/40 A 12.75
Boost switch Sb SCT3060ALGC11-ND 1 650 V/39 A 8.74
Primary inverter Spn”
switches SCT3120ALHRC11-ND 4 650 V/21A 7.02
Sccondary rectifier D SCS230AE2HRCND 4 650 V/I30A  8.97
Boost inductor Li HF5712-561M-25AH 2 parallel 25 A/430 pH 29.25
DC-link capacitor Cuc LGN2X221MELC50 7 parallel 600 V/220 puF 7.78
Grid inductor Lg HF5712-561M-25AH 2 parallel 25 A/430 uH 29.25
Grid capacitor Cy B32656T7394K000 2 parallel 500 V/0.39 uF  4.23
Gate driver IC N/A UCC5390SCD 5 N/A 2.16
Gate driver supply N/A R12P21503D 4 +15V/-3V2W 7.11
Buck- — Primary MC Sera; Srb SCT3030ALGCIL-ND 8 650 VITOA  19.46
derived  switches
FBMC  Sectndary rectifier  Su SCT3060ALGCLIND 4 650 V/I39A  8.74
Grid inductor Lg HF5712-561M-25AH 2 parallel 25 A/430 puH 29.25
Grid capacitor Cqy B32656T7394K000 2 parallel 500 V/0.39 uF  4.23
Gate driver IC N/A UCC5390SCD 12 N/A 2.16
Gate driver supply N/A R12P21503D 7 +15V/-3VI2W 7.11
Boost-  Primary MC Spna, Spnb !
derived  switches SCT2080KEC-ND 8 1200 V/40 A 17.77
FBMC ifgggsdary rectifier  Den SCS240AE2C-ND 4 650 VIAOA 1275
Boost inductor Li HF5712-561M-25AH 2 parallel 25 A/430 pH 29.25
Grid inductor Lg HF467-980M-25AV 2 parallel 25 A/72 pH 21.15
Grid capacitor Cq B32654A1683K000 2 parallel 500 V/68 nF 1.01
Gate driver IC N/A UCC5390SCD 8 N/A 2.16
Gate driver supply N/A R12P21503D 4 +15V/-3V2W 7.11
n=1,2 3,4

" Pricing source: Digikey and Mouser, June 20, 2020.

Moreover, LC filters are used as interfaces between the grid and the charging systems to
limit current harmonic injection due to the switching power converters. The LC filters are
designed based on the spectrum analysis of the input current waveforms (i;). The details of

selected components for different power conversion stages are listed in Table 3.3.

Figure 3.4, 3.5 and 3.6 show the typical waveforms of IPT charging systems with

different power supply topologies. It can be seen that the absence of DC-link energy storage
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in MC based topologies causes a double line frequency fluctuation in transferred power.
This results in a fluctuating charging current as shown in Figure 3.5 and 3.6. As reported
in [101, 103-108], batteries can be charged by double line frequency (100 or 120 Hz)
current with negligible side effects on their performance, and the MC based IPT systems
advantageously adopt the low-frequency sinusoidal current ripple charging technique and
remove the intermediate DC-link capacitors to improve their power density. However, the
power fluctuation in the MC based topologies causes higher current stresses on the

switching devices, which is demonstrated in Section 3.3.2.
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Figure 3.4: Simulation waveforms of IPT charging systems fed by dual-stage converter

with the horizontal magnification of the high-frequency signals (vp, ip, Vs, and is).
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Figure 3.6: Simulation waveforms of IPT charging systems fed by buck-derived FBMC

with the horizontal magnification of the high-frequency signals (ii, Vp, ip, Vs, and is).
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Figure 3.5: Simulation waveforms of IPT charging systems fed by boost-derived FBMC

with the horizontal magnification of the high-frequency signals (iip, Vp, ip, Vs, and is).
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3.3 Performance Comparison
3.3.1 Input Power Factor and Input Current Distortion

An EV charger must ensure a good grid power quality with high power factor and
low current distortion. All three topologies provide sinusoidal grid currents with the power
factor of 0.99. Figure 3.7 shows total harmonic distortion (THD) of the grid current under
different load conditions (20%, 50% and 100% of load). It can be seen that the three
topologies can be preferred in order of boost-derived FBMC, dual-stage converter, and
buck-derived FBMC regarding grid current distortion. Despite having the identical input
LC filter, the buck-derived FBMC injects higher current harmonics to the grid than dual-
stage topology since its input current is discontinuous. The boost-derived FBMC has the
continuous input current with ripple frequency at a twice switching frequency, thereby

gaining the significant harmonic reduction of grid current with a smaller input filter.

7
M Dual-stage
6 B Buck-derived FBMC
5 Boost-derived FBMC
2 4
=hS
=3
2,
1
0
20 50 100
Load (%)

Figure 3.7: Total harmonic distortion (THD) of grid current.

3.3.2 Switching Stress
Figure 3.8 (a) and (b) show maximum current and voltage stress on the converter
switches. Although the parallel-series CC compensation is used, the switches of boost-

derived FBMC still suffer from high voltage stress. The buck-derived FBMC is
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characterized by low switch voltage stress (grid voltage peak) and high switch current
stress. The dual-stage topology exhibits the lowest switch current stress in the primary
inverter and secondary rectifier. As the result of the large charging current ripple as shown
in Figures 3.5 and 3.6, the current stresses on the secondary rectifiers of the MC-based
systems is higher compared to the dual-stage system. The high current or voltage stresses
on the switching devices of the MC topologies might lead to high thermal stresses and
challenging thermal management. However, this issue can be mitigated by using the SiC
switching devices. These devices have a low voltage drop, thereby generating lower heat

during operation.

S Spnb
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Maximum switch current stress
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FBMC FBMC
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Maximum switch voltage stress

Dual-stage Buck-derived Boost-derived
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(b)

Figure 3.8: Switching stresses. (a) Current stress, and (b) Voltage stress.
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3.3.3 Efficiency and Loss Distribution

The losses on the conversion stages of each system are simulated and analyzed using
the thermal modules in PSIM simulation. The efficiency of the power conversion stages of
each system versus various output power is illustrated in Figure 3.9. It is clear that the
efficiency of the buck-derived FBMC system is the highest (almost 98%) at full load
conditions, but it decreases gradually to 93% at the light load conditions. In contrast, the
efficiency of the boost-derived FBMC system steadily increases from 92.5% to 96% when
the load decreases from 100% to 20%. The dual-stage system remains fairly high efficiency
(94%~96.5%) in a wide load range. The detailed loss distribution of the three systems is
shown in Figure 3.10. It can be observed that the conduction losses of primary converters
dominate the total losses of power conversion stages. In the dual-stage system, the
conduction losses of the front-end rectifier and the primary inverter are the two major parts.
For the single-stage systems, the conduction losses of MCs contribute to the largest
proportions (> 60%).

100
M Dual-stage

B Buck-derived FBMC
Boost-derived FBMC

\O \O \O
- =) 0

\O
Do

Total power-conversion-stage
efficiency (%)

\O
=1

20 50 100
Load (%)

Figure 3.9: Power-conversion-stage efficiency.
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Figure 3.10: Loss distribution. (a) Dual-stage topology, (b) Buck-derived FBMC, and (c)
Boost-derived FBMC.
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As shown in Figure 3.10 (c), the conduction loss of the boost-derived MC converter
dramatically increases with the increase in load, and its maximum value at the full-load
condition is much higher compared to the other topologies. As a result, a higher heat is
produced, which requires a larger cooling system. Moreover, based on the detail loss
distribution, the opportunities of efficiency improvement can be explored. Particularly, the
PFC rectifier (front-end diode rectifier and boost converter) contributes significant losses
in the dual-stage topology, as shown in Figure 3.10 (a), so it can be replaced with an active

FB PFC rectifier with lower losses [111], in turn to increase the system efficiency.

3.3.4 Cost

Cost is also an important quantity to evaluate the performance of a power converter.
The cost structure of each charging system excluding inductive coupling coils and
compensation networks is illustrated in Figure 3.11. The costs of the power conversion
stages are calculated based on the component cost, referred to Digikey and Mouser on June
20, 2020, given in Table 3.3. In order to simplify the cost analysis, the auxiliary cost
including printed circuit board (PCB) cost, cooling system cost and housing cost is assumed
to be 10% of the power converter cost. Note that, MOSFETSs are driven by isolated gate
drivers, and MOSFETSs having common-source connection utilize a common gate driver
power supply to reduce the system cost. This shows that the cost of single-stage systems is
lower than that of the dual-stage counterpart. The buck-derived FBMC system is the most
cost-effective solution, it presents 6.3 % less cost than the dual-stage system. It is found
that the costs of the passive components dominate in the dual-stage system, whereas the
semiconductor devices of MCs occupy the largest portions in the total cost of the single-

stage systems.

44



500 Auxiliary cost I ‘ Auxiliary cost
(9.0%) Auxiliary cost - (9.1%)
Gate driver (9.1%) Gate driver Gate driver
| ower suppl power supply i
400 p pply o power supply
o (13.6%)
e (7.3%) _ (7.6%)
<z Gate drivers D Gate drivers
A7 | (2.8%) © 25:/0) Gate /7(4.6%) |
S 300 %S, (1.2%) ' drivers 0
° 55 7 1% —¥D,, (13.5%)
= S, (2.2%) n (7.1%)
g b (9.5%)
o) 2D, (13%) b
2 200( y (3.2%) S 2Spa 7
g C (13.9%) = P
) b (37.8%)
L, (15%) (42.4%)
i 0,
100 C, (2.2%) c, L (15.6%) i
\ (2.3%) C, (0.5%)
L, (15%) L, (11.3%)
0
Dual-stage Buck-derived Boost-derived
FBMC FBMC

Figure 3.11: Component cost structure of the charging system excluding inductive

coupling coils and compensation networks.

3.4 Discussions

From the above analysis, it can be observed that the three IPT charging systems have
their own advantages and disadvantages. The MC based IPT systems advantageously adopt
the SRC charging technique and remove the intermediate DC-link capacitors. A
comparison summary of the three IPT charging systems is shown in Figure 3.12, where
performance indices are presented on a scale range from 1 (worst) to 3 (best). In order to
evaluate the efficiencies of the three systems, their average values under all load conditions
are considered. The switching stresses are assessed based on the product of the maximum
current and voltage stresses. It is concluded that the buck-derived FBMC surpasses the
other counterparts with the advantages of high efficiency, cost reduction and possible

power density improvement due to less component count, while the boost-derived FBMC
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Figure 3.12: Comparison summary of the dual-stage and single-stage IPT systems.

has the greatest input current quality due to the feature of the continuous input current with
ripple frequency at a twice switching frequency. The conventional dual-stage topology has
the lowest stress on switching devices, and its efficiency maintains a comparable level over

wide load range.

3.5 Summary

This chapter presented design considerations of the conventional dual-stage topology
and two potential single-stage topologies including buck- and boost-derived FBMCs were
presented with detailed design equations. In addition, the comprehensive performance
comparison of these topologies was provided through the simulation results. The
comparison strengthened the understanding of the properties and issues of the systems,
which is a crucial guideline for improving the IPT systems. It can be seen that although the
DC-link capacitors are removed in the single-stage topologies, they still have the
drawbacks of many active switches (4 bidirectional switches = 8 MOSFETS), complex
control strategies, or low input current quality. In order to further improve the system
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performance, new switch-count-reduced single-stage topologies with a simple control

scheme and high-quality input power should be developed.
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Chapter 4. Soft-switched, Active-clamped Half-bridge Boost Inverter
for Inductive Wireless Charging Applications — Operation
Principles, Modeling and Design

4.1 Introduction

An inductive wireless charging system basically consists of a loosely coupled coil
pair, compensation networks, a primary inverter, and a secondary rectifier. Both the
primary and secondary capacitive compensation networks are required in IPT systems to
compensate reactive power consumed by the coils, consequently to reduce the VA rating
of the power converters, and to increase the power transfer efficiency of the system [139].
Based on the placement of compensation capacitors, the four basic topologies of
compensation networks can be classified such as SS, SP, PS, and PP [80, 142-144]. Among
the aforementioned compensation networks, the SS topology is suitable for the EV
charging applications since it is simple, load/mutual coupling-independent compensation,
constant output current, efficient, cost-effective, and has low coil-fabrication copper mass

in high-power applications [19, 56, 62-64].

In the inversion stage, the CSls or the VSIs can be employed to generate a high-
frequency AC current or voltage feeding the primary coil through the compensation
network. The VSIs are widely utilized in the IPT applications due to high efficiency, low
component count, and low control complexity [81, 121-123, 127, 137]. However, the
discontinuous input current in the VSIs requires a bulky input EMI filter which is the major
drawback. The CSls are preferable in applications where a continuous and low-ripple input
current is demanded. However, CSI based IPT systems have some of following drawbacks:

1) Extra blocking diodes are required, which increases the inverter design complexity, the
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size and the cost of the systems; 2) The CSls are compatible to the primary parallel
compensation topologies, in which the compensation capacitor values varies with the
variation of mutual inductance and load, and the inverter switches suffer from high voltage
stress; and 3) CSI based IPT systems usually adopt the variable frequency control technique
for load regulation, which causes the start-up and bifurcation issues, as well as a significant
efficiency degradation due to a large circulating current when the switching frequency

highly deviates from the resonant frequency.

The use of an active-clamped half-bridge boost inverter (HBBI), in which a boost
converter is integrated with a HB VSI, can overcome the above issues. According to [145],

the major advantages of this particular inverter are listed as follows:

1) Switching component count is less compared to the CSls and FB VSI;

2) Low-ripple input current minimizes input filter;

3) Unlike conventional CSls, the active-clamped HBBI generates a high-frequency

voltage, so it is naturally compatible to the SS-IPT system;

4) The active-clamped HBBI can adopt both the fixed-frequency and variable

frequency control techniques for the load regulation.

In the fixed frequency control, the switching frequency of the inverter is kept at a
constant value, which is slightly different from the primary resonant frequency to obtain
soft-switching operation. In order to control the power flow, the duty cycle of the inverter
switches is varied. For the variable switching frequency control scheme, the duty cycle of
the gating signals is maintained constant at 50% and the switching frequency is varied to

regulate the output power. However, in the EV charging applications with a wide variation
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of the mutual inductance and load, the frequency control method requires a wide operating
frequency band to regulate output power. It causes the difficulties to comply the light-duty
EV static wireless charging standard, SAEJ2954, with a limited operating frequency band
of 81.39 kHz - 90 kHz, and to design passive components. Moreover, it exacerbates EMI
problems, and efficiency degradation [53, 143, 146]. In this chapter, the analysis, modeling,
and design for the fixed-frequency-controlled active-clamped HBBI based SS-IPT
charging system are presented in detail. Figure 4.1 shows the topology of the active-

clamped HBBI based SS-IPT charging system.

The achievement of an accurate modeling plays a vital role in the design and control
of switching power converters. The well-known state-space averaging method [147] is
successfully used to model switching power converters; however, this method is invalid to
model resonant converters, where the switching frequency of the converters is close to the
natural frequency of the resonant circuits. Among the modeling techniques for the resonant
converters, the EDF method [148] is widely used because it is simple, intuitive and

accurate. Here, the EDF method is adopted for modeling the active-clamped HBBI based

>
Pie

C—T/—V,=V,

- _*5

Figure 4.1: Active-clamped HBBI based SS-IPT charging system.
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SS-IPT charging system. By using the EDF method, the large-signal model, steady-state
model and small-signal model are obtained. The steady-state analysis is used to develop an
effective design approach to achieve ZVS operation for the active-clamped HBBI based
SS-IPT charging system. In addition, the proposed design approach allows the system to

avoid the bifurcation.

4.2 Operation Principles

The key steady-state waveforms of the active-clamped HBBI based SS-IPT charging
system are shown in Figure 4.2. The steady-state duty cycle D is defined as the ratio
between the on-time of the upper switch S; and the switching period, Ts, without
considering dead time. However, in practical implementation, a dead time tq is introduced
to prevent the short circuit through the clamping capacitor Ci. For operation analysis, the
system is simplified by replacing the secondary circuit with an equivalent impedance Zeq
[63]. Eight operation modes can be classified in one switching cycle as shown in Figure

4.3.

Mode 1 (to — t1): This mode begins with i, > iLi. During this mode, the boost inductor
Li discharges its energy into the resonant tank. The difference between the input current i
and the primary current ip is compensated by capacitor C; through the upper switch Sy,
which has been turned ON in the previous interval. This mode finishes when S; is turned

OFF.

Mode 2 (t1 — t2): The upper switch S: is turned OFF at t = t1. Due to the dead time,
the lower Sy is still OFF, and the difference between iLi and ip is shared to charge and

discharge the output capacitors of the switches, Coss1 and Coss2, respectively. This mode
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Figure 4.2: Steady-state waveforms of the active-clamped HBBI based SS-IPT charging

system.

finishes at t = t2 when the voltage across Coss1 reaches Vci, and the voltage across Coss2

becomes zero. The interval of this mode can be given as

Atmodez — t2 ~t, = (C-:ossl +C-ossz)vci
I (t) -, )

(4.1)

Mode 3 (t2 — tz — t4): As soon as voltage across S, reaches zero, the body diode of S
starts conducting a current equal ip — ivi. The input current i.i flows through the resonant

tank to charge the boost inductor L;, and it begins linearly increase. At t = t3, S is turned
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Figure 4.3: Circuit states of the operation modes during one switching cycle.

ON with ZVS because its body diode has been conducting in the previous interval. This

mode finishes at t = ts when iL; is equal to ip.

Mode 4 (t4 — ts): This mode begins with ip < iLi. The current flowing through S>
reverses its direction. The input current iy is still linearly increasing. This mode finishes at

t = ts when i, becomes zero.
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Mode 5 (ts — ts): During this mode, i, becomes negative, and S carries both i, and iLi.
The input current i keeps linearly increasing. This mode finishes at t = ts when ip returns

to zero.
Mode 6 (ts — t7): This mode begins with i, > 0, and it is identical to mode 4.

Mode 7 (t7 — tg): The switch Sy is turned OFF at t = t7. Due to the dead time, Sy is still
OFF, and the difference between iLi and iy is shared to discharge and charge Coss1 and Cosse,
respectively. The input current i starts decreasing. This mode finishes at t = ts when the
voltage across the capacitor Coss1 iS zero and the voltage across Coss2 reaches Vci. The

interval of this mode can be expressed as

— (Cossl + CossZ )VCi

At =t, —
M T L)~ ()

(4.2)

Mode 8 (ts — t9 — t10): As soon as the voltage across S; becomes zero, the body diode
of S: starts conducting a current equal iLi — ip. The boost inductor L; discharges its energy
into the resonant tank and the capacitor Ci. The current i linearly decreases. At t = tg, Sz
is turned ON with ZVS because its body diode has been conducting in the previous interval.

At t = tio, ip equals ivi, and the circuit state returns to mode 1 to restart a new cycle.

4.3 Modeling Analysis
Figure 4.4 shows the equivalent circuit of the proposed IPT charging system. The M-
equivalent circuit is used to model the loosely coupled coils for the analysis in. In order to

simplify the analysis, some assumptions are made as follows:

1) All switches and diodes are ideal.

2) Dead time is neglected.
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Figure 4.4: Equivalent circuits. (a) Inversion stage, (b) Resonant inductive coupling, and
(c) Rectification stage.
3) Inductors, capacitors and coils have no parasitic resistance
4) Boost inductor L; is sufficiently large to maintain constant low-ripple current.
5) Capacitors Cij and C, are sufficiently large to maintain constant low-ripple voltages.
6) Primary and secondary currents (ip and is) are nearly sinusoidal.

4.3.1 Nonlinear State Equations
Based on the equivalent circuits shown in Figure 4.4, the nonlinear state equations

can be derived as follows

di;

L—=v.—mv_.,
i dt i Ci (43)

dvg, A
C d—tczm(lu _Ip) (4.4)



di di
Lpd_::Vp_VCerMd_ts (4.5)
L, % =-V, -V + M % (4.6)

; d;i:p =i (4.7)
S d:j/—tcs =1 (4.8)
C, d(;/t" = i,|—1, (4.9)

where m in (4.3) and (4.4) is the switching function of the inverter. It equals 1 when Sy is

ON and S is OFF, otherwise it equals 0.

L Todn T 4T
m= 4 2 4 2 (4.10)
0, otherwise

where d is the duty cycle defined with respect to the on-time of S.
By rearranging (4.5) and (4.6), we have

di,

1,1, 1
d L " L L

Vos =7V (4.11)

di,

1 1 1 1
dt L_Vp _L_VCp _EVCS _EVS (4.12)
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LL —M? LL-M? L L —M?
_ P _ ps ps
where |—1 Lp , b Ls ,and L, M .
The output voltage vo is given as
V, =i, +V, (4.13)

where 1y, is the internal battery resistance.

4.3.2 Harmonic Approximation and Extended Describing Functions

In the resonant inductive coupling circuit shown in Figure 4.4 (b), the primary and
secondary currents, i, and is, and the primary and secondary compensation capacitor
voltages, vcp, and vcs, are nearly sinusoidal. Thus, they can be approximated to their
fundamental components which are described in sine and cosine terms [149]. Equations

(4.14)—(4.17) show their approximation and the derivative of these quantities

I, =i, SN @t +i,cosat (4.14)

X

Ve, = Ve, SIN @t + Vi, COSa t (4.15)

X

dix_(%_i a)jsina)u(%ﬂ a)jcoscot 4.16
dt Ldt " “oldt T o @0

dv dv : dv
haid c/ S (& — VcXca)st'n ot + ( d‘;*" + Vys O j cos gt (4.17)

where x refer to p and s.

Also, the nonlinear terms, vp and vs, in the resonant inductive coupling circuit can be

approximated to their fundamental components
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2 . :
v, =myg = ;Va sin zd sin ot (4.18)

N av, i . 4v_ i
v, =sign(i)v, = 7°_ism ot +7°iicoswst (4.19)

ISP Sp

. . . . : P2 +2
where the operator sign(e) is the sign function, and lg, = +/lg + 1 .

In the inversion and rectification stages, the state variables, i, Vci, io, and vo, are

dominated by DC components, so they are approximated to their DC components. The DC

approximation of the terms v, —mv,,, m(iLi —ip), and |i;| in (4.3), (4.4), and (4.9) can be
obtained as follows

T

l S
<Vi — MVy; >dc = T_ I(Vi — MV )dt =V, —dvg (4.20)

s 0

(mli, ~i,),. =+

S

o'—.m—|

m(i,; —i,)dt =di, —éips sinzd  (4.21)

. 1%, 2. 2 77
<|Is|>dc = -I-__“Is'dt = _Isp = ; Iszs + Iszc (422)
s 0

T
where the operator () _denotes the DC approximation function.

4.3.3 Harmonic Balance

By applying (4.14)—(4.22) to (4.3)—(4.4), (4.7)—(4.9), and (4.11)—(4.12), we obtain
di, 1 d
— 7 Vi 17 VG
d L L.

(4.23)
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Ne 95 L5 Ginmd (4.24)
d¢ C " zC * |
di di . 1 1 4 iV
pc ps =| ——Vepe ~— Vewo —l KON —— ¢ 0 Cosm t
L, L, Ly, g,
) 1 1 . (4.25)
+| =V SINZd — — Vg — — Ve +ipe0, ——— = [siNwt
, L, L, wL, i,

dig, dig . 1 1 4 iV,
—ECOSWt +—=SINOE =| =V, — — Ve, — i@ ———=—> [COSwt
dt dt L, L, wl, i,
(4.26)
+ iv sinnd—iv - 1v 4 LV, sinw ¢
7'L'Lm Ci Lm Cps L1 Css 7Z'Ll l S
dv, 1
— cos e, t+ P sinw,t = (C C VCpswstOSwst
1 (4.27)
(C— +chca)sjsina)st
dv v, . 1.
ﬁcomst + fsm ot = (C—zsc — Ve O jCOSa)St
. (4.28)
J{C—siss +VCSCwS]Sin w,t
dv, 2 . [
d¢ 2C, ¥ C, (4.29)

Equating the coefficients of sine, cosine and DC terms in (4.23)—(4.29), the following

equations can be derived
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(4.31)

(4.32)

(4.33)

(4.34)

(4.35)

(4.36)

(4.37)

(4.38)

(4.39)

(4.40)



The equations (4.13), and (4.30)—(4.40) represent the large-signal model of the

active-clamped HBBI based SS-IPT charging system. The steady-state model and small-

signal model can be extracted from this model.

4.3.4 Steady-state Model

In the steady-state condition, all variables in (4.13), and (4.30)—(4.40) are constant,

thus their derivatives equal zero. Upper-case letters are used to denote the steady-state

values. The detailed derivation of the steady-state equations can be found in Appendix A.

The steady-state solution is given as follows

Xst:A%;lBst
VCi :Vi/D
IpS ]
I, =—=sinaD
7D
I, =21, /n
V,=nl,+V,
where
0 QL LR/L, 0 1
0 0 LR/, -QL, 1
0 0 QL R, 0
~ QL 0 0 R, 0
A=l g 1 0 0 -
0 0 0 1 0
1 0 0 0 0
0 0 1 0 0
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(4.41)

(4.42)

(4.43)
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. . T
B, - AV sinzD  2V;sinzD 00000 0,
7D 7D
T
xst = |:I ps I pc Iss Isc VCps VCpc VCss VCsc:| !

8 V
R =—(r,+-2),
V4 |

0

_ [z 2
Isp_ ss+|sc'

4.3.5 Small-signal Model

The small-signal model can be derived by perturbing and linearizing the large-signal
model. Firstly, each variable in (4.13), and (4.30)—(4.40) is decomposed in a steady-state
value and a small perturbation. Then by linearizing the nonlinear terms (using Taylor’s
series expansion in Appendix A.1) and separating perturbation terms from the steady-state
terms. The detailed derivation of the small-signal equations can be found in Appendix A.

The small-signal model in a state-space representation can be expressed as

dx N R
d_i[( = AX+ BU (4.46)
y=CX+ Dl (4.47)

where the operator ® denotes the perturbation term, and
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-K,/L, Q, K,/L, 0 0 -L, -YL, 0 K,/L, -K,/L,
Kl 0 KL 0 0 oYL YL 0 KL, KL
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K 4|szcvo 4|ss|scvo K — ZSinﬂD
1= 7Z'|3 ’ 2 3 ' 3 T !
sp sp
41 2 41
K4= ss’ K5:4|ss:/o , KG_ sc,
ﬂlsp ﬂlsp ﬂlsp

K; =2V cosD, Ky =1 cosaD.

Control-to-output transfer functions can be obtained as follows

Y

oun

s)

G(s) = G

=C(sl-A'B+D

Cc

N—"

where s is the Laplace operator, and I is the identity matrix.

4.4 Design Approach for ZVS

(4.48)

In order to reduce the switching losses of the inverter, soft switching is necessary. In

this section, a design approach is proposed to achieve ZVS for the active-clamped HBBI

based SS-IPT charging system controlled by the fixed-frequency PWM scheme. In the

proposed design procedure, the secondary coil is tuned to the switching frequency to

maximize the power transfer capability. The design guidelines in [130] are employed to

avoid the bifurcation phenomenon.

4.4.1 Boost Inductor (L;)

Regarding the input voltage and the rating voltage of the inverter switches, the

minimum value for duty cycle D is obtained using (4.42). It is desirable to restrict Vci to
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50% ~ 70% of the peak device voltage. Once the minimum duty cycle is obtained, the boost

inductor is designed to meet the input current ripple requirement

1-D)V,
L z— 4.49
| AI i fs ( )
where Aly; is the input current ripple.
The average input current I is given by
P

I i = 0 4.

0= (4.50)

where Py is the output power, and 7 is the system efficiency.

4.4.2 Mutual Inductance (M)

As shown in Figure 4.5, the ZVS for S: can be obtained when it is activated during
ip < iLi, and their difference is sufficiently large to fully discharge and charge Coss1 and Coss2
during the dead time. On the other hand, the ZVS for S is achieved when it is activated
during ip > iLi, and their difference is sufficiently large to fully charge and discharge Cosst

and Coss2 during the dead time. Thus, the ZVS conditions for S; and S; are as follows

i)(T,/4-DT,/2+t,)< 1, +Al /2 (4.51)
td > (Cossl +'Cossz)VCi (452)

(ILi +A|Li/2) _Ip(TS/4_ DTS/Z)
i)(T,/4+DT,/2+t)>1, — Al /2 (4.53)
(Cossl +Cossz )VCi (454)

t, >
’ ip(Ts/4+DTs/2)_(|Li_AILi/z)
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Figure 4.5: Key waveforms of the primary inverter.

In the steady-state condition, the primary current i, can be represented as
I,()=1,sinot+1  cosmt (4.55)

Substituting (4.55) into (4.51)—(4.54), the ZVS conditions for S; and Sy are given as

follows

i +Al;/2—1  cos(7D — 27t /T,)

< 4.56
pe sin(7D - 2at, /T,) 459
pc < I +Al /2 - (Cossl + CossZ)VCi /td - ps COS(ﬂD) (4.57)

sin(zD)
I, —Al,/2—1_cos(zD + 2t /T,
| <_ Li LI/ ps ( d/ S) (458)

e sin(zD + 2at, /T,)
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< _ILi +A|Li/2_(cossl +C0552)Vci /td +1 ps COS(7Z'D)
e sin(zD)

(4.59)

where Vc;j and Ips are calculated using (4.42) and (4.43).

To meet all the ZVS conditions of the switches S; and Sz, Iy Is selected to be less
than or equal to the lowest value from (4.56)—(4.59). Once the Iy is selected, the mutual
inductance M is designed. Assumed that ry is small and ignorable, M is obtained as

AV

gl ,,

M =

(4.60)

_ 2 2
where 1 =1 +1, .

4.4.3 Primary and Secondary Self-inductance (L, and Ls)
The secondary self-inductance Ls is calculated based on secondary quality factor Qs.

The Qs can be selected in the range of 2 to 10 [150]. The value of Ls is given by

Q.R
L, =—2 (4.61)
Wy
8 Vb2 : : . .
where Req =?? is the AC equivalent resistance seen at the input of the secondary
0

rectifier.

The primary self-inductance L, is derived as following

L, = (4.62)
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where k is the coupling coefficient. In [130], in order to avoid bifurcation, the k should be

kS—W"QSZ_l

207 (4.63)

4.4.4 Primary and Secondary Compensation Capacitors (C, and Cs)
The secondary compensation capacitor Cs resonates with the secondary self-

inductance Ls at the switching frequency, so it is obtained as
Co=—— (4.64)
The phase angle between v, and iy is given by

[0) w | c
tand, =Q,| =-—+|=--+F (4.65)
®, o |

where ay is primary resonant frequency, and Qp is the primary quality factor

2
_ 8oLV,

P 20 M 2P (4.66)

Substituting (4.66) into (4.65), the primary resonant frequency a can be found

, 1 mo’MPP,
wp = [+ =T (4.67)
b

ps—p

Then the primary compensation capacitor C; is given by

C, = (4.68)

68



4.4.5 Clamping Capacitor (Ci)
To avoid affecting primary resonant tank (L, and Cp), the clamping capacitor C;

should be sufficiently larger than C,. Here, C; is selected to be 50 times the C,.
C = 50Cp (4.69)

The average voltage across the clamping capacitor is given by (4.42). As shown in
Figure 4.5, during [Ts/4 — DTs/2, t], ivi is larger than ip, so C; is charged, and vci gradually
increases. Contrarily, during [tx, Ts/4 + DTs/2], iLi is smaller than ip, so C; is discharged, and

vci decreases. The voltage ripple AVc;i across Ci can be approximated as

I
— | cos| m, [L + 2T ] -0, |-cos(awyt, -6,) (4.70)
o, 4 2

arcsin(1,;/1,,)+6

Wy

p

where t, = is the instant when iL; intersects with ip.

4.5 Summary

The comprehensive analyses including the operation principles, modeling and ZVS
design method for the active-clamped HBBI based SS-IPT charging system under the
fixed-frequency control were presented in this chapter. The derivation of the large-signal,
steady-state, and small-signal models using the EDF method was provided in detail. The
derived steady-state model was employed to develop a design methodology to achieve ZVS

and eliminate bifurcation. The derived eleventh-order small-signal model can be used to
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gain all the transfer functions of the system, which is useful for the system dynamic analysis
and controller design. The accuracy and feasibility of the derived models and proposed
design methodology will be verified by simulation and experimental results in the next

chapter.
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Chapter 5. Validation of Soft-Switched, Active-clamped Half-bridge
Boost Inverter based Inductive Wireless Charging System

5.1 Hardware Description

To verify the theoretical analysis in Chapter 4, a 1.0-kW laboratory prototype with a
closed-loop current controller is designed and implemented as shown in Figure 5.1. The
major specifications are as follows: the input voltage Vi = 150 V, the nominal battery
voltage Vy = 72 V, and the rated output power P, = 1 kW. A switching frequency of 85
kHz is selected based on the light-duty EV static wireless charging standard, SAEJ2954.
SiC MOSFETs (SCT3060AL) are employed for S1 and Sz to enhance the system efficiency.
The rated voltage of the switches is 650 V. The proposed design method to obtain ZVS and
avoid bifurcation in Section 4.4 in Chapter 4 is utilized to design the prototype. The
minimum value of the duty cycle D should be about 0.33 when the voltage Vci is limited
to 70% of the rated device voltage. It is assumed that the overall system efficiency 7 is 0.9.
The output capacitance across the switches (Coss1 = Coss2 = Coss = 600 pF) includes parasitic
output capacitance of the switches (130 pF) and an external capacitor (470 pF). The
addition of the external capacitors is to reduce the turn-off losses of the switches. The dead
time tq is 0.4 ps, the secondary quality factor Qs is 4.4, and the coupling coefficient Kk is
about 0.15. A programmable DC power electronic load (Chroma 63205A-1200-200) at
constant voltage mode is utilized to emulate the battery voltage in the experimental
verifications. Film capacitors are used to implement the compensation capacitors. They are
arranged in array forms to obtain the required capacitance values, voltage and current
ratings. A film capacitor (WCAP-FTXX-890334026020) is used for the clamping

capacitor. The secondary rectifier is implemented using schottky diodes (APT100S20BG).
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The inductive coils are fabricated in a planar circular geometry with 26 turns on the
primary side and 6 turns on the secondary side. The outer diameters of the primary and
secondary coils are 490 mm and 440 mm, respectively. The litz wire with 1050 strands of
AWG 38 is used to fabricate both coils. The nominal air gap between primary and
secondary coils is 170 mm, where the mutual inductance is 15 uH. The detailed prototype
parameters are listed in Table 5.1. The calculation of these parameters is shown in

Appendix B.

Moreover, the dynamic behavior of the designed charging system is investigated, and
a digital controller for charging current regulation is developed based on the derived small-
signal model. The SmartFusion FPGA, A2F200M3F, is utilized to implement the close-

loop control and generate PWM signals driving the inverter.

Active-clamping
HBBI

e
—_2
!

Inductive coils

Figure 5.1: Experimental setup.
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Table 5.1: IPT charging system specifications

Parameter Symbol Value Unit
Maximum output power Po 1 kw
Battery voltage Vb 72 \Y
Input voltage Vi 150 \/
Switching frequency fs 85 kHz
Maximum input current ripple Al 1 A
Peak device voltage Vgs(max) 650 \Y/
Output capacitance of switch ~ Coss 600 pF
Dead time ta 0.4 us
Primary self-inductance Lp 298 uH
Secondary self-inductance Ls 35 uH
Mutual inductance M 15 uH
Primary compensation Cop 12.9 nF
capacitor

Secondary compensation Cs 100.2 nF
capacitor

Boost inductor Li 1.36 mH
Clamping capacitor Ci 0.68 uF
Output capacitor Co 520 uF

5.2 Verification of Small-Signal Model

Various control-to-output transfer functions can be derived from the small-signal
model presented in Section 4.3.5. Based on the transfer functions, close-loop controllers
can be designed to regulate. i.e., the input current, output current and output voltage. In the
battery charging applications, the output current and output voltage should be controlled.

In this chapter, the fixed-frequency PWM control scheme is employed, thus the duty cycle-
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to-output current transfer function, Gig(s), and duty cycle-to-output voltage transfer
function, Gud(s) should be derived. In order to verify the accuracy of the derived transfer
functions, their Bode plots are compared with the circuit-based AC-sweep results by using
PSIM software. Figure 5.2 and 5.3 illustrate the Bode plots for Gio_d(S) and Gvo d(S) at D =
0.34 and Vp, = 72 V. It can be observed that the AC-sweep results follow closely the Bode
plots of the transfer functions. The —180-degree phase angle of Gio_4(S) and Gvo_d(S) at low
frequencies indicates that the output current and the output voltage are inversely

proportional to the duty cycle.

40
= /\J\

-20 — Transfer function
-40 Y¢ Circuit based AC sweep

Gam (dB)
o

1 10 10° 103 10* 10%
-90

- 180

-270

Phase (deg)

- 360

1 10 102 103 104 10°
Frequency (Hz)

Figure 5.2: Bode plots at D = 0.34 and Vb = 72 V (Simulation results). (a) Duty cycle-to—

output current. (b) Duty cycle-to—output voltage.
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Figure 5.3: Bode plots at D = 0.34 and Vb = 72 V (Simulation results). (a) Duty cycle-to—

output current. (b) Duty cycle-to—output voltage.

5.3 Output Current Controller Design

In the EV applications, the constant-current constant-voltage (CC-CV) charging
technique, where both battery current and voltage are controlled, is widely employed [151-
153]. Another charging method, namely multi-step constant-current (MCC), was proposed
in [154, 155]. Note that, the output voltage controller is not necessary in the MCC method.
Instead of that, the magnitude of the charging current in each step is controlled to optimize
the charging process. As a result of that, accurately controlling the battery current is

essential in this charging technique.
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The derived small-signal model in Chapter 4 is used to design a controller regulating
the output current. Figure 5.4 shows the block diagram of the current control loop, where
Kpwwm = 1/400 is a PWM gain, Kc = 0.06 is a current sensing gain, and Kapc = 1024/2.56 is
a 10-bit analog-to-digital converter gain. As the output current is inversely proportional to
the duty cycle, a gain —1 is added in the loop. Since the controller and PWM modulator are
digitally implemented on the FPGA platform with the uniform single sampling and single
duty update mode as shown in Figure 5.5, a time delay, 1.5Ts, including the computational

delay and the PWM modulator delay is added in the loop [156].

# Controller PWM gain Delay effect Plant
I a
—{ G.(s) -1 K | e TG, 1(5)
KA_DC K(_‘-
ADC gain Current sensing
gain

Figure 5.4: Block diagram of the current control loop.

A . .
. B Carrier signal
< o R |
| |
! 1 1 —>1
| | | |
| | | |
Current sampling 4 4 4 4 4
instant >t
| | | |
Duty cycle 4 4 4 4 A
update instant s}

Figure 5.5: Timing diagram of current sampling and duty cycle update.
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Dominant pole compensation method is used to design the current controller with
two objectives: 1) The loop gain at DC and low frequency is as high as possible to minimize
steady-state error, 2) The loop gain at the dominant pole should be less than or equal to 0
dB to ensure a positive phase margin, in turn stability. For those purposes, an integral
controller given by (5.1) is employed. The integral controller can help to eliminate the

steady-state error.

830
G.(s)=— (5.1)
S
Figure 5.6 shows the Bode plot of the loop gain at the nominal condition (Vi = 150
V, Vb =72V and |, = 14 A). The crossover frequency (fc) is 300 Hz, the phase margin (PM)

is 68°, the DC gain is infinite, and the gain of the dominant pole at 2000 Hz is — 6 dB.

Once the continuous time controller has been designed, a discretization method is
used to transform the controller into the z domain. By using the backward Euler method

with the sampling frequency equaling to the switching frequency, the discretized controller

is given
0.00976
G.(2)=——
(2) = (5.2)
The differential algorithm for the digital integral controller is given by
u[k]=0.00976e[k]+u[k ~1] (5.3)
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Figure 5.6: Bode plots of the current control loop.

where e[Kk] is the error between the command and the feedback signal at the sampling
instant kth, u[k] and u[k—1] are the outputs of the controller at the sampling instant kth and

(k=1)th, respectively.

5.4. Verifications and Discussions
5.4.1 Current controller performance

Figure 5.7 shows the steady-state current and voltage waveforms at the input, output,
primary and secondary coils when the system is operating at the nominal condition. It can
be seen that the output current contains no steady-state error, the converter duty cycle

maintains about 0.34, and the input current ripple is 0.9 A. The designed inverter and
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Figure 5.7: Steady-state waveforms at Vi =
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voltage, battery current, secondary voltage and secondary current.

controller meet the demands of the output current steady-state error, the minimum duty

cycle, and the input current ripple.

Figure 5.8 shows the step response of the converter when the output battery voltage

maintains 72 V, and the current command changes from 8 A to 14 A and from 14 A to 10

79

150 V, Vb =72 V and |, = 14 A (Experimental

results). (a) Input voltage, input current, primary voltage and primary current. (b) Battery



V; (100V/div) V5 (100V/div)
) i //‘ g
Ar=1.2ms I, (5A/div)

>

" 14A if

' I, (5A/div)

L

SA v v
1 Time (10ms/div)

(@)

7, (100V/div) v, (100V/div)

S T A

e

p—

A/div) Af.: 1.2 ms

—h::q—
]

LS
[ .. o |
. \:~_ 114A
:1,(5A/div) oo

L 10A Yy
1 Time (10ms/div)

(b)

Figure 5.8: Dynamic response with reference current step change (Experiment results). (a)

From8 Ato 14 A. (b) From 14 Ato 10 A.

A. It is observed that the system retains stability with nearly no overshoot or undershoot,

and the rising time and falling time are about 1.2 ms.

Figure 5.9 shows the dynamic response of the converter when the output current
command maintains 14A, and the output battery voltage steps from 58 V to 72 V, and vice
versa. Although the output battery voltage suddenly increases or decreases, the system

stability is always obtained, and the output current undershoot and overshoot are 3.5 A and
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Figure 5.9: Dynamic response with battery voltage step change (Experiment results). (a)
From58 Vto 72 V. (b) From 72 V to 58 V.

2 A, respectively. It can be said that the step change of the battery voltage is unrealistic in
the charging applications. However, experimental waveforms under the output battery
voltage step changes are showed to validate the dynamic performance of the current

controller at the worst scenarios.

In order to correctly emulate the battery behavior during the charging process, the
experimental waveforms under the linear increase of the battery voltage are shown in

Figure 5.10. Figure 5.10 illustrates the ramp response of the system when the output battery
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Figure 5.10: Dynamic response with battery voltage linear increase from 58 V to 72V at

lo = 14 A (Experiment results).

voltage linearly increases from 58 V to 72 V with a rising time of 2 s, and the command

output current maintains 14 A. Again, the system stability is obtained.

5.4.2 ZVS verification

The ZVS operation of the designed system under the variation of the mutual
inductance is depicted in Figure 5.11. It can be seen that the ZVS operation areas (shaded
areas) are restricted by the minimum duty cycle and the ZVS conditions of the lower switch
S2. The ZVS for S, is more difficult to achieve at the low battery voltages and the high
output currents. The switch S, loses ZVS at the low battery voltages when the mutual
inductance increases. At the low mutual inductance, the ZVS operation area of S; is
extended to the low battery voltages. It is noted that the maximum output current at the
nominal battery voltage, V, = 72 V, is reduced by the limited duty ratio when the mutual
inductance differs from the nominal value, M = 15 uH. Figure 5.12, 5.13 and 5.14 shows
the experimental waveforms to verify the ZVS operation of the inverter at the different

values of mutual inductance, output current and battery voltage. It can be seen that the
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drain-to-source voltages vds1 and vas2 0f S1 and Sz always reach to zero before their driving

signals vgs1 and vgs2 are activated. It means that ZVS is maintained for both the switches.

08 k Non-ZVS . _ _ .
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Duty ratio D
e
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03 | \
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Figure 5.11: ZVS operation region of the converter with different mutual inductance

(Calculation results). (a) M =18 uH. (b) M =15 pH. (¢c) M =12 uH.
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Figure 5.12: Experimental waveforms validating the ZVS operation of the inverter at
nominal mutual inductance M = 15 puH. (8) Vb =58 Vand Ib = 14 A. (b) Vb =72 V and |,
=14A. (c)Vb=80Vandl,b=8A. (d)V,=88Vand lo =4 A.
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Figure 5.13: Experimental waveforms validating the ZVS operation of the inverter at M =
12 uH, Vb =46 V, and I, = 14. A.
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Figure 5.14: Experimental waveforms validating the ZVS operation of the inverter at M =
18 uH, Vb =64V and I, = 14 A.

It is harder to achieve ZVS for S; at the low battery voltage and high output current
conditions since a small difference between i, and i makes completely charging and
discharging Coss1 and Coss2 more difficult, as shown in Figure 5.12 (a). On the other hand,

the large difference between i, and i facilitates ZVS for the upper switch S;.

The ZVS area extension of S, when the mutual inductance decreases is demonstrated
in Figure 5.13 and 5.14. The minimum battery voltage to obtain ZVS for S; at M = 12 uH
(the air gap of 190 mm) is as low as 46 V, whereas it is 64 V at M = 18 uH (the air gap of

150 mm). These values are in a good agreement with the depiction in Figure 5.11.
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5.4.3 Clamping voltage variation

The average voltage and voltage ripple across the clamping capacitor at different
charging currents are depicted in Figure 5.15. Note that, the battery voltage and mutual
inductance are kept at their nominal values. Theoretical calculation from (4.42) and (4.70)
and experimental measurement are in a reasonably good agreement. It can be seen that the
voltage ripple increases with the output current decrease due to a large difference between
iLi and ip causing a rise in the charging and discharging currents on the clamping capacitor.

At lo =2 A, the voltage ripple is 39 V, which is 15% of the average voltage.
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Figure 5.15: Average voltage and voltage ripple across clamping capacitor (Calculation

and experimental results).

5.4.4 System efficiency

The overall system (DC-to-DC) efficiency was measured at different operating
points to verify the performance of the designed charging system. The efficiency curves of
the designed system at the nominal battery voltage, Vi = 72V, at three different mutual
inductance values are depicted in Figure 5.16. It is clear that the efficiency is reduced when
the mutual inductance decreases. This is because a higher primary current which is required
to transfer the same power level at the lower mutual inductance causes more losses on the
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Figure 5.16: Measured efficiency curves of the designed system at different mutual

inductance values (Experimental results).
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Figure 5.17: Measured efficiency curves of ZVS-designed and non-ZVS-designed systems

(Experimental results).

primary coil, compensation capacitor, and switching devices. At M = 15 uH, a peak
efficiency of 93.4% is achieved at I, = 10 A while an efficiency of 93% is measured at the

nominal output current, I, = 14 A.

An efficiency comparison between the charging systems with ZVS and non-ZVS

design is shown in Figure 5.17. For the non-ZVS system, it is designed with I, = 0, at
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which the mutual inductance is 18 uH and the primary circuit is tuned at the switching

frequency (Cp = 11.7 nF). Note that, the mutual inductance is increased by reducing the air

gap between the primary and secondary coils. It can be observed that the ZVS-designed

system is more efficient than the counterpart at different battery voltage levels. Especially,

it has a noticeable improvement at the high output current conditions (1.1 %). Table 5.2

shows a comparison between the proposed active-clamped HBBI based SS-IPT system and

various IPT systems in literature. It is clear that the proposed IPT system demonstrates a

higher or comparable efficiency compared to the other systems at similar power levels.

Table 5.2: Comparison of various IPT systems

Inverter/Switching - Coil Alr Coupling Control Switching Power Pee_lk_ Soft
Ref. devices Rectifier shape gap coefficient  scheme frequency (kW) efficiency switching
(mm) (kHz) (%)
HB CSI/ ; ;
[157] HBdiode iojjar nA 02 Variable ¢ o 12 @ zcs
SiC MOSFET rectifier frequency
FB CSl/ f P
[158] HBdiode ojlar 250 022 Fixed 50 16 915 zcs
SiC MOSFET rectifier frequency
HB VSI/ f R
[159] FBdiode  jojjar 50 0.36 variable g 150 07 923 Zvs
GaN rectifier frequency
FB VSI/ f B
[152] FBdiode  oijar 200 02 Fixed 85 10 923 zvs
Si MOSFET rectifier frequency
FB VSI/ f B
[160] FBdiode  coijar 150 025 Fixed 89 20 92.65 No
SiC MOSFET rectifier frequency
FB VSI/ f P
[161] FBdiode i oijar 150 0.8 Fixed 935 1.4 94 ZVs
SiC MOSFET rectifier frequency
HHBI/ f P
Proposed FBdiode  cioijar 170 015 Fixed 85 10 934 ZVs
SiC MOSFET rectifier frequency
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5.4.5 Loss distribution

The power losses of the switching devices and passive components are simulated and
analyzed using the thermal modules in PSIM simulation. The detailed loss distribution of
the designed charging system is shown in Figure 5.18. It can be observed that the rectifier
conduction losses and the coil losses dominate the total system losses at the high output
current conditions. As S; and S are operated in ZVS, their switching losses are well
mitigated. The conduction losses of S> is much higher than that of S; when the output
current is high. It can be explained that S; carries both ip and iLi during the large interval of
the mode 5 described in Section 4.2, Chapter 4. On the other hand, the conduction losses
of S; exhibits a high profile at the low output current due to the larger duty cycle D. There
is a deviation between the simulated efficiencies and measured efficiencies, especially at
the high output currents (1.2 %). The deviation might be caused by ignoring inductor core

losses, and PCB copper losses in the simulation.

S A S S A A i B & ] o pd BB
7] [72] 1771 177] W W 721 7] [77] 7] 7] o w g w
30 w W W 7] B4 W [ 7] W W W Wl > w =2 @
2 £ 2 2 5 2 2 &8 &2 9 & 59%=2
- — — . X —_ — D
o — =] pﬂ =11] =] = = o =
~ 2 % T %3 & & & % F B E 2 ~B§
= o S R = R R B~ - B B S
by ~ ~ o = = = =1
20 .. v~ oY v o E F g g E g
2 N = % & E 3 3
W
W — [x] L] &) [&]
< [Z R ) . ="
- A g 0
g 10
Q
(%]

1 — _—
B v,=58V and I, =14 A, M= 15 pH. Simulated efficiency 7 = 93.8%.

B v,=72V and I, =14 A, M= 15 puH. Simulated efficiency 7= 94.1%.
Vy=T72V,and I, =2 A, M= 15 pH. Simulated efficiency = 86.8%.

Figure 5.18: Loss distribution of the designed system at different battery voltages and

output currents (Simulation results).
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5.5 Summary

In this chapter, a 1.0-kW active-clamped HBBI based IPT charging prototype with
the charging current controller was designed and implemented to validate the accuracy of
the theoretical analyses in Chapter 4. The simulation and experimental results
demonstrated the accuracy and the feasibility of the small-signal model and ZVS design
approach proposed in Chapter 4. The derived small-signal model was used to investigate
system dynamic response and to design the charging current controller. The developed
controller was realized on an FPGA (A2F200M3F). It can be seen that the charging current
was effectively controlled with fast response and no steady-state errors, and the inverter
was operated with ZVS over a wide range of the charging current and the battery voltage.
The ZVS operation boundary of the inverter under the variation of the mutual inductance
was also successfully investigated by the theoretical analysis and experimental results. An
efficiency improvement of 1.1 % was achieved with the proposed ZVS design method
compared to non-ZVS design method. Due to ZVS achievement, a maximum efficiency of
93.4% at the nominal coupling coefficient of 0.15 (an air gap of 170 mm) was recorded,

which is comparable to other IPT systems at similar power levels in literature.

90



Chapter 6. Direct AC/AC Active-clamped Half-bridge Converter for
Inductive Charging Applications

6.1 Introduction

Recently, the IPT charging systems powered through two power conversion stages
(AC/DC/AC) have been widely used because the power converters can be separately
controlled to optimize specific performance indices, e.g. input power factor correction and
output power regulation. However, the presence of multiple conversion stages and a bulky

DC-link capacitor increases the cost, size and weight of the system.

Alternatively, the MCs feeding the IPT systems enable direct conversion of low-
frequency AC inputs (50-60 Hz) to high-frequency outputs (up to 85 kHz) without any
intermediate conversion stage; they enhance the system performance in terms of power
density, losses, and cost. The MC based IPT systems advantageously adopt the SRC
charging technique and remove the intermediate DC-link capacitor. The major challenge
of using MCs in the IPT charging systems is developing a control scheme for both power
regulation and power factor correction. Recently, the buck-derived MC [96] and boost-
derived MC [100] have been employed for IPT systems. Moreover, in [102], a single-stage
topology integrating bridgeless boost PFC converter and FB VSI was proposed for IPT
applications. The detailed description and comparison of the single-stage converters were

presented in Chapter 2 and 3.

The main drawbacks of the single-stage conversion topologies are the requirements
of many active switches and complex control schemes. To overcome those issues, a new

direct AC/AC active-clamped HB converter feeding the IPT charging system is proposed
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in this chapter. The proposed converter eliminates the front-end rectifier and the
electrolytic DC-link capacitor providing a single-stage power conversion and thus
improves the system performance regarding efficiency, size, and weight. The output of the
proposed converter is high-frequency voltage; therefore, the SS compensation network is
utilized. Instead of diode-bridge rectifiers, an active rectifier is used on the battery side to
further improve system efficiency and to avoid the discontinuous conduction phenomenon
due to the nonlinear characteristic of the diode-bridge rectifiers. The SRC is adopted for

the proposed IPT charging system.

6.2 Circuit Configuration of the Proposed Inductive Charging System

The IPT charging system fed by the proposed direct AC/AC active-clamped HB
converter is shown in Figure 6.1. The proposed AC/AC converter is the integration of an
AC/AC boost converter and HB matrix converter. Two bidirectional switches are
employed to configure the AC/AC converter. Each bidirectional switch enabling
conducting current and blocking voltage in both directions is formed by an anti-serial
connection of two semiconductor switching devices (Sp1a/Spib Or Sp2a/Sp2b). In the proposed
IPT system, input current correction and charging current regulation are realized by
controlling the duty cycle of the primary AC/AC converter through two control loops.
During the positive half cycle of the input voltage, switches Spia and Sp2a are switched
complementarily at the switching frequency fs, while Sp1p and Sp2n are permanently turned
on. Conversely, in the negative half cycle of the input voltage, Spia and Spoa are always kept
conducting, while Sp1b and Spop are driven by complementary pulses at fs. The duty cycle
dp of the AC/AC converter is defined as the ratio between the on-time of the upper switches

Sp1a/Spib and the switching period. The output of the direct AC/AC active-clamped HB
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Figure 6.1: Proposed inductive charging system fed by the direct AC/AC active-clamped

HB converter.

converter is a high-frequency unipolar-square-wave voltage (vp), and its amplitude and
polarity depend on the clamping voltage (vci). As a result, a series compensation circuit is
required in the primary side. Here, the SS compensation network is selected due to
simplicity, cost-effectiveness, high efficiency, and load-independent compensation. In
order to maximize the power transfer capability and minimize the VA rating of the
converter, the primary and secondary resonant circuits are tuned to the switching
frequency. An active HB rectifier is used on the secondary side circuit, and its switches,
Ss1 and Ss2, are operated at fs with a fixed duty cycle of 0.5. As a result, the secondary
voltage vs is a positive unipolar square wave with duty cycle ds = 0.5. In order to transfer

power from the grid to the battery, the phase displacement & between vy and vs must be

maintained from 0 to 7z, which is explained in Section 6.4.

6.3 Operation Principles

Figure 6.2 and 6.3 illustrate the steady-state waveforms of the AC/AC active-
clamped HB converter based IPT charging system in one switching cycle. In this section,
only the operation modes during the positive half cycle of the input voltage are describe in

detail. Similarly, the operation of the charging system during the negative half cycle of the
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input voltage can be investigated where Sp1a and Sp2a are always kept conducting, while
Sp1b and Spap are driven PWM signals. Note that, during the negative half line cycle voltage,
the clamping voltage (vci) is negative, resulting in a negative unipolar-square-wave primary
voltage (vp). Therefore, v, must be shifted 180° to remain a fixed phase displacement (6)
between vp and vs during the negative half line cycle voltage, as shown in Figure 6.3. During
the positive half line cycle, ten operation modes can be categorized based on
primary/secondary current directions, and the switching state of the primary AC/AC

converter and the secondary rectifier in one switching cycle, as shown in Figure 6.4.

S, S,
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Figure 6.2: One-switching-cycle steady-state operating waveforms of the proposed

inductive charging system at vi > 0
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Figure 6.3: One-switching-cycle steady-state operating waveforms of the proposed

inductive charging systemat vi <0

Mode 1 (to — t1 — t2): As soon as Sp2a IS deactivated at t = to, the body diode of Sp1a
starts conducting a current equal i; — ip. Thus Sp2a suffers from hard turn off. After a dead
time, at t = t1, Sp1a is activated with zero-voltage switching (ZVS) because its body diode
has been conducting. During this mode, the input inductor L; releases its energy through
the resonant tank and the clamping capacitor Ci. As a result, the input current i; starts
decreasing whereas the clamping voltage vc; starts increasing. The secondary current is
flows to the load through Ss: in this mode. This mode is completed at t = t> when i; is equal

to ip.
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Mode 2 (t. — t3): This mode begins with i, > ii. The current flowing through Spia
reverses its direction. During this mode, the input inductor L; and the clamping capacitor
Ci release energy into the resonant tank. Therefore, the input current i; and the clamping
voltage vci decrease. The secondary current is keeps flowing to the load through Sz in this

mode. This mode is completed when is reaches zero at t = ta.

Mode 3 (t3 — ts): This mode begins with is < 0. The current flowing through Ss:
reverses its direction. During this mode, the input inductor L;i and the clamping Ci keep

releasing energy into the resonant tank.

Mode 4 (ts — ts — ts): As soon as Ss1 is deactivated at t = ts, the body diode of Ss» starts
conducting the secondary current is. Thus Ss1 suffers from hard turn off. After a dead time,
att =ts, Ss2 is activated with ZVS because its body diode has been conducting. In this mode,
the state of the AC/AC converter is unchanged. This mode is completed at t = ts when iy is

equal to i;.

Mode 5 (ts — t7 — tg): This mode begins with i, < ii. The current flowing through Spia
reverses its direction. At t = t7, Sp1a IS deactivated with ZVS because its body diode is still
conducting. In this mode, the input inductor L; releases its energy through the resonant tank
and the clamping capacitor Ci. Therefore, the input current i; keeps decreasing, but the
clamping voltage vc; starts increasing. The secondary current is keeps circulating through

Ss2 during this mode. This mode finishes when Sp2a is turned on.

Mode 6 (ts —tg): As soon as Sp2a is activated at t = tg, a current equal ii — ip commutates
instantaneously to it. Therefore, Sp2a Suffers hard turn on. The input current i; is shared

through the resonant tank and Sp2a to charge the input inductor L;, and it starts linearly
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rising. During this mode, the state of the secondary rectifier is unchanged. This mode is

completed when the direction of ip is reversed at t = to.

Mode 7 (to — t10): This mode begins with i, < 0, and Sp2a carries both i, and ii. The
input inductor L; keep being charged. During this mode, the state of the secondary rectifier

is unchanged. This mode is completed when is reaches zero.

Mode 8 (tio — t11): This mode begins with is > 0. The current flowing through Ss>
reverses its direction. In this mode, the state of the AC/AC converter is unchanged. This

mode finishes when Ss is turned off.

Mode 9 (t11 — t12 — t13): As soon as Ss. is deactivated, the body diode of Ss; starts
conducting the secondary current is to deliver power to the load. As a result, Ss> suffers
from hard turn off. After a dead time, at t = t12, Se1 is activated with ZVS because its body

diode has been conducting. This mode is completed when the direction of iy is reversed.

Mode 10 (t13 — t14): This mode begins with i, > 0. During this mode, Sp2a carries a
current equal ii — ip only. The input inductor Li keep being charged until Sp2a is deactivated

at t = t14, and the circuit state returns to mode 1 to restart a new cycle.

It can be seen that Spia achieves both zero-voltage turn on and turn off whereas Sp2a
suffers hard turn on and hard turn off during the positive half line cycle. Similarly, during
the negative half line cycle, both zero-voltage turn on and turn off are obtained for Spip
whereas Spon experiences hard turn on and turn off. The secondary rectifier is operated with

ZVS in both half line cycles.
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Figure 6.4: Operation modes of the proposed inductive charging system in one switching cycle

at vi > 0.
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6.4 Mathematical Steady-state Model

In this section, the steady-state model of the proposed charging system is derived.
For the analysis of SS compensated IPT systems, the fundamental harmonic model is
widely used, and it is adopted to analyse the proposed charging system with some

assumptions as follows:

1) The switching frequency is much higher than the line frequency, the input voltage vi

can be considered as constant over a switching period;

2) All switches and diodes are ideal;

3) The dead time is neglected;

4) Parasitic resistances of inductors, capacitors and coils are ignorable;

5) Boost inductor L; is sufficiently large to maintain a constant low-ripple input current

over a switching period;

6) Clamping capacitor C; is sufficiently large to maintain constant clamping voltage

over a switching period;
7) Primary and secondary currents (ip and is) are nearly sinusoidal.

Here, the steady-state analysis is realized in the positive half line cycle. A similar
analysis can be done for the negative half line cycle. Figure 6.5 shows the equivalent circuit

of the proposed IPT charging system.

In order to maximize the power transfer capability and minimize the VA rating of
the converters, the primary and secondary resonant circuits are tuned to the switching

frequency.
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Figure 6.5: Equivalent circuit of the charging system.
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where L, and Ls are the primary and secondary self-inductances, Cp and Cs are the primary

(6.1)

and secondary compensation capacitances, and « = 2xnfs is the switching angular

frequency.

The primary and secondary voltage, vp and vs, are unipolar square waves, and they

can be approximated to their fundamental components

2vgsinzd,
v, (t) = —"——Psinat (6.2)
v, (t) = 2e3070: G4 6) 63)
T

where Vy is the battery voltage, d, and ds are the duty cycles of the primary AC/AC

converter and secondary rectifier, and &is the initial phase of the secondary voltage.

As derived in Section 4.3.4, the clamping voltage in steady state is given as

Vo =— (6.4)



Substitution of (6.4) in (6.2) results in

(t) 2V, sin zdp ) ) 65)
v =—"sinw .
P 7d °

p
The primary and secondary voltages can be represented in the phasor domain as

follows

.« 2v;sinzd,

V =—— 6.6
) (6.6)
v = Mpsinzd, 6.7)

T

As both the primary and secondary circuits are turned to the switching frequency, the

primary and secondary currents in the phasor domain can be derived as

[ - \/.S 2V, sinzd
' joM oM

> /£(0-7/2) (6.8)

D V,  2ysinzd,

* —joM  zd oM

L2 (6.9)

And their time-domain expressions are given as

= 2VbLn”dssin(a)st +60-17/2)
oM (6.10)

=1, sinat+ 1, cosat

I (1)
_2v;sinzd

i (1) g Mp sin(a,t +7/2) (6.11)
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_ 2V, sinzd sing

oM

2V, sinzd cosd
pc T

and |

where I are the peaks of the sine and

oM

cosine components in the primary current.

According to the analysis in Section 4.3.4, the input current is given as

sinzd, 2V, sinzd,singsinzd,

(D=1 (6.12)

ww,M zd

p p

It can be seen that the input current ii(t) can be controlled by primary/secondary duty
cycles, and the phase displacement 6. In order to transfer power from the grid to the battery,
the input current ii(t) must be positive during the positive half line cycle, thus the phase
displacement @ must be maintained from 0 to . Here, the input current is controlled by
varying d, while #and ds are constant. The secondary duty cycle ds is fixed at 0.5, and the
phase displacement @is selected to obtain ZVS for the switches of the secondary rectifier.

For this purpose, as presented in Section 6.3, the currents flowing the switches Ss; and Ss2

must be negative before they are deactivated. In other words, the secondary current is must
lead the secondary voltage vs. From (6.3), (6.5), (6.10), (6.11) and (6.12), & should be
slightly less than 7/2 to achieve ZVS for the secondary rectifier switches and to minimize

the VA rating of the converters.

6.5 Design Procedure
The charging system is designed at the peak of the input voltage. It is assumed that
the input power factor is unity, thus the input voltage vi and the input current i; are as

follows

v, =V, sinat, i, =1_sinat (6.13)
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where Vi and I, are the peak input voltage and the peak input current, and a is the line

angular frequency. The peak input current is calculated by

[ (6.14)

where Py is the output power and 7 is the system efficiency.

A minimum duty cycle Dpm is selected to limit the peak clamping voltage at the peak

input voltage
Vm
me = \E (615)

where Vcm is the peak clamping voltage, and it should be 50% ~ 70% of the peak switching

device voltage.
Once the minimum duty cycle is obtained, the input inductor is designed according
to the maximum input current ripple requirement, Al at the peak input voltage

g (1- Dy Vi

L > 6.16
2 (6.16)

Then the phase displacement & that is slightly less than #/2 is selected to achieve
ZV'S for the secondary rectifier and to minimize the VA rating of the converters. Once @is
selected, the mutual inductance M can be designed. As the primary and secondary resonant
circuits are tuned to the switching frequency, the mutual inductance M is obtained from

(6.12) at the peak of input current where i = Im, dp = Dpm, and ds = 0.5.
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M

(6.17)

pm

Once the mutual inductance is identified, the coil self-inductances L, and Ls are
determined depending on the coil geometry and power transfer distance (air gap). For a
predefined M, a longer air gap results in larger coupling coils with higher self-inductances,

and vice versa.

Since primary and secondary resonant circuits are tuned to the switching frequency,

the primary and secondary compensation capacitances are obtained as

1 1
C.=—— C,= 6.18
P a)ssz a)szLS (6.18)

The clamping capacitor, C;, is chosen corresponding to the allowable switching
voltage ripple, AV. in the clamping voltage. The maximum value of AV, is reached around
the zero-crossing area of the input voltage where the input current i; reaches zero, and the
clamping capacitor C; is charged and discharged by the primary current during a half

switching cycle. The clamping capacitor C; is obtained by

37/2-6

I i, daot
c_AQ _ 1 420 _ 2y (6.19)
'AV. @, AV, @, AV,

where AQ is the amount of charge injected in (or extracted from) the clamping capacitor

Vb
T,

S

Ci, and Ts = 1/fs is the switching period, and |, = is the peak of the primary

current.
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6.6 Summary

In this chapter, a new direct AC/AC active-clamped HB converter feeding the SS
IPT charging system was proposed. The operation principles, switching scheme, steady-
state analysis, and design procedure of the proposed charging system were presented in

detail. The proposed AC/AC converter has several advantages as follows:

1) The front-end rectifier is eliminated, resulting in an actual single-stage (AC-to-AC)
conversion with less the number of semiconductors (only 4 active switches);

2) The use of the life-limited electrolytic DC-link capacitors is avoided;

3) The switching scheme is simple;

4) The ZVS can be achieved for the primary AC/AC converter and secondary rectifier
to improve the system efficiency, which will be experimentally verified in the next

chapter.

However, the main weakness of the proposed converter is that the lower switches
experience the high current stress, and hard switching. By reducing the phase displacement
6, the ZVS operation for all switches of the AC/AC converter and the rectifier can be
achieved in constrained operating regions, as demonstrated in Appendix C. However, the
significant reduction of & makes the reactive power circulating in the converters and
inductive coils increase, in turn exacerbates their conduction losses. In addition, the power
transfer capability of the system decreases with the decrease of & when the minimum duty
cycle of the AC/AC converter is limited, as shown in (6.12). In the next chapter, a hybrid
dual-loop control strategy for the proposed charging system will be developed. It enables

the unity power factor and charging current regulation.
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Chapter 7. Control Design for Direct AC/AC Active-clamped Half-
bridge Converter Based Inductive Charging System -
Operation Principles, Modeling and Design

7.1 Introduction

In this chapter, a hybrid dual-loop control strategy comprising a predictive dead-beat
current controller and a linear average current controller is developed for the direct AC/AC
active-clamped HB converter based IPT charging system. This proposed control scheme
enables regulating the input power factor and charging current in a single power conversion
stage. The detailed control diagram is shown in Figure 7.1. Due to the absence of the DC-
link capacitor in the AC/AC converter to absorb double line frequency ripple, the battery
current, ip contains a double line-frequency ripple. The SRC charging technique reported
in [107, 108] allows batteries to be charged by double line frequency (100 or 120 Hz)
current with minor side effects on their performance. The outer loop is established to
regulate the average line-cycle battery current. The average battery current feedback I, can
be obtained using an infinite impulse response (1IR) filter. The output of the outer control

loop is the peak input current reference 7, which is multiplied by vi/Vim to generate the

sinusoidal reference current i; for the inner current loop. Since a wide bandwidth inner
current control loop is required to rapidly track variable current reference, a digital
predictive deadbeat controller with a very fast dynamic response is used in the inner control
loop. The performance of the deadbeat control is superior to that of the conventional linear
controller [162-164]. Another advantage of using the deadbeat control is that the load and

coupling coefficient variations are not considered in controller design, and it can be easily
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Figure 7.1: Control block diagram.

implemented with the measurement of the input current, input voltage, and clamping

voltage.

7.2 Inner Current Control Loop

The inner control loop is implemented to correct the input current following the input
voltage, in turn, to obtain unity power factor at the direct AC/AC converter input. In this
loop, the average switched input current is controlled using a predictive deadbeat
controller. The dual edge/triangle modulation is adopted to generate the PWM signals
driving the direct AC/AC converter. For such a PWM generation technique, the average
value of the input current can be obtained by synchronizing the sampling at the peak or
valley of the carrier signal [165]. Figure 7.2 shows the triangle modulation waveforms and
resulting inductor current waveform during positive half line cycle. It is assumed that the

input voltage and the clamping voltage are constant during a switching period.

The input current at the instant (n + 1)Ts can be predicted as

[0+ 2= [+ v, 0] -, v [n] (7.1)

where ii[n], vi[n], vci[n] are the average switched values of input inductor current, input
voltage, and clamping voltage at the sampling instant nTs.
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Figure 7.2: Triangle modulation waveforms and sampling instants of input current.

From (7.1), it would be possible to calculate the duty cycle dy[n] to make ii[n + 1]
reach its reference value by the end of the following modulation period, (n + 1)Ts.
Therefore, a one-cycle-delay dynamic response for the deadbeat control is achieved. In
practice, as sampling required signals, ii[n], vi[n], vci[n], and calculating duty cycle dy[n]
occupy part of the modulation period. As a result, it cannot guarantee that, in all cases, the
duty cycle computation can be completed and updated before the instant Tim when the
switches have to change their states, as shown in Figure 7.2. Especially, in the cases of low
duty cycles, the instant Tiim is very close to the instant nTs, thus giving a very short time for

computation.

In order to mitigate the aforementioned timing problem, the duty cycle can be
computed for one step forward. For example, instead of the duty cycle dp[n], the duty cycle
dp[n + 1] is computed. This allows a whole modulation period to complete the computation.
By shifting (7.1) one step forward, the input current at the instant (n + 2)Ts can be predicted

as
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L[n+2]=i[n +l]+-||:—5vi[n +1]—-||:—Sdp[n + 1Jv [N+ 1] (7.2)

By substituting (7.1) to (7.2), and assuming that vi[n + 1] = vi[n], vci[n + 1] = vci[n]

and i[n + 2] = i; [n], the duty cycle dp[n + 1] can be found as

L vi[n] _
dJn+ﬂ_dbkdm(Hn]|JnD+2VmUﬂ d,[n] (7.3)

where i;[n] is the input current reference at the instant (n + 2)Ts,. From (7.3), the duty cycle
dp[n + 1] for modulation period [(n + 1)Ts, (n + 2)Ts] can be determined to make the input

current reach its reference at the instant (n + 2)Ts with a two-cycle delay.

The main drawback of the current control law (7.3) is the dependency of its gain,
k.=L;/T;vq[n], on parameters such as L; and vci. These parameters can differ from their
nominal values due to the operation environment change, aging, or the inaccurate
measurement of the converter parameters. Therefore, the controller robustness to the
parameter variations must be investigated through a stability analysis. The equation (7.3)
can be rewritten as

aly

(- i)+ 220 g g (7.4

d,[n+1]= e

where « and g are the mismatch factors of the input inductor and clamping voltage,
respectively. Both aand Sare unity when the input inductor and clamping voltage perfectly

match their actual values.

The impact of the mismatch factors on the system stability can be investigated by

applying the Z-transformto (7.1) and (7.4), then deriving the closed-loop transfer function,
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i,(z)/i; (z), and determining its poles (the roots of the characteristic equation). The closed-

loop transfer function is stable if its poles are inside the unit circle.

The closed-loop transfer function is given as

a
(2 p (7.5)
-1+

HON

@
B

Therefore, the poles of the closed-loop transfer function can be found as

L=t -2 7.6
2oy B (7.6)

It can be observed that the condition for the closed-loop transfer function to obtain
stability is « < 2. Therefore, the worse cases of the system stability occurs when the input
inductor is overestimated (« > 1), and the clamping voltage is underestimated (5 < 1). For
example, if the clamping voltage is accurately measured (4 = 1), the maximum input
inductor tolerance to keep the system stable is less than 100% (« < 2). However, when the
measured clamping voltage is 10% less than the actual value (£ = 0.9), the maximum input
inductor tolerance for the system stability is less than 80% (« < 1.8). The above stability

analysis reveals that the controller has a considerable robustness against the parameter

mismatches.

7.3 Outer Current Control Loop
The peak input current reference I, is generated the outer current control loop, in

which the average battery current over a line cycle is regulated. It is assumed that power
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losses are ignorable, the peak input current reference I, can be approximated using the
average power balance at the input and output.

A
m V b

m

I (7.7)

where I, is the average battery current reference.

The peak input current reference I, can be generated using (7.7) without battery
current feedback measurement. However, the equation (7.7) is valid only when the system
efficiency is unity, which cannot be satisfied in the real system. Therefore, a steady-state
error between the actual battery current and its reference is always maintained, and it
becomes worse when the efficiency is low or the parameter mismatches happen in the inner

control loop.

By adding a variation Aly into battery current term, the equation (7.7) can be rewritten

as

*=%|;+%mb=|m+mm (7.8)

m m

m

As expressed in (7.8), the peak input current reference comprises a nominal term Imn

and a variation term Aly, as follows

N
Imn :V_blb (79)
2V,
Al :v_bAIb (7.10)
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Figure 7.3: Block diagram of the exponential moving average IIR filter.

The feedback controller is designed to nullify the steady-state error based on the
variation term. For this purpose, a simple integral controller given by (7.11) can be

employed.

G.(s) = K? (7.11)

where Ki; is the integral gain, and is tuned to provide a very low-bandwidth outer control
loop (much slower than double line frequency), which avoids distorting the input current.
Once the continuous time controller has been obtained, it can be transformed to the discrete

domain using the using the backward Euler method

KiTs

GC(d)=1"% (7.12)

In order to improve the dynamic response of the outer control loop, the nominal term

can be added as a feedforward value, as shown in Figure 7.1.

The outer current control loop requires the average value of the battery current as a
feedback signal. An exponential moving average IIR filter is used to obtain the average

value of the battery current, a sinusoidal-like DC current with double line frequency. The
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major advantage of using this filter is less computational requirement with a multiplier and

two adders, as shown in Figure 7.3. The z-domain transfer function of the filter is given

L@ _ K,
i,(z) 1-(1-K,)z" (719

where Ky, is the weight coefficient (0 < Kw < 1), and is chosen based on the desired cut-off

frequency fc and the sampling frequency fs = 1/Ts.

_2xf,
Yof

S

K (7.14)

7.4 Verifications and Discussions

A 1.0-kW laboratory prototype shown in Figure 7.4 is designed and implemented to
verify the theoretical analysis. The prototype is designed by following the procedure in
Section 6.5 in Chapter 6 with the major specifications as: the input voltage is 120 Vims/60
Hz, the nominal battery voltage is 250 V, the rated output power is 1 kW, and the switching
frequency is 85 kHz. The system efficiency 7 is assumed to be 0.9. The angle 6= 80° is
selected to achieve ZVS for the secondary rectifier switches and to minimize the VA rating
of the converters. The minimum duty cycle Dy is 0.28 to limit the peak clamping voltage
at 600 V. SiC MOSFETs, C2M0040120D (1200 V/60 A), are used to implement the direct
AC/AC active-clamped converter, while the secondary rectifier switches are SiC
MOSFETs SCT3060AL (650 V/39 A). A film capacitor, F340X153348MPP2T0 (3.3
uF/480 V), is employed for the clamping capacitor. The compensation capacitors are

formed by arranging 700-V TDK film capacitors in parallel and series.
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Direct AC/AC
converter

Figure 7.4: Experimental prototype.

The circular inductive coils are fabricated using the Litz wire with 1050 strands of
AWG 38. The primary coil has 26 turns, and its inner and outer diameters are 226 mm and
490 mm, respectively. The secondary coil’s turn number, inner and outer diameters are 8
turns, 368 mm and 450 mm. The nominal air gap between primary and secondary coils is
170 mm. An electronic load (Chroma 63205A-1200-200) at constant voltage mode is
adopted to emulate the battery. The dual-loop control strategy and PWM generation are
implemented in an FPGA (A2F200M3F). The integral gain of the outer loop controller is
tuned to 18, and the weight coefficient of the IIR filter is 7.3x10*. Table 7.1 shows the

detailed prototype parameters. The calculation of the parameters is shown in Appendix D.

Figure 7.5 shows the steady-state current and voltage waveforms at the input, output,
primary and secondary coils at the full load (V, =250 V and I, = 4 A) and half load (V, =
250 V and Ip = 2 A) conditions. It can be observed that the input current i; is sinusoidal and
in phase with the input voltage vi. The absence of a DC-link capacitor in the direct AC/AC
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Table 7.1: Charging system specifications

Parameter Symbol Value Unit
Nominal output power Po 1.0 kw
Battery voltage Vb 250 VvV
Input voltage Vi 120 Vrms
Line frequency fi 60 Hz
Switching frequency fs 85 kHz
Maximum input current ripple Alm 2 A
Maximum clamping voltage ripple AV, 20 \Y
Primary self-inductance Lp 297.2 uH
Secondary self-inductance Ls 52.8 uH
Mutual inductance M 20.6 uH
Primary compensation capacitor Co 11.88 nF
Secondary compensation capacitor  Cs 66.3 nF
Boost inductor Li 1.02 mH
Clamping capacitor Ci 3.3 uF
Output filter capacitor Co 520 uF

converter causes a double line frequency fluctuation in transferred power. This results in a
fluctuating battery current and secondary current at double line frequency (120 Hz) as
shown in Figure 7.5. The variation of the clamping voltage over a half line cycle can be
calculated using (6.4) and (6.12) with the assumption of the unity input power factor. The
calculated and measured clamping voltages are depicted in Figure 7.6. There is a good
agreement between the theoretical calculation and experimental measurement, which

verifies the accuracy of the steady-state analysis in Section 6.4 in Chapter 6.
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Figure 7.5: Experimental steady-state waveforms of the charging system at (a) Vb = 250
Vandlpb=4A and (b) Vb =250V and Irb =2 A.

Figure 7.7 shows the experimental waveforms to verify the ZVS of the AC/AC
converter and the rectifier. On the AC/AC converter, it can be seen that the primary voltage
Vp is unchanged when Spia is activated or deactivated, whereas the primary voltage vp
changes its status whenever Spza is turned on or turned off. Therefore, Spia oObtains both
zero-voltage turn on and turn off whereas Spza suffers hard turn on and hard turn off. On
the secondary rectifier, the secondary voltage vs does not change its status when Ss1 or Ss2

is turned on. It means that zero-voltage turn on is maintained for both the switches.

116



600

— Calculated voltage
& 500 @ V,=250Vand I, =
5 400 Measured voltage
gb @ Vy=250Vand I =
?? 300 / — Calculated voltage
_%J 200 / @ Vy=250Vand I; =
=]
= ® Measured voltage
o 100 @ Vy=250Vand I, =2A
0

0 76 w3 72 273 576 T
ot (rad)

Figure 7.6: Analytical and experimental comparison of clamping voltage over half line

voltage (Calculation and experimental results).
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Figure 7.7: Experimental waveforms validating the ZVS of the AC/AC converter and

rectifier.

Figure 7.8 shows the dynamic response of the charging system under the step change
of the average battery current reference. It is observed that the system obtains a fast
response and retains stability even when the current command steps from 100% load (4 A)
to 50% load (2 A) at the peak of the input voltage. Moreover, the average battery current
follows the command values after and before the transition time. Figure 7.9 shows the
dynamic response of the charging system when the average battery current command

maintains 4 A, and the output battery voltage steps from 200 to 250 V. Although the step
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Figure 7.8: Dynamic response of the proposed charging system under the average battery
current command step change from 4 Ato 2 A at Vp = 250 V (Experimental results).

| xl’f(lig\’;’dﬁ'} )

" 3 B iy (SA/IV) 4134
is (5A/div) \

Time (1s/div) Zoomed in Time (10ms/div)

i, (20A/div)

Figure 7.9: Dynamic response of the charging system under the battery voltage step change

from 200 V to 250 V at Ir = 4 A (Experimental results).

change of the battery voltage is unrealistic in the charging applications, the experimental
waveforms under its step change are showed to validate he dynamic performance of the
controller at the worst scenarios. It can be seen that the system stability is still obtained
even when the output battery voltage suddenly increases. The battery current drops by 1.3

A, then recovering back to initial value after 1.45 s.

Figure 7.10 illustrates the input current total harmonic distortion (THD) and system

efficiency at the nominal battery voltage, Vi, = 250 V, but at different average charging
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Figure 7.10: Input current THD and system efficiency at different charging currents

(Experimental results).

current values. The input current quality and efficiency are evaluated using Fluke 438-11
Power Analyzer. The THD of the input current is 3.4% at the full load condition (I =4 A),
it achieves the minimum value of 3% at I = 3 A, and then it increases with the decrease of
the charging current. The input power factor remains at 0.99 or above in a wide charging
current range from 1.5 A to 4 A. Figure 7.11 shows the harmonic contents of the input
current at the full load (Vb =250 V and I, = 4 A) and half load (V, =250 V and Ip =2 A)
conditions. It can be seen that input current harmonic contents comply with the IEC 61000-
3-2 Class A standard [166]. The classification and current harmonic limit in the IEC 61000-

3-2 are provided in Appendix F.

For the system efficiency, as shown in Figure 7.10, a peak efficiency of 93.4% is
achieved at I, = 3 A while an efficiency of 93.2% is measured at the nominal charging
current, Ip =4 A. Table 7.2 shows a comparison between the proposed direct AC/AC active-
clamped HB converter based SS-IPT system and various single-stage converter based IPT

systems in literature. It is clear that the proposed IPT system demonstrates a higher
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performance compared to the other systems regarding component count, input current

quality, and efficiency.

Figure 7.12 shows the detailed loss distribution of the designed charging system. The
system loss distribution is simulated by using PSIM. It can be observed that the primary
coil losses dominate the total system losses. The conduction losses of Sp2a and Span are
significantly high when the charging current is high. This is due to the fact that they carries

both ip and iLi during the large interval of the modes 7, 8 and 9 as shown in Figure 6.2.
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Figure 7.11: Input current harmonic contents at (a) Vb =250 V and Irb =4 A, and (b) Vb =
250 V and Ip = 2 A (Experiment results).
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Table 7.2: Comparison of various single-stage converter based IPT systems

Number of  Switching Input current Peak

Ref. cCo::fii)élizgt semiconductor  frequency (%//vve;r THD efficiency
devices (kHz) (%) (%)
Buck-derived . 3.3 (with input
MC [96] 0.29 12 switches 20 1.0 LC filter) 89.6
Adori 4 diodes + 8 4.5 (with input
Boost-derived , ,, switches 48 1.2 capacitor N/A
MC [100] filter)
Bridgeless boost .
. 15.4 (with
PFC converter .9~ 6diodes+4 0y o 556 input LC 90.1
and FB-VSI switches filter)
[102]
. 3.4 (without
Proposed 0.16 6 switches 85 1.0 input filter) 93.4
6 & § & 8 & 9§ 2% NG T8 U8 G 58
40 & 8 & & & 8 B8LEJ855858%8%8
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B 7, =250V and 7, =4 A.

Figure 7.12: Loss distribution of the proposed charging system (Simulation results).
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Some simulation results are given to evaluate the performance of the charging system
under the variation of the mutual inductance and compensation capacitors. Note that, the
simulation validation is realized by a PSIM-ModelSim co-simulation with PSIM
simulating the power stage and ModelSim running Verilog code implemented in FPGA

(controllers and PWM generation).

Figure 7.13, 7.14, and 7.15 show the steady-state waveforms of the currents and
voltages in the charging system at the different conditions of tuning and misalignment
when Vp is 250 V and Iy is 4 A. It can be observed that the charging current and input
current are effectively controlled, the input current remains sinusoidal and in phase with
the input voltage in all conditions of the parameter variations. The simulating input current
THD is in the range of 3.2 % - 4.0%, and the simulating input power factor is always higher

than 0.99.

Figure 7.13 shows that the higher primary current is required to maintain the output
power when the mutual inductance is reduced, causing higher losses on the primary coil,
the primary capacitor and the switches of the AC/AC converter, as illustrated in Figure
7.16. Note that the thermal modules in PSIM are utilized to simulate the power losses of
the switching devices and passive components, and the internal resistances of the primary

and secondary coils are also included in simulation to evaluate their losses.

The secondary current is sensitive to the reduction of the primary capacitance.
Particularly, the secondary current increases by 30% when the primary capacitance
decreases by 5%, as shown in Figure 7.14 (b). As a result, the losses of the secondary cail,
the secondary capacitor and the rectifier increase, as shown in Figure 7.16. In this

simulation, the variation of the primary capacitance is limited at 5% to prevent exceeding
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the current rating of the rectifier’s switches (Rohm SCT3060AL 650V/39A). On the other
hand, the primary current is sensitive to the variation of the secondary capacitance. A
double line frequency fluctuation can be observed in the primary current when the
secondary circuit is in the off-resonance condition, as depicted in Figure 7.15. That is
because the fluctuation of the voltage across the secondary coil is not cancelled by the
voltage of the secondary compensation capacitor. As can be seen in Figure 7.16, the
primary current increases significantly when the secondary capacitance reduces, which

causes more losses on the primary side.

v, (V)
7, (V)

) ‘IIC'A (V)
et (V)

W)
L

ip (A)
ip (A)

Vs (V)
v; (V)

is (A)
i; (A)

EREs
JAvE

0 80 %0 100 8760 8761 8762 8763 8164 8165
f (ms) f (ms)

iy (A)
iy (A)

50 60 7

Figure 7.13: Simulation steady-state waveforms in the charging system when M decreases
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Figure 7.16: Loss distribution at the different conditions of tuning and misalignment

(Simlation results).

7.5 Summary

In this chapter, a hybrid dual-loop control scheme which enables the input power
factor correction and the average charging current regulation was proposed. A 1.0-kW SiC-
based prototype was designed and implemented to verify the feasibility of the proposed
control scheme and the theoretical analyses in Chapter 6. The controller is realized on an
FPGA controller (A2F200M3F). The experimental results showed that the battery charging
current is effectively controlled, and a unity power factor is achieved over a wide range of
the charging current command and the battery voltage. All input current harmonics are in
compliance with the IEC 61000-3-2 Class A standard. Due to single-stage-power-

conversion and soft-switching features, the proposed charging system obtained the
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maximum efficiency of 93.4 %, which is higher than that of other single-stage converter
based IPT systems reported in literature. However, the high current stress and hard
switching on the lower switches of the AC/AC converter are the weaknesses of the
proposed charging system, and they might become worse at lower input voltage where a
higher input current is required to provide the same output power. These issues can be
overcome by paralleling switches. The performance of the charging system at different
conditions of tuning and misalignment are also evaluated by simulation. It can be observed
that the input and charging currents are still effectively controlled under the parameter

variations.
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Chapter 8. Conclusions and Future Work

8.1 Conclusions

A comprehensive study on power supply converter topologies for EV IPT charging
applications has been undertaken in this thesis. Initially, Chapter 1 presented a general
introduction to the WPT technologies such as APT, RFPT, OPT, CPT, and IPT. It is found
that the IPT has been widely accepted in for many practical WPT applications, especially
for the EV charging applications. The IPT-based EV chargers bring several benefits such
as safety, convenience, flexibility, weather immunity, as well as possibility of range
extension and cost reduction for the EVs. Among various research topics, the development
of the high-frequency power supply converters is a primary importance for the IPT
charging systems. The dual-stage and single-stage power conversion topologies for the IPT
systems were overviewed in Chapter 2. The commonly used CSls and VSiIs in the dual-
stage topologies were presented, followed by the exhibition of the single-stage topologies
including matrix and integrated structures that enable providing a direct AC/AC
conversion. In addition, the compatibility of the power converters, compensation

topologies and power control schemes in the IPT applications was discussed.

In Chapter 3, a comprehensive comparison of the conventional dual-stage power
conversion topology (boost PFC and FB VSI) and the potential single-stage counterparts
including the buck-derived FBMC and boost-derived FBMC was carried out. The
performance of the power converters was assessed regarding input current quality,
switching stresses, efficiency, and cost. The simulation results revealed that all of the power
conversion topologies have advantages and constraints. Particularly, the conventional dual-

stage topology has the lowest stress on switching devices, and the boost-derived FBMC

128



provides the greatest input current quality. On the other hand, the superiorities of the buck-
derived FBMC over the other topologies are high efficiency, low component count and
cost. Despite eliminating the bulky DC-capacitors, the single-stage MCs still have many
switching devices, and require complex control schemes. A novel direct AC/AC active-

clamped HB converter was proposed in Chapter 6 to address these issues.

The exploration of the proposed AC/AC converter was initialized by investigating
the active-clamped HBBI based IPT system. A comprehensive analysis of the soft-
switched, active-clamped HBBI in the IPT battery charging applications was performed in
Chapter 4. Since its output is a high-frequency voltage, thus it can feed the SS-IPT system
with the benefits of simplicity, cost-effectiveness, high efficiency, constant output current,
and load-independent compensation. The active-clamped HBBI based SS-IPT charging
system was mathematically modeled using the EDF technique. This has resulted in the
steady-state and dynamic models that are useful for the system design and analysis. The
ZV'S mechanism of the fixed-frequency-controlled active-clamped HBBI based SS-IPT
charging system was described in detail through the circuit operation modes. Then, the
ZV'S design methodology that was formulated based on the derived steady-state model
equations. In the proposed design approach, the secondary circuit was tuned to the
switching frequency to maximize the power transfer capability, whereas the primary circuit
was tuned to a resonant frequency that slightly deviates from the switching frequency to
obtain ZVS. With the proposed design approach, the bifurcation phenomenon that can

cause the loss of ZVS is also eliminated.

In Chapter 5, the theoretical analyses on the active-clamped HBBI based IPT

charging system presented in Chapter 4 were validated by the simulation and experimental
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results. A 1.0-kW prototype with an FPGA based charging current controller was
developed. The derived small-signal model was used to design the charging current
controller after having been successfully validated using the AC-sweep analysis in the
PSIM simulation software. The controller was realized on an FPGA (SmartFusion
A2F200M3F). The experimental results showed that the controller tightly regulated the
charging current even with the variations of the charging current command, battery voltage,
and mutual inductance. The feasibility of the proposed ZVS design approach was also
proven through investigating the effect of the mutual coupling on the ZVS boundary of the
inverter. It noted that the ZVS region is extended when the mutual inductance reduces. The
experimental results revealed that the theoretical analyses are correct. In comparison with
the non-ZVS system, the ZVS system is more efficient with an efficiency improvement of
1.1 %. A maximum DC-to-DC efficiency of 93.4% was measured at the nominal coupling
coefficient of 0.15 (an air gap of 170 mm), which is comparable to other IPT systems at

similar power levels in literature.

Based on the analysis in Chapter 4 and 5, the novel direct AC/AC active-clamped
HB converter proposed for the IPT charging applications was studied in Chapter 6. It
possesses many appealing features such as less switching devices (only 4 switches),
continuous sinusoidal input current, electrolytic DC-link capacitor elimination, simple
switching scheme, and ZVS operation. Moreover, the proposed AC/AC converter adopting
the SS compensation topology is suitable for the static IPT charging applications. The
operation principles were illustrated. A mathematical steady-state modeling and ZVS

conditions of the converter were explored. Based on the steady-state analysis, a basic ZVS
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design procedure for this converter was developed with the necessary design equations

being presented in detail.

In Chapter 7, a hybrid control strategy to achieve the unity power factor and the
average charging current regulation was proposed for the IPT charging system fed by the
direct AC/AC active-clamped HB converter. It consists of two control loops, a linear outer
control loop and a nonlinear inner control loop. In the proposed charging system, the SRC
charging technique where the battery current contains a double line frequency ripple was
adopted. The outer control loop including an integral feedback controller and a feedforward
controller was designed to regulate the average battery current with the fast dynamic
response and steady-state error elimination. The feedback average battery current for the
outer control loop was obtained using the 1R filter that has less computational effort. The
output of the outer control loop is the peak input current reference that was consequently
synchronized with the input voltage to generate the grid current command for the inner
control loop. A digital predictive deadbeat controller with a very fast dynamic response
was used in the inner control loop. The implementation of the inner controller is simple
with measuring the input current, input voltage, and clamping voltage, but not considering
the load and coupling coefficient variations. The stability analysis revealed a considerable
robustness of the controller to parameter mismatches. The experimental verifications of the
whole charging system with the proposed control scheme were conducted through a 1.0-kW
laboratory prototype. The SmartFusion A2F200M3F FPGA was utilized as the core control
unit. Experimental results showed that the battery charging current was effectively
controlled, and a unity power factor was achieved under the variations of the charging

current command and the battery voltage. The input current harmonic emissions complied
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with the IEC 61000-3-2 Class A standard. Due to less component count and soft-switching
features, the proposed charging system obtained the maximum efficiency of 93.4 % at the
air gap of 170 mm, which is higher than that of other single-stage converter based IPT
systems reported in literature. However, the high current stress and hard switching on the
lower switches of the AC/AC converter are the weaknesses of the proposed charging

system. They might be overcome by paralleling switches.

8.2 Future Work

Active power-decoupling circuits

The proposed direct AC/AC active-clamped HB converter based IPT charging
system adopts the low-frequency (120 Hz) SRC charging technique with a negligible
negative impact on the battery performance [101, 106, 108, 109, 167-169]. In the case of
requiring charging current ripple reduction, active power-decoupling topologies presented
[170-172] can be utilized with the minimized capacitance requirement and no additional
power switches, enhancing the performance of the charging system in terms of efficiency,

power density, and cost.

Bidirectional IPT systems

For the active-clamped HBBI fed IPT system presented in Chapter 4 and 5, the
bidirectional power transfer can be implemented by replacing the diode rectifier on the
battery side with the active rectifiers. The modelling analysis, ZVS investigation, and

control strategies for the system can be developed in the future research work.

The structure of the direct AC/AC active-clamped HB converter based IPT system

proposed in Chapter 6 enables the bidirectional power transfer capability; however, only
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the gird-to-vehicle (G2V) operation mode was explored. The reverse operation mode,
vehicle-to-grid (V2G), can be studied in the future. Particularly, the primary duty cycle-to-
input current transfer functions, derived in Appendix E, show right-hand-plane (RHP)
zeros when the system is operated in the V2G mode, which requires advanced control
strategies. The developed controllers must insure the system stability, fast dynamic

response and grid power quality.

Solar-powered IPT charging systems

The wireless charging systems powered by solar energy sources possibly provide a
zero-emission solution for the transportation sector. The features of the continuous input
current and galvanic isolation make the active-clamped HBBI based IPT system suitable
for photovoltaic (PV) applications. The research on the solar-powered IPT charging system
using the active-clamped HBBI can be carried out. The system can be analyzed and
modeled to develop the effective maximum power point tracking (MPPT) and maximum
efficiency point tracking (MPET) control strategies under the influences of shading, panel

mismatch, and general variance.

Interleaved structure

The power converter can be modularized as multi-parallel-interleaved converter
modules with identical technology to enhance power transfer capability of the IPT systems.
As a result of the interleaving configuration, the current stress on each module, input

current ripple, and EMI filter size are significantly reduced.
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Appendix A.  Modelling Equation Derivation of Active-clamped Half-
bridge Boost Inverter Based IPT Charging System

A.1 Basic Taylor’s Series Expansion Equations

F(x) = f (X +x)—f(X)+xdf(XX)

(A1)

(A2)

fy)=F(X+RY +9)=fF(X,Y)+ df(>)<<Y) g 4 X, Y)

dy

f(x,y,2)=fT(X+XY +9,Z+2)
JAF(X.Y.Z) df(X Y.Z) ,df(X.Y,Z) (A3)
dX dy dz

= f(X,Y,Z)+

A.2 Linearization of Nonlinear Equations

The nonlinear equations (4.13), and (4.30)—(4.40) by using (A.1)-(A.3)

di d(l, +1 : .
s _ 90 pS)=i(%3inﬂ'D+gSinﬂ'DX\7Ci+2vciCOS7Z'D><d)

dt dt L, 7 T

1 R 1 .
-y (VCps + VCps) - (VCss + VCss)

L, '-m (A4)
+ (1,9, + Qi+ 1,.®)

4 I ssVo I s \3 I cho e I ss I cho o

- _( +—V, t 3 lss 3 sc )

TR T H

di_ d(l. +i
LA ( P pC) :_i(vCpc+\7Cpc)_i(stc+\7C50)

dt dt L, L
— (1,9, + Qi +1,.0,) (A5)
4 ISCVO ISC 7y ISS ISCVO &~ ISZSVO
_T( I, T )
T sp sp Sp
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SS

i_d(ISS_FiASS _i
d dt L

m T T

1 N 1 .
- L_ (VCps + VCps) o E (VCss + VCss)

m

+(1,.Q +Q., +1.0,)

sc= s
2
4 I ssVo I S5 vy I cho o I ss I cho 8
__(—+_Vo 3 'ss 3 sc)
| I | |
T Ll sp sp sp sp

di, d(l +1,) 1 . 1 ,
dt = dt :_L_m(VCpc-l_VCpc)_E(VCsc-l_VCsc

_(Isst +Qsiss + IssaA)s)

2
4 Icho Isc 0 Iss Icho B IssVo B
__(—+_Vo_ Iss+ Isc)
| | 12 12
”Ll sp sp sp Sp

dVCps — d (VCps + WCps)
dt dt

:Ci(lps +i,\ps)+(\/CpCQS —|_£2S\7

p

Cpc + VCpc 605 )

dV . d(V . +\7 c 1 ~ ~ ~
Cp — Cp Cp = C—(I ne + Ipc) - (\/CpSQS +QSVCPS +V, @, )
p

dt dt s

dv, d(Ve, +V 1 o 0 5
d(;:ss B (Vcssdt CSS) - C_(Iss + Iss) + (VCchs + QSVCSC +VCsca)S)

S

dv, dVe +Vo.) 1 - A A
so — 270 T TGt — (] 41 ) — (Ve Q + Qe + Voo @
dt dt C ( sc sc ) (VCSS s s VCss Css WYs )

S

dv, dV,+v) 2
d¢  dt  zC

I ~
(I, +—=I +
sp I SsS I I’bC

o] sp Sp

1 ,
+—(, +V
I’bCO (\/b b)

[0}

di, d(l,+1,) 1 o1 . .
L — 2 =—(V. +V)-—(DV. +Dv. +V.d
dt dt Ll(VI |) L,( Ci Ci Ci )
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dVCi _ d(\/Ci +VCi :Ci(DILi + DiALi + ILid\)

dt ot i
—(i|pssin7ZD+iSinﬂ'DXiAps+i|pSCOSﬂDXd)
7C, 7C, C.
(A.14)
: A 1 R 1 R
Io:(Io+|o):r_(\/o+vo)_r_(\/b+vb) (Als)
b b

A.3 Steady-State Model Equations
In the steady-state equations can be derived by separating steady-state terms, upper-
case letters, from (A.14)—(A.15), and then nullifying the derivative terms. The steady-state

equations are given as follows

. 8L, , V. L
E—Dsm D =-Q.L,1 +ﬁ(rb +ﬁ)l“ +Vps + L—;VCSS (A.16)
V. . L V, L
—LsinzD = 82 o (n + ) — QL1+ Ve, + TV (A.17)
7D T I, L
8 V,
O:QsLllss +_2(rb+_b)|sc +£VCpc +VCsc (A18)
b4 I, L,
8 V, L
O:gzsl‘mlps +_2(rb +_b) Isc +_mVCpc +VCsc (Alg)
T I, L,
0=1,,-QC Ve, (A.20)
0=1_-Q.CV,, (A21)
0=1, +O,C Ve, (A22)
0=1_+Q.CV,, (A.23)
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Oz—lsinﬂDx I, +Dl,
7

lV. =V

i Ci

Ll, +V, =V,

A.4 Small-Signal Model Equations

(A.24)

(A.25)

(A.26)

The small-signal equations can be derived by separating perturbation terms from

(A.14)—(A.15). The small-signal equations are given as follows

T 2
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dt Cs sC Css™s
Ve 1 - . .
dtp = C—lps + Qe +Vep D,
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\ ~ .
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Appendix B.  Detailed Parameter Calculation of 1.0-kW Active-
clamped Half-bridge Boost Inverter based Inductive

Wireless Charger

Minimum Duty Cycle

V, 150

D= 0TV, (max) 07650 o
D = 0.33 is selected.
Boost Inductor (L)
L> (1-D)V, _ (1_0'33)X150:1.18 (mH)

AL 1x85000

Li =1.36 mH is selected.

Mutual Inductance (M)

O The average clamping voltage

Vg = =299 45454 (v)
D 033

O The average input current

L=te o 100024 A
N, 09x150

U The sine component magnitude of the primary current
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=1, ﬂ - 7_41xﬂ =8.92 (A)
sinzD sin(7 x0.33)

U The cosine component magnitude of the primary current, which is designed to

obtain ZVS for S; and Sy

i +Al;/2-1 cos(zD —2xt, /T,)
e sin(zD -2zt /T,)
| 7.41+41/2-8.92xcos(7 x0.33 - 27 x0.4 x10°° x85000)
sin (71 x0.33—-27 x0.4ux 85000)

=252 (A)

y I + Al /2= (Chy +Coe; Vg /1y — 1,,c08(7D)
e sin(zD)
_ 7.41+1/2—(600+600) 107 x454.54/(0.4 10" ) -8.92cos 7 x0.33)
sin(;z ><0.33)

=2.33(A)

I, — Al /2-1cos(zD +2xt, /T,)
a sin(zD + 2zt /T,)
7.41-1/2-8.92 xcos(7 x 0.33+ 27 x 0.4 x 10" x85000)
sin(z x0.33+ 27 x 0.4 44 x85000)

=432 (A)

. =1+ Al /2= (Coq + Coes Ve /g + 1 g cos(zD)
e sin(zD)
_ —7.41+1/2- (600 +600) x 10" x 454.54/(0.4 x 10" ) + 8.92c0s (7 x 0.33)
sin(z x0.33)

=434 (A)

Ipc = =7 Alis selected.
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U The mutual inductance

Mo W 4x72 —15.14 (uH)

7oy, 7w f12 412 %27 x85000 x/8.92° + 72

The actual value of the mutual inductance is M = 15 pH.

Primary and Secondary Self-Inductance (L, and Ls)

U The secondary self-inductance

8 V2 8 72°
R S 2 P 2
QR 2R ) Z1000) ) oot

L
* @, @, 27 x 85000

The actual value of the secondary self-inductance is Ls = 35 uH, and then the actual

value of the secondary quality factor is Qs = 4.45.

U The coupling coefficient

« < 1/4Q§ 1 J4x4.452 -1

= =0.22
2Q? 2 x 4.457
k = 0.15 is selected.
O The primary self-inductance
2
M2 15x10°8
= = ( ) =285.71 (uH)

P KL, 0.15°x35x10°

The actual value of the primary self-inductance is Lp = 298 uH, and then the actual

value of the coupling coefficient is k = 0.147.
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Primary and Secondary Compensation Capacitors (C, and Cs)

U The secondary compensation capacitor

=t - L —100.17 (nF)
@, (27 x85000) x35x10°°

The actual value of the secondary compensation capacitor is Cs = 100.2 nF.

Q The primary resonant frequency

, 1 7*a’M?P
pc s o
w, =, |of +E——

8l LV,.>

ps—p

(=7) x 7% x (27[ X 85000)3 (15 x107° )2 x1000
8x8.92x298x107° x 72°

= \/(27z x85000)" +

=513567.19 (rad/s)

U The primary compensation capacitor

C:1 1

b > = > 21272 (nF)
@iL, (513567.19) x298x10°°

The actual value of the primary compensation capacitor is C, = 12.9 nF.

Clamping Capacitor (Ci)

C, =50C, =50x13x10~ =0.65 (iF)

Ci = 0.68 pF is selected.
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Table B.1: Component specifications of the 1.0-kW active-clamped HBBI based IPT

charger
Circuit configuration Components Part Number Rating Quantity
Active-clamped HHBI | SiC MOSFETs Rohm 650 /39 A 2
P SCT3060AL
e . Microsemi
Secondary rectifier Schottky diodes APT100S20BG 200 V/120 A 4
. Unshielded Wurth Elektronik
Boost inductor (L) toroidal inductors 750343810 340 uH/15 A 4 x 340 uH
Metallized Wurth Elektronik
Clamping capacitor (Ci) | polypropylene WCAP-FTXx |68 gg?gc\:mc 1
film capacitor 890334026020
. . Metallized
Primary compensation TDK 4.7 nF/700 VAC/
capacitor (Cp) polypropylene | gao655n2470K000| 2000 vDC | L1x47nFl4
film capacitors
. TDK 4.7 nF/700 VAC/
Secondary compensation '\I/leta"lzled B32652A2472K000| 2000 VDC 21 x 47 nF
capacitor (C) polypropylene / /
B32652A2152J000 2000 VDC
Metallized Kemet
Output capacitor (Co) polypropylene CADEFPQG6260A | 260 uF/600 VDC| 2 x 260 uF
film capacitors 8TK
Gate driver power | Texas Instruments
Gate driver management UCC5390SCDEV |+18 V/-4 /0.8 W 2
evaluation boards M-010
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Appendix C.  All-switch ZVS Operation of Direct AC/AC Active-
clamped Half-bridge Converter Based Inductive

Wireless Charger

Since only the duty cycle d, of the primary AC/AC converter is manipulated for the
input current and charging current regulation, the switches of the proposed AC/AC
converter cannot achieve ZVS in the whole line cycle, especially the lower switches. In
order to simplify the ZVS analysis, the output parasitic capacitors of the switches are
assumed small and ignorable. Due to the symmetry of the configuration and operation of
the charging system, only the ZVS of the switches during the positive half cycle of the line
voltage are derived in detail. Similarly, their ZV'S operation during the negative half cycle

of the line voltage can be analyzed.

As demonstrated in Chapter 6 and 7, the ZVS condition for the switches of the
secondary rectifier is that the secondary current is must lead the secondary voltage vs, 0 <
6 < #2. However, in order to minimize the VA rating of the primary and secondary
converters, the @ should be slightly less than #/2. For the primary AC/AC converter,
according to Section 4.4 in Chapter 4, during the positive half line cycle, Sp1a can be turned
on with ZVS if it is activated at ip < i;. On the other hand, Sp2a can be turned on with ZVS
if it is activated at i, > ii. As shown in Figure C.1, the ZVS conditions of Spia and Spza

during the positive half line cycle can be formulated as (C.1) and (C.2), respectively.
i, (T./4-d,T,/2+1,)<i, +Aj (C.1)
i, (T, /4+d,T,/2+1t, )i — Aj, (C.2)
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Figure C.1: Key operating waveforms on the primary side.

v (V) v (V) i(A) d,
3007 600 Non-ZVS | ZVS ofall Non-ZVS 30 Tl
of 8,2, switches of S,
2004+ 400 | vc,/v\ d, 20 423
/—!—-.\
100+ 200 i >~ 10 +1/3
117 1.97
oL o ' : ' ' ! 0 Lo
0 76 '3 2 213 5406 7
@i (rad)

Figure C.2: All-switch ZVS operation region of the charging system at &= 60°, V, = 250
V and Iy = 3.5 A during the positive half line cycle.
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For the charging system given in Table 7.1 in Chapter 7, 8= 80° is selected, the lower
switches of the AC/AC converter, Sp2a and Spab, always suffer hard turn-on and hard turn-
off while the other switches are operated with ZVS. However, when @ reduces to 60° with
te = 0.4 us, the ZVS for the all the switches of the charging system can be achieved in the
certain areas over the line cycle. The theoretical all-switch ZVS region of the charging
system at 6=60° Vp =250 V and I, = 3.5 A during the positive half line cycle is depicted
in Figure C.2. It can be observed that the ZVS region (shaded areas, 1.17 rad < amt < 1.97
rad) is constrained by the ZVS condition (C.2) of the lower switch Sp2a. The ZVS of Sp2a

cannot be maintained in the whole line cycle, especially in the low grid voltage area.

Figure C.3 shows the simulation waveforms verifying the ZVS of the switches in the
charging system. At et = 1.8 rad, the primary and secondary voltages are unchanged when
the switches are turned on as shown in Figure C.3 (a). Therefore, all the switches are
operated with ZVS. On the other hand, at amt = #/3 rad, the primary voltage vp changes its
status whenever Sp2a is turned on or turned off, so it loses ZVS as shown in Figure C.3 (b),

which agrees with the theoretical analysis.
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Appendix D.  Detailed Parameter Calculation of 1.0-kW Direct AC/AC
Active-clamped Half-bridge Converter Based Inductive

Wireless Charger

Minimum Duty Cycle

Ve 12020
V,, 600

pm

Dpm = 0.28 is selected.

Boost Inductor (L)

> (1_ Do )Vm (1—0.28) ><120\/E

= =0.72 (mH)
Al T, 2x85000
Li = 1.02 mH is selected.
Mutual Inductance (M)
U The input current peak
| - 2P, 2x1000 _13.09 (A)

™. 0.9x120y2
U The mutual inductance

_ 2V, singsinzD,,  2x250xsin80°  sin(7zx0.28)
zol, 7D 7 x2mrx85000x13.09 7 x0.28

pm

M

=19.64 (uH)

The actual value of the mutual inductance is M = 20.6 pH.

Primary and Secondary Self-Inductance (L, and Ls)
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The inductive coupling coils are designed to obtained the desired mutual

inductance at the air gap of 170 mm. The primary and secondary self-inductance

values are 297.2 uH and 52.8 pH, respectively.

Primary and Secondary Compensation Capacitors (Cp and Cs)

U The primary compensation capacitor

C =t - 1 ~11.8 (nF)
oL, (27x85000) x297.2x107°

The actual value of the primary compensation capacitor is C, = 11.88 nF.

U The secondary compensation capacitor

c -1 L _66.4 (nF)

s = =

oL, (27 x85000) x52.8x10°°

S

The actual value of the secondary compensation capacitor is Cs = 66.3 nF.

Clamping Capacitor (Ci)

W, 4% 250
= 215, _ oM 7 %27 x85000%20.6x10°° =2.7 (uF)
oAV, oAV, 27t x85000 % 20

Ci = 3.3 pH is selected.
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Table D.1: Component specifications of the 1.0-kwW AC/AC active-clamped HB converter

based IPT charger

Circuit configuration Components Part Number Rating Quantity
Active-clamped HHBI SiC MOSFETs |Cree C2M0040120D| 1200 V/60 A 4
Secondary rectifier SiC MOSFETs | Rohm SCT3060AL 650 V/39 A 2
. Unshielded Wurth Elektronik .
Boost inductor (L) toroidal inductors 750343810 340 uH/15 A 3 (series)
Metallized .
. . _ Vishay 3.3 uF/480 VAC/
Clamping capacitor (C;) p_olypropyl_ene F340X153348MPP2T0 800 VDC 1x3.3uF
film capacitor
Metallized TDK 4.7 nF/700 VAC/
capacitor (Cy) film capacitors & TDK 3.3nF/700 VAC/| + 3 x 3.3 nF/4
B32652A2332J000 2000 vVDC
) TDK 4.7 nF/700 VAC/
Secondary compensation '\I/leta"lzled B32652A2472K000 | 2000 VDC 12 x 4.7 nF
capacitor (Cs) RO ypropyene & 3.3nF/700 VAC/
film capacitors TDK 3NnF/700 VAC/| +3x3.3nF
B32652A2332J000 2000 VDC
Metallized Kemet
Output capacitor (Co) polypropylene CADEFPQ6260A8T | 260 uF/600 VDC| 2 (parallel)
film capacitors K
Gati\;ivg;/er Texas Instruments
Gate driver P UCC5390SCDEVM- |+18 /-4 V/0.8 W 6
management 010

evaluation boards
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Appendix E.  Duty Cycle-to-Input Current Transfer Function
Derivation of Direct AC/AC Active-clamped Half-bridge

Converter Based Inductive Wireless Charger

In this Appendix, the derivation of the duty cycle-to-input current transfer function of
the direct AC/AC active-clamped half-bridge converter based IPT charging system will be
provided in detail. Figure E.1 shows the equivalent circuit of the AC/AC conversion stage
and its typical waveforms during the positive half line cycle. In order to simplify the

analysis, some assumptions are made as follows:

1) The switching frequency is much higher than the line frequency, the input voltage vi

can be considered as constant over a switching period;
2) All switches and diodes are ideal;
3) The dead time is neglected;
4) Parasitic resistances of inductors, capacitors and coils are ignorable;

5) Boost inductor L; is sufficiently large to maintain a constant low-ripple input current

over a switching period;

6) Clamping capacitor C; is sufficiently large to maintain constant clamping voltage

over a switching period;

7) Primary current ip is nearly sinusoidal.
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(a) (b)

Figure E.1: (a) Equivalent circuit of AC/AC conversion stage, and (b) Its typical

waveforms over the positive half line cycle.

During the turn-on period of Sp1a with duty cycle dp, the nonlinear state equations are

given by
di 1
E - :(Vi _VCi) (E.1)
dv, 1, .
= li-iy) (E.2)

where i is given by (6.10).
During the turn-off period of Sp1a, the nonlinear state equations are given as follows

di _vi
dt L E3)
dv,
ZYci_o
ot (E.4)
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The input current (i;) and clamping voltage (vci) are approximated to DC values over a
switching period, thus their average rate of change over a full switching period can be

derived as follows:

di. 1 7zr+jfdp z‘J’fdp T
— = (v, —Vvg)dat + vidat + v,dat
at 2rL, Z_xd, ) 0 Zynd,
2 2 (E.5)
:%Vi - l.deC|
—+zd
dve, 1 |%; . . 1. 1 .
d_;?:% [ Gi-i)dot =S, -~ sinad, (E6)
" Z_xd ! !
2 p

here | 2V, sinzd_ sing
where = :
P M
The nonlinear differential equations (E.5) and (E.6) contain the steady-state and
small-signal model of the AC/AC conversion stage. The steady-state equations are given

as

) sinzd

i~ 'ps 7Z'dp (E.7)
Vi

Vei _E (E.8)

By perturbing and linearizing (E.5) and (E.6), the small small-signal equations can

be obtained as
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di’\l 1 A d o) V| ]
T =9
v, D,. 1, J

d—'[CI:?EIi +€(|i =15 COS7zdp)dIO (E.10)

The duty cycle-to-input current transfer function can be derived by rearranging
(E.9) and (E.10) in the state-space matrix representation, and then taking the Laplace

transform

i; (s) _ Ve STt KpdD/VCi
d(s) L s*+d2/LC

p

(E.11)
1, q
where K, =€(|i 1, cosxd, ).

Similarly, the duty cycle-to-input current transfer function during the negative half

line cycle can be derived as

I () Vi S+Kndp/VCi
- E.12
d,(s) L s*+d?/LC (E.12)

1.
where K, :C—(li + 1, coszd, ).

It can be seen that the transfer functions (E.11) and (E.12) contain RHP zeros when
the direct AC/AC active-clamped HB converter based IPT system is operated in the V2G

mode.
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Appendix F.  Classification and Current Harmonic Limits in IEC

61000-3-2

Table F.1: Classification of IEC 61000-3-2

Classes Applications

e Balanced three-phase equipment
e Household appliances excluding equipment identified as class D

e Tools, excluding portable tools

A e Dimmers for incandescent lamps
e Audio equipment
e Other equipment, except that stated in classes B, C, and D
e Portable tools
° e Arc welding equipment which is not professional equipment
C e Lighting equipment
e PCs, PC monitors, radio, or TV receivers with Input power P <
600W
D

e Refrigerators and freezers having one or more variable-speed
drives (VDS) to control compressor motor(s)
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Table F.2: Current harmonic limits for class A equipment

Harmonic orders Maximum permissible harmonic current
n (A)
3 2.30
5) 1.14
7 0.77
Odd harmonics 9 0.40
11 0.33
13 0.21
15<n<39 0.15 x 15/n
2 1.08
4 0.43
Even harmonics
6 0.30
8<n<40 0.23 x 8/n
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Table F.3: Current harmonic limits for class B equipment

Harmonic orders

Maximum permissible harmonic current

n (A)
3 2.30 x 1.5
5) 1.14x 1.5
7 0.77 x 1.5
Odd harmonics 9 0.40x 15
11 0.33x 15
13 0.21x 15
15<n<39 0.15x15/n x 1.5
2 1.08x 1.5
4 0.43x 15
Even harmonics
6 0.30x 1.5
8<n<40 0.23x8/nx1.5
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Table F.4: Current harmonic limits for class C equipment

Harmonic orders

Maximum permissible harmonic current
expressed as the percentage of the input

n current at the fundamental frequency (%)
2 2
3 30 x PF (PF is the circuit power factor)
) 10
7 7
9 5
11 <n <39 (odd harmonic only) 3

Table F.5: Current harmonic limits for class D equipment

Harmonic orders

Maximum permissible harmonic

Maximum permissible

n current per watt (mA/W) harmonic current (A)

3 3.40 2.30

5 1.90 1.14

7 1.00 0.77

9 0.50 0.40

11 0.35 0.33
13<n<39 3.85/n See Table F.2

(odd harmonic only)
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Appendix G.  Printed Circuit Board of Direct AC/AC Active-clamped

Half-bridge Converter

ovCi
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Figure G.1: Schematic diagram of the direct AC/AC active-clamped half-bridge converter.
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Figure G.2: PCB layout of the direct AC/AC active-clamped half-bridge converter.
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Appendix H.  Publications

Journals

P. S. Huynh and S. S. Williamson, "Analysis and design of soft-switching active
clamping half-bridge boost inverter for inductive wireless charging applications,"

IEEE Trans. Transport. Electrific., vol. 5, no. 4, pp. 1027-1039, Dec. 2019.

P. S. Huynh, D. Ronanki, D. Vincent, and S. S. Williamson "Overview and
comparative assessment of single-phase power converter topologies of inductive

wireless charging systems,” Energies. (Accepted)

P. S. Huynh, D. Ronanki, D. Vincent, and S. S. Williamson "Direct AC-AC active-
clamped half-bridge converter for inductive charging applications,” IEEE Trans.

Power Electron. (Early Access)

D. Vincent, P. S. Huynh, L. Patnaik, David Capano, and S.S. Williamson,
“Accelerating the autonomous electric transportation revolution: Wireless charging
and advanced battery management systems” IEEE Transportation Electrification

Community (TEC), e-newsletter, Feb.2018.

I. U. Castillo-Zamora, P. S. Huynh, D. Vincent, F. J. Perez-Pinal, M. A. Rodriguez-
Licea, and S. S. Williamson, "Hexagonal geometry coil for a WPT high-power fast
charging application,” IEEE Trans. Transport. Electrific., vol. 5, no. 4, pp. 946-

956, Dec. 2019.

D. Vincent, P. S. Huynh, N. A. Azeez, L. Patnaik and S. S. Williamson, "Evolution

of hybrid inductive and capacitive AC links for wireless EV charging—A
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comparative overview," IEEE Trans. Transport. Electrific., vol. 5, no. 4, pp. 1060-

1077, Dec. 2019.

Conferences

* P. S. Huynh, D. Vincent, L. Patnaik, and S. S. Williamson, “FPGA-based PWM
implementation of matrix converter in inductive wireless power transfer systems,”
2018 IEEE PELS Workshop on Emerging Technologies: Wireless Power Transfer

(Wow), Montréal, QC, 2018, pp. 1-6.

* P. S. Huynh, D. Vincent, N. Abdul Azeez, L. Patnaik, and S. S. Williamson,
“Performance analysis of a single-stage high-frequency AC-AC buck converter for
a series-series compensated inductive power transfer system,” 2018 IEEE
Transportation Electrification Conference and Expo (ITEC), Long Beach, CA,

2018, pp. 347-352.

« P. S. Huynh and S. S. Williamson, "A soft-switched active clamped half-bridge
current source inverter for wireless inductive power transfer,” 2019 IEEE Energy
Conversion Congress and Exposition (ECCE), Baltimore, MD, USA, 2019, pp.

2129-2134.

* P.S.HuynhandS. S. Williamson, "An inductive power transfer system using soft-
switched AC/AC active-clamped half-bridge converter with predictive dead-beat
grid current control,” 2020 IEEE Energy Conversion Congress and Exposition

(ECCE). (Accepted)

* D. Vincent, P. S. Huynh, and S. S. Williamson, “A novel three leg inverter for high

power hybrid inductive and capacitive wireless power transfer system,” |[ECON
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2019 - 45th Annual Conference of the IEEE Industrial Electronics Society, Lisbon,

Portugal, 2019, pp. 1544-1548.

« D. Vincent, S. Chakraborty, P. S. Huynh, and S. S. Williamson, “Efficiency
analysis of a 7.7kW inductive wireless power transfer system with parallel
displacement,” 2018 IEEE International Conference on Industrial Electronics for

Sustainable Energy Systems (IESES), Hamilton, 2018, pp. 409-414.

Book chapter
* S. S. Williamson, D. Vincent, A. V. J. S. Praneeth, and P. S. Huynh, “Charging
strategies for electrified transport” in Advances in Carbon Management

Technologies, CRC press. (Accepted)

* P. S. Huynh, D. Ronanki, S. S. Williamson, “Power electronics for wireless
charging of future electric vehicles” in Emerging power converters for renewable
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