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Abstract  

Electric vehicles are a promising option for future transportation. The technology related to 

these have undergone rapid development over the last two decades and there are now many 

commercial electric vehicles available on the market. However, consumers still suffer from 

the "range anxiety" due to the limited driving range and long recharging time (refuelling time) 

compared to traditional internal combustion engine vehicles. Wireless charging is an 

alternative recharging option; currently the usual recharging method uses plug-in charging. 

With wireless charging, the connection between grid and vehicle can be established in less 

than a second without any manual operation. Therefore, recharging EVs can take place during 

a short stop or in motion. This means that there are more recharging windows available during 

vehicle use which would effectively extend the range of the vehicle and reduce consumers 

"range anxiety". 

This work is divided into three parts. The first part addresses the background and reviews the 

literature on EV recharging technologies. This is formed from first two chapters: Chapter 1 

provides the introduction and outline of this thesis; Chapter 2 puts forward a literature review 

of the state of the art of recharging technology. The design of the wireless charging coupler 

is reviewed in this chapter.  

The second part is the study of the inductive charging system. Chapter 3 introduces the 

wireless charging pad analysis, which includes a circular pad and a rectangular pad analysis. 

The parameters of the pads are analysed. An analytical and numerical combined method for 

resistance analysis is introduced to wireless charging coupler resistance analysis which is 
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the first contribution of this research. And Chapter 4 proposes a pad geometry with assistive 

coils which is a new arrangement that improves the coil coupling which is the secondary 

contribution of this study. Chapter 5 analyses the inductive power transfer system at circuit 

level, and experiment validation is carried out. 

Finally, conclusions and future work are given in Chapter 6. 

 

Keywords: EV, Wireless charging technology, Pad design, Pad analysis, Inductive charging 

system analysis 

.  



RResearch of Inductive Power Transfer System for Electric Vehicle 

 

vii 
 

Contents 
 

Certificate of Original Authorship ........................................................................................... i 

Acknowledgments ................................................................................................................... ii 

Publications and Conference Contributions ........................................................................... iv 

Abstract ................................................................................................................................... v 

List of Tables.......................................................................................................................... xi 

List of Figures ....................................................................................................................... xii 

Nomenclature ...................................................................................................................... xvii 

Chapter 1 ................................................................................................................................. 1 

Introduction ............................................................................................................................. 1 

1.1 Background .............................................................................................................. 1 

1.2 Research Objectives ................................................................................................. 3 

1.3 Thesis Outline ........................................................................................................... 4 

1.4 Reference .................................................................................................................. 6 

Chapter 2 ................................................................................................................................. 7 

Literature Review of EV Charging Methods .......................................................................... 7 

2.1 Conductive charging method .................................................................................. 10 

2.1.1 Single Stage Charger ....................................................................................... 12 

2.1.2 Two Stage Charger .......................................................................................... 13 

2.1.3 Off Board Charger........................................................................................... 15 

2.2 Wireless Charging Methods ................................................................................... 16 

2.2.1 EV Wireless Charging Technologies .............................................................. 18 

2.2.2 Magnetic Resonance Coupling Transfer ......................................................... 21 

2.2.3 Permanent Magnet Coupling .......................................................................... 22 

2.2.4 Inductive Charging Method ............................................................................ 23 

2.3 Review of EV Inductive Charging Technology ..................................................... 23 



RResearch of Inductive Power Transfer System for Electric Vehicle 

 

viii 
 

2.3.1 Coupler Power Source..................................................................................... 25 

2.3.2 Compensation .................................................................................................. 27 

2.3.3 Stationary Wireless Charging Coupler............................................................ 29 

2.3.4 On-Line/In-Motion Charging .......................................................................... 34 

2.3.5 Discussion ....................................................................................................... 38 

2.4 Summary ................................................................................................................ 40 

2.5 References .............................................................................................................. 42 

Chapter 3 ............................................................................................................................... 52 

Analysis of Wireless EV Charging Coupler ......................................................................... 52 

3.1 Introduction ................................................................................................................ 52 

3.1.1 Circular Pad Structure ..................................................................................... 53 

3.1.2 Power Levels ................................................................................................... 53 

3.1.3 Self and Mutual Inductances of Coils ............................................................. 54 

3.1.4 Modelling of the IPT system ........................................................................... 56 

3.2 Pad Analysis ............................................................................................................... 59 

3.2.1 Analysis Methods ............................................................................................ 59 

3.2.2 Simulation Environment ................................................................................. 61 

3.2.3 Simulation Result ............................................................................................ 63 

3.3 Copper Loss analysis ................................................................................................. 72 

3.3.1 Skin and Proximity Effect Loss and Calculation Method ............................... 73 

3.3.2 Loss Analysis of a Conductor ......................................................................... 76 

3.3.3 Wire Geometric Modelling ............................................................................. 77 

3.3.4 Coupler Model and Results ............................................................................. 83 

3.4 Rectangular Pad Analysis .......................................................................................... 85 

3.4.1 Rectangular Pad Simulation ............................................................................ 85 

3.4.2 Experiment Validation .................................................................................... 97 

3.5 Summary .................................................................................................................. 100 

3.6 Reference.................................................................................................................. 102 



RResearch of Inductive Power Transfer System for Electric Vehicle 

 

ix 
 

Chapter 4 ............................................................................................................................. 104 

Inductive Charging Coupler with Assistive Coils ............................................................... 104 

4.1 Introduction .............................................................................................................. 104 

4.2 Wireless Charging Systems ..................................................................................... 105 

4.2.1 Two Winding Structure ................................................................................. 106 

4.2.2 Four Winding Structure................................................................................. 109 

4.3 Proposed Coupler with Assistive Coils .................................................................... 111 

4.3.1 Circuit Model for Proposed Coupler ............................................................. 113 

4.3.2 Simulation Results ........................................................................................ 114 

4.3.3 Circuit Analysis ............................................................................................. 116 

4.4 Summary .................................................................................................................. 119 

4.5 References ................................................................................................................ 120 

Chapter 5 ............................................................................................................................. 122 

IPT System Analysis ........................................................................................................... 122 

5.1 Circuit Analysis with Compensation ....................................................................... 123 

5.1.1 System Efficiency Relationship with Rload. ................................................ 123 

5.1.2 Secondary Side Output Current .................................................................... 125 

5.1.3 Efficiency with the mutual inductance .......................................................... 126 

5.1.4 IPT System Performance versus Frequency ................................................. 128 

5.1.5 Impedance Analysis ...................................................................................... 129 

5.2 System Simulation ................................................................................................... 131 

5.2.1 DC Input Simulation ..................................................................................... 131 

5.2.2 Full bridge Inverter ....................................................................................... 132 

5.2.3 Phase shift Control ........................................................................................ 133 

5.2.4 IPT System Simulation Results ..................................................................... 135 

5.2.5 Charger with Three Phase AC Source Simulation Results ........................... 140 

5.3 Experiment ............................................................................................................... 143 

5.3.1 Coupler setup ................................................................................................ 145 



RResearch of Inductive Power Transfer System for Electric Vehicle 

 

x 
 

5.3.2 Power Electronics setup ................................................................................ 146 

5.3.3 Experiment Result ......................................................................................... 148 

5.4 Summary .................................................................................................................. 154 

5.5 References ................................................................................................................ 155 

CHAPTER 6 ....................................................................................................................... 157 

Conclusions and Future Work ............................................................................................. 157 

6.1 Conclusions ............................................................................................................... 157 

6.2 Future Work .............................................................................................................. 158 

 

  



RResearch of Inductive Power Transfer System for Electric Vehicle 

 

xi 
 

List of Tables  

Table 2-1. Levels of EV chargers ........................................................................................... 8 

Table 2-2.  Battery Charging Methods [2.7] ......................................................................... 14 

Table 2-3 General Parameters for Three Generations of On-Line EV Charging ................. 36 

Table 3-1.  Basic Geometrical Parameters ............................................................................ 62 

Table 3-2.  Ferrite Material Characteristics .......................................................................... 66 

Table 3-3. Parameters of the Wireless Charger .................................................................... 67 

Table 3-4.  Parameters of the Wireless Charger ................................................................... 71 

Table 3-5.  Parameters of Simulated Wires .......................................................................... 79 

Table 3-6.  Copper Loss of Primary Side Winding Types 2 and 3 at 20 kHz....................... 85 

Table 3-7.  Rectangular Pad Parameters ............................................................................... 86 

Table 3-8.  Inductance from Experiment and Simulation ..................................................... 98 

Table 3-9.  Measured Laid and calculated k with spacing .................................................... 99 

Table 4-1  Parameters of Simulated Coupler ...................................................................... 111 

Table 4-2 Inductance Matrix of Four Coils......................................................................... 114 

Table 4-3  Coupling Coefficient Matrix of Four Coils ....................................................... 115 

Table 5-1 Parameters for Efficiency Analysis .................................................................... 125 

Table 5-2.  Frequency Analysis Parameters ........................................................................ 128 

Table 5-3 Parameters of the IPT system ............................................................................. 130 

Table 5-4.  Output Power with Phase Shift Angle .............................................................. 138 

Table 5-5. System Efficiency Versus Load......................................................................... 153 

  



RResearch of Inductive Power Transfer System for Electric Vehicle 

 

xii 
 

List of Figures  

Fig. 2.1.  A unidirectional topology used for Level 1 chargers. ............................................. 9 

Fig. 2.2  A unidirectional topology for Levels 1 and 2 chargers. ........................................... 9 

Fig. 2.3.  A bidirectional topology for Level 3 chargers. ...................................................... 10 

Fig. 2.4.  Structure for conductive charging.......................................................................... 11 

Fig. 2.5. Classification of conductive chargers ..................................................................... 12 

Fig. 2.6.  AC/DC conventional boost rectifier [8] ................................................................ 13 

Fig. 2.7.  Dual active bridge DC/DC converter. ................................................................... 15 

Fig. 2.8.  General structure for Level 3 fast Charging. ......................................................... 16 

Fig. 2.9 Wireless charging technology .................................................................................. 21 

Fig. 2.10.  MRCT EV charging system. ................................................................................ 22 

Fig. 2.11 General structure of the IPT system. ..................................................................... 24 

Fig. 2.12 Full bridge inverter. ............................................................................................... 26 

Fig. 2.13.  Basic compensation topology. ............................................................................. 28 

Fig. 2.14.  IPT system: a) early IPT charging system, b) IPT charging system with 
compensation......................................................................................................................... 30 

Fig. 2.15.  Flux of circular pad. ............................................................................................. 31 

Fig. 2.16.  Top view and cross view of a flux pipe pad. ....................................................... 32 

Fig. 2.17.  Structure of DD pad: (a) top view (b) cross view. ............................................... 33 

Fig. 2.18.  A possible lumped on road charging. .................................................................. 35 

Fig. 2.19.  Three phase track topologies: (a) bipolar and (b) unipolar. ................................. 37 

Fig. 2.20.  The top view and cross view of  OLEV power transfer system: (a) dual type and 
(b) mono type. ....................................................................................................................... 38 

Fig. 3.1.  Geometry of circular pad. ...................................................................................... 53 

Fig. 3.2.  Concept of mutual inductance using two magnetically coupled loops. ................. 55 

Fig. 3.3.  Circuit model of IPT system. ................................................................................. 56 

Fig. 3.4.  Circuit model using equivalent source for coupler windings Lp and Ls. .............. 57 



RResearch of Inductive Power Transfer System for Electric Vehicle 

 

xiii 
 

Fig. 3.5.  Circular pad full scale FEA simulation model. ..................................................... 61 

Fig. 3.6.  Maxwell 3D representation of one-6th section. ..................................................... 63 

Fig. 3.7.  Coupling factor k for transformer with and without ferrite cores. ......................... 65 

Fig. 3.8.  Flux density in the ferrite cores. ............................................................................ 67 

Fig. 3.9.  Voltages of secondary winding and capacitor ....................................................... 68 

Fig. 3.10.  Ohmic losses in the shield and ferrite core. ......................................................... 69 

Fig. 3.11.  Flux Leakage........................................................................................................ 70 

Fig. 3.12.  Force on the winding. .......................................................................................... 72 

Fig. 3.13.  Concept of skin and proximity effects on stranded and bundled conductors. ..... 75 

Fig. 3.14. Simulation model of wires a) single conductor; b) 61 strands model; c) 349 
strands ................................................................................................................................... 78 

Fig. 3.15.  Loss distribution in a single conductor. ............................................................... 80 

Fig. 3.16.  Loss of single conductor wire verse frequency and radius. ................................. 81 

Fig. 3.17.  (a) Skin effect factor of wires; (b) Proximity effect G factor of wires. ............... 82 

Fig. 3.18.  (a) Maxwell 3D representation of one-sixth section; (b) The magnetic field 
strength along the wire over time. ......................................................................................... 82 

Fig. 3.19.  The magnetic field strength over winding. .......................................................... 83 

Fig. 3.20.  Simulation model of rectangular pad: a) coupler model side view, b) top view of 
primary side coupler. ............................................................................................................. 85 

Fig. 3.21.  Self-inductances of primary and secondary windings and mutual inductance with 
186 mm ferrite bar on both sides .......................................................................................... 86 

Fig. 3.22.  Mutual inductance versus misalignment with 186 mm ferrite bar on both sides 87 

Fig. 3.23.  Mutual inductance versus air bap distance with 186 mm ferrite bar on both sides
 ............................................................................................................................................... 87 

Fig. 3.24.  Coupling coefficient versus misalignment and air gap distance with 186 mm 
ferrite bar on both sides ......................................................................................................... 89 

Fig. 3.25.  Secondary side coil with 93 mm ferrite bar simulation ....................................... 90 

Fig. 3.26.  Inductance of primary and secondary winding and mutual inductance with 93 
mm ferrite bar on secondary side .......................................................................................... 90 

Fig. 3.27.  Mutual inductance versus air gap distance with 93 mm ferrite bar on secondary 
side ........................................................................................................................................ 91 



RResearch of Inductive Power Transfer System for Electric Vehicle 

 

xiv 
 

Fig. 3.28.  Mutual inductance versus misalignment with 93 mm ferrite bar on secondary side
 ............................................................................................................................................... 91 

Fig. 3.29.  Coupling coefficient versus misalignment and air gap distance with 93 mm 
ferrite bar on secondary side ................................................................................................. 92 

Fig. 3.30.  FEA model for secondary side coil only pad ....................................................... 92 

Fig. 3.31.  Inductance of primary and secondary winding and mutual inductance of  
secondary side coil only pad ................................................................................................. 93 

Fig. 3.32.  Mutual inductance versus air gap distance with secondary side coil only pad. ... 94 

Fig. 3.33.  Mutual inductance versus misalignment with secondary side coil only pad. ...... 94 

Fig. 3.34.  FEA model for coil only pad. .............................................................................. 95 

Fig. 3.35.  Inductances of primary and secondary windings, and mutual inductance of coil 
only pad ................................................................................................................................. 95 

Fig.3.36 Mutual inductance versus air gap distance with coil only pad ............................... 96 

Fig. 3.37.  Mutual inductance versus misalignment with coil only pad................................ 96 

Fig. 3.38.  Comparison of mutual inductance of different pads. ........................................... 97 

Fig. 3.39.  Rectangular pad setup. ......................................................................................... 98 

Fig. 3.40.  Experiment and FEA results of coupling coefficient k...................................... 100 

Fig. 4.1.  Wireless charging circuit. .................................................................................... 106 

Fig. 4.2.  General structure for series-series compensation. ............................................... 107 

Fig. 4.3.  Simulation results: (a) uncompensated circuit efficiency and power output, (b) SS 
compensated efficiency and power output .......................................................................... 109 

Fig. 4.4.  General structure for four-coil system. ................................................................ 111 

Fig. 4.5.  General structure for four-coil system: a) 3D view of transformer; b) top view of 
primary coupler; c) side view of primary coupler. .............................................................. 112 

Fig. 4.6.  Circuit model for proposed coupler with assistive coil system. .......................... 113 

Fig. 4.7.  Coupling coefficient via airgap length` ............................................................... 115 

Fig. 4.8.  Two-coil system characteristic with C1 and C4. ................................................. 117 

Fig. 4.9.  Proposed coupler optimisation (efficiency and power maps). ............................. 118 

Fig. 5.1.  Efficiency versus Rload. ......................................................................................... 125 

Fig. 5.2.  Efficiency map of mutual inductance and Rload. ................................................ 127 



RResearch of Inductive Power Transfer System for Electric Vehicle 

 

xv 
 

Fig. 5.3.  Pout and efficiency versus HF power source frequency ...................................... 129 

Fig. 5.4.  The frequency analysis: a) impedance verse frequency, b) Phase angle versus 
frequency ............................................................................................................................. 131 

Fig. 5.5.  IPT system simulation model .............................................................................. 132 

Fig. 5.6.  Full bridge inverter. ............................................................................................. 133 

Fig. 5.7.  The phase shift control for full bridge Inverter.................................................... 134 

Fig. 5.8.  Full bridge output voltage and output current ..................................................... 135 

Fig. 5.9.  Load voltage Vload and current Iload. ..................................................................... 136 

Fig. 5.10. Output power (top) and input power waveforms (bottom). ................................ 136 

Fig. 5.11. Inverter output voltage and current at α =120. ................................................... 137 

Fig. 5.12.  Output power (top) and input power waveforms at α =120o. ............................ 138 

Fig. 5.13.  Output power and input power versus phase shift angle ................................... 139 

Fig. 5.14.  Efficiency versus phase shift angle. ................................................................... 140 

Fig. 5.15.  Simulation model of IPT system with three phase input. .................................. 141 

Fig. 5.16.  Output current of three phase rectifier. .............................................................. 141 

Fig. 5.17.  Three phase rectifier DC link voltage. ............................................................... 142 

Fig. 5.18. Three phase IPT system input power and output power. .................................... 142 

Fig. 5.19.  IPT experiment circuit. ...................................................................................... 143 

Fig. 5.20. Test rig: primary side. ......................................................................................... 144 

Fig. 5.21.  Test rig: coupler and load. ................................................................................. 144 

Fig. 5.22. a) Coupler primary side, and b) Coupler ............................................................ 146 

Fig. 5.23.  Rectifier module and IGBT module for experiment. ......................................... 147 

Fig. 5.24.  Schematic diagram of gate drive. ...................................................................... 148 

Fig. 5.25.  PCB view of gate drive. ..................................................................................... 148 

Fig. 5.26.  DSP output, gate drive signal and the inverter output. ...................................... 149 

Fig. 5.27.  Time delay between the drive signal and the output voltage. ............................ 150 

Fig. 5.28.  The voltage and current inputs of the primary side. .......................................... 151 

Fig. 5.29.  The voltage, current and power to the load. ...................................................... 151 

Fig. 5.30.  Inverter output voltage and current at 21 kHz. .................................................. 152 



RResearch of Inductive Power Transfer System for Electric Vehicle 

 

xvi 
 

Fig. 5.31.  Inverter output voltage and current at 20 kHz ................................................... 152 

Fig. 5.32.  System efficiency versus load resistance ........................................................... 153 

  



RResearch of Inductive Power Transfer System for Electric Vehicle 

 

xvii 
 

Nomenclature 

Global abbreviations used in this thesis 

AC = Alternating current 

CO2 = Carbon dioxide 

DC = Direct current 

EMI = Electromagnetic interface 

EV = Electric vehicle 

FEA = Finite element analysis 

FEM = Finite element method 

HEV = Hybrid electric vehicle 

HF = High frequency 

MRCT = Magnetic resonance coupling transfer 

PFC = Power factor correction 

PMCT = Permanent magnet coupling transfer 

SWC = Stationary wireless charging 

WPT = Wireless power transfer 
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