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ABSTRACT 

 

The inductive link in wireless power transfer (WPT) fed by various high–frequency power 

converters is widely accepted for medium power (<50 kW) and medium power transfer 

distance (100 mm-200 mm) applications due to remarkable efficiencies (>90%) in 

stationary wireless charging scenarios. However, considering the dynamic or the on the 

move wireless charging, the inductive link implementation for millions of kilometers is 

quite expensive due to the need for sophisticated resources. Therefore, relatively 

inexpensive capacitive link, which initially focused on low power (<100 watts) and small 

distance (<10 mm) applications, has gained momentum and is explored for medium power 

(~3 kW) and medium distance (~100 mm) applications. It has achieved considerable DC-

DC efficiencies (70%-90%), no induced eddy current loss in the nearby metal objects and 

low cost and weight implementation.  

First, the thesis identifies the significant roles played by inductive and capacitive AC link 

designs in static and dynamic expansion of wireless electric vehicle charging. Through a 

relative analysis, the thesis emphasizes the need for mutual promotion of these AC links as 

a hybrid system in order to boost wireless EV charging technology. Second, capacitive 

wireless power transfer system is analyzed under different link configurations and 

dielectric influences aiming to improve their performances. Third, a reduced capacitance 

model is derived from the existing six capacitance model of bipolar 2x2 matrix 

configuration which is suitable for large charging area applications like electric vehicle 

charging. Here, when the separation distance between the same side plate pair is large 

enough, the effect of cross-coupling capacitances diminishes and the analysis based on a 

reduced capacitance model can be carried out. The advantage of using this model is that it 
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attains the unity gain and load-independent operation at designed resonant frequency 

instead of at dual resonant frequencies in the conventional model. Fourth, a novel hybrid 

inductive and capacitive wireless power transfer system is realized by combining both 

systems using a three-leg, mixed switching frequency inverter. The combination offered a 

choice of power management between two systems. The modular structure makes both 

systems independent and helps to achieve individual or combined wireless power transfer. 

 

Keywords: coupling; electric vehicles; inductive; capacitive; wireless power 

  



v 

 

AUTHOR’S DECLARATION 

 

I hereby declare that this thesis consists of original work of which I have authored. 

This is a true copy of the thesis, including any required final revisions, as accepted by my 

examiners. 

I authorize the University of Ontario Institute Of Technology to lend this thesis to 

other institutions or individuals for the purpose of scholarly research. I further authorize 

University of Ontario Institute of Technology to reproduce this thesis by photocopying or 

by other means, in total or in part, at the request of other institutions or individuals for the 

purpose of scholarly research. I understand that my thesis will be made electronically 

available to the public. 

 

 
DEEPA VINCENT 

 

 

  



vi 

 

STATEMENT OF CONTRIBUTIONS  

 

Part of this work has been published or submitted for publication as: 

 

[1] D. Vincent and S. S. Williamson, “Design and verification of a reduced model for 

capacitive wireless power transfer system for electric vehicle charging” in Proc. IEEE 

Energy Conversion Congress and Exposition (ECCE), Michigan, USA, Oct. 2020. 

(accepted) 

[2] D. Vincent and S. S. Williamson, "Role of Dielectrics in the Capacitive Wireless Power 

Transfer System" in Proc. IEEE International Conference on Industrial Technology 

(ICIT), Buenos Aires, Argentina, Feb. 2020. 

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

Hybrid Inductive and Capacitive AC Links for Wireless EV Charging -A Comparative 

Overview," in IEEE Transactions on Transportation Electrification, June 2019. 

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

power hybrid inductive and capacitive wireless power transfer system,” in Proc. IEEE 

45th Annual Conf. of Industrial Electronics Society (IECON), Lisbon, Portugal, Oct. 

2019.  

[5] D. Vincent, P. S. Huynh, L. Patnaik, and S. S. Williamson, “Prospects of capacitive 

wireless power transfer (C-WPT) for unmanned aerial vehicles,” in Proc. IEEE PELS 

Workshop on Emerging Technologies: Wireless Power Transfer (WoW), Montreal, 

QC, June 2018. 

[6] D. Vincent, P. S. Huynh, L. Patnaik, David Capano, and S.S. Williamson, 

“Accelerating the autonomous electric transportation revolution: Wireless charging and 



vii 

 

advanced battery management systems” IEEE Transportation Electrification 

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

[7] D. Vincent, S. Chakraborty, P. S. Huynh,  and S. S. Williamson, “Efficiency analysis 

of a 7.7kW inductive wireless power transfer system with parallel displacement,” in 

Proc. IEEE 1st International Conf. on Industrial Electronics for Sustainable Energy 

Systems (IECON), Hamilton, New Zealand, Jan. 2018. 

[8] D. Vincent, P. S. Huynh, and S. S. Williamson, “Feasibility study of hybrid inductive 

and capacitive wireless power transfer for future transportation,” in Proc. IEEE 

Transportation Electrification Conf. and Expo., Chicago, IL, June 2017, pp. 229-233. 

[9] D. Vincent, A V J S Praneeth, and S. S. Williamson, "Modeling, Design, and 

Verification of a Reduced Capacitive Wireless Power Transfer System Model for 

Transportation Electrification Applications" (to be submitted). 

[10] D. Vincent, P. S. Huynh, and S. S. Williamson, "A Three-Leg Inverter Driven Hybrid 

Inductive and Capacitive Wireless Power Transfer System" (to be submitted). 

 

 

 

  



viii 

 

DEDICATIONS 

 

This thesis is dedicated to my beloved husband, Isidore, who has been a constant source of 

support and encouragement during this challenging period. I am truly grateful for having 

you in my life. This work is also dedicated to our lovely children Mia and Joe for their 

patience and understanding throughout this period. Special dedication to our parents for 

their spiritual guidance throughout this journey. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ix 

 

 

ACKNOWLEDGEMENTS 

 

First and foremost I would like to thank God Almighty for giving me the desire, courage, 

knowledge, ability and opportunity to pursue this Ph.D. program.  

I would like to express my sincere gratitude to my supervisor Dr. Sheldon Williamson for 

allowing me to be a part of his STEER research group. I thank him for his patience, 

motivation, and immense knowledge which guided me throughout this research. I am 

thankful for his tireless efforts in bringing research funds to establish the ASSET lab and I 

feel fortunate to work in this lab. I am extremely grateful for his support in securing the 

NSERC CGS-D Scholarship and Ontario Graduate Scholarship which would not be 

possible without his commendable guidance.   

I am thankful to the STEER group members Dr. Najath Abdul Aziz, Deepak Rozario, 

Vamsi Pathipati and Dr. Kunwar Aditya for initiating the wireless power transfer research 

in this group under the guidance of Dr. Williamson which assisted me in pursuing this 

research smoothly. I thank Dr. Najath for all the insightful inputs and lab training sessions.  

I thank Dr. Lalit Patnaik, Dr. Nimesh Vamanan and Dr. Ashutosh Trivedi for organizing 

lab meetings, procuring components for the research, conducting brain storming sessions 

and their timely feedback to enhance my research activities.  

I thank my supervisory committee members Dr. Vijay Sood and Dr. Jing Ren for their 

essential inputs during my research. 

I would like to thank all my fellow lab mates Sang, Praneeth, Vinicius, Sandra, Soma, 

Deepak, Rishi, Arvind, Siddhartha, Janamejaya, Hassan, Manjot, Navbir, David, 

Yashwanth and Apoorva for their consistent support. Special mention to Sang, Soma, 

Praneeth, Vinicius and Deepak for stimulating discussions and sharing their specialized 

knowledge.  

I am extremely grateful to the faculty and staff, Ontario Tech for their excellent support 

throughout this period. I extend my special thanks to Ahmad Shamshiri, Technical support 

staff for his timely help and Joel Stewart, Graduate Program Assistant, for all the 

departmental assistance throughout this program. 

I would like to thank all my teachers, colleagues and friends from Fr. Conceicao Rodrigues 

Institute of Technology. It is my pleasure to give special attention to Mrs. Bindu R, Dr. 

Sincy George, Dr. Sushil Thale and Dr. Mahendra Rane for their timely support in pursuing 

this program. Further, I thank all my teachers and friends in Sahrdaya College of 

Engineering and Technology especially Dr. Sudha George for her timely support in 

commencing this program. 

Last but not the least, I extend my heartfelt thanks to all my family and friends for their 

unconditional love and support.  



x 

 

TABLE OF CONTENTS 

THESIS EXAMINATION INFORMATION ................................................................. ii 

ABSTRACT ................................................................................................................... iii 

AUTHOR’S DECLARATION ....................................................................................... v 

STATEMENT OF CONTRIBUTIONS ......................................................................... vi 

DEDICATIONS ........................................................................................................... viii 

ACKNOWLEDGEMENTS ........................................................................................... ix 

List of Tables ................................................................................................................ xiii 

List of Figures .............................................................................................................. xiv 

List of Abbreviations ................................................................................................... xvii 

List of Symbols ........................................................................................................... xvii 

Chapter 1. Introduction ................................................................................................. 1 

1.1 Wireless charging of electrified transport ............................................................ 1 

1.2 Motivation ............................................................................................................ 3 

1.3 Research goals and objectives .............................................................................. 6 

1.4 Thesis organization .............................................................................................. 9 

Chapter 2. Comprehensive review of inductive and capacitive AC links ............... 10 

2.1. Inductive wireless power transfer....................................................................... 10 

2.1.1 IPT System Block Diagram ........................................................................ 10 

2.1.2 Inductive Coupler Structures ...................................................................... 11 

2.1.3 Inductive Coupler Structures for Dynamic Wireless Chargers ................... 18 

2.2. Capacitive wireless power transfer system ........................................................ 21 

2.2.1 CPT System Block Diagram ....................................................................... 21 

2.2.2 Capacitive Coupler Structures for WPT ..................................................... 22 

2.2.3 Long-distance and Dynamic CPT ............................................................... 25 

2.3. Comparative Discussion ..................................................................................... 26 

2.3.1 Frequency and Power Levels ...................................................................... 26 

2.3.2 Reactive Power Compensation ................................................................... 28 

2.3.3 Efficiency .................................................................................................... 28 

2.3.4 AC Link Power Transfer Density ............................................................... 30 

2.3.5 Voltage Stress on the Link .......................................................................... 32 

2.3.6 Output Power Pulsation in Dynamic Wireless Charging ............................ 32 



xi 

 

2.3.7 AC Link Structure ....................................................................................... 33 

2.3.8 Link Construction Cost Factors .................................................................. 35 

2.3.9 Misalignment Tolerance ............................................................................. 35 

2.3.10 Interoperability of Couplers ........................................................................ 36 

2.3.11 EMF Exposure Limits ................................................................................. 37 

2.3.12 Foreign Object Interaction in the Link Proximity ....................................... 38 

2.3.13 Power Scaling ............................................................................................. 39 

2.4. Hybrid Inductive and Capacitive AC Link – New Trend .................................. 39 

2.4.1 Existing Hybrid Inductive and Capacitive Power Transfer Topologies ..... 41 

2.4.2 Future developments ................................................................................... 43 

Chapter 3. Study of CPT interface for low to medium power EV charging 

applications ……………………………………………………………………………..46 

3.1 Prospects of Capacitive Wireless Power Transfer (CPT) for Unmanned Aerial 

Vehicles ......................................................................................................................... 46 

3.1.1 Design methodology ................................................................................... 47 

3.2 Coupler Interface design .................................................................................... 50 

3.3 Low power interface for UAVs .......................................................................... 52 

3.3.1 Design and simulation ...................................................................................... 53 

3.4 High power interface and influence of dielectrics.............................................. 60 

Chapter 4. Reduced capacitance model for parallel plate capacitive wireless power 

transfer system ................................................................................................................ 68 

4.1 Reduced Capacitance Modelling and Formation of BCD .................................. 74 

4.2 Voltage gain derivation and comparison of SCM and RCM ............................. 78 

4.2.1 Equivalent circuit analysis and voltage gain derivation ................................... 78 

4.2.2 Reduced capacitance model versus six capacitance model .............................. 85 

4.3 Circuit parameter design, simulation and experimental validation .................... 87 

4.3.1 Design and Simulation ...................................................................................... 87 

4.3.2 Experimental validation .................................................................................... 89 

Chapter 5. Hybrid inductive and capacitive wireless power transfer system ........ 96 

5.1 Proposed Topology ............................................................................................ 99 

5.1.1 Circuit schematic ........................................................................................ 99 

5.2 Modes of operation of the proposed converter ................................................. 101 

5.3 Steady state analysis ......................................................................................... 104 



xii 

 

5.4 System Design and Simulation Results ............................................................ 107 

5.4.1 Design of IPT system ..................................................................................... 107 

5.4.2 Design of CPT system .................................................................................... 111 

5.5 Simulation Results ............................................................................................ 114 

5.6 Experimental Outcomes ................................................................................... 119 

5.6.1 Experimental setup ......................................................................................... 119 

5.6.2 Experimental results ....................................................................................... 122 

5.7 Sensitivity analysis ........................................................................................... 124 

5.8 Loss distribution ............................................................................................... 128 

5.9 Comparison with the existing HPT topologies ................................................ 129 

Chapter 6. Conclusions and future work ................................................................. 131 

6.1 Conclusions ...................................................................................................... 131 

6.2 Future directions ............................................................................................... 134 

References ...................................................................................................................... 136 

Appendix A. ................................................................................................................... 155 

A1. Publications .......................................................................................................... 155 

Appendix B. ................................................................................................................... 159 

B1. SiC MOSFET half bridge module (CREE© ) ( CRD-5FF0912P) ..................... 159 

B2. Synchronous buck configuration (Reference: datasheet CRD-5FF0912P) ...... 159 

B3. GaN half bridge module (Broadcom and GaN systems ) ................................. 160 

B4. Connection diagram (Reference: ACPL-P346 GaN Systems GaN E-HEMT 

GS66508T) .................................................................................................................. 160 

B5. Rectifier module Reference: GlobalPower SiC modules: GHXS030A120S‐D1 

datasheet ...................................................................................................................... 161 

Appendix C. ................................................................................................................... 162 

C1.  Approximate cost and weight comparison of AC link built in the lab (without 

shielding) ..................................................................................................................... 162 

 

 

 

 

 



xiii 

 

 

List of Tables 

 

Table 2-1 Relevant Standards in Wireless Charging ........................................................ 26 

Table 2-2 Static Wireless Power Transfer (IPT) Charging - SAE J2954 ......................... 27 

Table 2-3 Comparison of IPT and CPT Systems .............................................................. 29 

Table 2-4 AC Link Power Transfer Density Comparison in IPT and CPT Systems ........ 31 

Table 2-5 Misalignment Performance Comparison in IPT and CPT Systems ................. 35 

Table 2-6 Maximum Permissible Exposure to Electric Field IEEE C95.1, 2005 ............. 37 

Table 2-7 EMF Exposure Reference Levels - ICNIRP, 2010........................................... 37 

Table 2-8 Prospective HPT Lab Prototypes for Wireless EV Charging ........................... 41 

Table 2-9 HPT Configurations for Wireless EV Charging ............................................... 43 

Table 3-1 Examples of various capacity drones ............................................................... 49 

Table 3-2 Circuit Parameters for 150 mm x 170 mm matrix interface at 20 mm air-gap 55 

Table 3-3 Coupler interface parameters ............................................................................ 59 

Table 3-4 Selected dielectric material properties .............................................................. 62 

Table 3-5  Parallel plate capacitance................................................................................. 62 

Table 3-6 Circuit parameters for high power interface ..................................................... 63 

Table 3-7  Influence of Various Dielectrics ...................................................................... 66 

Table 4-1 Circuit parameters for the CPT system............................................................. 90 

Table 5-1 WPT system comparison .................................................................................. 97 

Table 5-2 HPT System Specifications ............................................................................ 114 

Table 5-3 Peak voltage and current stress in IPT components ....................................... 117 

Table 5-4 Peak voltage and current stress in CPT components ...................................... 118 

Table 5-5 Comparison with existing HPT topologies ..................................................... 129 

 

 

 

 

 

 

 

 

 

 

 

file:///C:/Users/100638076/Google%20Drive/To%20D%20drive/UOIT_30_8/Thesis-defence/Thesis/Minor%20revision/Thesis_Deepa_Vincent_01-08.docx%23_Toc47305396
file:///C:/Users/100638076/Google%20Drive/To%20D%20drive/UOIT_30_8/Thesis-defence/Thesis/Minor%20revision/Thesis_Deepa_Vincent_01-08.docx%23_Toc47305397
file:///C:/Users/100638076/Google%20Drive/To%20D%20drive/UOIT_30_8/Thesis-defence/Thesis/Minor%20revision/Thesis_Deepa_Vincent_01-08.docx%23_Toc47305398
file:///C:/Users/100638076/Google%20Drive/To%20D%20drive/UOIT_30_8/Thesis-defence/Thesis/Minor%20revision/Thesis_Deepa_Vincent_01-08.docx%23_Toc47305399
file:///C:/Users/100638076/Google%20Drive/To%20D%20drive/UOIT_30_8/Thesis-defence/Thesis/Minor%20revision/Thesis_Deepa_Vincent_01-08.docx%23_Toc47305400
file:///C:/Users/100638076/Google%20Drive/To%20D%20drive/UOIT_30_8/Thesis-defence/Thesis/Minor%20revision/Thesis_Deepa_Vincent_01-08.docx%23_Toc47305401
file:///C:/Users/100638076/Google%20Drive/To%20D%20drive/UOIT_30_8/Thesis-defence/Thesis/Minor%20revision/Thesis_Deepa_Vincent_01-08.docx%23_Toc47305402
file:///C:/Users/100638076/Google%20Drive/To%20D%20drive/UOIT_30_8/Thesis-defence/Thesis/Minor%20revision/Thesis_Deepa_Vincent_01-08.docx%23_Toc47305403
file:///C:/Users/100638076/Google%20Drive/To%20D%20drive/UOIT_30_8/Thesis-defence/Thesis/Minor%20revision/Thesis_Deepa_Vincent_01-08.docx%23_Toc47305404
file:///C:/Users/100638076/Google%20Drive/To%20D%20drive/UOIT_30_8/Thesis-defence/Thesis/Minor%20revision/Thesis_Deepa_Vincent_01-08.docx%23_Toc47305405
file:///C:/Users/100638076/Google%20Drive/To%20D%20drive/UOIT_30_8/Thesis-defence/Thesis/Minor%20revision/Thesis_Deepa_Vincent_01-08.docx%23_Toc47305406
file:///C:/Users/100638076/Google%20Drive/To%20D%20drive/UOIT_30_8/Thesis-defence/Thesis/Minor%20revision/Thesis_Deepa_Vincent_01-08.docx%23_Toc47305407
file:///C:/Users/100638076/Google%20Drive/To%20D%20drive/UOIT_30_8/Thesis-defence/Thesis/Minor%20revision/Thesis_Deepa_Vincent_01-08.docx%23_Toc47305408
file:///C:/Users/100638076/Google%20Drive/To%20D%20drive/UOIT_30_8/Thesis-defence/Thesis/Minor%20revision/Thesis_Deepa_Vincent_01-08.docx%23_Toc47305409
file:///C:/Users/100638076/Google%20Drive/To%20D%20drive/UOIT_30_8/Thesis-defence/Thesis/Minor%20revision/Thesis_Deepa_Vincent_01-08.docx%23_Toc47305410
file:///C:/Users/100638076/Google%20Drive/To%20D%20drive/UOIT_30_8/Thesis-defence/Thesis/Minor%20revision/Thesis_Deepa_Vincent_01-08.docx%23_Toc47305411
file:///C:/Users/100638076/Google%20Drive/To%20D%20drive/UOIT_30_8/Thesis-defence/Thesis/Minor%20revision/Thesis_Deepa_Vincent_01-08.docx%23_Toc47305412
file:///C:/Users/100638076/Google%20Drive/To%20D%20drive/UOIT_30_8/Thesis-defence/Thesis/Minor%20revision/Thesis_Deepa_Vincent_01-08.docx%23_Toc47305413
file:///C:/Users/100638076/Google%20Drive/To%20D%20drive/UOIT_30_8/Thesis-defence/Thesis/Minor%20revision/Thesis_Deepa_Vincent_01-08.docx%23_Toc47305414
file:///C:/Users/100638076/Google%20Drive/To%20D%20drive/UOIT_30_8/Thesis-defence/Thesis/Minor%20revision/Thesis_Deepa_Vincent_01-08.docx%23_Toc47305415
file:///C:/Users/100638076/Google%20Drive/To%20D%20drive/UOIT_30_8/Thesis-defence/Thesis/Minor%20revision/Thesis_Deepa_Vincent_01-08.docx%23_Toc47305416
file:///C:/Users/100638076/Google%20Drive/To%20D%20drive/UOIT_30_8/Thesis-defence/Thesis/Minor%20revision/Thesis_Deepa_Vincent_01-08.docx%23_Toc47305417


xiv 

 

 

List of Figures 

 

Figure 1-1 General schematic of WPT system. .................................................................. 2 

Figure 2-1 IPT system block diagram. .............................................................................. 10 

Figure 2-2 Non-planar couplers. ....................................................................................... 11 

Figure 2-3 Common non-polarized planar coupler. (a) Circular. (b) Square. (c) 

Rectangular. ...................................................................................................................... 12 

Figure 2-4 (a) Horizontal X direction misalignment. (b) Horizontal Y direction 

misalignment. (c) Horizontal XY direction misalignment. (d) Vertical or Z direction air 

gap variation. (e) Inclined. ................................................................................................ 13 

Figure 2-5 Magnetic flux pattern. (a) Perpendicular – single sided. (b) Parallel – single 

sided. (c) Flux pipe – double sided. .................................................................................. 14 

Figure 2-6 (a) DD pad. (b) DDQ pad. (c) Bipolar pad...................................................... 16 

Figure 2-7 Short segmented couplers with individual power supply................................ 18 

Figure 2-8 Long track loop power rails with centralized power supply rail. .................... 19 

Figure 2-9 Segmented couplers with distributed switch box. ........................................... 20 

Figure 2-10 Segmented couplers with centralized power supply and distributed 

converters. ......................................................................................................................... 20 

Figure 2-11 CPT system block diagram. .......................................................................... 21 

Figure 2-12 Parallel plate structures. (a) Rectangular plates with single dielectric. (b) 

Dielectric coated Rectangular plates with air-gap. (c) Circular or disk plates. ................ 23 

Figure 2-13  (a) Unipolar configuration. (b) Bipolar configuration. ................................ 24 

Figure 2-14 Non-parallel plate structures (a) Inclined. (b) Deformed-flexible. (c) 

Deformed- rigid. ............................................................................................................... 24 

Figure 2-15 Multistage electric field repeater system. ...................................................... 25 

Figure 2-16 AC link construction cost factors. ................................................................. 34 

Figure 2-17 50 kW modular charger prototype for IPT .................................................... 38 

Figure 2-18 Relative analysis plot of IPT, CPT and HPT. (The radar graph is ascending 

away from the center giving lowest (1) to highest (5) values for each factors listed) ...... 40 

Figure 2-19 DC-DC stage of combined inductive and capacitive link proposed in [94]. 41 

Figure 2-20 DC-DC stage of hybrid inductive and capacitive link proposed in [96]. ...... 42 

Figure 3-1 CPT based in motion charging scenario for UAVs ......................................... 48 

Figure 3-2 Coupling interface. (a) 1x4 row. (b) 4x1 column. (c) 2 x 2 symmetric matrix. 

(d) Six plate combined structure. (e) Asymmetric matrix. ............................................... 51 

Figure 3-3 Parallel plate capacitive couplers (a) With single dielectric-Type I (b)With 

multiple dielectrics- Type II. ............................................................................................. 52 

Figure 3-4 Coupling interface (a) 1x4 Row (b) 4x1 Column  (c) 2 x 2 Matrix ................ 53 

Figure 3-5 (a) Block diagram for a series compensated CPT driving UAVs (b) Equivalent 

circuit. ............................................................................................................................... 54 

Figure 3-6 Simulation results in PSIM for matrix interface. ............................................ 55 

Figure 3-7 2x2 matrix interface. ....................................................................................... 56 



xv 

 

Figure 3-8 2x2 matrix interface with potential and field distribution. .............................. 56 

Figure 3-9  Electric field distribution including the surrounding air region in 2x2 matrix 

arrangement. ...................................................................................................................... 57 

Figure 3-10 4x1 column interface. .................................................................................... 58 

Figure 3-11 4x1 column interface with potential and field distribution. .......................... 58 

Figure 3-12 Electric field distribution including the surrounding air region in 4x1 column 

arrangement. ...................................................................................................................... 59 

Figure 3-13 Conformal bumper arrangement [23]. ........................................................... 61 

Figure 3-14 Electric field distribution in high power interface. (a) Corner field (b) Vector 

plot .................................................................................................................................... 64 

Figure 3-15  CPT experimental setup photo with air as dielectric. .................................. 65 

Figure 4-1 Layout of CPT system for EV charging. ......................................................... 68 

Figure 4-2 Bipolar capacitive coupler arrangement showing the flow of electric field 

lines, separation distance ds and power transfer distance dair. ........................................... 70 

Figure 4-3 Six capacitances’ influence in the bipolar coupler and its equivalent current 

source model. .................................................................................................................... 71 

Figure 4-4 Air gap or power transfer distance, dair and separation distance, ds. ............... 73 

Figure 4-5 Six capacitances’ model to reduced capacitance model approximation by 

removing same side and cross coupling capacitances. ..................................................... 74 

Figure 4-6 Effect of separation distance, ds on coupling coefficient, kE at an air gap, dair= 

100 mm. ............................................................................................................................ 76 

Figure 4-7  Effect of separation distance, ds on coupling coefficient, kE at an air gap, dair = 

25 mm. .............................................................................................................................. 77 

Figure 4-8 Circuit schematic of the CPT system. ............................................................. 79 

Figure 4-9 Steady state switching waveforms of the CPT system.................................... 79 

Figure 4-10 Reduced capacitance model: Equivalent circuit that includes the two main 

link capacitances (C12 and C34) only and the dual LC compensation network. ................ 80 

Figure 4-11 Gain magnitude plot of the CPT with reduced capacitance model for varying 

load conditions. ................................................................................................................. 83 

Figure 4-12  Gain magnitude plot of the CPT with six capacitance model for varying load 

conditions. ......................................................................................................................... 85 

Figure 4-13 Simulated capacitive link input and output waveforms in PSIM. ................. 88 

Figure 4-14 Photo of the experimental setup. ................................................................... 89 

Figure 4-15 Experimental waveforms of the CPT system a) PWM pulses at switch S1 (5 

V/div) b) VGS at S1 (20V/div) c) VDS at S1 (20V/div). ...................................................... 91 

Figure 4-16  Experimental waveforms of the CPT system a) Link input voltage VP (100 

V/div) b) Link input current IP (5 A/div) c) Output voltage V0 (100 V/div) d) Output 

current I0 (5 A/div). ........................................................................................................... 91 

Figure 4-17 Efficiency curves a) For varying input DC voltage, b) For varying output 

power. ................................................................................................................................ 92 

Figure 4-18 Output power and efficiency curves for varying separation distance: a) At 

power transfer distance, 25 mm b) At power transfer distance, 100 mm. ........................ 93 



xvi 

 

Figure 5-1 Hybrid inductive and capacitive wireless power transfer system block 

diagram. ............................................................................................................................ 98 

Figure 5-2 Circuit schematic of the proposed converter for hybrid inductive and 

capacitive wireless power transfer system. ....................................................................... 99 

Figure 5-3 The equivalent circuit of the HPT system without rectifier. ......................... 100 

Figure 5-4 Modes of operation........................................................................................ 102 

Figure 5-5 Equivalent circuit of the inductive link. ........................................................ 104 

Figure 5-6 Equivalent circuit of the capacitive link. ....................................................... 105 

Figure 5-7 Archimedean spiral. ...................................................................................... 110 

Figure 5-8 Simulation Results (a) Switching pulses at S1, S2  (b) Switching pulses at S3,S4   

(c) Switching pulses at S5, S6. ......................................................................................... 115 

Figure 5-9 Simulation Results (a) Input link voltage, VIPT , primary current, Ip1, at 

inductive link (b) Input link voltage, VCPT, primary current, Ip2, at capacitive link. ....... 116 

Figure 5-10 Simulation Results (a) Primary side voltage waveforms VIPT and VCPT (b) 

Primary current, Ip1, and secondary current, Is1 at inductive link (c) Primary current, Ip2, 

and secondary current, Is2 at capacitive link. .................................................................. 116 

Figure 5-11 Simulation results (a) Common voltage at secondary side (Vs1 /Vs2) (b) 

Secondary side currents (Is1, Is2 and Istotal) (c) Output voltage and current (V0 and I0). ... 117 

Figure 5-12 Field distribution simulated in JMAG (a) Magnetic flux density at the 

Inductive link(µT) (b) Electric field at Capacitive link (V/m) components. .................. 118 

Figure 5-13 Photo of the experimental setup. ................................................................. 121 

Figure 5-14 Switching pulses at S1, S3 and S5 (upper switches at each leg) (5 V/div). .. 122 

Figure 5-15 Inductive link voltage, VIPT  (100 V/div), VCPT (100 V/div). ....................... 123 

Figure 5-16 Voltage and current waveforms at the primary side: VCPT (50 V/div), ICPT (5 

A/div), VIPT (100V/div), IIPT (5 A/div). ........................................................................... 123 

Figure 5-17 Voltage and current waveforms at the secondary side: VS (100 V/div), IS2 (5 

A/div), V0 (100V/div), I0 (5 A/div). ................................................................................. 124 

Figure 5-18 HPT system performance for individual misalignment at capacitive and 

inductive link. ................................................................................................................. 125 

Figure 5-19 HPT system power and efficiency curves for simultaneous misalignment in 

both inductive and capacitive links. ................................................................................ 126 

Figure 5-20 Power transfer ratio between inductive and capacitive system with respect to 

misalignment. .................................................................................................................. 127 

Figure 5-21 Loss distribution. ......................................................................................... 128 

 

 

 

 

 

 



xvii 

 

 

List of Abbreviations  

 

AC Alternating current 

BCD Bipolar link dispersion factor 

CPT Capacitive wireless power transfer 

DC Direct current 

EMI Electromagnetic Interference 

EV Electric vehicle 

FEA Finite element analysis 

GaN Gallium Nitride 

HPT Hybrid wireless power transfer 

IPT Inductive wireless power transfer 

PWM Pulse width modulation 

RCM Reduced capacitance modelling 

SAE Society of automotive engineers 

SCM Six capacitance modelling 

SiC Silicon carbide 

UAV Unmanned aerial vehicle 

VA Volt Ampere 

WPT Wireless power transfer 

 

 

List of Symbols 

 

  

A Area  

b Aspect ratio 

C Capacitance 

Cm Mutual capacitance 

Cp Primary compensation capacitor at inductive link 

Cs Secondary compensation capacitor at inductive link 

d Distance between the interface 

D Displacement flux density 

dair Air-gap or power transfer distance 

DCPT Duty cycle for CPT PWM 

ds Separation distance between same side plates 

E Electric field strength 

f0 Resonant frequency (Hertz) 

fCPT Operation frequency of CPT 

fIPT Operation frequency of IPT  

fs Switching frequency (Hertz) 

k Coupling coefficient of IPT  



xviii 

 

kE Coupling coefficient of CPT 

L Inductance 

l length 

L1 Primary compensation inductor at capacitive link 

L2 Secondary compensation inductor at capacitive link 

Lm Mutual inductance 

LP Self inductance of primary coil 

LS Self inductance of secondary coil 

P0 Output power 

PCPT Power at the capacitive link 

PIPT Power at the inductive link 

q Charge 

Q Quality factor 

R0 AC equivalent of DC load resistance 

RL DC load resistance 

td Dead time  

V0 DC Output voltage 

Vc Terminal voltage at the capacitive link 

VCPT Peak voltage at the capacitive link 

Vdc DC input to inverter 

Vin Input voltage 

VIPT Peak voltage at the inductive link  

Vp Primary side peak voltage 

Vs Secondary side peak voltage 

w width 

  

휀0 Permittivity of free space 

휀𝑟 Relative permittivity 

ω0 Resonant frequency (radians/sec) 

ωs Switching frequency (radians/sec) 

ɳ Efficiency 

Ψ Displacement flux 

𝛿 Phase shift angle 



1 

 

Chapter 1. Introduction  

1.1 Wireless charging of electrified transport 

Production of Electric Vehicles (EVs) has exceeded 5.1 million in the year 2018, after 

surpassing 3 million and 2 million threshold in 2017 and 2016 respectively [1]. It is 

expected to continue the momentum at an even faster pace. Governments across the globe 

have set action plans for the rapid adoption of EVs. This will eventually witness the phasing 

out of internal combustion engines in the future. A major trial for the wide acceptance of 

EVs stems from the expensive and low energy density battery packs. The longer charging 

time, limited driving range and a shorter lifetime of batteries again slowed down the 

scenario. In the conductive/wired EV charging technology, where a cable is plugged in 

from AC/DC utility to the EV onboard charger, several fast charging options are reported 

[2]. The driver still needs to wait in front of the charging station, come out of the car and 

handle a heavy gauge cable that can cause tripping hazards. The conductive/wired charging 

infrastructures also occupy a substantial area on the sides of highways or parking lots. 

Mainly, wired charging does not give autonomous charging facility and the EVs must be 

equipped with heavy and expensive battery packs.  Here, the benefits of wireless charging 

are multifold. 

From the time Tesla demonstrated wireless power transfer with his highly resonant tesla 

coil, the way in which electricity was understood and used has been revolutionised [3]. The 

various techniques of wireless power transfer based on coupling of electric, magnetic or 

electromagnetic fields are proven good candidates for meeting specific requirements 

arising in high frequency/high power applications, like in electric transportation. Wireless 

power transfer involves the coupling of two or more coils at resonance frequency to transfer 
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maximum power. The two major near-field wireless power transfer technologies currently 

being studied in electric vehicle charging are inductive power transfer which uses the 

magnetic field coupling for the operation and capacitive power transfer that utilizes electric 

field coupling.  

Figure 1.1 depicts a general schematic of wireless power transfer (WPT) system by 

considering loosely coupled coil pair for inductive wireless power transfer, coupled plates 

for capacitive wireless power transfer or a combination of coil pair and plates to serve the 

hybrid power management. The EV carries the secondary coil and the primary coil is fixed 

on the surface of a parking space, or on the road. The primary side power is provided by a 

utility supply that can be DC from a battery or low frequency 60 Hz AC from a grid. If the 

utility is 60 Hz AC, a power factor correction rectifier is used, followed by an inverter. If 

the utility is DC, a high-frequency converter that is a high frequency inverter then generates 

a high-frequency voltage at a few tens of kHz. The high-frequency voltage generates high-

frequency current through a compensation network and primary coil. A primary 

compensation circuit aids to keep the primary input voltage and current in phase. This will 

minimize the reactive power component and thus the size of the high-frequency power 

converter. The energy from primary side is transferred to the secondary side either by 

means of magnetic coupling (through loosely coupled coil pairs) or by electric coupling 

 

Figure 1-1 General schematic of WPT system. 
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(through parallel plates) or by both. The secondary compensation circuit improves the 

power transfer capability of the system and processes the energy received by the secondary 

side. The voltage thus received is rectified and utilized to charge the batteries. The coupling 

provided by resonant inductive interface or capacitive interface thus decides the power 

transfer capability of the system with desirable efficiency values. 

The wireless chargers for electrified transport could be deployed in three modes of 

operation [2], [4], [5]. The first mode is by means of static wireless chargers that are 

installed in garages, office parking lots or any public/private charging lots. Since the 

chargers are built at the ground surface levels, it will not obstruct the driver’s view [6], [7]. 

The second mode is by utilizing quasi-dynamic charging in which the charging pads can 

be installed at bus stops, taxi ranks, traffic lights and even highway shoulders are also ideal 

for the installation for emergency charging [8]. The last mode is via dynamic wireless 

charging where the transmitter assembly is installed on the roads offering dedicated 

charging lanes [9], [10]. Thus, by creating frequent automated charging opportunities, 

reduced battery size and extended battery life will be a reality. Apart from being the 

convenient charging option, wireless chargers also provide inherent galvanic isolation 

between the vehicle side and the grid side. A fully automated wireless charging process for 

EVs thus proves to be the solution for drive range anxiety and battery overheads [11].  

1.2 Motivation 

 

In EV wireless power transfer technology, the power transferred from utility to vehicle 

side is generally by means of magnetic coupling, resulting in inductive-wireless power 

transfer (IPT). The DC source to DC load efficiency of an IPT system has reached 95% 

with 7 kW of output power at 200 mm power transfer distance or air-gap in a laboratory 
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prototype [16]. This efficiency is comparable to that of conductive EV charging. The 

system efficiency of commercially available stationary chargers has achieved 92% with a 

power level ranging from 3.3 to 10 kW at an air-gap of 610 mm [12], [13]. From the 

literature, it is clear that researchers have stabilized the outcomes in IPT for EV charging 

[14]. Various commercial products and standards in IPT technology are already in use from 

nearly two decades ago. However, several drawbacks require attention in this technology.  

Primarily, the interference caused by magnetic fields in nearby metals or electronic 

circuits creates eddy currents in them and in turn contributes to a significant rise in 

temperature. Researchers have adopted shielding techniques in order to limit the growing 

flux path around the charging pads [6], [13], [15], [16]. However, eddy currents generated 

in the metal debris caught in between the charging pads can cause a high temperature, thus 

leading to combustion hazard [17]. Secondly, the overall cost of IPT coupler interface is 

dependent mainly on three factors. First is the use litz wire in order to reduce the skin and 

proximity effect losses. Second is the placement of ferrite cores to direct the flux and third 

being the EMI shielding techniques adopted. There are several IPT research that focuses 

on the air-core/core-less implementation that utilizes magnetic field shaping techniques, 

but effective power transfer is less compared to core backed structures [18]. The cost will 

be significant when the infrastructure of a dynamic wireless charger needs to be laid, for 

example in millions of kilometers along highways [19], [20]. In Sweden, to power a 2 km 

road wirelessly, the cost incurred was €1 million/kilometer [21]. Nevertheless, IPT is a 

self-sufficient and promising technology. It has already evolved its coupling interface 

structures and resonant converter topologies to achieve highly efficient wireless power 

transfer in EV charging. 
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Recently, researchers started to employ capacitive-wireless power transfer (CPT) based 

on electric field coupling in high power applications essentially for EV charging [22]–[24]. 

This technology proved to be a good candidate in low power, low air-gap applications such 

as charging of biomedical and mobile devices in the last decade [25]. The power frequency 

product of the CPT system has increased ten times in this period. CPT technology is 

perceived as the dual of IPT technology. The capacitive compensation circuits in IPT 

systems and inductive compensation circuits in CPT systems achieve reactive power 

compensation, unity power factor, minimized VA rating of switches and maximizes 

efficiency of the WPT system [26], [27]. The main motives behind considering CPT 

technology for EV charging are the elimination of eddy current loss, low cost and weight, 

ease of implementation and enhanced misalignment performance [28]. These are 

substantial reasons for considering the CPT system an ideal candidate for efficient and 

cost-effective implementation in vast dynamic wireless charging. Having said that, the 

present CPT system has limits on surface power transfer density, which is the power 

transfer per unit area of the coupling interface, at higher air gaps compared to an IPT system 

[29]. Moreover, voltage stress reduction on plates and confinement of electric field 

emissions are two critical safety accepts that need to be effectively addressed to make CPT 

ready for commercial EV charging [30], [31]. 

It is clear that future developments in transportation electrification are centered on 

wireless charging to a certain extent. The inductive wireless power transfer system evolved 

greatly in the last two decades and achieved comparable outcomes with conductive 

charging. Its dual, capacitive wireless power transfer system made a gradual entry into the 

market with an aim to contribute towards a simple and cost-effective wireless charging 
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solution for EV at a comparable efficiency. A feasibility study and comparison based on 

various design and implementation characteristics revealed their benefits and limitations. 

1.3 Research goals and objectives 

 

The primary goal of this thesis is to design and implement a novel hybrid wireless power 

transfer system through combined arrangement of inductive and capacitive couplers. In 

addition the thesis aims to promote the use of CPT in vehicle charging applications as an 

alternative to IPT. To meet these goals several objectives are articulated. 

1. To identify the need for promoting CPT as an alternative to IPT 

The inductive link in a wireless power transfer (WPT) system, is widely accepted 

for medium power (<50 kW) and medium power transfer distance (100 mm-200 

mm) applications in static wireless charging scenarios. However, considering the 

dynamic wireless charging, the inductive link implementation for millions of 

kilometers is quite expensive due to the need for sophisticated resources. Therefore, 

relatively low-cost capacitive link, which initially focused on low power (<100 

watts), small distance (<10 mm) applications, has gained momentum and is 

explored for medium power (~3 kW), medium distance (~100 mm) applications. 

Through a relative analysis this thesis aims to find the significant roles played by 

inductive and capacitive AC link designs in static and dynamic expansion of 

wireless electric vehicle charging. 

2. To evaluate capacitive coupler geometry for low to medium power EV 

applications and  explore the influence of dielectrics in capacitive coupler 
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The value of coupling capacitance is dependent on the dielectric material used, area 

of the plates in the interface and distance between the plates. The thesis evaluates 

the influence of dielectrics on capacitive coupler interface for various air-gaps. The 

coupling interface can be arranged in different configurations such as row, column 

and matrix to achieve sufficient power transfer and is validated through the electric 

field analysis in JMAG finite element software. From the analysis of different 

coupling interfaces, matrix arrangement has a higher mutual capacitance than 

row/column structure. An increase in mutual capacitance is attained in all 

configurations if a high permittivity dielectric is employed between the coupling 

interfaces. 

3. To derive a reduced capacitance model for parallel plate configuration in 

CPT 

A reduced capacitance modeling for the CPT system is proposed which is suitable 

for large charging area applications like electric vehicle charging. Here, when the 

separation distance between the same side plate pair is large enough, the effect of 

cross-coupling capacitances diminishes and the analysis based on a reduced 

capacitance model (RCM) can be carried out. A bipolar capacitive link dispersion 

factor (BCD) is defined in this thesis to determine the suitability of the RCM. 

Further analysis showed that, RCM attains the unity gain and load-independent 

operation at designed resonant frequency. To validate the RCM analysis, a 

synchronous buck configured dual LC compensated topology is opted for the 

implementation of the CPT. The system is switched at 1.18 MHz, using GaN 

switches. The effectiveness of the reduced capacitance model is validated 
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experimentally for a power level of 100-200 W and the system achieved 72.12% 

efficiency at power level 114 W.  

4. To design and implement a hybrid inductive and capacitive system to achieve 

dual frequency operation, sharing of the system power, modularity and 

misalignment tolerance 

A hybrid wireless power transfer system (HPT) that uses both capacitive and 

inductive action, for shared power transfer is presented in this thesis. A three-leg 

inverter topology is used to realize this link independent HPT architecture. Two 

legs of the inverter, switched at 85 kHz, are used for inductive wireless power 

transfer (IPT) and the third leg, switched at 1 MHz, is used for capacitive wireless 

power transfer (CPT). The three-leg inverter module is realized using SiC and GaN 

switches. The dual switching frequency operation of the converter, is the novelty in 

the proposed topology. It also enables independent compensation techniques to be 

adopted for IPT and CPT systems bringing the modularity feature in the hybrid 

wireless power transfer link. The circular inductive link outer diameter is 460 mm 

and the parallel plate capacitive link dimension is 600 mm x 600 mm. The power 

transfer distance is 100 mm at both links. The output power ratio between inductive 

link to the capacitive link in this HPT system is 2:1. The effectiveness of the 

proposed topology is validated experimentally and the system prototype achieved 

85% efficiency at a power transfer level of 500W. The advantages of this HPT 

system are modular link architecture, improved misalignment performance and 

distinct frequency of operation for each link which allows inductive link to meet 
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the SAEJ2954 standard limits compared to the existing HPT systems proposed for 

electric vehicle (EV) charging. 

1.4 Thesis organization  

 

The thesis outline is as follows: 

Chapter 1 presents a brief introduction to wireless charging of electrified transport and 

the motivation behind selecting the IPT and CPT technologies. Then the research goals and 

objectives are defined in this chapter. 

Chapter 2 deliberates a comprehensive study of inductive and capacitive AC links on 

various aspects like coupler configurations, static and dynamic charging, standards and an 

It gives an insight on utilizing the capabilities of both technologies mutually for the 

enhancement of wireless EV charging. 

Chapter 3 discusses the influence of the coupler geometry and the role of dielectrics for 

low to medium power CPT systems. 

Chapter 4 presents a reduced capacitance model and introduces a bipolar capacitive link 

dispersion factor. A synchronous buck configured dual LC compensated topology is opted 

for the implementation of the CPT to validate the model. 

Chapter 5 discusses the design and implementation of a hybrid inductive and capacitive 

system to achieve dual frequency operation, sharing of the system power, modularity and 

misalignment tolerance. 

Chapter 6 summarizes the contributions in the thesis with an insight into the future 

works. 
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Chapter 2. Comprehensive review of inductive and capacitive AC links  

2.1. Inductive wireless power transfer 

 

2.1.1 IPT System Block Diagram 

The architecture of an inductive wireless power transfer system for EVs is as shown in 

Figure 2.1. It consists of low frequency to high frequency power conversion stage followed 

by primary compensation network and coupler interface at the primary side/ground 

assembly. Thus creating a resonant tank at the primary side. At high power and frequency 

levels, as the leakage inductance is high, to attain the desired power level, current needs to 

be increased. This will create conduction losses in the system in addition to the existing 

reactive power. Thus, the Volt-Amp (VA) rating of the inverter needs to be increased if 

there is no adequate compensation. In order to achieve stable soft switching, the inverter 

switching frequency is kept slightly different from the resonant frequency. Therefore, 

compensating the primary reactive power reduces the VA rating of the inverter switches, 

enables soft-switching operation of the switches to reduce switching losses and prevents 

 

Figure 2-1 IPT system block diagram. 
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the harmonic propagation in the circuit due to its filtering function. At the vehicle side, a 

secondary compensation network and rectifier follow coupler interface to the load. Here, 

the secondary circuit operates at resonant frequency to improve the power transfer 

capability of the system [6], [27], [32]. 

2.1.2 Inductive Coupler Structures 

 

The inductive AC link design is mainly categorized in this thesis into non-planar 

couplers and planar couplers. In non-planar couplers, the link structure is developed around 

different shapes of cores and named after that. In planar couplers, the link is constructed 

and named based on the geometry of the coil structure. However, in some cases, coil 

structure is named after the way the magnetic field is generated. This is further classified 

into polarized and non-polarized designs based on the shape of the magnetic path. The 

recent research focusing on air-core/ferrite-less construction of inductive coupler is also 

discussed in this section. 

 
                            (a)                       (b)       (c)        

 
                                                     (d)                     (e)             

Figure 2-2 Non-planar couplers.       
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2.1.2.1 Non-planar Couplers 

The conventional magnetics design of ferrite core based couplers enhances the coupling 

coefficient between primary and secondary windings. It reduces unwanted stray magnetic 

radiation in addition to improving coupling efficiency with low eddy current and hysteresis 

losses in high frequency application [33], [34].  

In Figure 2.2, the primary and secondary winding on various geometries based on E-E, 

I-I, U-U, E-I, U-I ferrite core combinations are given. For the EV charging application, 

ferrite core prominent structure can compromise the ground clearance due to the ferrite 

thickness and in order to accommodate the charger, EV chassis modification is necessary. 

However, bumper to wall charging option is possible without any extensive modification 

to EV chassis. Therefore, non-planar couplers are useful for wireless charging of electric 

             
                                    (a)                                                        (b) 

 
                                                              (c)  

Figure 2-3 Common non-polarized planar coupler. (a) Circular. (b) Square. (c) 

Rectangular. 
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golf carts, mine carts, etc. In [33] paddle and disc type ferrite core structures are 

investigated in which disc type design has reduced weight and better coupling efficiency. 

2.1.2.2 Planar couplers 

 

2.1.2.2.1 Non-polarized Charging Pads 

The common coupler structures in the non-polarized charging pads are circular, square 

and rectangular shaped pads, Figure 2.3. The couplers can be designed without ferrite cores 

(air-core) for power ratings in the range of hundreds of watts. For higher power 

applications, the flux lines are guided from the primary to secondary by adding ferrite bars. 

The optimum arrangement of ferrite bars channels the flux lines and increases the coupling 

[35]. Hence, magnetic field direction in these structures is single-sided which means flux 

lines are entering and leaving from one side [36]. The leakage flux is then shielded using 

 

                              (a)                                   (b)                   (c)        

 
                                (d)                                                     (e)     

Figure 2-4 (a) Horizontal X direction misalignment. (b) Horizontal Y direction 

misalignment. (c) Horizontal XY direction misalignment. (d) Vertical or Z direction 

air gap variation. (e) Inclined.              
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aluminum plates, by placing coils and ferrites on the shielding plates [15]. This minimizes 

any interaction of magnetic flux with the surroundings. Misalignment positions and air 

gap/ground clearance variations are given in Figure 2.4. The horizontal or parallel 

displacement positions can be in the X direction, Y direction and XY direction, Figure 

2.4(a)-(c). The vertical or perpendicular displacement in the Z direction is also termed as 

power transfer distance or air-gap, Figure 2.4(d). Due to uneven loading or a flat tire, the 

receiver at the vehicle side can have a tilted/inclined position as well, Figure 2.4(e). 

The circular coupler has the same tolerance to misalignment in all directions or it is non-

directional [37]. The square and rectangle shaped couplers increase the flux area and their 

cost-effective design has better power transfer capability [38]. The single-sided and 

 

                              (a)                                                          (b) 

 

                                                            (c)  

Figure 2-5 Magnetic flux pattern. (a) Perpendicular – single sided. (b) Parallel – single 

sided. (c) Flux pipe – double sided. 
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double-sided magnetic flux pattern are given in Figure 2.5. In non-polarized coupler 

designs, the perpendicular/vertical flux component, Figure 2.5(a), alone is generated and 

coupled. The flux lines leaving from the primary side of the coupler are travelling 

perpendicular to the surface while entering the secondary side. The distance, flux travels 

from transmitter to receiver is dependent on the size of the transmitter pad and is defined 

as flux path height. The flux path height in non-polarized coupler design is a quarter of 

transmitter pad length and thus has a lower coupling coefficient. In the mutual coupling 

profile, circular couplers exhibit magnetic null due to flux cancellation at 40% horizontal 

X direction misalignment [35]. 

2.1.2.2.2 Polarized charging pads 

The parallel/horizontal component of flux, Figure 2.5(b), is utilized in these types of 

charging pads and are derived from flux pipe or solenoidal field design.  A flux pipe 

channels flux along a maximum length of ferrite to increase the flux path height by 

connecting two coils in parallel on the charging pad, to lower the inductance seen by the 

power supply.  The mutual flux path extends from one end of the pole to the other. The 

main advantage is that the height of the flux path is half of the pad length and therefore it 

has a higher horizontal X direction misalignment tolerance. This design has a double-sided 

flux path as shown in Figure 2.5(c). 

The rear side flux is shielded using aluminum plate. However, the high frequency 

magnetic flux creates eddy current losses in the shield.  This adds to the total losses in the 

system. Thus reducing the quality factor as it is an indication of how much energy is placed 

in storage (continual transfer from one reactive element to the other) compared to that 

dissipated in resistive element. The system power output is proportional to quality factor, 
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hence affecting the efficiency of the system.  The structure derived from the flux pipe is 

aimed to generate a single-sided flux with the same flux path height as that of flux pipe is 

the Double D (DD) pad, Figure 2.6(a). Here, two D shaped coils are magnetically in series 

and are placed above ferrite bars, generating only a single-sided flux path [35], [36].  

DD pads are non-interoperable with non-polarized circular pads and have a magnetic 

null due to flux cancellation when horizontal X direction misalignment is ~34%. A double 

D quadrature pad (DDQ), Figure 2.6(b) is derived from DD by adding a quadrature coil 

below the DD coils in the center. Thus, both vertical and horizontal component of flux is 

captured and thereby avoiding power nulls with horizontal displacement. Hence, it has a 

higher misalignment tolerance in horizontal X and Y directions. However, in order to excite 

the DDQ charging pad, two synchronous inverters at primary and two synchronous 

rectifiers at the secondary side are required. The DDQ charging pad can generate polarized 

 

(a)  (b) 

 

(c) 

Figure 2-6 (a) DD pad. (b) DDQ pad. (c) Bipolar pad. 
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or parallel, non-polarized or perpendicular or both components of flux depending on the 

excitation of the DD and Q coils [39].  

A bipolar pad (BP) design, Figure 2.6(c) proposed in [40] has two identical mutually 

decoupled coils that overlap at the center and are placed over the ferrite core. The coupling 

coefficient and misalignment tolerance of BP are equivalent to DDQ pad. The BP design 

has a similar performance to DDQP, but it is simpler to construct and uses less amount of 

copper. In [29], a compact and efficient BP design is outlined which integrates the planar 

type compensation inductors into the DD pads to share the cores. In [41], intermediate 

embedded couplers are proposed to increase the coupling from primary to secondary pads. 

A coplanar, independently tuned intermediate coupler based on two coil and three coil 

structures has improved the efficiency of this system. 

2.1.2.3 Ferrite-less structures 

 

Ferrite-less pads are an effective alternative to ferrite dependent designs. Increased 

mechanical robustness makes it practically more oriented to dynamic wireless EV charging 

applications [10], [42]–[44]. Ferrites were deployed to boost the power transfer and reduce 

the leakage flux in WPT systems. However, ferrites are brittle in nature, expensive and 

losses in these cores at high power can aid in the thermal runaway of the WPT system. In 

[44], the leakage EMF outside the primary and secondary pads are mitigated by means of 

out of phase flux cancellation coils. By combining a conductive plate and flux cancelling 

resonant coil, the leakage flux in large air gap applications is controlled [18]. A similar 

approach where only an inductive coil connected in series-opposing configuration with the 

main coil is designed to minimize the flux beneath the charging pad and outside the 
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charging area is introduced in [43]. Even though ferrite-less pads promises a reduction in 

leakage flux, it adversely affects the coupling factors thus cannot effectively contribute to 

the power transfer capability of a WPT system. Another solution is to keep only the 

transmitter coil ferrite less which ensures cost reduction and robustness [10], [42]. 

2.1.3 Inductive Coupler Structures for Dynamic Wireless Chargers 

Wireless power transfer in EVs can happen through static or dynamic modes [2], [5], 

[7]. In static wireless charging, the vehicle is stationary and aligned above the charging 

link. The coupler designs for static wireless chargers are suitable to be installed in public 

charging stations, house garages, office and mall parking lots etc. When the vehicle charges 

on the go, it is termed as dynamic wireless charging which is a very effective method of 

wireless power transfer. It can eliminate the range anxiety problem in an EV and reduce 

the size of batteries utilized. The long track power rails, short segmented and segmented 

power rails are different types of dynamic mode coupler structures. 

2.1.3.1 Short Segmented Couplers with Individual Power Supply 

The magnetic couplers discussed in static wireless charger section can be employed here 

as well due to the availability of individual power supply for each short segments, Figure 

 

Figure 2-7 Short segmented couplers with individual power supply.                 
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2.7. The power pads will be energized only when a wireless EV passes over it [6], [13], 

[45]. The advantages of short-segmented couplers are efficiencies up to 93% for power 

levels of 22 kW, compact structure, reduced leakage EMF and high reliability. Due to the 

short segment implementation, the challenge is in designing the automatic detection system 

to energize the required segment and it also involves high construction and maintenance 

cost.  

2.1.3.2 Long Track Loop Power Rail Couplers with Centralized Power Supply 

A basic long track loop power rail with two wires forming a loop without any magnetic 

material adopted for roadway powered EVs is depicted in Figure 2.8. Korea Advanced 

Institute of Science and Technology (KAIST) initiated this model in On-Line EV 

generations (OLEV- 1G-5G) for on the go EV charging [13], [20]. The misalignment 

performance of the power rail is improved by adding magnetic material with different core 

shapes to direct the flux towards the secondary. Different core shapes E, I, U, W and S type 

are employed for power supply rail and a comparison is provided in [4].  

 

 

Figure 2-8 Long track loop power rails with centralized power supply rail. 
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The earlier pick-up designs were experimental and generally flat type, E type and U type 

were chosen in order to easily adopt into the existing infrastructure [46], [47]. Later, the S 

type pick up gave an enhanced power density, however, the core fabrication is complex 

[20]. To enhance the lateral misalignment performance, a quadrature pick up (E type with 

additional coil) is introduced in [48]. 

 

 

Figure 2-9 Segmented couplers with distributed switch box. 

 

Figure 2-10 Segmented couplers with centralized power supply and distributed 

converters. 
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2.1.3.3 Segmented Power Rails with Centralized Power Supply 

To improve the energy utilization and to reduce leakage EMF, instead of long power 

rails with centralized supply, segmented power rails are proposed. This has many sub rails 

that can be activated through a distributed switch box as required, which is fed from a 

centralized power supply as shown in Figure 2.9. The switch box controls the activation of 

each segment as the vehicle approaches and deactivates the segment once the vehicle 

passes over it. The energy consumption and losses are reduced over the entire length by 

modifying this infrastructure with distributed converters, as given in Figure 2.10, which 

are fed from centralized at the expense of construction cost and complexity [49]. 

2.2. Capacitive wireless power transfer system 

2.2.1 CPT System Block Diagram 

A CPT system depicted in Figure 2.11, is energized from a high frequency voltage 

source at the primary, which drives the capacitive coupler.  The various types of high 

frequency inverters used in the primary side are voltage fed full/half bridge resonant 

converter, current fed push-pull resonant converter and class E converter [28]. The 

 

Figure 2-11 CPT system block diagram. 
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capacitive coupler allows the displacement current to flow through it acting as an energy 

transfer medium. The coupler structure and alignment conditions determine the capacitance 

of coupling plates that decides the power transfer capacity. Depending on the application, 

a capacitive coupler structure can be implemented in different configurations. 

The coupling capacitance is in the range of tens-hundreds of pF for large air-gap 

application. It depends on the plate area, distance, and the dielectric material (typically air 

for large distance/air-gap application) between the plates. The permittivity constant ε0 of 

air is as small as 8.85 × 10−12 F/m coupled with large air-gap operation limits the value of 

coupling capacitance.  Therefore, the compensation network and the coupler forms a 

resonant tank, to produce high voltages on the plate to generate sufficient electric fields for 

power transfer. Since the capacitance is small (~pF), by increasing the resonant frequency 

range (~MHz), the resonant inductor value can be kept low (~µH). At the secondary side, 

a compensation circuit follows the coupler structure.  

2.2.2 Capacitive Coupler Structures for WPT 

For the capacitive AC link design, coupling interface at the primary and secondary side 

includes metal plates that are coated using a suitable dielectric/insulator separated by an 

air-gap [22], [50]. This type of link design, with horizontal or vertical parallel plate 

structures in general, is simpler and cost-effective compared to the litz-ferrite combination 

[23], [51], [52]. The value of the capacitance that is obtained between the coupling plates 

directly impacts the maximum power transferred and efficiency of the system. It depends 

primarily on the structure and the distance between the plates. The capacitive link is mainly 

classified as parallel plate and non-parallel plate structures. For high power EV charging 

applications [53], parallel plate structures are popular in the literature. However, a non-
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parallel plate deformed architecture is recently employed with minimum spacing between 

the plates [23]. In the following section, these structures are discussed. 

2.2.2.1 Parallel Plate Structures 

The parallel plate structures are generally implemented in the rectangular/square and 

circular/disk type architecture as given in Figure 2.12. The parallel plate architecture is 

constructed in general with at least two plate pairs forming a bipolar or unipolar 

configuration. In a bipolar configuration, both plate sets are active and contribute to the 

wireless power transfer. When both pairs are active, each pair forms a main capacitance in 

series to complete a power transfer loop as given in Figure 2.13 (a).When one pair is active, 

it gives rise to unipolar configuration and the  power loop is completed by the passive 

plates, Figure 2.13 (b). 

 

 

                                    (a)                               (b)  

 

                                            (c) 

 Figure 2-12 Parallel plate structures. (a) Rectangular plates with single 

dielectric. (b) Dielectric coated Rectangular plates with air-gap. (c) Circular or 

disk plates. 
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2.2.2.2 Non-parallel Plate Structures 

In non-parallel plate structures, at least one of the plates of the system is either inclined 

or deformed as shown in Figure 2.14. The inclined structure in Figure 2.14 (a) is formed 

when the secondary plate is inclined at an angle Ө with respect to the primary. The 

 

(a) 

 

(b) 

 Figure 2-13  (a) Unipolar configuration. (b) Bipolar configuration. 

 

                                      (a)                                   (b) 

 

                                            (c) 

Figure 2-14 Non-parallel plate structures (a) Inclined. (b) Deformed-flexible. (c) 

Deformed- rigid. 
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deformed construction can either provide a more flexible or rigid deformation as given in 

Figure 2.14 (b) and (c). The flexible structure, Figure 2.14 (b), can adhere well in front of 

an EV, where the capacitance decreases from the center to outwards. A conformal 

transmitter that molds and contours itself at the front end of the vehicle with high capacitive 

coupling was demonstrated for a 1 kW EV charging application [23]. 

2.2.3 Long-distance and Dynamic CPT 

For long-distance power transfer in CPT, repeater systems are proposed in [54] which 

consists of a transmitter energized from the source and multiple receiver plates that act as 

repeaters. A unipolar configuration in Figure 2.15 with two active plates at each stage and 

passive plates at a common ground for the current return path can serve as a quasi-wireless 

repeater system. However, a bipolar repeater system with four active plates and isolated 

multiple stages can serve as pure wireless repeater system.  

A dynamic capacitive coupling system is demonstrated in [55]. When the 

secondary/receiver moves along primary/transmitter track, the output power remained 

within ±4.0% of the nominal power. The system reduced the receiver power pulsations, 

which in turn improves the battery lifetime. In [52], the concept of dynamic charging is 

 

Figure 2-15 Multistage electric field repeater system. 
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extended to railway charging application by means of high voltage ground side or overhead 

parallel plates. A 230 mm vehicle prototype received about 700-W power through a 24-pF 

coupling capacitor on a 1500 mm track.  

2.3. Comparative Discussion  

In this section, a comparison between inductive and capacitive AC link, based on their 

benefits and challenges is given. This section identifies the potential research gaps in this 

area and ascertains the evolution of hybrid inductive and capacitive link. 

2.3.1 Frequency and Power Levels 

The important standards defining the wireless power transfer system are defined in 

Table 2.1. They are SAE J2954, IEC 61980 part 1 and 2, ISO/AWI PAS 19363 and UL 

2750 [14], [56]–[58]. 

 

Table 2-1 Relevant Standards in Wireless Charging 

Standards Description 

SAE J2954 
Wireless power transfer for light-duty plug-in/Electric 

vehicles and alignment methodology 

IEC 61980 

Electric vehicle wireless power transfer (WPT) systems 

Part 1: General requirements 

Part 2: Specific requirements for communication between 

electric road vehicle (EV) and infrastructure with respect to 

wireless power transfer (WPT) systems 

Part 3: Specific requirements for the magnetic field power 

transfer systems 

ISO/AWI PAS 19363 
Electrically propelled road vehicles - Magnetic field wireless 

power transfer - Safety and interoperability requirements 

UL 2750 Wireless charging equipment for electric vehicles 

UL 2750 Wireless charging equipment for electric vehicles 
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For the IPT system, the SAE J2954 defines specific criteria for interoperability, 

electromagnetic compatibility, minimum performance, safety and testing for static wireless 

charging of light duty electric and plug-in electric vehicles. Following a common design 

guideline will ensure the interoperability of various wireless charging infrastructure among 

manufacturers in different nations. Table 2.2 shows power level and operating frequency 

standards for static wireless power transfer charging as defined in SAE J2954 technical 

information report [14]. The SAE J2954 standard insists the use of a single nominal 

frequency of 85 kHz and for systems that compensate various operating variations must 

achieve tuning in the frequency band as given in Table 2.2. The signaling and 

communication protocols between wirelessly charged electric vehicles are discussed in 

standards SAE J2847/6 and SAE J2931/6 [59], [60].  

CPT system is recently applied to wireless EV charging in laboratory settings. Hence, 

power and frequency ranges have not yet been standardized.  

Table 2-2 Static Wireless Power Transfer (IPT) Charging - SAE J2954 

WPT Levels 1 2 3 4 

Frequency band (kHz) 81.39  – 90 (typical 85) 

Maximum AC input power 

(kVA) 
3.7 7.7 11.1 22 

Minimum target efficiency at 

nominal x, y alignment (%) >85 >85 >85 TBD 

Minimum target efficiency at 

offset position (%) 
>80 >80 >80 TBD 
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2.3.2 Reactive Power Compensation 

AC link design is incomplete without compensating for the link reactive power. To 

minimize the VA rating of the power supply, adequate compensation is required that will 

also ensure unity power factor operation of the system. The compensation networks are 

then selected based on the constant current or constant voltage output to address the battery 

charging requirements in the WPT system.  

In resonant circuits, even if the system is tuned to resonant frequency or zero phase angle 

frequency, due to sudden parameter variations, this frequency is split into multiple resonant 

frequencies. This phenomenon is called bifurcation and it decreases the system voltage 

gain. Therefore, an important design requirement here is to make the circuit bifurcation 

free and it depends on the coupling coefficient and quality factor at the secondary side  

[32], [61], [62]. In the CPT system, the compensation circuit helps to achieve sufficient 

plate voltages for effective power transfer in addition to improving the coupling coefficient 

[63], [64]. The compensation topology adopted in some of the relevant WPT research is 

given in Table 2.3. 

2.3.3 Efficiency   

In large air-gap applications, maximum achievable efficiency is dependent on the 

coupling coefficient, primary and secondary quality factors and the optimum load ratio in 

both WPT systems. Thus, it is primarily dependent on the switching frequency of the 

inverter, AC link parameters and compensation circuit design. In order to increase the 

efficiency and power levels in a CPT system, high switching frequency operation and 

advanced compensation circuit design to improve the coupling capacitance for large air-

gap are adopted. As the operation frequency of IPT systems is less compared to CPT 
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systems, with the basic compensation circuits efficiency levels greater than 90% is obtained 

[65]. 

 The CPT system is high voltage and low current driven circuits and hence conduction 

losses from coupler material are less compared to the IPT system [64]. This also means 

reduced heat generation, which is an added advantage in all charging applications 

especially in biomedical devices [66]. High frequency magnetic fields in an IPT system 

generates eddy current losses in the nearby metal objects which causes a significant 

Table 2-3 Comparison of IPT and CPT Systems 

WPT 

Technology 

Power 

level 

(kW) 

Frequency 

(kHz) 

 

Power  

Converter 

 

 

Compensation 

Topology 

Power 

Transistor 

technology 

Ref. 

IPT 

3.6 40 Full Bridge SS Si MOSFET [120] 

3.3 23 Full Bridge SP SiC MOSFET [104] 

2.1 100 Full bridge SS GaN GIT [105] 

7.7 79 Full Bridge LCC Si MOSFET [107] 

5.6 95 Full Bridge LCC SiC MOSFET [29] 

50 85 Full Bridge SS SiC MOSFET [68] 

5 140 Full Bridge SS 

Hybrid SiC 

MOSFET 

& Si IGBT 

[106] 

CPT 

1.00 

 

200 

Single active 

switch PWM 

converters 

SS SiC MOSFET [109] 

1.00 530 Class E2 SS SiC MOSFET [23] 

1.97 1000 Full Bridge LCL SiC MOSFET [31] 

2.4 1000 Full Bridge LCLC SiC MOSFET [64] 

1.0 1000 Full Bridge CLC SiC MOSFET [30] 

0.7 2000 

Half Bridge 

Transformer 

based 

CLLC SiC MOSFET [52] 

0.557 6780 Full Bridge LC GaN FET [110] 

0.884 13560 Full Bridge LC GaN FET [69] 
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temperature rise in low to high power applications especially in EV charging application 

where power transfer is in kW range.  

On the contrary, the electric field cannot create eddy currents and it penetrates through 

the metal objects. The inverter switching losses in the CPT system is higher due to its high 

switching frequency (~MHz) operation compared to the IPT system that operates in the 

range of 20-150 kHz.  

The use of wide-bandgap semiconductor devices such as Silicon carbide, Gallium 

nitride with their lower gate charge and ON-resistance offers lower switching and 

conduction losses as compared to Silicon power transistors. The lower losses allow 

utilization of lightweight and inexpensive heat dissipation components. The size of 

compensation circuit components are also reduced owing to the higher operational 

frequency, however increasing the frequency above a certain limit causes switching losses. 

Therefore, recent WPT technologies are rapidly adopting these devices for increasing 

overall system efficiency and power density.  

2.3.4 AC Link Power Transfer Density 

The AC Link power transfer density can be enumerated as surface and volume power 

transfer density. The former is the power transfer per unit area (kW/m2) and later is the 

power transfer per unit volume (kW/m3). Since the thickness of both couplers is small and 

comparable (~2-4 mm), it is generally omitted in power transfer density calculations, 

resulting in only surface power transfer density measurements. However, volume power 

transfer density can be defined by incorporating the power transfer distance or air-gap into 

consideration in addition to the coupler plate area [67]. This is an important design 
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specification to evaluate the readiness of IPT and CPT system for practical applications 

and quantifies the compactness of a system. The best reported surface power transfer 

density in IPT systems is 160 kW/m2 [68]. In earlier coupler designs, CPT systems’ surface 

power transfer density values were low. This is because of the low coupling capacitance 

(~pF) across a power transfer distance in the range of ~100 mm and premature dielectric 

breakdown at the corners of the plates. Recently, CPT systems improved performance by 

utilizing multi-megahertz switching frequency operation accompanied with innovative 

compensation network and PTFE enveloped circular coupler design as employed in [69], 

[70]. Table 2.4 summarizes surface power transfer density comparison of IPT and CPT. 

Table 2-4 AC Link Power Transfer Density Comparison in IPT and CPT Systems 

WPT 

Technology 

Power 

level 

(kW) 

Frequency 

(kHz) 

Coupler 

transmitter 

size 

(mm  mm) 

DC-DC 

efficiency 

(%) 

Surface 

power 

density 

(kW/m2) 

Air-

gap 

(mm) 

Ref. 

IPT 

7.7 85 500  500 95.2 30.8 150 [108] 

7.7 79 600  800 96 16 150 [107] 

50 85 410  760 95 160 160 [68] 

CPT 

2.4 1000 

 

610   610  

 2# 

 

90.8 6.4 150 [64] 

0.589 6780 
122.5  

122.5  2# 
- 19.6 120 [111] 

0.884 13560 

138 mm 

diameter 

circular*
  2# 

91.3 29.5 120 [69] 

1.125 6780 

138 mm 

diameter 

circular*  2# 

85 37.5 120 [70] 

1.217 7420 

122.5 mm 

diameter 

circular*  2# 

74.7 51.6 120 [70] 

# Quantity * plates enveloped in 254-m of PTFE (polytetrafluoroethylene) 
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2.3.5 Voltage Stress on the Link 

In IPT systems, the high frequency currents through the coupling coils generate heat and 

in turn losses. As the higher currents can increase the power transfer levels in an inductive 

link, there exists a tradeoff. Therefore, in high power application (~50 kW), forced air 

cooled inductive couplers are adopted [68]. Similarly, in capacitive couplers, the plate 

voltages need to be high enough (~1000s of volts) to establish an effective wireless power 

transfer.  

In [71], a two-plate capacitive coupler implementation is proposed that utilizes a 

unipolar column interface with two active plates and two passive plates. The passive plates 

are vehicle chassis and earth ground. Here the voltage build-up on the vehicle chassis is 

proved to be limited to 8.35V in a 3 kW CPT system when the switching frequency is 6.78 

MHz. Therefore, the AC link stresses can be reduced by controlling the switching 

frequency, improving the coupler design and optimizing the compensation topology [30].  

2.3.6 Output Power Pulsation in Dynamic Wireless Charging 

Dynamic wireless charging promises the quick adoption of EVs. As discussed in the 

previous section, the two implementations of dynamic wireless transmitters are either long 

track loop transmitters or short segmented transmitters. The short segmented transmitters 

have higher efficiency and reduced field emissions. However, the technology suffers from 

high power pulsations at the output during the charging process which decreases the 

lifespan of EV batteries  [49], [72].  

By buffering the incoming power pulse with a super capacitor (SC) and then feeding it 

to the battery pack is a popular technique to reduce the power pulsations [9], [72]. The 
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placing of SC directly at the EV DC bus cannot utilize the energy storage capability of the 

SC in contrast with the designs using a dedicated DC-DC converter that utilizes the entire 

voltage range of SC, but with increased component count and complexity. There also exists 

excessive stress on the grid at the transmitter side during the dynamic wireless power 

transfer. Adding an SC on the transmitter side, serves as an energy buffer and reduces 

harmonic currents in the AC grid. The use of SCs as energy buffers on transmitter and 

receiver of a dynamic wireless charging system reduced harmonic currents in AC grid as 

well as smoothened the battery charging current at ORNL (Oak Ridge National Laboratory) 

facility [9]. 

2.3.7 AC Link Structure  

AC links must be designed not only to have excellent electrical and magnetic 

performance, but they also must be extremely rugged to survive the vibrations on roads in 

order to be integrated into the existing roadway infrastructure. In addition, they should be 

cost-effective, interoperable, and require minimal maintenance, to cope with the fast 

changing automotive technologies. Therefore, the materials used for building the AC link 

interface must be carefully selected, designed, tested and implemented. In inductive links, 

brittle and expensive ferrites are used to direct the magnetic flux and thus to boost the 

power transfer. In addition, aluminum plates are employed for shielding unwanted flux 

from the top surface of the receiver which can interact with the human body and other 

electronic circuitry in the vehicle. In capacitive links, the link interface is easier to be 

incorporated into the roadway infrastructure as its only two conductive plates usually made 

with aluminum or copper and the shielding is inherently provided by the passive ground 

plates. 
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A simple and cost-effective implementation of the link is the key to promote wireless 

charging technology for EVs extensively. In the case of IPT implementation, at high 

frequency (~100s of kHz), skin effect becomes prominent and expensive.  

Litz wire is used to build the coils to reduce this effect and further the magnetic flux is 

guided by bulky and costly ferrite cores. This increases the overall system weight and 

construction cost for the IPT system [73]. The coupling plates in the CPT system are 

implemented using aluminum or copper sheets of ~2 mm thickness, thus offering a simpler, 

low weight and cost-effective solution [24]. The energy transfer is through an electric field, 

which confines between the metal plates. Unlike IPT systems, the shape of the coupler was 

not of concern in earlier CPT designs as long as the effective area of implementation 

remained the same. However, recent research in [70] concluded that, poor power transfer 

density in large air-gap, kW scale CPT system was due to the premature dielectric 

 

Figure 2-16 AC link construction cost factors. 
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breakdown of air at the corners of square plates and the use of circular plates improved the 

scenario significantly as summarized in Table 2.4. 

2.3.8 Link Construction Cost Factors 

The construction cost of the AC link is decided by the use of specialized technological 

factors involved in fabricating each structure. The inductive link requires litz wire, ferrite 

cores, and metal shielding whereas capacitive link needs only metal plates in the 

transmitter-receiver assembly. In Figure 2.16, author attempt to give cost factor analysis 

based on the essential resources to manufacture these links. Here, the cost involved per 

material is considered as unit cost on Y axis in order to simplify the representation. The 

cost factors involved for link design are three times more for IPT link compared to CPT 

link. 

2.3.9 Misalignment Tolerance 

The power transfer efficiency is dependent on the relative positions of the transmitter 

and receiver of a WPT system. Thus, power transfer decreases with the horizontal or 

Table 2-5 Misalignment Performance Comparison in IPT and CPT Systems 

WPT    

Technology 

Power 

level 

(kW) 

Coupler 

size 

(mm  mm) 

Maximum DC-

DC efficiency 

achieved 

(%) 

Horizontal 

Misalignme

nt (mm) 

Efficiency at 

horizontal 

misalignment 

(%) 

Ref. 

IPT 3.5 450  450 95 

150 in X 

direction 

56 

 
[76] 

150 in Y 

direction 
82.6 

CPT 2.4 610  610 90.8 300 89.4 [64] 

HPT 

IPT 2.16 300  90 94.89 200 38.5 

[94] 
CPT 

0.84 610  610 

(o)* 

457  457 (i) 

93.04 200 80.2 

*The CPT coupler is in 4X1 column arrangement (o)-outer plate (i)-inner plate 
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vertical misalignment as pointed out in section 2.1. That means in an EV charging scenario, 

different ground clearance or misaligned parking of the vehicle causes lower power 

transfer, reduced efficiency and prolonged charging time. Therefore, an improved coupler 

design along with enhanced compensation circuit topology can give high tolerance to 

misalignment and ground clearance variations [74]–[76]. Table 2.5 reveals CPT system has 

better misalignment tolerance than IPT system. For the comparable dimensions and 

misalignment distance, power transfer in the CPT system is 33% more than the IPT system. 

This result is very important in EV charging application where misalignment of primary 

and secondary circuits are unavoidable.  

2.3.10 Interoperability of Couplers 

When the WPT systems are commercialized, the charging pads or couplers of various 

shapes must be compatible to each other. In IPT systems, the polarized DDQ and bipolar 

pads are interoperable with other pad types as they generate both horizontal and vertical 

components of flux. In [36], it was found that the DD-DDQ pad interface could achieve 

higher coupling and a five times larger coverage zone for charging compared to circular 

pad system. This interface does not have any net zero flux or null region. The bipolar pads 

are operated as non-polarized or polarized depending on the phase excitation of its coils. 

However, the non-polarized pad designs exhibited low coupling coefficient during 

interoperability [77]. The CPT couplers are metal plates and it is not affected by any 

charging pad compatibility issues. The coupling efficiency is only related to the total 

overlap area of the conductive plates. 
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2.3.11 EMF Exposure Limits 

If the couplers are very close (less than 1 mm), the electric field in CPT are confined 

within the area enclosed and the leakage field is negligible in the surroundings. The slight 

presence of leakage flux in IPT systems in close coupling application can also be handled 

effortlessly depending on the shape of the coils, presence of ferrite or by shielding. 

However, for EV charging application, as the coupling distance is larger (100 mm-200 

mm), the radiations are significant and must be effectively shielded. The shielding is 

achieved in a CPT system through proper grounding unlike the metal shielding 

infrastructure needed in the IPT system.  

The ICNIRP 2010 guidelines and IEEE C95.1, 2005 (amended in 2019) standard have 

set the limits of maximum permissible exposure, which should be monitored while 

designing and testing the wireless power transfer systems and are given in Table 2.6 and 

2.7 [78]–[80]. Therefore, adverse safety effects of electromagnetic radiations emitted from 

Table 2-6 Maximum Permissible Exposure to Electric Field IEEE C95.1, 2005 

Frequency range (MHz) 

E (RMS) (V/m) 

General 

public 

Persons in controlled 

environments 

0.1-1.34 614 1842 

1.34-30 823.8/fMHZ 1842/fMHZ 

 

Table 2-7 EMF Exposure Reference Levels - ICNIRP, 2010 

Entity RMS level Peak level 

Magnetic field 27 µT or 21.4 A/m 38.2 µT or 30.4 A/m 

Contact current 17 mA @ 85 kHz 24 mA @ 85 kHz 
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the link to the surroundings need to be controlled by observing the standards and shielding 

techniques [81]–[83]. 

2.3.12 Foreign Object Interaction in the Link Proximity  

The foreign body interaction can be defined as the proximity of living and metal objects 

in and around the link. Any interference of objects in between the wireless link can be 

critical as it causes heating of the conductive objects apart from affecting the power 

transfer. The magnetic fields from the inductive coupler cause eddy currents in metallic 

debris, but electric fields penetrate through it. The ability of electric field to penetrate metal 

objects enables the CPT to be installed in an environment with metal surroundings 

especially in electric locomotives used in mines.  

A recent study in [84] validated the impact of foreign objects metal, wood, plastic and 

water on the performance of CPT systems and concluded that the performance degradation 

is prominent only when the presence of object is in less than 3 cm from the coupling plates 

which causes the system to deviate from the resonant frequency. The study evaluated two 

methods to retune the system, first, by adjusting the operating frequency, which is not 

recommended for multi-MHz CPT systems and second by providing required reactance to 

 

Figure 2-17 50 kW modular charger prototype for IPT  
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retune the system through active variable reactance (AVR) rectifier that operates at a fixed 

frequency. Several research on living and metal object detection techniques focused to 

energize the primary transmitter only when the link is free of foreign objects if any [85]–

[87].  

2.3.13 Power Scaling  

As the WPT technology progresses, researchers are also focusing on scaling up the 

power transfer capabilities which is already offered by wired chargers [88]. A 120 kW DC 

fast charger can recharge an EV with battery capacity 30 kWh in 15 minutes. For light-

duty EVs, the maximum defined WPT power level standard is class 4 (22 kVA). Therefore, 

power scaling allows for a reduced recharging time in static wireless chargers and an 

essential feature for deploying dynamic WPT systems.  

In [89], a 22 kW WPT system design using DD couplers with SS compensation is 

reported where the preliminary results with a downgraded power level of 5 kW achieved 

95% efficiency. The Unplugged project in [90] portrays the development of a 50 kW 

inductive coupler design and control using a modular charger as depicted in Figure 2.17. 

This reduces the current stress on the link and makes the IPT system resilient. The 

capacitive couplers are still in the initial stage of development and the experimental 

prototypes built are scaled only up to WPT power class 1 (3.6 kVA). 

2.4. Hybrid Inductive and Capacitive AC Link – New Trend 

The concept of shared power transfer can utilize the available magnetic and electric 

fields to form a single system with hybrid inductive and capacitive AC link [91]. In  [92], 

[93] several integrated combinations are discussed for transferring power and data 

simultaneously. A relative discussion of inductive and capacitive AC links in the previous 
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section revealed this imminent trend of hybridizing the AC link for reliable and efficient 

wireless power transfer, as summarized in Figure 2.18, where the radar values are 

ascending away from the center. Since the factors listed in the figure are measured 

differently, in order to generalize the influence of these factors on IPT, CPT and existing 

HPT systems, they are given values from 1 (lowest) to 5 (highest). For example, the factor 

‘frequency’ has lower value (kHz) for IPT compared to CPT and existing HPT (~MHz). 

Similarly, the cost factors involved in IPT is higher than CPT and so on. Thus, by 

combining the merits of IPT and CPT, HPT system can have better power scaling 

capability, reduced compensation elements, higher link power transfer density, less pad 

compatibility issues, and improved misalignment tolerance.  

 

 

Figure 2-18 Relative analysis plot of IPT, CPT and HPT. (The radar graph is 

ascending away from the center giving lowest (1) to highest (5) values for each 

factors listed) 
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2.4.1 Existing Hybrid Inductive and Capacitive Power Transfer Topologies 

A 3.0 kW combined IPT-CPT system proposed in [94] provided a means to stimulate 

the evolution of the CPT system, Figure 2.19. Here, the capacitive link is connected in 

series with the inductive link and operated at 1 MHz switching frequency. The combination 

offered a choice of power management between IPT and CPT. However, the high 

frequency switching currents through inductive link increases undesirable magnetic field 

emissions to the surroundings [95]. This topology has achieved 94.45% efficiency with an 

IPT to CPT power ratio of 2.5.  

 

Figure 2-19 DC-DC stage of combined inductive and capacitive link proposed in 

[94]. 

Table 2-8 Prospective HPT Lab Prototypes for Wireless EV Charging 

WPT 

Technology 

Power 

level 

(kW) 

Frequency 

(kHz) 

Power 

transfer 

percentage 

(%) 

Maximum 

DC-DC 

efficiency 

achieved 

(%) 

Coupler 

transmitter 

size (mm  

mm) 

Air-

gap 

(mm) 

Distance 

between 

IPT-CPT 

coupler 

(mm) 

Ref. 

HPT 
IPT 

3 1000 
72 

94.45 
300  90 

150 300 [94] 
CPT 28 610  610 

HPT 
IPT 

1.1 800 ~50 91.9 
300  300 

150 300 [97] 
CPT 500  500 
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In [96], an integrated inductive and capacitive coupler is implemented where the coils 

of the IPT system also acts as plates of the CPT system and vice versa. The power ratio of 

IPT and CPT system is proportional to the ratio of inductive and capacitive coupling 

coefficients of the integrated system. A 100 W prototype achieved 73% efficiency at 1 

MHz switching frequency. This integrated coupler design can potentially improve the 

power transfer density of the system, eliminate external compensation circuit and reduce 

magnetic field emissions by the shielding effect from plates.  

Another hybrid system, a 1.1 kW lab prototype proposed in [97] reported a 91.9% DC-

DC efficiency, Figure 2.20. The placement of capacitive link with the inductive link utilizes 

the high voltage stress in coils for the power transfer. This hybrid AC link provided twice 

the power transfer capability compared to individual inductive and capacitive link with the 

same coil currents and plate voltages.  The system operating frequency is 800 kHz, which 

is still much higher for an inductive coupler implementation. Therefore, the future research 

focus will be on hybrid designs with reduced switching frequency operation of inductive 

coupler without affecting the power transfer capability of capacitive couplers.  

 

Figure 2-20 DC-DC stage of hybrid inductive and capacitive link proposed in [96]. 
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Table 2.8 summarizes prospective lab prototypes of HPT system applicable to wireless 

EV charging from the literature. 

2.4.2  Future developments 

 From the above discussions, it is clear that the combined operation of inductive and 

capacitive link can ensure cost effective, scalable and reliable implementation of wireless 

chargers for electric vehicles. The implications of existing systems and directions for 

further enhancing the HPT system are listed below and summarized in Table 2.9.  

 

2.4.2.1 Dependent Two-channel Power Transfer at High Frequency 

The existing research listed in Table 2.8 focused on creating a combined resonant tank 

for the mutual operation of both links creating a dependent two channel power transfer 

through coupling coils and coupling plates. Here, apart from contributing to power transfer, 

coupling coils also provides the required compensation inductance for the capacitive power 

transfer.  Similarly, in addition to power transfer function, coupling plates also works as 

capacitors resonating with coils. Moreover, the high voltage stress in the coils can be 

Table 2-9 HPT Configurations for Wireless EV Charging 

HPT 

technology 
System 

frequency 
Air-gap 
(mm) 

Inverter 

architecture 
Power 

scalability 
WPT 

system 
architecture 

WPT link 
reliability 

Dependent 

two-channel 

power transfer 

I 
~MHz 100-200 Full bridge Complex Integrated Low 

Dependent 

two-channel 

power transfer 

II 
~kHz 

IPT ~ 100-

200 
Full bridge Complex Integrated Low 

CPT ~ 10-

20 

Independent 

two-channel 

power transfer 

IPT ~ kHz IPT ~ 100-

200 
Three leg Simple Modular High 

CPT ~ 

MHz 
CPT 100-

200 
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utilized as driving voltages for the coupling plates. However, the drawback of this method 

is the dependency of inductive and capacitive links that accounts for operating the whole 

HPT system at high frequency (800 kHz - 1 MHz). This is far beyond the standard 

frequency band of inductive couplers utilized for EV charging.  

2.4.2.2 Dependent Two-channel Power Transfer at Medium Frequency 

The need for high frequency (~1MHz) operation in the existing HPT links is for 

compensating the low coupling capacitance in the capacitive link when operated in large 

air-gap, especially in EV applications where the receiver is mounted on the chassis as 

discussed in section 2.2. The capacitive link air-gap can be reduced by placing it at the 

front or rear ends of the EV instead of keeping it underneath the vehicle. In this case, the 

effective coupling capacitance is in the range of nano farads and the frequency of operation 

can be kept at hundreds of kHz to reduce the reactance. Furthermore, introducing 

dielectrics in the above coupler arrangement where the air-gap is in the order of several 

millimeters, further increase the coupling capacitance and reduce the operating frequency  

(~200 kHz). Therefore, the entire HPT link can be operated at medium frequency levels 

which is acceptable to inductive coupler frequency standards. 

2.4.2.3 Independent Two-channel Power Transfer with Modular Architecture 

For the independent operation of inductive and capacitive links that can be switched at 

different frequencies, modular inverter architecture is a viable and simple solution. In 

previous designs, the links were combined in series and the circuit design required to 

consider the mutual effects of parameters making the design complex. Here, the inductive 

link is operated at low frequency and capacitive link at high frequency, creating two 

independent resonant tanks in parallel supplying power to the load. This modular 
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architecture will provide a flexible operation of the links and increases the reliability and 

scalability of the hybrid system. 
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Chapter 3. Study of CPT interface for low to medium power EV 

charging applications   

3.1 Prospects of Capacitive Wireless Power Transfer (CPT) for Unmanned Aerial 

Vehicles 

The unmanned aerial vehicle (UAV) or drone is an aircraft without a human pilot 

aboard. UAVs are a part of an unmanned aircraft system (UAS). UAS comprises of  a 

UAV, a ground-based controller, and a system that communicates between the two [98]. 

UAVs originated in military application; however, their use expanded to commercial, 

scientific, agricultural and recreational applications rapidly. They have limited area and 

can carry only a few kilograms of weight. Therefore their battery weight and power density 

cannot be higher, thus it can only fly for 20-30 minutes with full recharge. Hence, flight 

autonomy is limited for drones and here wireless charging finds a role to play. This will 

reduce the human intervention to replace or recharge the drone batteries. To increase the 

flight time, equipping the UAV with a higher battery capacity is an option. However, this 

additional weight leads to considering the reduction of the payload, which comprises of 

global positioning system (GPS), geographic information system (GIS), high-resolution 

cameras, sensors etc. Another approach is to create base stations where drones will land 

and get recharged wirelessly [99]. 

In reference [99], authors gives a scheme for resonant inductive wireless charging of 

drones for an output power target of 62.5 watts via circular coupling coils and analyzed the 

electromagnetic interference (EMI) compatibility and misalignment performance. Here the 

receiving coil is onboard and without ferrite blocks to reduce the overall weight of the 
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system. However, during misalignment, the magnetic field can penetrate through the non-

conductive parts and destroy engine components. In order to improve the coupling 

coefficient, another approach is adopted in [100] where receiving coil is mounted on 

landing support and the transmitter is a 3x2 primary coil loop array. This system provided 

a maximum efficiency of 93% and an average efficiency of 85% at any point in the 

charging loop.  

In near field wireless power transfer, electrostatic coupling based capacitive wireless 

power transfer (CPT) systems are gradually proving their paybacks over 

electromagnetically coupled inductive wireless power transfer (IPT) system. Firstly, the 

electromagnetic interference to nearby electronic circuits is negligible. This in turn reduces 

the EMI shielding expenses for drone's electronic circuitry. Secondly, to reduce the skin 

effect and leakage flux, IPT system has to use expensive Litz wire and ferrite material 

combinations. Therefore making the overall system cost and weight higher compared to 

the low cost, less bulky alternative achievable through CPT. 

3.1.1 Design methodology 

A conceptual system architecture is as given in Figure 3.1. Here a master drone, will act 

as a transmitter. The receiver or slave drones will hover over it and are recharged wirelessly 

through capacitive coupling. Therefore, receiver drones need not land for charging as it is 

recharged over air via a master drone that can reach it from a base station. Authors assume 

that dedicated wireless communication takes place among drones and base station, 
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concerning the state of charge of batteries, location, speed etc. This recharging option saves 

time and increases flight autonomy. Typical power requirement of slave drones is 

approximately 100-150 watts for 30 minutes of flying time. Table 3.1 summarizes some of 

the commercial drone specifications. The capacitive transmitter plate pair will be mounted 

on the top surface of the master drone and the receiver plate pair on the base of slave drones. 

In this approach, wireless power transfer is triggered only when master and slave drones 

are completely aligned and travelling at the same speed. This in fact emulates a standstill 

wireless charging behavior at an air gap or power transfer distance in the range of 100 mm 

to 150 mm. Another approach is to interlock the transmitter and receiver drone interface 

mechanically allowing only negligible air gap of less than 20 mm, before activating the 

wireless power transfer.  

 

 

Figure 3-1 CPT based in motion charging scenario for UAVs 
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The design methodology is as follows. 

1. Decide the power levels of transmitter and receiver drones depending on recharging 

time. For example, let the receiver drone be DJIF550 with a lithium polymer (LiPo) battery 

of nominal voltage 14.4 V and capacity 5000 mAh. Power required from the transmitter 

drone to recharge it in one hour is 72 W. In fact, any higher power capacity transmitter 

drones can deliver power to the lower capacity receiver drones. However, for mid-air 

charging, the flight time is important as the transmitter drone needs to return to the base 

station for replenishing itself. Therefore, for instance, for a fast recharge in 10 minutes, 

minimum energy required to be delivered from the transmitter drone battery is 432 Wh at 

a 6C rate to fully recharge the 72Wh receiver drone battery. Therefore, from the table 3.1, 

the first two drones can be a transmitter drone for the receiver DJIF550.  

                                                          

                           Table 3-1 Examples of various capacity drones 

Specifications DJI 

AGRAS 

MG-1 

FREEFLY 

ALTA 8 

DJI 

S1000 

DJI 

F550 

Max. Payload 

(kg) 

9 10 6.8 0.5 

Flight time 

(min.) 

24 16 15 10 

Battery 

Capacity 

(Wh) 

533 444 222 72 

Mass (kg) 8.8 6.2 4.4 3.5 
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2. Determine the compensation topology and calculate the passive components for the 

desired resonant frequency. Typical range is in tens of MHz. This frequency selection will 

reduce the size of passive components, which in turn reduces the overall weight of the 

system. 

3. Once the electrical parameters are finalized, decide upon the coupling geometry 

and interface based on the UAV dimensions. Here, the objectives are to achieve lightweight 

and misalignment tolerant interface.      

3.2 Coupler Interface design 

The parallel plates at the coupling interface can be arranged in row, column and 

symmetric forming four plate structures, combined column and symmetric configuration 

forming six plate structure and asymmetric matrix configuration as given in Figure 3.2. 

From the linear algebra, in an m x n (row x column) matrix, the 1xn arrangement is termed 

as a row matrix and mx1 as a column matrix, Figure 3.2 (a) and (b). Here, to define the 

capacitive coupling interface similar analogy is used. The symmetric matrix is formed 

when primary and secondary have an equal number of plates as in Figure 3-2 (c) two plates 

at primary and two plates at secondary to form 2x2 configuration. 

In [31] this configuration is modified into a six plate coupler structure by incorporating 

roadway and vehicle chassis as additional plates to shield the electric field at transmitter 

and receiver sides respectively which also improved the performance of the system as given 

in Figure 3.4(d). 
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In asymmetric matrix Figure 3.4 (e), the primary plates alone form a 3x3 matrix charging 

pad and the secondary consists of only two plates. This asymmetric matrix structure has a 

higher misalignment performance than all other configurations due to the fact that the 

coupling coefficient never drops to zero, as the primary plate area is much larger than 

secondary plates. 

 

  (a)                                        (b)                           (c)        

 

    (d)                                             (e)  

Figure 3-2 Coupling interface. (a) 1x4 row. (b) 4x1 column. (c) 2 x 2 symmetric 

matrix. (d) Six plate combined structure. (e) Asymmetric matrix.   
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3.3 Low power interface for UAVs 

The selection of coupling geometry and interface configuration is based on the mutual 

coupling capacitance, voltage gain and design simplicity. In Figure 3.3, two types of 

parallel plate capacitive couplers are shown. The coupling capacitance of type I and type 

II are given in (3.1) and (3.2) respectively. Here, in equation (3.1), A is the area of plates, 

d is the distance between the plates, ɛ0 is the permittivity of free space; ɛr corresponds to 

the relative permittivity of the dielectric material used if any (for air ɛr is one), as in Figure 

3.3 (a). When multiple dielectrics are used such as a coating on transmitter and receiver 

plates, as given in Figure 3.3 (b), with the dielectric thickness d1, d2 and air-gap, dair the 

equation (3.2) is obtained. 

𝐶 = 휀0휀𝑟𝐴 𝑑⁄  (3.1) 

𝐶 = 𝐴 [(𝑑1 + 𝑑2) 휀0휀𝑟⁄ + 𝑑𝑎𝑖𝑟 휀0⁄ ]⁄  (3.2) 

 

(a)                                           (b) 

Figure 3-3 Parallel plate capacitive couplers (a) With single dielectric-Type I 

(b)With multiple dielectrics- Type II. 
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Once the geometry is decided to be parallel plate, the arrangement of plates in coupling 

interface can be either row, column or matrix as given in Figure 3.4. The row interface 

depicted in Figure 3.4 (a) is applicable if the plates are mounted on the front end for a face 

to face electric coupling.  

3.3.1 Design and simulation 

The capacitive link interface selected are row, column and matrix arrangement. The 1x4 

row and 4x1 column interface have the outer plate dimension 150 mm x 170 mm and inner 

plate dimensions 120 mm x 120 mm. As discussed, here the difference in these structures 

is only in their orientation that is suitable for implementation. Therefore, only 4x1 column 

interface is simulated. In the 2x2-matrix interface arrangement, all plates are of equal size, 

150 mm x 170 mm. 

The component count in compensation network is critical as it can increase the overall 

weight of a UAV where every gram counts. Therefore a series compensated topology [22] 

is the low cost and light weight implementation and thus selected. The simplified block 

diagram for a series compensated CPT for drone charging application is given in Figure 

3.5(a) and the equivalent circuit in Figure 3.5(b). The voltage and power levels are selected 

 

Figure 3-4 Coupling interface (a) 1x4 Row (b) 4x1 Column  (c) 2 x 2 Matrix 
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according to drone battery capacity and nominal voltage ratings, from the manufacturer. 

The electrical parameters are calculated for the battery requirements of the drone, for a 

power level of 80 W and are listed in Table 3.2 with reference to the equivalent circuit 

given in Figure 3.5 (b). The input voltage at the primary side of the link is 15.5 V and the 

output voltage at the secondary side of the link is 14.4 V. 

The 2x2 matrix arrangement with plate dimensions 150 mm x 170 mm and a minimum 

air-gap of 20 mm that accounts for the interlocked transmitter and receiver drones. The 

corresponding capacitance across the plates is 11.3 pF. Therefore, the compensation 

inductor can be designed from the relation (3.3), after deciding the frequency of operation 

(f0). 

 

(a) 

 

(b) 

Figure 3-5 (a) Block diagram for a series compensated CPT driving UAVs (b) 

Equivalent circuit. 
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𝑓0 =
1

2𝜋√𝐿𝑝𝐶1

=
1

2𝜋√𝐿𝑠𝐶2

 (3.3) 

The designed series compensated topology is simulated in PSIM and the input and 

output voltage waveforms along with the voltage across the capacitive link is given in 

Figure 3.6. The rms voltage across the coupling plates is measured as 7.8 kV.  Since the 

distance across the plates is 20 mm, the electric field developed is 396 V/mm, which is 

 

Figure 3-6 Simulation results in PSIM for matrix interface. 

 

Table 3-2 Circuit Parameters for 150 mm x 170 mm matrix interface at 20 mm 

air-gap 

Parameters Values 

f0 10 MHz 

P0 80 W 

VP(RMS) 15.5 V 

VS(RMS) 14.4 V 

LP (LS) 22.4 µH 

C1 (C2) 11.3 pF 
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much less than the breakdown voltage of air (3 kV/mm) and therefore there is no concern 

of arcing across the plates.  

 

 

Figure 3-8 2x2 matrix interface with potential and field distribution. 

 

Figure 3-7 2x2 matrix interface.  
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The 2x2 matrix arrangement is modelled using JMAG geometry editor (see Figure 3.7). 

After setting the measured potential across the plates, the mutual capacitance is verified 

from the surface charge obtained in FEA analysis and the applied potential difference 

across the plates as shown in Figure 3.8.  

The electric field distribution observed is given in Figure 3.9. The absolute electric field 

obtained at a distance of 211 mm from the plates is 150.7 V/m which is within the IEEE 

C95.1 limits.  

Similarly the 4x1 column interface is modelled in JMAG geometry editor with the outer 

plate dimension 150 mm x 170 mm and inner plate dimensions 120 mm x 120 mm (see 

Figure 3.10) and the mutual capacitance is verified as discussed by applying the electric 

potential across the plates, as given in Figure 3.11. The electric field distribution of the 

column interface surrounded by the air region is given in Figure 3.12.  

 

Figure 3-9  Electric field distribution including the surrounding air region in 

2x2 matrix arrangement. 
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As it can be seen, the minimum field measurement of 1578 V/m is observed at around 

105 mm from the center. The plate pair coupling capacitances obtained for matrix and 

column interface are given in Table 3.3.  

 

 

Figure 3-10 4x1 column interface. 

 

Figure 3-11 4x1 column interface with potential and field distribution. 
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Both column and matrix arrangement can achieve surface to base coupling. The column 

interface is more compact and misalignment tolerant in the horizontal direction. This is 

because the mismatch between primary and secondary plates in the matrix structure reduces 

the output power, but in column interface for the same misalignment in the horizontal 

plane, effective capacitance remains unchanged as it is mainly contributed by the same side 

plate pair. For the variations in the vertical power transfer distance or air-gap, matrix 

configuration is more tolerant than the column configuration due to larger coupling area. 

 

Figure 3-12 Electric field distribution including the surrounding air region in 

4x1 column arrangement. 

 

 

 

Table 3-3 Coupler interface parameters 

Coupler interface Plates Dimension  

(mm) 

Plate capacitance 

(pF) 

Matrix 4 150x170 11.3 

Column 4 
120x120  

(Inner pair) 
6.9 
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The matrix interface provided a higher mutual capacitance at an air-gap of 20 mm. The 

row/column interface provides a compact capacitive wireless charging solution at the cost 

of mutual capacitance. This corresponds to the scenario where transmitter and receiver 

interlocks mechanically. For analyzing the scenario where a standstill behavior is emulated 

by achieving same speed for master and slave drones, the air gap is increased to 120 mm 

and found that the mutual capacitance is reduced by 45%. 

Another inference from this study is that with air alone as the dielectric, mutual 

capacitance obtained is very less in low power and large air-gap interfaces. Thus reducing 

the overall efficiency of the system. In order to increase the mutual capacitance, the plate 

area needs to be extended significantly. However, this is not possible here due to the limited 

drone dimensions. The desired mutual capacitance for the given plate area can be increased 

by the use of high permittivity dielectrics which can also improve the breakdown electric 

field, thus reducing the possibility of a dielectric breakdown. 

3.4 High power interface and influence of dielectrics 

The power transferred through the coupler/link, Pcoupler can be formulated as (3.4) where 

ω is the angular switching frequency, Cm is the mutual capacitance, V1 and V2 are the link 

voltages across C1 and C2 of the CPT system. Therefore, as the mutual capacitance 

increases, the power transferred across the coupler will be higher.   

𝑃𝑐𝑜𝑢𝑝𝑙𝑒𝑟 = 𝜔𝐶𝑀𝑉1𝑉2 (3.4) 

The capacitance values are first calculated based on the plate dimensions, permittivity 

of the selected material and power transfer distance. The transmitter and receiver plates are 
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of the size 600 x 600 mm2 and thickness 1mm. The distance between the transmitter and 

receiver is 80 mm. The gap is filled with the low to high permittivity dielectric materials 

namely air, silicon, titanium dioxide (Ceramic class 1) and barium titanate (Ceramic class 

2) in each case. The properties of these materials are listed in Table 3.4.  

From (3.2), the effect of the dielectric constant is minimal on the value of capacitance 

when the air-gap area is greater than the dielectric thickness. Therefore, for large air-gap 

(100 mm-200 mm) application, air is the preferred dielectric. On the other hand in case of 

conformal bumper EV charging as proposed in [23], where face to face close coupling is 

possible, the air gap is negligible and use of dielectric coating is advantageous. 

 

 

 

 

A large air-gap or separation distance introduces edge effect due to fringing fields and 

the capacitance estimation is inaccurate with (3.1),(3.2). In [101], the capacitance is 

estimated using the Schwartz-Christoffel transformation, making it possible to map the 

entire electric field. Another approach is using the boundary element method that utilizes 

the Laplace electrostatic equation to find the edge effect [102]. It also defines an aspect 

ratio (b) for rectangular, square and disk type structures as given in Table 3.5. The fringing 

field cannot be neglected for aspect ratio greater than or equal to one. The actual 

 

Figure 3-13 Conformal bumper arrangement [23]. 
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capacitance including the edge effect can be found from the product of normalized 

capacitance and capacitance without edge effect. 

According to the dimensions chosen, the aspect ratio b which is defined in Table 3.5 is 

0.133. Thus by using the formula given in Table 3.5, the capacitance is calculated as the 

product of normalized capacitance and capacitance without edge effect.  

In order to simulate the coupler, the capacitive coupler plates are modelled in JMAG-

Designer using the geometry editor as discussed earlier. The plates are placed face to face 

in the air region and the dielectric area is modelled in between.  

Table 3-5  Parallel plate capacitance  

Parallel-Plate 

Geometry 

Aspect ratio 

(b) 

Capacitance 

without 

edge effect 

Normalized capacitance 

Rectangular 
Plate separation

Plate width
b   0 r

R

wl
C

d

 
  

0.8911 2.343   (0.1 1.0)RNC b b      
0.9921 2.343   (1.0 10.0)RN b bC       

Square 
Plate separation

Plate width
b   

2

0 r
S

w
C

d

 
  

0.8911 2.343   (0.1 1.0)SNC b b      
0.9921 2.343   (1.0 10.0)SN b bC       

Disk 
Disk separation

Disk diameter
b   

2

0 r
D

r
C

d

  
  

0.8671 2.367   (0.005 0.5)DNC b b      
0.9921 2.343   (0.5 5.0)DNC b b      

 

  

Table 3-4 Selected dielectric material properties 

Dielectric 

Material 
Air 

Glass 

(Pyrex) 
Silicon 

Titanium dioxide 

(Ceramic 

class 1) 

Barium 

Titanate 

(Ceramic 

class 2) 

Relative 

permittivity (ɛr) 

at 20⁰C 

1.0 4-7 11.8 86-173 1500-7400 

Breakdown 

electric field 

(kV/mm) 

3 14 30 12.4 150 

Dielectric loss  

(tan δ) 
0.0 

310-3 

@100 MHz 

510-3 

@1 GHz 

310-3 

@1GHz 

210-2 

@1GHz 
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As the geometry of parallel plate capacitor and its electric field are symmetric, a quarter 

model is used for the analysis and the results are extended to the full model in order to 

reduce the computational time. The air region is created in an area of 1000 x 1500 mm2. 

This helps to observe the entire span of electric field around the coupler including air region 

as given in Figure 3.14.  For performing the electrostatic analysis, an electric potential is 

applied between the parallel plates. This potential is determined after simulating the CPT 

system for the designed parameters, (given in Table 3.6) in a circuit simulation software, 

here PSIM is used. From the parameters, the potential across the plates are found for each 

case. 

The corresponding electric field distribution can be observed as in Figure 3.14 for each 

case. At this point the charge accumulation takes place on both transmitter and receiver 

plates. The amount of charge stored depends on the dielectric material used. Using the 

electric charge distribution model, the surface charge density is found and from this, the 

capacitance can be validated.  

Table 3-6 Circuit parameters for high power interface 

Parameters Values 

f0 1 MHz 

P0 1 kW 

VP(RMS) 120 V 

VS(RMS) 110 V 

Dielectric (Case) C1/C2 LP/LS 

Air 3.98E-11 636 µH 

Silicon 4.78E-10 53 µH 

Titanium dioxide 3.98E-09 6.36 µH 

Barium Titanate 1.99E-07 127 nH 
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The capacitive coupler is built in the lab, see Figure 3.15 and the capacitance is measured 

using Keysight E4980A LCR meter with air as dielectric. The result is provided in Table 

3.7, column 4. From the knowledge of breakdown electric field of dielectrics (given in 

 

(a) 

 

(b) 

Figure 3-14 Electric field distribution in high power interface. (a) Corner field (b) Vector 

plot 
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column 5) used, the break down voltage can be calculated for different power transfer 

distances (see column 6 and 7).  

 The electric field created in the dielectric material varies depending on the size and 

shape of the material and the location (corners/center) on the material where the voltage is 

applied. In parallel plate structures, the electric field E is proportional to the voltage 

difference V divided by the thickness d of the insulator, and hence the breakdown voltage 

is proportional to the distance between the plates covered by the dielectric, which is the 

power transfer distance. For larger power transfer distances, the breakdown voltage limit 

is higher and therefore such applications like EV charging can operate safely without the 

concern of arcing compared to the small power transfer distance applications (Table 3.7 

columns 6 and 7). The edge effects are prominent at the corners and can be observed in 

Figure 3.14. The use of circular parallel plates can alleviate this issue [70].  

 

Figure 3-15  CPT experimental setup photo with air as dielectric. 



66 

 

The results are summarized in Table 3.7. In column 1 the dielectric materials used are 

listed. The material properties are added in JMAG designer to conduct the FEA analysis. 

The calculated values of capacitance between the link is listed in column 1.  

In column 2, the JMAG simulated values are listed. The effective capacitance is 

improved with the use of dielectrics as predicted and the calculated and simulated values 

are very close for the high permittivity materials BaTiO3 and TiO2. However, there is 0.8% 

variance in the case of Silicon and 5.4% variance for air. The practical measurement was 

conducted for air alone as the dielectric condition and recorded in column 3. It is close to 

the simulated value with only 2.3% variance. Further, column 4 lists the break down 

electric field (kV/mm) limits of each dielectric material. As it can be observed in column 

5 and 6 the breakdown voltage limits are much higher in the case of large air-gap interfaces 

if it is separated by dielectrics. 

 To summarize, wireless power transfer through capacitive coupling interface is 

investigated as a dual of inductive coupling interface for low to medium air-gap (~ 1 mm 

– 100 mm) applications. The value of coupling capacitance is dependent on the dielectric 

material used, area of the plates in the interface and distance between the plates. Here the 

effect of utilizing various dielectrics to improve the power transfer capability of the CPT 

Table 3-7  Influence of Various Dielectrics 
Dielectrics Capacitance  

(F) 

(calculated)  

Capacitance 

(F) 

(simulated) 

Capacitance 

(F) 

 (measured) 

Breakdown 

Electric-field 

(kV/mm) 

Breakdown  

Voltage @ 10 

mm 

(kV) 

Breakdown 

Voltage @ 80 

mm 

(kV) 

BaTiO3 1.99E-07 1.99E-07 - 150 1500 12000 

TiO2 3.98E-09 3.99E-09 - 30 300 2400 

Silicon 4.78E-10 4.82E-10 - 12.4 124 992 

Air 3.98E-11 4.21E-11 4.31E-11 3 30 240 
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system is evaluated. From the analysis it is found that, the effective coupling capacitance 

can be increased with the introduction of dielectrics provided the area covered by 

dielectrics is greater than the air-gap area. Moreover, the use of dielectrics gives much 

larger limits on breakdown voltage at all power transfer distances. 
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Chapter 4. Reduced capacitance model for parallel plate capacitive 

wireless power transfer system 

 

A typical layout of the CPT system for EV charging is given in Figure 4.1. It consists of 

loosely coupled capacitor plates at the roadside transmitter (primary) and vehicle side 

receiver (secondary) interface that works on the principle of electrostatic induction. As long 

as the primary side is activated, the high voltage at the primary plate induces a high-

frequency electric field between the primary and secondary plates by the displacement of 

charges. This causes a displacement current to flow from primary to secondary of the 

capacitive link.  

The amount of displaced charges is also termed as displacement flux Ψ. The 

displacement flux is the sum of electric field lines passing through the overlapping area A 

of primary and secondary and displacement flux density D is given by (4.1). 

VDC

DC Source

Primary Plates

Secondary Plates

Secondary 

Compensation Rectifier

Capacitive Link

High 

frequency 

square 

wave 

generator

AC

DC

Battery/ 

Load

Vehicle side

(Receiver)

Road Side

(Transmitter)

 

Figure 4-1 Layout of CPT system for EV charging. 
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𝐷 = 𝜓 𝐴⁄ = 휀0휀𝑟𝐸 (4.1) 

𝐸 = 𝑉 𝑑⁄
𝑎𝑖𝑟 (4.2) 

Here, ɛ0 is the permittivity of vacuum and ɛr is the permittivity of respective dielectric 

used. The electric field strength E is given in (4.2), where V is the terminal voltage of the 

link plates separated by a distance dair. 

As the CPT system is operated at resonance with the help of compensation circuits at 

the primary and secondary sides, it minimizes the overall impedance of the circuit and 

reduces the reactive power contribution. This also accounts for deciding a quality factor in 

the CPT system, as given in (4.3) for a series compensated network. The relation between 

circuit quality factor with respect to the input voltage to the link Vin and voltage across 

coupling plates Vc is defined by (4.4). 

𝑄 =
1

𝑅
√𝐶 𝐿⁄  

(4.3) 

𝑉𝑐 = −𝑗𝑄𝑉𝑖𝑛 (4.4) 

Therefore, in the design of CPT systems, the parameter Vc should be less than the 

breakdown voltage of the dielectric materials between coupling plates. For wireless power 

transfer applications, where air is the dielectric, the break down electric field is 3 x 106 V/m 

and the breakdown voltage can be in the range of 75 kV to 300 kV for an air gap variation 

of 25 mm to 100 mm. Also, the link capacitance is very small, in the order of 100s of pico-

farad. These are also limited by the effective coupling area and the air gap between the 
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coupling plates.  In order to increase the output voltage, the following options are possible. 

Firstly, operating frequency can be increased to reduce the impedance of the circuit [112]; 

secondly, designing various compensation circuits to counteract the capacitive impedance 

[28]; thirdly, to get the required output voltage, high frequency transformer based or 

converter based boost up circuits can be used to increase the voltage fed into the coupling 

plates [113]. 

The capacitive link, as shown in Figure 4.2, contains four parallel metal plates in a 2x2 

matrix arrangement forming a bipolar topology. In a bipolar coupling interface, it must 

comprise of at least two pairs of conductive plates on either side that acts as the primary 

and secondary. When the primary plate of the capacitor is energized from a high-frequency 

inverter, an electric field is set up between the primary side and secondary side plates due 

to the charges q1 and q2 accumulated on either sides due to electrostatic induction. This 

electric field causes a displacement current to flow in between and enables the power 

transfer.  

I1 I2

V1

(Transmitter)

E V2

(Receiver)

ds
dair

 

Figure 4-2 Bipolar capacitive coupler arrangement showing the flow of electric 

field lines, separation distance ds and power transfer distance dair. 
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From the circuit model of the capacitive coupler, as shown in Figure 4.3, the capacitive 

couplings between the plate pair result in six coupling capacitors [21]. At the primary side, 

plates P1 and P3 acts as the transmitter, while plates P2 and P4 that are placed at the 

secondary side constitute the receiver. In Figure 4.3, the capacitive coupling interface 

includes main capacitances (C12, C34), same side capacitances (C13, C24), and cross coupling 

capacitances (C14, C23). By considering the effect of these coupling capacitors, the 

equivalent capacitances C1 and C2 and the mutual capacitance CM are derived. The 

equivalent current source model, (see Figure 4.3) consists of two coupling capacitance C1 

and C2 along with mutual capacitance CM.  

In [114] a charge balance model is defined which establishes the relation between 

equivalent capacitances, mutual capacitance and the primary and secondary voltages 

involved. The analysis of this circuit model is carried out as follows. The charge q1 

corresponds to the applied input voltage V1 contributing to C1 at the primary side, which 

induces charge accumulation q2 and the corresponding output voltage V2 at the secondary 

side as given in (4.5) and (4.6). 

𝑞1 = 𝑉1𝐶1 + 𝑉2𝐶𝑀 
(4.5) 

 

Figure 4-3 Six capacitances’ influence in the bipolar coupler and its equivalent 

current source model. 
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𝑞2 = 𝑉2𝐶2 + 𝑉1𝐶𝑀 
(4.6) 

The equivalent capacitances C1 and C2 are calculated by short-circuiting the secondary 

and primary voltages respectively. The relations are given in (4.7) and (4.8). The mutual 

capacitance, CM is further evaluated as in (4.9). 

𝐶1 =
𝑞1

𝑉1
= 𝐶13 +

(𝐶12 + 𝐶14)(𝐶32 + 𝐶34)

𝐶12 + 𝐶14 + 𝐶32 + 𝐶34
 

 

(4.7) 

𝐶2 =
𝑞2

𝑉2
= 𝐶24 +

(𝐶12 + 𝐶32)(𝐶14 + 𝐶34)

𝐶12 + 𝐶14 + 𝐶32 + 𝐶34
 

 

(4.8) 

𝐶𝑀 =
𝐶12𝐶34 − 𝐶14𝐶32

𝐶12 + 𝐶14 + 𝐶32 + 𝐶34
 

 

(4.9) 

The capacitive coupling coefficient kE that defines the effective mutual coupling based 

on the influence of main and cross coupling capacitances is given by, 

𝑘𝐸 =
𝐶𝑀

√𝐶1𝐶2

 (4.10) 

 

In [114] a quantification of the coupling coefficient is provided and the span of kE is proved 

to be from -1 to 1 for different coupling conditions.  
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In this chapter, author proposes a reduced capacitance circuit topology for analyzing the 

bipolar capacitive links when the separation distance ds (distance between transmitter side 

plate pair or receiver side plate pair) is greater than the power transfer distance dair (distance 

between the transmitter and receiver plate pair)(see Figure 4.4). In previous works, for all 

conditions, six capacitance modelling (SCM) as discussed earlier is performed including 

the influence of all six capacitors which are main capacitances (C12, C34), same side 

capacitances (C13, C24), and cross coupling capacitances (C14, C23). However, for large 

separation distance ds, this modelling is not essential and can be reduced to include the 

main capacitances (C12, C34) only as the influence of other capacitances are insignificant. 

Thus a criteria for choosing the reduced capacitance modelling (RCM) is formulated based 

on the separation distance, power transfer distance and plate width and a new parameter 

bipolar capacitive link dispersion factor is derived. The reduced model analysis achieved 

load and coupling coefficient independent unity-gain operation at the designed resonant 

frequency and avoided the formation of multiple resonance frequencies in the vicinity of 

designed resonant frequency. Thus simplifying the need for the multiple resonant 

frequency tracking.  

 

 

Figure 4-4 Air gap or power transfer distance, dair and separation distance, ds. 

Separation distance, ds

Air gap, dair
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4.1 Reduced Capacitance Modelling and Formation of BCD 

 

For a horizontal or bipolar plate arrangement, when the plates at each side are kept at 

adequate separation distance ds, (see Figure 4.4) in comparison with the power transfer 

distance, the values of the same side capacitances C13, C24 and cross coupling capacitances 

C14, C23 are negligible. The minimum separation distance to be maintained is derived 

shortly. Then, the equivalent capacitances C1, C2 and the mutual capacitance CM are 

reduced to the series combination of main capacitances C12, C34  as given in (4.11) and 

(4.12). 

𝐶𝑀 =
𝐶12𝐶34

𝐶12 + 𝐶34
 (4.11) 

𝐶1 = 𝐶2 = 𝐶𝑀 

 
(4.12) 

 

Figure 4-5 Six capacitances’ model to reduced capacitance model approximation by 

removing same side and cross coupling capacitances. 
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Further, when the coupling plates at both sides are symmetric or in equal dimensions, as 

in (4.13), (4.11) reduces to (4.14). Further, the coupling coefficient kE is equal to 1. 

𝐶12 =  𝐶34 

 
(4.13) 

𝐶1 = 𝐶2 = 𝐶𝑀 =
𝐶12

2⁄  

 
(4.14) 

  𝑘𝐸 = 1 (4.15) 

 

Therefore, in theory, when the same side and cross coupling are eliminated, only the 

main capacitance exists between the primary and secondary sides, and the coupling 

coefficient is unity for the symmetric bipolar coupler arrangement. However, since the 

measured main capacitances C12 and C34 can only be approximately equal, kE will not be 

exactly unity, but close to it, in a practical scenario. 

Hence, when the plates at each side are kept at an adequate separation distance ds, (see 

Figure 4.4) the cross coupling and same side capacitances are weakened and the effective 

capacitances in the CPT are reduced to a series combination of C12 and C34 as depicted in 

Figure 4.5. Nevertheless, this approximation to reduced capacitance model cannot be 

useful when the application require a compact structure where the same side plate pairs 

need to be close enough and the effect of cross coupling capacitances is pronounced, refer 

Figures 4.6 and 4.7.  

 



76 

 

 The power transfer distance dair selected is based on the installation locations of 

capacitive link which can be either underneath the vehicle where the dair ranges from 100 

mm to 200 mm or on the front and rear bumpers [34] or sides of the vehicle where dair can 

be much smaller that is in the range of 10 mm to 50 mm. 

Here, in Figure 4.6, when the 600 mm length primary and secondary square plate pairs 

are at an air gap (power transfer distance) dair =100 mm and are separated at a distance, ds 

= 25 mm, the equivalent capacitances are around 45 pF and mutual capacitance is at 16 pF 

giving a coupling coefficient, kE ≅ 0.3. From the trend lines shown in the graph, when the 

separation distance ds is at around 650 mm, the equivalent capacitances and mutual 

capacitance are converging and the coupling coefficient is approaching unity.  

Similarly, in Figure 4.7, when the dair = 25 mm, the equivalent capacitances are around 

98 pF and mutual capacitance is at 62 pF giving a coupling coefficient, kE ≅ 0.64. The 

 

Figure 4-6 Effect of separation distance, ds on coupling coefficient, kE at an air gap, 

dair= 100 mm. 
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capacitances are converging beyond 500 mm and kE ≅ 0.95. Therefore the findings are 

summarized as: 

When ds is less than dair, kE is less than 0.5 and the effects of cross coupling and same 

side capacitances are predominant and the use of six coupling capacitances model is 

essential. That means more compact the system, the influence of cross coupling and same 

side capacitances play a major role in the capacitive link modelling. 

On the contrary, when ds is greater than or equal to dair, kE attains a value greater than 

0.5 and the use of reduced capacitance model is advisable. This is because the effects of 

cross coupling and same side capacitances starts diminishing beyond this point. Larger the 

ds, higher the kE and greater the accuracy in utilizing the reduced capacitance model.  

 

Figure 4-7  Effect of separation distance, ds on coupling coefficient, kE at an air gap, 

dair = 25 mm. 
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A bipolar capacitive-link dispersion-factor (BCD) is defined here as the ratio of 

separation distance, ds to aspect ratio, b. The aspect ratio b is the ratio of power transfer 

distance (dair) to plate width (l). The BCD in meters is given as, 

𝐵𝐶𝐷 =
𝑑𝑠

𝑏
=

𝑑𝑠 ∗ 𝑙

𝑑𝑎𝑖𝑟
 (4.16) 

 

When ds=dair, the BCD is equal to the plate length l. Further, from the analysis of 

experimental measurements, the reduced model fitness is high when BCD is greater than 

one. Thus, the BCD gives a clear distinction on when to consider reduced capacitance and 

six capacitances modelling strategies. 

4.2 Voltage gain derivation and comparison of SCM and RCM 

4.2.1 Equivalent circuit analysis and voltage gain derivation 

The circuit diagram of the CPT system in Figure 4.8 shows the topology of a 

synchronous buck configured CPT system. The GaN-based square wave generator 

comprises of power switches S1 and S2, is switched at 1.18 MHz for driving the capacitive 

links. This generator produces a unipolar square-wave voltage, VP, by driving switches S1 

and S2, with 50% duty cycles for each switch. The duty cycle d is defined as the ratio 

between the on-time of the switch S1 and the switching period Ts. Small dead time td is 

provided in the experimental realization, between the consecutive transitions from S1 to S2, 

and vice versa in order to prevent the possibility of cross conduction. This also helps to 

achieve soft switching. The transmitter side receives a unipolar square-wave voltage, VP 

and this voltage is transferred to the receiver side through the compensation circuit. The 

compensation circuit consists of a dual LC resonant tank formed by Lp, Cp at the transmitter 
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side, and Ls, Cs at the receiver side. The dual LC compensation block that resonates with 

the coupling interface improves the power transfer capability of the system [43]. The 

resonant network circulates the electric current and, as a result, the energy is delivered to 

the load through the capacitive link. At the receiver side, a diode bridge constitutes a full-

 

Figure 4-8 Circuit schematic of the CPT system. 

 

 

Figure 4-9 Steady state switching waveforms of the CPT system. 
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wave rectifier to convert AC input to DC output and supply the load, R0. The output 

capacitor smooths the rectified voltage and current. The unipolar square wave voltage 

generated at the output of the converter contains undesirable higher-order harmonics. Due 

to the bandpass filtering action of the resonant link, the link input current shape is 

maintained sinusoidal (see Figure 4.9). Therefore, the first harmonic approximation is 

utilized to model the resonant capacitive link as realized by the equivalent circuit in Figure 

4.10.  

The fundamental voltage component of the unipolar square wave seen by the resonant 

tank, VP is given by (4.17) and the fundamental voltage component at the full bridge 

rectifier input, VS is given by (4.18). The load resistance RL is the equivalent resistance seen 

𝑉𝑃 =
2𝑉𝑑𝑐sin𝜔𝑡

𝜋
 

 

(4.17) 

𝑉𝑆 =
4𝑉0sin𝜔𝑡

𝜋
 

 

(4.18) 

𝑅𝐿 =
8

𝜋2
𝑅𝑜 

 

(4.19) 

 

Figure 4-10 Reduced capacitance model: Equivalent circuit that includes the two 

main link capacitances (C12 and C34) only and the dual LC compensation network. 



81 

 

from the input of the rectifier and capacitive filter as given in (4.19). By applying KVL in 

the equivalent circuit given in Figure 4.10, results in (4.20-4.22) and by defining the 

reactances as in (4.23-4.28), the currents ip, id, is in each loop (4.29-4.31) are obtained. The 

rectified output current I0 is given in (4.).  

Using the currents obtained in (4.28-4.30), the voltage stress across the capacitances Vcp, 

Vcr, and Vcs are calculated (4.32-4.34). The output voltage VS is expressed in (4.35).The 

resultant voltage gain is derived in (4.36-4.38).  

𝑉𝑝 − 𝑗𝜔𝐿𝑝𝑖𝑝 −
𝑖𝑝 − 𝑖𝑑

𝑗𝜔𝐶𝑝
= 0 

 

(4.20) 

−
𝑖𝑑

𝑗𝜔𝐶12
−

(𝑖𝑑 − 𝑖𝑠)

𝑗𝜔𝐶𝑠
−

𝑖𝑑

𝑗𝜔𝐶34
−

(𝑖𝑑 − 𝑖𝑝)

𝑗𝜔𝐶𝑝
= 0 

 

(4.21) 

−𝑗𝜔𝐿𝑠𝑖𝑠 − 𝑖𝑠𝑅𝐿 −
(𝑖𝑠 − 𝑖𝑑)

𝑗𝜔𝐶𝑠
= 0 (4.22) 

𝑗𝜔𝐿𝑝 = 𝑋𝐿𝑝 
 

(4.23) 

1

𝑗𝜔𝐶𝑝
= 𝑋𝐶𝑝 

 

(4.24) 

𝑗𝜔𝐿𝑠 = 𝑋𝐿𝑠 
 

(4.25) 

1

𝑗𝜔𝐶𝑠
= 𝑋𝐶𝑠 

 

(4.26) 

1

𝑗𝜔𝐶12
+

1

𝑗𝜔𝐶34
= 𝑋𝐶𝑟 (4.27) 
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𝑉𝑐𝑝 =
𝑖𝑝 − 𝑖𝑑

𝑗𝜔𝐶𝑝
= (𝑖𝑝 − 𝑖𝑑)𝑋𝐶𝑝

 

 

(4.32) 

𝑉𝑐𝑟 =
𝑖𝑑

𝑗𝜔𝐶𝑟
= 𝑖𝑑𝑋𝐶𝑟

 

 

(4.33) 

𝑉𝑐𝑠 =
𝑖𝑑 − 𝑖𝑠

𝑗𝜔𝐶𝑠
= (𝑖𝑑 − 𝑖𝑠)𝑋𝐶𝑠

 

 

(4.34) 

𝑉𝑆 = 𝑖𝑠𝑅𝐿 (4.35) 

 

𝑖𝑝 =
𝑉𝑝 + 𝑋𝐶𝑝𝑖𝑑

𝑋𝐿𝑝 + 𝑋𝐶𝑝
 

 

(4.28) 

𝑖𝑑

=
𝑋𝐶𝑝(𝑋𝐿𝑠 + 𝑅𝐿 + 𝑋𝐶𝑠)𝑉𝑃

𝑋𝐿𝑠𝑋𝐶𝑟(𝑋𝐿𝑝 + 𝑋𝐶𝑝) + 𝑋𝐿𝑠𝑋𝐿𝑝(𝑋𝐶𝑝 + 𝑋𝐶𝑠) + 𝑋𝐿𝑝𝑋𝐶𝑠(𝑋𝐶𝑝 + 𝑋𝐶𝑟) + 𝐴 + 𝐵 + 𝐶
 

 

𝐴 = 𝑋𝐶𝑝𝑋𝐶𝑠(𝑋𝐶𝑟 + 𝑋𝐿𝑠)  𝐵 = 𝑅𝐿𝑋𝐿𝑝(𝑋𝐶𝑝 + 𝑋𝐶𝑟 + 𝑋𝐶𝑠) 𝐶 = 𝑅𝐿𝑋𝐶𝑝(𝑋𝐶𝑟 + 𝑋𝐶𝑠) 

 

 

(4.29) 

𝑖𝑠 =
𝑋𝐶𝑠𝑖𝑑

(𝑋𝐿𝑠 + 𝑅𝐿 + 𝑋𝐶𝑠)
 

 

 

(4.30) 

𝐼0 =
2𝑖𝑠

𝜋
 

 
(4.31) 
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Figure 4-11 Gain magnitude plot of the CPT with reduced capacitance model for 

varying load conditions. 
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𝑉𝑆  =
𝑋𝐶𝑠𝑖𝑑𝑅𝐿

(𝑋𝐿𝑠 + 𝑅𝐿 + 𝑋𝐶𝑠)

=
𝑋𝐶𝑝𝑋𝐶𝑠𝑅𝐿𝑉𝑃

𝑋𝐿𝑠𝑋𝐶𝑟(𝑋𝐿𝑝 + 𝑋𝐶𝑝) + 𝑋𝐿𝑠𝑋𝐿𝑝(𝑋𝐶𝑝 + 𝑋𝐶𝑠) + 𝑋𝐿𝑝𝑋𝐶𝑠(𝑋𝐶𝑝 + 𝑋𝐶𝑟) + 𝑋𝐶𝑝𝑋𝐶𝑠(𝑋𝐶𝑟 + 𝑋𝐿𝑠) + 𝐷 + 𝐸
 

𝐷 = 𝑅𝐿𝑋𝐿𝑝(𝑋𝐶𝑝 + 𝑋𝐶𝑟 + 𝑋𝐶𝑠), 𝐸 = 𝑅𝐿𝑋𝐶𝑝(𝑋𝐶𝑟 + 𝑋𝐶𝑠) 

(4.36) 

  

𝑉𝑆

𝑉𝑃

=
𝑋𝐶𝑝𝑋𝐶𝑠𝑅𝐿

𝑋𝐿𝑠𝑋𝐶𝑟(𝑋𝐿𝑝 + 𝑋𝐶𝑝) + 𝑋𝐿𝑠𝑋𝐿𝑝(𝑋𝐶𝑝 + 𝑋𝐶𝑠) + 𝑋𝐿𝑝𝑋𝐶𝑠(𝑋𝐶𝑝 + 𝑋𝐶𝑟) + 𝑋𝐶𝑝𝑋𝐶𝑠(𝑋𝐶𝑟 + 𝑋𝐿𝑠) + 𝐷 + E
 

 

(4.37) 

  

|G𝑉| =
𝑉𝑆

𝑉𝑃
=

𝑠𝐶𝑟𝑅𝐿

𝑠4𝐿𝑝(𝐶𝑝𝐿𝑠𝐶𝑠 + 𝐿𝑠𝐶𝑟𝐶𝑝 + 𝐿𝑠𝐶𝑟𝐶𝑠) + 𝐹 + 𝐺 + 𝐻 + 1
 

𝐹 = 𝑠3 𝑅𝐿𝐿𝑝(𝐶𝑟𝐶𝑠 + 𝐶𝑝𝐶𝑠 + 𝐶𝑝𝐶𝑟), 𝐺 = 𝑠2(𝐿𝑠𝐶𝑟 + 𝐿𝑠𝐶𝑠 + 𝐿𝑝𝐶𝑝 + 𝐿𝑝𝐶𝑟), 𝐻 = 𝑠(𝑅𝐿𝐶𝑠 + 𝑅𝐿𝐶𝑟) 

 

(4.38) 
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The magnitude of gain |GV| versus frequency plot is depicted in Figure 4.11. The plot in 

Figure 4.11 resembles the narrow bandpass filter characteristics. This is because, the 

resonant wireless power transfer systems are tuned circuits that provides low impedance 

path to the current at the resonant frequency and blocks all the other frequency currents. 

The CPT system attains unity gain at the resonant frequency, fRCM, which is defined in 

(4.39).  

 

 

Here, Lp and Cp, are the resonant tank elements at the primary side and Ls and Cs, are 

the resonant tank elements at the secondary side. As the system is designed to be 

symmetric, the resonant frequency at the primary side and the secondary side is the same. 

The quality factor of the system, Q is selected to be 9. The system resonant frequency was 

designed at 1.18 MHz which is the same as the switching frequency of the inverter.  

𝑓𝑅𝐶𝑀 =
1

2𝜋√𝐿𝑝𝐶𝑝

=
1

2𝜋√𝐿𝑠𝐶𝑠

 (4.39) 
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4.2.2 Reduced capacitance model versus six capacitance model 

 

In [43], Lu. et. al introduced the dual LC compensated CPT system and was modelled 

as an equivalent behaviour source model with the current source approximation, (refer 

Figure 4.3) to represent the coupling capacitance. Here, the capacitive link was modelled 

to include all six capacitances (main capacitances (C12, C34), same side capacitances (C13, 

C24), and cross coupling capacitances (C14, C23)). As the system is symmetric, primary and 

secondary inductances and capacitances are approximately equal and hence the resonant 

frequency remains the same at both sides. Here, the resonant frequency fSCM is determined 

by (4.40). Lp and Ls are the resonant inductors. The link capacitance C1 and  C2 are found 

using (4.7) and (4.8) which includes the influence of all six capacitances. Then Ctotal1 is 

calculated as the sum of link capacitance C1 and external resonant tank capacitor CP (4.41). 

Similarly, Ctotal2 is formed as the sum of link capacitance C2 and external resonant tank 

capacitor CS (4.42). 

 

Figure 4-12  Gain magnitude plot of the CPT with six capacitance model for 

varying load conditions. 
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𝑓𝑆𝐶𝑀 =
1

2𝜋√𝐿𝑝𝐶𝑡𝑜𝑡𝑎𝑙1

=
1

2𝜋√𝐿𝑠𝐶𝑡𝑜𝑡𝑎𝑙2

 (4.40) 

  

𝐶𝑡𝑜𝑡𝑎𝑙1 = 𝐶1 + 𝐶𝑃 (4.41) 

  

𝐶𝑡𝑜𝑡𝑎𝑙2 = 𝐶2 + 𝐶𝑆 (4.42) 

The model analysis showed that as the load resistance is varied, there exist upper and 

lower resonant frequencies where the unity gain is achieved, as given in Figure 4.12. These 

frequencies are termed as constant voltage frequencies, fSCM(cv1) and fSCM(cv2) given in 

equation 4.43 and 4.44 respectively which are dependent on the coupling coefficient kc and 

are situated at either sides of the resonant frequency fSCM. 

 

 

 

Therefore, when the effect of same side and cross coupling capacitances are high, that 

is when the bipolar capacitive-link dispersion-factor (defined in the previous section) is 

less than one, the dual resonant frequencies are observed in the voltage gain characteristics 

(Figure 4.12). This makes it necessary to track these frequencies for the load independent 

unity-gain operation. 

On the contrary, the proposed reduced capacitance model attains unity gain at the single 

resonant frequency fRCM, independent of the load variations and the coupling coefficient as 

shown in Figure 4.11. Therefore, whenever possible, that is when the bipolar capacitive-

link dispersion-factor is much greater than one, it is apparent to use the reduced capacitance 

𝑓𝑆𝐶𝑀(𝑐𝑣1)  =  
𝑓𝑆𝐶𝑀

√1 + 𝑘𝑐

 (4.43) 

  

𝑓𝑆𝐶𝑀(𝑐𝑣2)  =  
𝑓𝑆𝐶𝑀

√1 − 𝑘𝑐

 (4.44) 
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model as it simplifies the analysis and provides load independent and coupling coefficient 

independent operation at the designed resonant frequency. 

4.3 Circuit parameter design, simulation and experimental validation 

4.3.1 Design and Simulation 

The capacitance of each of the square parallel plate coupling structure must incorporate 

the fringing field effects which are prominent when the plate dimension and power transfer 

distance is comparable. Thus the coupling capacitance is found using (4.45) where b is the 

ratio of power transfer distance (dair) to plate width (l). The corresponding capacitances 

calculated for different dair values are tabulated in Table 4.1 as CPlate-pair1 and CPlate-pair2. 

𝐶𝑃𝑙𝑎𝑡𝑒−𝑝𝑎𝑖𝑟 = (1 + 2.343𝑏0.891) 휀0휀𝑟𝑙2 𝑑⁄
𝑎𝑖𝑟

 

 
(4.45) 

As discussed in section 4.2, a symmetric LC compensation formed by Lp-Cp and Ls-Cs 

at the primary and secondary sides respectively is utilized to establish the resonance. In 

addition, this will also increase the effective capacitance and reduce the voltage stress on 

the capacitive link. The capacitances Cp and Cs are chosen based on the output power 

relation (4.46) (Refer section 5.4.2 in chapter 5).  

𝑃0 =
2𝜋𝑓0𝐶𝑝𝐶𝑠

𝐶𝑀
𝑉𝑃𝑉𝑆 (4.46) 

Here, the mutual capacitance is determined using equations (4.14) and (4.45) which is 

dependent on the plate width and power transfer distance. The voltages VP and VS are 

defined in (4.17) and (4.18) respectively.  

The circuit schematic in Figure 4.8 is simulated with the designed circuit parameters 

using PSIM and the waveforms are depicted in Figure 4.13. VP is the unipolar square 

waveform generated at the link input from the synchronous buck configured inverter. 
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The capacitive link input/primary current IP slightly lags primary link voltage VP  which 

makes sure the soft switching operation of the converter switches. The link output voltage 

VS is in phase with output current IS as seen at the input of the rectifier. The unipolar link 

input voltage leads the bipolar link output voltages by 180° which is matching with the 

phase angle analysis of derived voltage gain of the reduced capacitance model. This limits 

the circulating reactive power loss and improves the efficiency of the system.  The rms 

value of voltage between the coupler/link plates P1 and P2 (or P3 and P4) is around 250 V 

and the rms value of  voltage between same side plates P1 and P3 (or P2 and P4) is around 

700 V when the power transfer distance is 25 mm. At a power transfer distance of 100 mm, 

the rms value of voltage between the coupler/link plates P1 and P2 (or P3 and P4) is around 

1.5 kV and the rms value of  voltage between same side plates P1 and P3 (or P2 and P4) is 

around 2.9 kV. As pointed out in section 4.1, the break down electric field is 3 x 106 V/m 

for air and the breakdown voltage limit is 75 kV for an air gap of 25 mm and 300 kV for 

 

Figure 4-13 Simulated capacitive link input and output waveforms in PSIM. 
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an air gap of 100 mm. Therefore, there is no risk of dielectric breakdown and hence no 

concern of arcing in the designed system.  

4.3.2 Experimental validation 

The experimental prototype of the CPT system is built in the lab with the circuit 

parameters given in Table 4.1 (see Figure 4.14). The capacitive link or coupling plate is 

made up of square aluminum plate pairs of length (l) 600 mm which are separated by PVC 

tubes. The air gap (dair) was varied to get 25 mm and 100 mm power transfer distance. The 

separation distance (ds) is kept at 660 mm where BCD = 15 m and kE = 0.9 for dair=25 mm 

and BCD = 4 m and kE = 0.8 for dair=100 mm. The corresponding capacitances were 

measured using the Omicron Bode 100 analyzer. Then depending on the output power 

requirement (100-200 W), the capacitances Cp and Cs are selected, and these high-

frequency thin-film external capacitor banks of 450 pF are connected at primary and 

secondary side. For the operating frequency of 1.18 MHz, the resonant tank is completed 

by designing the inductors using (33), which will resonate with the effective capacitances 

 

Figure 4-14 Photo of the experimental setup. 
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and generate high voltages on the plates for the sustained power transfer. The inductors Lp 

and Ls in the resonant tank have an air core and are made with AWG 8 Litz-wire. Litz-wire 

is a braided enameled conductor that can mitigate the skin and proximity effects, especially 

at high frequency. The skin effect causes self-induced eddy currents in the conductor and 

the proximity effect induces eddy currents in the nearby conductive material. Both 

phenomena create joule heating and reduce efficiency. Therefore, both inductors are wound 

on an air core using Litz-wire attaining the inductance value of 40uH. 

At the transmitter side, input DC voltage is varied from 0-200V using Magna power 

programmable DC power supply which is connected to the inverter. The inverter switches 

are configured using a half-bridge evaluation board from GaN Systems featuring 650V E-

HEMT GS66508T (30A/50mΩ) transistor and 2.5A gate drive optocoupler, ACPL-P34. 

The Texas Instruments TMS320F28379D microcontroller with 200 MHz clock frequency 

Table 4-1 Circuit parameters for the CPT system 

Parameters Values 

f0 1.18 MHz 

Pmax 160 W 

VDC 0-200 V 

V0 0-80 V 

LP (LS) 40 µH 

CP (CS) 450 pF 

CPlate-pair1 147 pF (for l=600 mm, 

dair=25 mm ) 

CPlate-pair2 
47 pF (for l=600 mm, 

dair=100 mm ) 

R0 33-50 Ω 

 



91 

 

is used to generate the PWM signals to drive the inverter switches externally with a dead 

time of 40ns. At the receiver side, a silicon carbide (SiC) Schottky diode rectifier bridge 

from GlobalPower is used. The rectifier output is smoothed by the low pass capacitive filter 

and is fed to the Chroma programmable DC electronic load at constant resistance mode.  

In Figure 4.15, switching waveforms are given at switch S1. In Figure 4.16, the primary 

voltage and current (Vp, Ip) waveforms and load voltage and current (V0, I0) waveforms are 

given. The power transfer across the link was observed for varying DC input voltage (VDC) 

from 100 V to 200 V. The corresponding link input voltage (Vp) rms is 45 V to 90 V. At a 

constant load resistance of R0 = 40 Ω (RL =32.42 Ω), the DC output voltage across the load, 

 

Figure 4-16  Experimental waveforms of the CPT system a) Link input voltage VP 

(100 V/div) b) Link input current IP (5 A/div) c) Output voltage V0 (100 V/div) d) 

Output current I0 (5 A/div). 

 

Figure 4-15 Experimental waveforms of the CPT system a) PWM pulses at 

switch S1 (5 V/div) b) VGS at S1 (20V/div) c) VDS at S1 (20V/div). 



92 

 

R0 is measured as 42 to 80 V.  At VDC=160 V, an input power of 158.4 is transferred and 

an output power of 114.24 W is obtained, resulting a DC-DC efficiency of 72.12%. Under 

well aligned condition, the efficiency curve for varying dc voltage at R0 = 40 Ω is depicted 

in the Figure 4.17(a).  For VDC=190 V, an input power of 263 W is transferred and an output 

power of 160 W is obtained, resulting a DC-DC efficiency of 60.8%. The output power 

versus efficiency curve is given in Figure 4.17(b), where the maximum efficiency, 

ɳmax=72.12% is achieved at 114 watts. The maximum power transferred across the link is 

160 watts at 60.8% efficiency. Though the experimental validation is done in the power 

range of 100-200 W for the proof of concept, the designed capacitive link is capable of 

handling several kilo watts of power transfer. However, the external capacitor bank is 

required to be redesigned to share the high link voltages. At higher frequency, the voltage 

 

(a) 

 

(b) 

Figure 4-17 Efficiency curves a) For varying input DC voltage, b) For varying 

output power. 
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handling capability of the film capacitor bank decreases. Depending on the power transfer 

levels, the voltage stress across the compensation capacitor bank can be determined 

through simulation and the capacitors need to be selected accordingly for the 

implementation. The output voltage waveform V0 observed in Figure 4.16 is smoothed by 

 

(a)                                                                          

 

 (b) 

Figure 4-18 Output power and efficiency curves for varying separation distance: a) 

At power transfer distance, 25 mm b) At power transfer distance, 100 mm.                                  
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a capacitive filter of value 47 µF and the voltage ripple can be further reduced by increasing 

the filter capacitance.  

The output power and efficiency comparison of reduced capacitance model (RCM) and 

six capacitance model (SCM) are depicted in Figure 4.18, for different power transfer 

distances. Here, the output power first increases with reduced efficiency levels for very 

small separation distances as evident from output power relation for the double sided LC 

compensated CPT system (4.46). This is because, CM fluctuates due to the influence of 

cross coupling and same side capacitances when the plate pair separation is much small. 

Once the separation distance is larger such that this influence diminishes and the value of 

CM stabilizes and efficiency levels improves. In both cases, the RCM is influential at a 

larger separation distance relative to the power transfer distance and length of the plate. 

For example, when power transfer distance dair = 25 mm, separation distance, ds = 100 mm 

and plate length l = 600 mm, the BCD value is 2.4 m and RCM can be applied.  Similarly, 

when dair = 100 mm, for the same plate length, the RCM can be applied from a separation 

distance, ds  greater than or equal to 300 mm as BCD attains a value 1.8 m.  Therefore, for 

BCD much greater than one meter, the influence of SCM diminishes and RCM is prevalent. 

A reduced capacitance model for the capacitive power transfer system is discussed in 

this chapter which is derived from the conventional six capacitance model for the bipolar 

capacitive link topology. When the separation distance between the same side plate pair is 

large enough, the effect of same side and cross-coupling capacitances diminishes and the 

analysis based on a reduced capacitance modelling (RCM) with the two main capacitances 

can be carried out. A bipolar capacitive link dispersion factor (BCD) defined in this chapter 

determines the separation distance beyond which RCM can be applied relative to the plate 
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dimensions and power transfer distance. Further analysis showed that, RCM attains the 

unity voltage gain and load-independent operation at designed resonant frequency. The 

effectiveness of the model is analyzed and verified experimentally. The results indicated 

that, reduced capacitance model is suitable over six capacitance modelling for large 

charging area applications like electric vehicle charging where the separation distance 

between the same side plate pair is large enough and the effect of the same side and cross 

coupling capacitances can be circumvented in the analysis. 
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Chapter 5. Hybrid inductive and capacitive wireless power transfer 

system 

The role of wireless power transfer systems is becoming increasingly popular in recent 

times, especially in medium to high power applications like EV charging [103]. The 

reasons for the uprising of this technology are the safety and convenience it provides by 

means of hands free charging as there is no need to plug in the charger to the EV as in 

wired chargers. In addition, through a modular link architecture, multiple vehicles can be 

charged without the need for handling or untangling any heavy cables such as in 

conventional wired chargers.  

Two major wireless power transfer technologies suitable for EV charging are based on 

electromagnetic induction based inductive wireless power transfer (IPT) and electrostatic 

induction based capacitive wireless power transfer (CPT). IPT is rapidly evolving into a 

matured technology achieving efficiencies above 90% and reaching power levels of 

hundreds of kilo watts with higher power transfer distance (also referred as air-gap) in the 

range of 100 mm to 200 mm [2], [104]–[108]. CPT, considered as the dual of IPT, started 

off with low power (tens of watts) and small air-gap (<1mm) applications has progressed 

in to medium power transfer (~3 kW) and higher air-gap applications [25], [28], [52], 

[109]–[114]. A detailed comparison between IPT and CPT technologies suitable for EV 

charging is provided in [115]. A comparison of certain features in these technologies is 

given in Table 5.1. It highlights the need for integrating their benefits to enhance the 

performance of EV wireless charging.  
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In literature, there were several successful attempts to integrate inductive and capacitive 

couplers for mutual power transfer that includes low (tens of watts) to medium power  

(several kW) applications as discussed in chapter 2 [94], [96], [97], [116], [117]. As this 

chapter focuses on light duty EV charging application, the following research works are 

selected. In [94], a combined IPT-CPT system realized by series connection of IPT and 

CPT link achieved a DC–DC efficiency of 94.95% when the converter transfers 3.0 kW of 

power. The full bridge inverter is switched at 1 MHz, for effective coupling. In this HPT, 

70% of power is transferred using IPT and 30% using CPT. In [97], the HPT system formed 

by parallel connected IPT and CPT link achieved a 91.9% DC–DC efficiency at 1.1 kW 

power level using a full bridge inverter topology at an operating frequency of 800 kHz.   

The power transfer contributed by both the links were approximately equal. In these 

works, the selected switching frequency for the operation of entire HPT system is very high 

due to the dependent nature of the IPT and CPT link. High frequency of operation is 

required for effective capacitive coupling and further for effective CPT. However, 

operating an inductive link at this high frequency and high power can generate 

electromagnetic radiations which exceeds the safe limits [14], [78], [80]. 

Table 5-1 WPT system comparison 

WPT 

Technology 
Freq. 

Power 

level 

Coupler/Link 
Surface 

power 

density 

and 

Efficiency 

Misalignment 

tolerance 

Metal 

object 

tolerance 

Eddy 

currents 

 
Design Cost Weight 

IPT kHz High Complex High High High Medium No Present 

 

CPT MHz Medium Simple Low Low Medium High Yes Absent 
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In order to overcome this limitation, authors propose a high frequency three-leg inverter 

topology to combine inductive and capacitive links in parallel. Block diagram of the 

proposed concept for EV charging, given in Figure 5.1, consists of a HF three-leg inverter, 

primary compensation, coupling interface, secondary compensation, rectifier followed by 

the battery. The function of high frequency three-leg inverter is to provide a simultaneous 

dual frequency operation at 85 kHz and 1 MHz for switching inductive and capacitive links 

respectively. Further, the compensation block that resonates with the coupling interface 

improves the power transfer capability of both systems. A series-series capacitor 

compensation is provided at primary and secondary sides for the IPT system [118]. A dual 

LC compensation is employed in the CPT system [119]. The overall system power is 

contributed 66% by inductive link and 33% by the capacitive link.  The modular structure 

of this HPT system also allows independent operation of the links besides easier 

implementation in static and dynamic wireless EV charging applications.  

 

 

 

Figure 5-1 Hybrid inductive and capacitive wireless power transfer system block 

diagram. 
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5.1 Proposed Topology 

 

5.1.1 Circuit schematic 

The circuit schematic of the three-leg inverter configured hybrid wireless power transfer 

system is given in Figure 5.2. The HPT system comprises of independent IPT and CPT 

branches driven by the three-leg inverter. The proposed three-leg inverter constitutes two 

complementary switches in each leg. 

The switches S1, S2, S3 and S4 form a full bridge inverter topology switching at 85 kHz 

to drive the inductive ac link branch. The switches S5 and S6 switching at 1 MHz form a 

half bridge topology for independently driving the capacitive ac link branch. In this 

topology, in order to combine both systems, the first leg formed by switches S1 and S2 is 

selected as the reference leg. Therefore, the input dc link voltage Vdc is converted into two 

high frequency ac voltages, which are the input voltage reference Vp1 (VIPT) at the inductive 

link and Vp2 (VCPT) at the capacitive link. The inductive ac link input voltage is controlled 

by providing phase shift modulation in the first two legs. Here, the duty cycle of the 

 

Figure 5-2 Circuit schematic of the proposed converter for hybrid inductive and capacitive 

wireless power transfer system.     
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switching waveforms is constant at 0.5, but a phase delay is introduced between the first 

and second legs that determines the link voltage. The capacitive ac link input voltage is 

duty cycle controlled. 

Further, the compensation circuits are decided for both systems to boost the effective 

power transfer capability through resonance. A symmetric series-series compensation  

circuit is selected for the inductive ac link at a resonant frequency of 85 kHz at primary 

and secondary side.  Thus, this branch offers a low impedance path to the currents at 85 

kHz. Similarly, a symmetric dual LC compensation circuit that resonates at 1 MHz is 

designated for the capacitive ac link which provides a low impedance path to the currents 

at frequency 1 MHz and blocks the IPT branch currents of frequency 85 kHz. Finally, at 

the secondary side, the compensation circuit is followed by the rectifier, filter capacitor 

and the load resistance, RL which represents the battery. 

 

Figure 5-3 The equivalent circuit of the HPT system without rectifier. 
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5.2 Modes of operation of the proposed converter 

 The load circuit comprises of two independent resonant circuits, namely low frequency 

IPT circuit and high frequency CPT circuit as shown in Figure 5.3. The resistance R0 is the 

effective resistance comprising the rectifier and the load RL. The switching scheme along 

with the link voltages (VIPT, VCPT) and currents (Ip1, Ip2) are given in Figure 5.4. The first 

and second legs form a full bridge inverter to drive the IPT system where the switches on 

each leg are on for 50% of switching period in a complementary fashion and the  VIPT is 

regulated by controlling the phase shift between the two inverter legs for the IPT system 

where δ is the phase shift angle. In the CPT system, a duty cycle control on complementary 

switches in the third leg is utilized to regulate the VCPT whose polarity is determined by the 

first leg of the converter which acts as a reference.  

As discussed, the IPT system is controlled by first and second legs of the converter that 

consists of switches S1-S2 and S3-S4 respectively. The switching pulses in each leg is  

complementary as depicted in Figure 5.4. The switches S1-S4 have a constant duty cycle D 

= 50% and the voltage regulation is achieved by adjusting the phase angle, δ between the 

two legs. The output voltage VIPT  depends on the switching states of the first and second 

legs and takes any one value from the three possible voltage levels + VDC , zero or -VDC at 

a given switching instant.  

The switching states of the first and third legs determines the level of capacitive link 

voltage VCPT  from + VDC , zero or -VDC at a given switching instant. The first leg switched 

at 85 kHz serves as the reference leg and the third leg switched at 1 MHz drives the CPT 

system. Further, the CPT system is regulated by the duty cycle (DCPT) variation of 

complementary switches S5 and S6 on the third leg. For one switching cycle of S1 and S2, 
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he switches S5 and S6 have several switching cycles as depicted in Figure 5-4 which depends 

on the switching frequency of CPT. Thus, for the period in which S1 is on, VCPT  traverses 

from zero to -VDC and for the period in which S2 is on VCPT traverses from zero to +VDC 

multiple times depending on the states of S5 and S6.  

The modes of operation are as follows: 

Mode 1 (t0 ≤ t ≤ t1):  In this mode, the switches S1 , S4 and S6 are turned on. The inductive 

link voltage VIPT is at level +VDC and the capacitive link voltage VCPT is at level -VDC. The 

primary current in the IPT circuit, Ip1 is positive and in phase with VIPT which energizes the 

resonant tank and flows through the primary coil. This induces the secondary side voltage 

and the current Is1 flows through the secondary coil. The primary current in the CPT circuit, 

 

Figure 5-4 Modes of operation. 



103 

 

Ip2 is negative and in phase with the VCPT. It circulates through S1 and S6. The resonant tank 

is energized and the plate voltages builds up which allows a displacement current Is2 to 

flow at the secondary side of the CPT system. At the end of this mode, S6 is turned off.  

Mode 2 (t1 ≤ t ≤ t2): In this mode, with S1 and S4 are still on from the previous mode, S5 is 

turned on. The inductive link voltage VIPT is still at level +VDC on the other hand the 

capacitive link voltage VCPT is at level zero. Ip2 is positive and circulates through S5 to S1 

and completes the path. At the end of this mode, S5 is turned off. 

Mode 3 (t2 ≤ t ≤ t3): During this time period the modes 1 and 2 repeats until S4 is turned 

off. 

Mode 4 (t3 ≤ t ≤ t4): In this mode, with S1 still on from the previous mode, S3 is turned on 

and the inductive link voltage VIPT is at level zero. Ip1 circulates through S1 to S3 and turns 

zero.  At the end of this mode, S1 is turned off. For CPT circuit, since S5 is on at this mode, 

VCPT is at level zero. 

Mode 5 (t4 ≤ t ≤ t5): In this mode, the conditions for IPT circuit is same as in the mode 4. 

However, for CPT circuit, S6 is on at this mode and VCPT is at level -VDC. 

Mode 6 (t5 ≤ t ≤ t6): In this mode, with S3 still on from the previous mode, S2 is turned on 

and the inductive link voltage VIPT is at level -VDC. Ip1 reverses the direction of flow and 

conducts through S2 and S3. In the CPT circuit, S5 is on and VCPT is at level +VDC and Ip2 is 

positive. At the end of this mode, S5 is turned off.  

Mode 7 (t6 ≤ t ≤ t7):  In this mode, with S2 and S3 still on from the previous mode, S6 is 

turned on and VCPT is at level zero. Ip2 is negative and completes the path through S6 and 

S2. At the end of this mode, S6 is turned off.  
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Mode 8 (t7 ≤ t ≤ t8): During this time period the modes 5 and 6 repeats until S3 is turned off. 

Mode 9 (t8 ≤ t ≤ t9): In this mode, the switch S2 is on from the previous mode and now S4 is 

turned on and the inductive link voltage VIPT is at level zero. Ip1 circulates through S2 to S4 

and turns zero. For CPT circuit, since S6 is on at this mode, VCPT is at level +VDC.  

Mode 10 (t9 ≤ t ≤ t10): In this mode, the conditions for IPT circuit is same as in the mode 

9. However, for CPT circuit since S6 is on at this mode, VCPT is at level zero. At the end 

of this mode, S2 is turned off. In the next switching instant, S1 is on and the circuit returns 

to mode 1 and a new cycle begins. 

5.3 Steady state analysis 

 

In this section, the steady-state model of the proposed three-leg inverter is derived. 

For the steady state analysis, the fundamental harmonic model is adopted with the 

following assumptions: 

1) All switches and diodes are considered to be ideal; 

2) The dead time is neglected; 

3) Parasitic resistances of inductors and capacitors are ignored; 

 

Figure 5-5 Equivalent circuit of the inductive link. 
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4) The quality factor of the CPT and IPT systems are considered to be high in order to 

achieve sinusoidal currents at the inductive and capacitive links. 

Figures 5.5 and 5.6 show the equivalent circuits of the inductive and capacitive links 

respectively. In order to minimize the VA rating of the converter and maximize the power 

transfer capability the primary and secondary resonant circuits at IPT and CPT links are 

tuned to the respective angular switching frequency ωIPT(s) and ωCPT(s) (5.1-5.2). 

 

 

 

 

 

 

 

 

  

Here Lp and Ls are the self-inductances of the primary and secondary coils and Cp and 

Cs are the primary and secondary compensation capacitors of the inductive link. C1 and C2 

are the primary and secondary compensation capacitors and L1 and L2 are the primary and 

secondary compensation inductors of the capacitive link. 

 

 Figure 5-6 Equivalent circuit of the capacitive link. 

𝜔𝐼𝑃𝑇(𝑠) =
1

√𝐿𝑝𝐶𝑝

=
1

√𝐿𝑠𝐶𝑠

 

 

(5.1) 

𝜔𝐶𝑃𝑇(𝑠) =
1

√𝐿1𝐶1

=
1

√𝐿2𝐶2

 

 

(5.2) 
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The primary link voltages, vIPT and vCPT, are bipolar and unipolar square waves 

respectively and they can be approximated to their fundamental components. The time 

domain expressions are given in (5.3-5.4). 

 

 

 

 

The secondary side common link voltage vL , (see Figure 5.3) at the input of the rectifier 

which has both high and low frequency components from inductive and capacitive links is 

expressed as in (5.5) where ϴ is the initial phase of the secondary side voltage. 

 

 

The primary and secondary currents at the input and output of the IPT system (ip1 and 

is1) is expressed in (5.6-5.7) as it is the same as link currents due to series compensation. 

The primary and secondary currents at the input and output of the CPT system (Ip2 and 

Is2) is the sum of displacement current (id) through the plate pair and the current through 

the compensation capacitor bank (ic). Since id << ic, ip2 and is2 can be approximated as in 

5.8 and 5.9 respectively. 

𝑣𝐼𝑃𝑇 =
4𝑉𝑑𝑐

𝜋
sin 𝜋𝛿 sin 𝜔𝐼𝑃𝑇(𝑠)𝑡 

 

(5.3) 

𝑣𝐶𝑃𝑇 =
2𝑉𝑑𝑐

𝜋
sin 𝜋𝐷𝐶𝑃𝑇 sin 𝜔𝐶𝑃𝑇(𝑠)𝑡 

 

(5.4) 

 

𝑖𝑝1 =
𝑣𝐿 

𝑗𝜔𝐼𝑃𝑇(𝑠) 𝐿𝑚
=

4𝑉0

𝜋𝜔𝐼𝑃𝑇(𝑠) 𝐿𝑚
sin((𝜔𝐼𝑃𝑇(𝑠) + 𝜔𝐶𝑃𝑇(𝑠))𝑡 + 𝜃) −

𝜋

2
) 

 

(5.6) 

𝑖𝑠1 = −
𝑣𝐼𝑃𝑇 

𝑗𝜔𝐼𝑃𝑇(𝑠) 𝐿𝑚
=

4𝑉𝑑𝑐 sin 𝜋𝛿

𝜋𝜔𝐼𝑃𝑇(𝑠) 𝐿𝑚
sin(𝜔𝐼𝑃𝑇(𝑠)𝑡 +

𝜋

2
) 

 

(5.7) 

 

𝑣𝐿 =
4𝑉0

𝜋
sin((𝜔𝐼𝑃𝑇(𝑠) + 𝜔𝐶𝑃𝑇(𝑠))𝑡 + 𝜃) 

 

(5.5) 
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After removing the high frequency components, the system power is approximated to 

PIPT and PCPT as given in (5.10-5.11). The final power relation of HPT system is the sum of 

PIPT and PCPT .  

 

 

 

 

 

From (5.10), the IPT system power is controlled by the phase shift factor 𝛿 between first 

and second legs (see Figure 5.4) of the inverter and CPT system power is controlled by the 

duty cycle 𝐷𝐶𝑃𝑇 of the switches in the third leg (5.11). The maximum power transfer 

condition for HPT system is when  𝛿 = 0.5 and 𝐷𝐶𝑃𝑇 = 0.5. 

5.4 System Design and Simulation Results 

 

5.4.1 Design of IPT system 

 

From Figure 5.3, the input power PIPT(p) at the primary side of the inductive link is 

determined by the full bridge inverter formed by switches S1, S2, S3 and S4 and is given in 

(5.13). Here, Vdc is the dc link voltage, VIPT(p) is the fundamental RMS voltage and IIPT(p) or 

Ip1 is the fundamental RMS current at the primary side of  the IPT system.  

𝑖𝑝2 = 𝑖𝑑1 + 𝑖𝑐1 =  𝑗𝜔𝐶𝑃𝑇(𝑠)𝐶𝑚𝑣𝐶2 + 𝑗𝜔𝐶𝑃𝑇(𝑠)𝐶𝑒𝑓𝑓1𝑣𝐶1 ≅ 𝑗𝜔𝐶𝑃𝑇(𝑠)𝐶𝑒𝑓𝑓1𝑣𝐶1  

 

(5.8) 

𝑖𝑠2 = 𝑖𝑑2 + 𝑖𝑐2 =  𝑗𝜔𝐶𝑃𝑇(𝑠)𝐶𝑚𝑣𝐶1 + 𝑗𝜔𝐶𝑃𝑇(𝑠)𝐶𝑒𝑓𝑓1𝑣𝐶2 ≅ 𝑗𝜔𝐶𝑃𝑇(𝑠)𝐶𝑒𝑓𝑓1𝑣𝐶2  

 

(5.9) 

 

𝑃𝐼𝑃𝑇 = 𝑣𝐼𝑃𝑇 𝑖𝑝1 =
4𝑉𝑑𝑐

𝜋
sin 𝜋𝛿

4𝑉0

𝜋𝜔𝐼𝑃𝑇(𝑠) 𝐿𝑚
 

 

(5.10) 

𝑃𝐶𝑃𝑇 = 𝑣𝐶𝑃𝑇 𝑖𝑝2 =
2𝑉𝑑𝑐

𝜋
sin 𝜋𝐷𝐶𝑃𝑇𝜔𝐶𝑃𝑇(𝑠)𝐶𝑒𝑓𝑓1𝑣𝐶2  

 

(5.11) 

𝑃𝐻𝑃𝑇 = 𝑃𝐼𝑃𝑇 + 𝑃𝐶𝑃𝑇  (5.12) 

 



108 

 

 

 

PIPT(s) is the power received at the secondary side of the inductive link as given in (5.14). 

Here, V0 is the output voltage across the load R0, VIPT(s)   is the fundamental RMS voltage 

and IIPT(s) or Is1 is the fundamental RMS current at the secondary side of the IPT system. 

 

 

The coupler at the inductive ac link is represented by primary self-inductance Lp , 

secondary self-inductance Ls and the mutual inductance Lm. Depending on the power 

requirement of the application, the power transfer across the link, PIPT(l) is decided. From 

the desired amount of power transfer PIPT(l)  the required mutual inductance Lm is found in 

(5.15) where  ωIPT is the angular resonant frequency of the circuit (5.22),  and Ip1 and Is1 

are the primary and secondary rms currents (5.16-5.17). 

 

 

 

 

 

The secondary self-inductance Ls (5.19) depends on the secondary side quality factor, 

Qs (typical range ~ 2-10), the equivalent load R0 (5.18) and resonant frequency ωIPT (5.23). 

𝑃𝐼𝑃𝑇(𝑝) = 𝑉𝐼𝑃𝑇(𝑝)𝐼𝐼𝑃𝑇(𝑝) =
4𝑉𝑑𝑐𝐼𝑝1

𝜋√2
 

 

(5.13) 

 

𝑃𝐼𝑃𝑇(𝑠) = 𝑉𝐼𝑃𝑇(𝑠)𝐼𝐼𝑃𝑇(𝑠) =
4𝑉0𝐼𝑠1

𝜋√2
 (5.14) 

 

𝐿𝑚 =
𝑃𝐼𝑃𝑇(𝑙)

𝜔𝐼𝑃𝑇(𝑠)𝐼𝑝1𝐼𝑠1
 

 

 

(5.15) 

𝐼𝑝1 =
4𝑉0

𝜋𝜔𝐼𝑃𝑇𝐿𝑚
 

 

 

(5.16) 

𝐼𝑠1 =
4𝑉𝑑𝑐

𝜋𝜔𝐼𝑃𝑇𝐿𝑚
 (5.17) 
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The coupling coefficient k is selected to be less than the critical coupling coefficient kc 

based on the recommendations to avoid bifurcation phenomena [120]. It also decides the 

range of the power transfer distance.  

 

 

 

 

 

The primary self-inductance Lp is then computed form (5.20). The relation between 

resonant frequency and the corresponding resonant tank elements at the primary side 

(fIPT(p)) is given in (5.21) and at the secondary side (fIPT(s)) is given by (5.22). The inverter 

switching frequency is allowed to slightly deviate from the resonant frequency in order to 

enable soft switching. 

  

  

 

 

 

  

  

𝑓𝐼𝑃𝑇(𝑝) =
1

2𝜋√𝐿𝑝𝐶𝑝

 (5.21) 

𝑓𝐼𝑃𝑇(𝑠) =
1

2𝜋√𝐿𝑠𝐶𝑠

 (5.22) 

 

𝜔𝐼𝑃𝑇 = 2𝜋𝑓𝐼𝑃𝑇(𝑝) = 2𝜋𝑓𝐼𝑃𝑇(𝑠) 
(5.23) 

 

𝑅0 =
8

𝜋2
𝑅𝐿 

 

 

(5.18) 

𝐿𝑠 =
𝑄𝑠𝑅0

𝜔𝐼𝑃𝑇
 

 

 

(5.19) 

𝐿𝑝 =
𝐿𝑚

2

𝐿𝑠𝑘2
 (5.20) 
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The series-series compensated resonant tank is completed by capacitor banks Cp and Cs 

on primary and secondary respectively. The values of capacitors are designed to create 

proper resonance with the coupler at the desired resonant frequency fIPT. The compensation 

network compensates the reactive power, reduces the VA rating of inverter switches at the 

primary side and increases the power transfer capability at the secondary side. By equating 

the power expressions in (5.13-5.15), the IPT system power is given in (5.24). 

 

 

Once the circuit parameters are determined, the primary coil and secondary coil 

dimensions need to be finalized to form the required Lp and Ls. The selected shape of the 

coil is Archimedean spiral (see Figure 5.7).  

𝑃𝐼𝑃𝑇 =
8𝑉𝑑𝑐𝑉0

𝜋2𝜔𝐼𝑃𝑇𝐿𝑚
 (5.24) 

 

 𝐿 =
𝑁

2
𝑎

2

8𝑎+11𝑐
 (5.25) 

𝑎 =
𝐷𝑜𝑢𝑡 + 𝐷𝑖𝑛

4
 (5.26) 

 𝑐 =
𝐷𝑜𝑢𝑡 − 𝐷𝑖𝑛

2
 (5.27) 

 

 

Figure 5-7 Archimedean spiral. 

Din

Dout

ca



111 

 

The geometrical parameters for this shape are derived from the Wheeler’s inductance 

formula given in (5.25-5.27) [121]. Here in the formula, the planar coil outer diameter Dout  

and inner diameter Din are used in inches and L is in µH. The value of Dout can be decided 

from the required air-gap between the coupler. From the literature, it is found that the 

fundamental height of the flux path in this shape is about one fourth of the coil outer 

diameter. The number of turns, N in the coil are assumed as single equivalent turn at first 

and then by arithmetic progression, Din and N are determined for the given value of L.  

5.4.2 Design of CPT system 

 

The capacitance of each of the square parallel plate coupling structure must incorporate 

the fringing field effects which are prominent when the plate dimension and power transfer 

distance is comparable. Thus the coupling capacitance is found using (5.28) where b is the 

ratio of power transfer distance (dair) to plate width (l). The plate pair capacitance C1pp and 

C2pp are found from the relation (5.28). 

𝐶𝑃𝑙𝑎𝑡𝑒−𝑝𝑎𝑖𝑟 = (1 + 2.343𝑏0.891) 휀0휀𝑟𝑙2 𝑑⁄
𝑎𝑖𝑟

 (5.28) 

The voltage stress developed across the plates is also a critical design factor which is 

given by (5.29). For a given current rating I, the voltage V developed across the interface 

is controlled either by increasing the operating frequency ω or by increasing the mutual 

capacitance CM . In addition, by using appropriate compensation technique, the current I 

flowing through the link can also be controlled. 

  

 

 𝑉  =   
𝐼

𝜔𝐶𝑀
 

 

(5.29) 
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Thus, in order to decrease the plate voltage stress and increase the power transfer 

capability over large air-gap, a dual LC compensation is realized by inductor L1 and 

additional capacitor C1 at the primary side and by inductor L2 and additional capacitor C2 

at the secondary side of the CPT system. This addition of capacitor to the series 

compensation inductor helps to reduce the voltage stress on the resonant inductor and plate 

pair especially when used for high power transfer and large air gap applications like electric 

vehicle charging.   

The capacitances C1pp, C2pp and mutual capacitance CM are fixed once the coupler 

dimensions are finalized according to the application requirement. Therefore, system 

power transfer can then be controlled by adjusting C1 and C2. The effective capacitance, 

Ceff1 is the sum of C1 and C1pp. Similarly, Ceff2 is the sum of C2 and C2pp. Further, the values 

of inductors are designed to create proper resonance with the effective capacitance at the 

desired frequency fCPT which in turn compensates for the reactive power. 

The input power PCPT(p) at the primary side of the capacitive link is controlled by the half 

bridge inverter formed by switches S5 and S6 and expressed in (5.30). Here, Vdc is the DC 

link voltage, VCPT(p) is the fundamental RMS voltage and ICPT(p) or Ip2 is the fundamental 

RMS current at the primary side of the CPT system as given in (5.31). 

𝑃𝐶𝑃𝑇(𝑝) = 𝑉𝐶𝑃𝑇(𝑝)𝐼𝐶𝑃𝑇(𝑝) =
2𝑉𝑑𝑐𝐼𝑝2

𝜋√2
 (5.30) 

𝐼𝑝2 = 𝜔𝐶𝑃𝑇𝐶𝑒𝑓𝑓1𝑉𝑐1 (5.31) 

As shown in Figure 5.3, the capacitive link with a mutual capacitance CM is formed by 

parallel plate pairs C1pp and C2pp. 
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The power received at the secondary side of the capacitive link is given as PCPT(s) in 

(5.32) where V0 is the output voltage at the load, VCPT(s) is the fundamental RMS voltage 

and ICPT(s) or Is2 given in (5.33) is the current at the secondary side of the CPT system. 

 

 

 

 

 

 

 

 

The power transferred through the coupler/link, PCPT(l) is expressed in (5.34) where ωCPT 

is the angular resonant frequency, Cm is the mutual inductance, VC1 and VC2 are the link 

voltages across Ceff1 and Ceff2 of the CPT system. By rearranging the power expressions as 

in (5.35), the CPT system power can be written as (5.36). 

 

 

 

 

𝑃𝐶𝑃𝑇(𝑠) = 𝑉𝐶𝑃𝑇(𝑠)𝐼𝐶𝑃𝑇(𝑠) =
4𝑉0𝐼𝑠2

𝜋√2
 (5.32) 

 𝐼𝑠2 = 𝜔𝐶𝑃𝑇𝐶𝑒𝑓𝑓2𝑉𝑐2 (5.33) 

𝑃𝐶𝑃𝑇(𝑙) = 𝜔𝐶𝑃𝑇𝐶𝑚𝑉𝐶1𝑉𝐶2 (5.34) 

𝑃𝐶𝑃𝑇(𝑝) = 𝑃𝐶𝑃𝑇(𝑙) = 𝑃𝐶𝑃𝑇(𝑠) (5.35) 

𝑃𝐶𝑃𝑇 =
4𝜔𝐶𝑃𝑇𝐶𝑒𝑓𝑓1𝐶𝑒𝑓𝑓2𝑉𝑑𝑐𝑉0

𝜋2𝐶𝑚
 (5.36) 
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5.5 Simulation Results 

 

As per the design methodology discussed in section 5.4 and 5.5 IPT and CPT circuit 

parameters are found respectively for a power level of 500 W with input voltage, Vdc at 85 

V and an output voltage V0 of 72 V. The IPT and CPT circuits are then combined using 

three leg inverter to form HPT system. The list of circuit parameters are given in Table 5.2. 

Further, the HPT system with designed circuit parameters is simulated in PSIM.  

 

 

Table 5-2 HPT System Specifications 

Parameters Symbol Values 

Maximum output power P0 500 W 

Output voltage V
0
 72 V 

Input voltage V
dc

 85 V 

IPT circuit elements 

IPT switching frequency fIPT 85 kHz 

Dead time td 0.2 µs 

Primary coil inductance L
p
 169 µH 

Secondary coil inductance L
s
 73.4 µH 

Mutual inductance LM 22.2 µH 

Primary compensation 

capacitor 
C

p
 20.8 nF 

Secondary compensation 

capacitor 
C

s
 47.8 nF 

CPT circuit elements 

CPT switching frequency fCPT 1.18 MHz 

Dead time td 0.03 µs 

Plate pair capacitance C
1pp

= C
2pp

 47 pF 

Mutual capacitance C
M

 23.15 pF 

Compensation capacitor C
1
= C

2
 453 pF 

Compensation inductor L
1
= L

2
 50.71 µH 
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The simulated switching waveforms S1-S6 are given in Figure 5.8. The low frequency 

pulses S1-S4 are driving the IPT system. S5-S6 are the high frequency pulses that drives the 

CPT system.  

 

Figure 5.9 (a) and (b) shows the primary side voltage and current waveforms at inductive 

and capacitive link respectively. The inductive link input voltage, VIPT, and primary current, 

Ip1, are in phase and the capacitive link input voltage, VCPT , and primary current, Ip2, are in 

phase. 

In 5.10(a), the link voltages VIPT and VCPT are shown where the VCPT completes 

approximately thirteen switching cycles in one time period of VIPT. The frequency ratio 

(fratio) is defined as the ratio of CPT and IPT operation frequencies in (5.37). 

𝑓𝑟𝑎𝑡𝑖𝑜 =  
𝑓𝐶𝑃𝑇

𝑓𝐼𝑃𝑇
= 13 (5.37) 

 

Figure 5-8 Simulation Results (a) Switching pulses at S1, S2  (b) Switching pulses at 

S3,S4   (c) Switching pulses at S5, S6. 
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The primary and secondary current waveforms of IPT is depicted in Figure 5.10(b). 

Figure 5.10(c) shows the primary and secondary current waveforms of CPT.  

The inductive link input voltage, VIPT , and primary current, Ip1, are in phase and Ip1 and 

Is1 are phase shifted by 90° as evident from the design equation.  

 
Figure 5-9 Simulation Results (a) Input link voltage, VIPT , primary current, Ip1, at 

inductive link (b) Input link voltage, VCPT, primary current, Ip2, at capacitive link. 

 

Figure 5-10 Simulation Results (a) Primary side voltage waveforms VIPT and VCPT (b) 

Primary current, Ip1, and secondary current, Is1 at inductive link (c) Primary current, Ip2, 

and secondary current, Is2 at capacitive link. 
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Similarly the capacitive link input voltage, VCPT , and primary current, Ip2, are in phase 

and Ip2 and Is2 are phase shifted by 180°.  

In Figure 5.11 secondary side voltage and current waveforms are depicted. As it can be 

seen, both Vs1 / Vs2  and Istotal contains high frequency and low frequency components which 

are contributed by the capacitive and inductive links respectively.  The rectified output 

voltage and current waveforms are also given. 

 

 

Figure 5-11 Simulation results (a) Common voltage at secondary side (Vs1 /Vs2) (b) 

Secondary side currents (Is1, Is2 and Istotal) (c) Output voltage and current (V0 and I0).  

Table 5-3 Peak voltage and current stress in IPT components 

Components CP Primary 

Coil 

Secondary 

coil 
CS 

Voltage (V) 638 725 452 350 

Current (A) 9.06 9.06 7.07 7.07 
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(a) 

 
(b) 

Figure 5-12 Field distribution simulated in JMAG (a) Magnetic flux density at the 

Inductive link(µT) (b) Electric field at Capacitive link (V/m) components. 

  

Table 5-4 Peak voltage and current stress in CPT components 

Components L1 C1 Plates C2 L2 

Voltage (V) 2281 2221 523 2140 2114 

Current (A) 7.51 7.33 0.17 7.14 7.31 
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The peak voltage and current stress across the link and the compensation components 

for IPT and CPT are given in Tables 5.3 and 5.4 respectively for a power transfer level of 

500 W. In Table 5.4, due to the use of dual LC compensation, the voltage stress across the 

plates is reduced considerably compared to the series compensated CPT system. 

 The leakage field influence around the couplers is simulated in JMAG with these peak 

voltage and current values. The ICNIRP 2010 (Table 2.7) permissible magnetic field limit 

of 27 µT is observed at 190 mm from the edge of the inductive link. The absolute 

permissible electric field of 614 V/m as per IEEE C95.1 (Table 2.6) limits is observed at a 

distance of 281 mm from the edge of the capacitive link.  (see Figures 5.12 (a) and (b)).  

5.6 Experimental Outcomes 

5.6.1 Experimental setup 

 

The experimental prototype of the HPT system is built in the lab with the circuit 

parameters given in Table 5.2. The HPT system stages include power supply, three leg 

inverter, inductive and capacitive link, compensation circuit, rectifier, filter and electronic 

load (see Figure 5.13). A Magna-Power Electronics programmable DC power supply and 

a 63800 series programmable AC/DC electronic load from Chroma System Solution were 

used at the supply side and load side respectively. The first two legs of the three leg inverter 

is configured using two silicon carbide (SiC) MOSFET high-frequency half-bridge 

evaluation boards that uses C3M0120090J MOSFETs from CREE in a 7L D2PAK package 

(CRD-5FF0912P) to drive the IPT system. A half-bridge evaluation board from GaN 

Systems featuring 650V E-HEMT GS66508T (30A/50mΩ) transistor forms the third leg 

to drive the CPT system. 
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The inductive link is made up of planar Archimedean spiral coil pairs separated by a 

distance of 100 mm. The coil material is 8 AWG type II 5×5×42/32 Litz wire. The outer 

diameter of the primary coil is 460 mm and the inner diameter is 280 mm. The number of 

turns in the primary coil is 17. The secondary coil contains ten turns and its outer and inner 

diameter are 460 mm and 354 mm respectively. The IPT system’s compensation circuitry 

consists of series connected film capacitor banks Cp and Cs at each side that ensure the 

required capacitance values, voltage and current ratings. The capacitive link is made up of 

two pairs of square aluminum plates of length (l) 600 mm separated at a 100 mm power 

transfer distance. For the CPT system's compensation circuitry, high-frequency thin-film 

external capacitor banks C1 and C2 are connected at primary and secondary side. The 

resonant tank is then completed by the inductors Lp and Ls that are made with AWG 8 Litz-

wire wound on an air core. The Texas Instruments TMS320F28379D microcontroller with 

200 MHz clock frequency is used to generate the PWM signals to drive the inverter 

switches externally. A dead time of 100 ns is kept in first two legs that drive the IPT circuit 

and a dead time of 30ns is chosen for the last leg which drives the CPT circuit. At the e 

receiver side, the rectifier is implemented using a SiC schottky diode rectifier-bridge from 

GlobalPower and the rectifier output is smoothed by a low pass capacitive filter. 
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Figure 5-13 Photo of the experimental setup. 
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5.6.2 Experimental results  

The switching pulses at the upper switches (S1, S3 and S5) of each leg is shown in Figure 

5.14. As it can be seen, first two legs are switching at 85 kHz and the third leg is switched 

at 1.18 MHz. The phase shift angle between first and second leg is kept at 180° which 

ensures the maximum span of inductive link voltage, VIPT.  

The inductive and capacitive link voltages (VIPT, VCPT) are depicted in Figure 5.15. The 

waveforms show that in one switching cycle of VIPT, there are around thirteen cycles of 

VCPT whose polarity is positive for the negative half cycle of VIPT and vice versa.  

 

 

 

    

 

Figure 5-14 Switching pulses at S1, S3 and S5 (upper switches at each leg) (5 V/div). 

S1 (5V/div)

S3 (5V/div)

S5 (5V/div)
Time (4µs/div)
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Figure 5.16 shows the primary side voltage and current waveforms. VIPT and Ip1 / IIPT are 

the voltage and current measured at the input of the IPT system.  

 

Figure 5-15 Inductive link voltage, VIPT  (100 V/div), VCPT (100 V/div). 

VIPT (100V/div)

VCPT (100V/div)

Time (4µs/div)

 

Figure 5-16 Voltage and current waveforms at the primary side: VCPT (50 V/div), ICPT 

(5 A/div), VIPT (100V/div), IIPT (5 A/div). 

VIPT (100V/div) IIPT (5A/div)

VCPT (50V/div)ICPT (5A/div)

Time (4µs/div)
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VCPT   is the voltage measured across the primary side of the CPT system and Ip2  is the 

current flowing through it. The secondary side waveforms are depicted in Figure 5.17. As 

the secondary side of IPT and CPT systems are parallel connected, the secondary voltage 

Vs  and total current Is contains low frequency and high frequency components 

corresponding to IPT and CPT systems  respectively.  

V0  and I0 are the rectified and filtered voltage and current waveforms measured across 

the load resistance. The efficiency levels for 500W experiment prototype is 85.4% and the 

simulated efficiencies at higher power levels with losses incorporated is above 90%. 

5.7 Sensitivity analysis  

An important aspect of wireless power transfer systems are their sensitivity to alignment 

varaiations. This is because the efficiency and power transfer is influenced by the 

misalignment percentage. The misalignment cases are discussed in section 2.1.2. For most 

 

Figure 5-17 Voltage and current waveforms at the secondary side: VS (100 V/div), IS2 (5 

A/div), V0 (100V/div), I0 (5 A/div). 
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of the applications the vertical alignment or power transfer distance is fixed and hence it is 

assumed to be constant in this analysis. However, the horizontal alignment is highly 

dependent on the user. In case of EV application, several positioning mechanisims can be 

adopted to assist the driver while parking the car over the charging pad [14], [59]. 

The overall power transfer efficiency of the HPT system with respect to the misalignment 

percentage at the inductive and capacitive link individually is given in Figure 5.18.  Here, 

since the dimensions of the inductive and capacitive coupler are different, the misalignment 

at each link is expressed in percentage. As it can be observed, the HPT system efficiency 

remained in the range of 85% up to 20% misalignment at capacitive link and then reduced 

linearly to 82% for a 50% misalignment. However, there is a linear efficiency reduction in 

the HPT system as the percentage misalignment progressed at the inductive link only. This 

 

Figure 5-18 HPT system performance for individual misalignment at capacitive 

and inductive link. 
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implies that the capacitive link misalignment performance is stable compared to the 

inductive link.  

Figure 5.19 illustrates the power and efficiency curves when the misalignment occurs at 

both links simultaneously which can be considered as the worst case scenario. The 

maximum efficiency of 85% is attained at a power transfer level of 500 W and it remains 

above 80% until mutual misalignment reaches 30% at both links. Similarly, the power 

transferred reduces linearly from 500W at zero misalignment at both links to 261 W at 50% 

misalignment at both links. 

Figure 5.20 shows the power transfer ratio between inductive and capacitive link with 

respect to the combined misalignment. The relation of HPT power transfer ratio can be 

derived as in (5.38). 

 

Figure 5-19 HPT system power and efficiency curves for simultaneous 

misalignment in both inductive and capacitive links. 
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As designed, the power transfer ratio of inductive to capacitive link is two at zero percent 

misalignment. That means, IPT system transfers twice the power as that of CPT system. 

As the misalignment increases, the ratio reduces and at 50% misalignment, the IPT and 

CPT system transfers almost the same amount of power, as the power transfer ratio turns 

one. The curve shape is not staright line as it incorporates the small misalignment errors 

during measurements. 

𝑃𝑜𝑤𝑒𝑟 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑟𝑎𝑡𝑖𝑜 =
𝑃𝐼𝑃𝑇 

 𝑃𝐶𝑃𝑇 
=  

2𝐶𝑚

𝜔𝐼𝑃𝑇  𝜔𝐶𝑃𝑇 𝐿𝑚𝐶𝑒𝑓𝑓1𝐶𝑒𝑓𝑓2
 

(5.38) 

 

 

𝑃𝑜𝑤𝑒𝑟 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑟𝑎𝑡𝑖𝑜 =
𝑃𝐼𝑃𝑇 

 𝑃𝐶𝑃𝑇 
=  

2𝐶𝑚

𝜔𝐼𝑃𝑇  𝜔𝐶𝑃𝑇 𝐿𝑚𝐶𝑒𝑓𝑓1𝐶𝑒𝑓𝑓2
 

(5.38) 

 

 

Figure 5-20 Power transfer ratio between inductive and capacitive system with 

respect to misalignment. 
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5.8 Loss distribution 

The loss distribution is illustrated in Figure 5.21. The system power loss in the HPT 

system is determined across the switching devices, passive components and the link by 

incorporating thermal modules and internal resistances from datasheets in PSIM 

simulation. The switching and conduction losses in the three leg inverter is 12% which is 

mainly contributed by first and third leg due to the influence of high frequency component 

in these legs. The losses across the plates are comparatively less than the coil losses. This 

is due to the lower value of displacement current across the plates compared to the higher 

currents present in the coil. The overall CPT system losses are dominant due to the higher 

dissipation in compensation capacitors C1 and C2 which accounts for 30%. This could be 

reduced by proper selection of thin film capacitors with lower ESR. In a recent study [122], 

 

Figure 5-21 Loss distribution. 
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by utilizing split-inductor matching networks, some of the parasitic capacitance effects are 

nullified and the remaining parasitic capacitances substituted the need for external 

capacitors in the system. Thus enhancing the performance and reliability of the large air 

gap CPT system.  

5.9 Comparison with the existing HPT topologies 

      

A comparison with existing HPT topologies is outlined in Table 5.5. The existing HPT 

systems focused on creating a combined resonant tank for the mutual operation of both 

links creating a dependent two channel power transfer through coupling coils and coupling 

plates. However, the dependency of inductive and capacitive links that accounts for 

operating the whole HPT system at high frequency (800 kHz - 1 MHz).  In these designs, 

as the link parameters are mutually dependent, parameter variations in inductive or 

capacitive link can cause the system to deviate from the resonance and in turn affects the 

power transfer. In addition, the radiations from the IPT and CPT link are high which is 

evident from the safe operating area around the coupler as given in the Table 5.5 which 

could be due to the influence of high frequency operation of IPT link and high power rating 

Table 5-5 Comparison with existing HPT topologies 

WPT 
Technology 

Frequency 
(kHz) 

Power 
transfer 

percentage 
(%) 

Power 
Level 
(kW) 

Efficiency 
(%) 

Plate 
voltage 
stress 
(kV) 

Safe 
operating 
distance 

away 
from  the 
coupler 
(mm) 

Power 
Converter 

Link 
Architecture 

Ref. 

HPT-
1 

IPT 
1000 

72 
3 94.5 4.9 

600 Full 
Bridge 

Dependent [94] 
CPT 28 700 

HPT-
2 

IPT 
800       ~50 1.1 91.9 2.9 

-- Full 
Bridge 

Dependent [97] 
CPT -- 

HPT-
3 

IPT 85 66.66 
0.5 85.4 0.52 

190 
Three-leg Modular Proposed 

CPT 1180 33.33 281 
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at the capacitive link. The surge in power frequency product stimulates the leakage fields 

at both couplers. Thus, effective shielding techniques are vital in the high power designs. 

In the proposed system, the independent operation of inductive and capacitive links is 

possible as they can be switched at different frequencies. This modular link architecture is 

therefore a viable solution in combining the IPT and CPT systems. It allows the inductive 

link to be operated at low frequency and high power level and the capacitive link to be 

operated at high frequency and low power level. This creates two independent resonant 

tanks in parallel supplying power to the load. The safe operating area around the coupler is 

significantly improved and can be further reduced by proper shielding techniques at higher 

power levels. By connecting an additional rectifier at the secondary side, this HPT system 

can supply power to additional loads independently.  Therefore, modular link architecture 

will provide a flexible operation of the links and increases the reliability and scalability of 

the HPT system. 
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Chapter 6. Conclusions and future work  

EV revolution is happening at a much faster rate than the market predictions. The 

developments in wireless power transfer technology can revolutionize the shift towards 

transportation electrification hassle free for the society. This thesis tried to explore simple 

and cost-effective capacitive wireless power transfer technology as a dual of inductive 

wireless power transfer technology based on various design and implementation 

characteristics to reveal their benefits and limitations. The outcomes achieved in this thesis 

are summarized below. 

6.1 Conclusions 

 

1. Comparative study of inductive and capacitive wireless power transfer technologies for 

EV charging applications. 

Chapter 2 of the thesis provided a comparative review of inductive and capacitive AC link 

solutions used in the wireless EV charging. After a brief introduction to IPT and CPT 

systems respectively, AC link couplers applicable to static and dynamic wireless charging 

is studied. A relative discussion based on various design and implementation challenges 

for the inductive and capacitive links differentiated this study from the existing reviews. In 

addition, the state-of-the-art research on hybrid AC link by utilizing the capability of both 

inductive and capacitive link in a wireless power transfer (WPT) system is also explored 

and future directions to implement an HPT system are proposed. This analysis served as a 

background for the final chapter where a hybrid wireless power transfer system is realized. 

2. The capacitive coupler geometry for low to medium power EV applications are 

evaluated and the influence of dielectrics in a capacitive coupler is explored. 
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In chapter three, two capacitive coupler geometries, 4x1 column and 2x2 matrix interface 

applicable to low to medium power applications are evaluated. A case study on UAV 

charging scenario is conducted. In addition, the influence of introducing dielectrics on 

capacitive coupler interface is explored and validated through the FEA analysis in JMAG. 

From the analysis of different coupling interfaces, matrix arrangement provided a higher 

mutual capacitance than column structure. For low power and small air-gap interface, the  

effective coupling capacitance is increased at least 11 times with the use of high 

permittivity dielectrics between the coupling interface provided the area covered by 

dielectrics is greater than the air-gap area. Moreover, the use of dielectrics gave much 

larger limits on breakdown voltage at all power transfer distances. 

3. A reduced capacitance model for parallel plate configuration in CPT is derived. 

A reduced capacitance model for the capacitive power transfer system is discussed in 

chapter four which is derived from the conventional six capacitance model for the bipolar 

capacitive link topology. When the separation distance between the same side plate pair 

is large enough, the effect of same side and cross-coupling capacitances diminishes and 

the analysis based on a reduced capacitance modelling (RCM) with the two main 

capacitances can be carried out. A bipolar capacitive link dispersion factor (BCD) defined 

in this chapter determined the separation distance beyond which RCM can be applied 

relative to the plate dimensions and power transfer distance. Further analysis showed that, 

RCM attains the unity voltage gain and load-independent operation at designed resonant 

frequency. The effectiveness of the model is analyzed and verified experimentally. To 

validate the RCM analysis, a synchronous buck configured dual LC compensated 

topology is opted for the implementation of the CPT. The system is switched at 1.18 MHz, 
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using GaN switches. The effectiveness of the reduced capacitance model is validated 

experimentally for a power level of 100-200 W and the system achieved 72.12% 

efficiency at power level 114 W. The results indicated that, reduced capacitance model is 

suitable over six capacitance modelling for large charging area applications like electric 

vehicle charging where the separation distance between the same side plate pair is large 

enough and the effect of the same side and cross coupling capacitances can be 

circumvented in the analysis. 

4. Designed and implemented a hybrid inductive and capacitive system to achieve dual 

frequency operation, sharing of the system power, modularity and misalignment 

tolerance. 

A hybrid wireless power transfer system (HPT) that uses both capacitive and inductive 

couplers, for shared power transfer is presented in chapter five. A modular HPT system 

has been realized using a three-leg inverter topology to combine the inductive and 

capacitive wireless power transfer system with in their individual operating frequency 

limits. Adhering to the frequency limits confined the unsafe electromagnetic radiations to 

a great extent. Two legs of the inverter, switched at 85 kHz, using SiC modules are utilized 

for IPT and the third leg, switched at 1 MHz, using GaN module is used for CPT. The 

dual switching frequency operation of the converter to drive electromagnetic and 

electrostatic fields simultaneously is the novelty in the proposed topology. In addition, 

this allowed independent compensation techniques to be adopted for IPT and CPT systems 

bringing the modularity feature in the hybrid wireless power transfer link. The circular 

inductive link outer diameter is 460 mm and the parallel plate capacitive link dimension 

is 600 mm x 600 mm. The power transfer distance is 100 mm at both links. The output 
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power ratio between inductive link to the capacitive link in this HPT system is 2:1. The 

effectiveness of the proposed topology is validated experimentally and the system 

prototype achieved 85% efficiency at a power transfer level of 500W. The simulated 

efficiency for a 1 kW system is 91%. Further, the voltage and current stress across the 

links are exclusive and improved compared to other HPT systems at similar power levels. 

The advantages of this HPT system are modular link architecture, improved misalignment 

performance and distinct frequency of operation for each link which allows inductive link 

to meet the SAEJ2954 standard limits compared to the existing HPT systems proposed for 

electric vehicle (EV) charging. 

6.2 Future directions 

 

 AC link optimization: By developing different coupler geometry and optimizing 

the design for various constraints such maximizing system efficiency and power 

transfer density, minimizing voltage stress and leakage field distribution etc. 

 Compensation circuit design: The compensation circuit design can be investigated 

to increase the power transfer capability of the systems. Investigating on low power 

dissipating compensation components can improve the system efficiency. 

 AC link shielding techniques: Before commercialization of WPT systems, 

development of effective shielding techniques to tackle the radiated emissions at 

high power transfer, large air-gap and high switching frequency operation is 

inevitable. 
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 Wireless communication link: In order to procure the receiver side information, 

suitable wireless communication techniques need to be integrated with WPT 

systems for safe and efficient operation. 
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Appendix B.  

 

B1.   SiC MOSFET half bridge module (CREE© ) ( CRD-5FF0912P) 

 

 

B2. Synchronous buck configuration (Reference: datasheet CRD-5FF0912P) 
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B3. GaN half bridge module (Broadcom and GaN systems ) 

 

 

B4. Connection diagram (Reference: ACPL-P346 GaN Systems GaN E-HEMT 

GS66508T) 
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B5.  Rectifier module Reference: GlobalPower SiC modules: GHXS030A120S‐D1 

datasheet 
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Appendix C.  

C1.  Approximate cost and weight comparison of AC link built in the lab (without 

shielding) 

 

AC link 

Cost (CAD) 

(Transmitter and 

receiver) 

Mass (kg) 

(Transmitter and 

receiver) 

Inductive 

 
$ 261.00 5.9 

Capacitive 

 
$ 84.00 1.45 

                                                                                                                                                  


