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ABSTRACT

The inductance coil of the transmitter and receiver coils plays a significant role in the
inductive wireless power transfer (IWPT) charging system for electric vehicles (EVSs).
The dynamic wireless charging (DWC) system is based on the inductive coupling
between an electrified road transmitter track and a receiver coil embedded underneath
the EV chassis. Most researchers design the coil pair with the same coil geometric
designs for the transmitter and receiver coils which is the conventional way of IWPT
charging system. Hence, this research investigates a new coil pair combination that
utilises different coil geometric designs to compare if the new proposed combination
can be as efficient as the conventional coil pair. The proposed coil pairs are expected to
show a slightly lower efficiency when compared to the established existing coil pair.
The transmitter coil is made of double-D (DD) geometric, whilst the receiver coil is
made of a circular geometric design. A 2000 mm long DD transmitter coil is designed
along with five circular receiver coils with 400 mm outer dimensions (D,,,;). There are
five proposed coil pairs (T-R1, T-R2, T-R3, T-R4, T-R5), all of which have the same
dimension for the DD transmitter coil and circular receiver coils’ outer diameter (D)
but having different circular receiver coil inner diameter (D;,,) among the five of them.
These variations are significant as different EVV manufacturers might have different
preferences on designing and building inductance coils. Intensive calculations are done
for coil parameters and geometric properties for the five proposed coil pairs. The coil
parameters calculations are done to calculate the electrical parameters for the IWPT
circuit’s components. Meanwhile, the geometric properties calculations are done to
calculate the suitable dimensions and coil turns number of the proposed coil pairs. For
the performance analyses simulations, the power transmission efficiency (PTE),
magnetic flux density (MFD), and transmitted power (P, ) are analysed further using
the JIMAG Designer software. The compatibility of the proposed coil pairs is simulated
for three different conditions, which are air-gap, lateral misalignment, and vertical
movement conditions. All the proposed coil pairs showed a good result in terms of their
compatibility. Each has a PTE greater than 60%, which follows a test conducted by UC
Berkeley on the dynamic charging concept, and the MFD is within the standard limits.
The MFD at several observation points under different conditions are analysed to meet
the level defined in the ICNIRP standard. T-R4 has the best PTE, MFD, and P,
performances, whereas T-R1 demonstrated the most unsatisfactory performances.
When the performance analyses were completed, it was determined that all five
proposed coil pairs exceeded or met the PTE and MFD performance standards. These
results conclude that the DD transmitter coil and circular receiver coil are compatible
to couple. This coil pair is a new combination of existing coil geometric designs that
have never been reported in the literature. Thus, this study is establishing opportunities
to improve this technology and investigating the feasibility of designing a coil pair that
meets the preferred needs of multiple EV models in a more efficient and effective
manner.



Eaanl) yadla

el W b (EVS) 15,680 ol (IWPT) 2ol slal) Jad Jhaea) o) ol (3
S oY) Je (DWC)  Salud) St i plss dazny Lige o> ey o b1 Caslal
Slesead) ks Slahlll tans pasizns BV (Sa Jinl g ol Lazdl Caleg 2650 Gl Lo jlons o
s oy 2l s TWPT ozl aladd g lad) 23 Lol 29 inally ol oLl Calol) bl
Gl gy e Al ST Lo @bl Calol Bl ddis Oloenal pdsnd S W 2 ST ol
ke ot ¢S BT 36U i il sl 195N 0% OF sl a QU Gl g Ll e (sutebid)
DD Jty) Cike et ¢ g 1s Jaas poan JlLiza¥1 Gals OF G 3 (DD) 9350 otin Laes JLujyl
ik gt i dls (Dout) or 400 2o sl 2815 Jlieal Slils ni S (e 2000 J sk
sy DD s Cale it U lsy (T-R5 |, T-R4 | T-R3 | T-R2, T-R1) >z
oda .(Din) J=10 i)l adlz =il5a 5000 JLae Y sl S (Doud) 44100 Jlaza V) Ol 2oy
ke elg praad Ao gize Bl U 0580 W8 adlsd) 4L 4S) SLST el SIS OY dage LYY
Jolsal) Sl an A didl atlasy Gl s 2385 Sl do il Gl U gl wad e
219 Al ailad) Ol o cands 3 3y L lll ulge plasanl TWPT 5515 o6y 20,60
gl 8l (PTE) Bl &5 5. jami v Gl ol siey il wndhl sond 203l lall)
IMAG Designer g plasaal 55T Koy eamd o2 (£x) dlo b 508l (MFD) bliall
oIl By Brdad Rsganl) AT g by ¢ SUH Loy colb) g e IS plasil on el5Y) S BT
/60 o Y PTE e g 87 10 i) OU T et 15T O clgblys om0 L2 il) Ll
JE oz nldl spadl e MFD y ( Sl i) pggil JS0 (3 WjpddS amslr Sl e 2l
g JCNIRP bl ondl o 08713 b el 2ilie adlgn b (3 8300z 2810 bl 3 MFD
V)t Beope s el COSTT-RT OF g ¢ Ptxy MEFD, PTE wils Jasl T-R4
5 PTE o1 jolas cosnat of @jald 08 2 jal) el Slill) 21l o OF SlassT & celsW o3
Bl Mia Galll 2gj L 013 Slislsze DD Jluy) Caleg (o501 JlazaV) Cie 0F ) i) s sezs . MFD
28] ga ol s e bl OB (U Bsy s 852l SUL i) Sleanad) o s g 2
b o ) oYk me Sl DU r g ashel (ST e OIS L Bmay diid ode Gpeeod) G

Al 3:lST ST gl 250 SO LS



APPROVAL PAGE

| certify that | have supervised and read this study and that, in my opinion, it conforms
to acceptable standards of scholarly presentation and is fully adequate, in scope and
quality, as a thesis for the degree of Master of Science in Engineering.

Siti Hajar Yusoff
Supervisor

Mo

Mashkuri Yaacob
Co-Supervisor

Nadirah Abdul Rahim
Co-Supervisor

| certify that | have read this study and that, in my opinion, it conforms to acceptable
standards of scholarly presentation and is fully adequate, in scope and quality, as a thesis

for the degree of Master of Science in Engineeringk.’ﬂ: ' Z

Nur Shahida Midi
Internal Examiner

Nofri Yenita Dahlan
External Examiner

This thesis was submitted to the Department of Electrical and Computer Engineering
and is accepted as a fulfilment of the requirement for the degree of Master of Science
in Engineering.

Md. Rafiqul Islam
Head, Department of Electrical and
Computer Engineering

This thesis was submitted to the Kulliyyah of Engineering and is accepted as a
fulfilment of the requirement for the degree of Master of Science in Engineering.

Sany lIzan lhsan
Dean, Kulliyyah of Engineering



DECLARATION

| hereby declare that this thesis is the results of my own investigations, except where
otherwise stated. | also declare that it has not been previously or concurrently submitted

as a whole for any other degree at IITUM or other institutions.

Nadia Nazieha binti Nanda

SIGNALUIE .. Date ..o,



INTERNATIONAL ISLAMIC UNIVERSITY MALAYSIA

DECLARATION OF COPYRIGHT AND AFFIRMATION OF
FAIR USE OF UNPUBLISHED RESEARCH

MULTIPLE COIL PAIR GEOMETRIC DESIGNS FOR
INDUCTIVE WIRELESS POWER TRANSFER

I declare that the copyright holders of this thesis are jointly owned by the student
and IHUM.

Copyright © 2021 Nadia Nazieha binti Nanda and International Islamic University Malaysia. All
rights reserved.

No part of this unpublished research may be reproduced, stored in a retrieval system,
or transmitted, in any form or by any means, electronic, mechanical, photocopying,
recording or otherwise without prior written permission of the copyright holder
except as provided below

1. Any material contained in or derived from this unpublished research
may be used by others in their writing with due acknowledgement.

2. 1IUM or its library will have the right to make and transmit copies (print
or electronic) for institutional and academic purposes.

3. The UM library will have the right to make, store in a retrieved system

and supply copies of this unpublished research if requested by other
universities and research libraries.

By signing this form, | acknowledged that | have read and understand the 1HTUM
Intellectual Property Right and Commercialization policy.

Affirmed by Nadia Nazieha binti Nanda

Signature Date

Vi




For myself, my family, my loved ones and for the world...

vii



ACKNOWLEDGEMENT

Praise to Allah for all the mercy that He has bestowed upon while completing this thesis
entitted ‘MULTIPLE COIL PAIR GEOMETRIC DESIGNS FOR INDUCTIVE
WIRELESS POWER TRANSFER’. | would like to thank Allah s.w.t. for giving me
the chance to complete my master’s degree for Master of Science in Engineering
(Computer and Information Engineering). Alhamdulillah, praise is upon Allah s.w.t. for
giving me the health and strength throughout the completion of my master’s degree.
Without His countless blessings to help me during the good and bad times throughout
my research time, this master’s degree would be impossible.

| extremely want to pay my deepest gratitude and utmost appreciation towards
my bright and considerate supervisor, Assoc. Prof. Dr Siti Hajar Yusoff for her support
throughout my masters’ journey. | would also like to extend my appreciation towards
my co-supervisors, Prof. Mashkuri, Prof. Nurul Fadzlin Hasbullah and Dr Nadirah, for
their time and guidance regarding the masters’ project, report and paper publications.

Not to be forgotten, my friends, Nur Syazwani, Nur Syasya Azra, Amira Aziera
and Nur Amelia Shafina, for always lending me their hand and shoulder in my time of
need. There was a lot of difficult times during my master’s journey, yet they proved to
me that good people do exist.

To Muhammad Fadhli bin Mohd Azri, thank you for your encouragement and
support as he always believes in me, and that really helps me to go through my
hardships. He had guided me in the right direction when I was in the miserable and
dead-end situations that | almost felt like giving up. No words can describe how grateful
and blissful I am to be surrounded by his good vibes. He truly helped me to push myself
to be better and get over the boundaries that I thought | had. It was a great pleasure to
have him by my side, for which | learnt a lot about what it means to be in a research
line. I will be forever grateful for his valuable assistance.

Last but not least, special thanks to my parents, Normala binti Ramli and Nanda
bin Ma’arof as well as my siblings, Nadia Natasya, Nadia Nazrini and Muhammad Igbal
Hakim. I can complete what I have started because of their endless prayers and support
for me to achieve the goals and be very dedicated to completing my master’s degree.
May Allah rewards them all the kindness in this Dunya and the Hereafter for their
uncountable favour and moral support.

viii



TABLE OF CONTENTS

N o1 = Tod SRR SPORTRRRS I
ATADIC ADSIIACE 1.o.vviiiviiiiecctie ittt te sttt et re e s b e st e e sbeesbeesbeessbeesbeesabeesbeesnbeesaneenbeens i
APPIOVAI PAGE ...ttt bbb 1\
DBCIATALION ...ttt bbbt %
COPYIIGNE PAGE.....e et Vi
ACKNOWIEAGEMENT ...t re e viii
LISt OF TADIES ... ettt Xi
TS o) T U =TSSR Xii
LiSt OF ADDIEVIALIONS ......eoiieeieiieciee et XVi
LiSt OF SYMDOIS ... s XVili
CHAPTER ONE: INTRODUCTION ..ottt 1
1.1 Research BackgroUnd ...........cooiiiiiiiiiiese e 1

1.2 Problem STatement. .. .....ocveeieiieie e 7

1.3 ReSEArch QUESTIONS ...uueeiiiiieiiiic ettt etee e et ae e s erae e s ereeeeaee e 8

1.4 ReSearch ODJECLIVES .......cccuiiiiiieiiie s 8

1.5 ReSearch HYPOLNESIS......vviiie ettt 8

1.6 Significance of the STUAY ..o 9

1.7 Research Scopes and LIMItatioNS .........cccccv i i 9

1.8 ThesiS OrganiSation ..........ceiieeeierieii it 10
CHAPTER TWO: LITERATURE REVIEW........cccoviieeceeee e 11
2.1 OVEIVIBW ..veeiiieiiiieiesie sttt sttt st st bk an e e e bt e s te st st st nneeneeneas 11

2.2 Brief History of Wireless Power Transfer ..o 12

2.2.1 Current Applications and Technologies...........cccocvvevcveevecvieseeneen, 13

2.3 IWPT Fundamental CONCEPT ......cviiiiiiiiiiic e 15

2.4 IWPT DeVEIOPMENT ...ttt saa e 18

2.4.1 Phase I: Static Charging ........cocoovrereriiisiiieesese e 19

2.4.2 Phase I1: Dynamic Charging .......ccccceeveiieieiie i ese s, 20

2.4.3SWC vs DWC for the EV INAUSTIY ......cooviiiiiiieenceeeeeeee 22

2.5 Charging Standard for Recharging EV Wirelessly..........ccccivveiviiciiennn. 29

2.6 Different Wireless Power Transfer TeChNIQUES .........ccccoeeviiiiiiiiieiienn, 30

2.6.1 Capacitive Wireless Power Transfer (CWPT) ......ccccevvvevieeiievieenne, 30

2.6.2 Inductive Wireless Power Transfer (IWPT) ......ccccocvvvinininninniennn, 31

2.7 Different Coil GEOmMEtriC DeSIGNS.......ccccivviiiiieiiii e 32

2.7.1 Polarised and Non-Polarised Coil DeSigns ..........ccoceveriririeneniinnnn, 32

2.7.2 Circular Spiral Coil (CSC) GEOMELIIC ....cceevveeireiieciee e 34

2.7.3 Square Coil (SC) and Rectangular Coil (RC) Geometric ................ 35

2.7.4 Double-D Coil (DDC) GEOMELIIC ......cccvveveeiieeiie et 37

2.8 Different Compensation Topologies Network ...........cccoceveveneninesinnienn, 38

2.9 Electric Vehicle Battery ........ccovooieiiiiiicce e 45

2.10 Related WOTKS ......ooeeiieciee et 46

2.11 SUMIMAIY ..ttt sttt e et et e e e beesneeenbeesneeas 51
CHAPTER THREE: METHODOLOGY ....cccoiiiiiiiiisiseeieie e 54
B L OVEIVIBW ..ttt bbbttt bbbttt 54



3.2 Research Methodology Chart ... 55

3.3 Coil Parameters DeSign PrOCESS ........ccviveiverieiieieerie e seesieseeseesie e e 60
3.3.1 Coil Parameters EQUALIONS ..........cccceieririeieieieiese e 63
3.3.2 Coil Parameters CalCulations ............ccocvuvvieerenenc e 67
3.3.3 Simulation of the Ideal System Case..........cccoevereriiiiinisieecee, 71

3.4 Geometric Properties Designs PrOCESS.......cccvvivereeieiieieese e seesie e 73

3.4.1 Transmitter Coil (Double-D Geometric) Positioning Calculations.. 77
3.4.2 Geometric Properties Calculations for Transmitter Coil (Double-D

(€1=To] 10 1=] 1 4 o) [PPSR 89

3.4.3 Geometric Properties Calculations for Receiver Coils (Circular
(€1=To] 10 1=] 1 4 o) ISR 95

3.5 Geometric Properties Simulations using JMAG Designer Software ....... 100

3.5.1 Coil Pair Geometric Design PrOCESS .........cccevververenererienieeeeeean, 100

3.5.2 Coil Pair Geometric Sketching Process .........ccccovvevveveiveieeiiennnn, 102

3.5.3 Coil Pair Performance Analyses Method .............cccccocvviniiiiienen, 103

3.6 SUMMIAIY ...ttt bbb e e b e e nnbee e s 107
CHAPTER FOUR: RESULTS AND DISCUSSIONS ..o 108
4.1 OVEIVIEW ottt ettt et e st e nte e ebeebeeneenteenseeneenneense e 108

4.2 Coil Parameters Design SIMUIALIONS .......cccvevieiieiiiiene e 109

4.2.1 Simulation Results of Ideal System Schematic Circuit.................. 110

4.3 Geometric Properties Design SIMulations...........cccooeiiivnininineeiceen, 113

4.3.1 Coil Pair Geometric Designs in JMAG Designer Software........... 115

4.3.2 Air-gap Condition ........ccoovivieiieieiie e 116

4.3.2.1 Simulation Results for Air-gap Condition ............ccccvevvvnvnnennn, 119

4.3.3 Lateral Misalignment Condition ............ccceveeenenineieneneeeeeen, 129

4.3.3.1 Simulation Results for Lateral Misalignment Condition ............ 131

4.3.4 Vertical Movement Condition..........ccccevvviieivereniene e 134

4.3.4.1 Simulation Results for Vertical Movement Condition................ 135

A4 SUMIMIAIY ...ttt ettt ettt e e st e e ssbe e e snb e e e ssb e e e nsbee e nbeeeanbeeeanteaean 139
CHAPTER FIVE: CONCLUSION .....coiiiiieieie sttt 140
T8 A 0 0 Tod 11157 o o SR 140

5.2 Summary of Significant ReSUIS..........cccooviiiiiiiiii e, 142

5.3 RECOMMENUALIONS ......eveeireiieciieie e e sie et e e sreesee et e sae e sreeneeenes 143
REFERENGCES. ...ttt st na e 146
APPENDIX A oottt 158
APPENDIX B ..ottt ettt 166
APPENDIX C ..ottt sttt 168
APPENDIX D ..ottt ettt 180



Table 2.1

Table 2.2

Table 2.3

Table 3.1

Table 3.2

Table 3.3

Table 3.4

Table 3.5

Table 3.6

Table 3.7

Table 3.8

Table 3.9

Table 3.10

Table 3.11

Table 3.12

Table 4.1

Table 4.2

Table 5.1

LIST OF TABLES

Comparison of three vehicles for empty-to-full time to charge

with different charge-point speeds (Mobilus, 2019)
SS and LCC-LCC topologies efficiency

Summary table of related works

Coil parameters for the proposed coil pair
Calculated RMS values for the ideal case

Summary of transmitter coil positioning conditions for each
case

Summary table of cases’ reliability

X-coordinates for Case 2 and Case 4, and Y-coordinates for
Case 6 and Case 8

X-Coordinates for Case 2 and Case 4

Summary of X- or Y-coordinates used to find AM
Transmitter coil geometric properties parameters

Inner and outer diameter (D;,, and D,,,;) of receiver coils
Circular receiver coils geometric properties parameters
Summary of coils” dimensions and coil turns number
Abbreviations for every coil pair

Calculated and simulated RMS values for ideal case
PTE and APTE values for ideal case circuit simulation

Performance analyses summary for T-R4 and T-R1 for all
conditions

Xi

42

52

71

72

80

88

88

89

90

95

96

97

98

99

111

112

142



Figure 2.1

Figure 2.2

Figure 2.3
Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8

Figure 2.9

Figure 2.10

Figure 2.11

Figure 2.12
Figure 2.13
Figure 3.1
Figure 3.2
Figure 3.3
Figure 3.4

Figure 3.5

LIST OF FIGURES

Wireless charging basic concept

Inductive wireless power transfer fundamental concept (Patil
etal.,2017)

Vehicular sensor network architecture (C. Song & Wu,2018)
Basic wireless charging structure (Sarwat et al., 2017)

Type of DWC transmitter coil track: (a) lumped track, (b)
elongated track

Schematic of multiple transmitter coils and single receiver
coil in DWC system (W. Chen et al., 2016)

Magnetic pole location class (a) polarised and (b) non-
polarised (Dashora et al., 2018)

(@) Circular spiral coil (CSC) with ferrite spokes and (b) flux
lines from CSC front view (Liu & Jiang, 2017)

Geometric of the (a) typical SC, (b) typical RC, and (c) RC
with ferrite bars (Ri et al., 2017)

Double-D (DD) coil geometric design (Liu & Jiang, 2017)

(a) Basic series-series and (b) hybrid LCC-LCC
compensation topologies

Equivalent circuit of the IWPT system

(a) Li-ion battery stack (b) lithium polymer battery
Research methodology chart

Coil parameters design processes

NI Multisims software interface

Inductive charger system schematic circuit

Schematic circuit of the ideal system case in NI Multisims
software

Xii

40

43

46

57

61

62

63

73



Figure 3.6
Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10
Figure 3.11
Figure 3.12
Figure 3.13
Figure 3.14
Figure 3.15
Figure 3.16

Figure 3.17

Figure 3.18

Figure 3.19
Figure 3.20
Figure 3.21

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Geometric properties design processes
JMAG Designer software interface

(@) D and DD caoils difference (b) Parallel straight wires
(Dashora et al., 2018)

Transmitter coil positioning - Case 1
Transmitter coil positioning - Case 2
Transmitter coil positioning - Case 3
Transmitter coil positioning - Case 4
Transmitter coil positioning - Case 5
Transmitter coil positioning - Case 6
Transmitter coil positioning - Case 7
Transmitter coil positioning - Case 8

Geometric properties designs with dimensions for (a) R1, (b)
R2, (c)R3, (d) R4, (e) R5and () T

DD transmitter and circular receiver coils position as a coil
pair

Air-gap condition illustration
Lateral misalignment condition illustration
Vertical movement condition illustration

Simulation results of ideal system case in NI Multisims
software

Geometric properties simulations process

Figure 4.3 Coll pair designs in JIMAG Designer software (a)
T-R1 (b) T-R2 (c) T-R3 (d) T-R4 (e) T-R5

T-R2 coil pair side view for (a) 0 cm air-gap (b) 9 cm air-
gap (c) 15 cm air-gap

Power transmission efficiency, PTE (%) vs air-gap (cm) for
(@) T-R1, (b) T-R2, (c) T-R3, and (d) T-R4

Xiii

74

76

81

82

83

83

84

85

86

87

101

102

104

105

106

110

113

115

118

121



Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12

Figure 1

Figure 2

Figure 3
Figure 4
Figure 5
Figure 6
Figure 7
Figure 8
Figure 9
Figure 10

Figure 11

Magnetic flux density, MFD (uT) vs air-gap (cm) for (a) T-
R1, (b) T-R2, (c) T-R3, and (d) T-R4

(@) Power transmission efficiency, PTE (%) vs air-gap (cm)

and (b) Magnetic flux density, MFD (uT) vs air-gap (cm) for

T-R5

Overall simulations results for air-gap condition (a) PTE (%)

vs air-gap (cm) and (b) MFD (uT) vs air-gap (cm)

T-R3 colil pair top view for (a) 0 cm lateral misalignment (b)

8 cm lateral misalignment (c) 16 cm lateral misalignment
Overall simulations results for lateral misalignment
condition (a) PTE (%) vs lateral misalignment (cm), (b)
MFD (uT) vs lateral misalignment (cm), and (c) Ptx (mW)
vs lateral misalignment (cm)

T-R5 coil pair top view for (a) 0 cm vertical movement (b)
80 cm vertical movement (c) 120 cm vertical movement (d)
160 cm vertical movement (e) 240 cm vertical movement
Overall simulations results for vertical movement condition
(@) PTE (%) vs vertical movement (cm), (b) MFD (uT) vs
vertical movement (cm), and (c) Ptx (mW) vs vertical
movement (cm)

To find electronic components in the NI Multisims library

To place the selected electronic components on the dotted
sheet

JMAG Designer software program icon
Closing the IMAG-Designer startup window
Create geometry editor project file

Saving the project file

Naming the project file

Creating part in Geometry Editor

Renaming the Part

Creating sketch plane

Sketching the geometric shape

Xiv

123

126

128

130

132

134

136

166

167

168

169

169

170

171

171

172

173

174



Figure 12
Figure 13
Figure 14
Figure 15
Figure 16
Figure 17
Figure 18
Figure 19
Figure 20
Figure 21
Figure 22
Figure 23

Figure 24

Create a region for the geometric sketched
Creating an inner rectangle

Extruded and extruded cut D coil

Sketching of transmitter coil (DD geometric)
Selection of new study solid model

Setting the study properties of the model
Adding the ideal case schematic circuit

FEM coil synchronisation with geometric design
Warning icon

Complete generating for mesh

Running Solver window

Complete running for active case

Related buttons to display magnetic flux density results

XV

175

175

176

177

181

182

183

184

184

185

186

186

188



LIST OF ABBREVIATIONS

2D 2-Dimension

3D 3-Dimension

AC Alternating Current

AWG Additive Wire Gauge

CSC Circular Spiral Coil

CT Compensation Topology

CWPT Capacitive Wireless Power Transfer
DC Direct Current

DD Double-D

DDC Double-D Coil

DWC Dynamic Wireless Charging

EMI Electromagnetic Interference

EV Electric Vehicle

FEM Finite Element Method

FFH Fundamental Flux Height

GMR Giant Magnetoresistance

IMN Impedance Matching Network
IWPT Inductive Wireless Power Transfer
LCC-LCC Inductor, Capacitor, Capacitor-Inductor, Capacitor, Capacitor
MFD Magnetic Flux Density

NI National Instrument

PFV Petroleum-Fuelled Vehicle

PP Parallel-Parallel

PS Parallel-Series

PTE Power Transmission Efficiency
RC Rectangular Coil

RMS Root Mean Square

SC Square Coil

SDG Sustainable Development Goals

XVi



SOC
SP
SS
SWC
T-R1
T-R2
T-R3
T-R4
T-R5
VA
VAR
WPT
ZPA

State-of-Charge
Series-Parallel
Series-Series

Static Wireless Charging
Coil Pair 1

Coil Pair 2

Coil Pair 3

Coil Pair 4

Coil Pair 5
Volt-Ampere
Volt-Ampere Reactive
Wireless Power Transfer

Zero Phase Angle

Xvii



LIST OF SYMBOLS

Power Transmission Efficiency (PTE)
Magnetic Flux Density (MFD)
Capacitor 1

Capacitor 2

Capacitor 3

Capacitor 4

Transmitter capacitance

Receiver capacitance

Distance between two parallel straight wires of different D coil
Circular receiver coil inner diameter
D coil length

D coil inner length

Circular receiver coil outer diameter
D coil width

D coil inner width

DD coil length

DD coil width

Transmitter current

Transmitter RMS current

Receiver current

Receiver RMS current

Coupling coefficient

Critical coupling coefficient

Length

DD caoil total inductance

D coil self-inductance

Transmitter coil self-inductance

Receiver coil self-inductance

Xviil



S

APTE

Compensated inductance for LCC (transmitter side)
Compensated inductance for LCC (receiver side)
Mutual inductance

DD coil mutual inductance
Coil turns number

Receiver coil turns number
Transmitter coil turns number
Power

Received power

Transmitted power

Receiver quality factor
Radius of coil wire

Load resistance

Transmitter internal resistance
Receiver internal resistance
AC voltage for inverter

AC voltage for rectifier
Transmitter voltage
Transmitter RMS voltage
Receiver voltage

Receiver RMS voltage
Operating frequency

Width

MFD difference or MFD loss

Percentage difference or PTE loss

XiX



CHAPTER ONE

INTRODUCTION

11 RESEARCH BACKGROUND

A wireless power transfer (WPT) system is a system where the transmission of
electrical power from one object to another is possible through an air-gap without any
physical contact. There are different approaches to wireless power transfer (WPT), either
Capacitive Wireless Power Transfer (CWPT) or Inductive Wireless Power Transfer
(IWPT) (Ko & Jang, 2013). CWPT relies on the coupling of two plates that produce an
electric field. The alternating voltage of the transmitter plate will create the electrostatic
field on the receiver plate caused by the induced EMF from the oscillating electric field
(Huang & Hu, 2015). The CWPT can only be used for low power applications, such as
drone charging or mobile charging. This CWPT approach is obviously less suitable for
charging electric vehicles (EVs) (Silva & Petry, 2015; Vincent et al., 2018).

However, this approach might be able to be implemented for the EV if a proper
design of compensation network is utilised (Elekhtiar et al., 2018). Meanwhile, in IWPT,
the field created from the coupling of the two inductance coils is referred to as the magnetic
field. The magnetic field is created in between the transmitter and receiver coils as they are
inductively coupled during the EV charging process. The magnetic field produced results
from obeying Ampere’s Law and Faraday’s Law (Patil et al., 2017). The source generates

an alternating current that creates an oscillating magnetic field at the transmitter coil. The



magnetic field produced is then passed through to the receiver coil, producing the induced
alternating current to flow in the load of the circuit, which is typically the EV battery.

The implementation of the IWPT system to the EV has hugely evolved after the
issue related to the depletion of energy resources, especially petroleum, started to get global
attention. Besides that, the fact that petroleum gas emission has contributed to air pollution
is also one of the factors that lead to EV development (Bauer, 2019). This development is
seen to receive favour from the consumers since the EV does not emit any harmful gasses
as it utilises energy from battery packs to move. Fortunately, this arising issue is supported
by the willingness of car manufacturers to be involved in this green technology as well.

The implementation of WPT has contributed tremendously to the transportation
industry, especially the IWPT concept. IWPT uses the power transmission coil principle to
transfer electrical power from the main grid source to energise EVs. This IWPT concept is
also referred to as EV wireless charging. People have started to pay attention to the
depletion of energy resources, especially petroleum since EV technology was introduced.
This depletion is due to the increase in population, contributing to an increase in vehicle
usage on the road. This increment might assist in economic and social development since
people are able to travel everywhere to meet anyone. However, this increment is a barricade
to the preservation of petroleum sources. Hence, electric propulsion is likely to be the main
source in the future as it does not create pollution. It is also a part of renewable energy
sources (Liang Chen et al., 2014).

This measure is introduced to improve transportation energy and economic and
social development to achieve sustainability in all aspects (Foundation et al., 2018). Since

transportation is fuelled by energy, this effort is directly linked to Sustainable Development



Goals 7 (SDG 7). The goal is to achieve affordable and clean energy, which also interlinks
with all 17 SDGs. This is why the alternative to petroleum to power up the vehicle is slowly
changing to electrification, commonly known as EV. With electric propulsion, no unwanted
gasses are released from driving an EV and thus, pollution can be reduced. People today
are more aware of the importance of a green environment and its impact on human health.
Hazardous gas from burning petroleum is not good for humans. It can cause some diseases,
such as asthma, eye irritation, and cancer (Afridi, 2018). Fortunately, this arising issue is
also supported by the willingness of car manufacturers to involve in producing clean and
sustainable vehicles. The shifting of internal combustion engine vehicles to electrified
engine vehicles is also positively growing. This shift is expected to improve gradually as
the EV is becoming more accessible and affordable to all as it is critical for sustainable
development (Foundation et al., 2018).

Thus, in 2013, Malaysia’s government introduced the first EV in Malaysia, which
is Mitsubishi 1-MIEV (Shah, 2013). Nonetheless, even though the Malaysian government
has granted a full tax exemption for the EV, the price still reaches almost RM 136 118.50
without insurance. Thus, resulting it fails to catch people’s attention due to its expensive
price (Shah, 2013). Until today, the EVs in Malaysia are still not seen regularly on the road.
This is due to its travel range limitation. In Malaysia, not all petrol stations provide the EV
charger. However, the Malaysian government aims to build a 3,000 EV charging station
infrastructure to help increase the market for EVs (Zakariah, 2018).

The EV charging process can be either wired charging or wireless charging to fuel
the power source of the vehicle. The wired charging concept utilises the same concept as

fuelling petroleum to a vehicle which is done through a cable. The wired charging concept



for EV is seen as the conventional way of charging and has become inconvenient in today’s
transportation industry due to the long hours of charging time. Besides that, it is also
dangerous to leave the charging cable inserted into the EV’s tank unattended. For that
reason, tremendous efforts to enable the EV to be recharged wirelessly have been
implemented. This research focuses on wireless charging that utilises the IWPT principle.

In the wireless charging process, the transmitter coil is the inductance coil
embedded underneath the road. Whilst the receiver coil is the inductance coil installed
underneath the EV chassis. The transmitter coil will transmit the electrical power to the
receiver coil through an air-gap that is linked by the electromagnetic coupling once the
transmitter and receiver coils are on top of each other. For the two inductance coils to be
electromagnetically or inductively coupled, the system starts by getting a direct current
(DC) input from the power supply. The DC voltage is then converted to the AC voltage
induced by the AC current. The change in current through the transmitter coil creates a
changing magnetic field. Then, this changing magnetic field induces an electromotive force
(EMF) in the receiver coil.

With the fast growth of the EVV market and the attraction of new technology to
recharge the EV battery, the IWPT technology has now moved from static wireless
charging (SWC) to dynamic wireless charging (DWC) (Ahmad et al., 2017). In SWC, the
wireless charging process of an EV is done while the EV is parked on top of the transmitter
coil. On the other hand, DWC operation offers to recharge the EV battery while EV is
moving. The dynamic IWPT system uses the coupling power transmission principle to
transfer electrical power from the stationary transmitter coil to energise the moving receiver

coil embedded underneath the EV chassis (Grant A. Covic & Boys, 2013). It means that



EVs will not need to consume time to stop and park at the designated area just to wait for
at least 4 hours of full charging before continuing the journey. In other words, DWC is able
to extend the range of the EV by applying the IWPT technique. On top of that, this new
technology also offers benefits in terms of overall battery capacity reduction, which may
lead to the reduction of overall EV cost. Furthermore, it is expected that in 30 years from
now, the demand for EVs will be high as it is much more environmentally friendly. That is
the main reason for this research to design the coil pair that could help achieve the world’s
future goals while exploring its versatility.

The IWPT principle is not just applied to the EV but also supply power to the
household appliances, biological implants, and other means of transportation, such as buses
and shuttle vehicles (Ahn & Kim, 2011; Miller, Jones, et al., 2015; Na et al., 2015; Suh et
al., 2011). Currently, most researchers focus on the power transmission efficiency (PTE),
coil geometric designs, coupling coefficient, misalignment tolerance, and air-gap between
the inductively coupled coil (Deshmukh & Talange, 2015; Vaka & Kumar, 2018; Xiang et
al., 2018). Countless studies are executed on different geometric designs to guarantee good
coupling even in conditions of misalignment. There is no discussion yet related to the
coupling coil compatibility that utilises different geometric designs at both transmitter and
receiver sides.

Therefore, this research will investigate several basic coil geometric designs
commonly used for EV applications. In this research, the coil pair will be made coreless,
which means no ferrite core is involved. Hence, there will be no discussions on other coils
geometric, such as E-type, U-type, W-type, I-type, and S-type, as these geometric dominate

the use of ferrite, which leads to higher cost. The analysis of the basic coil geometric





