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Abstract

Wireless charging of the EVs offers a convenient, reliable, and automatic charging of
the autonomous vehicles without user interference.The focus of this thesis is the design
and optimization of new structures for stationary EV wireless charging applications.

The fundamentals of the Wireless Power Transfer (WPT) system and its main
componentsincluding the magnetic couplers, transmitter and receiver power converters,
and control methods are sudied in depth . The requirements of the EV wireless charging
application and design criteria are discussed in detail. The advantages and disadvantages
of each topology are highlighted, and possible candidates for EV wreless charging
applications are seleted.

Optimization of the resonant networks in terms of maximum efficiency and
misalignment tolerance is studied. Different resonant topologies are studied in detail and
their sensitivity functions are extracted. For each topology, an efficiency model is
presentedthat includes the inverter, resonant capacitors, resonant inductor, diode-bridge,
and core and conduction lossesEach topology is optimized with two different objective
functions and the results are compared through the simulation and experiments.
According to the optimization results , suitable topologies for the EV wireless charging
application are selected.

In order to increase the power density of the wireless charging system, and save ferrite

material, i ntegrated inductors into the magnetic couplers are proposed. In this structure,
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the DC-DC inductor is integrated into the receiver main coil and the resonant inductor is
integrated into the transmitter coil. This integration introduces new challenges to th e
design of the resonant network and magnetic coupler due to the unwanted crosscoupling
effect. To address this issue, the fully-integrated magnetic structure is optimally designed
to have minimum cross-coupling. Moreover, the resonant network is designedbased on an
optimization problem that includes the crosscoupling into the system equations to ensure
maximum efficiency. The proposed fully -integrated magnetic structure is built and
experimental tests are presented to validate the performance of the prgposed magnetic
structure and its optim ization method.

To reduce the implementation cost, size and weight a PCB-based magnetic coupler is
proposed to replace the Litz wire in the magnetic coupler of the WPT system. Moreover,
the proposed PCB-magnetic coupler increases the repeatability of thedesign and reduces
manufacturing errors. The PCB -based magnetic coupler is studied through Finite Element
Analysis (FEA) to minimize the AC resistance of the coil. Different parameters such
including the number of the PCB layers, copper cross-section, and layer thickness ae
studied in detail to evaluate their effect on the coil resistance. Thermal analysis is
performed to ensure the feasibility of the design under different loading conditions. A 3.3
kw/85 kHz wireless charging system is built and experimental tests are presented.

A novel modular resonant topology for fast wireless charging is proposed. A modular
structure offers reliability, scalability, and better thermal management. The proposed
topology is made by multi -parallel inverter legs connectedto an LCC resonant network.
The outputs of the resonant networks are connected in parallel to feed the transmitter
coil with a high excitation current. The proposed modular system is compared with a

conventional system and it showed superior performance indifferent aspects.

Vi



Acknowledgments

I would like to express my gratitude to my supervisor Dr. Mehdi Narimani for his endless
encouragement, support and guidance throughout my Ph.D. study. His inspirational
leadership andmotivat ion helped me to reachmy goals in graduate studies. Also, | would
like to thank Dr. Ali Emadi and Dr. Jennifer Bauman for their insightful comments and
guidance of my research as my supervisory committee members.

| would like to thank the High Power Electronics Lab (HIPEL) t eam at McMaster
University. It was an honor for me to be a part of this wonderful team. The technical
discussions and debates helped me to expand my knowledge of power electronics.

This research was supported by Natural Sciences andEngineering Research @uncil
(NSERC) of Canada. | gratefully acknowledge ANSYS for their support with Maxwell,
and CMC Microsystems for their support with Altium Designer software.

Finally, | would express my deepest love and gratitude to my family and friends who
supported me through the ups and downs of my life. | will be forever grateful to my

parents and my brother who never stopped encouraging me.

Vil



Contents

Chapter 1 INtrodUuCtiON . e e es teraaaaaaaaens 1
R = 211 (o [ (01U | o H TSP POPTPPPPPPTN 1
1.2. Challenges and MOtIVAtION ............ciiiiiiiiiiie e e e e e eeeanns 5
S T 0] 011 ] 11 1[0 o - P RRRRPPPT 8
3 W] ] o= (o] TP PPPPPR 9
T N U= TS S @ 11 11 T T P 10

Chapter 2 Fundamentals of a Wireless Power Transfer System for EV

APPlICAtIONS o . e 14

P20 O 1 11 o To [ ox 1 o) o P 14
2.2, TranSMILEr CONVEITET .......uuuuuuuiuiiieuiieneeeueeeanenueneaaeeaeeeeaeeeaeeeeeeeseensnsssesseennennnnnnnnes 20
2.3. RESONANT NEIWOIKS ... .cceiieeeeiiiiiiee e e e e e e e e e e e e e e e e e e eeeeeeennnnns 24
2.3.1. Requirements and Challenges..........cooooiiiiiii 24
2.3.2. TOPOIOGIES. .. ettt et e e e e e e e e e e e e e e e e e e 25
2.4, MagNEIC COUPIBIS ... s 30
2.4. 0. PIINCIPIES. ...ttt e e e e e e e e e e e e e e e e e 30
2.4.2. MagnetiC COoUPIEr LAYOULS.........cooiiiiiie et 34
2.4.3. Magnetic Coupler DESIGN........cooee i 39
2.5, PICKUP CONVEITEL ... et e e et e e e e e e e aaa s 42
P2 ST ©do ] a1 1 o] I 1Y/ =3 i g To o £ 45
2.6.1. Primary Side CONLIOl .....coooeiiieeeeeeee e 45
2.6.2. Secondary Side CONtrol..........uiiiiiiiiiii e 48
2.6.3. DUl SIdE CONLIOL.....ceiiiiiiiee e e e e e e e e e e e e e eeennnnes 49
2.6.4. Decoupled CONtrOl..........uui i 51
2.7. DeSIgN ChalleNgeS.....couuiieieiie e e e 52



2.7.1. Misalignment TOIEIaANCE.........coooeeieeeeee e 52

A = i o3 =T o Ton SO 61
2.7.3. POWEE DENSILY.....ccciiiiiiiiiiiie et e e e e e et s e e e e e e e e e et e e e e e e eeeeneannnas 64
2.7.4. High-Power Wireless Charging.........coooooeeoeeeeeeeeeeeeee e 66
P2 S T O] o Tox 11 ] o] o P 71

Chapter 3 Optimal Design of the Resonant Networks for EV Wireless

Charging Systems Respect to Misalignments ..., 73
G 200 R 1 11 o o 13 o 1) o ISP 73
3.2. Circuit Modeling and Sensitivity ANAIYSIS ........oooiiiiiiiiiiiiee e 76
3.2.1. SeriesSerieS TOPOIOQY ... .ciiii e et e e e e e e e e e e e e 78
3.2.2. LCC-SerieS TOPOIOGY.....cce e 81
22 TR I @ @) IO O o] o o [0 o | 82
3.2.4. SeriesLCC TOPOIOGY .. .cceeeeeeeeeeeeeeeeee e 84
3.3. The Proposed Design Optmization ProCedure..........cccoveeeeeiivieiiiiiinieeeeeeeeeiiinnnnnnn 86
3.3.1. ODjJECHIVE FUNCLIONS.......uuiiii i e e e e e e e e 86
3.3.2. POWEr LOSS CalCUlatiON.......cceeeiiiiiiiiiiiiee e e e e 88
3.3.3. CONSIIAINTS. ... 96
IR TR @ o) i 1.0174= 11 o] o U UUPPPPPPURR 98
G0 T TR D 1T ox 13 o o PP 109
3.4. ExXperimental RESUILS ...........uuiiiiii e e e e e e e 112
G T o ] o 11553 o PR 116
Chapter 4 A New Integrated Magnetic Structure for EV Wireless
Charging ApplicationS ..o ers e 118
0t I 1oV Yo 18 o 1o o TR 118
4.2. The Proposed Integrated Magnetic StruCture............cooeoeeevviviiiiiii e, 121
4.2. 1. CASESIUAY ..coeiiiiiiiiiiiiieee e 12
4.2.2. DeSIGN GUIAEINES ... ..o e 128
4.2.3. Analysis and Design of the Integrated Magnetic Structure ........................ 130
4.2.4. Experimental RESUIS ... 145
4.3. A Fully -Integrated MagnetiC StrUCLUIE ...........cooviiiiiiiiiiee e 151
4.3.1. The Layout of the Fully Integrated Magnetic Structure ...........ccccvvvvnnnnn... 152
4.3.2 CirCUIt MOAEIING ..vvieiiie e 155
4.3.3. Design ChalleNges..........oo i 159
4.3.4. Design Procedure and Optimization...........ccouviiiiiiiiiiiiiiiiiiiieeeeeeeeeee e 162
4.3.5. Resonant Network Optimization .............ccoveeiiiiiiiiiiiiiicccee e 173
4.3.6. Integrated Coil Rotation ANGIe ..........oooviiiiiiiiiiii 180
4.3.7. Performance ANAIYSIS.........cocuiiiiiiiiiiiieee 182
4.3.8. EXperimental RESUIS ........coouiiii e 188
2 o o 11 1 o] o 192



Chapter 5 PCB Based Magnetic Couplers for EV Wireless Charging ... 194

ST I [ o1 (oo [F{ox 1 o] o P 14
5.2. Moving Toward the PCB Magnetic Coupler and Design Challenges................ 196
5.2.1. Conventional MagnetiC COUPIEIS.......coiiiieiiiieeeiiie e e e e e e 196
5.2.2. PCB Based MagnetiC COUPIEIS........cooeiieieeeeeeeeeeeeee e 200
5.2.3. CircUit MOAEIING ...coeeeieiiiiie e e e e e e e e e e eaeanan 203
5.2.4. SeNSILIVILY ANAIYSIS ...vuuueiiiee e e e e 204
5.3. MagnetiC COUPIET DESIGN.....uuuuuuiuiiiiiiiiiiiiiiieiiiieiiiib bbb eeeennneenennenne 207
5.3.1. Two-Dimensional StUAIES..........ccooeeiiiiieeeeeeeeeee e 208
5.3.2. Three-DIimensional STUAIES............uuuiiiiiiiiiiiiiiie e 221
5.3.3. Selected DESIgN......ccooiiiiiieeie e 227
5.3.4. COMPANISON. ... i eeeeeeeieee e e e e e e e e e e e e e e e e et e e e e e e eeesasaaaeeaeeeeeeeesnnnnns 229
5.4, EXperimental RESUILS ... 230
SIS T 0] o o3 11153 o 1T 234
Chapter 6 A New Modular Resonant Topologies for High -Power WPT
SYSIEIMS o e eeeeeean 237
00 I 1 o T 3 Tox 1 o o USSP 236
6.2. The Proposed Modular ReSonantNetwork ...........ccccoooienseeeees 240
6.3. Resonant NetWOork TUNING.........iiie e e e e e e e e e e e e e e e e e e e e eeeeeenes 241
6.3.1. CUIMeNnt SNAriNg.......coooiiiiie 243
6.3.2. OUtPUL CharacCteriStICS .......cceeiiiiiiiiiiee e 247
6.4. Design and Simulation StUAIES...........oovvvuiiiiiiiee e 250
B.4. L. DESIGN. oo 250
6.4.2. Determining the Module Power Rating ...........ccccoeveeieeiiiiiiiiiiee e, 252
6.4.3. Determining the Number of Modules ... 257
6.5, CUIMENT SNATNG ... ueiiiiiiiiiiiiiiiiiii bbb bbb beeeeeeenennes 261
6.6. Modular MagnetiC StTUCIUIE .........cccoiiiiiiiie e e e e e e eenans 263
6.6.1. MagnetiC Coupler DESIGN.........coooieieiieeeeeeee e 265
6.6.2. Loss Analysis and Optimization .............ccoovvviuiiiiiieeeeeeeeeeee e 269
6.6. EXxperimental RESUILS .............uiiiiiiiiiiee e 271
LT o o (1] o o PR 276
Chapter 7 Conclusions and Future Work ... v 278
7.1, CONCIUSIONS. ...t e e e e e e e e et e e e e e eeeennes 278
T.2. FULUIE WOTK e ettt e e e e e e e e e e et s e e e e e e e e e eeeaannnneeaeeeeeeennes 283
REFEIENCES ... s e 286



List of Figures

FIG.
FIG.
FIG.
FIG.
FiG.

FiG.
FiG.
FIiG.
FIiG.
FIiG.
FIiG.
FiG.
FiG.
FiG.
FIiG.
FIiG.
FIG.
FiG.

FiG.

FiG.
FiG.
FiG.
FiG.

2-1.CATEGORIES OF WIRELESS POWER TRANSFER BASED ON THE POWER TRANSFERHNOLOGY[11,13]......... 15
2-2.THE CONCEPTOF WIRELESS CHARGING FOHEV APPLICATIONS. ...uiieieeeieiiieetiieieiimmmeentni s e e s e e e eeaeeeeesenanns 18
2-3. A TYPICAL TRANSMITTER SIDE CONVERTER OF THEEV WIRELESS CHARGING SYSTEM.....uuuiiiieeeeeiaeieeenenns 20
2-4. THE FULL-BRIDGE INVERTER TOPOLOGY AND ITS TYPICAL OUTPUT VOLTAGEVAVEFORM..........cccvvvrrrrnnnnnn 21

2-5. A TYPICAL WAVEFORM OF THE GATING SIGNALS OF A FULEBRIDGE INVERTER AND ITS OUTPUT VOLTAGE

AND CURRENT. 111ttt ttttttttseesettttasesseneesast e et eetaa s eeseetes smaas s eeteetaa e e e e e taa e e e e e mnme e b e e e eetba s aeeeesban s eaaneeeeebanneeaes 22
2-6. SINGLE-STAGE INVERTER TOPOLOGY FORNVPT APPLICATION [29]....ccivveeiiiieiiiie e eeeee e 23
2-7.RESONANT NETWORK STRUCTURES FORVP T SYSTEMS ...utuuiiiiiiiiiiieeiiiins s eseeeseesin e e s evia e e s eevsmasnnseseanen 26
2-8. A TYPICAL MAGNETIC COUPLER LAYOUT. .. ttttuuuieeeettteeeettstmaaeseeseasansaessasnnnaessannmsesanaessstnnaeseesnnssmnens 31
2-9. MISALIGNMENT AND AIR-GAP DEFINITION FOR A MAGNETIC COUPLER ......cuuutieriiiueererenimeaeeeseannnaseeeanns 32
2-10.THE EQUIVALENT CIRCUIT MODEL OF THE MAGNETIC COUPLER.......cccuuiieieiitiieeeeeimemeeiaseesesinnseesennnnn s 32
2-11.THE LAYOUT OF COMMON MAGNETIC COUPLERS .......ccciiiiiiiiitittitiesttnannaeseeeaeseeesesssrnnnesesesssrannnnnnns 35
2-12. CURRENT FLOW AND FLUX PATH OF THE UNIPOLAR AND BIPOLAR MGNETIC COUPLERS........cvveverriinnnnns 36
2-13.COMPARISON OF THE MAGNETIC COUPLER LAYOUTEBA]....cevviiiiiiiie i e e eeee e eeeeee e een s 37
2-14.THE LAYOUT OF THE RECTANGULAR ANDDD MAGNETIC COUPLERS[74]...ccevvviiiiiiiiiiie e eeeeeieees e, 37
2-15.COUPLING COEFFICIENT COMPARISON OF THE RECTANGULAR ANDD MAGNETIC COUPLERY74]............ 38
2-16.L0OSS ANALYSIS OFTHE DD AND RECTANGULAR MAGNETIC COUPLERT74].....uuuviiiieiiiiiieee e 38

2-17.FERRITE DIMENSION EFFEC ON THE MAGNETIC COUPLING OF THE CIRCULAR MAGNETIC COUPLEFS7].....40

2-18.UNCOMPENSATED POWER VERSUS VERTIQAOFFSET PROFILE WITH DIFFERENT DIAMETERES7] ............. 40

2-19.THE EFFECT OF THELITZ WIRE DIAMETER (Dw) AND INNER RADIUS OF THE COIL(R) ON THE MAGNETIC
COUPLING IN DIFFERENT AIRGAPS() [75]. 1ttt ttteeeeeiiitieiee et reeee sttt ettt rmeee st e e e e s et e e e e e s nmneesen Al

2-20.THE EFFECT OF THELITZ WIRE DIAMETER (Dw) AND TURN SPACING(Sy) ON THE QUALITY FACTOR[75]......41

2-21.A TYPICAL PICKUP CONVERTER OF THEEV WIRELESS CHARGING SYSTEM.....uiivuiiiiiiiniiiniiiniermeeeanesnnenan 43
2-22.A TYPICAL SEMIFACTIVE RECTIFIER TOPOLOGY ..u.ituiiuniitniiteeteitnsrnmeesetteetsstestessssnnntasssiesessnessnen 44
2-23.BIDIRECTIONAL WPT SYSTEM[B2]....ceieiiiitiiiiiie ettt ettt e sttt ettt et e e e e sttt e e e e e s snbbeeeeneneeeeeean 44

Xi



FiG.
FiG.
FIG.
FIG.
FIG.
FIG.
FiG.
FiG.
FiG.

FiG.
FiG.

FiG.
FiG.
FiG.
FiG.
FiG.
FiG.
FiG.
FiG.
FiG.
FiG.
FiG.
FiG.
FiG.
FiG.
FiG.
FiG.
FiG.
FiG.

FIG.
FiG.
FiG.
FiG.

FiG.

2-24 . PRIMARY SIDE PHASESHIFTED CONTROL . ... tttitititiitiitttitiiiasssataaaa e e s e e aeaeeeeestnneeeeeeesesnssannnnaaseeeesaaaas 46
2-25.PRIMARY SIDE DC-LINK VOLTAGE CONTROL ...ccetttttutuniiaaaaaaaeeetineneeaaaeaeeeesesnnsnnnnnssssmsssnnssesseeaeseeeeeessss &
2-26.COMPARISON OF THE EFFICIENCY OF THACTIVE RECTIFIER AND CONVENTIONAL METHODS[87]............. 49
2-27.DUAL-SIDE CONTROL WITH BOOST CONVERTER ON THE SECONDARY SIHB2]. ...ccceviiiviiiiieeiiiiiierieeeeeens 50
2-28.DUAL-SIDE CONTROL WITH AN ACTIVE RECTIFIER ON THE RECEIVER BE [81]. ...cccoiiiiiiiiieeiiiiiievceeeenn 50
2-29.DECOUPLED CONTROL FOR ASERIES SERIESWPT SYSTEM[88]. ...evvieeiiiiiiiie et 51
2-30.DECOWPLED CONTROL WITHSMC IN COMPARISON WITHPI CONTROLLER[89].....ccciiiiiiiiieeiiiiiecceeeeenn 51
2-31L. A TYPICAL EV WIRELESS CHARGING SYSTEM.....cittttttttuuuuuiaaaaeaaaaaaaaaaeaaaaeeeeeenssnsnnnamansssnnnnaaeaaaaaaseeees 52
2-32.COMBINATION OF THE SWITCHED CONTROLLED CAPACITORSCC)AND DUAL -SIDE CONTROL METHOD

0 PP PPPPPRPPPRPR 55
2-33.A RECONFIGURABLE RESONANT TOPOLOGY THAT SWITCESBETWEENSSAND S-LCC[109].................. 57
2-34.COMBINATION OF THE SWITCHED CONTROLLED CAPACITORSCC)AND DUAL -SIDE CONTROL METHOD

0 2 PP PR 57
2-35.TUNING METHODS OF THE RESONANT NETWORKS IMVPT SYSTEMS. ....cceiiiiiieiiiiiii e e e ee e 58
2-36.THE THEORETICAL EFFICIENCY OF THENVPT SYSTEM[24]. ....iiiiiiiieiiiiiieee e ereeeiie et eeeen 61
2-37.MULTI-OBJECTIVEPARETO OPTIMIZATION OF THEWPT SYSTEM[B4]......ceviiiiiiiiiiieiiiiiieesiiieee e 63
2-38. INTEGRATION OF THELCC INDUCTOR INTO THE MAGNETIC COUPLEH123].......cctviiiieiiiiiiiiee e 65
2-39.INTEGRATION OF THELCC INDUCTOR INTO THE BIPOIAR MAGNETIC COUPLER[120]. ....ccccevviiviiiieenninnnn 65
2-40.HYBRID MULTILEVEL WPT SYSTEM[L32]...eettutiiiiiiii e e eee ittt eeee e et s s s e e e e e smees s s e e e e e aeseeeaesennnnn s inn 68
2-41.MULTI-PHASE INDUCTIVELY COUPLEDWPT SYSTEM[L34]...cuituriiiiiei i eieeeeeeeteeee e ee et enen 69
2-42.PARALLEL H-BRIDGE PRIMARY SIDE CONVERTERS FORVPTSYSTEM[138]. ...ucoiiveieieiiiieeeeiveeeeeeeeiee 70
2-43.MATRIX CONVERTER FORA WPT SYSTEM[LA2]. ...eeiiiiiiiiiiiiiie s iiiiiieeie ettt eeie e 70
2-44 MATRIX CONVERTER FOR AWPT SYSTEM[LA2]. ...eeiiiiiiiiiiiiiie ettt ieeiee ettt eeese e 71
3-1. CIRCUIT DIAGRAM OF A TYPICAL WP T SYSTEM.....ciiiiiiiiiiiiiieeie e s s e e e e e e e e eeeeeaetesmmmeeeestenenn e e e e eeeeas 76
3-2. EQUIVALENT CIRCUIT DIAGRAM OF THEWPT SYSTEM. ...uuutiiiiiiiiiiiieeiee e e e e eeeeeeeeeeeeaeeeeeeeseesssssnmmnnaeeaeaeeeens 77
3-3. AWPTSYSTEM WITH SERIES SERIES RESONANT NETWORK.....eteeeeiiiieiiiiitninnnimmeererninnaneseeeeeeeeeeeaneeeesas 79
3-4. AWPTSYSTEM WITHLCC-SERIES RESONANT TOPOLOGY......uuieieeeeetreeeeerntnimmmeeeeesrnnnnnaaaaeeeseseeaneseeees 81
3-5. AWPTSYSTEMWITH LCC-LCC RESONANT NETWORKS ....ccttttituiinieieeeeeetianeiaeeeeteeeeesnsnnnnnn s seeesnnnn s 82
3-6. AWPTSYSTEM WITH SERIESLCC RESONANT TOPOLOGY. ...uuuuieeeeeeetreeeeerntnimmmeeeessrsnnnnaaeseeeeeseennaseeess 84
3-7.FEARESULTS OF THE MAGNETIC COUPLER CORE LOSS VERSUS EXCITATION CURRENT8§KHzZ............... 90
3-8. FEARESULTS OF THE INDUCTOR CORE LOSS VERSUS EXCITATION CURRENT AND INDUCTOR SIZEG&KHZ.

........................................................................................................................................................... 95
3-9. PROCEDURE OF THE PROPOSED OPTIMIZED RESONANT NETWORK DESIGN.......cccvevriernnnnsreenrnnnnaaeeeeeens 98
3-10.COMPARISON OF THE PERFORMANCE OF DIFFERENT RESONANT TOPOLOGIESZA0W RATED LOAD....... 102
3-11.COMPARISON OF THE INPUT PHASE ANGLE VERSUS. .....uutuuuuiiaiaaeaeieieeeieneeeaeaeeeeesssbnnnn s s e s emeasaaaaeeeens 106
3-12.COMPARISON OF THE LOS®ISTRIBUTION AT DIFFERENT COUPLING FACTORS OF THE RESONANT

TOP OLOGIES. ..t eteeeeeteeteetettat et eees e be b e oo e e e e e e e eetaaeaeaeee e et eeete e bab s eenE AR o e e e e e eeeeeeeeetebennnteeeeetnnnnnans 108
3-13.0UTPUT VOLTAGE VARIATION VERSUS COUPLING FACTORK=0.140.4)....ccccoviiiiiiieeniniiiieieereee e 110

Xil



FIG. 3-14.FREQUENCY RESPONSE OF THE OUTPUT MMAGE. ....cuuiiituieiiteeitieeietieeeee et eeetaeeesteeesnessmmmtaeessnneeeanns 111
FIG. 3-15.REALIZED PROTOTYPE OF THEVP T SYSTEM. ..uuuuiiiiiiiiiieeieiii e e e s eereeeasiseeesaat s e e saatansenasaessestnnaeesessnnans 112
FIG. 3-16. COMPARISON OF FEA AND MEASURED COUPLING FACTOR AT DIFFERENT POSITIONS....cccvvviiereeeeeeennnn, 113
FIG. 3-17. EXPERIMENTAL VOLTAGE AND CURRENT WAVEFORMS UNDER DIFFERENT COUPLING CONDITIONS A500

LAY T o P REPERRPR 114
FIG. 3-18. COMPARISONOF EXPERIMENTAL AND SIMULATION RESULTS UNDER DIFFERENT COUPLING CONDITIONS FOR

L7 PSPPSR 115
FIG. 4-1. A TYPICAL WIRELESSEYV CHARGING SYSTEM ...uuiiiiiitiieiiiiieieessiemmstinaeesesinnseesestnnseaasesssessnnasessssnnnaanes 119
FIG. 4-2. PROPOSEDWPTMAGNETIC STRUCTURE WITH INTEGRTED DC-DC CONVERTER INDUCTOR.........cccvvnn... 121

FIG. 4-3. SELF-INDUCTANCE VARIATION OF THE PROPOSBE INTEGRATED MAGNETIC STRUCTURE UNDER DIFFERENT
Y17 M (e N Y 1= N 5 T P UPPPTN 124

FIG. 4-4. COUPLING FACTOR VARIATION OF THE PROOSED INTEGRATED MAGNETIC STRUCTURE UNDER DIFFERENT
MISALIGNMENTS. .t tttttueetettuueetestut s saaasseesassaseesessaseesesbnmast e e s ee bt e et eebaa s eeaneaesestaaaeeaeetsanneeeetssnmnnnnneeeenes 127

FIG. 4-5. A WPT sYSTEM WITH AN LCC-SRESONANT NETWORK AND PROPOSED INTEGRATEDC-DC CONVERSION

LS217X T =10 | SN 131
FIG. 4-6. SIMPLIFIED CIRCUIT OF THELCC-S COMPENSATED TOPOLOGY WITH INTEGRATEDC-DC COILS............. 132
FIG. 4-7. CIRCUIT SCHEMATIC OF THEWIRELESS CHARGING SYSTEM WITH INTEGRATED MAGNETIC COUPLER....... 136

FIG. 4-8. THE EFFIQENCY OF THEWPT SYSTEM UNDER DIFFERENT COUPLING CONDITIONS VERSUS OUTPUT POWER

......................................................................................................................................................... 139
FIG. 4-9. THE OUTPUT VOLTAGE OF THEWVPT SYSTEM UNDER DIFFERENT LOADING CONDITIONS.......ccvvuuieererinnnnn 139
FIG. 4-10.INDUCED VOLTAGE ON THE AUXILIARY COILS VERSUSX-MIS. AND Y-MIS. ..c.coiiiiiiiiiiiiiiiiie s ieeee e, 141
FIG. 4-11.DYNAMIC RESPONSE OF HE BUCK CONVERTER FROM HALF TO THE FULtLOAD LOADING CONDITION.....144
FIG. 4-12.REALIZED PROTOTYPE OF THEWP T SYSTEM. ...cciiiiiiiiiiiiiiieee e e e ceeeiee s e e e e e e e e e e e e eeaaabsbmmmeesssbabaan e eeeeeeas 146
FIG. 4-13.REALIZED PROPOSED INTEGRATED MAGNETIC STRUCTURE.......ccceitiiiiiiiititinimmmeeetstinnaeeeeeeeseeesessnnaeens 146
FIG. 4-14. THE SECONDARY SIDE CONVERTER INCLUDING THE RESONANT NETWORRECTIFIER AND DC-DC

(070 NV = = = PSPPI 147
FIG. 4-15.EXPERIMENTAL OUTPUT WAVEFORMS ....uittittteetettttsessinnmeeseneesesssnaesessinnsaaasessssssnsesseessnneesessmmnnnen 148

FIG. 4-16. COMPARISON OF THEEXPERIMENTAL AND SIMULATION RESULTS VERSUS OUTPUT POWER UNDER DIFFERENT

COUPLING FACTORS ..ttt tttetttueetttttunesstannteesssssaessssassaesssssaaassssesastanseesestaneetesnnnsssssseetessnnnmereernnmmmnnneees 149
FIG. 4-17.EXPERIMENTAL WAVEFORMS UNDER DIFFERENT COUPLING FACTORS AT RATED LOAD..........cceeeeennnn... 150
FIG. 4-18.INTEGRATION METHODS OF THE INDUCTOR INTO THE MAIN MGNETIC COUPLERS........cvvvtiiieeieeeeeeereeens 152
FIG. 4-19. THE PROPOSED FULLYINTEGRATED MAGNETIC STRUCTURE .....cceeiiiiiiiiiiriititienimmnrernrnnaeseeeeeeseseeesssenes 154

FIG. 4-20.CIRCUIT DIAGRAM OF THE LCC-SRESONANT TOPOLOGY WITH THEFULLY -INTEGRATED MAGNETIC

STRUCTURE ...t ettt et tttttt e e e eetttieas e e e e east e aeeast s e e e annmeetan e e e eetaa e eeeestan s saanseeeeas b s e et ee s s eeeeabmmmssnneeeeeesan s 155
FIG. 4-21. SIMPLIFIED CIRCUIT OF THE PROPOSED INTEGRATED WIRELESS CHARGE SYSTEM ...ccvvvvvnieiverinneneeenenns 156
FIG. 4-22.PROPOSED DESIGN OPTIMIZATION PROCEDURE FOR THE FULLKNTEGRATED MAGNETIC STRUCTURE......162
FIG. 4-23.FERRITE DIMENSION EFFECT ON THE COUPLING FACTOR AND SEHRDUCTANCE. .....vivviviieeeeeriineesevnnnes 166

Xiii



FiG.

FiG.

FiG.

FiG.
FiG.
FiG.
FiG.

FiG.
FiG.

FIG.
FIG.

FiG.
FiG.
FiG.
FiG.
FiG.
FiG.
FiG.
FiG.
FiG.
FiG.
FiG.
FiG.

FiG.

FiG.

FiG.

FiG.

4-24,COUPLING FACTOR VARIATION OF THE PROPOSED INTEGRATED MAGNETIC STRUCTURE DER DIFFERENT
MISALIGNMENTS. ... eettuieettetti e e eeette s aeaasseeeest s eeee et s e e e e e mmmss s e et ee b s eeteebaa s e e aneneseeban e eeeeeban e eeeesnnamanseeeenen 167
4-25.THE CORE LOSS OF THE PROPOSED MAGNETIC STRUCTURE VERSUS PRIMARY AT SNDARY SIDE
Lo ] = N PP PRTT 172
4-26.THE EFFECT OF THE INTEGRATED COILS ANGLE ON T# (A) 0-DEGREE ROTATION(B) 45-DEGREE ROTATION
(C) 90-DEGREE ROTATION(D) Mgz WITH O-DEGREE ROTATION(E) Mes WITH 45-DEGREE ROTATION(F) Mes WITH
90-DEGREE ROTATION(G) CROSS COUPLING WITH)-DEGREE ROTATION(H) CROSS COUPLING WITHA5-DEGREE

ROTATION (1) CROSS COUPLING WITHIO-DEGREE ROTATION. .....uttteeiiuiitieteesaaniinneinreeeessannnnseeeesssnsinnesnsnnes 181
4-27. CALCULATED INDUCED VOLTAGE ON THE INTEGRATEDDC-DC COIL. ...coeiiiiiiieiiiiiiiie e 182
4-28.MAGNETIC FIELD DENSITY (B) OF THE FERRITE BARS UNDER DIFFERENT LOADING@NDITIONS. ............. 183
4-29.EXAMPLE OF DESIGNING THE RESONANT IBUCTOR WITH LOW CROSSCOUPLING. ......ccvvrrrrnnrnnnneeeeeeanns 185

4-30.COMPARISON OF THE OPTIMIZED FULLY¥INTEGRATED WIRELESS CHARGING SYSTEM VERSUS THE

COUPLING FACTORS 11 ttuittuittutittttettssrmeeetestestestestsetstannsssteeasstestssasstsennntssssstestaestnestsessannnnsnns 191

4-35.DYNAMIC PERFORMANCE OF THEDC-DC CONVERTER FROM HALF LOAD TO FULELOAD CONDITION. ...... 191

5-1. A TYPICAL EV WIRELESS CHARGING SYSTEM BASED ON THE INDUCTIVE COUPLING........cvtevevernneerrersnnns 196
5-2. RECTANGULAR MAGNETIC COUPLER MADE BYLITZ WIRE ......ccuttttiiiieieieeeeeiiieeeieeeeeeeeeeevestnt e eeesnnnnns 197
5-3. NORMALIZED COST OFLITZ WIRE VERSUS NUMBER STRANDS......cuuutuiiieieeeeeierereieeeeeeeeeeesssisnnaeeesnas 199
5-4. PROPOSED MAGNETIC COUPLER MADE BY MULFLAYER PCBi.......cooviiiiiiiiii e 201
5-5.NORMALIZED COST OFPCBVERSUS .....uiiiiiiiii ettt e e eeeee s e e e et s e e et s eeee s e e e e et s e e e ee e e e eesrmmnrnn s 201
5-6. CIRCUIT DIAGRAM OF THE LCC-S COMPENSATEDWRPT SYSTEM AND BATTERY CONTROL SCHEME.......... 203

5-7. EQUIVALENT CIRCUIT OF LCC-STOPOLOGY ACCORDING TO FUNDAMENTAL HARMONIC APPROXIMATION204

5-8. THE SENSITIVITY OF THE EFFIGENCY TO THE PRIMARY AND SECONDARY SIDE COIL RESISTANCES.......... 206
5-9. SMPLIFICATION OF THE3D MODEL TO A 2D MODEL. «.vuuivtiiiuiiitieeteetniitnieemeseesnessnsesnessnessnssssesnessneesnns 208
5-10.TRACK AC RESISTANCE VERSUS COPPER WEIGHTHICKNESS) AT DIFFERENTTRACK WIDTH ....ccvvveee.e... 210

5-11.COIL TURNS LAYOUT: (A) SINGLE BRANCH FOR EACH TURNB) TWO PARALLEL BRANCHES FOR EACH TURN

......................................................................................................................................................... 211
5-12. TRACK AC RESISTANCE VERSUS COPPER WEIGHT AT DIFFERENT BRANCHDBUIHS. ....ccvviivniiteiieeneenseens 212
5-13.LAYER THICKNESS IN A MULTIFLAYER BOARD. ...cuuittiitiitietttetesiseeessssssnessnessnsesnssnnnessnsssneesnessnneens 214

5-14. TRACK AC RESISTANCE VERSUS LAYER THICKNESS AT DIFFERENT BRANCH WIDTHS OF2ALAYER BOARD.

Xiv



FIG. 5-16.MAGNETIC FIELD DENSITY (B) AND CURRENT DENSITY(J) DISTRIBUTION IN THE 2-LAYER BOARD WITH

FIG. 5-17.TRACK AC RESISTANCE VERSUS FERRITE THICKNESS AT DIFFERENT BRANCH WIDTHS........cccvvvvrrrnnn. 219
FIG. 5-18.MAGNETIC FIELD DENSITY (B) AND CURRENT DENSITY(J) DISTRIBUTION IN THE 2-LAYER BOARD WITH

FIG. 5-19. CURRENT DENSITY DISTRIBUTION IN THE3D MODELS OF THE4-LAYER PCB......covviiiiiiiiiieeeeeeeeee, 223

FIG. 5-20.CALCULATED AC RESISTANCE OF THE SINGLE BRANCH-LAYER PCBDESIGNS VERSUS TRACK WIDTH..224

FIG. 5-21. CURRENT DENSITY DISTRIBUTION IN THE3D MODELS OF THE4-LAYER PCB......oiiviiiiiiceceieeis 225
FIG. 5-22. CALCULATED SELF-INDUCTANCE OF THE INTEGRATED COIL IN THE4-LAYER PCBDESIGNS .................. 226
FIG. 5-23. CALCULATED SELF-INDUCTANCE OF THE INTEGRATED COIL IN THE4-LAYER PCBDESIGNS .................. 227

FIG. 5-24. THE SURFACE TEMPERATURE OF THE PROPOSED MAGNETIC COUPLER BASEDRPABFLOWING |=10A

RISttt e e ettt e e e e ettt s eaa———————— et e ettt eateeaeaeeeiaa——tettaeeaaaaeeeaaeaiaeaaarnn—aaeeeeeeeeeenaaaaannnans 229
FIG. 5-25. MAXIMUM TEMPERATURE OF THE COPPER VERSUBMS CURRENT. ....uuiiiiiiiiiieieriiineeseennnessinnsesesnnnnneens 229
FIG. 5-26. COMPARISON OFTHE CONVENTIONAL AND THE PROPOSED WIRELESS CHARGING SYSTEMS.........coeeeue 230
FIG. 5-27. MAGNETIC COUPLERS BUILT BYLITZWIRE AND PCBi......cciiiiiiiiiiii et see e 232

FIG. 5-28. EXPERIMENTAL OUTPUT WAVEFORMS WHEN MAGNETIC COUPLERS ARBUELY ALIGNED : (A) 3.3KW (B)

FIG. 5-29.MEASURED EXPERIMENTAL EFFICIENCY VALUES VERSUS CALCULATION REQITS......cccuvvvruiiiniaeeeaaaarenns 234

FIG. 5-30.COIL QUALITY FACTOR COMPARISON BETWEEN THE CONVENTIONAL MAGNETICOUPLER MADE BYLITZ

WIRE AND PCBCOIL ON THE RECEIVER SIDE .. .uuuttuiituiittietnittniemetsneetnestsssettesssesntsstiestnernestiernessinen 234
FIG. 6-1. CONCEPT OF HIGHPOWER WIRELESS CHARGIIB APPLICATION. ..uuuituiitiitneitieeineetncenmtsesinessestersnesseenne. 239
FIG. 6-2. MODULAR INVERTER TOPOLOGY FORNPT APPLICATIONS PROPOSEDN [128]......cuvvviieeeiiiiiiieeeesvceeee e 240

FIG. 6-3. THE PROPOSED MODULAR RESONANT NETWORK FOR HIGPOWER WIRELESS CHARGING APPLICATION....241

FIG. 6-4. COMPARISON OF THE INPUT CURRENT RATINGINVERTER, AND INDUCTOR CURRENT. ..ccvvviiiiereeieeeeeaennnn, 254
FIG. 6-5. COMPARISON OF THE PARALLEL RESONANT CAPACITOR VOLTAGE RATING. ....uuvurrrrrirereereeeseeeeereeeeeeeeeees 254
FIG. 6-6. COMPARISON OF THE SERIES RESONANT CAPACITOR VOLTAGE RATING.....cuuiiiiirtiieeiertinieeasseesensnnneanens 255
FIG. 6-7. COMPARISON OF THE RESONANT INDUCTOR ENERGYELR). «.evvvvvvviiiiiiiiieieeeeeieieeeseeeeeeeeeeeesevan e eeennnns 256
FIG. 6-8. COMPARISON OF THE RESONANT CAPACITOR ENERGHECP). +.vuuiiieeeeeiiiiiiiiiiiiicmmeeeiesns s e e e e e e e s e eeavnnae e 256

FIG. 6-9. COMPARISON OF THE RATING OF THE COMPONENTS BETWEEN THE CONVENTIONM/PT SYSTEM WITH
MODULAR LCC TOPOLOGY WITH A DIFFERENT NUMBER OF CELLS...uuuuuieieieeeeeiiieeeeitieeneeeeeeestniannnaeeeeeeeesas 257
FIG. 6-10. COMPARISON OF THE INPUT CURRENT OBIFFERENT NUMBER OF MODULES DESIGNED FOR SPECIFIC POWER
VERSUS TOTAL OUTPUT POWER. .. tttuttttueetueeetueeeemmeeeeesnesannaeeesaeesnsmaeesannsessnnaeennerannressmmnaeeesnseesnneeennn 259
FIG. 6-11. COMPARISON OF THE TRANSMITTER COIL CURRENT OF DIFFERENT NUMBER OF MODULES DESIGNED FOR
SPECIFIC POWER VERSUS TOTAL OUTPUT POWER. .. ..tuttuueettttinieeteinmmessnseeesessnnsessssnnsaaassssssssnnsessssnnnnaan 260
FIG. 6-12. COMPARISON OF THE INPUT PHASE ANGLE OF DIFFERENT NUMBER OF MODULES DESED FOR SPECIFIC
POWER VERSUS TOTAL OUTPUT POWER ... .etttttuuteettttinsesteneesestassaesastansaessstsnsmaasseesesssneesestsneesesmnmssnnsns 261
FIG. 6-13. COMPARISON OF THE EFFICIENCY PROFILE OF DIFFERE NUMBER OF MODULES DESIGNED FOR SPECIFIC

POWER VERSUS TOTAL OUTPUT POWER .. .u.tuttttititetesesieensesenesenensesesesimnnsssssessensensensensensesimnsensens 262

XV



FiG.

FIG.
FIG.
FIG.
FIG.
FiG.
FiG.
FiG.
FiG.
FiG.

FiG.

FIG.
FIG.

FiG.
FiG.

FiG.

6-14. CURRENT SHARING OF THE MODULARNPT SYSTEM IN CASE OF COMPONENT TOLERANCE IN ONE MODULE

......................................................................................................................................................... 263
6-15.PROFPOSED MODULAR SYSTEM WITHMIODULAR INVERTER AND MODULAR MAGNETIC STRUCTURE.......... 265
6-16.ONE-PRIMARY AND TWO-SECONDARY MAGNETIC STRUCTURE WITH A FULL FERRITE COVER................ 266
6-17.FEARESULTS OF THEDVERLAPPED ONETRANSMITTER TWO-RECEIVER MAGNETIC COUPLER................ 266
6-18. ONE-PRIMARY AND THREE-SECONDARY MAGNETIC STRUCTURE WITH A FULL FERRITE COVER............. 267
6-19.FEA RESULTS OF THE OVERLAPPED RE-TRANSMITTER THREERECEIVER MAGNETIC COUPER............... 267
6-20. THREE-PRIMARY AND THREE-SECONDARY MAGNETIC STRUCTURE WITH A FULL FERRITE COVER.......... 268
6-21. FEARESULTS OF THE OVERLAPPED THREERANSMITTER THREERECEIVER MAGNETIC COUPLER.......... 268
6-22. THREE-PRIMARY AND THREE-SECONDARY MAGNETIC STRUCTURE WITH FERRITE BARS.........cc0vuieeeennnn 269
6-23. FEARESULTS OF THE OVERLAPPED THREERANSMITTER THREERECEIVER MAGNETIC COUPLER WITH

MAGNETIC BARS. ...ttttuuiitttttieetetttuseaassessassasseessstasseese s mmasta s eeteetaa s eeteebaa s eetnenetestaa s eeeeetsneeeeetsssmnnnnseeeenes 269
6-24. FEARESULTS OF THE OVERLRPED THREETRANSMITTER THREERECEIVER MAGNETIC COUPLER WITH

MAGNETIC BARS. ...ttttuuiitttttieetetttuseaassessassasseessstasseese s mmasta s eeteetaa s eeteebaa s eetnenetestaa s eeeeetsneeeeetsssmnnnnseeeenes 270
6-25.CORE LOSS VERSUS THE PABE ANGLE OF THE MODULES FOR A THREEOIL TRANSMITTER.........ccceveeens 271
6-26.FEA RESULTS OFTHE OVERLAPPED THREETRANSMITTER THREERECEIVER MAGNETIC COUPLER WITH

MAGNETIC BARS. «.ttuuttttueetun ettt eeataaerseanetesnaeeaseeannes mmassaeesneetnneetaaeennannnrsaeeetneaesnsetesnneessianneensnseees 271
6-27.STRUCTURE OFTHE PROPOSED MODULARLCC-BASED WIRELESS CHARGING SYSTEM.....cccvvuiverriiinnnnns 273

6-28.NORMAL OPERATION OF THE PROPOSED MODULAR WIRELESS CHARGING SYSTE(A) INPUT AND OUTPUT
WAVEFORMS(B) INVERTER VOLTAGE ANDINPUT CURRENTS OF THE.CC MODULES (C) OUTPUT CURRENTS OF
THE LCC MODULES AND THE PRIMARY SIDE COIL CURRENT. .....uuiiiteeietiiiieeiniitimemeeeesrebnii s e s e e eeeeeeeneneaeeeeas 274

6-29. OPERATION OF THE PROPOSED MODULAR WIRELESS CHARGING SYSTEM UNDER) NORMAL CONDITION (B)

42%TOLERANCE OFCx1 (C) PASSIVE CURRENT SHARNG. ...cceiiiitiiiieeeeiittieeeeete e e e sttt e e e e s sibbe e s st e e e e e nnnans 275

XVi



List of Tables

TABLE 2-1 COMPARISON OF DIFFERENT WPT TECHNOLOGIES [12,14]..ccciiiiiiiiiiiieiieeeeeeeeeee e 15
TABLE 2-2 SCHEMATIC OF DIFFERENT RESONANT TOPOLOGIES ...civvtuuiieiiiiinieeiestinimsssseesestnnsessesssnneessssnnmeens 27
TABLE 2-3 COMPARISON OF THE TUNING METHODS ....ciiiitiiieiiiiiiieeeeevimmmtanseesestanseesestnnseessennsessnneesessnneeeeed 60
TABLE 3-1 VARIABLES BOUNDARIES AND FIXED PARAMETERS ...cvuuiiiiiiiiiieeeeeiiiieseeeeeeseetiseeseeran e e e sessnmmnnnns 99
TABLE 3-2 OPTIMIZATION RESULT FOR DIFFERENT T OPOLOGIES ....uiiiiitiiieeieiiiiieeiesinmmriinseesesinneesessnnnesanens 100
TABLE 3-3 COMPARISON OF THE TOPOLOGIES IN CASE | .iuuuiiiiiiiiiiii et ieeee et e 110
TABLE 4-1 INTEGRATION METHOD AND POWER LEVEL COMPARISON .......ccceeiiiiiiiiiiiiinninnrrinnnieseseeeeasennes 120
TABLE 4-2 EFFECT OF FERRITE VOLUME ON THE COUPLING FACTOR AND SELF-INDUCTAN CES.............. 129
TABLE 4-3 DESIGN SPECIFICATIONS tetuuuiitttttutestettunseesennntessssasseessnnsesessssssaaassesssstnneesestnnaetesmnmssnnmerem 138
TABLE 4-4 OPTIMIZED INTEGRATED COIL DESIGNS......cciiiiiiiiiiitiiie e s eeeeiie e e s e e e e e e e e e ee bbb mnmeeeeebs e e e e e e e 171
TABLE 4-5 CONSTRAINTS AND FIXED PARAMETERS ..uuuuiiiiiieieiiiiieietittiiemneeeststataaeseeeeeeeessseenaaeesesssesessssannnns 178
TABLE 4-6 SYSTEM SPECIFICA TIONS AT NOMINAL OPERATING CONDITION .ivvuuiiiiiiiiieeeeeriineeseenneernnnneaeennes 179
TABLE 4-7 COMPAR ISON OF THE COST AND VOLUME OF THE DIFFERENT TYPES OF INDUCTORS  ...cccvvvvunnnns 188
TABLE 5-1 SELECTE D MAGNETIC COUPLER SPECIFICATIONS ..eiituuiiieiiiieeeeeettnsseeesaeseantnseesestnnseesesrmmmsennns 227
TABLE 5-2 RESONANT NETWORK AND SYSTEM SPECIFICATIONS ...ciivvuiieeeiitieeeeeesummieseesensnnsaeesssnnneeesennnees 231

XVii


file:///C:/Seafile/My%20Library/PhD/%5b0%5d%20Project/Thesis/V3/Thesis_V3_102_MN.docx%23_Toc66111560
file:///C:/Seafile/My%20Library/PhD/%5b0%5d%20Project/Thesis/V3/Thesis_V3_102_MN.docx%23_Toc66111560

Notation

Abbreviations

2D
3D
AC
BARON
e
CP
cVv
DC
DD
DSMC
EMI

ESR

Two-Dimensional
Three-Dimensional
Alternating Current
Branch-And-Reduced Optimization Navigation
Constant Current

Constant Power

Constant Voltage

Direct Current

Double-D

Discrete Sliding Mode Control
Electro-Magnetic Interference

Equivalent Series Resistance

XVili



EV Electric Vehicle

FEA Finite Element Analysis

FHA Fundamental Harmonic Analysis
GA Genetic Algorithm

IB Integration into a Bipolar

ICT Intercell Transformers

U Integration into a Unipolar

KVL Kirchhoff s Voltage Law
LCT Loosely Coupled Transformer
MFP Metalized Film Propylene

PCB Printed Circuit Board

PFC Power Factor Correction

PID Proportional Integral Derivative
PSO Particle Swarm Optimization

PWM Pulse Width Modulation

RMS Root Mean Square

SAE Society of Automotive Engineering
SCC Switched Controlled Capacitor
SOC State Of Charge

SRF SeltResonance Frequency

TWAE Time-Weighted Average Efficiency

XiX



V2G
VA
WPT
ZCS
ZPA

NS

Symbols

Clmax
Cls
Clsmax
szax
Cos
CZSmaX
Ct

D

Din

Vehicle to Grid
Voltampere

Wireless Power Transfer
Zero Current Switching
Zero Phase Angle

Zero Voltage Switching

Maximum value of the primary side LCC capacitor
Primary side series capacitor

Maximum value of the primary side series capacitor
Maximum value of the secondary side LCC capacitor
Secondary side series capacitor

Maximum value of the secondary side series capacitor
Primary side parallel capacitor of the LCC network
DC-DC converter duty cycle

Inverter duty cycle

Strand diameter of Litz wire

Litz wire outer diameter

Total energy of the resonant capacitors

Total energy of the resonant inductor

XX



fy

fo

fsw

Gv

Iy

I bat

| d_ave

| d_rms

| diode_ave
| diode_rms
lin

| Load

I mostet

| mosfet_rms

Operating frequency

Buck converter switching frequency

Resonant frequency

Inverter switching frequency

Voltage gain

DC-DC inductor cu rrent

Battery current

Diode bridge average current

Diode bridge RMS current

Average aurrent of the anti -parallel diode of the switch
RMS current of the anti -parallel diode of the switch
Inverter output ¢ urrent

Load current

Turn -on value of the current flows in the Mosfet
Mosfet RMS current

Output current

Primary side coil current

Maximum current of the primary side coil
Secondary side coil current

Maximum current of the secondary side coil

Desired current density

XXi



ks

Kn
Kob
Kot
Kps

ksb
ksf
L 4max

L Zmax

M parasitic

I\lbr

Nt

Coupling factor

Litz wire filling factor

Set of the nominal coupling factors

Coupling factor between primary side coil and DC-DC inductor
Coupling factor between primary side coil and resonant inductor
Coupling factor between primary and secondary sides

Coupling factor between secondary side coil and DGDC inductor
Coupling factor between secondary side coil and resonant inductor
Maximum value of t he primary side LCC inductor

Maximum value of the secondary side LCC inductor

DC-DC inductor self-inductance

Resonant inductor of the primary side

Primary side self-inductance

Secondary side selinductance

Mutual inductance

Total cross coupling

Number of the modules

DC-DC inductor number of turns

Number of parallel branches

Resonant inductor number of turns

Primary side coil number of turns

XXii



Ns

Ns

Ns

IDbridge
Pcap
I:)cond_coup
I:)core_coup
Pcoupler
Pdiode

Pin

Pinv

PL
PL_cond
I:)L_core
Pmax
Pmosfet
Pn

Pout

I:)pcond

I:)S'cond

Primary side number of turns
Secondary sidecoil number of turns
Number of the Litz wire strands
Secondary side number of turns
Diode bridge loss

Capacitor loss

Magnetic coupler conduction loss
Magnetic coupler core loss
Magnetic coupler losses

Total loss of the antiparallel diodes
Input power

Total loss of the inverter

Resonant inductor total | oss
Resonant inductor conduction loss
Resonant inductor core loss
Maximum power

Total loss of the Mosfet switches
Set of the nominal output powers
Output power

Primary side magnetic coupler conduction loss

Secondary side magnetic coupler conduction loss

XXili



Q Quality factor

Qp Primary side coil quality factor

Qs Secondary side coilquality factor

o DC-DC inductor AC resistance

Rd_bridge Equivalent series resistance of the diode bridge

Rdiode Equivalent resistance of the anti -parallel diode of the switch
Ras(on) On-state equivalent resistance of the Mosfet

Req Equivalent resistance seen by the resonant network

re Resonant inductor AC resistance

M Index of the physical size

Ro Load resistance

rp Primary side coil AC resistance

rs Secondary side coil AC resistance

Seff Effective crosssection area

Sieq Required crosssection area

tanD(f) Dissipation factor of the capacitors as a function of frequency
Teu Copper crosssection

ts Fall-time of the switch

T+ Ferrite thickness

T fw Ferrite width

TL Layer insulation thickness

XXV



tr

Tw

Udo
Udo_bridge
Vbat

Vot

Vin
VinRMS
VLoad
Vo
VSOC

Yb

Risetime of the switch

Track width

Turn-on voltage-drop of the anti -parallel diode of the switch
Forward voltage of the diodes of the diode bridge
Battery Voltage

Voltage of the primary side parallel capacitor

Voltage of the primary side series capacitor

Output DC voltage

DC-link voltage

Inverter output voltage

RMS value of the inverter output voltage

Load voltage

Output voltage

Open circuit induced voltage

Inner size of the integrated coil in Y -direction

Inner size of the integrated coil in X -direction

Input impedance

Primary side branch impedance

Reflected impedance to the primary side

Secondary side impedance including mutual inductance

Secondary side impedance

XXV



C Power density

(o4 Sensitivity i ndex

D Skin depth

Zk Coupling factor variation

ZU Output voltage factor variation
Q Efficiency

Qdi Desired Efficiency

Q«i Efficiency at coupling factor k;
d Inverter phase-shift

e Magnetic permeability

t Copper resistivity

L Input impedance phase angle
L min Input impedance minimum phase angle
S] Angular frequency

(S Resonant angular frequency

XXVi



Chapter 1

Introduction

1.1. Background

Nowadays, mncerns regarding global warming due to the greenhouse gasses

caused by CG, emissionsare increasing. It is estimated that the planet 's surface
temperature is increas@ around 1t' C since the 19" century [1]. Electric Vehicles
(EV s) are considered as a e paditonal gasolng
engines and reduces environmental issuesThe global market share of electric
passenger cars is increased by 40% compared to 2018 and this trends estimated
to continue and reach to 50 million by 2025 with an annual growth rate of 3 0% [2].
Although the EV industry is growing, there are several adaptation barriers that

need to be addressed?2]. In particular, availability of the charging infrastructure,

t echi



Ph.D. Thesis - Ali R amezani McMaster University * Electrical & Computer Engineering

battery technology, and initial cost of the EV compared to conventional vehicles

are the main barriers [2].

Lithium-ion (Li-ion) battery technology is one of the main energy storage
componentsused in EVs. Li-ion offers higher efficiency (94-98 %), higher energy
density (200-300 Wh/ kg), and higher lifetime (1500-3000 cycles)compared to Lead
acid batteries (30-40 Wh/kg) and other alternative solutions [3]. Although the
energy density is improved and the cog of Li -ion battery dropped in recent years,
the energy density of the current technology is still significantly | ower than a
conventional gasoline system(12,000 Wh/kg) [4]. Moreover, the charging process
of the EVs is not as fast as refueling conventional gasoline vehiclesTherefore, the
weight of the energy storage system, range anxiety and slow charging process are

major barriers that limit ed the market penetration of the EV industry [5].

Each year, 1.2 million people die due to traffic accidents [6]. Besides personal
vehicles and public transportation, EVs can be used for autonomous driving by
employing deep learning methods[7]. Autonomous Vehicles(AVs) avoid accidents,
improve energy consumption by controlling the driving pattern, help people with
disabilities to commute [6], improving traffic flow, and car -sharing [7]. Moreover,
AV can be considered as a solution to support the grid in case of power fluctuations

in future smart cities [8]. Despite these promising benefits, autonomous vehicles



Ph.D. Thesis - Ali R amezani McMaster University * Electrical & Computer Engineering

face new practical challenges. For instance, the charging process should happen
seamlessly withou user interference and the size of the battery should be small to

keep the cost of the AVs as low as posible [9].

Current battery charging technology relies on conductive(plug-in) transferring
of the power to the on-board battery [10]. In this method, the grid electric energy
transfers through conductive copper cables. Recently, extreme fast chargers offer
lower charging time by increasing the DC voltage to reduce the conductive loss[5].
For instance, Terra HP made by ABB is a 350 kW DC fast charger that adds 200
miles to the EV dri ving range in a 10 min charging session[4]. Although the
conductive fast chargers can reduce the charging time, the size and cost of the on
board battery still is an issue. Moreover, the charging process of the AVs still

requires human interference.

Alternatively, wirel ess charging of the EVs offers a convenient,reliable, and
automatic charging of the autonomous vehicleswithout user interference. Wireless
Power Transfer (WPT) can benefitthe EV industry intwo m ajor aspects:reduction
of the battery size and automatic charging process[9]. The EV wireless charging
systems can be categorized into dynamic charging, quasdynamic, and stationary

charging [11]
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In a dynamic charging system, ideally, all the roadway is powered by
transmitter converters that can transfer the power t o the moving vehicle. In the
guastdynamic EV wireless charging, the transmitter converters are only installed
in proximity of the t raffic lights, taxi stations, or electric-bus stops[12]. Therefore,
in the dynamic and quasi-dynamic wireless charging applications, the size of the
battery can be reduced significantly [9]. On the other hand, in the stationary
wireless charging systems, the EV position is fixed during the charging procesq13]
Considering the infrastructure cost to implement wirele ss charging fa all the roads,

stationary charging is a suitable candidate that can be realized in near future.

An early attempt at transferring power using radio waves is conducted by
Nikola Tesla in 1890 [13]. However, the efficiency of the power transmission was
very low. Nowadays, with the progress of semiconductor devices and power
electronics, the wireless power transmission efficiency increased gnificantly which
makes this techndogy an attractive solution for EV charging. The distance between
the transmitter and receiver can be in the range of few millimeters up to a few
meters[14] Currently, high -power wireless chargers are introduced that can deliver
up to 200 kW on a relatively large air -gap [15]. Considering these featureswireless

charging can be considerechot only as a catalyst but also as an essential technology
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that brings more satisfaction to the EV market by offering convenien ce reliability ,

and fast charging capabilities.

1.2. Challenges and Motivation

In order to compete with conventional plug -in battery chargers, the wireless
charging system should offer competitive cost, power density and efficiency.
Although wireless power transfer is studied in recent publications, the re are several
challenges moving toward highpower applications such as EV wireless charging.
These challenges are related to different pars of the wireless charging system such
as resonant networks, magnetic couples, control, and implementation cost. These
challengesare addressd in this thesisto improve the power density, efficiency and

reduce the implementation cost.

The current wireless charging systemtechnology is based onthe conventional
design of resonant networks.Also, the conventional designof the magnetic couplers
limits the performance and maximum efficiency of the system which is only
achievable in a limited range close to nominal loading conditions. Moreover, the
misalignment of the magnetic couplers results in a reduction of the coupling factor
that can significantly reduce the efficiency of the system and affect the output
voltage. Besides, several triatand-error corrections are required for designing the

resonant networks based on the conventional tuning methods. One of the main
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objedives of this thesis is to propose a new design procedure to optimally tune the

resonant network for a wide range of load and coupling factor variations.

Typically, a resonant network on the transmitter and receiver sides of the
system exist that helps to realize soft switching, constant current output versus
load and coupling factor variation. To regulate the output voltage, a DC -DC
converter is a suitable candidate that helps to realize Constant Current (CC) and
Constant Voltage (CV) modes for the EV battery charging. Both the resonant
network and the DC-DC converter require a bulky inductor in their structures.
Considering the high cost of ferromagnetic materials, integrated magnetic solutions
are a suitable solution to reduce the cost and put the magnetic material to better
use. Especially on the vehicle side, the space is limited and it is beneficial to shrink
the size of the converter as much as possible.Therefore, an integrated magnetic

structure is proposed in this thesis to address this issue.

The EV wireless charging system is operating at 85 kHz band according to
SAE 2954 standard which is a relatively high operating frequency. Operating at
this frequency reaults in higher coil AC resistance due to skin effect and proximity
effect caused by eddy wrrent. As the AC resistance of the coils increases, the
guality factor and the efficiency of the system reduces consequently. Therefore, Litz

wire is typically emplo yed to overcome this issue. The ratio of the AC resistance to
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the DC resistance will be lower as the diameter of the strands in the Litz wire

reduces. However, as the number of strands increases andhe diameter of the
strands of the Litz wire reduces the cost of the Litz wire increases significantly.
Therefore, finding alternatives for replacing the Litz wi re is a promising objective.
An integrated magnetic structure combined with a PCB -based magnetic structure
is proposed in this thesis to improve the power density, reduce the implementation

cost and offer competitive performance in EV wireless charging applications.

As the power level of the system increases, the converter design faces several
challenges. First, the semiconductor devicés cost increases significantly as the
voltage and current rating increases. Second, considering the inverterswitching
frequency, the maximum dv/ dt of the switches is another challenge. Third, as the
power rating of the system increases, the cost of the resonant elements and their
V.A rating increases. Different approaches are proposed to solve this issue such&
using parallel switches, multilevel inverters, and multi-parallel inverters. Since the
inverter is operating at a relatively high frequency, the inverter requires a complex
gate driver design to avoid current imbalance and ensure synchronized switching.
Moreover, using the multilevel inverters results in losin g soft switching and multi -

parallel inverters require a complex transformer design to eliminate the circulating
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current which increases the implementation cost. Therefore, anew AGDC topology

that c an solve the aforementioned issues is another objectiveof this thesis.

1.3. Contributions
The author has contributed to several technical, and analytical advances of the

EV wireless charging application that briefly described below:

1 A comprehensive eview of the fundamentals of the wireless power

transfer systemsfocusingon misalignment tolerance

1 Developing a new methodto design resonant networks for EV wireless

chargers;

1 Developing a new magnetic coupler structure to i ntegrate the resonant
and DC-DC induct ors into the m ain wireless charging coilsand increases

the power density and reduce the cost;

1 Developing a new PCB-based magnetic coupler design forEV wireless

charging;

1 Developing a new modular LCC-based resonant network with a passive

current sharing for high-power EV wireless charging.
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1.4. Publications

The author has contributed several journal and conference papers as listed

below.
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1.5. Thesis Outline

This thesis is organized into seven chapters focuses on the optimization and

desgn of the resaant network, magnetic couplers,and converter topology for EV

wireless chargng.
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Chapter 1 presentsthe researchmotivation o f wireless power transmission for

EV charging applications. Moreover, the thesis contributions are outlined.

Chapter 2 presents the fundamentals of the wireless power transfer for EV
battery charging application s. Different types of wireless power transmisgon are
categorized at first. Then, the main components of the wireless power transfer
system are described and stidied individu ally. The designing challenges of each

componentare described and current solutions are studied.

Chapter 3 presents the proposd design strategy to optimize the resonant
network of the wireless charging system. The issues with the conventiomal design
methods are described and advantages of the proposed methodre highlighted. The
analytical models for four different resonant topologies are presented By defining
an optimization problem, each of the resonant networks is optimally designed. A
prototype is built and experimental measurements are presented.The conclusions

of this chapter are considered as the basis of the other chapers.

Chapter 4 presents a proposed integrated magnetic structure for wireless
charging of EVs. At first, the part ial integratio n of the DC -DC inductor into the
main wireless chargingmagnetic couplersis presented. Then, integration of both
the DC-DC inductor and the resonant inductor into the main wireless charging

magnetic couplers is introduced. The design challerges of the fully-integrated

11
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system are presented and an optimization approach is proposed to address this
issue Finally, the experimental set up of both partial and fully -integrated wireless
charging systemsis built and experimental results are compared with the simula tion

results.

Chapter 5 introduces a new approach for designing the magnetic couplers based
on PCB to reduce the implementation cost while maintaining high efficiency. At
first, a theoretical analysis is presented to study the sensitivity of the efficiency to
the coil AC resistance. Second 2D FEA analysis is presented and the effect of
different design parameters on the coil AC resistanceis studied. Then, 3D FEA
analysis based on the conclusions of the 2D studies is presented and an optimal
design is seleted. Thermal analysis of the coil under different loading conditions is
studied to verify the feasibility of the design. Finally, an experimental setup is built

to verify the simulation results.

Chapter 6 presents a new modular resonant topology for high-power EV
wirelesscharging systens. The proposed topology is analyzed indepth and a tuning
method for the resonant network is presented. Then the current sharing of the
modules is analyzed andthe influence of resonant elements tolerance orthe current

sharing is studied. In the next ste p, a high-power wireless charging system is

12
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designed based on the proposed topology and the effect of the number of the

modules on the system power density and efficiency is analyzed.

Chapter 7 is dedicated to conclusionsand future work.

13



Chapter 2

Fundamentals of a Wireless Power
Transfer System for EV Application s

2.1. Introduction

Wireless Power Transfer (WPT) is a general technology that can be
implemented using different methods. Fig. 2-1 categorizes different types of wireless
power transmission based on theemployed technology Generally, three types of
wireless power transfer are introduced: nearfield, far-field, and mechanical [11,
13] The power and distance between the transmitter and receiver for these

technologies are compared inTable 2-1.
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Wireless Power Transfe|

NearField FarField Mechanical
Magnetic Field Electric Field Electromagnetic RG] Sound waves
Magnets
Inductive LR Capacitive Light waves Microwave

Resonant

Fi glCategorilkesseofpwwer transfer based ¢dalthéa3power

TABLE 2-1
COMPARISON OF DIFFERENT WPT TECHNOLOGIES [11,13]
WPT Technology Power Distance Frequency
) Sound waves Less than 10 W 70-300 mm 0.53 MHz
Mechanical - .
Rotational magnets Up to few kilowatts 100-150 mm 150-300 Hz
. . Up to several 300 MHz-300
Far-Field Electromagnetic Up to few megawatts Kilometers GHz
Capacitive Up to few kilowatts Up 'to few 1 kHz-40 MHz
centimeters
Near-Field Magnetic resonant Up to few kilowatts Up to few 100 kHz10
meters MHz
Inductive Up to few hundred Upto 400 mm 3 kHz-1 MHz

kilowatts

In the mechanical-based WPT, a mechanical force transfers the power from
the transmitter to the receiver. For instance, magnetic gear technology can be used
to mechanically transfer the power to the receiver. However, having moving parts
in the system results in lower reliability , lower efficiency, and more mechanical
noises[16]. Similarly, the sound waves can propagate to the air and apply a motion

on the recei ver[l7 Hodeversthe maxenons tchnsterable power

15
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and the distance between the transmitter and receiver are limited as described in

Table 2-1.

Far-field (radiative) WPT systems are based on the propagation of
electromagnetic waves through the air. In this case, the frequency is in the range
of 0.3-300 GHz, the distance and maximum transferable power are relatively large.
However, this method requires a huge antenna, complex tracking control methods,
and the system efficiency is low [11, 13] Moreover, issues regarding microwave

radiation on the human body are another drawback of this technology [18].

Near-field (non-radiative) WPT systems can be categorized into three meahods:
capacitive, magnetic resonant and inductive. The Capacitive Power Transfer
(CPT) is based on the electric field between the two pairs of plates on the
transmitter and receiver to form a capacitor. CPT does not require any winding on
the receiver of the transmitter which makes it light -weight and cheaper than other
technologies[18]. However, the capacitance between the transmitter and receiver is
limited to the size of the plates. Consequently, the maximum transferable power is
low. Therefore, the operating frequency should be increased up to the MHz range
to compensate for the low capacitive coupling between the transmitter and
receivers. However, the maximum rating of the existing power semconductor
devices and voltage stress of the resonant componentare the main barriers of this

technology [18].
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Both the magnetic resonant and Inductive Power Transfer (IPT) technologies
are based on the magnetic coupling between a transmitter and receiver coils.In the
magnetic resonant technology, the transmitter, and receiver are in the self-
oscillating condition and tuned at the operating frequency [19]. In contrast, external
resonant capacitors are required for inductive power transfer [20]. In order to
operate at selfoscillation mode, the operating frequency should be increased.
Therefore, the switching frequency of the magnetic resonant technology is inthe
range of MHz to achieve a seltoscillating magnetic coupler. The efficiency and
maximum transferable power of the near-field WPT systems are typically higher

than other technologies at small air-gaps.

In conclusion, inductive power transfer offers high-efficiency, simple
implementation, autonomous, and reliable operation features. Moreover, the
physical size of the transmitter and r eceiver, and the feasibility of high -power
transmission over a relatively low-frequency band using existing power electronics

technology are other advantages ofthe inductive power transmission technology.

Recently, WPT is proposed as a convenient alternative for charging the battery
of Electric Vehicles (EVs). One of the advantages of wireless charging systens is
that the charging process can be done without the interference of the user[21]. This
convenient feature enables the autonomous vehicles to charge automatically and

reduce the size of the onboard battery [9]. In comparison with the conventional

17
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plug-in (conductive) charging stations, expensive and bulky plugs and copper cables

are not neededin wireless charging systemg22].

Considering the power levd and practical limitation s of the switching devices
such as switching frequency inductive wireless power transfer is a great candidate
for EV wireless charging applications. Fig. 2-2 illustrates the basic concept of a

typical inductive wireless charging system for EV applications.
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Inductive WP T systems are operating based on the magnetic coupling between
the transmitter and receiver coils. This magnetic coupling brings inherent isolation
between the gnd and load side which eliminates the need for bulky isolation
transformers[11]. Moreover, this feature makes the inductive WPT systemsuitable

for operation in wet environments. Since there is no moving part in this system,

18



Ph.D. Thesis - Ali R amezani McMaster University * Electrical & Computer Engineering

inductive wireless power transfer requires low maintenance and offers high

reliability.

A typical inductive wireless charging systemis consisting of the following

components:

91 Primary Side AC -DC Converter. This converter usually is a diode
bridge or a boost converter with the ability of Power Factor Correction

(PFC). This stage provides a constant DC volta ge for the inverter.

1 Inverter: The inverter converts the DC input voltage into a high -frequency

squarevoltage waveform to feed the resonant network.

1 Resonant Network: This circuit is made by capacitors and inductors
tuned at the switching frequency. The resonant network can be designed to
provide the soft-switching condition for the inverter to reduce swit ching

losses.

1 Magnetic Couplers:  The magnetic coupler is made by a set of transmitter
and receiver coils that are magnetically coupled. The time-varying primary
side flux induces an alternative voltage on the secondary side coil whichis
called the open-circuit voltage. The magnetic coupler is also known as a

Loosely Coupler Transformer (LCT).

1 Rectifier and Pickup Converter: This stage converts the high-frequency
voltage induced on the receiver coil into a DC voltage which is suitable for
the energy managenent system on the vehicle. This stage may contain only

a diode bridge in the simplest case or a boost, buck or an active rectifier.
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1 Control: The control system provides appropriate gating signals for the
primary side converter and also the secondary side converterto charge the

battery in Constant Current (CC) and Constant Voltage (CV) modes.

2.2. Transmitter Converter

The transmitter converter inc ludes a redification circuit, a Power Factor
Correction (PFC) circuit, and an inverter as shown in Fig. 2-3 [23]. The rectification
circuit converts the input voltage fromt he grid to a DC voltage. The PFC stage is
typically a boost converter that acts as a power factor correction unit. The output
of the PFC stage is a stable DC voltage that feeds the inverter. In a simplified
model of the WPT systems, it can be assumed that the input DC voltage is provided

by an AC -DC PFC converter [24].

AC-DC PFC Converter

4 N\
-———o
DC
\%
5032@ * Ivdc Js} TV""
DC
N
Rectifier C%?/%sftter Inverter
Fi g3 A typical transmitter side converter of tF

Fig. 2-4 shows the full-bridge inverter topology used for wireless charging
applications. In this figure, the input voltage is Vq4c generated by the PFC stage

and $;-S, are the power switching devices.The output voltage of the inverter, Vi,
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is dependent on the switching modulation scheme. Different Pulse Width
Modulation (PWM) schemescan be applied to command the switches of the
inverter. Commonly, a phase-shifted modulation scheme is used in WPT systems
to realize Zero Voltage Switching (ZVS) [25] The gate signals of this modulation

scheme ad the output voltage are shown in Fig. 2-5.
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and current.

According to Fig. 2-5, the output vol tage of the inverter is connected to +V 4
when S; and S are conducting. Similarly, the output voltage is equal to -Vg4c when
S, and S3 are conducting. The phaseshift between the two inverter legs is d. When
dis equal to zero, the legs of the inverter are synchronized and the output voltage
would be zero. When the phases hi ft i s equal to 180t
would be a square waveform with a 50% duty cycle. By calculating the Fourier
series of the inverter output voltage, the RMS value of the fi rst harmonic of the

inverter voltage, Vin, can be expressed by:

V. t) = % élsin( g)sin(n ") (2.1)
vV, = @vdc sin%) (2.2)
0 2
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where d is the phaseshift angle, and ¥ is the angular switching frequency of the
inverter. Due to the band-pass filtering effect of the resonant network, only the
fundamental harmonic of the invert er voltage can be considered for analyzing the

WPT system [23, 26-28].

The phase angle between the inverter voltage (Vin) and its current (li,) is
defined byt . This phase angle is dependent on te input impedance at the switching
frequency (Zin). In order to realize ZVS, the inverter current should lag the inverter

voltage.

Single-stage solutions are also proposed for the WPT systems to combine the
PFC stage with the inverter and improve the pow er density. In [29], a 2.5 kW/110
kHz bridge-less singlestage converter for WPT application is proposed. In this
study, SiC switches are used to gain high efficiency for the converter. Fig. 2-6
depicts this single-stage topology. The main disadvantage of this circuit is the
variable DC-link voltage when the converter is not operating on the nominal
loading condition.
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2.3. Resonant Networks

Ina WPT system the magnetic coupler absorls a large value of reactive power
due to the large leakage inductances[24]. Therefore, it is essential to compensate
the reactive power of the magnetic couplers by using resonant topologies. The
resonant circuits also offer interesting features such as soft switching, hgh

efficiency, high power density, flexible voltage gain and current gain [11]

2.3.1. Requirements and Challeng es

Position of the magnetic couplers results in deviation of the coupling factor ( k)
from the nominal value. The coupling factor deviation affects the input impedance
(Zin), input phase angle (+), output power (Pout), and efficiency (d) of the system.
Therefore, the proper design of resonant network can help to reduce the sensitivity

of the efficiency to variation of the coupling factor ( k) [30].

Zero voltage switching reduces the switching loss of the inverter switches and
increases the system efficiencyZVS can be realized when the input current (li,) of
the resonant network has a lagging phase angle respect to the inputvoltage (Vin).
In other words, the resonant network should have a resistive-inductive impedance
characteristic. In this situation, the switches of t he inverter will see a negative

current at the moment of switching and the current passes through the anti -parallel
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diode of the switch and clamps the voltage of the switch to zero [26]. Therefore, an

inductive input impedance results in ZVS realization for the inverter.

The resonant network should be designed to maintain ZVS at all operating
conditions and keep the efficiency as hgh as possible. In EV charging application,
limited current of the transmitter side converter in the safe region in case of the
absence of thereceiver coil is an important factor to avoid damaging the inverter
and resonant elements. These parameters shodlalso be considered in the selection

and design of the resonant network for a wireless charging system.

2.3.2. Top ologies

The structure of the resonant topologies can be divided into three groups as
shown in Fig. 2-7. Input impedance, efficiency, and output voltage gain
(Gy=V/ Vin) are key functions that need to be defined for analyzing each resonant
topology. The input impedance can be used to calculate the input phase angle,and
the input current. The voltage gain shows the ratio of the output voltage to the

input voltage as a function of the resonant elements.
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Resonant Networ

Structure
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I
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Fi g7 Resonant network structures for

The schematics of the commonly used topologiesare summarized in Table 2-
2. In this table, Series, Parallel, LCC, and Series-Parallel topologies are labeled by
S, P, LCC, SP. The advantages and disadvantages of each topology will be

discussed in the next section of this chapter in detail. In this thesis, the reflected

impedance is defined by Z, = (Mw)*/ Z_,., where Zs is the impedance of the
secondary side circuit. In the following, some of the common resonant network

topologies and their design challenges are studied.
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TABLE 2-2
SCHEMATIC OF DIFFERENT RESONANT T OPOLOGIES
Name Schematic
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Name Schematic
Ll Cls o | CZS /
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+— il
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Magnetic Coupler
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A. Basic Topologies

Four basic topologies can be obtained using a single resonant element on each
side of the magnetic couplers: SeriesSeries (SS), SeriesParallel (S-P), Parallel-
Parallel (P-P), Parallel-Series (P-S). Due to the simplicity of t he design, low
component court, and high efficiency at the nominal operating point, S -S topology
is selected in many applications [31-35]. Generally, in the topologies with a series
of primary side resonant ngawork (S-S and SP), the input current is unbounded in
absence of the receiver coil and it is essential to add a protection circuit [11, 36,
37] In S-S and S-P topology, the in put impedance phase angle is highly dependent
on the load and coupling condition which results in low power transfer efficiency of

the system [11, 38]
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Compared to series primary side resonant network, the primary side of a
parallel compensated (SP and P-P) WPT system can operate normally in case of
the absence of the receiver coil. Generally, the topologies with a parallel resonant
network on the secondary side suffer from excessive output voltage at lightload
conditions [26] and are highly sensitive to the misalignment of the magnetic
couplers [36]. Moreover, the P-P topology is suffering from the low input power
factor seen by the inverter [11], and dependency of the maximum output power

point frequency to the mutual inductance [39]

B. LCL and LCC Based topologies

LCL and LCC resonant topologies are extensively used n the primary sid e of
the WPT systems to supply the transmitter coil with a constant current which
induces a constant voltage on the secondary side coil. The LCC network is
commonly used instead of the LCL topology since it offers more degree of freedom
for the designers to achieve desired characteristic§40]. By using the LCC topology,
the constant amplitude of the primary side current independent of the load and
mutual inductance [41, 42] limited inverter current in case of misalignmert, and
improvement of light load efficiency [23] can be achieved. The LCC-based
topologies are widely used in the WPT application due to their suitable
performance. For instance, the LCC-S [43-46], the LCCC -S [47], the LCC-SP [22],

the LCC-P [48, 49]and the LCC-LCC [50-54] are analyzed.
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Although the LCC -P topology has a constant output current behavior, in this
operation mode, ZVS is not achievable [49]. In contrast, the L CC-S topology can
be designed to supply the load as a constant voltage source independent of the load
[55] The LCC-LCC topology converts the constant volt age of the input to a
Constant Current (CC) in the output of the system at resonant frequ ency [38] and
also can achieve both the CV and CC modes if the resonant elements are tuned for
two different resonant frequencies [54]. The L CC-LCC topology has outstanding
performance compared to the other topologies. However, due to the number of

components, the power density and efficiency of the system will decrease.

2.4. Magnetic Couplers

2.4.1. Principles

Magnetic couplers are the key elements of inductive WPT systems. These
couplers consist of a winding, magnetic core material, and a magnetic shield [11,

24, 56, 57] In Fig. 2-8, a typical magnetic coupler is shown as an example.
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Receiver Coil

Ferrite Core Aluminum Shield

Transmitter Coil

Fi g8A typicalcaoanamlnert ilcayout .

Typically, the transmitter coil and receiver coil are also known as primary and
secondary side coilsrespectively. The magnetic coupling factor (k) for two sets of

coils is defined as follows:

k = (2.3)

where L, and Ls are the primary and secondary side selfinductances and M is the
mutual inductance between the primary and secondary coils. The nominal magnetic
coupling factor (k,) is dependent on the magnetic material, structure layout,
spacing between the turns, and the number of turns. Mutual inductance can also
be affected by the distance air-gap and misalignment of the magnetic couplers
Misalignment is the distance between the two coil centers. These parameters are

defined in Fig. 2-9. The equivalent circuit model of a magnetic coupler can be
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presented as a T-type model as shown in Fig. 2-10. This model can be used for

analyzing the wirelesscharging system.

e —

Misalignment

Air Gap

Fg29 Misalignmeamt derfd nditri on for a magnetic

Magnetic Coupler

Fi g10Thequeval ent circuit model of the magnet

The equivalent quality factor of the magnetic couplers ( Q) and each coil

inherent quality factor are defined as follows [11, 24, 57]

Q =,QQ, (2.4)

Qp: rp ’QS —=s (25)

In (2.5), ¥ is the angular frequency, L, and Ls are the primary and secondary

side selfinductances and rp and rs are the internal AC resistance of the coil
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respectively. Therefore, by increasing the operating frequency the quality factor of
the coil can be improved. However, by increasing the frequency, the internal AC
resistance of the coil will be increaseddue to the skin and proximity effects [58, 59]
Alternatively, if the AC resistance of the coil is reduced the quality factor will be

increased significantly.

In order to re duce the AC resistance of the coils, Litz wire is employed and
the selection of appropriate diameter and number of strands is presented in[60-62].
In [63] copper loss analysis of themagnetic couplers for a WPT system is studied.
In this study, the Litz wire is modeled in a Finite Element Analysis (FEA) software
to investigate the effect of the excitation frequency on the copper losses of the
windings. Generally, using a smaller diameer for eachstrand of the Litz wire and
more number of strands results in smaller AC resistance. However, the price of Litz
wire increases exponentially with the number of strands. It should be noted that
the filling factor of the Litz wire also decreases by increasing the number of strands.
Therefore, a higher crosssection area is needed for ahigher number of stranded
Litz wire [64] Moreover, a higher number of strands are rarely available in the

market [64].

In order to avoid any magnetic field leakage to the back of the magnetic
couplers, a magnetic shield & required. Although the ferrite material absorbs the

majority of the magnetic field, typically an aluminum plate is plate on the back of
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the magnetic couplersas shown in Fig. 2-8 [65]. Alternatively, active shielding can
be considered instead of the aluminum plate. In this way, a win ding is placed in
the back of the magnetic coupler instead of the aluminum plate. The current flowing

in the shield winding creates an opposite magnetic field that cancels out the total

flux on t he back of the magnetic coupler [66].

2.4.2. Magnetic Coupler Layouts

Several magnetic coupler layouts are introduced for WPT systems, among
them, circular, rectangular, Double-D (DD) are the most common layouts [13] The
layout and main flux path (‘p) between the transmitter and receiver of these

topologies are shown inFig. 2-11.

As it can be seen in Fig. 2-11, the coil layout is planner and the ferrite material
is placed underneath of the coil. In this way , the flux will only flow between the
transmitter and receiver coils and turns back in to the ferrite plate. Therefore, the
ferrite act as a low reluctance path, and the magnetic flux will not leak into the

chassis ofthe vehicle.

One of the magnetic layouts is the circular magnetic coupler [67]. The layout
of this structure and its magnetic flux path are illustrated in Fig. 2-11 (a). In this

layout, the ferrite bars are placed radially and the coils are placed on top of the
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ferrite bars. The magnetic flux of the coil flows outward of the magnetic plane and

returns from the outer side of th e magnetic coupler.

:
g ]
" ]
v ]

(a) Circular magentic coupler

(b) Rectangular magentic coupler

(c) DD magentic coupler
Fi g11The | ayoetmmon magnetic couplers.

The rectangular magnetic coupler is similar to the circular magnetic coupler
and is known as Quadrature (Q). The layout of the rectangular magnetic coupler

is shown in Fig. 2-11 (b). In this layout, the ferrite bars are place d in parallel.
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Similar to the circular magnetic coupler, the flux path is outward the transmitter

plane and returns from the other side of the magnetic coupler.

The DD magnetic coupler is one of the welkknown layouts introduced in [31]
which is shown in Fig. 2-11 (c). I n this magnetic coupler, the flux has two opposite
directions at the magnetic coupler plane. In the DD layout, the flux path is
approximately equal to half of the magnet i ¢ lengtu i1, €4, 5% 68].
However, in [69] it is concluded that the circular layout has a better coupling
coefficient in comparison with the DD magnetic couplers with the same occupied

area.

Multi -pole structures are proposed to improve the misalignment tolerance[70],
increase the power level[71], or supply multiple loads at the same time [72, 73]
Typically, the magnetic couplers have one magneic pole (unipolar) or two poles
(bipolar) as shown in Fig. 2-12. As the number of the poles increases the complexity

of the design, cost, and weight of the structure increases[70].

(&) Unipolar (b) bipolar
Fig12 Current flow and flux path of the unipolar
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In [64] rectangular, square, and circuar geometries of the windings are
compared. The comparison results are shown inFig. 2-13. In this comparison, it is
concluded that for the same coil area, circular magnetic couplers have a better

coupling coeffident in comparison with the rectangular a nd square coils.

0.2

< ] L}
o0 .
2 circular ﬁ;
£0.15

S]
o square
2

o 0.1 \—

Eﬂ rectangular

=

0.05
100 200 300 400 500 600 700
Coil Area A, (cm?)

Fi 813 Compari son «fo utpHaeyrohubiglsiet i c

Shielding
Ferrite I-Cores

160 mm

Rectangular Winding Double-D Winding

Fig14 The | ayout of the rectanpuod4hr and DD
In [74], rectangular and DD structures are compared. Fig. 2-14 illustrates the
layouts of these magnetic couplers In this comparison, a 50 kW/85 kHz WPT
system for a public transportation is considered. The coupling factor comparison

results are shown in Fig. 2-15. As it is shown, the magnetic coupling of the DD
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structure is less than the rectangular layout in most of the misalignment points.

Moreover, the conduction and core loss of the magnetic couplersare included in a

basicloss analysis to compare the performanceof these two magnetic couplers Fig.

2-16 illustrates the loss analysis results. In this figure, Psp;i is the eddy current

losses in the shield,Pse; is the core loss, andPg,; is for the Litz wire copper loss.
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This result shows that the total loss of the rectangular magnetic coupler due
to having only one winding is significantly les s than the DD magnetic couplers
Moreover, the rectangular magnetic coupler showed a better longitudinal
misalignment tolerance. Therefore, rectangular magnetic couplers are more

preferable for stationary EV wireless charging applications.

2.4.3. Magnetic Coupler  Design

Design parameter analysis and optimization of the circular magnetic
structures are presented in[67]. It was shown that the number of ferrite strips has
the most impact on the uncompensated transferred pover which is related to the
coupling coefficient. Moreover, it can also be concluded that the thickness of the
ferrite strips has less effect on the magnetic coupling. Therefore, the thickness of
ferrite could be selected as the minimum value which meets the core saturation

criteria [67].

Fig. 2-17 illustrates the effect of ferrite co re dimensions in the circular layout.
Similarly, the effect of the total diameter is also stu died and the results are shown
in Fig. 2-18 for a 23A RMS/ 34 kHz exc ited primary side coil. It was shown that
the total magnetic coupler diameter has a significant impact on the transferable
output power. Therefore, based on the output power level and available area, the

total diameter should be selected.
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In [75], the effect of the Litz wire parametersis studied. It turned out that thi s

parameter has not a noticeable impact on the magnetic coupling. Besides, the effect

40



Ph.D. Thesis - Ali R amezani McMaster University * Electrical & Computer Engineering

of the inner radius (R;) of the coil is investigated in [21, 64] The effect of the coil
inner radius and Litz wire diameter (dy) are shown in Fig. 2-19. The effect of the
spacing between each turn of the winding (Sy) and Litz wire diameter on the coil

quality factor are presented in Fig. 2-20.

It can be seen that as the inner radius increases, assuming the outer diameter
remains constant, the coupling factor decreases as shown irFig. 2-19. Moreover,
increasing the wire diameter reduces the AC resistance which results in increasing
the quality factor. As the turn spacing ( Sy) increases the quality factor decreases

as shown in Fig. 2-20.
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2.5. Pickup Converter

The induced voltage on the receiver coil of the wireless charging system passes
through the receiver side resonant network and should be converted to a DC voltage
to charge the EV battery. One of the simple methods to convert the high-frequency
voltage to a DC voltage to supply the load is using passive rectifiers. In this case,
the load voltage should be controlled by a primary side control method. For
instance, phaseshifted control of the transmitter side inverter or controlling the

amplitude of the inpu t DC voltage can be considered[76]

In order to regulate the output voltage or current and realizing Constant
Current (CC) and Constant Voltage (CV) modes in the battery ¢ harging process,
DC-DC converters can also ke considered18]. Moreover, having DC-DC converters
on the receiver side enables the WPT system to deliver power to multiple consumers
at the same time [49]. In this case, each receiver regulates the output voltage based

on the loading condition and misalignment of the magnetic couplers

Fig. 2-21 illustrates a typical pickup converter . In this figure, the battery is
modeled as a resistance Ro= Vpat Ivat), Where Vpae and Iy are the battery voltage
and current, respectively. The equivalent AC resistance, Req seen by the resonant

network of the receiver side can be expressed by26, 77}

R =

8
- /?RL (2.6)
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whereR| is the resigance seen by the diode bridge from the DC-DC converter. The
equivalent resistance of the conventional buck and boost converters can be
expressed by[78]

R ™ = éRO (2.7)

RLboost — (1 _D)ZRO (28)

where D is the duty cycle of the DC -DC converter and R, is the equivalent

resistance of the battery.

R
> | DC
85 kH
E *** N Z TVO Tvd TVLoad §Ro
o> DC
Ry
1Req Redtifier Boost/Buck Load

Converter (Battery)

Fig21 A typical pickumiaoedwerst erthaagfgitnigpe st em

Besides the conventional full -bridge rectifier in the AC -DC stage, a s£mi-active
rectifier can be used[79, 80] In this case, the outp ut voltage can be control without
using a DC-DC converter on the receiver side[81] The schematic ofthe semtactive
rectifier is shown in Fig. 2-22. In this figure, the two top de vices are regular power
diodes and the two bottom devices are power switches. By controlling the

conduction time of the two switches, the output voltage can be c ontrolled.
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Nowadays, Vehicle to Grid (V2G) is considered as an option in smart grid s. A
WPT system also can be designed to beused in this operation mode. In [82], a
bidirectional WPT system is proposed which is shown in Fig. 2-23. In this topology,

instead of a regular diode-bridge, a full-bridge converter is used.
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2.6. Control Methods

Depending on the circuit topology, different control methods can be considered.
For instance, if a DC -DC converter is used on the vehicle side the inverter output
voltage can only be dedicated to regulating the transmitter coil current and the
DC-DC converter is responsible for regulating the output voltage. Typically,
realizing soft-switching, safe operation under different loading conditions, and safe
operation in case of the receiver coil absenceare essentialfeatures that should be
considered In this case, a safe operation is referring to the limited output voltage

and limited inverter current in any operating condition .

2.6.1. Primary Side Cont  rol

In the simplest case a diode bridge can be usedon the secondary side In this
case the output voltage or output current should be controlled by the primary side
converter. In this case, the following parameters can be used as a control variable

[76]

=

Inverter phase-shift g [25]

! DC-link voltage (Vo)

=

Switching frequency (f)

1 Inverter duty -cycle (Din)
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In the phase-shifted control of the primary side inverter, the phase angle
between the inverter legs will be considered as a control varable. Fig. 2-24
illustrates the primary side control concept for the phase-shifted method. The
output voltage of the inverter is a semi -rectangular waveform that its RMS value
is dependent an the phaseshift (¢)[83] When the phase difference is180 degrees
the inverter voltage is a complete rectangular waveform with the amplitude of the
DC-link voltage. When the phase-shift is set to 0 degrees theinverter legs will be

synchronized and the output voltage of the inverter will be nullified.

Alternatively, t he inverter can operate at a fixed 180 degrees phasshift
(conventionally) and the input DC -link voltage can be considered as a control

variable as shown in Fig. 2-25. By changing the input DC voltage, the inverter
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output voltage changes which affecs the output voltage of the WPT system
consequently. One of the drawbacks of this method is the requirement d a DC-DC
stage to supply the inverter with a variable voltage which increases the

implementation cost and complexity [76].
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Fi 825 Pry mairdlei DC vol tage control .

The frequency control method can also be considered to control the output
voltage of the wireless charging system. This method relies on the frequency
response of the voltage gain(G,) of the resonant network. However, typically the
output voltage gain versus frequency shows a nonlinear behavior,especially when
high-order resonant networks are used [84] Moreover, the resonant element
components should be rated for a wide range of frequendes which increasesthe
implementation cost and possibility of interference with other signals [76]

Furthermore, different parasitic elements such as parasitic capactance of the

a7
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magnetic couders may be large in a specific range of frequencies. Therefore, the

frequency control method is not preferable in practice.

The inverter duty -cycle (Djy) can also be considered as a ontrol variable to
change inverter RMS output voltage. However, in this case it is possible to lose
the soft-switching capability of the inverter [76]. It should be noted t hat having a
soft-switching feature is essental for the wireless charging system to ensure

maximum power transmission efficiency.

The primary sid e control method requires a reliable communication between
the transmitter and receiver sides to send the output voltage feedback. The voltage
feedback tothe primary side generates the control signal for the full -bridge inverter
(frequency or phaseshift) or the PFC stage (duty cycle). This can increase the
complexity, reduce the reliability and generate a delay in the control loop which

may affect the performance of the overall system[85, 86]

2.6.2. Secondary Side Control

In this control method, the primary side converter only regulates the primary
side coil current (Ip) and the secondary side converter is responsibledr controlling
the output voltage (Vo). In [64], a boost converter is employed to regulate the

output voltage. The main advantage of this method is the simplicity of the design
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and supplying the battery in CC and CV modes. However, the number of

componentsis increasedin comparison with the primary side control method.

In [79, 87] an active rectifier is used to regulate the out put voltage. Moreover,
by varying the phase angle of the bridge current, mismatching of the resonant
network is compensated to keep the system efficiency near to its maximum value
[87] The system efficiency is conpared to the conventional methods and active

rectifier in Fig. 2-26.
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2.6.3. Dual S ide Control

In [22], a dual-side control method is proposed fa the WPT system by
controlling the output voltage using a boost converter on the secondary side. This
scheme is shown inFig. 2-27. However, compared to a conventiond WPT system

the number of components and complexity are increased. Moreover, a
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communication link between the transmitter and receiver is essential in this control

method. This communication can introduce some delay in the control loop [85].
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In order to reduce the number of components on the vehicle side in [81] an

active rectifier for the pickup converter is used to regulate the output voltage. Fig.

2-28 shows this configuration and its control method. Similar to other dual -side

control methods, this configuration requires a communication link between the

primary and secondary sides which can increase the control complexity.
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2.6.4. Decoupled Control

Transmitter side andreceiverside converters arelocated on separated systems.
Therefore, wireless comnunication is needed for controlling both converters from a
central controller. In [88], a decoupled control scheme is proposed to eliminate the

needfor wireless communication. The concept of this control technique is shown in

Fig. 2-29.
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The decoupled concept proposd in [88] is also implemented using a Discrete
Sliding Mode Control (DSMC) scheme in [89] This method offers a faster dynamic
regponse in comparison with the conventional Pl methods. The dynamic response

of the SMC and conventional PI controller is shown in Fig. 2-30.
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2.7. Design Challenges

In the following, the d esign challenges of a WPT system will be reviewed:

2.7.1. Misalignment Tolerance

The coupling factor (k) between the transmitter and re ceiver coils is highly
dependent on the horizontal and vertical distances of the two coils. Fig. 2-31
illustrates the definition of the air -gap and misalignment of an inductive WPT

system for EV charging applications.

\

o 1 Resonant
' Network
> \ ) .{‘ =

S
7Y
Misalignment

Fig31 A typical EV wireless charging sys

Occurring misalignment between the transmitter and receiver coils is inevitable
in the wireless charging of the EVs. Misalignment of the magnetic couplers results
in the variation of coupling factor, k, from its nominal value which affects the
output voltage and efficiency of the overall system [11, 24] In order to overcome

the aforementioned issues, twoapproachesare studied:
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1) Output voltage control through control of po wer converters on the

primary and secondary sides[28, 90] and

2) Optimal d esign of resonant network[91-93].

These methods are employed to supply the load with a constant voltage
independent of the coupling factor changes. Control of the power converters either
on the transmitter side or the receiver side of the WPT system can help to regul ate
the output vol tage [28, 88, 94, 95] On the primary side, by phase-shifted control
of a full -bridge inverter, the output voltage can be regulated [25, 96] However, in
this method, reliable communication between the primary and secondary sides is
essental to send the output voltage feedback to the primary side and control the
full-bridge inverter. This can also generate a delay in the control loop which may
affect the performance of the overall system [85]. An active rectifier can also be
used on the secondary side instead of a passiveidde bridge to regulate the output
voltage [28, 87, 97] The main advantage of this method is to control outpu t voltage
without the need for communication between the primary and secondary side
converters. However,this method increases the complexity and cost of the system

[98, 99}

Another solution is to r egulate the output voltage throug h the use of a DC-DC

converter after the passive diodebridge rectifier on the seconday side. The DC-
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DC converter can help to regulate the output voltage while the coupling factor is
changing [69, 80, 100] The main advantage of this method is that it can be used
without the need for a communicatio n link between the primary and secondary side

converters.

A. Tuning of the Resonant Network
The self-inductances of the magnetic couplers are changed when misalignment
occus which results in lower efficiency and variation in the voltage gain of the
system. In [101] a variable-tuning LCL pickup converte r and an active variable
inductor implementation are introduced. A similar approach is introduced in [102,
103] in which, the primary side resonant inductor of the LCC network is considered

as a variable inductor to keep the inverter at the optimal switching point.

Another method of active tuning of the resonant network is using switching
capacitors [104-106] In this approach, a fixed size capacitor is switched in PWM

mode to form a v ariable capacitor.

In [107] a dual-side control with online mutual inductance edimation is
implemented is shown in Fig. 2-32 (a). In this method, t he output voltage is
regulated by the inverter, and active rectifier ensures the maximum power delivery.

The efficiency comparison betveen a regular diodebridge pickup converter (green),
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a dual-side controlled system (blue), and the switched controlled capacitor (red) is

shown in Fig. 2-32 (b).

mln
S

Y, Y,
Transmitter Receiver

(a) Schematic of the WPT system with dua

0.92
0.90 |
0.88 |
P
E 0.86 -
2
50.84F
0.82} - OLR control with SCC
— OLR control without SCC
0.80F Diode recitier without SCC
078 1 1 1 1 1 1 1 1 1
-15 -11 -7 -4 0 3 6 8 10

X3 (Q)

(@ Eficiency comparison
Fi @32 Combination of the switched -siodhérobdbhedolkamactt
[107]

55



Ph.D. Thesis - Ali R amezani McMaster University * Electrical & Computer Engineering

B. Hybrid and Reconfigurable Resonant Topologies
Hybrid topologies combine the benefits of eachresonant topology and gain a
robust system againstthe coupling factor and load variations. For instance, a Series
and LCC topology can be combined in both the transmitter and receiver of a WPT
system to provide constant power over a wide range of misalignment[108] In such
a system as the misalignment increases, the input current of the Seriesresonant
network branch will be increased inherently. Therefore, the total transmitted power

to the secondary side will remain constant.

Instead of continuous tuning of the resonant network (active tuning), a
reconfigurable topology can also be used. In thisapproach, the resonant topology
will be changed between a limited number of configurations. Compared to the
switched controlled capacitor method, the reconfigurable topologies do not require
a PWM switching of the resonant elements. Thus, the control complexity and cost
will be reduced. In [109] a reconfigurable topology is proposed which switches
between the SS and SLCC to implement C C and CV modes respectively. This
topology is shown in Fig. 2-33. The main advantage of this method is achieving
inherent CV and CC without using any DC -DC converter in the output o f the
system. Therefore, this topology can be used in a fixed coupling factor condition

for a wide range of load variations such as battery charging applications [109-111]
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The hybrid topology and reconfigurable resonant network can also be combined
and form a robust resonant network against both the misalignment and load
variations [112] The schematic of this circuit is shown in Fig. 2-34. This circuit
combines the LCC-S and SLCC topol ogy and supplies the load in CC or CV modes

for a wide range of load and coupling factor variations.

Reconfigurable
Topology

Hybrid Topology

Fi @34 Combination of the switched -siodnérobhedolkamact:t
[112]
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C. Resonant Network  Tuning and Optimization
Regardless ofthe resonant topology sdection, tuning of the resonant network
plays a vital role in achieving the desired power transmission efficiency, output
features (CC or CV mode), and ZVS operation. Fig. 2-35illustrates different tuning

methods that can be considered for designing a resonant network for EV wireless

Resonant Network Tunin

charging applications.

Conventional Tuning Optimization
Fixed Resonant Paramgter Simple Advanced
frequency Sweeping
| l
v v v v
Constant Current Constant Voltage Single-Objective Multi-Objective

Fi 35 Tuning methods of the resonant networ ks

Conventionally, the resonant elements are selected toresonate at a fixed
operation frequency, or by parameter sweeping desired output features are
achieved. There are several dravbacks in tuning the resonant network by
conventional methods that worth mentioning. First, by increasing the number of
resonant eements and nonlinear behavior of the system, conventional methods are
time-consuming and require multiply try and errors. Second, it is not guaranteed

that the final solution is the best possible solution. Third, the | osses of the resonant
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network, inverter, and other elements are not considered[55]. Finally, practical

constraints and objectives cannot easily be ircluded in conventional methods [55].

On the other hand, an optimization problem c an be defined to select the
resonantelements. In basic optimization methods, a lossless, simplified model, and
single objective is considered in the optimization problem. For instance, in [99], a
detuned S'S topology, and in [40] the LCC-S topology is desigred to offers less
output power variation respect to the coupling factor variation. However, in both
studies, the losses of the system, variation of the selfinductance of the magnetic
couplers were not included. Similarly, in [113] a general T-type resonant network
is analyzed and the tuning method to achieve a misalignment tolerant output power
is presented In [114] the resonant capacitor of a four coil system is optimally
selected to sipply the load with a stable output power over a wide range of coupling
coefficients. However,the losses of the system are not included completely and it

requires two additional passive repeaters.

In advanced optimization of the resonant networks, the boundaries of the
system, losses, and multiple objective functions can be included. In[115] a particle
swarm optimization method with the objective function of load and coupling factor
independen output behavi or is presented for an SCLC compensated WPT system.
The same objective function is used in [116] for an S-SP compensated system to

achieve loadindependent and misalighment tolerant features. However, in both
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studies, the primary side resonant network is a Series type that suffers from
unbounded current in case d load absence.To improve the optimization of the
resonant network, the losses of the coils for an LCG-S topology are also included in
the optimization problem in [44]. Although the output power fluctuation red uced,
the efficiency of the system was not accurately calculated due to the lack of the
inverter and core loss modeling in the optimization problem. Table 2-3 summarizes
and compares different tuning methods from different aspects. In this table, b is a
sensitivity index defined as the ratio of the output fluctuat ion zu [ %) the
magnetic coupling factor variation Zk [%]. Since each reference had different rated
values, this index can be used to simplify the comparison. Lower b can be

interpreted to lower output sensitivity to misalignment.

TABLE 2-3
COMPARISON OF THE TUNING METHODS
Coupling
L Core Inverter Output o
Optimizatio Reported Robustness Factor ) Sensitivit
Ref.  Topology ) Loss Loss e Fluctuation
n Method Output Against _ ) Variation y Indexb
Inclusion  Inclusion U [ %
ok [%]
[99] S-S Basic CP Misalignment NO NO 60 21 0.35
[40] LCC-S Basic CP Misalignment NO NO 44 7.1 0.16
Misalignment
[117] sSSP Basic CcVv NO NO 28.5 2.7 0.09
and Load
Misalignment
[115] SsCLC Advanced CcVv NO NO 50 11.7 0.23
and Load
Misalignment
[116] S-SP Advanced CcVv NO NO 50.8 8.9 0.18
and Load
[44] LCC-S Advanced CP Misalignment NO NO 37.1 8.6 0.23
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To reduce the misalignment effect on the output v oltage and efficiency of a
wireless charger systeman optimization -based design proceduredr the resonant

networks of the WPT system is proposed and studied in Chapter 3.

2.7.2. Efficiency

In order to gain the highest efficiency from a WPT system, the quality f actor
of the coils should be as high as possible[24, 57] Fig. 2-36 shows the typical
efficiency of the WPT system versus different quality factors under different

coupling coefficients. Both the quality factor (Q) and coupling coefficient (k) can

affect the system efficiency.

Efficiency / %

( i " i L ]
Yoo 400 700 1000
Q value

Fi 836 Tthreeoreti cal efficid®t¢y of the

For instance, the maximum transferable power efficiency of a WPT system

with a Series-Seriesresonant network can be calculated as follows[24];
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(kQ)°

Prax = (1+ T AOF -I(kQ)2)2 (2.9

where k is the coupling coefficient and Q is the quality factor of the magnetic

couplers.

Typically, the coupling factor increases as the size of the magnetic coupler
increases. The quality factor of the magnetic coupler is dependent on the coil AC
resistance, frequency, and coil seHinductance. To reduce the AC resistance, a
higher wire gauge with smaller strands is required. Generally, in a conventional
WPT system, the power density and efficiency are in the opposite direction of the
design objective. Therefore, a trade-off between power densiy and efficiency is
essential. To address this trade-off, a multi -objective optimization problem is
defined in [33] to select the optimal design. In this optimization, power density ( C
and system efficiency (@) are considered as the two objective functins. Fig. 2-37
presents the optimization results for different quality factors, operation frequencies,
and coupling coefficients. Every point on the Pareto front is the optimal solution
to this problem and the selection of the optimal point is based on the designer

experience and desired profiles such as efficiency or power density.
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According to Fig. 2-37 (a), as the power density increases the maxmum
achievable efficiency decreases. Moreoverkig. 2-37 (b) shows that increasing the
quality factor of the coils generally results in having more power density for the
system. The increase of the quality factor can be achieved by increasing the
switching frequency. The effect of the switching frequency on the system efficiency
and power density is shown in Fig. 2-37 (c). This figure shows that increasing the
switching frequency from 50 kHz to 100 kHz has a significant influence on
improving the system efficiency [64] However, by increasing the switching

frequency beyond 100 kHz, the system efftiency is not affected significantly.

Moreover, by increasing the switching frequency gate driver losses are also increases

which are not considered in this figure [64] Also, by increasing the switching
frequency, a thinner strand of the Litz wire is needed. However, thinner Litz wires

cost more and they are rarely available in the market [64]. Considering these points,
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a designer will select an optimal point that meets the desired practical

requirements.

In Chapter 3, an optimal procedure is developed to demonstrate how to design

the resonant network components to achieve high efficiency.

2.7.3. Power Density

In order to reduce the WPT design size, and increase the power density of the
whole systeam, a new design of magnetic oupler called integrated magnetic
structure is proposed in [118123] In this design, the inductor of the LCC resonant
network is integrated with the magnetic couplers. In [123] a DD coil topology is
used for the main WPT magnetic couplers and the resonant network inductance is
made by another DD coil, shown in Fig. 2-38. The whole structure i s made of three
mechanical layers. Moreover, design procedures, different mode analysis, and

capacitor tuning methods are presented in[118]

The main challenge of the WPT systems with integrated resonant inductor is
the difficulty of the design caused by the interaction of the main coils with the
integrated resonant coils. Therefore, in [119] a new simplified resonant network
design method for the integrated WPT system is presented. The study in [119]was
performed on an integrated WP T system with bipolar main coils and rectangular

resonant coil. Similarly, a bipolar layout is used for both the main and integrated
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coils on the receiver side [120] In these topologies, the materials used in the

magnetic couplers will be shared with the main coils.

Main Cotls

ko'

C
0 300 600 (mm)

Fi 838 I ntegration of the LCC indux3]Jor into the

Fi.g39 I ntegration of the LCC inducf{fa&@kOinto the |

On the other hand, the pickup converter is placed on the vehicle to convert
the high-frequency induced voltage on thereceiver coil to a DC voltage for charging

the batteries. Typically, a DC -DC converter is used to regulate the output voltage
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and provide constant current (CC) and constant voltage (CV) modes for charging
the batteries for E V applications [49] Using a DC-DC converter on the vehicle side
enables the system to have a different DC-link voltage from the output (battery

pack). However, the DC-DC stage requires an nductor to supply the load whic h
affects the size, weight, and cost of the receiver on the EV side. In order to improve
the power density of the pick-up, a new integrated structure which integrates the

DC-DC inductor into the magnetic coupler is introduce in Chapter 4 of this thesis.

In order to further improve the power density of the transmitter side, Printed
Circuit Board (PCB) can be used instead of wire -wound coils. The PCB magnetic
coupler can simplify production, reduce labor work, weight and cost; however, the
existing PCB coils are limited to low -power WPT systems. The main challenges
and limiting factors for moving toward the high -power applications are coil AC
resistance, highfrequency operation, thermal management due to conduction loss,
and the large size of the coil. Thesechallenges are studied in Chapter 5 and a

solution with a comparable efficiency is provided.

2.7.4. High -Power Wireless Charging

In high-power wireless charging applications, such as electric buses, a high
power transmitter circuit to supply hundreds of kW is a requirement [18] To

increase the output power level of a wireless powertransfer system, the transmitter
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side inverter power rating should be increased. Increasing the power rating of the
inverter could be achieved by increasing the rating of the semiconductors, using the

multilevel topologies [124-126] and modular structures [127]

Currently, the voltage r ating of high-frequency switches such as & devices is
limited in commer cialized products. Moreover, at high voltage operation, the dv/ dt
and maximum current rating of the switches are other limiting factors [128]
Furthermore, the cost of the inverter switches increases significantly by increasing
the switch ratings. Alternatively, p arallel switches can be used toincrease the
current rating. However, careful design of the gate driver circuit and active control
of the switches is essential to avoid device failure[129, 130] Moreover, in case of
failure in one of the switch es, all the inverter switches will be involved. Therefore,
using parallel switches to increase the current rating may reduce the reliability of

the system and increase the complexity of the control.

By using multilevel topol ogies, the voltage rating of each semiconductor switch
will be reduced [131] In [132] a multilevel topology for the WPT system by a
combination of IGBT and MOSF ET switches is proposed to increase the power
rating of the inverter , shown in Fig. 2-40. Similarly, a new multilevel topology is
proposed in [133] However, the requirement of bulky flying capacitors, the

complexity of control and modulation, uneven loss distribution, losing the soft -
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switching capability are a few examples of the disadvantages of the multilevel

topologies for wireless charging applications [131]
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Alternatively, in [134, 135] a multiphase structure is proposed for wireless
charging applications, shown in Fig. 2-41. This structure is construct ed by a half-
bridge and a series capacitor for each phase. In order to limit the circulating current
between the legs of the multi-phase inverter, Intercell Transformers (ICT) are used.
The optimization of this modular st ructure and increased power level b studied in
[128] It should be noted that in this system, the phase angle of the voltage of each
phase can be controlled to regulated the output voltage. Similarly, an extended
version of the multi -phase topology with ICTs is proposed in [136] and modeling

and control of this topology are studied in [137]
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Although the circulating current can be eliminated by using ICTs , the
implementation cost and complexity of the system are increased. Moreover, because
of using the seriesresonant topology, the transmitter side of the wireless charging
system has anunbounded inverter current when the vehicle side is in absence. In
another word, in the case of the absence of the receiver coil, thereflected impedance
would be zero which puts the transmitter side in the short -circuit operating
condition [11] This could damage the switches, transmitter coil, and resonant

capacitors.

In [138] multi -parallel H-bridge converters are proposed for a WPT system.
This configuration is suitable for high -power charging applications to feed each
resonant converter by a separated Hbridge inverter to minimize the VA rating of
each converter. Moreover, the modularity of the converter is another benefit of this
topology [11] This top ology is shown in Fig. 2-42. Although the modularity is

realized, designing a modular magnetically decoupled structure is a challengefor
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this topology. For instance, the transmitte r coils should have a large spacng to
have a low crosscoupling. Therefore, this configuration can be used for electric

train applications where space is less restricted.
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In order to eliminate the bulky DC -link capacitors and diode bridge of the
transmitter side inverter, a direct Matrix converter can be used[139142] Initially,
in [142] a low power matrix converter for WPT syste ms is proposed which is shown

in Fig. 2-43.

Direct three-phase AC-AC Matrix Resonant Tank
Converter

Fi 843 Matrix convertefrl142f a WPT system
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Similarly, in [141] a bidirectional Matrix converter is proposed for WPT
application which is illustrate d in Fig. 2-44. This converter can operate in a grid-
connected application to transfer the stored energy from the vehicle to the grid.
This converter is implemented on a 1 kW/ 20 kHz WPT system. The reported
maximum efficiency of this converter with the DD magnetic couplersat a 17 cm
gap (k=0.29) is 89%. The drawback of this configuration is that it is only applicable

to low-power systems[11].

To address the aforementioned prdlems, Chapter 6 proposes a new modular

inverter based on the LCC resonant network.

iiy Matrix Converter IPT Pick-up Converter

L o k
igrid S,,;

SN (@)

AC Mains

Low Pass Filter

Fi 844 Matrix convertelrldfy a WPT system

2.8. Conclusion

In this chapter, the fundamentals of wirelesscharging were reviewed in detail.
The main components of the wireless charging gstem including the magnetic
couplers, resonant networks, transmitter , and pickup converters were studied in

detail. An overview of the conventional topologi es for each componat of the system
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was presented The advantages and drawbacls of each design wereoutlined, and

the design challengesf the state-of-the-art solutions were discussed and analyzed.

It was concluded that circular and rectangular magnetic couplers are more
preferable for stationary EV wireless charging applications due to higher power
density and lower power loss. By comparing different resonant topologies, it was
shown that basic topologies are not satisfying all the requirements of EV wir eless
charging applications. Moreover, active tuning and hybrid topologies suffer from
lower reliability and increase the complexity of the system. Therefore, high-order
resonant networks should beoptimally designed tomaximize efficiency and offer a
misalignment tolerant W PT system. Requirements of the power converters for high
power EV wireless chargng applications were discussed and it was concluded that
the intercell transformers are the main drawback of the existing modular topologies

for EV wireless charging applications.
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Chapter 3

Optimal Design of the Resonant Networks
for EV Wireless Charging Systems
Respect to Misa lignments

3.1. Introduction

As discussed in the previous chapter, misalignment is a big challenge in EV
wireless clarging systems. To reduce the misalignment effect on the output voltage
and efficiency of the wireless charger system an optimization -based design
procedurefor the resonant networks of the WPT system is proposed in this chapter.
The proposed method is based on the optimal tuning of the resonant network

without adding any extra element to the circuit. The p roposeddesign method is
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applied to four possible combinations of LCC and Series topology on the primary

and secondary sids.

According to comparison studies presentedin Chapter 2, the LCC and Series
resonant networks are the possible candidates for the EV wirdess charging
applications. The outstanding constant output current of the LCC topology , its
wide range ZVS operation, and high efficiency profile in different loading conditions
are the main advantages ofthis topology. The constant output voltage, simplicity
of design, high efficiency, and a low number of components are the attractive
features of the Series resonant network. Therefore, different combinations of the
LCC and Series resonant networksare considered in this chapter: S-S, SLCC, LCC -

S, and LCC-LCC.

All the topologies are optimized to oper ate at the same design conditions such
as power level, magnetic couplers, and input/output voltage to have a fair

comparison between all of these topologiesTwo optimization problems are defined;

1) optimal design of the resonant network to achieve constnt voltage at

different loading conditions (Case 1),

2) optimal design of the resonant network to achieve maximum efficiency at

different loading conditions (Case Il).
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In Case |, the proposed optimized circuit results in achieving low voltage
variati on versus coupling factor, k. A constant voltage in the output of the WPT
system can be beneficialto eliminate the DC -DC conversion stage at the output. If
a well-regulated output voltage is needed, a DC-DC converter can be added at the
secondary side. The proposed method still can help to design the power converter
optimally. This is because a constart voltage on the receiver circuit helps the DC -
DC converter to maintain its optimal designed duty -cycle and helps to operate at
its maximum efficiency for a wide range of coupling and load variations [85].
Moreover, the size of the required passive components like the ddink capacitors

on the secondary side can be reduced117]

In Case Il, the efficiency-oriented optimization is presented. The results of both
cases outline a general conclusion and show the tradeff between these two
objectives. Therefore, this comparison can help to select the topology according to

the objective requirements.

The chapter is structured in five sections: in Section 3.2, analytical models for
each circuit topology are extracted and output voltage sensitivity functio ns are
developed. In Section 3.3, at first, the design procedure is explained and te
optimization problem is defined. Then, a case study is considered and each topology

is optimized and studied. The output voltage profiles, efficiency, resonant network
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size, and power loss distribution of each topology are presented for each objective
function. Experimental results are presented in Section 3.4 to compare theresults
with simulation studies and validate the design and optimization procedure.

Finally, conclusionsare outlined in Section 3.5.

3.2. Circuit Modeling and Sensitivity Analysis

As discussed, a WPT system consists of three main parts: an inverter, resonant
networks, and magnetic couplers. The load in the EV charging application can be
considered as an egal resistance at each output power (R.). The circuit diagram

of a typical WPT syste m with a full -bridge inverter and a simple diode rectifier is

illustrated in Fig. 3-1.
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In this figure, L, and Lsare the primary and secondary side coil seltinductance

respectively. M is the mutual coupling of the couplers and the coupling factor for

the coils is defined as: k = M/,/LDLS. Moreover, rp and rs are the parasitic AC
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resistanceof the coils. The AC resistance of the coils reduces the cadiquality factor

which has a significant effect on the system maximum efficiency.

To reduce the complexity of the analysis and design, commonly Fundamental
Harmonic Analysis (FHA) is used for resonant converters. In this method, only the
fundamental harmonic of the generated voltage of the inverter is considered. The
RMS value of this waveform is calculated asv,™ = (2+/2V,, / R) sgj r[26] In this
equation, gis the phase shift applied on the inverter | egs. This phase shift controls
the RMS value of the input voltage and can be used in the control loop. Similarly,
the equivalent AC resistance seen by the seawdary side from the diode bridge is
expressed asR,, = 8/ R R, [26]. The magnetic couplers can also be replaced by aT -
type model. Fig. 3-2 shows the simplified circuit diagram of the WPT system with

two unknown resonant networks.

Fi 82 Equiciaricdgntdi agram of the WPT system.
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In this figure, the fundamental harmonic of the voltage generated by the
inverter is replaced by the voltage source (Vin). The reflected impedance from the

secondary side to the primary circuit, Z;, is defined as follows:

Z, =z ||juM) § M Q;l) (3.1)

sec

wherewis the angular frequency of the fundamental harmonic of the inverter
voltage. To further analyze the circuit, the resonanttopologiesneed to be known.
In the following, four combinations of LCC and series networks are studied in detail
and the sensitivity function of the output voltage with respect to the mutual
impedance (M) is derived. As discussed in Chapter 2, the misalignment of the
transmitter and receiver coil results in variation of the mutual inductance from its

nominal value.

3.2.1. Series-Series Topology

In this configuration, both the pri mary and secondary sideresonant networks

are simple series capacitos (Cq and Cg) as shown n Fig. 3-3.
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In this circuit, the impedance seen by the secondary side coil, Zseg iS expressed

as:

Z.=Z__ -uMj

S sec

where (3.2)

Zsec = Req -Hrs (+— sM/ }/MCZS)J

The input i mpedance of the circuit seen by the inverter (Zin) is given as:

Z,=2, %, & j&pw %'CB) Z, (3.3)

Using the defined impedances of the circuit, the input current (1i,), primary

side current (1), and secondary side current(ls) are derived as:

& o1 i

fim T 7

i o 3.4
iz AWM, ] M GD
'[\S InZS+jMAA n Zsec
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Since the output current, |o, is equal to the secondary side coil current, the

output voltage can be expressed as:

i MR
) = (3.5

Vo =R s #,

(o]

The output voltage sensitivity with respect to the mutual inductance variation

is derived as follows:

o

R |
Wo _ B8 ”TAP (3.6)

UNI Zsec ¢

As it can be seen, the sensitivity of the voltage is dependent on both the

variation of M and |,. The variation of primary side coil current is calculated as:

&:V- é‘uzihl :C:)_ Vin @ 3.7
Mo TEM 2z &0

where the variation of reflected impedance is calculated as

Méll\/IW)2 0 2,
w _ &4 §_2'V'szs' (M w M MWZ M W (3.8)
UM M z; z;

By putting (3.7) and (3.8) into (3.6), the variations of the output voltage,

”V%M , Is simplified as:

(3.9)

1-00:

Eqg. (3.9) shows the sensitivity of the output voltage respect to the mutual

coupling.
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3.2.2. LCC -Series Topology

In this topology, an LCC resonant network and a series capacitor are

considered for primary and secondary circuits, respectively, as shown in Fig. 3-4.

In this topology , secondary impedances are the same as Serieries topology.
The circuit input impedance is given by:

Zin = r1 -ﬂ MLl Z-l-pin (310)

N
5

i z
" Primary Side ’ Secondary Side

Fi 84 A WPT syst eSerwietsh rLeG@nant topol ogy.

where the parameter Zpi, is obtained as follows:

1

Zpin :(Zr Ep)” ]Vi:l

(3.11)

The reflected impedarce is defined for a generalresonantnetwork in (3.1), and

lin, and Ip, and |s are given by:

_Vin
n=7 (312
Ip =1 in . 1 (313)
1+juc,(z, €,)
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juM M
I, =l ——
pZZS +-J Vu\d i zzsec

(3.14)

Since, the secondary side of this topology is the same asSeriesSeries topology,

the output voltage, and its sensitivity function are obtained similarly and can be

expressed as:

R w a a M) €
Wo _ Ry M Sov e oMW € (3.15)
I"lM Zinzsec ée Zln (i;e Zs E

3.2.3. LCC -LCC Topology
Fig. 3-5 illustrates the circuit diagram of the LCC-LCC compensated WPT

system.

Vin

-——fF-—=—===

Primary Side ’ Secondary Side

Fi 85 A WPT systenCOvirtens onGtht net wor ks.

Similar to (3.10) and (3.11) the input impedance of this circuit can be

expressed.However, the secondary sde network impedances are given by:

1

0
A 3.16
.. 16 (3.16)

Zsec = ZSZ -lfs i sW
¢
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where Zs»> and Zs; are defined as follows:

Z Zsl
s2
1+ juc L, (3.17)

Zsl = Req '|f2 (I-— ZW)J
Similar to (3.12)-(3.14), currents of each branch of the primary side converter
can be expressed. However, the equation for the output current needs to be defined.

The output current and voltage are given by:

1
l, =l ,———
R (3.19)
V, =R * Req 3.19
o eJo Sl+j|/EZZsl ( )

By inserting (3.14) into (3.18), the output current can be deriv ed:

juM 0
i Z.. Eﬂ+,mzsl (3.20

Therefore, the output voltage can be simplified according to (3.19) and it can

be expressed by:

juM 0 eq
V, A 3.21
i Z 53"‘]'/@;51 ( )

T he sensitivity of the output voltage can be calculated as:

W, _ Rea : Hop
0 — : M —F
UM (1 -ﬂ'C ZZ sl)z sec%p MJ'

(3.22)
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Comparing (3.22) and (3.6) reveals that the sensitivity functions are similar
and just a coefficient value is multiplied to (3.6). This coefficient is a f unction of

the selectedresonant topology for primary and secondary.

3.2.4. Series-LCC Topology

The diagram of the SeriesLCC compensated WPT system is depicted in Fig.

3-6.

Primary Side ' Zps  Secondary Side

Fi 86 A WPT systemC@itbsSehogpgpt op

The input impedance for this topology is expressed as:

1 6
62+ Z.=Z (3.23)

Z =r 4 w
in p -ﬂ%p V'CJS z r p

The reflected impedance and impedance seen by the secondary sideoit are

also defined as follows:

(3.24)
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where Zs1 and Zs; are defined in (3.17). In a similar procedure to the Series-Series

topology, the inputimpedance and the primary side current are obtained as follows:

& V,
T III"I :l P _erI

i " (3.25
| = i .

iz e n b K] 2

Similar to the LCC -LCC topology, t he secondary side currents,and output

voltage, can be expressed by:

_, _iwm i
l o=l ———— * ~—
s pZS+jMM pzsec (326)
Tz, 529
V, =Ry (328)
1+ Ly

and its sensitivity function of this topology are similar to the LCC -LCC topology

that c an be calculated by:

=
°

p'vo - Req,/’/.l g']: M
p

I-UVI (1 #C ; sl)z secC (329)

z|
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3.3. The P roposed Design Optimization Procedur e

In Section 3.2, steady-state equations of each topologyare presented. In this
section, a framework for the design of the resonant networks of the WPT system is
presented. Selecting the resonant componentsdr these high-order circuits is not an
easy task. In order to design these topologies, theapplication requirements,
different criteria and boundaries should be considered. Moreover, due to the non
linearity of the system, different solutions are possible. Therefore, an optimization
problem should be defined to include the objective function, system equations, and

constraints.

3.3.1. Objective Functions

As discussed before, in thischapter two different cases are considered for the

design of the resonant topologies:

A. Case |: Reduced Output Voltage Sensitivity Respect to
M isalignment

In this case, the main design objective is minimizing the voltage variation

respect to the variation of M. This function is defined as:

Min (IJ'VO(POUI’M )) o] M|n ( DO(F)Nolut’lvl )) (330)

The result of this optimization provides the least sensitivity of the output
voltage respectto the misalignment. However, this may result in poor efficiency for
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the system without considering a lower boundary for the efficiency. Therefore,
appropriate boundaries for the system efficiency needs to be defined in the problem

constraints.

B. Case Il: Maximum Efficiency Respect to Misalignment

In a conventional design of the WPT systems, only the efficiency of the
converter at its nominal operating point is considered. However, in practice
misalignment occurs and it can affect the system efficiency. Therefore, achieving
maximum efficiency in all the coupling fact ors also can be con&lered as an objective

function. This function is defined as:
Max(a #,)

where (3.3)

h:L 'ki iK
S P *P

out,k loss k

n

where P, is the value of the output power at k= k;, K is a finite set of the nominal

operating points which is related to different misalignment con ditions, and P, is

the system losses at the operating point. This objective function includes all the
operating coupling factors in which the converter needs to gain the highest
efficiency values. In the following, the power loss cakulation and constraints that

need to be considered inthe objective function will be discussed:
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3.3.2. Power Loss Calculation

Different parameters affect the efficiency of the WPT system. The main sources
of the power losses are inverter switches, resonant capators, resonant inductors,
magnetic couplers, and diodebridge. In order to solve the optimization problem,
each of the loss components should be modeled and ifaded in the optimization

problem. In the following, each of the loss components is discussedn detail:

A. Magnetic couplers losses (P coupler )

The magneic couplers loss includes the conductionloss (Pcond coup) @and core
(Pcore_coup) l0ss. Total magnetic coupler losses can be express by:

I:)coupler = I:)cond_ coup -}Pcorg cou (332)

Each of these lossess explained in details in the following:

A.1l. Conduction losses of the magnetic couplers (P cond )

Conduction losses of the magnetic couplers are equal to the powelosses of
their AC resistances at the operating frequency [143] The AC resistanceof the coils
is higher than the initial dc resistance. The AC resistance is caused by the skin
effect and proximity effect between the turns. The skin effect is caused by the eddy
current inside the inductors which reduces the effective crosssection of the wire.

Therefore, Litz wire is commonly used to reduce the skin effect by using multiple
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strands of small diameter wires instead of a single conductor wire. The primary and

secondary side conduction losses of the magnetic couplers is calculated by:
Pooa =Td 5 (3.33

Pcf)nd = I'J 2 (334)

whererp and rs are the AC resistance of the primary and secondary side magnetic
couplers, respectively. The AC resistance of the magnetic couplers is measured at
85 kHz and used in these equations and then inclde in the optimization problem

to calculate the losses

A.2. Core losses of the magnetic couplers (P core_coup )

The core loss of the magnetic couplers is the sum of the hysteresis and eddy
losses. In order to calculate the core loss of the magnetic couples, FEA is used.
Since the system is operating at a consant frequency (85 kHz), for a given volume
of the core material and a constant number of turns, the core loss is only a function
of the field density, and field density is also a function of the coupl er excitation

current [144]
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Therefore, the core loss can be calculated for each excitation current at 85 kHz
using FEA. Fig. 3-7 illustrates the calculated core losses versus the excitation
current of the magnetic coupler. The results are approximated by a polynomial to
have an analytical model of the losses and it is included in the optimization

problem.

B. Diode bridge losses (P bridge )

The diode bridge losses are modeled as a drop voltage at turmron state and

series equivalent resistance losses which is calculated bji43}

I:)bridge = 4(U do_ bring d ave -R_d bridAe_zd rm) (335)

In (3.39), the diode is assumedto have a voltage drop of Uy, 4. and the
series equivalent resistance ofR; 4., and lq ave and lq_ms are the diode current

average andRMS values, respectivey. Since there are four diodes in a full-bridge

rectifier, the power loss is multiplied by four. Assuming |, is the output current,
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half of the output current at each cycle passes through each leg, therefore,l /2 is
considered for diode average current andl 1,22 is equal to the RMS current of each
diode which is used to calculate diode conductive power loss[143] Therefore, the

diode bridge losses can be simplified as follows:

o

LY I g
Pbridge =4 do_ bridge? R d bridgeE (3-36)
¢

C. Resonant capacitors losses ( Pcap)

The losses of the resonant capacitors are dependent on thealissipation factor
of the selected capacitor, operating frequency and the current of the resonant
capacitors. Based on the equations of each branch current for different topologies,
the resonant capacitor losses can be calculated by64]:

.. tanao(f)
Pap = @ ?Rf—ac(_)l | (337

where tanTff) is the dissipation factor of the resonant capacitors as a function of
frequency which includes the Equivalent Series Resistance (ESR) losses. This value
is given in the datasheet of the selected capacitors. Moreover]; is the RMS current
flowing into the capacitor with the value of C;. In the following, capacitor losses

are calculated for eachtopology:
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C.1. Series-Series configuration

In this topology, the current flowing in  Cg and Cg, capacitors are equal to the
primary side (lp) and secondary side current (ls), respectively. Then the total

capacitor loss of the SeriesSeries topology is catulated by:

PSS = +—= 3.38
cap 2Rf %1 C ( )

C.2. LCC -Series configuration

In the LCC -Series topobgy, the primary side capacitor current is equal to the
primary side coil current ( I,) and the secondary side capacitor current is equal to
the secondary side cd current ( |s) than can be calculated according to (3.13) and
(3.14), respectively. According to Fig. 3-4, the current flows through the C; can be
calculated from the current division between C; and (Zp+Z:) branches and

expressed as:
0 .
le, =ln g~ I, Z.)Gu (3.39

Therefore, the total capacitor loss is expressed by:

2 2
12 1

+2 3.40
E (3.40)

1

pice-s = 20 dl) %—éls +
ZH (;; sl Cs2

C.3. LCC -LCC configuration

In this topology, the current flows in Cg and Cg capacitors are equal to the

primary side (Ip) and secondary side current (Is) that can be calculated by (3.13)
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and (3.14), respectively. The current flows to the capacitor C; can be calculated by
(3.39) and the current flows in C; is calculated by the current division between the

C, and Zg and expressed by:

Z.C,Wj
o =1 —2 = 41
<tz Cwi+1 (341

Therefore, the total capacitor loss in LCC -LCC topology is given in:

é 2 I 2 I 2
pLec-s = _tan a(f) +| s & % (3.42
P Esl C Cl C2

C.4. Series-LCC configuration

Similarly, in the Series-LCC topology, the current flows in Cs; and Cs
capacitors are the primary side (Ip) and secondary side current (Is) that can be
calculated by (3.25) and (3.26), respectively. The current of C, is calculated

according to Fig. 3-6 which is given by:

ZC.w
= s1~2
Tl 7w+l (3.43
The total capacitor loss in this topolog y is expressed by:
tan a(f) 12 22
Pap © = %—" =& (3.44)

gsl
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C. Inverter loss es (P inv)

The inverter losses ofwith four MOSFET switches consist of conductionand

can be modeled ag[55, 143]

P

mosfet

= 4Rd10r)| 2mos;fei rms+ 2/ c!c mostet( r t f) (345)

where Rgs(on) IS the on-state equivalent resistance of the Mosfet switches extracted
from the datasheets. The parameterst, and t; are rise time and fall time related to
the dynamic characteristics of the selected switch. Moreover, | mosfet rms @and | mosfet

are the RMS value, and turn-on value of the current flows in the Mosfet switch.

The losses of the antiparallel diodes are calculated as folbws [143}

I:)diode = 4(U dOI diode_ ave+R dioJe 2diode_rms) (346)

where Ugo and Rgjode are the turn -on voltage drop and resistance d t he antiparallel
diode of the Mosfet switches respectively. These values can be found in the

datasheet of the selected switch.

The total loss of the inverter is the sum of the Mosfet switches and their anti -
parallel diodes losseswhich is expressed by:

Pinv = Pmosfet -IPdiode (347)

D. Resonant in ductor loss es (P )

The resonant inductor losses include the conduction and core lossescan be

expressed as:
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P

L_ core

P =P

L _cond

|_2 PL core (348)

T
The AC resistanceof the inductors (r.) is measured experimentally. Similar to
the magnetic couplers, the core losses of the resonant inductors are calculated
through FEA. In this case, the value of the core loss not only is dependent on the
excitation current but also is a function of the inductor size. Fig. 3-8 presents the
FEA results of a resonant inductor loss versusthe current and size of the inductor

for a typical 5 00W WPT system.

It can be seen that the variation of core loss versus current and inductance is
negligible compared to the rated power of the system. Therefore, the average of the
core loss is considered in this chapter instead of curve fitting. All the
aforementioned loss calculations for different components of the circuit are included

in the optimization problem.
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3.3.3. Constraints

For any physical system, there are several boundariesthat limit the variables
of the system. These constraints can ke defined based on each application
requirement. Some of the constraints are caused by the limited possible size, cost

or volume of the system:
A. Size of the Resonant Network:

In this optimizatio n problem, the size of the resonant network should be limit ed
to avoid an unacceptable design from a practical point of view. These boundaries

are defined as a vector given by:
{LiL,C.C,C.C o} ¢{L ™ L ™ C ™ C [*C *C 1%}
(3.49

B. Thermal Limit:

Other practical constraints like the thermal | imits of the system should be
considered in a practical problem. Therefore, maximum values for the primary and

secondary side coils are ao defined as:
I Pouky) €10 (3.50)

Is(Pout’ki) ¢ I rsﬂaX (351)
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C. Voltage Gain:

To satisfy application requirements, an acceptable range for the output voltage
gain should alsobe taken into account. The voltage gain is the ratio of the output
voltage to the input voltage of the system. This con straint is defined by setting

lower and upper boundaries as follows:

Gy ¢Gy e k) IOy e K K, (3.52

D. ZVS Operation and Efficiency:

The resonant network should be designed to provide ZVS conditiors for the
inverter. As discussed in Chapter 2, the input impedance seen by the inverter
should have a resistiveinductive characteristic at the switching frequency and its

phase angle should be a positive value. The ZVS satisfaction constraint is defined
by:

™ ¢ P,k 09 (3.53)
where f is the input impedance phase angle and /™ is the minimum phase angle
selected by the designer. Moreover, as discussed in the previous part, it is essential

for the system efficiency to have a lower boundary in Case I. This boundary

eliminates the solutions in which the output voltage profile is o ptimized and the
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system efficiency is poor. This constraint for a desired acceptable energy efficiency

is included as:

ho?h kK, (3.54)

3.3.4. Optimization

In order to solve the proposed non-linear optimizat ion problem, Brand-And-
Reduce Optimization Navigation (BARON) is used [145, 146] BARON is an
optimization solver capable of solving hon-convex and mixed-integer programming.
In addition, it can also find the globa | optimal point for the optimization problem
in certain conditions [147] Fig. 3-9 shows the proposed procedure to design the

resonant networks components optimally for EV wireless charging applications.

Resonant Network Output
Input Data Design Requirements | Optimization Results
9 Objective Function
1 Objective Function 1 Rate_d Power
1 Rated Power 9§ Maximum Current . L
M C i
1 Rated Power E Dgsxw‘rrgmo\ggr:m 1 gllvaglmum Voltage 1 ‘? 1
1 Desired k 9 2vs f ) 095 e
9 Maximum Current  Component Constraints 1 Component Constraints 0.04 Z L2
1 Maximum Voltage T Magnetic Coupler Requirement | 093 e
Constraint: . A
1 Constraints o e ?CI
Main Coupler Core Loss T ey — €
Design Calculationand Bz O e 2
Modeling Prore M,y luk] VA &Js
AAATATAR S o
Step 2 Step 3

f

WPT Equations

In Is1in 1o

Vout, P out

Zin

P, coup/er,P bf/dge,P cap,P/'nV, P L

Fi 9. Procedure of the proposed optimized
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To define the optimization proble m, different parts of the problem should be

defined asfollows:

1. Input parameters: f, Vqc, FEA results, measurements, datasheets.
2. Variables currents, resonant elements Ci, Cq, Cs, Co, L1, L), k.

3. Constraints: upper and lower boundaries of currents, voltages, input phase
angle, efficiency, and values of the resonant elements.

4. Equations: Pout, Pioss Vouts lin, |p, Impedances of the cirauit.

5. Objective function: Maximum efficiency or Minimum voltage variation .

In this chapter, a 500 W/85 kHz WPT system is ¢ onsidered as a case study.
The switching frequency is set to 85 kHz based on SAE J2954 standard for light-
duty EV charging system. Other design parameters and constraints are presented
in Table 3-1. Table 3-2 lists the obtained values from the optimization for each of

the resonant topologies. The resultsare given for both cases | and II.

TABLE 3-1
V ARIAB LES BOUNDARIES AND FIXED PARAMETERS
Variable/Parameter Min. Max./Fix Value
Lp, Ls - 270278 pH
Li, Lo 1pH 200 pH
Cl, Cz, Cls, Cos 1nF 200 nF
Gvo 0.725 0.775
Kn - 0.18,0.25,0.32
I p(P out,K) 0 15 A
Is(Pout,K) 0 15 A
L 0.2 R/ 2
i - 0.80
Ve - 200V
Rds(on) - 37 mq
ry, ro - 50 mq
Ip, I's - 110 mq
tanu(f) - 103
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TABLE 3-2
OPTIMIZATION RESULT FOR DIFFERENT T OPOLOGIES

Design Values

Topology Obijective Total Total
(Case) Lqnf]  Lo[nfl Cqnfl Conf] Cidnf] Cadnf] Inductor Capacitor

[puH] [nF]

Series | - - - - 16.90 14.43 0 31.33
Series ] - - - - 15.25 12.53 0 27.78
LCC- | 54.85 - 108.90 - 15.68 20.12 54.85 144.70
Series 1] 15.40 - 29.73 - 15.53 13.10 15.40 58.36
LCC-LCC | 55.53 66.16 | 91.00 | 71.83 16.55 22.10 121.69 201.48
Il 28.97 | 138.69 | 23.62 | 26.75 | 15.16 26.11 167.66 91.64

Series | - 66.57 - 30.26 | 14.83 12.60 66.57 57.69
LCC Il - 80.79 - 31.78 | 15.25 21.44 80.76 68.47

Fig. 3-10 shows the output voltage and efficiency profiles of the different
resonant topologies in both cases where coupling factor changes; Case I: reduced
output voltage sensitivity and Case Il: maxim um efficiency. It should be noted that

the output po wer is 500 W constant in all the cases.

Fig. 3-10 shows that where the constant output voltage is considered (Case ),
all the designed topologies can effectively reduce the output voltage variation at
different couplin g factors. However, the overall system efficiency in Case Il is always

higher than the efficiency of the Case | designs as expected.

In Case Il, the objective was defined as maximum efficiency at each coupling
factor. In Fig. 3-10, it can be seen that thi s objective pushed the efficiency of the
system into the higher values however the output voltage changes when the
coupling factor changes. It can be seen that the LCC-Series, Seried CC, and LCC -
LCC topologies, have the highest average efficiencies respdéiwely in Case II.
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However, for all the topologies in Case Il, the voltage regulation is very poor, and
the output voltage is significantly influenced by the coupling. Among them, LCC -

Series and Series LCC havehe highest voltage variation with respect to k.

In this optimization problem, different constraints are included, therefore, the
topology of the system needs to have enough degree of freedom to satisfy the design

requirements and reach the optimum value.
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The LCC-LCC topology has six resonant elements in its structure which give
the highest degree of freedom in the optimization problem. In the LCC -Series and
SeriesLCC circuit, there are four resonant elements define as the problem
variables. On the other hand, the SeriesSeries topology has only two resonant
capacitors which restrict its design area. Therefore, for SeriesSeries topology, the
feasible area is so tight that it cannot be flexible enough to satisfy the constraints
and reach Max./Min. of the objective functions. Consequently, the difference
between the results in Case | and Il for the Series-Series topology is not significant.
By comparing the output voltage variation of the topologies inFig. 3-10, it can be
seenthat there is a correlation between the number of resonant elements and their

output voltage variation.

A. Voltage Comparison

By comparing all the topologies in Case | (min imum voltage variation), it can
be seen that the voltage variation is significantly reduced for all the topologies
exceptthe SeriesSeries topology. This is because of the fact that this topology has
a lower degree of freedom in comparison with the others Three other topologies
presented a very good voltage regulaton for a wide range of coupling factor
variation. The LCC -LCC and LCC-Series designs presented 7.1 V and 8 V
variation s respectively which are the least voltage variation in Case I. The reported

voltage variation in [40] was above 7% forthe LCC-S topology with a constant
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resistance load. The measurd voltage variation reported in [115]was 8 V for a 72

V nominal voltage (more than 11%).

Further reduction of voltage variation or a wider range of coupling factors
could be considered in the optimization problem. However, those constraints will
tight the feasible region in which the probl em may not be converged or results in
lower efficiency profiles. Therefore, the range of 0.180.32 for k is sdected in this
chapter to not only present a constant voltage i n the output but also ensures high-

efficiency energy transmission.

B. Efficiency Compa rison

Comparing the average efficiency of these three topologies in Case $hows that
SeriesSeries and Seried CC have presented the highest efficiency for the whole
operating range. Moreover, it can be seen that the variation of the system efficiency
for LCC-LCC topology is very small compared to the other topologies. Therefore,
if the constant output voltage wi thin a wide range of coupling factors is a
requirement, without considering other parameters, LCGLCC is preferable due to

its flat efficiency cur ve.

C. Component Size Comparison

The other key parameter for comparing these topologies in each case is the size

of the resonant networks. The size of the resonant network hasa crucial impact on
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the total cost and volume of the design. As can be seen from Table 3-2, in both
cases, SerieSeries and Seried. CC have the lowest required capacitor values.
However, since the voltage variation of SeriesSeries topology even in Gse | is very
high, this topology is not a good candidate for wide range operation of coupling

factor.

The total inductor value needed for the LCC -Series and SeriesLCC in Case |
are close which is approximately half of the required inductance for LCC-LCC
topology in Case I. Similarly, in Case Il (maximum efficiency), the total required
inductance for LCC-Series is 15.4 uH which is much lower than LCC-LCC network.
In summary, the total required inductance of the LCC -Series is the lowest in both
cases. Theefore, considering Case I, it can be concluded that Seried CC (if lower
capacitor value is required) and LCC-Series (if lower inductor value is required) are

the most cost-effective topologies with the least voltage variation.

D. Input Phase Angle

The phase angle of the input impedance seen by the inverter determines the
reactive current that the inverter should provide. To compare the four topologies,

input p hase angles of the optimized resonant networks are compared irFig. 3-11.
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It can be seen that the phase angle remains a positive value for the whole
operating range which ensures the ZVS operation of the inverter switches.
Moreover, it can be seen that generally, the phase angle ofCase Il is lower than

Case | because the optimization program tried to reduce the inverter losses.

The contribution of the inverter los s in the efficiency of the system is lower
than other parameters. Therefore, the optimized circuits have a higher input phase
angle compared to convenional design methods. Although having a Zero Phase
Angle (ZPA) minimize s the inverter losses, it cannot guarantee the optimality of

the maximum efficiency of the whole WPT system. Furthermore, in Case | the
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objective function was minimizing the voltage variation versus coupling factor;

therefore, the optimized circuit showed more inverter losses compared to Gse |II.

E. Power Loss Distribution Comparison

Fig. 3-12, shows the calculated power loss distribution for each topology at
500W rated loading condition. In this calculation, the coil resistance, and inductor
resistances are considered for conduction losses, and the coil losses only take ¢h
core loss into account. As expected, the total amount of power loss is higher in all
the topologies in Case | compared to Case Il. Moreover, it can be seen that
generally, the power losses are increasing as the misalignment increasesk (

decreases).

In Case ll, for Series-Series and LCGSeries since the output voltage drops
when k decreases, for constant power, the output current increases. Therefore, the
diode-bridge loss increases as shown irFig. 3-12. On the other hand, LCC -LCC
and SeriesLCC topologies have an increasing output voltage when the coupling
factor reduces (more misalignment). Therefore, their diode-bride loss is higher when

the coils are fully aligned in Case Il.

It can be seen in Fig. 3-12 that the rate of change of the coils losses in Case |
is higher than Case Il when the coupling factor decreases from 0.32 to 0.18. Since

in Case |, the converter is designed to reduce the output voltage variation, the
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primary side coils current increases to compensate for the reduction of induced
voltage on the secondary side coil. This resulted in higher conduction and core
losses for the coils. From this aspect, the LCC-Series topology has the highest il
loss portion in comparison with other topologies in Case |. On the other hand, the
LCC-LCC network has the lowest coil loss in comparison with the other topologies

in Case | (except SeriesSeries).
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3.3.5. Discussion

In a conventional tuning of an LCC network, the primary side current was
load-independent which resulted in high sensitivity of the output voltage with
respect to misalignment. Conversey, the developedoptimization method resulted
in having a more flexibl e current on the primary side. The optimization in Case I,
pushed the primary side current to follow and compensate for the variation of the

coupling factor effect on the output voltage of the system.

A wider range of the coupling factors could be considered in the optimization
of the resonant networks. To evaluate the optimization results presented in Table
3-2 in a wider range of k (k=0.14-0.4), output voltages of the resonant networks
are presented in Fig. 3-13. Although the resonant networks are optimized in the
range of k=0.18-0.36, the result of the output voltage at a wider range of coupling
factors was acceptable.The output voltage variation with respect to misalignment

was significantly lower than conventional tuning of the resonant networks.

In summary, considering the poor performance of the SeriesSeries topology in
Case | and the high total req uired resonant capacitors and inductors in LCC-LCC
topologies, LCC-Series, and Seried. CC topologies are the best candidates for

satisfying the constant output voltage application requirements when k varies in a
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wide range. Table 3-3 summarizes the comparisonconclusions discussed in this

section.
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TABLE 3-3
COMPARISON OF THE TOPOLOGIES IN CASE |
Number of Capacitor . Average Voltage
T | . In r Siz . .
opology Components Size ductor Size Efficiency Variation
SeriesSeries Good Good - Good Poor
LCC-Series Normal Normal Good Good Good
LCC-LCC Poor Poor Normal Good Good
SeriesLCC Normal Good Good Good Good

The frequency splitting issue, also known as bifurcation, can be a concern in
the WPT systems when the frequency control method is used to control the output

voltage. This phenomenon is studied in [148] and design guideines to avoid
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bifurcation for a SeriesSeries compensation are presented iifL49] In order to study
this phenomenon, the frequency response of the output voltage of thefour studied

topologies are shown inFig. 3-15.

It can be seen that there are two maximum output voltage points for each
topology. This phenomenon is known as bifurcation of the output voltage. However,
in this t hesis a fixed frequency of 85 kHz is used for the inverter; therefore, the

bifurcation does not affect the performance of the system.
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3.4. Experimental Results

Since the main focus of this chapter is the optimization comparison of constant
voltage characteristics of different resonant topologies, only Case | is implemented
for experimental evaluation. A 500 W/85 kHz prototype was built to validate the
performance of the proposed resonant network design. Fig. 3-15 shows the

experimental setup with the parameters shown in Table 3-2 for Case I.

In this setup, IPW60R037P7 power MOSFETSs are used which has a 37 mY

turn -on resistance anda good switching dynamic.

>

\Resqna[lt ‘JAvErterniils ~ o LUr

Network IsolatéehSupplies

Fi 815 Realized proteoayypemof the WPT

Diode-bridge is built by DSEI120 -06A. In this chapter, a circular magnetic
coupler with 19 turns is considered for both primary and secondary sides. The sizing
and number of turns of the magnetic couplers are based on the FEA simulations.
The total diameter of the magnetic couplersis limited to 500 mm and their self -

inductance is in the range of 272-280¢ HA Litz wire with 500 strands of AW G 38
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is used to provide a high-quality factor for the coils by reducing the AC resistance
at 85 kHz. FEA simu lation results and experimental measurement of the coupling

factor are compared in Fig. 3-16.

Fig. 3-16 shows very good accordance between the simulation results and
measured values. In order to validate the voltage regulation performance of the

optimized topology, an open-loop test is carried out in this section.
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- # —Mis. 50 mm, mea. | |
Mis. 100 mm, sim.
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75 100 125 150 175 200

Air gap (mm)
Fi 816 Comparison of FEA and measured coupling f.

Fig. 3-17 shows the experimental results for two different coupling factor
conditions. As can be seen, the output voltage is almost constant for the two
coupling conditions. Moreover, ZVS is achieved for the converter in all the
operating points to ensure operation in high efficiency for a wide range of coupling.
As can be seen fromFig. 3-17, for variation of k from 0.2 to 0.32, the output voltage
variation is very low. Fig. 3-18 shows the output voltage and Efficiency of t he

optimized SeriesLCC topology under different values of k. As discussd before, the
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efficiency of this case is not as high asin Case Il. However, the voltage regulation

characteristics are very satisfying as expected.
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3.5. Conclusion

This chapter presents an optimal design of resonant networks in a WPT
System for EV applications. The design has been done for two case scenarios: Case
I: achieve a constant output voltage with respect to misalignments, and Case II:

achieve the highest possible efficiency with respect to misalignmets.

Different topologies are studied and optimized and the results are compared.
To design the resonant networks, an optimization problem is defined to minimize
the output voltage variation with respect to the misalignment. Moreover, practical
constraints, losses and ZVS conditions are also included in the design framework
All the topologies are optimized and compared from different aspects such as output
voltage variations, average efficiency, number and size of the components, and
power loss distribution. Among the different resonant topologies, LCC-LCC
presented the bes performance in terms of output voltage variation (4.7%) for the
wide range of coupling factors between 0.18 to 0.32. Considering the average
efficiency of the topologies, LCC-LCC is also the best topology at misalignment

occurrences.

However, the number of components and their values in the LCC-LCC
topology are higher than the other topologies. The next best candidate considering

the number of components is LCC-Series with 5.3% output voltage fluctuation in
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the desired misalignment range. Moreover, the arerage efficiency of LCG-Series was
slightly lower than LCC -LCC. Therefore, taking the volume and weight of the
design (power density) into account, especially in EV applications, LCC-Seaies can
be considered as the best candidate with the least output voltage sensitivity and

good average efficiency over a wide range of coupling factor variatiors.

By proposing the reduced voltage sensitivity WPT system, the variation of the
output voltag e reduced compared to conventional designs. Therefore, in the case of
misalignment occurrence, the output voltage will not be affected significantly. In
order to validate the proposed design procedure and the comparison of the
topologies, a 500 W/85 kHz WP T system is built with circular magnetic couplers
The output voltage and efficiency of the converters are compared. The experimental
results validated this conclusion and verified the performance of the optimized

resonant network under different misalignments.
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Chapter 4

A New Integrated Magnetic Structure for
EV Wireless Charging Application S

4.1. Introduction

In Chapter 3, an optimization p rocedure for designing the resonant network of
the wireless charging ystem with respect to misalignmentsis developed. Itis shown
that the LCC-S topology offers outstanding efficiency and misalignment tolerance.
In this chapter, a new i ntegrated wirelesscharging system is developed to improve
the power density and reducesthe implementation cost by reduction of the required
ferrite material. Moreover, systemlevel optimization and magnetic structure
optimization are developed to maximize efficiency of the wireless power

transmission system.
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’[‘]-;msml'ﬁt‘l'
Converter

Fi.g1l. A typical wireless EV charging sys

In a typical EV wireless charging system, as shown in Fig. 4-1, the receiver
side consists of a resonant network, rectifier, and a DC-DC converter [69]. The DC-

DC converter also requires a filter before conrecting to the battery.

In this chapter, the LCC-S topology is selected. The LCC-S not only offers
outstanding efficiency and misalignment tolerance, but also this topology presents
suitable features for stationary charging such as high efficiency, low patial load
losses, ZVS realization and constant current on the primary side coil. The other
attractive advantage of LCC -S topology for EV applicat ions is the component
counts [55] This topology has only one capacitor on the vehicle side which reduces
the weight, size, and cost. Especially, for EV application the power density of the

system is crucial since space is limited on the vehick side[119]
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As discussed in Chapter 2, integration of the resonant inductors and magnetic
couplerscan reduce the useof ferrites and thus help to reduce the cost and improve
the power density of the converter. Since the receiver converter is located on the

vehicle side, the power density is more challenging and important.

In this chapter, a new structure is proposed to integrate the inductors needed

for the DC -DC conversion stage on the vehicle sideinto the main magnetic couplers.

Table 4-1 compares the features of the proposed integration method with

recently proposed integrated WPT systems.

TABLE 4-1
INTEGRATION METHOD AND POWER LEVEL COMPARISON
Resonant DC-DC Power
Ref. inductor inductor kW] Integrated coil
integration  integration

[119] Y, U 3 Rectangular
[121] \Y; u 35 DD
[122] \Y; U 3 Bipolar
[123] v U 5.6 DD
[120] Y U 3 Bipolar
Proposed \/ \ 3.3 Bipolar
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4.2. The P roposed Integrated Magnetic Structure
The proposed structure is shown in Fig. 4-2. In this structure, the space on the
receivermagnetic coupleris usedto place the DC-DC inductor and thus shrink the

size of the receiver converter.

Secondary Side(Vehicle)

\\‘ ' ’ Ferrite

Receiver Coil (Main Coil)

;‘Z— DC-DC Inductor (Integrated Coil)
I—b La

Transmitter Coil (Main Coil)
Ferrite

q

Primary Side (Transmitter)

Fi ¢g-2 Proposed WPT magnetic sDiCuctomverwietrhiindtuedgro

As discussed inChapter 2, the rectangular and circular magnetic couplersare
suitable candidates for stationary EV wireless charging applications. The
rectangular magnetic coupler is chosen in this chapter because of two main reasons.
First, the integrated coils should be placed in the inner space of the main coils. A
rectangular magnetic coupler offers more inner space for the integrated oils
compared to a circular magnetic coupler. Second, the middle area of the circular
pad is not covered by ferrite and there is a hole in the middle of the structure.
Therefore, the selftinductance of the integrated inductor will be low due to higher

magnetic reluctance. The rectangular magnetic structure has more ferrite material
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in the inner space of the magnetic coupler which is suttable for the integrated

inductor.

The magnetic coupler structure is made of ferrite bars and rectangular coils as
shown in Fig. 4-2. The DC-DC converter inductor coil (called integrated coil), is
placed in the middle of the rectangular receiver coil (called main coil). The energy
will be transferred through the main coils and the integrated coil is only be used

for the DC-DC power conversion stage.

Integrating the magnetic structure of the magnetic couplerswith the DC -DC
inductor results in th e mutual coupling between the DC-DC inductor and the
magnetic couplers This mutual inductance induces an unwanted voltage on the
DC-DC inductor. To eliminate the effect of the coupling and the induced voltage,
the DC-DC inductor can be divided into two co ils. The two integrated coils (La
and Ly ) are placed in an opposing direction (bipolar type) to have opposing induced
voltage from the main coils. By connecting the L, and Ly, coils in series, the DC-
DC inductor is formed. Therefore, the unwanted induced voltage will be eliminated

which will be discussed in detail in Section 4.2.3

4.2.1. Case Study

In t his case study, it is assumed that the magnetic coupler is designed andthe

total dimensions of the magnetic couplers are limited by 550mmx550mm. The
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integrated coil is a bi-polar type coil that is required to be located inside the main
coil. In t his case, the available space is 190mnx190mm for each of them. The
thickness and number of the ferrite bars are selected based on thdinite element
analysis to avoid saturation and excessive core losses. In thisdesign five ferrite
bars with a dimension of 510mmx38mmx7mm are considered The ferrite bars are
N87 material from EPCOS which present a good performance in high-frequency

power transmission.

The proposed magnetic coupler structure is modeled in ANSYS Maxwell and
FEA results to calculate the self-inductance and mutual inductance between the
main coils and integrated coils. The mutual inductance between the main coils is
also affected by the position of the magnetic couplers respect to each other which
is considered here by applying X and Y-direction misalignments. The x-axis
misalignment (X -Mis.) and y -axis (Y -Mis.) tolerances are considered to bet200mm.
The self-inductance of the main coils (Lp and Ls) and integrated coils (La and Ly)
with respect to misalignments are shown in Fig. 4-3. It can be seen that the self-
inductances variations are negligible in the studied range. Therefore, these values

are assumed constant for the simplicity of the circuit analysis.
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The coupling coefficients canalso be defined as:

Kis =M /L ks Ka =M /LL. Ky =M, JLJ,_b
ksa:Msa/\/Ll-ai ksb:Msb/\/LL b’ kab:Mab/\/L}b

where k¢ is the mutual coupling coefficient between primary and secondary side

coil, kpa

and k, is the mutual coupling coefficient between primary and integrated coil B

at the nominal air gap.
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(4.1)

is the mutual coupling coefficient between primary and integrated coil A ,

integr a




































































































































































































































































































































