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Abstract 

Wireless power transfer (WPT) technology enables the transfer of electrical power from the electric grid to 

the electric vehicles across an airgap using electromagnetic fields with the help of wireless battery chargers. 

WPT technology addresses most problems associated with the “plug-in” method of charging EVs like 

vandalization, system power losses, and safety problems due to hanging cables and opened electrical 

contact in addition to the flexibility of charging electric vehicles while in a static or dynamic mode of 

operation.  

Significant research has been undertaken over the years in the development of efficient WPT topologies 

applicable to electric vehicles. A preliminary review of these revealed that the ferrite core WPT is a 

promising and efficient method of charging electric vehicles. The charging method is suitable for wireless 

charging of electric vehicles because of its low cost, high efficiency and high power output. This research 

proposed the use of the flux-pipe model as a suitable ferrite core, magnetic resonance coupled-based WPT 

system for the charging of the electric vehicle. The traditional flux-pipe model has some specific benefits 

which include high coupling coefficient, high misalignment tolerance and high efficiencies under 

misalignment conditions. However, it has a major drawback of low power output due to the generation of 

an equal amount of useful and non-useful fluxes.  

A set of governing equations guiding the performance output of a WPT system was presented. It was 

identified that the losses in the WPT system can be minimized by reducing the value of the maximum 

magnetic flux density while the power output and efficiency can be increased by increasing the value of the 

coupling factor and quality factor. Based on these findings, 3-D finite element modelling was employed for 

the optimal design and analysis of a typical flux-pipe model for higher coupling strength, high power output 

and low losses. The magnetic coupling performance of flux-pipe resonant coils was enhanced with an 

increased number of turns along the core length relative to increasing the width of each coil turns along the 

coil width. The high power transfer and efficiency was attained by splitting of the coil windings into two in 

order to reduce intrinsic coil resistances; copper sheet was employed as a shielding material in order to 

reduce the eddy current losses and finally, an air gap was introduced in the ferrite core in order to reduce 

the core losses and invariably increased the amount of excitation current required to drive the core into 

saturation. 

The proposed optimization methodology results in the creation of two models for application in static and 

dynamic charging operations respectively.  From the simulation results presented, the model designed for 

static charging operations can transfer up to 11 kW of power across the airgap at a coil-to-coil efficiency of 

99.12% while the model design for dynamic charging of electric vehicles can transfer up to 13 kW of power 

across the airgap at a coil-to-coil efficiency of 98.64% without exceeding the average limit specified for the 

exposure of human body to electromagnetic fields. 
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Impact of Research Work 

In this thesis, a system-level engineering and simulation-based approach is presented and employed 

for the engineering design of novel coils for wireless charging systems.  The methodology comprises 

an initial validation of model designs obtained from published literature.  These are then subjected to 

an iterative simulation process to fine-tune designs in order to achieve an optimal specification for the 

present application.  Wherever possible, the modelled operation is compared with published practical 

results in order to ascertain the degree of validity of the modelling undertaken.  This has enabled the 

optimization of proposed engineering designs.  

A numerical method, finite element modelling (FEM) using Ansys Maxwell 3-D software is chosen and 

employed for the model designs, analyses, optimization and evaluations.  The initial boundary 

conditions were carefully selected based on the analysis of published designs.  FEM as a numerical 

method is employed because it can easily handle very complex geometry involving an infinite degree 

of freedom cutting across a wide range of engineering context such as dynamics, solid mechanics, 

fluids, heat flows, electrostatic, and electromagnetics. For this research, FEM methodology was applied 

for the optimal design and analysis of ferrite core, magnetic resonance coupling-based wireless power 

transfer systems.  

The research and modelling methodology applied in the present work resulted in the creation of two 

ferrite-cored flux-pipe models with high power transfer capability and low losses. The optimal model 

designs still retain the inherent high coupling capability associated with typical flux-pipe coil designs. 

The two models also have potential application in the bidirectional transfer of wireless power for static 

and dynamic operations at very high coil-to-coil efficiencies.  The model design for dynamic charging 

is best suited for segmented coil array systems which come with benefits of low electromagnetic 

exposure and a low number of compensation capacitors. With eventual creation of prototype designs 

and practical demonstrations, the models offer a cost-effective wireless power transfer systems with 

additional capability for vehicle-to-grid integration. 

The system-level engineering and simulation-based design approach employed in this research could 

be deployed for optimal model designs and optimizations in other areas of engineering. The 

methodology reduces the high cost involved in the production of numerous prototypes using the 

traditional iterative process by creating numerous virtual prototypes in the modelling and simulation 

stage. The majority of the iterative optimization and testing process is undertaken at the model design 

and simulation stage, thus, significantly reducing the number of prototypes production at the 

fabrication stage.  
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CHAPTER 1 Introduction and Background 

1.1 Background 

The instability of oil prices and the high demand for imported fossil fuels by most developed countries 

has driven research towards the utilization of alternative energy sources[1]. In the same vein, in order 

to combat the effect of global warming due to the emission of greenhouse gases like carbon dioxide 

(CO2) from the combustion of fossil fuel, there has been a rapid technological development towards 

the production of low and zero-emission vehicles[2]. These vehicles serve as suitable alternatives to 

vehicles powered by internal combustion engines (ICEs). Products of these technological 

advancements include the commercial production and deployment of electric vehicles such as Fuel-

Cell Electric Vehicles (FCEVs), Hybrid Electric Vehicles (HEVs), Plug-in Hybrid Electric Vehicles 

(PHEVs) and Battery Electric Vehicles (BEVs)[3][1]. 

The HEVs and PHEVs have similar propulsion systems as they are both propelled by an ICE and an 

electric motor[4], [5]; the major difference between the two types of electric vehicles is that  PHEV has 

a larger battery pack and can be charged externally from the electric power grid while the battery pack 

of the HEV is smaller and can only be efficiently charged through regenerative braking; a mechanism 

of converting the kinetic energy of the car into chemical energy that is stored in the battery[1], [6]–[8]. 

Similarly, the BEV has a much larger battery pack than the PHEV and is solely dependent on the 

electrical power stored in the battery pack installed in the vehicle to provide the necessary propulsion, 

air conditioning, stability and lighting requirements[1], [6]. 

In addition to the above-stated advantages of EVs, a further benefit of EVs over conventional ICE 

vehicles include a significant reduction in vehicular noise, relatively low maintenance cost and the 

presence of relatively low cost and high-efficient electric motors. As a result, there has been a 

significant increase in the sales of EVs and market penetration worldwide; which is over 5 million in 

2019 and expected to reach 44 million per year in 2030 [9]. 

In numerous cases, the batteries of EVs are charged using the ‘plug-in’ method whereby the battery is 

charged from a public power utility by plugging a charging cable into an electrical outlet at private 

residences or charging stations. This type of charging method raises concerns and problems which 

include vandalization[10], system power losses, voltage drops, the creation of harmonics, phase 

unbalancing, equipment overloading, grid instability and safety problems due to hanging cables and 

opened electrical contacts[11]–[13].  

Consequently, there is a need to design and develop alternative charging system that is efficient, 

reliable, automatic and safe; with the ability to implement robust energy supply/demand management 

algorithms as well as efficient use of alternative energy sources. This is attainable through a technology 

known as wireless power transfer (WPT). The WPT technology enables the transfer of electrical power 
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from the electric grid to the EVs across an airgap using electromagnetic fields with the help of wireless 

battery chargers. The WPT technology addresses most problems associated with the “plug-in” method 

of charging EVs in addition to the flexibility of charging the EVs while in a static or dynamic mode of 

operation.  

With added capabilities for wireless bidirectional power flow between the grid and the EVs, most 

electric vehicles can be taken off the grid especially during the peak demand period. In addition, the 

bidirectional flow of energy between EVs and the grid provides the prospect of using EVs as mobile 

energy storage devices. By the year 2020, if there are a million cars equipped with the Vehicle-to-Grid 

(V2G) technology in the United Kingdom,  they can generate up to 10 gigawatts (GW) of electricity 

[14], but as of December 2019, approximately 265,000 plug-in cars are registered in the U.K[15] with 

the theoretical potential of generating just little over 2.6GW at the moment. But, a significant increase 

in market penetration will pave the way for easy integration of future smart grid technologies with an 

aggregation of EVs. 

Fundamentally, WPT technology with smart grid capabilities is divided into three basic subsystems: 

the power electronics control, electrical circuit design and the magnetic subsystem. The magnetic 

subsystem covers the design of resonant coils and associated circuitry as well as electromagnetic 

shielding. The magnetic subsystem is the part where the transfer of electrical power across the airgap 

actually occurs and very critical for an efficient power transfer process. The other two subsystems deal 

with the conditioning of the electrical power signals. 

Much previous research has been undertaken in the optimization of the electrical circuitry and power 

electronics controls for wireless power transfer systems with reported significant improvement[16]–

[19]. Similarly, different wireless power technologies have been investigated ranging from magnetic 

mechanical force to capacitive power transfer and electromagnetic field technology. 

Significant works has been reported on electromagnetic field technology with a major focus on power 

electronics and magnetic subsystems. But despite studies undertaken in order to improve the 

performance of the magnetic subsystem, it has been reported in many works of literature that there is 

a need for further optimization[20][19].  

In order to move forward, efforts needs to the expended on the optimization of the magnetic 

subsystems of wireless power systems, based on the electromagnetic field technology. Thus, the focus 

of this research will be the design and optimization of the magnetic subsystem of a WPT technology 

for the bidirectional transfer of wireless electrical power between the electric grid and EVs. 
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1.2  Aims and Objectives 

This project aims to design and develop optimal flux-pipe WPT coils models for the efficient charging 

of electric vehicles with added the capability for bidirectional flow of power between the vehicle and 

the electric grid. The research aims to create flux-pipe WPT models with a power rating in the range 

of 8 kW for static charging operations and up to 11 kW for dynamic charging operations. 

The objectives of the research include: 

1. The investigation into the prospects and applicability of different wireless power transfer 

(WPT) technologies for the charging of EVs. 

 

2. Identification of potential viable WPT coil design topologies and shielding models applicable 

to the charging of electric vehicles 

 

3. Design, modelling and optimization of commercially viable wireless power transfer resonant 

coil with high power transfer capability and efficiency for static bidirectional WPT operations. 

 

4. Optimal remodelling of the proposed design of static bidirectional WPT model for dynamic 

bidirectional WPT operations. 

 

5. Statistical analysis of coil design performance parameters like coupling factor, power transfer 

efficiency and power level in relation to the increase in current, variations in airgap and 

variations in coils’ misalignment. 

1.3 Scope of the Research 

The research will limit its scope to emerging WPT technology applicable to EVs. The research begins 

with a review of the different types of WPT designs currently in circulation and their inherent 

challenges and limitations. It will further aim to model and optimise viable existing WPT system model 

designs for higher power transfer and efficiency while incorporating the capabilities for bidirectional 

WPT between EVs and the grid.  

The overall system design will only take into consideration the finite element modelling and analysis 

of the proposed optimal resonant coil design model in order to establish the level of improvement and 

performance. 
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1.4 Publications 

In the course of the research work, the conference and journal publication was generated. 

 Published Journal Article 

1.  Olukotun, B.; Partridge, J.; Bucknall, R. Finite Element Modelling and Analysis of High 

Power, Low-loss Flux-Pipe Resonant Coils for Static Bidirectional Wireless Power 

Transfer. Energies 2019, 12, 3534. doi: 10.3390/en12183534 

 Published Conference Articles 

1. B. Olukotun, J. S. Partridge and R. W. G. Bucknall, "Impact of Coil Turns on Losses, Output 

power and Efficiency Performance of Flux-Pipe Resonant Coils," 2019 IEEE PES Innovative 

Smart Grid Technologies Europe (ISGT-Europe), Bucharest, Romania, 2019, pp. 1-5. doi: 

10.1109/ISGTEurope.2019.8905677 

2. B. Olukotun, J. S. Partridge and R. W. G. Bucknall, "Loss Performance Evaluation of Ferrite-

Cored Wireless Power System with Conductive and Magnetic Shields" 2019 IEEE PES 

Innovative Smart Grid Technologies Europe (ISGT-Europe), Bucharest, Romania, 2019, pp. 1-

5. doi: 10.1109/ISGTEurope.2019.8905437 

3. B. Olukotun, J. S. Partridge and R. W. G. Bucknall, "Optimal Finite Element Modelling and 3-

D Parametric Analysis of Strong Coupled Resonant Coils for Bidirectional Wireless Power 

Transfer," 2018 53rd International Universities Power Engineering Conference (UPEC), 

Glasgow, 2018, pp. 1-6. doi: 10.1109/UPEC.2018.8541867 

 Journal Article in the Process of Publication 

1. Finite Element Modeling and Analysis of Flux-Pipe Resonant Coils for Segmented 

Transmitter Coil Array Systems Applicable for Dynamic Wireless Charging of Electric 

Vehicles. To be published in IEEE Transactions on Transportation Electrification 
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1.5 Contributions 

The major contributions of this research work are enumerated as follows: 

1. Review of the Evolution of Electric Grid into Smart Grid 

A comprehensive literature review of the electric grid has been conducted in order to understand the 

current status of infrastructural development and operations. The evolution of the traditional electric 

grid into a smart grid has been identified and the possible integration of electric vehicles with the smart 

grid was identified and presented. Finally, the modes of interaction of electric vehicles with the future 

smart grid were identified and discussed. 

2. Review of the Different Modes of Charging an Electric Vehicle 

The different modes of charging an electric vehicle were studied in order to understand and identify 

the most viable and optimal mode required for efficient integration with the smart grid. Two modes of 

charging an electric vehicle were identified- the plug-in mode and the wireless power transfer (WPT) 

mode. The advantages and disadvantages of the two modes were discussed and the WPT model was 

chosen over the plug-in mode due to added advantages like automation, safety, reliability and 

flexibility. 

3. Adaptation of Appropriate WPT Topologies. 

A broad review of available media for WPT technology was studied with the goal of adopting the 

appropriate media for electric vehicle applications. The magnetic gear, electric field and 

electromagnetic field technology were discussed. The ferrite-core coupled magnetic resonance 

topology was identified and adopted as the most suitable topology for effective and efficient charging 

of electric vehicles. 

4. Adoption of Flux-Pipe Resonant Coil Model for WPT 

Three common models of ferrite-core magnetic resonance topology were acknowledged- they are 

circular, rectangular and flux-pipe resonant coil model. The three models were designed and a finite 

element analysis was applied to each of the models to determine their coupling strength, misalignment 

tolerance, power level and power transfer efficiency. The flux-pipe model was chosen over the other 

two because of its performance in terms of high coupling strength and robust misalignment tolerance. 

However, the power transferred across the airgap was quite low when compared with the circular and 

rectangular models of the same design specifications. 
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5. Optimal Modelling of Flux-Pipe Resonant Coil for WPT 

The selected flux-pipe model was further optimized by changing the number of turns with 

corresponding variations in the length and breadth of the model. Five different models were created 

with a varying number of turns. The five models were subjected to finite analysis to determine the 

most suitable model. It was revealed that increasing the number of turns for a flux-pipe resonant coil 

model increases its coupling strength and misalignment performance using the same amount 

modelling materials; thus the model with the highest number of turns provided the best performance 

in terms of coupling strength and misalignment tolerance. 

6. Optimization of Flux-Pipe Model for Static and Dynamic Operations. 

The initial optimal flux-pipe model was chosen based on having the highest number of turns. The 

model was further optimized in order to reduce the amount of power loss associated with the model. 

Sets of mathematical equations were developed to identify the critical physical and electrical 

parameters responsible for the high losses common with the traditional flux-pipe models. A physical 

reconfiguration of the winding turns, ferrite core geometry and the use of copper as a shielding sheet 

instead of aluminium was applied to the initial optimal flux-pipe model. As a consequence, three 

models were designed and proposed: the first model was designed for static operation. The model was 

designed with capability for high efficiency but with medium power output (around 11kW) at an 

operating frequency of 50 kHz and coil-to-coil efficiency of 98.44%. The second and third model was 

designed for dynamic charging operations.  One of the models known as the gapped-core model 4 was 

optimized for high power operation (typically around 19kW) at an operating frequency of 60 kHz and 

coil-to-coil efficiency of 98.55%. The third model was optimized to bridge the gap between efficiency 

and power output of the WPT system. This hybrid model known as gapped/ungapped model 4 consists 

of the primary coil which is gapped model 4 and the secondary coil which is the ungapped model 4. 

The power output of the hybrid system is around 15kW at an operating frequency of 55 kHz and coil-

to-coil efficiency of 98.73%. The three models were subjected to a finite element analysis in order to 

evaluate the level of their individual system performance.  
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1.6 Thesis Outline 

The thesis is divided into 7 chapters: 

Chapter 1. This chapter presents a background introduction to the reasons for the research. It 

gives a brief evolution of the automobile vehicles from the use of internal combustion engines (ICE) 

into electric vehicles powered by electric motors. The advantages and disadvantages of the three 

different modes of charging an EV were discussed. The research aims and objectives, scope, 

publications, contributions and thesis outline are presented. 

Chapter 2. This chapter gives a detailed literature review of the vehicle-to-grid technology 

associated with future smart grids and the different modes of integration with electric vehicles. A brief 

discussion of the drawbacks associated with the plug-in method of charging EVs was presented and a 

viable alternative charging system involving the use of wireless power transfer technology was 

presented and discussed. 

Chapter 3. In this chapter, an exhaustive analysis of ferrite-core, MRC-based coils were presented. 

Impact factors affecting the power level and efficiency were also discussed. The various resonant 

frequencies adopted, power electronic converter schemes used and compensation topology commonly 

used by researchers and engineers were discussed. The common models associated with the ferrite-

core model was presented highlighting their advantages, limitations and a summary of the research 

gaps common with the selected model designs was discussed. 

Chapter 4. This chapter gives a brief background, advantages and limitation of the finite element 

modelling (FEM) numerical method used for simulation and analysis of all model designs in this 

research. The adequate steps that were taken to arrive at an accurate solution and simulation were 

presented and validated against existing works of literature. The level of accuracy was evaluated and 

presented. The validated initial and boundary conditions used was subsequently adopted for all model 

designs and simulations. 

Chapter 5. In this chapter, a selection of three appropriate models design was modelled with the 

same amount of materials and simulated using Ansys Maxwell 3-D finite element modelling software. 

Initial performance analysis and evaluation of the three models were executed. The flux-pipe model 

was selected and five models were created by varying the length, breadth and number of turns of the 

initial flux-pipe model. Further analysis was done to select the optimal and best-performing model 

among five flux-pipe model designs. 

Chapter 6. This chapter presents the optimal remodelling of the best-performing flux-pipe model 

from chapter 5 resulting in the creation of two flux-pipe resonant coil design for static and dynamic 

charging of EVs respectively. An additional model was created comprising of a coil each from the flux-

pipe designs for static and dynamic wireless charging.  Related mathematical equations guiding the 
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optimization procedures were presented. The resulting optimal models were subjected to finite 

element analysis to establish their individual performance under different current values, frequency 

variations, load resistance, and misalignment conditions. The level of ohmic losses, eddy current 

losses, core losses, power output, and coil-to-coil efficiency for each model was calculated and 

presented. The results indicated that the proposed optimization method employed in the research was 

justified.   

Chapter 7. A brief conclusion of the research work implemented in this thesis was presented. The 

level of improvement was discussed, limitations encountered in the research was presented and 

suggestion for future research works outlined. 
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CHAPTER 2 Smart Grid and Review of Wireless Power Transfer 

2.1 Introduction 

A proper understanding of the background and challenges of traditional electric grid, the evolution of 

the traditional grid into smart grid, impact of using “plug-in” method of charging electric vehicle, a 

review of alternative wireless charging technologies currently being developed and deployed is very 

essential in the search for the design and development of viable and optimal WPT topology applicable 

to EVs.  

Thus, the literature review of this research focuses on four main categories namely: 1) Theory and 

development of Vehicle-to-Grid Technology for EVs, 2) Review of the Plug-in EVs in a power system 

network, 3) Theory and development of wireless power transfer for EVs, and 4) Review of 

Bidirectional wireless power transfer systems for electric vehicles. 

The literature review was undertaken through the synthesis of a variety of sources.  These include a 

diverse range of literature such as published theses, reports, conference proceedings and company 

reports. Additional information was obtained from sources such as books, news articles, journals and 

some government publications. 

2.2 The Evolution of Traditional Electric Power Grid into Smart Grid 

The electrical power systems are one of the fundamental infrastructures of modern society as electric 

grids and distribution networks are visible in almost every home, office, factory and institution. 

According to Amin. M. and J. Stringer[21], the electrical power grid is defined as “the entire apparatus 

of wires and machines that connects the power plants which are the major sources of electricity with 

the consumers and their numerous needs.” 

The electrical power grid encompasses both the generation plants, the electrical transmission system 

as well as the distribution facilities. The distribution aspect is responsible for the movement of 

electrical power from the substation to the individual consumers[22]. Consequently, the distribution 

facilities are majorly responsible for the charging of electric vehicles. The distribution aspect is 

composed of a tree network consisting of medium voltage (1-100kV) and low voltages (110-115V in 

the USA or 220-240V in the UK) which can be connected to small generators, medium-sized customers 

and local low-voltage networks. 

A fundamental feature of the traditional power grid is the presence of one-way communication 

structure.  The feature is basically realized by carrying power to a large number of consumers from a 

few centralized generators[23][21]. The operation made use of an electromechanical method for 

control which is limited in nature. Similarly, for most power system networks, there are only a few 

sensors available. The sensors are only capable of manual implementation of system monitoring and 
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restoration[24].  The use of such a method of system monitoring and restoration is grossly inefficient 

as evident from the cases of blackouts and failures in the power systems. The traditional electric grid 

structure is limited to very few consumer interaction choices with the power system[23][25].  

But the smart power grid (SPG) largely reduces most of these challenges and drawbacks by offering 

two-way information and communication strategies in addition to employing the use of the modern 

digital method for controls and coordination. The SPG also implements a method of self-healing and 

self-monitoring in the power system by relaying information from the numerous network sensors 

installed throughout the power system network[26][27]. The major difference between the traditional 

power grid and smart grid are summarised in Table 2.1[27]. 

Table 2.1: Basic Difference between Traditional Power Grid and the Smart Power Grid[27] 

Traditional Power Grid Smart Power Grid 

Uses electromechanical sensors Employ the use of digital sensors 

Uses one-way communication Uses two-way communication 

Power generation is centralized Power generation is distributed 

Employs the use of a few sensors Employs the use of numerous sensors 

Blind to systems’ performance Self-Monitoring of system performance 

S 
Manual method employed for system restoration Self-Healing employed for system restoration 

High number of blackouts and failures Low number of blackouts and failures 

Test/Checks are manually implemented Test/Checks can be remotely implemented 

System controls are limited Wide range of  control capabilities 

Allows few consumer choices and interaction Allows numerous consumer choices/Interaction 

 

However, most of the challenges and problems encountered in the power system do occur at the 

electrical distribution system level. As a result, the gradual transformation of the existing traditional 

grid into SPG will begin at the distribution level[27]. Another important feature at the distribution level 

in the power sector is the ability of the consumer to interact with the grid[21]. The SPG technology will 

afford electricity consumers the opportunity to access information regarding electricity tariff, usage 

and incentives in real-time; this feature will help the consumers control and coordinate their 

preferences and electricity usage which will in turn balance electricity demand and supply[26][28]. 

The SPG also employs the use of numerous distributed generation sources ranging from the use of 

existing thermal/hydro/nuclear power stations to the use of renewable energy sources (RES) and the 

capability to integrate with EVs[29]. The EVs can act as both mobile energy consuming and storage 

devices. The presence of many distributed energy sources reduces the risks against natural disasters 

and attack; thus, increasing the power system reliability and security[30][31][28].  
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The system infrastructure of the future smart grid integrating RES, the traditional grid, consumer 

loads, and electric vehicles was presented in the research works of Voglitsis .D.[20], and it is 

reproduced in Figure 2.1. 

Figure 2.1: Smart Power Grid Infrastructure integrating the Traditional Power with Distributed Energy 
Sources(Adapted from Vogilitsis .D. [20]) 

The electric grid, electric vehicles and battery storage system are capable of bidirectional power flow 

while the photovoltaic cells and wind turbines can only allow one-way power flow[32]. The presence 

of controllers for each of the distributed energy generation sources is to ensure intelligent 

communication with the microgrid controller for efficient and robust power flow in the microgrid 

power system[33]. 

The RES basically utilises energy from the wind and the sun, which offers a source of power that is 

emission-free and clean[34].  However, there are drawbacks; the variations in solar radiation and wind 

speed creates an intermittent generation of electrical power by the photovoltaic cells and wind 

turbines; these setbacks are responsible for the current low level of deployment[28].  

Many research has been undertaken to reduce the impact of an intermittent generation of energies by 

RESs. For example, research work undertaken by Mwasilu .F. et al [35] focused on the design and 

development of stationary energy storage systems capable of supplying electrical energy during a 

period of low power generation and also absorbing excess power generation during a period of excess 

power generation. But the major drawbacks to this solution is the high cost of investment, as a result, 

commercial deployment of the proposed solution has been very slow. 

Alternatively, the EVs can act as good alternatives to the stationary energy storage system. This is 

because the batteries of most EVs which ranges between 10 kWh and 110 kWh are capable of storing 

a significant amount of electrical energy. With high numbers of EVs equipped with V2G technology, 
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they are capable of storing the excess electrical energy from RESs[36][37] on a large scale when 

connected to smart grid infrastructure.  The high performance was possible because EV batteries have 

undergone remarkable technological changes and development in recent years; starting with the lead-

acid battery, other battery models like nickel-metal hydride, ZEBRA model have been 

developed[28][4]. The lithium-based batteries are currently the most common battery model adopted 

for use in EVs. These lithium-based batteries are light in weight, non-toxic, cheap and have very high 

energy and power densities[28][38]. Due to these essential features, batteries of EVs are considered 

for use as reliable energy storage devices. With the addition of bidirectional power transfer capabilities 

between the EVs and the grid, the excess energies stored in the batteries can be discharged back to the 

grid or microgrids when needed, especially during the peak demand period[39].  

The bidirectional capabilities are only possible through a technology known as Vehicle-to-Grid 

technology (V2G) [28][29], [40]. Though the V2G technology is currently in its developmental stage, 

the traditional grids are fundamentally designed to support unidirectional communication with EVs 

(i.e. efficient power flow from the electric grid to EVs). The added features and functionalities present 

in the smart power grid infrastructure enables the use of V2G technology in the control of the battery 

charging rate based on a good incentive system or specific scheduling algorithms[28][41]. 

The increase in consumer participation in SPG networks due to its capability for two-way 

communication increases V2G technological capabilities of implementing bidirectional management 

and control of energy exchange between the EVs and power grid. Also, the V2G technology application 

in smart power grid affords users the incentive of charging their EVs during the off-peak period at 

lower cost through an efficient control mechanism. The SPG is also configured to allow the discharging 

of electrical power from the batteries back to the grid during peak periods depending on the state of 

charge (SoC) of the battery; the possibility of such users’ interactions provides a potential for an added 

source of income to electricity customers. This will help to a large extent in levelling the load demand 

throughout the day as it reduces power losses and it is cost-effective [28]. 

With the gradual progress and developmental evolution of the electric grid into SPG, the ultimate goal 

of the V2G technology will be to ensure the bidirectional flow of electrical energy between the EV and 

the grid; thus, the term V2G will be known as bidirectional V2G technology henceforth. The 

bidirectional flow of electrical power between EVs and the grid has been further enhanced by the 

development and deployment of bidirectional EV chargers. However, only the plug-in charger is 

commonly used for such purpose at the moment. 

 Based on the scale fleet of the EVs, The V2G technology can be categorized into Vehicle-to-Vehicle 

(V2V), Vehicle-to-Home (V2H) and Vehicle-to-Grid (V2G)[42][43]. A basic illustration of the V2V, V2H 

and V2G is shown in Figure 2.2[42]. 
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Figure 2.2: Illustration of the V2V, V2H and V2G Technologies and Integration[42]  

2.2.1 Vehicle-to-Vehicle (V2V) Technology  

The V2V technology employs the use of a controller called an aggregator to distribute electrical power 

among the EVs. The aggregator makes it possible by connecting the EVs between each other and 

ensuring interaction between the vehicles and the electrical grid. This is achieved by using a 

bidirectional transfer of energy through the local grid which is then distributed among the 

EVs[42][35].   

Key features of the V2V[35] technology include the use of multiple vehicles equipped with grid 

integration capabilities. The interaction between the community of electric vehicles and the electric 

grid occurs at the low voltage distribution level[42]. The exchange of electrical power can be achieved 

using simple infrastructure with little losses in the system. 

But there are factors affecting the use of V2V technology with the smart grid power networks. The 

major factor affecting the successful operation of V2V technology is the aggregator’s requirement for 

charging and discharging operations[42].  For some design, the aggregator is optimized for charging 

operations than for discharging operations. Also, another factor is the total number of vehicles 

available in the fleet. Another factor affecting the V2V technology is the characteristics of the battery 

capacity and the type of battery. Some battery types are more efficient for V2V technology than 

others[32][42]. Similarly, the capacity of the battery of an EV determines to a large extent the role they 

can play in the V2V technology. EVs with bigger battery capacity like the ones installed in buses has 

more capacity for discharging operations for the charging of medium electric vehicles. Other factors 
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affecting the use of V2V technology are prices of electrical energy, state of charge of the batteries, the 

driving habit of the user and the time of arrival and departure of the user of the technology[42][44] 

In summary, the major function of the V2V technology include the provision of electric energy for 

electric vehicles, increasing the efficiency of electric vehicles for discharging and charging operations, 

power trading within the local grid for reduction of the tariff, support for reactive power, and control 

coordination of grid-enable electric vehicles[42][28]. 

2.2.2 Vehicle-to-Home (V2H) Technology  

The V2H technology employs the use of bidirectional chargers which can be off-board or on-board in 

the discharging/charging of the EVs to or from the home through a control scheme[45]. The control 

scheme is implemented using a controller that synchronises the public power utility, and any 

renewable energy source at home with the electric vehicle[43]. 

Key features of the V2H technology include the use of a lone vehicle equipped with grid integration 

capability. The V2H infrastructure is relatively simple in design with negligible losses in the course of 

transmission. The V2H is also very easy to install as it is limited only to the grid operation at a particular 

household[42]. 

But there are factors affecting the use of V2H technology with the smart grid power networks. The 

major factor affecting the successful operation of V2H technology is the day-to-day load profile of 

electric devices at home[35]. For some homes, the majority of the energy supply is consumed by 

electric devices with high power ratings like washing machines, dryers, fridges and heating elements. 

Also, another factor is the requirement for support of reactive power in the home. Another factor 

affecting V2H technology is the characteristics of the battery capacity and the type of battery. Some 

battery types are more efficient for V2H technology than others[42][4]. Similarly, the capacity of the 

battery of an EV determines to a large extent the role they can play in the V2H technology. EVs with 

bigger battery capacity has more capacity for discharging operations for the supply of electrical energy 

to the home. Other factors affecting the use of V2H technology are prices of electrical energy, state of 

charge of the batteries, the driving habit of the user and the time of arrival and departure of the user 

of the technology[46][42]. 

In summary, the major function of the V2H technology includes the provision of electric energy for 

home use by acting as a back-up generator. With the appropriate scheduling operation, the V2H 

technology can synchronize with the electric devices for the shifting of loads. The electric vehicle can 

be charged at off-peak periods when electricity is less expensive and then discharge back to the grid 

during peak period at a profit. The electric vehicle used in V2H technology can be used to store excess 

energy from home-built photovoltaic cells and wind turbines which is then sold to power 

companies[42][47], [48]. 
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2.2.3 Vehicle-to-Grid (V2G) Technology  

The V2G technology employs the use of a fleet of EVs for the bidirectional transfer of electrical energy 

between the vehicles and the grid. Just like the V2V technology, the aggregator is employed for the 

grouping of the EVs for discharging/charging operation and it is also used for grid integration and 

regulation[45][24], [49].  

The major features of the V2G are the large fleet of cars involved. These cars are the accumulated total 

of electric vehicles from V2H, V2V and electric vehicles connected directly to the grid at commercial 

charging/discharging stations. The major source of power is the power grid[42]. Because of the large 

scale of operations, the technology employs complex control schemes for the discharging/charging 

coordination of the connected electric vehicles[30]. Accommodation of a large number of electric 

vehicles will require big and complex infrastructure. The transmission losses recorded in the course 

of charging/discharging operations is significantly high[6], [50]. 

Just like V2H technology, there are similar factors affecting the use of V2G technology with smart grid 

power networks. The major factor affecting the success of the operation of the V2G technology is the 

number of aggregators required for a particular number of electric vehicles connected to the grid for 

charging and discharging operations.  For some design, a particular aggregator is optimized for 

charging operations/discharging operations of electric vehicles that are less than 100 in number[22].  

Also, another factor is the level of power flow in the electric grid. Depending on the time of the day, the 

flow of power in and out of the electric grid varies depending on the number of EVs undergoing 

discharging or charging operations. Thus, in order to avoid grid instability, the grid operators 

implement some control and regulation schemes to limit the number of cars for charging/discharging 

operations at a particular location[23], [25], [51]. Another factor affecting the V2G technology is the 

characteristics of the battery capacity and the type of battery. Some battery types are more efficient 

for V2G technology than others[42]. Similarly, the capacity of the battery of an EV determines to a large 

extent the role they can play in the V2G technology. EVs with bigger battery capacity like the ones 

installed in buses has more capacity for discharging operations for the charging of medium electric 

vehicles, thus, are normally connected to the grid at peak periods for discharging operations. Other 

factors affecting the use of V2G technology are prices of electrical energy, state of charge of the 

batteries, the driving habit of the user and the time of arrival and departure of the user of the 

technology[42][52]. 

In summary, the major function of the V2G technology includes the provision of electric energy to the 

grid supplementary services by acting as back-up energy generation sources. With the appropriate 

scheduling operation, the V2G technology can synchronize with the electrical devices for the shifting 

and controlling of electrical loads in the power system. The electric vehicle can be charged at the off-

peak periods when electricity is less expensive and then discharge back to the grid during peak period 

at a profit. The electric vehicle used in V2G technology can be used to provide electrical energy for 
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private and business premises to save cost[6][42]. It also allows for synchronization of renewable 

energies with the traditional grid, support for reactive power and the short-term stabilization of the 

electric grid. 

2.3 Review of Plug-in Charging of Electric Vehicles 

For most research applications, EVs is a term used to describe any type of vehicles employing the use 

of electric motors for propulsion. Three types of such vehicles are currently being developed, and in 

operations currently. They are the Fuel-Cell Electric Vehicles (FCEVs), Hybrid Electric Vehicles (HEVs), 

Plug-in Hybrid Electric Vehicles (PHEVs) and Battery Electric Vehicles (BEVs)[1][4], [38].  

The FCEVs uses a fuel-cell as a source of energy storage and conversion[53][54]. The fuel source can 

be in gaseous or liquid form. The gaseous form can employ the use of natural gas or hydrogen while 

the liquid form employs the use of methanol[53]. Hydrogen fuel-based FCEVs is known as Zero-

emission EVs (ZEVs) while the ethanol-based and natural gas-based EVs are known as low emission 

vehicles. One common feature of FCEVs is the absence of batteries and thus, it is currently not designed 

for application with V2G technology[53][55]. 

The BEVs, PHEVs and HEVs, on the other hand, are capable of using batteries for the storage of 

electricity. If an electric vehicle has the dual capabilities of a battery and ICEs, it is known as a PHEV, 

or HEV while if there is an absence of an ICE, it is known as BEV. The HEV has a small battery capacity 

that can be as small as 36 Ah[56]. Due to its small capacity, the batteries of an HEV can be charged 

efficiently using the internal regenerative braking of the vehicle; and in most cases, it is not designed 

for the charging of the batteries using external energy sources. Thus, the HEV is not currently adapted 

for use with the V2G technology. 

The PHEV, on the other hand, has a bigger battery capacity which can be as big as 16 kWh for a typical 

vehicle and 50 kWh for a bus[29]. Due to its bigger battery capacity, the vehicle is equipped with the 

necessary interface for the battery to be charged from an external energy source from where it derived 

the name “plug-in” HEV. Due to the capability of the PHEV to interact with the electric grid, the vehicle 

charging system can easily be modified for V2G technology through an efficient WPT system[23], [47], 

[57]. 

Finally, the BEV only uses batteries for the storage of electrical energy used for the propulsion of the 

vehicle. The battery capacity of the BEV is quite bigger than that of the PHEV and can be as big as 56 

kWh for a typical vehicle and up to 100 kWh for a bus[6]. For the BEV, the only interface available for 

the charging of the battery on a big scale is the use of a dedicated public power supply utility. Due to 

its design and operation, it can be easily modified for use with V2G technology. 



38 

 

 

Figure 2.3: Practical Implementation of Plug-in Charging Method for PEVs. (a) Plug-in Hybrid Charging 
Infrastructure[58]. (b)  A Commercial Charger for PEVs[59]. 

For most practical applications, the BEV and PHEV are known as plug-in electric vehicles because they 

are mostly charged using dedicated charging cables connected to a power utility[3], [35], [50]. This 

illustrated in Figure 2.3. These BEVs and PHEVs are increasingly becoming popular because of some 

benefits they offer the consumers, which will be discussed in the next section. However, both BEV and 

PHEV are currently designed for plug-in charging operations; they will be jointly referred to, as Plug-

in electric vehicles (PEVs) for simplicity and analysis in this chapter. 

2.3.1 Drawbacks in the use of Plug-in Electric Vehicles (PEVs) 

Despite the common advantages of using PEVs, there are potential and practical drawbacks in its wide 

adaptability and acceptance. The most common disadvantage is the cost of PEV batteries. For example, 

it was reported in the year 2018 that a high-volume battery of a PEV cost an average of $190 per kWh 

for Tesla’s Model 3 battery pack while General Motors’ 2017 Chevrolet Bolt Battery pack is estimated 

at about $205 per kWh[60]. Thus, the cost of an electric vehicle can go as high $40,000 and the 

minimum cost for a new PEVs is normally not less than $35, 000[47]. 

As a result of the high cost of the batteries for PEVs, most customers typically buy a mid-range vehicle 

with 30 kWh capacity capable of travelling a cumulative distance between 125 km and 150 km 

[47][36], [61]. 

Another drawback is the cost of recharging infrastructures. For most owners of electric vehicles, their 

PEVs are charged at dedicated parking locations equipped with electric charging cables[62]. This is 

because of the amount of electrical energy required for the full charging of the batteries. The 

installation of a private charging outlet at home will require massive investment in the alteration of 

household electrical systems which comes at an exorbitant cost, coupled with the fact that it can mostly 

accommodate slow and low charging power ratings[51]. The charging operations are most efficient 

when done overnight. 
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Another common setback is the limitation of the current PEV is the charging capabilities. PEVs are 

limited to the static mode of charging due to the short length of the charging cable[11] and this is the 

major reason why the driving range of EVs is limited to short distances (typically less than 80 

miles)[29], [63]. The setback can be overcome through the modification of power electronics circuitry 

and the addition of coil plates for wireless power transfer. 

Other common challenges associated with charging operations of PEVs is the risk of vandalism, safety 

issues as a result of hanging cables and open contacts, manual mode of operation from the user, the 

presence of galvanic actions and creation of harmonics[64][28][11]. 

In order to minimize some of the drawbacks of plug-in charging method associated with PEVs, a 

wireless charging alternative was proposed which addresses some of these challenges[11][20]. The 

development and adoption of an optimal wireless power transfer technology applicable to electric 

vehicles will reduce if not eliminates the majority of these drawbacks[40], [65]. A review of various 

wireless power technologies, their feasibility studies and potential suitability for electric vehicles are 

discussed in the next section. 

2.4 Theory and Development of Wireless Power Transfer for EVs 

Electricity as a reliable energy source can be used to power the automobile transportation systems 

especially cars and trains; thus, reducing the demand and consumption of fossil fuels. For personal 

electric transportation, there are already vehicles which can be plugged into the grid and off-board 

energy-storage systems comprising of batteries; these off-board batteries can be recharged using clean 

and renewable electricity[66]. It has also been observed that the charging process can be optimally 

utilised by charging the EVs at night when there is low consumer demand on the electrical power grid; 

thus, reducing strain on the grid and the need to add any major generation and transmission 

infrastructure [62]. 

In order to reduce the strain on the electrical power grid as well as providing a convenient means to 

charge EVs at any time of the day; an alternative charging technology known as Wireless Power 

Transfer (WPT) technology was proposed. This is a process in which wireless or contactless power is 

transferred through the process of induction or resonance [1][67]–[69]. It has been reported that 

connecting PEVs to the grid to charge the batteries creates issues like harmonics and galvanic 

actions[11]; in addition, there is also a limitation in battery performance due to the state-of-the-art 

technology of the lithium-ion (Li-ion) batteries which are the commonly used energy-storage device 

for PEVs. The problems includes the environmental cost of disposing of the batteries, degradation 

which once limits the market acceptance, and the charging limit due to the chemistry of the chemical 

components, to their low energy density [1] when compared with the energy density of fossil fuels. 

With the limitation of the onboard energy storage to a few miles, swapping of car batteries at intervals 

and hybridization of the drive-train became a viable alternative option[4], [62]. The WPT concept was 
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proposed as a hybridization concept because of the possibility of extending the capabilities of PEVs for 

the exchange power between the vehicle and the grid when the vehicle is in stationary mode or in 

dynamic mode (in motion). Charging the EVs while they are stationary is known as static charging and 

has three applications vis-a-vis: WPT-powered parking lots, WPT-powered home parking lot, a WPT-

powered bus stops and a WPT-powered area close to a traffic light or traffic-congested areas in an 

urban area[28][62]. 

Charging the PEVs while in motion in some literature is referred to as roadway powered EVs, others 

termed it as dynamic charging, while some calls it move-and-charge. The major application of dynamic 

charging is a WPT-powered track section on a highway[62], [70]. This has the capability of powering 

multiple vehicles at once. However, while the static charging is reaching the required industry 

standardization, the dynamic charging EVs offer the advantage of significantly reducing the size of 

battery packs of EVs as well as providing automatic charging of the vehicle with little effort from the 

user[62][61]. The concept requires little maintenance and reduces the act of vandalism while 

providing safety from sparks and trip hazards. 

However, the dynamic wireless charging is in the incubation stage with lots of work currently on-going 

in the area of research and development[71], [72]; but the adoption of such charging method will help 

the partial removal of overnight charging by using network-dynamic wireless chargers that are 

compact which are installed on the road[73]; thus, keeping the batteries of  EVs charged at most times. 

As a result, a small battery can power an EV over a long range of travelling distance. 

For the adaption of appropriate WPT topology suitable for EV applications, a review of available media 

for wireless power transfer is very vital. The media of wireless power transfer adequately gives a 

better understanding of the existing technological level of efficiency, power output and application 

restrictions.  

From published reports on WPT technology, WPT is basically divided into three: Mechanical force, 

Electric field and Electromagnetic field [45] as shown in Figure 2.4. 



41 

 

 

Figure 2.4: Categories of Different WPT Technologies[45]. 

2.5   The Magnetic Gear WPT Technology 

The Magnetic Gear WPT technology works on the basis of the synchronization of two permanent 

magnets (PMs) in tubular form as the main coupling technology. The two permanent magnets are 

placed side by side for wireless power transfer application. This is unlike the coaxial configuration 

designed for application in wind power generation[74]. The typical setup for the magnetic gear WPT 

technology is shown in Figure 2.5[45]. 
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Figure 2.5: Schematic of Magnetic Gear WPT Application for EVs[45].  

The basic principles of this technology consist of the production of mechanical torque on the 

transmitter winding when power is supplied from a DC source; this causes it to rotate. The magnetic 

field, as a result of the rotation, causes the receiver winding to rotate in synchronism making the 

receiver work by the mechanism used for an a.c generator, thereby charging the battery via the 

rectifier[45][74]. 

It is relevant to state that this technique has been used in medical implants but the power output and 

air gap are very small[45][75]; mostly less than 100W and 5cm respectively. For example, Matias. R 

and Cunha.H [76] developed a model magnetic gear WPT system capable of transferring a maximum 

power of 6.6W. Coincidentally, only 1W of power was generated at a distance of 1cm; possibly due to 

the limited space available in the human body. Based on the same technique, Lee S.H and Lorenz 

R.D[75] were able to generate a power of 1.6kW at a distance of 15cm which is high enough to charge 

an EV, but this comes at a high cost of controlling the speed of the rotators.  It was noted that at a 

frequency of 150Hz, the upper power limit requirement was reached and the synchronization of the 

rotators becomes significantly degraded. Due to this limitation, the practical application of the 

technology for high power operations will require the adjustment of the rotator’s speed with feedback 

control from the battery. In addition to the drawbacks mentioned above, there is also an issue with the 

alignment; this is because the power transfer efficiency (PTE) degrades significantly when the 

permanent magnets are not properly aligned; making it very unsuitable for dynamic charging of 

EVs[45]. Another issue with this technology is the decrease in WPT when there is an increase in the 

axis-to-axis separation of the PMs. Likewise; the wireless power transfer process becomes complicated 
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due to the small dimension of the PM. For example, a 5cm by 10cm PM is only capable of supplying 

1kW of power. Increasing the PM’s dimensions for higher power transfer makes it difficult for static 

charging of EVs[74]. 

2.6 The Capacitive WPT Technology 

This technology made use of an alternating electric field confined between two conductive plates to 

transfer power wirelessly. The mode of operation is illustrated in  Figure 2.6[77]. The capacitive 

method of WPT technology was developed in order to overcome the need for guiding of magnetic flux 

and use of shielding component as obtainable using the inductive method of wireless power 

transfer[77][78].  

 

Figure 2.6: Working Principle of Capacitive WPT Technology 

The technology is noted for a high PTE of around 90% but operates at a high frequency in the 

Megahertz range. The high frequency is employed in order to limit the capacitive reactance of 

capacitive plates. The capacitive WPT technology is known for its low electromagnetic interference 

(EMI) and the ability to combine both charging and data synchronization over a single 

interface[77][79]. The capacitive WPT technology is relatively affordable with notable galvanic 

isolation capabilities[78][80]. 

Despite these advantages, the coupling capacitance is very small mostly in the microfarad range for 

most practical applications. This is as a result of the low permittivity of the air/vacuum which is 

8.854x10-12 F/m. Though the capacitance can be increased by special and costly dielectric materials 

like BaTiO3[68], [81]; the existence of an air gap or displacement of the coupling plates decreases the 

capacitance of the plates. Another major drawback of this technology is the low power transfer output; 

in most cases, it is less than 100W and this power ratings is achievable at a very small distance of 

transmission; typically in the range less than 20 millimetres[45]. For example, in the published work 
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of Mitchell Kline et al[77], their proposed capacitive WPT model could only transmit 3.7 W of power 

across the capacitive plates at a maximum efficiency of 80%. Similarly, a variation of the coupling 

capacitance causes a significant reduction in the operating frequency.  

The limitation in transmission distance is as a result of the electric flux being confined within the 

conductive plate. Under this condition, the magnetic flux tends to make a closed flux loop by spreading 

in all directions from within the coils. Despite the drawbacks, the capacitive WPT has the ability to 

transfer electrical power through metal. This is attainable because of the ability of the lower and upper 

surface of the metal to acts as a conductive plate in an electric field. Though this may end up dividing 

the original electric field into two, it has no effect on the amount of transferred power[45]. 

There is also the issue of poor displacement tolerance between the conductive plates[45]. A WPT 

model is said to have poor displacement tolerance if a displacement of 30% of the total length of any 

of the coil causes  more than 50% reduction in the power transferred and more than 25% reduction in 

efficiency[43]. The WPT technology also requires a complex control of the duty cycle in order to 

maintain high efficiency of above 70% at light loads. 

Due to these limitations, it is impracticable to use the capacitive WPT technology for the charging of 

EVs; this is due to the minimum practical requirement of the airgap between the transmitting and 

receiving units (typically 110mm to 200 mm)[11]. 

2.7 The Electromagnetic Field-based WPT Technology. 

This technology is based on a time-varying electromagnetic field. The technology is subdivided into 

two groups based on the distance of power transfer. They are Near Field WPT technology and Far Field 

WPT technology. For a proper discussion of these WPT technologies, there are common terms and 

parameter specifications that need to be defined. The common terms are discussed in the next section. 

2.8 Performance Parameters for Electromagnetic Field-Based WPT 

Technology 

In the research and development of WPT, many common terms and terminologies are being used by 

researchers to measure the performance of a WPT model. The measured performance level gives a 

degree of suitability and adaptability of the model. Common terminologies use are coupling coefficient, 

quality factor, power level, power transfer efficiency and loss factor.  

2.8.1 Coupling Coefficient (k) 

In the case of electromagnetic field-based WPT technology, the receiver and transmitter coils are 

separated by a large airgap ranging from hundreds of millimetres to thousands of miles. Due to the 

large distances, most model designs do not have a common magnetic core; this creates a poor or weak 

magnetic coupling between the coils.  The creation of weak magnetic coupling between coils is because 
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of the divergent nature of magnetic flux as they travel in space. The scenario is depicted in Figure 

2.7[11]. 

 

Figure 2.7: (a) Divergent Nature of Magnetic Flux and Fields as they travel in Space (b) Circuit Representation[11]. 

The extent of this magnetic coupling between the transmitter and receiver coils is defined as the 

coupling coefficient 𝑘 and is mathematically represented as: 

 
𝑘 =

𝐿𝑚

√𝐿𝑝 ∗ 𝐿𝑠

 
2.1 

The coupling coefficient is zero and no coupling exists when there is no mutual inductance (𝐿𝑚) 

between the transmitter and receiver. The values of 𝐿𝑝 𝑎𝑛𝑑 𝐿𝑠 are the self-inductance (𝐻) of the 

transmitter and receiver coils respectively. For a typical iron core transformer, the coupling coefficient 

is very close to 1 and thus, have the highest coupling coefficient[43]. When the values of 𝑘 ≥ 0.5, they 

are termed as strongly coupled or tightly coupled and when the values of 𝑘 ≤ 0.5, they are termed as 

poorly coupled or loosely coupled[43]. For most applications, the values of the 𝑘 is dependent on the 

magnetic properties of the ferrite core on which the coils are wound, the physical dimensions of the 

coils, their relative position to each other and the number of turns of each coils[13], [82], [83]. Also 

during the process of static or dynamic charging, the coupling coefficient decreases with an increase 

in the vertical and horizontal displacement of the receiver coil known as misalignment[43]. 

2.8.2 Quality Factor (Q) 

According to K. A. Kalwar et al [43], the quality factor gives an indication of the level of inductive 

properties of resonant coils used for WPT applications. It is the measure of the capacity of the coils to 

produce a large amount of magnetic field which will be responsible for the transfer of power across 

the airgap. The intrinsic quality factor for the transmitter and receiver coils is defined mathematically 

as[43]: 
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𝑄𝑝 = 

𝜔𝑜𝐿 𝑝

𝑅 𝑝
,      𝑄𝑠 = 

𝜔𝑜𝐿 𝑠

𝑅 𝑆
 

2.2 

Under normal conditions, the WPT system is required to operate at a constant resonant frequency; but 

changes in system parameters like the airgap, load or capacitance can cause a variation in the resonant 

frequency and thus, the system’s angular frequency is not at the required zero phases [43]. The 

presence of more than one zero phase angle frequency is known as bifurcation[70][71]. At these 

different resonant frequencies, the efficiency is quite high and it has been noted [84][86] that the 

existence of bifurcation in the system is greatly influenced by the value of the quality factors of the 

coils. Possible solutions have been proffered to avoid this phenomenon. For example, C. Sen Wang et 

al [86] proposed that the value of quality factor of the transmitter coil must be greater than that of the 

receiver coil in order to maintain a single zero angle frequency. In addition, it was reported that a 

greater value of the product of the coupling coefficient and quality factor increases the power 

transferred efficiency of the resonant coils[87][13]. 

2.8.3 Power Level  

For most WPT applications in the charging of electric vehicle, the power level is dependent on the 

charging time, cost and locations. These parameters must be adequately accommodated[88] for 

optimal design. For example, at an operational airgap of between 100mm and 250 mm, power level of 

2 kW to 7 kW was proposed for a case of single charging track[43]. The appropriate criteria for the 

selection of appropriate power levels for selected charging of EVs are based on a number of different 

standards and codes. Typically, the Society of Automotive Engineers (SAE) J1772 code describes 

different levels of power requiring a different type of infrastructures[43]. The codes prescribe three 

categories of the power level for charging operations. They are on-board (level 1, level 2) and an off-

board charging (level 3) [89]. The charging level classification prescribed by the SAEJ1772 is 

applicable in the European Union (EU) and are illustrated in Table 2.2[90] 

Typically, the level 1 power level type is supplied by a convenient outlet interface while Level 2 and 

Level 3 is supplied by a dedicated electric vehicle supply equipment (EVSE). Different Original 

Equipment Manufacturers (OEMs) produce different equipment with different design specification 

shown in Table 2.2 and thus, do not follow a particular worldwide standard. The SAE J2954 task force 

responsible for light-duty PEVs’ wireless power transfer proposed [43] a specific power level and 

frequency to enable the interoperability of charging electric vehicle before commercialization. The 

resonant frequency proposed for charging of light electric vehicles was 85 kHz and this value lies in 

between the internationally acceptable frequency band of 81.38 kHz-90 kHz proposed by the SAE 

J1772 regulation. 



47 

 

Table 2.2: The Power Level Type and Expected Power Ratings Defined by SAE J1772 

Power Level 

Type 

Charging 

Location 

Expected Power 

Level 

Charging Time Vehicle Technology 

Level 1 

230V (A.C.) 

On-Board 

1-Phase 

1.4 kW (12 A) 

1.9 kW (20 A) 

4 - 11 Hrs 

11 - 36 Hrs 

PHEVs (5-15 kWh) 

EVs (16-50 kWh) 

Level 2 

230 V (A.C.) 

415 V (A.C.) 

On-Board 

1-Phase 

3-Phase 

 

4 kW (17 A) 

8 kW (32 A) 

19.2 kW (80 A) 

 

1-4 Hrs 

2-6 Hrs 

2-3 Hrs 

 

PHEVs (5-15 kWh) 

EVs (16-30 kWh) 

EVs (3-50 kWh) 

Level 3 (Fast) 

280 - 600 V (A.C.) 

280 - 600 V (D.C.) 

Off-Board 

3-Phase 

 

50 kW 

100 kW 

 

0.4 - 1 Hr 

 

EVs (20-50 kWh) 

 

For the purpose of this research, level 1, level 2, and level 3 will be denoted as low power, medium 

power and high power level. From the description of the power level types, the expected A.C. power 

level ranges from 1.4 kW to 50 kW. 

2.8.4 Power Transfer Efficiency (PTE) 

Power Transfer Efficiency is the ratio of the transferred power across the gap and the input power. 

This is a crucial parameter in the design of wireless power transfer[36], [62].  The relatively low value 

of the PTE has been responsible for the slow commercial deployment of WPT technology in the 

charging of electric vehicles. In addition, there is also the issue of size, cost of new infrastructure and 

the power level[65]. The measure of PTE can be calculated from the various subsystems of the whole 

wireless power transfer system. The commonly used term is the overall efficiency which is the 

measure of the efficiency as a ratio of the power received at the battery to the input power supply. 

Many WPT models have been developed and the overall system efficiency presented. For example, 

SangCheol Moon [91] developed a wireless power transfer system employing the use of an 

intermediate coil between the source coil and receiver coil. The model offered an overall efficiency of 

95.57% while transferring 6.6kW of power across an airgap of 200 mm. Similarly, P. Ning et al [92] 

designed and developed a WPT prototype capable of transferring up to 7 kW of power across an airgap 

of 200 mm at 90% efficiency.  
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In another instance, some researchers presented the performance of their WPT models by measuring 

the coil-to-coil efficiency. The coil-to-coil efficiency does not take into consideration the losses 

encountered in the power electronic converters and only measure the efficiency as the ratio of power 

at the transmitter to the power received at the receiver coil. For example, J. M. Miller [63] developed a 

WPT model capable of transferring 6.6kW at a coil-to-coil efficiency of 91% across an airgap of 75 mm. 

It was also reported that C. Qiu et al [45] at the Oak Ridge National Laboratory (ORNL) were able to 

develop three different WPT with the capability of transferring between 2 kW and 7.7 kW of power 

across a range of airgap between 75 mm and 254 mm with a coil-to-coil efficiencies between the range 

of 91% and 93%. 

Another performance metric known as overall D.C. to D.C. efficiency was proposed by T.D. Nguyen et 

al [93]. The DC to DC efficiency was measured as a ratio of the power output at the rectifier to the 

power input at the rectifier of the receiver of their proposed rectangular bipolar pads. An overall DC 

to DC efficiency of 95.66% was reported when 8 kW of power was transferred across an airgap of 200 

mm with zero misalignment. 

From all the various efficiencies reported, the fundamental principle was maintained which is the 

measure of the ratio of the output power to the input power. 

2.9 The Far Field WPT Technology 

This technique requires the use of microwave frequency power transfer from the transmitter antenna 

to the receiver’s antenna. The technology requires a microwave source, a transmitting antenna, a 

receiving antenna and a waveguide [16].  Electrical power is first transmitted to the waveguide from 

the microwave source. The electromagnetic wave is then emitted uniformly from the transmitting 

antenna. At the receiver’s side, the receiving antenna collects the microwave energy using silicon-

controlled rectifier diode which is then converted into a direct current by the diode’s rectification 

capability [16]. 

With the use of laser beams and antennas with high directivity, power can be transferred at high PTE 

when used with the laser or microwave technology; but there is an issue with maintaining a good 

alignment at such distance as it requires complicated tracking methods. Subsequently, when 

omnidirectional antennas are used as is the case with radio waves, the power density is inversely 

proportional to the square of the distance of transmission. This is why it is mostly used in signal 

broadcasting applications because the power requirement can be as low as microwatts[45], [91].  

The electromagnetic radiation method of power transfer has the advantage of efficient power transfer 

over long distances but requires a line of sight transmission. Subsequently, as the name suggests, there 

is a problem of radiation which could be extremely harmful to man and animals when transmitting 

high power as the required standard for cars and buses. Even when it is used for charging purposes, 

the antennas are required to be very large so as not to go against safety standards and regulations 
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[90],[45]. Due to this inherent problem coupled with the high cost of antenna design and development, 

the technology is not appropriate for the wireless charging of EVs. Thus, this literature review will not 

cover development in this area of technology. 

2.10 The Near Field WPT Technology 

This technology is a non-radiative type and capable of transferring energy over a shorter distance in 

contrast to the far-field WPT technology but not up to a wavelength[45]. This technology is basically 

divided into Inductive Power Transfer (IPT) and magnetic resonance coupling (MRC) technology.  

2.10.1 The Inductive Power Transfer (IPT) Technologies 

The traditional IPT method of wireless power transfer employs the basic principle of magnetic field 

induction. This involves the supply of electric current at a particular frequency into the primary coil 

which induces a current in the secondary coil through electromagnetic induction. This method is based 

on near-field transmission method as there are nearly no interference and power loss due to its short 

distance of transmission. The inductive coupling design is based on the fundamental theories of Biot-

Savart’s Law and Faraday’s Law of Electromagnetic Induction[16]. 

 

Figure 2.8: (a) Setup and Equivalent Circuit Model Diagram of Traditional IPT Technology[45]. (b) Charging pad of a 
Typical IPT Technology[96].  

The typical setup for IPT technology consists of two coils of wire with their respective resistances and 

inductances. This is shown in Figure 2.8[45][96]. 
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The inductive coupling based WPT is simple in design and it offers high safety. These advantages 

contributed greatly to its popularity and applicability, but it has three major setbacks. The technology 

works best in applications requiring only short transmission distances. It has been observed that the 

power transfer efficiency is inversely proportional to the cube of the air gap[45]. As a result, high PTE 

of over 90% is limited to a range of few millimetres; typically less than 20 mm. There is also a 

significant degradation in the PTE when the transmission and receiver coils are not properly aligned. 

This is because of the small size of the charger as shown in Figure 2.8(b). A significant increase in 

displacement between the coils will result in only a small percentage of flux linkage between the 

transmitter and the receiver.  Lastly, due to the small distance of transmission and small power 

requirement, the technology works best for low power applications as used in the charging of laptops, 

toothbrush, mobile phones and medical implants[97]. 

2.11 Magnetic Resonant Coupling WPT Technologies 

The basic principle of the magnetic resonance coupling WPT technology employs the principle similar 

to the operation of the iron core transformer. But unlike the iron core transformer, the primary and 

secondary windings are separated over an airgap and not linked through a common magnetic 

core[43][72]. As a result, there is a presence of leakage inductance resulting in the poor magnetic 

coupling between the primary and secondary coils. The WPT technology typically consists of a utility 

power supply, transmitter and receiver resonant circuits, high-frequency converters and an electrical 

load[98][16]. For most practical deployment, the transmitter coil is fixed underneath the ground while 

the receiver coil is installed underneath the chassis of the electric vehicle. 

When the electric vehicle moves over the charging pad in the case of dynamic charging or parked over 

the charging pad for static charging, an AC voltage at high frequency is applied to the charging pad; 

which in most cases are buried under the ground. The resulting current flow creates a time-varying 

magnetic field around the transmitter and by the application of Faraday’s law and Ampere’s law, a 

voltage is induced at the terminals of the receiver coil[99]. The receiver coils are linked to the electrical 

load of the electric vehicle which is the battery and a significant amount of power is transferred[43]. 

The magnetic resonance coupling WPT technology is divided into two types: the air-core magnetic 

resonant coupling WPT technology and ferrite core magnetic resonant coupling WPT technology[72]. 

The major difference between the two types of magnetic resonant coupling WPT technologies is the 

absence/presence of a ferrite core in the WPT system. The air-core magnetic resonant coupling  WPT 

system consist of only coils of copper wire operated at very high frequencies typically in the megahertz 

range while the ferrite-core magnetic core resonant coupling WPT system consists of a magnetic 

ferrite core which is used to boost the magnetic coupling and self-inductance of the resonant coils[16], 

[72], [95], [100], [101]. The designs and operations of the two types of magnetic resonance WPT are 

discussed in the next two sections. 
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2.11.1 Air-Core Magnetic Resonant Coupling WPT Technologies 

The air-core MRC wireless power transfer technology consists mainly of two subsystems which offer 

a better wireless PTE compared to the IPT technology with the same natural resonant frequency for 

the receiver and transmitter[102]. The technology is illustrated using a typical RLC circuit consisting 

of a resistor, inductor and a capacitor. The basic manner of operation involves the coupling of the 

transmitter and receiver coils magnetically when the source electrically excites the transmitter 

coil[16]. The PTE is determined by two parameters- the mutual coupling strength, M, and the Q-factor 

of the resonators[16], [103]. The Quality factor (Q-factor) of an inductor indicates the ratio of the 

reactive reactance of the coil to its resistance. The formula for the mutual inductance of the two coils 

(𝐿𝑚) is given by[102]: 

 𝐿𝑚 = 𝑘√𝐿𝑝 ∗ 𝐿𝑠 2.3 

Where 𝑘 is the coupling coefficient of the coil and 𝐿𝑝, 𝐿𝑠 are inductance of the transmitter and receiver 

coils respectively. The value of 𝑘 is determined by the transmission distance between the receiver and 

transmitter coils. For a typical circular coil, 𝑘 is given by[102] 

 
𝑘 =
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[1 + 2
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𝐷

√𝑟𝑡 ∗ 𝑟𝑟
)2]

3
2

 
2.4 

𝐷 is the length of the air gap, while 𝑟𝑡 , 𝑟𝑟  are the radius of the transmitter and receiver coils 

respectively. Subsequently, the Q factor is directly proportional to the angular resonant frequency (𝜔𝑜) 

and inductance (L) of the coils and inversely proportional to the intrinsic resistance (R) of the coil 

[102]. The relationship is further illustrated using the formula: 

 𝑄 = 
𝜔𝑜𝐿

𝑅
  

2.5 

It is noted from equation (2.5) that an increase in the angular resonant frequency (Hz) and increase in 

inductance (H) at constant resistance (Ω) of the coil increases the value of Q, which will reduce the 

power losses in transmitting energy across the gap. For most practical applications, an increase in Q is 

achieved by decreasing the value of R. 

The PTE efficiency of the air-cored MRC is also dependent on the strength of the magnetic 

coupling[104], [105], which also directly affects the range of power transfer of the system typically 

between 10cm to 50cm. The level of magnetic coupling is divided into three types: air-core low MRC, 

air-core medium MRC and air-core strong MRC models. 
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2.11.2   The Air Core Low MRC model 

This model consists of two pairs of RLC resonators consisting of a source coil as the transmitter coil 

mounted underneath the road and the load coil at the receiver coil mounted beneath the vehicle. The 

circuit setup is illustrated in Figure 2.9[45].  

 

Figure 2.9: Model Diagram and Equivalent Circuit Diagram of Low MRC[45]. 

The transmitter coil is connected to the source supply, which transmits the electromagnetic field 

(indicated by 3 arrows pointing downward) to the receiver coil that is connected to the load. 

The presence of capacitors C1 and C2 is to compensate for the large leakage inductance present in L1 

and L2 in the model. The MRC based WPT models are loosely coupled WPT systems because only a 

small percentage of the magnetic flux emanating from the transmitter essentially couples with the 

receiver. The loss in flux-linkages is due to the presence of the air gap and the divergent nature of the 

magnetic fluxes.  

According to A.K. Sah [106], the model was able to offer an efficiency of 13.46% when using a 𝑘 value 

of 0.5 with a resonant frequency of 13.56MHz.  In the later work of J. Zhang et al [107], it was noted 

that the low MRC model tends to exhibit a very low stiffness in efficiency when the resonant frequency 

is constant and other parameters like coupling factor, Q and airgap are varied. The emission of strayed 

electromagnetic field (EMF) was observed to be high whenever there is a significant distance variation 

because of misalignment between the receiver and the transmitter coils. But a significant improvement 

was attained in the works of SangCheol M. [108], where a low MRC model prototype was built with 

Silicon carbide (SiC) MOSFETs used as the components for the full-bridge inverter. The design was 

able to achieve a maximum efficiency of 90.45% at a load of 3.3kW. Consequently, an efficiency of 

89.93% was attained at a maximum load of 6.6kW. These efficiencies were attained using a 3-phase 

400V power supply at an inverter frequency of 100 kHz. Despite the high PTE, there is room for 

improvement. 
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2.11.3 The Air Core Medium MRC model 

This model consists of three pairs of RLC resonators. The resonators can be arranged comprising of 

two coils (source coil and an intermediate or relay coil) at the transmitter side mounted underneath 

the road and a single load coil at the receiver side mounted beneath the vehicle or vice versa. The 

typical circuit set up with the source coil and the relay coil together is illustrated in Figure 2.10[45]. 

 

Figure 2.10: Model Diagram and Equivalent Circuit Diagram of Medium MRC[45] 

The air-core medium MRC model operations begin with the propagation of the electromagnetic fields 

from the source coils connected to source supply. The intermediate coil receives the electromagnetic 

field emanating from the source coil. The purpose of the intermediate coil is to ensure that the input 

coil is properly loaded for adequate impedance matching as well as ensure that the electromagnetic 

field is transmitted in a focused manner to the receiver coil that is linked to the load. The source coil 

and intermediate coil forms an impedance matching network whose major benefit is to ensure efficient 

switching-amplifier operation while ensuring effective coupling of the source coils with the load 

coil[109]. The model topology implements magnetic coupling in two stages as shown in Figure 2.10. 

The first coupling and impedance matching occur between the source coil and the intermediate coil, 

while the second coupling is responsible for power transfer between the transmitter and receiver 

occurs between the intermediate coil and receiver coil. 

In the work of A.K. Sah [106], his medium MRC model was able to attain an efficiency of 55.20% when 

using a 𝑘 value of 0.5 with a resonant frequency of 13.56MHz. This is an additional increase of over 

31% when compared with his low MRC model. Subsequently, in the work of J. Zhang et al [107], it was 

observed that the model tends to exhibit a very high-efficiency stiffness when the resonant frequency 

is constant and other parameters varied just as the case with the low MRC model. 

 In contrast to the low MRC model, the electromagnetic field (EMF) emission was observed to be low 

whenever there is a significant distance variation because of misalignment between the receiver and 

the transmitter coil, despite the fact that the model offers better performance in terms of PTE when 
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compared with the low MRC model. However, SangCheol, M. [104] proposed a model with a significant 

improvement in the PTE by using Silicon (Si) and SiC MOSFETs as the switching devices for the full-

bridge inverter installed at the transmitter side. Using a 3-phase 400V supply and at a distance of 20cm, 

the SiC MOSFET and Si MOSFET powered inverter models were able to achieve prototype efficiencies 

of 95.04% and 95.57% respectively at a maximum load of 6.6kW using the same switching frequency 

of 100kHz.  However, it comes at a trade-off of operating WPT systems at three different resonant 

frequencies. This is because as the 𝑘 increases, a phenomenon known as pole splitting occurs creating 

three Zero Phase Angle (ZPA) frequencies at the input impedance due to load variations. Thus, 

operating the model involves complicated design estimations.  

In summary, a coupling coefficient of 0.408 at a distance of 8cm was achieved which is an increase of 

over 250% compared to 0.191 coupling coefficient achieved in the low MRC model prototype. The PTE 

achieved using this model makes it a suitable option for use in commercial vehicle charging 

applications, but it comes at a higher cost due to the added intermediate coil. Higher power transfer 

efficiency can be attained at a higher switching frequency but this is limited due to the coupling 

strength. 

2.11.4 The Air Core Strong MRC model 

The strong MRC model consists of four pairs of RLC resonators consisting of two coils (source coil and 

source resonant coil) at the transmitter side which is normally mounted underneath the road and 

another two coils (load resonant coil and load coil) at the receiver side which is mounted beneath the 

vehicle. The circuit setup is illustrated in Figure 2.11[45]. 

 

Figure 2.11: Model Diagram and Equivalent Circuit Diagram of Strong MRC[45] 

The air-core strong MRC model operations start with the propagation of the electromagnetic fields 

from the source coils connected to source supply. The source resonant coil receives the field emanating 

from the source coil. The purpose of the coupling is to ensure optimum tuning of the input coupling as 

well as to ensure impedance matching of the input coils by adjusting the alignment between the source 

coil and resonant coils indicated by  𝑘𝑆; the optimum  𝑘𝑆 that gives the desirable input impedance for 

a given source resonant coil loading is then achieved[109]. Similarly, impedance matching is achieved 
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at the receiver side by adjusting the value of  𝐾𝐿 until an optimum tuning of the output coupling is 

achieved. Effective wireless power transfer between the transmitter and the receiver occurs between 

the source and load resonant coils indicated by 𝑘 . The model topology implements magnetic coupling 

in three stages as shown in Figure 2.11. The first coupling between the source coil and the source 

resonant coil is to ensure impedance matching at the input. Subsequently, the second magnetic 

coupling occurs between the source resonant coil and load resonant coil is to ensure effective wireless 

power transfer from the transmitter to the receiver, and the third coupling occurs between the load 

resonant coil and the load coil is to ensure impedance matching at the output. 

Due to the absence of source resistance RS and load RL in the two resonant coils, the quality factor Q is 

increased. The implication is that more energy can be transferred to the load with a constant coupling 

coefficient[45]. The PTE was further enhanced by the elimination of the lumped resonant capacitors, 

which is replaced with the coils parasitic capacitance C2, and C3. The parasitic capacitances help in 

further reducing the power loss because of the presence of resonant coils internal resistance. With the 

reduction in the internal resistance, the Q-factor increases, which invariably increases the PTE even 

for low coupling coefficients [45]. 

A proposed design using the strong MRC model was implemented by Sah A. K. [106]. The model offered 

an efficiency of 78% when using a 𝑘 value of 0.5 with a resonant frequency of 13.56MHz. This is an 

additional increase of over 22% compared with his medium MRC model. Subsequently, in the work of 

H.C. Son [111], the PTE was calculated based on the formula proposed by Kurs, A. et al  [112]. It was 

discovered that the PTE of the model in the case of the circular coil could be mathematically calculated 

based on the radius of the resonant coils, the air gap, and radius of the wire at a certain resonant 

frequency. An optimal radius of both the transmitter and receiver coils was determined and 

simulations were undertaken for various values of the wire radius at a resonant frequency of 

13.56MHz. 

 At a loop radius of 1m and wire radius of 2mm, a PTE of 88% was attained at a distance of 1.5m. This 

is a significant improvement. The strong MRC model, according to Moon, S. [104],  has a prospect of 

the higher efficiency of 98% which is higher than the 95.57% efficiency achieved with the Medium 

MRC model at a higher switching frequency. Also, a trend has been established that there is an increase 

in power transfer efficiency as the number of intermediate coils increases.  

For a unidirectional wireless power system (power transfer from the grid to the vehicle), The major 

components are PFC (Power Factor Correction) converter, a radio frequency (RF) amplifier, the 

resonators (coils) where the wireless power transfer occurs and an on-board rectifier. This is 

illustrated in Figure 2.12[45]. 
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Figure 2.12: Overview of Charging Structure of MRC system for EV Application (Source: Qiu et al [45]) 

The efficiency of each of these individual stages all contributes to the overall efficiency of the charging 

systems. For example, an overall 90% efficient systems will require at least 96% coil-to-coil efficiency, 

the RF amplifier and PFC converter must have not less than 97% efficiency while the rectifier efficiency 

must be around 99%[45]. In the design of WPT systems, the maximum coil-to-coil PTE is basically 

affected by four factors namely; the coil design, alignment tolerance, circuit design and environmental 

factors[16]. 

From the diagram, the source coil takes electrical power from the power supply, which is then 

transferred to the primary coil inductively as the source coil, and the primary coil is at close proximity 

to each other. The power is then transmitted from the primary coil to the secondary coil by strong 

magnetic resonance coupling at very high resonant frequency. 

The four coil WPT system can be modelled in two ways- the transformer model and the coupling 

inductor model. The transformer model consists of the source and load coils, and the resonators. The 

source coil takes in the source voltage 𝑉𝑖𝑛 while the load coil gives the output voltage 𝑉𝑜𝑢𝑡. This is 

illustrated in Figure 2.13 and Figure 2.14.  
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Figure 2.13: The Transformer Model for the Strong MRC WPT System 

𝐿𝑙𝑘𝑡 and 𝐿𝑙𝑘𝑟  represent the leakage inductances of the source and load coils respectively while 𝐶𝑡 and 

𝐶𝑟 represent the coupling capacitor to compensate for the leakage inductances of the source and load 

coils respectively. The 𝐿𝑙𝑘𝑝 and 𝐿𝑙𝑘𝑠  represent the leakage inductances of the primary and secondary 

coils respectively while 𝐶𝑝 and 𝐶𝑠 represent the coupling capacitor to compensate for the leakage 

inductances of the primary and secondary coils respectively. Since the primary and secondary coils are 

not connected to an external load resistance, there is a strong coupling between the coil and low losses 

recorded in the coils. 

The inductor coupling model, on the other hand, takes into account the mutual coupling of the four 

coils. This is illustrated in Figure 2.14. 

 

Figure 2.14: Coupling Inductor Model for the Strong MRC Wireless Power Transfer System 

The models also take into account the total resistance of each coil. The guiding equation for the 

resistance, capacitance, and self-inductance for a case study of circular resonant coils was developed 

and presented by Son. H. C. et al [111]. The 𝐿𝑝 and 𝐿𝑠  represent the leakage inductances of the primary 
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and secondary coils respectively while 𝐶𝑝 and 𝐶𝑠 represent the coupling capacitor to compensate for 

the leakage inductances of the primary and secondary coils respectively. Maximum magnetic coupling 

is attained between the primary and secondary coils when the reactance of the compensating 

capacitors matches the reactance of the leakage inductances and only the intrinsic resistances are 

present in the coils. 

Though there is a high value of PTE with regard to the strong MRC model, it is not widely adopted in 

the design of WPT systems for the charging of EVs due to the high number of coils needed for efficient 

operations. The additional two resonant coils in the WPT system increase the cost of infrastructure 

and maintenance of the system operations. 

2.11.5 Ferrite Core Magnetic Resonant Coupling WPT Technologies 

There have been series of research carried out on WPT systems with a core (ferrite) in order to achieve 

optimum, efficient and high power transfer[43]; as a result, many WPT model designs have been 

proposed[99]. In the course of comparing the ferrite-cored models with the air-cored models, ferrite 

cored-models were preferred. This is due to the advantage of lower cost and higher coupling factor 

when compared with the air-cored models. For example, Zhang. Y. et al [113] attained a coupling 

coefficient of 0.25 at a distance of 80mm, V. Prasanth and P. Bauer [114] on the other hand attained a 

coupling coefficient of 0.35 at a charging distance of 70mm while Sibue J. R. et al [115] achieved a 

coupling coefficient of 0.72 at a distance of 6mm. This is in sharp contrast with the air-core WPT model 

of Shinoraha N [116], which attained a coupling coefficient of 0.16 at a distance of 200mm and the 

model of Lee S.H. and Lorenz R.D [85], whose air-core WPT model attained a coupling coefficient of 

0.05 at a charging distance of 300mm.  These research outputs indicate that the ferrite-cored MRC 

models offer a higher coupling coefficient than those obtainable for most air-cored MRC models. 

Consequently, in order to optimize the charging pads of these WPT models, there have been a series of 

research studies with subsequent publications of the research findings over time; the proposed models 

employed the use of different shapes of ferrite cores among which are the E cores, U Cores and pot 

cores but were considered incompatible for charging applications with respect to electric vehicles due 

to their large thickness[43]. Other alternatives adopted are the circular cores[11], [43], [117], 

rectangular cores [11], double-sided windings [11], [118], [119] and a polarized coupler known as 

Double D quadrature (DDQ)[120][11].  

With respect to affordability, the ferrite-cored WPT system significant cost is as a result of the ferrite 

material used which depends on the grade and performance characteristics. Depending on the number 

of coil turns and the number of resonators, the air-core MRC model can be less or more costly than the 

ferrite-cored counterparts. The addition of one or two resonators as the case of the medium and strong 

MRC model respectively can increase the overall cost of the WPT system when compared with ferrite-

cored WPT systems of similar size and coil turns. 
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Due to the numerous advantages the ferrite-cored MRC models have over their air-cored counterparts, 

further research studies of characteristics performances of viable designs of some ferrite-cored MRC 

models was discussed in chapter 3. 

2.12 Review of Static and Dynamic Charging of EVs 

The static and dynamic charging of electric vehicles is one of the essential features of wireless power 

transfer operations applicable to electric vehicles. The static method of charging an electric vehicle is 

applicable to both the plug-in and wireless modes of charging an electric vehicle. The charging process 

is implemented when the electric vehicle is in a stationary mode[62], [70], [73]. The available areas 

where the static type of wireless charging are normally possible are parking decks, bus stops, and road 

sections before traffic lights[62], [73]. On the other hand, the dynamic charging is the power exchange 

between the grid and the electric vehicle while the vehicle is in motion[62], [121]. 

2.12.1 Static Wireless Charging of Electric Vehicles 

In the static mode of wireless charging of electric vehicles, all that is required by the driver is to park 

the car over a transmitter coil and the charging operation starts automatically[121]. For most WPT 

models for static charging operations, the primary and secondary coils are designed in a pad form[99], 

[121], [122]. The early design of WPT coils was made in the form of a simple transformer with a split 

core. The limitation of these earlier types of WPT system is the very small airgap[121]. 

In order to meet the large airgap required for wireless charging of electric vehicles, the split core 

transformer was modified into the magnetic coil types. Numerous research has been undertaken and 

were presented in the earlier sections. A typical illustration of the static model of charging an electric 

vehicle was presented by Vilathgamuwa and Sampath [40] and reproduced in Figure 2.15. 

 

Figure 2.15:  Typical Illustration of Static Mode of Wireless Charging of an EV[40] 

For static wireless charging of electric vehicles, the cost of infrastructure and operations is relatively 

cheap when compared with the one obtainable with the dynamic charging[40]. Many projects have 

been undertaken in the area of static charging of electric vehicles. Few of such projects are presented 

in Table 2.3 [40][45]. 
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Table 2.3: List of Some Selected Static Wireless Charging Projects for Electric Vehicles 

Institute/ Corporation Installation 

Year 

Location Airgap 

(mm) 

Power 

Ratings 

Efficiency 

Auckland University & 
Qualcomm Halo 

2010 Auckland 180 3 kW 85 % 

ORNL 2012 U.S 200 7.7 kW 93 % 

MIT Witricity & Delphi 2010 U.S 180 3.3 kW 90 % 

Evatran 2010 U.S 100 3.3 kW 90% 

University of Michigan 2014 U.S 200 8 kW 95.7% 

 

One key feature of the static mode of wirelessly charging an electric vehicle is the low power ratings 

required; typically less than 10 kW. The low power ratings in such system is because of the limit in the 

number of electric vehicles involved in the charging operations (typically one). 

The overall aim of the static mode of wireless power transfer technology for electric vehicles is the 

reduction in the complexity of the charging infrastructure[40]. This is achieved by the creation of 

simple components for efficient and effective charging operations. But there are still outstanding 

issues like slow charging times and smaller driving range[40]. 

2.12.2 Dynamic Wireless Charging of Electric Vehicles 

In the dynamic mode of wireless power transfer technology for electric vehicles, the transfer of power 

to the electric vehicle occurs while in motion. Thus, the wireless power transfer system infrastructure 

of the primary side is installed on the roadway[36]. The basic components of the dynamic wireless 

power transfer system are the long primary coils installed under the road and the short primary coils 

installed under the chassis of the electric vehicle. A typical illustration of the static mode of charging 

an electric vehicle was presented by Theodora-Elli Stamati and Pavol Bauer[36]  and reproduced in 

Figure 2.16. 
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Figure 2.16: Typical Illustration of Dynamic Mode of Wireless Charging of an EV[36] 

The application of the dynamic mode of wireless power transfer technology theoretically reduces the 

problem surrounding the limited range of travel for electric vehicles by extending the driving range in 

an unlimited manner[40]. The major determining factor limiting the number of electric vehicles the 

system can accommodate is the power ratings of the system[40]. Other factors are the duration and 

speed of the electric vehicles within the section of the road equipped with the dynamic wireless power 

technology[40]. 

The primary winding track can be designed in two ways: segmented transmitter coil array and single 

transmitter coil track [40]. The single transmitter coil track consists of a long length of transmitter 

coils that are connected to a power supply[40] and graphic illustration of such a system is shown in 

Figure 2.16.  The segmented transmitter coil array, on the other hand, consists of a number of short-

length transmitter coils each connected to an individual power supply. A typical illustration of the 

segmented transmitter coil array-type of charging an electric vehicle was presented by Vilathgamuwa 

and Sampath [40] and reproduced in Figure 2.17. 

The long single transmitter coil track offers an advantage of an easier control mechanism as only a 

single power source is required to power the whole length of the transmitter coil. Another advantage 

of the long single transmitter coil is the constant value of magnetic coupling along the whole length of 

the coil[40] as the electric vehicle moves along the transmitter track. But the long single transmitter 

coil track comes with some limitations and drawbacks. Due to the high power requirement for the 

single track dynamic wireless charging technology, the emitted electromagnetic field, especially in the 

uncoupled section of the system, needs to be suppressed in order to limit or eliminate any harmful 

exposure to humans or animals[40]. The compensation of the leakage inductance along the long length 

of the transmitter coil will require the installation of quite a high number of compensation capacitors, 

thus, increasing the cost of in construction and maintenance[40]. 

Lastly, due to the long length of the transmitter coils which can range from few metres to tens of metre 

long, the coupling coefficient is usually low which lowers the efficiency of the system[40]. 
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Figure 2.17: Typical Illustration of Segmented Coil Array for Dynamic Wireless Charging of Electric Vehicle[40]. 

On the other hand, some of the limitations and drawbacks common with the long length transmitter 

topology for dynamic charging operations are eliminated using the segmented coil array system. For 

example, the field exposure problem in the long length transmitter topology is eliminated in the 

segment coil arrays system.  Also, the requirement for a high number of compensation capacitors is 

eliminated while increasing the level of magnetic coupling between the transmitter and receiver 

coil[40].  

But the segment coil array system has some inherent design limitations. For example, there is a need 

for a tracking mechanism that monitors the movement of the receiver coils installed under the chassis 

of the electric vehicle in order to switch on the appropriate power source at the transmitter side for 

the load[40]. Similarly, there is a need to optimize the level of separation between adjacent transmitter 

coils. For example, there is a sharp reduction in efficiency when the receiver coils move away from the 

transmitter and the transmitter coils are too far apart from each other. Also, due to the generation of 

negative mutual inductance between adjacent transmitter coils for neighbouring transmitter coils; 

keeping adjacent transmitter coils close to each other creates negative current stress on the 

transmitter coil[40]. 

There has been an issue with the design cost of the segmented coil arrays system. This is because of 

the cost of installing numerous transmitters along with a given length of primary coil track. Another 

design issue is the powering of multiple coils with many source converters[40]. Solution proffered for 

this type of problem is either to connect a single power converter to numerous transmitter coils or a 

single converter is connected to a single transmitter coil. Whatever be the choice of design 

implementation, there is high complexity in the power flow control. 

Despite the challenges and limitations with the dynamic type of wirelessly charging an electric vehicle, 

many projects have been undertaken in the area of dynamic charging of electric vehicles through WPT 

technology. Few of such projects are presented in Table 2.4[40][45] 
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Table 2.4: List of Some Selected Dynamic Wireless Charging Projects for Electric Vehicles 

Institute/ Corporation Installation 

Year 

Location Airgap 

(mm) 

Power 

Ratings 

Efficiency 

KAIST 2012 S. Korea 200 100 kW 75% 

ORNL 2010 U.S 200 4.2 kW 92 % 

KAIST 2010 S. Korea 130 130 kW 74% 

The Delft University of Tech. 2013 New 
Zealand 

- 90 kW 80% 

KAIST 2009 S. Korea 170 17 kW 71% 

 

One key feature of the dynamic WPT systems is the high power requirement of the system. Since the 

system is designed for high power applications, the efficiency of the system is mostly not an issue. The 

minimum efficiency recorded based on Table 2.4 is 71% while the maximum efficiency recorded was 

92%.  Increasing the power output of the system leads to higher losses and more expensive power 

converters. As a result, there is a trade-off between cost and power ratings in the practical design of 

dynamic WPT systems. 

In summary, the overall aim of the dynamic mode of wireless power transfer technology for electric 

vehicles is the increase in the travel range[40] by powering as many electric vehicles on the road as 

much as possible. Because the batteries of electric vehicles can be charged continuously,  the need for 

a large battery for EV is eliminated which causes a significant reduction in the price of the electric 

vehicles[40]. 

2.13 Investigation into Bidirectional Wireless Power Transfer Topology for 

Electric Vehicle 

Several research works have been undertaken for the design and development of unidirectional 

wireless power transfer charging of electric vehicles. The unidirectional approach involves a one-way 

flow of electrical energy from the electrical source to the battery bank of the electric vehicle via a 

contactless transmitter and receiver coils. As highlighted earlier in the literature review, the 

unidirectional approach has been implemented in the traditional IPT and magnetic resonance coupling 

WPT schemes. 

With technological advances and gradual evolution of the electrical power grid into smart grids; there 

has been gradual addition of dynamically interconnected microgrids comprising of distributed 

renewable energy sources and storage units. As the distributed energy generation sources gain deeper 
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integration with the electric grid, the sustainability of the emerging technology can be enhanced using 

EVs. Since the interconnection of the EVs, storage devices and the renewable energy source is achieved 

at the low voltage distribution level [20], the battery bank of the EVs can act as an energy storage unit 

with the help of a microgrid controller which controls the energy flow. 

In order to achieve an efficient grid integration of EVs, there was need to design and develop a high 

efficient bidirectional wireless power transfer systems with additional capabilities of low harmonic 

distortions of electric currents injected into the grid, flexible system control and high power factor[20]. 

The bidirectional wireless power is becoming the trend of many power system infrastructure because 

of the increasing amount of electric grid integration with distributed energy generation sources.  

The integration of the electric grid with distributed energy generation sources comes with its own 

inherent problems due to the unpredictable nature of power generations. For example, It was reported 

in Germany on the 8th day of May 2018 that excess renewable energy generation outgrown demand to 

an extent that energy companies were offering consumers financial rewards for increasing 

consumption of electrical energy to prevent a total collapse of the electric grid[123]. In such a situation, 

connecting a high number of electric vehicles to the grid will absorb the excess electrical power 

generated in the grid and the electric vehicle owners could act as a mobile energy generation sources 

during the period of low power generation for their private residences or sell the electrical energy to 

the electricity companies at a profit. 

Many research has been undertaken in order to create an optimal model for bidirectional transfer of 

electrical power. For example, G. Lempidis [11] proposed topology for a multi-functional charging 

system making use of wired and wireless charging technology. A bidirectional resonant inductive 

charging system was designed, simulated and validated experimentally. The system consists of two 

parts: the resonant converter and the coil system. A combination of double D coils and solenoid coils 

were employed in the coil system while a bi-directional full bridge resonant LLC converter was built. 

The system was controlled such that it was operated as half-bridge converter at partial load and a full-

bridge converter at full load in order for the system to operate between 93% to 95% efficiency for a 

maximum power output of 4.2kW. 

Similarly, a bidirectional inductive wireless power transfer system was designed and built using a 

multiphase resonant converter by Bojarski M. et al [17]. In the proposed system, a DC/DC converter 

was used as the link between the inverter and the resonant coil. In order to achieve a high-efficient 

system, a hybrid phase-frequency control method was adopted. The phase-shift control aspect is to 

ensure the power output is regulated and kept constant. The frequency control aspect ensures that the 

WPT system operates at a frequency close to the resonant frequency throughout the duration of the 

operation. From the presented experimental result, the hybrid phase-frequency control methodology 

was chosen to be a better alternative than the use of the frequency-controlled converter as the range 

of operating frequency was significantly reduced. Also, the output power was well regulated from the 
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minimum to the maximum design value while increasing the frequency of the converter. The added 

control scheme causes an increase in the overall efficiency of the WPT system. 

For effective grid-to-vehicle(G2V) and vehicle-to-grid(V2G) integration of wireless power transfer 

technology, a bidirectional inductive WPT topology was proposed by S. Samanta and S. Member [124] 

using a half-bridge current fed converter. From the presented experimental results, it was noted that 

during the grid-to-vehicle (G2V) operation, an almost pure sinusoidal current and voltage was 

delivered to both the transmission and receive coils. Subsequently, the power factor at the transmitter 

side was seen to be slightly lagging which provides for the zero voltage, turn-off switching of the 

converter switches. In the vehicle-to-grid (V2G) operations, an almost harmonic-free current and 

voltages were injected into the grid even as switch voltage stress on the converter switches was 

significantly reduced. The proposed topology was quite effective as the G2V and V2G of the system 

operation was kept constant despite changes in the load. Nevertheless, despite the advantages the 

proposed system offers; it was only suitable for medium power applications. This was deduced from 

the presented experimental results. 

Further research work has been undertaken in the design and development of a bidirectional WPT 

charger for electric vehicles using self-resonant pulse width modulation (PWM) by J. Y. Lee and B. M. 

Han [125]. Since bidirectional wireless chargers work in two modes only; discharging and charging 

modes, a controller was designed and implemented at the primary and secondary coils to controls 

these modes. The proposed system design was simple as there was no need for the addition of a current 

chopper and power was transferred efficiently at a constant frequency pulse width modulation.  

From the results generated from the experimental analysis, the maximum charging current of 50A was 

attained under the bidirectional operation with ease of operation even at an air-gap of 12cm to 20cm. 

The proposed design was able to maintain the same waveform for the current at the transmitter side 

irrespective of the load condition and the resonant frequency; even when there were fluctuations in 

the airgap. The proposed topology was able to operate optimally even with the presence of coil 

misalignment as it is evident in the high power transfer efficiency obtained through measurements; 

which were in the range of 88.1% to 95.3% under full load conditions.   

But despite the improvements achieved with this topology, the power transfer efficiency was quite low 

(less than 70%) at partial load and the model works efficiently only in applications requiring constant 

switching frequency. 

2.14 Research Gaps in the Development of Bidirectional WPT for EV 

Application 

Despite the progress made in the design and development of efficient bidirectional wireless power 

transfer systems for EV applications, there is room for further investigation, development and 

optimisation. The aspects requiring further investigation are divided into three main aspects; power 



66 

 

electronic control, electrical circuit design and the electromagnetic aspect. This is further illustrated in 

Figure 2.18 

 

Figure 2.18: Typical Subsystems for Bidirectional WPT System[20]. 

The power electronics control deals with the control of the switches responsible for the efficient 

operations of the converters (rectifiers and inverters). The circuit design aspect is where the necessary 

compensation and resonant circuitry optimizations are implemented. This ensures the correct 

utilization of resonant frequency and reactive power compensation. The magnetic aspect deals with 

the coil designs for efficient and optimal wireless power transfer. 

2.14.1 Power Electronic Controls for Electric Vehicle Bidirectional WPT 

Applications 

The control of the semiconductor switches for the efficient operation of the low-frequency and high-

frequency converter operations. For each of the design topologies reviewed in the literature, a 

corresponding control method was adopted for efficient operation. For example, in the design of the 

self-resonant PWM wireless charger [125]. A primary and secondary controller was added to the 

system to coordinate the charging and discharging operations of the system respectively. The primary 

switches are normally located at the transmitter unit and responsible for the charging control 

implemented by the primary controller whereas the charging current is located at the receiver unit; 

thus, the input charging current is calculated using the battery voltage and the control was optimized 

with the delay in the wireless communication from the secondary side taken into account. As a result, 

the PWM control can easily control the battery charging current. 

In discharging mode operation, the battery voltage and current are not constant over the whole SoC of 

the battery due to the nature and chemical properties of the battery. In order to ensure a stable 

bidirectional mode of operations, the resonant capacitor needs to be selected through superimposition 

in the design calculation. The design must take into consideration the battery current, mutual 
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inductance of the coils and the input voltage. Subsequently, there are many assumptions in the 

proposed design which can significantly affect the overall system efficiency. For example, the PWM 

frequency is assumed to be the same as that of the self-resonant frequency; but in actual practice, they 

are not the same as the self-resonant frequency is chosen based on the calculated values of the 

resonant capacitance and inductance of the coils while the switching frequency is dependent on the 

duty ratio. In addition, the presence of harmonics was not adequately identified and reduced in the 

proposed design. 

For multiphase resonant inverter control for a bidirectional WPT system, the conventional approach 

is to control the operating frequency to operate very close to the resonant frequency. This was to 

ensure proper current and voltage regulation or phase shift control to ensure the output power is 

constant. But Bojarski M. et al [17] was able to combine the two conventional control method to 

achieve a phase-frequency control of the WPT system.  

In the course of experimental validation, it was noticed that the load resistance varies with the 

fluctuation of the output power despite the stable nature of the load voltage. As a result, the expected 

quality factor was altered which significantly affected the transfer function of the converter. This is a 

major setback, as it will require a precise frequency tuning in order to maintain effective control since 

the operating frequency does not change, despite the change in the power level.  

Another obvious limitation of the proposed design is the reduced efficiency of the converter at partial 

load as shown in the experimental results. This is due to the narrow range of the operating frequency, 

thereby giving rise to a significant amount of circulating current in the system. On a positive note, the 

system was designed to handle the presence of harmonics that may arise as a result of the converter 

switching operations. There were suggestions that the proposed design can be improved upon by the 

addition of a controller at the receiver’s unit. This was to ensure the secondary side rectification is in 

synchronism with the primary side in order to reduce conduction losses while the converter efficiency 

is improved. 

In conclusion, in the work of Voglitsis D [20], phase control and magnitude control was adopted in 

order to achieve a higher overall system efficiency of a proposed bidirectional WPT system. While the 

magnitude control was able to ensure the presence of unity power factor and low power losses in the 

system, the phase control was able to ensure the simplicity of power regulation as well as ensure a 

faster system response to the change in the power level. But there was a major gap in the control of 

both the high-frequency and low-frequency components of the overall WPT systems. There is need to 

integrate both subsystems using a unique and novel control strategy. In addition, the control system 

also requires a more efficient algorithm in order to significantly reduce the presence of total harmonic 

distortion especially for low-frequency converters (DC-DC and AC-DC converters). This would further 

improve the efficiency of the WPT system. 
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2.14.2  Electric Circuit Design for Electric Vehicle Bidirectional WPT Applications 

In addition to the arrangement of the capacitors in four different modes to give capacitive 

compensation for the WPT system for the MRC model, other modes exist which can offer a better WPT 

capability. In the work of D. Voglitsis [20], the series-series (SS) topology was noted to have a major 

problem in maintaining a constant current when there was load variation and when there are 

alterations in the magnetic coupling. Similarly, the parallel compensation topology is incapable of 

maintaining the resistive value of the reflected impedance at the primary side. Thus, an LCL 

compensation topology was adopted which offers a constant current source at resonance even at 

fluctuating loads. The model was able to regulate the bidirectional power flow with additional features 

of controlling multiple EVs. But the major issue is the limitation of the compensation topology for low 

Q(quality factor) and high power applications[126]. 

In another research work, G. Lempidis [11] employed a different topology to achieve a bidirectional 

WPT system for EVs. The topology made use of the LLC compensator topology while integrating it into 

the resonant converter of the proposed system. The modification was able to reduce significantly the 

switching losses because the leakage inductance of the resonant coils was utilised as a resonant 

inductor. Despite the improvement, significant losses occurred in the system especially at higher 

output power greater than 4kW. 

Thus, an improved compensation topology is required to handle high Q and high power applications 

as well as reducing the amount of power loss in the system. 

2.14.3 Electromagnetic Design for Electric Vehicle Bidirectional WPT Applications 

The electromagnetic aspect of bidirectional WPT is the most important aspect of the overall wireless 

system requiring optimization. This component implements the actual transfer of power from the 

transmitter coil to the receiver coil across the air gap. 

In most of the research studied [11], [17], [20], [113], [124], [125], only the air-cored MRC and the 

traditional IPT technology was used in the modelling of each of the bidirectional WPT transfer design 

models. Since the ferrite-cored MRC model offers better coil-to-coil efficiency, it is worth designing an 

optimal bidirectional WPT system using such a model. 

For many research works on bidirectional WPT system for EV application, there was always a 

suggestion on the need to develop a better physical design for resonant coils. While Voglitsis D. [20] 

suggested the need to model different coil configuration and geometries which can best match up any 

of the compensation topologies. A researcher by the name Lempidis G [11], suggested the need for 

generic coil system configurations which can suit the wide range of different compensation topologies. 

This is essential in order to correctly shape the magnetic fields between the transmitter and receiver 

coils to ensure better coil-to-coil efficiency. This can be achieved by either 2-dimensional or 3-

dimensional finite element analysis (FEA) [20]. The coil design also needs to take into consideration 
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the standard electromagnetic compatibility (EMC) requirement during the design and investigation 

process in order to avoid any legal actions or sanctions that may emanate from the refusal to adhere 

to strict guidelines. 

The nature of the strict guidelines as proposed by International Commission on Non-Ionizing Radiation 

Protection (ICNIRP), are basically limited to two specifications[127]: 1) the body must not be exposed 

beyond an absolute maximum magnetic field of 27.3 µT and 2) the measured average electromagnetic 

field strength at the knees, groin, chest and head must be less than  6.25 µT. The specification was 

illustrated diagrammatically by Wu H.H et al[127] and reproduced. The diagram is shown in Figure 

2.19 

 

Figure 2.19: ICNIRP Standard Limit for Human Exposure to Magnetic Field[127]. 

In summary, the coil designs are primarily the aspect limiting the optimal development and 

deployment of bidirectional WPT technologies applicable to the electric vehicles and it is the focus of 

research for most commercial design and development of WPT technologies. As a result, this research 

will focus majorly on this aspect while considering impact of parameters like misalignments and airgap 

in order to achieve an optimal model. 

2.15 Summary 

In this section, a literature review of the evolution of the traditional grid into a smart power grid was 

undertaken. The evolution into the smart grid will allow for easy integration of EVs with the smart grid 

known as V2G. The interaction of the EVs with the grid can take the form of Vehicle-to-Grid, Vehicle-

to-Home and Vehicle-to-Vehicle interface. The various form of interaction was discussed together with 
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their operating conditions. It was concluded that the integration will increase the potential for 

bidirectional flow of energy between the grid and the electric vehicle. 

A literature review of plug-in electric vehicles (PEVs) was undertaken to highlight their advantages 

and drawbacks. The advantages of PEVs reduction in the emission of greenhouse gases, low 

maintenance and running cost and the potential of integration with the electric grid through the V2G 

technology. The drawbacks include the high cost of the battery, the risk of vandalism, safety issues as 

a result of hanging cables and open contacts, and the impossibility for dynamic charging operations. It 

was concluded that most of the issues with plug-in charging can be minimized through wireless power 

transfer technology. 

Subsequently, a review of the wireless power technology was undertaken. Three media of operations 

was identified: mechanical force, electric field and magnetic field. The mechanical force and electric 

field mode of wireless power transfer were discussed and it was noted that they are not viable for 

electric vehicle charging applications because of their low power output and poor misalignment 

tolerance. During the review of the magnetic field mode, it was concluded that the ferrite core MRC 

wireless power systems offer the best performance for the charging of electric vehicles because of its 

potential for high power transfer, high power transfer efficiency and good misalignment tolerance. 

A literature review of static and dynamic mode of charging electric vehicles was undertaken. The static 

charging process is implemented when the electric vehicle is in a stationary mode and the available 

areas where the static type of wireless charging are normally implemented are parking decks, bus 

stops, and road sections before traffic lights. On the other hand, the dynamic charging is the power 

exchange between the grid and the electric vehicle while the vehicle is in motion. The key features of 

static WPT technology are the low power ratings (less than 10kW) and high efficiency while the key 

features of dynamic WPT technology are the high power ratings (greater than 10 kW) and medium 

efficiency. In the areas of applications, the overall aim of the static mode of wireless power transfer 

technology for electric vehicles is the reduction in the complexity of the charging infrastructure. This 

is achieved by the creation of simple components for efficient and effective charging operations. 

Similarly, the overall aim of the dynamic mode of wireless power transfer technology for electric 

vehicles is the increase in the travel range by powering as many electric vehicles on the road as much 

as possible. Because the batteries of electric vehicles can be charged continuously, the need for a large 

battery for EV is eliminated which causes a significant reduction in the prices of the electric vehicles 

Finally, a review of the mode, benefits, and research gaps for bidirectional wireless power transfer 

system was undertaken. Benefits of bidirectional wireless power transfer include the flexibility of 

power exchange in dynamic mode and the increase in travelling range. The key recharge gap was the 

need for the optimal design of resonant coils for high coil-to-coil efficiency while adhering to safety 

regulations. 
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CHAPTER 3 Analysis and Evaluation of Ferrite-Core MRC-based 

Coils 

3.1 Introduction 

The ferrite-cored MRC based WPT systems have been deployed successfully for use in a number of 

commercials products ranging from charging of electronic toothbrush to the charging of mobile 

phones and the wireless charging of electric vehicles.  Despite the success rate, there are many aspects 

of WPT technologies requiring improvement and optimization[16]. In view of this, there are many 

impact factors affecting the power level, the power transmission efficiency (PTE) and the transmission 

distance. The four major impact factors are Environmental factors[50], [128], circuit designs[128], 

[129], coil alignment[114], [130], [131] and coil designs[132]–[134]. These impact factors will be 

discussed in order to ascertain the role they play in affecting the performance metrics of WPT in terms 

of coupling factor, PTE, and the amount of power transferred. 

3.2 Environmental Factors Affecting Ferrite-Core MRC-Based Coil 

Topologies 

The environmental factors of humidity and temperature do affect the PTE of the WPT systems[102]. 

In the research work of Jonah. H [102], an investigation was made to ascertain the impact of humidity 

on the performance of strongly coupled magnetic resonance models deployed for wireless sensors 

embedded in concrete. The focus was on the optimal designs of transmitter/receiver system for better 

efficiency operating within the air and concrete boundary. From the research result presented, it was 

noted that the system’s efficiency reduces as the humidity level of the air increases. This was true for 

each variation of the airgap and diameter of the resonant coils used. The reduced performance of the 

resonant coil was attributed to increased conductivity of the concrete with increasing humidity. The 

conductivity of concrete creates a detuning of the resonant frequency of the receiver coil and load coil 

inside the concrete[102]. A practical way to reduce the impact of humidity on the performance of the 

resonant coils was to increase the cross-sectional radius of the wire-coils used in the proposed model. 

The proposed coil designs were analysed using a finite element analysis. 

In a related development, Kurschner D. et al [128] investigated the sensitivity of some semiconductors 

to temperature. It was submitted that high temperature limits the level of power transfer in WPT 

systems. The rise in temperature causes quite a significant amount of thermal stress on the 

semiconductors. In addition, the rise of temperature impact on the performance of the ferrite cores. 

This causes the ferrite to suffer some level of demagnetisation. If the temperature rise is closed to the 

Curie temperature (above 180oC), the ferrite cores may begin to suffer permanent demagnetisation 

which limits the coupling performance of the WPT coil designs. For most finite element modelling of 

WPT coils, the heat-flow analysis gives reliable information on the level of temperature in the WPT 
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systems[135] over a particular time frame. Also, it was reported that below a temperature of 0oC, 

ferrite cores are less effective and will naturally display a reduction in their pull force and the degree 

to which this behaviour is exhibited is dependent on the size and the shape[136]. 

3.3 Circuit Designs for Ferrite-Core MRC-Based Coil Topologies 

Design and development of highly efficient WPT systems involve the selection of optimal operating 

frequency[16][129], and good compensation systems[137], [138]. The power electronic converters 

are responsible for the production of the optimal resonant frequency in the system and there is need 

to use converters with low switching and conduction losses as the overall losses of the converters 

significantly impact on the overall losses of the WPT systems[88], [139], [140]. 

3.3.1 Frequency Specification for WPT Systems 

The ferrite-core MRC wireless power transfer system is also affected by the resonant frequency[106], 

[111]. It is generally observed that a higher PTE in the range of 95% and above is possible at higher 

frequencies (above 200 kHz); However, issues such as the skin and proximity effect which increases 

the winding resistance[16]. Prototypes with high PTE have been developed at frequencies around 

100kHz[104]. For ultrahigh frequencies application, an optimal resonant frequency of 13.56MHz was 

utilised in the work of SangCheol M. [104]. However, for such high frequencies, there is a significant 

presence of skin and proximity effect [16]. 

For a typical WPT, the PTE directly varies with the resonant frequency. Also, for most WPT model, 

there is an optimum frequency for a given load resistance at certain bandwidth of optimum 

frequencies[43]. At other frequencies outside the range of the bandwidth, the amount of power 

transfer drops significantly. However, for a typical, ferrite-cored MRC model, the range of resonant 

frequencies lies between 20-200 kHz[43]. 

In the selection of the appropriate optimal frequency, there is both the advantages and disadvantages 

of increasing or decreasing the resonant frequencies. A very high resonant frequency increases the 

PTE and after a threshold frequency, the efficiency becomes independent of the load and remain 

constant but comes at a higher cost of the inverter[36]. Also, a decrease in the resonant frequency 

reduces the switching losses but comes with a trade-off of the PTE; the PTE becomes significantly 

dependent on the load. 

In addition, a combination of the coupling coefficient and optimal resonant frequency greatly impacts 

the PTE of the WPT model. This is illustrated in Figure 3.1[43] 
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Figure 3.1: Effect of Coupling Coefficient and Resonant Frequencies on the PTE of Ferrite-Cored WPTCoils[43]. 

At a constant resonant frequency, an increase in the coupling coefficient increases the PTE. This is due 

to an increase in the magnetic flux linkage between the transmitter and receiver coil and also an 

increase in the self-inductance of the resonant coils which greatly impacts the quality factor[141]. 

A comparison of adopted resonant frequencies for various research outputs of some selected ferrite-

cored MRC-based models and their corresponding coupling coefficient, power ratings, and efficiency 

are presented in Table 3.1 

Table 3.1: Resonant Frequencies of Some MRC-based WPT Models 

Ref. no Resonant Frequency Coupling Coefficient Power Ratings Maximum Efficiency 

[11] 146 kHz 0.24 3.3 Kw 95 % 

[142] 20 kHz 0.27 5 Kw 94 % 

[118] 30 kHz 0.33 3 kW 97.9 % 

[143] 50 kHz 0.18 3 Kw 97.1 % 

[118] 20 kHz 0.38 1.5 Kw 95 % 

[119] 20 kHz 0.16 1.5 kW 95 % 

 

The results shown in Table 3.1 covers a wide range of cored-based WPT systems but gives an idea 

about the balance of resonant frequency and power ratings and efficiency as well as the range of 

frequencies applicable to most ferrite-core MRC wireless power transfer systems. 

For most of the results presented, the frequency range lies between 20 kHz and 150 kHz. The low-

frequency range is majorly due to the use of ferrite core, which boosts the self-inductance of the 
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resonant coil. It has been reported by Ahn .H. et al [144] that the use of ferrite core can boost the self-

inductance of a coil by more than 30 %. 

3.3.2 Converter Design for MRC Wireless Power Transfer System 

Converters are power electronic devices capable of converting electrical power from one form to 

another. The conversion can be from DC to AC, AC to DC or changing of frequency or voltage level or 

any combination of these. 

Typically, the primary side of the WPT system receives the normal grid voltage, current and frequency. 

The frequency is further conditioned by the use of high-power switching elements and converters. 

Most topologies make use of the common ac-dc-ac conversion topology, which is implemented using a 

two-stage conversion process. But there is the possibility of a direct ac-ac conversion process through 

the use of matrix converters[62]. In order to reduce the presence of harmonics and high reactive 

power, some systems employ the use of filters on the three-phase lines or the use of a power factor 

corrector which ensures a unity power factor at the primary side[62]. 

At the secondary side, the high-frequency output of the primary side is converted to dc for input into 

the battery. The process involves rectifying the high-frequency AC power from the primary side using 

diodes which are then filtered to remove any harmonic components before using it in the charging of 

the battery[145]. 

In the research work of  Covic .G. and J. Boys [139], investigations into some viable resonant converters 

suitable for WPT operations were conducted. They employed the use of mathematical analysis, 

computer simulations and experiments in the design and optimization of commonly used resonant 

converters. Among the commonly used resonant converters optimized are the current-fed parallel 

resonant converters and the voltage-fed series quasi-resonant converters. 

The current-fed parallel resonant converter is well known for its high efficiency and production of 

good current and voltage waveforms. But it has a drawback in terms of power level and length of track 

coils it can tolerate in addition to the presence of frequency variation if the pick-up loads and resonant 

circuit are not properly designed. For most practical applications, it is deployed for low power and 

short tracks applications in the charging of electric vehicles using wireless power transfer[139]. 

In order to achieve better control of the frequency as well as the capacity to operate over a longer track 

length of resonant coils, the voltage-fed series quasi-resonant converter was developed and 

deployed[139]. Also, it has the capability to operate at high efficiencies with soft switching. The 

converter topology contains a significant amount of harmonics in both its current and voltage 

waveforms and the optimal efficiency achieved with soft switching is significantly dependent on the 

compensations employed on the tracks; because most of the time, it is difficult to perform soft 

switching optimally during the start-up and shut-down transient periods. As a result, for most practical 
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purposes, the voltage-fed series quasi-resonant converter is deployed for medium power level and 

track lengths applications[139] 

In order to overcome the limitations of the above named converters, a novel converter topology was 

proposed by Covic .G. and J. Boys [139]. The model developed has a significant improvement over the 

performance of both the current-fed and voltage fed converters. The proposed converter is based on 

energy injection control and free oscillations capable of producing low cost and high A.C power at low 

switching frequencies. The practical implementation of the proposed topology was realised using a 

self-sustained oscillation in the absence of an external controller operating at low voltages. The design 

has the advantages of longer track length, high frequencies and high track current. Other added 

advantages include resistance to start-up transient common with most resonant converters. 

In addition to the above resonant converters, other common converter topologies are being developed 

and deployed and are tabulated in Table 3.2 

Table 3.2: Various Types of Converter Topologies used for WPT Technologies 

Resonant Converter Type Resonant Frequency Power Ratings 

LLC Resonant Converter [19] 146 kHz 3.3 kW 

ZCS LCC-Compensated Resonant Converter[140] 40 kHz 0.75 kW 

ZCS LCC-Compensated Resonant Converter[140] 40 kHz 0.75 kW 

Self-Resonant PWM [125] 20.3 kHz 6.6 kW 

Two-Phase Series Resonant Converter[17] 160 kHz 1 kW 

LCL Resonant Converter[142] 20 kHz 5 kW 

 

Among the listed resonant converters, the LCL, LLC and self-resonant PWM are the most commonly 

used. Recently, many research has been undertaken to further improve on their individual 

performances. For example, in the research work of Lempidis G. [11], a full bridge LLC resonant 

converter capable of working as half-bridge converter was used. In order to improve the overall 

efficiency of the converter across a range of power level, a half-bridge control topology was adopted at 

low power level typically below 1.5kW and a full-bridge control was implemented at high power 

outputs above 2.5kW. 

For a typical bidirectional converter topology, two choices of a front-end DC/DC converter have been 

proposed: PWM converter and LLC resonant converter.  

According to Stielau H. O. and Covic G. A [146], it was noted that PWM converters perform better with 

lower primary conduction losses when the input voltages are less than 320V. In contrast, LLC resonant 

converters have lower losses at higher voltages above 320V and are normally the operating condition 

for most of this type of converters. It is also reported that PWM has more switching losses than that 
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obtainable for the LLC converters at given switching frequency [146]. In some cases, it can be greater 

than 40% for the same operating frequency and power input.  

In general, it was reported that LLC resonant converters are capable of providing better efficiency 

values for a wide range of input voltages when compared with the PWM converter under the same 

operating conditions. These capabilities made it the preferred choice for their proposed bidirectional 

converter. 

For efficient performance of an LLC resonant converter, the choice of the resonant frequency 

ultimately determines the efficiency of conversion. According to the research report by Covic G.A and 

Stielau O.H. [146], operating a given LLC converter design at different frequencies produce different 

efficiency results. For example, when a given LLC resonant converter was operated at different 

frequencies of 200 kHz and 400 kHz, maximum efficiency values of 96% and 94% were obtained 

respectively. 

3.3.3 Compensation Circuit Designs for WPT Systems 

One of the major challenges in attaining a high PTE is the issue of leakage inductances. Due to the 

increase in the airgap between two inductive resonant coils, there is a corresponding increase in the 

magnetizing current and leakage inductance which weakens the magnetic coupling between the two 

coils[72]. When the leakage inductance is much larger than the magnetising inductance (typically 

greater than 65%), a loosely coupled system is created. Ferrite-core MRC is an example of such a 

system. One solution to the problem is ensuring that the transmitter coil receives it’s rated current 

while making the voltage a function of the load[147]. But the proposed solution is inadequate; resulting 

in a more effective solution of compensating the leakage inductance by the addition of coupling 

capacitor[45].  

The solution is proffered because a loosely coupled and uncompensated system creates a lag between 

the voltage and the current; thus, creating significant reactive power in the system[148]. The presence 

of such a significant amount of reactive power lowers the power factor in the circuit.  

The resultant effect of applying the appropriate capacitance to the circuit drives the circuit into 

resonance. At the appropriate resonant frequency, the coupling coefficient is strengthened and 

significant compensation for the leakage inductance[149][137] is achieved.  

According to the reports by Huang C.Y et al [149], it was noted that the apparent power rating of the 

input power can be minimized by compensating the transmitter coil. Similarly, the receiver coil 

capability to pick up the transmitted power across the airgap can be significantly increased by applying 

the appropriate compensation scheme to the transmitter coils. 
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In this regard, many compensation schemes have been adopted in the wireless power system sector; 

notable among such schemes is the use of power factor correction capacitors to reduce reactive power. 

It has been noted that series compensation is also used on long transmission lines[147]. 

When dealing with the issue of leakage inductances, the level of compensation and the topology to be 

used are critical to the optimal solutions. Unlike what is obtainable for power systems, reactive power 

can be as large as 70% of the active power for uncompensated WPT systems. There are two basic 

compensation topologies utilised in the MRC wireless power transfer system- series and parallel 

(shunt) compensation[147]. The series compensation involves placing the capacitor in series with 

either coil while the parallel compensation is done by placing the capacitor in parallel to the coil. Thus, 

there are four possible compensation topologies that can be created at the transmitter and receiver 

coils. This is illustrated in Figure 3.2 [149][43]. 

 

Figure 3.2: Compensation Topologies Used for Strong MRC Wireless Power Transfer Systems [149].  

The possible arrangement of the capacitors do results in four combinations namely: series-series, 

series-parallel, parallel-series and parallel-parallel compensation topology. The adoption of any of the 

series or parallel compensation at the transmitter or receiver side comes with different merits and 

demerits. Whatever be the case, the performance of the system is maintained when the operating 

frequency is kept at zero phase angle and it can only be achieved through compensation. 

For most design schemes, series compensation is utilized at the transmitter side when the optimal 

system performance requires the reduction of power supply voltages to tolerable levels; especially 

during dynamic charging operations. In contrast, applications requiring large currents at the 

transmitter normally utilize the parallel compensation topology[147] at the transmitter side. 

Similarly, compensation at the receiver side largely depends on the type of application. For systems 

with voltage source characteristics, series compensation is mostly used. An application utilizing an 
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intermediate DC where a constant voltage is required uses the series compensation topology [45]. 

When a constant current source is required as in the case of charging the battery of an electric vehicle, 

a parallel compensation is preferred[147]. 

Beyond the required performance of the compensation topology at the receiver and transmitter side, 

a combination of any of the series and parallel compensation comes with characteristic performance 

metrics. 

For example, a series-series combination is considered to be the most suitable for charging of electric 

vehicle[149], [150] because of the ability to acts as a voltages source which is independent of any 

changes in the receiver’s capacitance and offers a very high efficiency and power factor at small 

airgap[43]. In addition, the capacitances at the receiver and transmitter sides are unaffected by 

changes in the load and magnetic coupling. In addition, it is capable of acting as a constant current 

source.  

The parallel-parallel combination, on the other hand, acts as a current source independent of any 

changes in the transmitter’s capacitor with high efficiency and very high power factor at large 

airgap[43], but offer a high impedance at resonance. 

The parallel-series combination offers a medium efficiency with high power factor at large airgap, also 

produces a high impedance at resonance while acting as voltage source independent of changes in the 

transmitter’s capacitance.  

The series-parallel combination also offers a medium efficiency (between 60 % and 90 %) and high 

power factor (above 0.8) at small airgap while acting as current source independent of changes in 

receiver’s capacitance[43].  

Based on the circuit configurations, the series-series and parallel-parallel configurations are capable 

of bidirectional wireless power transfer, as the performance and configuration remain the same 

irrespective of the resonant coils that act as transmitter or receiver. 

In contrast, the series-parallel and parallel-series compensation configuration is most suitable for 

unidirectional power transfer. For example, when the direction of power flow is reversed for series-

parallel circuit compensation, the circuit becomes parallel-series circuit compensation with different 

performance metrics as listed above. 

A special series-parallel LCL design was presented by Moradewicz A. J. and Kazmierkowski, M. P. [151] 

which has a limitation of reflecting the reactive power back to the source at the transmitter side. But, 

offers smooth power transitions during switching while transmitting uninterrupted power across the 

airgap[152]. The model design is also noted to require a high value of capacitance (in the millifarad 

range) in order to have strong coupling coefficient[153]. 
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In addition to the four common compensation highlighted above, other viable alternate compensation 

topologies have been designed and presented[86], [140], [149], [154]. A good design topology was 

presented by Huang, C.Y. et al [149], which has the performance capability of significantly reducing the 

negative effect of frequency variation responsible for low magnetic coupling when compensation is 

done only the transmitter circuit. Consequently, a parallel-parallel-series (PPS)[150] and series-

parallel-series[137] (SPS) was proposed and developed and the circuit diagrams are shown in Figure 

3.3 

 

Figure 3.3: Alternative Compensation Topologies. (a) PPS Topology. (b) SPS Topology. 

The PPS topology offers higher efficiency than the PP at the same airgap and load of 50mm and 1 ohm 

respectively. For smaller misalignment between coils (mostly less than 5cm), the PP offers better 

performance than the PPS but the PPS gives a higher power factor at the converter in relation to that 

of the PP[137]. 

The SPS, on the other hand, offers better efficiency and misalignment tolerance when compared to any 

of the four basic compensation topologies at a given load of 1.25 ohms at a power transfer of 2 kW. 

Thus, the selection of the SPS and PPS topologies is usually made based on the required application as 

SPS can be very useful where little misalignment is allowed while PPS will perform poorly under the 

same physical condition and environment. 

Also worthy of note is the design of an inductive coupler by Richardson K. et al [155] which offers a 

low leakage inductance while providing significantly high self-inductance. The model was capable of 

transferring 8.3kW of power across an airgap of 3 mm at an overall efficiency of 97%. 
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In summary, the transmitter side is compensated so as to increase the active power but with a trade-

off of lowering the apparent power (VA) of the power supply, thereby lowering the reactive power. 

Likewise, the receiver side is compensated to enhance the power transfer performance by transferring 

much of the active power to the load (battery)[45] 

3.4 Impact of Coil Alignment on Ferrite-Core MRC-Based Coil Topologies 

Coil alignment is also another issue that affects the PTE of wireless power transfer systems. According 

to Kürschner .D. et al [134], there are basically two types of misalignments- angular misalignment and 

lateral misalignment. The lateral misalignment occurs when there is both a shift in either the 

horizontal or the vertical distance between the transmitter and receiver coils. The lateral misalignment 

can be further divided into airgap variation also known as vertical misalignment[93], door-to-door 

misalignment and front-to-rear misalignment[93]. For the purpose of this research, the vertical 

misalignment will be referred to as airgap variations while the door-to-door misalignment and front-

to-rear misalignment will be termed as lateral misalignment and longitudinal misalignment 

respectively. When any of these misalignment occurs, the link efficiency between coils is reduced. A 

graphic illustration of the various misalignments are shown in Figure 3.4[93] 

 

 

Figure 3.4 (a) 3-D Misalignment Representation. (b) X-axis: Lateral Misalignment, Y-axis: Longitudinal 
Misalignment[93]. (c) Z-axis: Airgap Variation. (d) Angular Misalignment at an Angle (theta) [93]. 

3.4.1 Angular Misalignment Resonant Coils 

The angular misalignment involves the change in the magnetic field with respect to the level of tilting 

of the receiver coil. This occurs when the plane of a receiver coil is tilted at an angle of theta and the 

axes of the receiver pass through the centre of the transmitter[95]. The magnetic field is maximised 

when the angle of tilt is zero while the magnetic field is minimum when the receiver coil is 
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perpendicular to the transmitter coil[156]. For most practical scenarios, the angular displacement is 

not common, but there is a possibility for both the angular and lateral/longitudinal misalignment. 

According to Budhia .M. et al[157], the angular misalignment dominates at a small lateral/longitudinal 

misalignment (typically less than 5 cm) but the lateral/longitudinal misalignment dominates over the 

effect of angular misalignment for at large lateral/longitudinal displacement ( typically above 15cm). 

Though there is the possibility of lateral and angular misalignment occurring simultaneously, much 

work is yet to be done on the particular scenario to determine the impact it will have on the PTE. But 

research has shown that the lateral misalignment is more common than the angular misalignment for 

most EV application[134], but the latter has a greater effect on the PTE when compared to the former. 

Subsequently, analysis of angular misalignment is not covered in this research. 

3.4.2 Lateral and Longitudinal Misalignment of Resonant Coils 

The lateral/longitudinal misalignment occurs when the centre of the receiver’s coil is not perfectly 

aligned with the centre of the transmitter coil. The horizontal movement of the receiver’s coil can occur 

in two dimensions as shown in Figure 3.4 

The lateral misalignment occurs when the horizontal movement goes towards the direction of either 

of the car’s doors while the longitudinal misalignment occurs when the horizontal movement goes in 

the direction of either the front or rear end of the car. For appropriate analysis of the 

lateral/longitudinal misalignment, many researchers assigned different nomenclatures for the 

phenomenon. For example, Kalwar, K. A. et al [33], and Budhia, M. et al [107] refers to it with the 

general term lateral misalignment. Similarly, Chigira M. et al [64], Budhia, M et al[66], and Klontz, K. 

W. et al [90] refers to lateral or longitudinal misalignment as horizontal misalignment. 

Many research has been undertaken to study the effect of lateral and longitudinal misalignment on the 

performance of resonant coils. For example, in the work of Prasanth, V. and Bauer, B. [114], it was 

noted that an increase in longitudinal and lateral misalignment causes a reduction in the mutual 

inductance between the coils. The effect of the drop in mutual inductances was observed to vary based 

on the number of coils turns.  

The experimental investigation was carried out using a single turn, double turns, four turns and five 

rectangular turns of loop wire. From the experimental results, the single turns and double turns loop 

wire shows a small variation in mutual inductance with an increase in misalignments while the four 

turns and five turns loop wire shows a drastic reduction in mutual inductance with an increase in 

misalignments. Thus, in summary, the reduction in mutual inductance as a result of variation in 

misalignment increases with increase in wire turns. 

Also in the works presented by Huang, C.Y et al [150], a horizontal misalignment analysis was done on 

the ferrite-core circular coil and it was shown that an increase in horizontal misalignment causes a 
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drastic decrease in the coupling coefficient between the resonant coils. Interestingly, the effect of 

misalignment on the power factor was investigated for PP and PPS compensation of the circular coils. 

From the experimental results, it was noted that the increase in horizontal misalignment causes a 

drastic decrease in the power factor, though the power factor of the PPS is significantly higher than the 

PP at zero misalignments.  

Finally, an analysis of misalignment on the power transfer efficiency over a horizontal range of 100mm 

was undertaken and it was noted that PPS compensation topology has a relatively stable PTE over the 

range of misalignment values while the PP compensation topology performance began to drop 

significantly at horizontal misalignment of 60mm. 

A similar result was presented by Nguyen T. D. et al [93], an 8kW WPT model prototype was developed. 

At an airgap of 200mm, a horizontal misalignment of 300mm was tested and about 18.8% to 31.1% of 

the zero-misalignment coupling coefficient was maintained with a D.C.-to-D.C. efficiency of 95.39%. 

The experiment was implemented using a bipolar pad known as double D coils in [11] 

Generally, from the research works of Fuller. M [28], Son, H.C [57], Shinohara [62], Hu, A. P [85],  

employing different compensation topologies, it was noted that an increase in either or both of the 

lateral or longitudinal misalignment causes a reduction in the coupling coefficient, power output, 

power transfer efficiency and some rare cases bifurcation, i.e. the presence of more than one resonant 

frequency in a WPT systems [49], [88]–[90]. 

3.4.3 Airgap Variation of Resonant Coils 

In the development of EV charging, the presence of large airgap has been the major point of 

consideration[43]. This is because there is always need for a good ground clearance between the 

charging pad fixed in the ground and the chassis of the electric vehicle[43]. The ground clearance is 

known as the airgap and an airgap of a few centimetres is appropriate for application in EV 

charging[117]. According to the required regulation in the European Union, an airgap between 11cm 

and 20cm is the standard for most WPT systems applicable to EVs[11]. For this range of airgap, the 

value of the coupling coefficient ranges between 0.30 and 0.60[149], [161].  

For a particular WPT model, a variation in the airgap affects its performance metrics which includes 

coupling coefficient, power transferred and efficiency. In the presented works of Takanashi, H. et al 

[87], a 3-kW flux-pipe model operating at a resonant frequency of 50 kHz were developed and its 

performance at different airgap analysed and evaluated. At an airgap of 160mm, the system achieved 

a coupling coefficient of 0.18 at a maximum efficiency of 97.1%; when the airgap was increased to 

200mm, the coupling coefficient and maximum efficiency dropped to 0.12 and 95.5% respectively. 

In the research work presented by Chigira M. et al [158], a parametric sweep of the airgap was 

performed in order to analyse the performance of their H-shaped ferrite cored model. It was noted 
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that the self-inductance of the receiver was relatively constant while the coupling factor, power 

transferred across the airgap and efficiency decreases with increase in the airgap; with the coupling 

coefficient mostly affected by the increase in the airgap ranging between 40 mm and 130 mm. 

In addition to the above research works, other research works and model design performance metrics 

at different airgaps are presented in Table 3.3 

Table 3.3: Performance Metrics of Some Selected WPT Models at Different Airgaps 

Ref. no Airgap Coupling  

Coefficient 

Power Ratings Maximum 
Efficiency 

[117] 300 mm - 1 kW 80 % 

[101] 200 mm - 2 kW - 

[162] 250mm - 25 kW - 

[137] 150 mm - 2 kW 95 % 

[93] 200 mm 0.32 8 kW 95.66 % 

[127] 175 mm - 5 kW 90 % 

[84] 300 mm 0.05 3 kW 95 % 

[11] 200 mm 0.24 3.3 kW 95 % 

[163] 300 mm - 1 kW 88% 

 

From the achievements in research shown in  Table 3.3, the research model of Nguyen T. D. et al [93] 

and Lempidis, G [11]  involving the development of bipolar pads or Double-D coils respectively seems 

to be very promising in the development of ferrite-cored WPT models for EVs. 

3.4.4 Coil Design for MRC Wireless Power Transfer System 

This is by far the most important factor affecting the PTE of WPT systems. For example, Li .Y. et al[164] 

was able to show that the use of a high Q  structure planar-litz coil can deliver up to 28% efficiency 

increase compared to the use of the traditional copper coils. A further improvement was achieved by 

Mizuno .T. et al[165] through plating a copper wire with a thin magnetic film to increase the quality 

factor. The use of the magnetic film-coated copper for the coil design resulted in a transmission 

efficiency improvement of more than 8%.  

In the work of Pantic .Z. and Lukic .C. [66], an analytic model was designed for a multi-turn, multi-layer 

hollow and a tubular resonant coil which takes care of the proximity effect. The proximity effect arises 

when an alternating current flows in more than one nearby conductors that are closely wound together 

resulting in the constraint of current distribution to smaller regions in the first conductor. According 

to Ishizaki .T. et al [132],  the larger the diameter of the transmitter coil, the longer the range and wider 

the 2-Dimensional free-access area. Subsequently, spiral coils with a larger cross-sectional area have 

a higher Q factor. In the work of Kilinic, G. et al[134], coils with different geometries were studied 
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which includes amongst others, flat coils, square coils, spiral coils and circular coils. The simulation 

work shows that a square coil produces a larger power transfer than circular coils. The self-inductance 

also increases with an increase in the number of turns of the coil. 

3.5 Coil Designs for Ferrite-Core MRC-Based Coil Topologies  

For ferrite-core MRC based coil topology, the WPT consists of only two coils, a transmitter coil and a 

receiver coil[144]. The basic method of operation is the generation of an electromagnetic field from an 

alternating current in the transmitter coil. The magnetic field then induces an alternating voltage in 

the receiver coil[144]. The induced voltage is then rectified and used to charge a battery or power a 

mobile device. The major components of the coil designs are the coil windings, the ferrite core and the 

shielding design topology. The coil windings create and propagate the magnetic field, the ferrite core 

enhance the boosting of the magnetic flux and the shielding topology helps in protecting humans and 

animals from electromagnetic radiation by absorbing most of the leaked magnetic flux from both the 

transmitter and the receiver coil[166][16]. 

In this section, a literature review of coil geometric shapes, coil sizes and coil material types used for 

modelling of different coil topologies will be discussed. A proper discussion of current trends will help 

in the proper selection and optimization of proposed coil models. 

3.5.1 Geometric Specifications of Coil Designs 

Kilinc G. et al [134] in their research work investigated the impact of coil geometry on the PTE  of coil 

models. Different coil models were designed and analysed.  

 

Figure 3.5: Commonly Used Coil Shape Design. (a) Circular Shaped Coil. (b) Rectangular Shaped Coil[134]. 

In the study, flat coil, square coil, spiral coil, and circular coils performance were analysed and different 

PTE was reported for each of the coil shapes. Examples of the various shapes investigated are shown 

in Figure 3.5. Many researchers adopted the circular and rectangular geometric designs in their 
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proposed models. Budhia M et al[120] and Saeed H. et al [167]used the circular geometry in their 

model designs. Similarly, researchers like Daniel. O, et al [168]  and Al-Saadi et al [169] adopted the 

rectangular geometry in one of their model designs. From the performance analyses of the various 

rectangular and circular models designed; it was noted that despite having the capabilities to transfer 

high power, they have a poor misalignment tolerance as their PTE decreases significantly at a 

horizontal misalignment of above 12.5cm[119][132]. In fact, it has been noted that a horizontal 

misalignment of about half of the coil diameter will lead to zero magnetic coupling between the 

transmitter and the receiver[120].  

 

Figure 3.6: Flux Path Distribution for Circular/Rectangular Coil Designs. (a) Flux Path in a perfectly aligned Condition. 
(b) Flux Path Distribution in a Misaligned Condition(Source: Budhia et al [99]) . 

 The reason for such performance characteristics of circular and rectangular coils is the relatively static 

nature of the fundamental flux paths irrespective of the optimization techniques applied in its design 

process[99]. The coupling strength between the transmitter and receiver coils is determined by the 

flux path height above the transmitter. In order to increase the flux path height, the coil’s diameter, or 

length need to be wider or longer depending on the coil geometry[99].  At perfectly aligned condition 

(shown in Figure 3.6(a)), each of the two flux paths from the transmitter optimally reaches the 

receiver, and high power can be transfer. Nevertheless, when there is a misalignment (shown in Figure 

3.6(b)), only one of the two available flux paths from the transmitter optimally reaches the receiver.  

A significant amount of the flux from the left side get leaked to the air while a small portion of the flux 

from the right side get leaked to the space denoted by the inner diameter/width. 

Because of the limitations of the circular and rectangular shape designs, other shape designs have been 

modelled and adopted and are illustrated in Figure 3.7. The design and development of the flux-pipe 

coil and the rectangular bipolar coil is essential aimed at reducing the leakage flux at the inner 

diameter/width section of the circular/rectangular coil designs. 
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Figure 3.7: Flux-Pipe and Rectangular Bipolar Coils  

The flux-pipe coil design also known as double-sided windings by Nagatsuka Y. et al [119]. The flux 

pipe model is designed by wounding a copper wire around a ferrite core as shown in Figure 3.6. From 

the result presented by Nagatsuka .Y. et al, it was noted that the flux pipe model has a better magnetic 

coupling and misalignment performance compared to the circular and rectangular models. But the 

downside of the model is that it can only transfer a low amount of power across the airgap (typically 

less than 3 kW). This is a result of the “double-sided flux (DSF) path. For a single flux-pipe resonant 

coil design, there are equivalent amounts of useful and “non-useful” flux created at the upper and lower 

sides of the resonant of both the transmitter and receiver coil. While the beneficial flux at the top side 

of the transmitter coil couples with the proportion of useful flux generated in the receiver coil, the 

“non-useful” flux generates eddy currents in the aluminium shielding installed at the back of the coils. 

In fact, their flux-pipe model was capable of transferring a maximum of 1.5 kW across the airgap at an 

efficiency of 95.3 %.  

In order to bridge the gap in performance between the flux-pipe model and the circular/rectangular 

model, a rectangular bipolar coil geometric design was proposed by Nguyen C. et al [93] and a similar 

model was designed by Lempidis G[11] which was termed the double-D coils. The rectangular bipolar 

type resonant coil designs consist of two rectangular coils placed side by side over a series of ferrite 

bars as shown in Figure 3.7.  

From the experimental results obtained the model developed was able to transmit up to an optimum 

power of 8 kW over a 20 mm airgap at a DC to DC efficiency of 95.66 % when both the primary and 

secondary coils are perfectly aligned. A power transfer of 4 kW at a D.C. to D.C. efficiency of 95.39 % 

across the gap was also noted when the coils are set with a 30cm lateral misalignment. 

Despite the performance improvement of the rectangular bipolar coil over the circular, rectangular 

and flux-pipe resonant coils, the design model has a significantly higher weight and size when 

compared to the power output and efficiency obtained. Also, there is a noticeable decrease in power 

output across the airgap with an increase in lateral misalignment. 
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3.5.2 Coil Size Specifications   

An interesting relationship between the transmitter coil diameter and the transmitting distance 

(airgap) has been established by Kurschner .D. et al[128]. They investigated the relationship between 

the ratio of the transmitter coil and airgap as it affects the PTE. 

In their submission, it was presented that at constant Q-factor, the ratio of the airgap (Z) and the 

diameter of the (D) of the coil has a significant effect on the power transfer efficiency. For example, it 

was noted that the efficiency of more than 80 % can be achieved if the ratio Z/D < 0.5. In addition, a 

coil-to-coil efficiency of up to 90 % can be achieved if the ratio Z/D < 0.25. In essence, for an airgap of 

200 mm, a coil-to-coil efficiency of 90% can be achieved with a minimum transmitter’s diameter of 

800 mm. This condition mostly applies to circular, rectangular and rectangular bipolar coils. For most 

applications, the diameter of the transmitter coils is limited by the width of electrical vehicles which 

varies between 1.2m to 1.8m. A table of coil size specifications of published research works and their 

performance in terms of airgap, maximum power transferred and PTE efficiency is shown in Table 3.4. 

Table 3.4: Table of Coil Shapes, Dimensions, and Performances of Some Research Works 

Ref. no Coil Shape Airgap 
(mm) 

Coil Dimension 
(L (mm) x B(mm) 

Power 
Ratings 

Maximum  
Efficiency 

[100] Circular Coil 150 Diameter = 542 20 kW 97 % 

[134] Rectangular Coil 30 230 by 160 - 66.7 % 

[119] Flux-Pipe 

 

70±20 240 by 250 1.5 kW 95 % 

[93] Rectangular Bipolar 200 600 by 800 8.0 kW 95.66% 

[143] Flux-Pipe 200 320 by 300 3.0 kW 95% 

[167] Circular Coil 200 Diameter = 400 - 67 % 

[158] Rectangular 70 240 by 250 1.5 kW 96.6 % 

[11] Rectangular Bipolar 200 580 by 580 3.3 kW 95 % 

[158] Flux-Pipe 70 240 by 300 1.5 kW 94.5 % 

[71] Rectangular Bipolar 200 540 x 800 2.0 kW - 

 

From the information presented in Table 3.4, it is noted that the circular and rectangular coil models 

offer the least power transfer efficiency. This is as a result of poor coupling between coils.  

The rectangular coil also has the potential of transferring up to 1.5kW of power at 96.6% efficiency, 

but can only be achieved at a lower airgap. The performance characteristics are similar to that of the 

circular coil topology. 

The bipolar rectangular coils offer high power transfer efficiency of more than 95% and high power 

transfer of 3.3 kW and above but mostly achieved such performance with larger dimensions and thus 

for most practical applications, they tend to be much heavier.  
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The flux-pipe topology usually has smaller dimensions and higher efficiency but are limited in the 

amount of power they can transfer mostly less than 2 kW. This is as a result of the double flux problem 

as a significant amount of power generated is wasted as eddy current losses on the shield sheets. 

Optimal design of the flux-pipe topology aimed at reducing the eddy current losses in the coil will 

enhance the power transfer capability and that will be the focus of this research. 

3.5.3 Coil Material Specifications 

For most practical applications of ferrite core MRC coils, there are three material requirements for 

most of the designs. They are coil windings, ferrite core and shielding topology. 

3.5.3.1 Coil Winding Specifications 

The coil windings material used for most design is a copper wire. Initially, solid copper wire of radius 

between 1mm to 6mm can be used, but not practically possible because of the resistance of copper 

wire increases at higher frequencies[170] due to the skin and proximity effects. As a result, most 

researchers employ the use of a special type of wire called Litz wire. The various shapes and size of 

commercially available Litz wire designs by Osco[171] are shown in Figure 3.8. 

 

Figure 3.8: Shapes and Sizes of Commercially Available Litz Wires[171]. 

The Litz wire consists of thin strands of copper wire with an insulation layer on each of the strands 

which are twisted to form a bundle. This type of wire has been the preferred type for copper coils used 

for most practical designs[66], [143], [158], [170] because of its performance at high frequencies 

above 1kHz. The losses at these high frequencies are significantly reduced and thus, enable its 

adaptability for wireless power transfer coil designs. Because it is the current choice for most 

researchers, it was adopted modelled in this research. 

3.5.3.2 Ferrite Core Selection 

The ferrite core material is also very important in the design of efficient wireless power transfer 

systems because of its ability to provide low reluctance path for the emitted magnetic field and 
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converting them into a transverse magnetic field that radiates towards the receiver. The mode of 

operation of a ferrite shield is correctly illustrated in Figure 3.9(a)[144]. Ferrite material is able to 

achieve this performance because of their high permeability characteristics; mostly a few thousand 

times higher than that of air.  

Similarly, it was reported by Seugnyoung, A. et al [144] that the addition of ferrite material to a coil 

design increases the mutual inductance between the transmitter and the receiver which in turns 

increases the magnetic coupling between them. The increase in mutual inductance can be as high as 

over 500%. This is illustrated in Figure 3.9(b) [144]. 

 

Figure 3.9: Effect of Ferrite Material on Emitted Magnetic Field. (a) Magnetic Orientation in Ferrite Sheet. (b) Effect on 
Mutual Inductance between Coils[144] 

From the publications of many research works, there are numerous types of ferrite material used by 

researchers. The common types are the FDK 6H45, FDK 6H40, TDK PC44, and the TDK PC47 [64], [65], 

[79], [123]. For most literature studied in this research, the FDK 6H40 is the most common. In fact, 

some researchers like Mostak, M. et al [131] were able to calculate the coefficients of core loss 

equations for the FDK 6H40 ferrite core.  

Due to the significant improvement in performance as a result of adding ferrite core to a coil winding, 

the methodology, as well as the FDK 6H40 ferrite core, will be adopted and modelled in this research. 

3.5.3.3 Shielding Topology 

Shielding in the design of wireless power transfer system is an important requirement because of the 

safety standard specified by the International Commission on Non-Ionizing Radiation Protection 

(ICNIRP). For most practical applications of WPT systems, there is always a significant amount of 

leakage flux. The leakage flux is as a result of low magnetic coupling common with most WPT systems. 

The leakage flux poses a serious problem to the health and wellbeing of the users[143]. As the magnetic 

coupling factor decreases due to an increase in the airgap, the impact of the external electromagnetic 

flux linkage poses a lot of danger to humans[143]. 
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A practical approach to minimize the number of electromagnetic flux leakages was to introduce a 

shielding material at the transmitter and receiver of the WPT systems. Typically, there are two types 

of magnetic field shielding techniques: one uses magnetic material and the other uses conductive 

materials[144]. 

The use of magnetic shielding involves the use of magnetic materials. Because of the high permeability 

of these magnetic materials with respect to air, they tend to concentrate most of the leaked 

electromagnetic flux into the material.  Two types of magnetic materials are normally used- the 

metallic oxide or ceramics or metallic ones. The metallic magnetic materials like iron and steel are not 

normally used because of their high conductivity. Their high conductivity results in significant losses 

at high frequencies in the kilohertz ranges[144]. 

The use of ceramic materials known as ferrites is another alternative but are mostly not employed 

because they are better suited for boosting the electromagnetic flux from the transmitter to the 

receiver. 

The use of conductive materials employs the process of electromagnetic induction in the cancellation 

of leaked magnetic flux. The induced electric current produced creates an eddy current which opposes 

the applied magnetic field generating the required shielding effect. For virtually all the research work 

studied, aluminium was used as the shielding material[99], [128], [135], [144], [173]. This is illustrated 

in Figure 3.10(a). The choice of aluminium is because of its flexibility, conductivity and low weight. 

 

Figure 3.10: Effect of Aluminum as Shielding Material for Leaked Magnetic Field. (a) Magnetic Orientation in 
Aluminum Sheet. (b) Effect on Mutual Inductance between Coils [116] 

The consequence of using conductive shields like aluminium is the slight reduction in the mutual 

inductance and invariably the magnetic coupling factor. Despite the reduction in performance, the 

shielding topology is widely used by researchers in their designs. Nevertheless, there are other non-

magnetic but conductive shielding materials. The commonly used ones are copper, tin and zinc[174]. 
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This research will include investigations into the viability and suitability of the above-mentioned 

conductive shielding materials. 

3.6 Summary 

In this section, a detailed analysis of common impact factors affecting the optimal performance of 

wireless power transfer systems was presented. The impact factors identified are an environmental 

factor, circuit designs, coil alignments and coil designs.  

Elements of the environmental factor affecting the performance of WPT systems are humidity and 

temperature. It was noted that the system’s efficiency reduces as the humidity level of the air increases 

while temperature affects the performance of the semiconductors in the power conversion subsystem. 

In the circuit design, parameters such as operating frequency, compensation scheme and converter 

design were identified as the key circuit parameters affecting the optimal design of the WPT system. It 

was noted that the higher the operating frequency the higher the efficiency but the lower the power 

transfer.  For efficient and effective WPT system, the transmitter side is compensated so as to increase 

the active power by lowering the reactive power but with a trade-off of slight lowering of the apparent 

power (VA) of the power supply. Likewise, the receiver side is compensated to enhance the power 

transfer performance by transferring much of the active power to the load (battery). 

With regards to coil alignments, it was noted that there are two main two types of misalignments- 

angular misalignment and horizontal misalignment. Research has shown that the lateral misalignment 

is more common than the angular misalignment for most EV application, but the latter has a greater 

effect on the PTE when compared to the former. It was also noted that an increase in the horizontal 

misalignment causes a reduction in the coupling coefficient, power output, power transfer efficiency 

and some rare cases bifurcation. From the comprehensive review of the literature, the major 

components of the coil designs identified are the shape of coil windings, size of coil models, the ferrite 

core and the shielding design topology.  The relationship between the ratio of the transmitter coil and 

the airgap and the efficiency of the WPT system was identified. It was noted that the efficiency of more 

than 90% can be attained if the ratio of the airgap and coil diameter is less than 0.25. In essence, for an 

airgap of 200 mm, a coil-to-coil efficiency of 90% can be achieved with a minimum transmitter’s 

diameter of 800 mm. 

Coil design topology was identified as the most important impact factors affecting the performance of 

WPT systems. Evaluation of common ferrite-core model designs like circular coils, rectangular coils, 

flux-pipe coils and rectangular bipolar coils was presented. Flux pipe coils were identified as the model 

design with the best performance in terms of magnetic coupling and misalignment tolerance, but have 

a limitation in the amount of power that can be transferred across the airgap due to the double-flux 

problem. 
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The impact of coil size, ferrite material and shielding methodology on the coupling factor, power 

transfer efficiency and power transferred was discussed. It was reported that optimal efficiency of coil 

designs can be achieved if the transmitting coil diameter for a circular or rectangular coil is 4 times 

larger than the airgap. Similarly, it was noted that the addition of ferrite material to the coil design can 

increase the self-inductance and mutual inductance of the resonant coils by a factor of more than 4. 

Finally, it was noted that every WPT coil design must be equipped with efficient shielding design to 

protect human and animals from electromagnetic radiation according to safety regulations. For most 

presented work of literature, the aluminium sheet was used as the preferred due to its lightweight and 

high conductivity. For reported works on the design of flux-pipe resonant coils, it was noted that a 

significant amount of eddy current losses was recorded for designs using aluminium sheets as an 

electromagnetic shield. As a result, this research includes an investigation into more low-loss shielding 

designs for WPT systems. 
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CHAPTER 4 Finite Element Modelling and Design Validation 

4.1 Introduction 

In order to accurately design and model an optimal wireless power system, there is a need to develop 

an efficient algorithm for the design process. For this research, the system-level engineering and 

simulation-based design were adopted due to its ability to create an optimal prototype using practical 

engineering specifications and simulations. The computer simulation is required to ascertain the 

potential performance of the proposed model. In this research, finite element modelling was used for 

the design and simulation of modelled designs. The initial and boundary conditions were carefully 

selected and published model designs were replicated and simulated based on those initial and 

boundary conditions. The simulation results were compared to the published experimental results and 

the accuracy of the proposed modelling methodology was evaluated. 

4.2 The Overall Wireless Power Transfer System Design Specification 

A typical WPT system for charging of electric vehicle can be designed in two ways- unidirectional WPT 

or bidirectional WPT. The unidirectional WPT systems allows electrical power flow in one direction 

only, basically from the grid or power source through the various power electronics components which 

is then wirelessly transferred from the primary coils to the secondary coils which is further 

conditioned electrically before finally being transferred to the battery pack of the electric vehicle 

through a charging process. 

The unidirectional WPT system can be further modified to allow a two-way electrical power flow to 

create a bidirectional WPT system. The bidirectional WPT systems allow power to flow from the grid 

to the battery of the EV through the charging process while also having the capability to allow power 

flow from the battery pack to the electric grid through the discharging process. The capability of a WPT 

system to allow the bidirectional flow of electrical power is particularly useful in a smart grid network 

as the EV can be seen as a mobile distributed energy generation source. 

The major component of wireless power transfer (WPT) technology for application with electric 

vehicles is the selection of an appropriate design model in order to achieve the optimum coil-to-coil 

efficiency of the system. An extensive literature review has been undertaken in that regard and the 

optimum choice of the strong magnetic resonant coupling WPT topology was deem appropriate as part 

of the overall system configuration. 

In order to achieve an overall optimum and efficient system design, modelling of the interaction 

between the components parts is required. In the development of optimized engineering systems, the 

use of the traditional method of design is inefficient. Thus an optimized system-level engineering 

simulation-based approach is proposed in order to design an optimized system. 
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The optimization of an electrical wireless power transfer (WPT) charging system mostly take into 

cognizance the efficiency of each of the component parts in order to establish the overall power 

transfer efficiency from the power supply through various components to the battery pack of the 

electric vehicle (EV). In particular, the primary and secondary coils must be optimally designed to 

ensure that power is transferred between the coils to maximise the charging/discharging process 

while limiting components and engineering cost. 

The traditional design approach which mainly involves the production of many prototypes through an 

iterative process has been discovered to incur high costs with difficulty in the prediction of the design 

cycle time. Subsequently, most of the final designs of such traditional design approaches are not 

optimally designed and eventually lead to a further process of optimization. As a result, modelling was 

used in the design of the components. 

In order to reduce the high cost of prototype production and unpredictable design cycles, system-level 

engineering and simulation-based design are proposed in this research. The design approach offers 

the advantage of designing an optimal model of an engineering system while reducing the 

development costs and a number of prototypes constructed in order to validate a design. The overall 

algorithm design is shown in Figure 4.1. 

 

Figure 4.1: Overview of Optimized System-level Engineering and Simulation-based Design. 

For the purpose of this research, only the aspect of the electromagnetic subcomponent of the WPT 

system was the design approach applied.  

The approach includes the specification of the general structure of the WPT infrastructure from the 

transmitter coil to the receiver coil underneath the chassis of the EV. This aspect was already 
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considered in section 2.14.3 of this report. Each component and sub-component of the system was 

selected and designed based on the findings from the literature review and modelling outcomes. This 

aspect was extensively discussed in section 3.5 of this report. The findings from the literature review 

and modelling outcomes consist of common sizes of resonant coils, type of material used, the geometric 

shape of material for a specific model and the mathematical constants used in the finite modelling of 

particular engineering material. 

The modelling design and simulation analysis were done using a numerical method known as finite 

element modelling (FEM) using Ansys Maxwell 3-D software. The simulation and analysis procedures 

of the software are highlighted in section 4.3. 

 Each of the specified components was integrated together to form a model, which can be validated 

using data obtained from experimental results or published research works. The typical component 

integration and validation using the Ansys Maxwell 3-D FEM software was implemented in section 4.4. 

Each component was modelled based published material properties from both research works and 

manufacturers’ specifications. The validated system-level design together with the accompanying 

initial and boundary conditions is used to design and simulate the proposed ferrite-core WPT coil 

systems chosen in this research for optimization.  

The initial optimization through computer modelling and simulations in order to create a robust and 

more efficient model was implemented in CHAPTER 5. Since there is no limit to the number of iterative 

process required to create an optimal model, series of coil design modifications was implemented in 

CHAPTER 6 in order to achieve a final high-power, higher efficient flux-pipe models for static and 

dynamic charging operations. An experimental prototype can then be developed based on the final 

optimized modelling specifications used in the simulation. This was not implemented in this research. 

4.3 Finite Element Modelling and Analysis 

Finite element modelling (FEM) is among the numerous numerical methods employed in the solution 

of field problems in engineering. Other numerical methods are Boundary Element Modelling (BEM), 

Finite Difference Modelling (FDM), Finite Volume Modelling (FVM) and Meshless Method (MM)[175], 

[176]. Though many engineering phenomena can be represented by “governing equations” and 

“boundary conditions,” sometimes, it is quite difficult to generate a set of algebraic equations for an 

entire domain. Thus, in order to reduce an engineering problem into a set of algebraic equations, finite 

element modelling is employed[176]. This is accomplished by dividing the entire domain into a finite 

number of small and several elements. Consequently, a piecewise polynomial interpolation of the field 

quantity is implemented over an element and adjacent elements sharing the Degree of Freedom (DOF) 

at the nodes are connected in order to obtain each elements’ algebraic equations. The resulting 

equations are now solved in order to obtain the unknown variable at the nodes[176]. 
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FEM as a numerical method is employed because it can easily handle very complex geometry involving 

an infinite degree of freedom cutting across a wide range of engineering problems like dynamics, solid 

mechanics, fluids, heat problems, electrostatic problems, and electromagnetic field problems. In 

addition, FEM can be used to analyze and solve engineering problems containing indeterminate 

structures and complex loading of point loads, element loads and time or frequency-dependent 

loading[176]. 

Popular commercial software packages employing the FEM numerical methods are Abaqus, Adina, 

Ansys, and COSMOL. The commercial software implements the typical finite element analysis (FEA) 

procedure in three stages namely; the processing, processing, and post-processing stages. The 

preprocessing stage is the stage where the finite element model is built. This involves the selection of 

the type of analysis, element type, and material properties. 

The preprocessing stage is the stage where the nodes are made; elements are built by assigning the 

necessary connectivity of the nodes. Then the boundary conditions and loads are applied and the 

boundary value problems are solved. In this research, an Ansys software package known as Ansys 

Maxwell 3D Electromagnetic suite was used to solve the boundary value problem of the proposed MRC 

model coils. 

In Ansys Maxwell, electromagnetic field problems are solved by solving the necessary “Maxwell’s 

equations in a finite region of space with appropriate boundary conditions and - when necessary- with 

user-specified initial conditions in order to obtain a solution with guaranteed uniqueness”[177]. The 

software is specially adapted to solve electric field, magnetostatic fields, eddy current fields, or 

transient fields’ problem. A mesher is employed to automatically mesh the solid model by assembling 

all the small elements also known as the tetrahedral in the 3D model[177]. The overall process chart 

is shown in Figure 4.2. 

The initial mesh generation was obtained by constructing together the elements known as a 

tetrahedron (four-sided pyramid). A second-order quadratic polynomial (basis function) is then used 

to approximate the desired electromagnetic field in each of the elements. 

After the tetrahedra are defined, the resulting finite elements are then placed in a large, sparse 

equation matrix given by: 

 [𝑆][𝐻] = [𝐽] 4.1 

Where S is the area of the excitation terminals in m2, H is the magnetic field intensity and J is the current 

density. The resulting matrix is then solved using standard matrix solution techniques like the Sparse 

Gaussian Elimination implemented in Maxwell 3D using a direct solver and the Incomplete Choleski 

Conjugate Gradient Method implemented in Maxwell 3D using an ICCG Iterative solver. 
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Figure 4.2: Flowchart Algorithm for Finite Element Modeling and Analysis in Ansys Maxwell 3D 

There are forms of the fundamental defining equation for each solver that provides an error value for 

any of the fields solved. For example, in the simulation of magnetostatic problems, “the defining 

equation is the no-monopoles equation given by; 

 ∇. �⃗� = 0 4.2 

However, for practical purpose, when the field solution was returned to equation 4.2, an error term is 

obtained given by: 
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 ∇. �⃗� = 𝐸𝑟𝑟𝑜𝑟 4.3 

Subsequently, the error produced by the error terms is then computed for the entire volume, which is 

then compared with the calculated total energy, and a percentage number for the error energy is 

obtained by: 

 
% 𝐸𝑟𝑟𝑜𝑟 =  

𝐸𝑛𝑒𝑟𝑔𝑦 𝐸𝑟𝑟𝑜𝑟

𝑇𝑜𝑡𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦
𝑥 100% 

4.4 

The percentage error number for the energy together with total energy is returned for each adaptive 

pass, which is then used to measure the convergence of the solution, which determines the stopping 

criteria. 

If the acceptable prescribed percentage is not met, mesh refinement is undertaken until a percentage 

value equal to or less than the acceptable prescribed percentage is attained. For the proposed model 

design, the prescribed percentage for all simulations is set at 5%. Despite the numerous advantages of 

the FEM, it has some limitations which include the presence of inherent errors during computation, 

the ability to only obtain approximate solutions and ease of mistakes by the users[176]. In order to 

reduce errors arising from the limitations, a second criteria test is implemented to guarantee the true 

convergence of the solution and the acceptable prescribed percentage value truly met and confirmed. 

The finite element analysis (FEA) of proposed MRC coil models will be in three different part- 

Magnetostatic analysis, Eddy current analysis and Circuit analysis. 

4.3.1 FEM Magnetostatic Analysis 

The magnetostatic analysis is one of the important analysis performed in Ansys Maxwell. The analysis 

is performed after the selection of the Magnetostatic solution type in the Ansys Maxwell graphical user 

interface. The magnetic analysis can be applied on permanent magnets, motors, solenoids, inductors 

and stray field calculations[177]. 

The magnetostatic analysis is usually used to compute static (DC) magnetic fields under steady-state 

conditions for objects in a stationary position. The magnetic fields sources can be permanent magnets, 

DC currents in conductors or static magnetic fields represented by external boundary conditions. This 

research will employ the use of static fields represented by boundary conditions external to the model. 

The flowchart for the solution process is illustrated in Figure 4.3. 
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Figure 4.3: Magnetostatic Solution Process for Ansys Modelling Software[177]. 

Once the problem statement has been defined properly and the solution process initiated, Maxwell 3D 

will start an automated process that takes over and follow through numerous stages of the solution 

process as illustrated in Figure 4.3.  

In order to arrive at an accurate solution, the solution convergence is evaluated twice or else the mesh 

is refined and taken back to the adaptive solution process again. When the solution criteria are met, 

the field solution is stopped and the required parameters are calculated. 

The matrix calculation is normally based on the solved magnetic field (H). Consequently, the Magnetic 

flux (B) and current density (J) are automatically calculated. When the field solution is stopped, 

derived quantities from the magnetic field solutions like inductances, coupling factor and magnetic 

flux density are calculated as the required parameters. 

In this research, the required parameters to be evaluated during the magnetostatic analysis are the 

magnetic flux density, self-inductance, mutual inductance and the coupling factor. 

4.3.2 FEM Eddy Current Analysis 

The eddy current analysis is another the important analysis performed in Ansys Maxwell. The analysis 

is performed after the selection of the Eddy Current solution type in the Ansys Maxwell graphical user 

interface. The eddy current analysis can be applied on permanent magnets, motors, solenoids, 

inductors and stray field calculations[177]. 
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The eddy current analysis is usually used to compute steady-state, time-varying (AC) magnetic fields 

at a given frequency (which is normally the domain solution). The analysis is normally done in steady-

state conditions for objects in a stationary position. The magnetic fields sources can be sinusoidal AC 

current (peak) in conductors or time-varying magnetic fields represented by external boundary 

conditions. This research will employ the use of time-varying magnetic fields represented by boundary 

conditions external to the model. The flowchart for the solution process is illustrated in Figure 4.4. 

 

Figure 4.4: Eddy Current Solution Process for Ansys Modelling Software [[177]] 

Once the problem statement has been defined properly and the solution process initiated, Maxwell 3D 

will start an automated process that takes over and follow through numerous stages of the solution 

process as illustrated in Figure 4.4. 
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In order to arrive at an accurate solution, the solution convergence is evaluated twice or else the mesh 

is refined and taken back to the adaptive solution process again. When the solution criteria are met, 

the field solution is stopped and the required parameters are calculated. 

The matrix calculation is normally based on the solved magnetic field (H). Consequently, the Magnetic 

flux (B) and current density (J) are automatically calculated. When the field solution is stopped, 

derived quantities from the magnetic field solutions like all the parameters calculated for the 

magnetostatic analysis with the addition of the eddy current losses, core losses, reactance and 

impedance are calculated as the required parameters. 

The frequency sweep is optional in the solution process when only the eddy current losses, core losses, 

reactance, and impedance of the model is required at a particular frequency. However, it is mandatory 

if the model will be used to evaluate the coil-to-coil efficiency, power input, power output, input 

voltage, voltage output and power factor of the model. 

In this research, the required parameters to be evaluated during the eddy current analysis are the 

ohmic losses, eddy current losses, core losses, coupling factor, self-inductance, reactance, and 

impedance of the coils. 

4.3.3 Mathematical Analysis of Equivalent Circuit Model 

The equivalent circuit analysis of the resonant WPT coil models involves the representation of the self-

inductance of the primary and secondary coils with the mutual inductance between the coils. The 

leakage inductance is represented with an equivalent inductance which is the difference between the 

self-inductance and mutual inductance for the individual transmitter and receiver coils of the system 

as illustrated in Figure 4.5 and Figure 4.6. From the equivalent circuit representation, a mathematical 

expression of the input power, output power, efficiency and optimum load resistance is evaluated. 

Two compensation topologies will be employed for performance analysis in this section. The analysis 

will cover the S-S compensation topology[72] and the S-P compensation topology[119] as they are the 

most common. The S-S compensation topology is suitable for bidirectional wireless power transfer 

due to the symmetry of the compensation capacitor with respect to the load and supply voltage. On the 

other hand, the S-P compensation topology can only be employed for unidirectional wireless power 

transfer due to the difference in the connection of the compensation capacitors. For example, if the 

transmitter and receiver coils are reversed for an S-P topology, the compensation scheme becomes P-

S topology with different performance metrics. 
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4.3.3.1 Mathematical Analysis of the S-S Compensation Topology 

The mathematical analysis can be done by analysing the equivalent circuit representation of the 

ferrite-core MRC model. The equivalent circuit representation for the series-series topology is shown 

in Figure 4.5. 

 

Figure 4.5: Equivalent Circuit for an S-S Compensation Topology 

𝑅𝑝(Ω), 𝑅𝑠(Ω)  and 𝑅𝐿(Ω) are the intrinsic resistance of the primary coil and intrinsic resistance of the 

secondary coil and the load resistance respectively. 𝐿𝑝(𝐻), 𝐿𝑠(𝐻) and 𝐿𝑚(H) are the primary self-

inductance, secondary self-inductance and mutual inductance respectively. 𝑉𝑠(𝑉), 𝐶𝑝(𝐹) and 𝐶𝑠(𝐹) are 

the source voltage, primary compensating capacitance and secondary compensation capacitance 

respectively. 

The primary inductive reactance, secondary inductive reactance and mutual inductive reactance in the 

circuit are given mathematically as: 

 𝑋𝑙𝑝 = 𝜔𝐿𝑝,         𝑋𝑙𝑠 = 𝜔𝐿𝑠, 𝑋𝑚 = 𝜔𝐿𝑚 4.5 

The parameter 𝜔 
  is the angular resonant frequency of the WPT system model measured in rad/s and 

mathematically represented as 𝜔 
 = 2𝜋𝑓 , where 𝑓  is the resonant frequency measured in Hertz (Hz) 

Similarly, the primary capacitive reactance and secondary reactance in the circuit are given 

mathematically as: 

 
𝑋𝑐𝑝 =

1

𝜔𝐶𝑝
,         𝑋𝑐𝑠 =

1

𝜔𝐶𝑠
 

4.6 

The total impedance 𝑍𝑇𝑜𝑡𝑎𝑙  in the circuit and is given mathematically as: 



103 

 

 𝑍𝑇𝑜𝑡𝑎𝑙 = 𝑅𝑝 + 𝑗(𝑋𝑙𝑝 − 𝑋𝑐𝑝) − 𝑗𝑋𝑚 + 𝑗𝑋𝑚//(𝑅𝑠 + 𝑅𝐿 + 𝑗(𝑋𝑙𝑠 −

𝑋𝑐𝑠) − 𝑗𝑋𝑚) 

4.7 

Since the circuit will be operating at a resonance frequency  𝐹𝑟𝑒𝑠, the LC components will cancel out 

their reactance and 𝑍𝑇𝑜𝑡𝑎𝑙 is given by: 

 𝑍𝑇𝑜𝑡𝑎𝑙 = 𝑅𝑝 − 𝑗𝑋𝑚 + 𝑗𝑋𝑚//(𝑅𝑠 + 𝑅𝐿 − 𝑗𝑋𝑚) 4.8 

Equation 4.8 is further simplified as: 

 
𝑍𝑇𝑜𝑡𝑎𝑙 = 𝑅𝑝 − 𝑗𝑋𝑚 +

𝑗𝑋𝑚(𝑅𝑠 + 𝑅𝐿 − 𝑗𝑋𝑚)

𝑗𝑋𝑚 + (𝑅𝑠 + 𝑅𝐿 − 𝑗𝑋𝑚)
 

4.9 

 
𝑍𝑇𝑜𝑡𝑎𝑙 = 𝑅𝑝 − 𝑗𝑋𝑚 +

𝑗𝑋𝑚(𝑅𝑠 + 𝑅𝑙)

(𝑅𝑠 + 𝑅𝐿)
+

𝑋𝑚
2

 

(𝑅𝑠 + 𝑅𝐿)
 

𝑍𝑇𝑜𝑡𝑎𝑙 = 𝑅𝑝 +
𝑋𝑚

2
 

(𝑅𝑠 + 𝑅𝐿)
 

 

 
𝑍𝑇𝑜𝑡𝑎𝑙 =

𝑅𝑝(𝑅𝑠 + 𝑅𝐿) + 𝑋𝑚
2

 

(𝑅𝑠 + 𝑅𝐿)
 

4.10 

The input current 𝐼1 is given mathematically as: 

 
𝐼1 =

𝑉𝑠
𝑍𝑇𝑜𝑡𝑎𝑙

= 
𝑉𝑠(𝑅𝑠 + 𝑅𝐿)

𝑅𝑝(𝑅𝑠 + 𝑅𝐿) + 𝑋𝑚
2

 

 
4.11 

Similarly, the output current 𝐼2 can be calculated using current divider theorem: 

 𝐼2 =
𝑋𝑚

(𝑋𝑚 + 𝑅𝑠 + 𝑅𝐿 − 𝑋𝑚)
  𝐼1 

𝐼2 =
𝑋𝑚

(𝑅𝑠 + 𝑅𝐿)
  

𝑉𝑠(𝑅𝑠 + 𝑅𝐿)

𝑅𝑝(𝑅𝑠 + 𝑅𝐿) + 𝑋𝑚
2

 

 

 
𝐼2 =  

𝑋𝑚. 𝑉𝑠
𝑅𝑝(𝑅𝑠 + 𝑅𝐿) + 𝑋𝑚

2
 

 
4.12 

The power input is calculated as: 

 
𝑃𝑖𝑛 = 𝑉𝑠 𝐼1 = 

𝑉𝑠
2(𝑅𝑠 + 𝑅𝐿)

𝑅𝑝(𝑅𝑠 + 𝑅𝐿) + 𝑋𝑚
2

 

 
4.13 

 

Similarly, the power output can be obtained as below: 
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𝑃𝑜𝑢𝑡 = 𝐼2

2 𝑅𝐿 = 
𝑉𝑠

2. 𝑋𝑚
2 . 𝑅𝐿

((𝑅𝑝𝑅𝑠 + 𝑅𝑝𝑅𝐿) + 𝑋𝑚
2 )2

 

 
4.14 

The efficiency of the system can be represented by the following equation: 

 
𝜂 = 

𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
=

 𝑋𝑚
2 . 𝑅𝐿

(𝑅𝑠 + 𝑅𝐿)((𝑅𝑝𝑅𝑠 + 𝑅𝑝𝑅𝐿) + 𝑋𝑚
2 ) 

 
4.15 

Similarly, the optimal efficiency for the maximum load resistance can be obtained by: 

 
𝑅𝐿 = 1 + √  

𝑋𝑚
2

(𝑅𝑝 + 𝑅𝑠)
 

4.16 

Substituting the value of 𝑅𝐿 into equation 4.15 gives the maximum efficiency as: 

 
𝜂𝑚𝑎𝑥 =

 𝑋𝑚
2

√(𝑅𝑝𝑅𝑠 + 𝑋𝑚
2 )√(𝑅𝑝𝑅𝑠)

 
4.17 

4.3.3.2 Mathematical Analysis of the S-P Compensation Topology 

The mathematical analysis can be done by analysing the equivalent circuit representation of the 

ferrite-core MRC model in an S-P compensation configuration. The equivalent circuit representation 

for the series-parallel topology is shown in Figure 4.6. 

 

Figure 4.6: Equivalent Circuit for an S-P Compensation Topology 

𝑅𝑝(Ω), 𝑅𝑠(Ω)  and 𝑅𝐿(Ω) are the intrinsic resistance of the primary and intrinsic resistance of the 

secondary coil and the load resistance respectively. 𝐿𝑝(𝐻), 𝐿𝑠(𝐻) and 𝐿𝑚(H) are the primary self-
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inductance, secondary self-inductance and mutual inductance respectively. 𝑉𝑠(𝑉), 𝐶𝑝(𝐹) and 𝐶𝑠(𝐹) are 

the source voltage, primary compensating capacitance and secondary compensation capacitance 

respectively. 

For easy analysis of the circuit, the primary values of each circuit components are converted into the 

secondary equivalents using the transformer turn ratio mathematically represented by 𝑎 =
  𝑁1

𝑁2
⁄  

[119]. Since the value of 𝑎 is 1 since the turn ratio used in this research will be the same for both the 

primary and secondary coils. Thus, the analysis will be taken from the secondary side. 

The primary inductive reactance, secondary inductive reactance and mutual inductive reactance in the 

circuit are given mathematically as: 

 𝑋𝑙𝑝 = 𝜔𝐿𝑝,         𝑋𝑙𝑠 = 𝜔𝐿𝑠, 𝑋𝑚 = 𝜔𝐿𝑚 4.18 

The parameter 𝜔 
  is the angular resonant frequency of the WPT system model measured in rad/s and 

mathematically represented as 𝜔 
 = 2𝜋𝑓 , where 𝑓  is the resonant frequency measured in Hertz (Hz) 

Similarly, the primary capacitive reactance and secondary reactance in the circuit is given 

mathematically as[119]: 

 
𝑋𝑐𝑝 =

1

𝜔𝐶𝑝
= 

𝑋𝑚 (𝑋𝑙𝑠 − 𝑋𝑚)

𝑋𝑚+(𝑋𝑙𝑠 − 𝑋𝑚)
+ 𝑋𝑙𝑝 − 𝑋𝑚        

4.19 

 
𝑋𝑐𝑝 =

1

𝜔𝐶𝑝
= 

 𝑋𝑙𝑠𝑋𝑚 − 𝑋𝑚
2 + 𝑋𝑙𝑠𝑋𝑙𝑝 − 𝑋𝑙𝑠𝑋𝑚

𝑋𝑙𝑠
  

4.20 

 
𝑋𝑐𝑝 =

1

𝜔𝐶𝑝
= 

𝑋𝑙𝑠𝑋𝑙𝑝 − 𝑋𝑚
2

𝑋𝑙𝑠
+ 𝑋𝑚 

4.21 

The parameter 𝜔 
  is the angular resonant frequency of the WPT system model measured in rad/s and 

mathematically represented as 𝜔 
 = 2𝜋𝑓 , where 𝑓  is the resonant frequency measured in Hertz (Hz) 

The secondary reactance in the circuit is given mathematically as: 

  𝑋𝑐𝑠 =
1

𝜔𝐶𝑠
=  (𝑋𝑙𝑠 − 𝑋𝑚) + 𝑋𝑚 =  𝑋𝑙𝑠 4.22 

Referring to the primary side, the input voltage 𝑉𝑖𝑛 is given by: 

 
 𝑉𝑖𝑛 =

𝑋𝑚

𝑋𝑚+(𝑋𝑙𝑠 − 𝑋𝑚)
 𝑉2 =

𝑋𝑚

𝑋𝑙𝑠
 𝑉𝐿  

4.23 

Similarly, input current  𝐼𝑖𝑛 is given by: 
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 𝐼𝑖𝑛 = 

𝑋𝑚+(𝑋𝑙𝑠 − 𝑋𝑚)

𝑋𝑚
 𝐼𝐿 = 

 𝑋𝑙𝑠

𝑋𝑚
 𝐼𝐿 

4.24 

Similarly, the power output can be obtained as below: 

 𝑃𝑜𝑢𝑡 = 𝐼2
2 𝑅𝐿 4.25 

The power input is the sum of the power output and the losses in the primary and secondary windings 

given by: 

 𝑃𝑖𝑛 = 𝐼2
2 𝐼𝐿 + 𝐼1

2𝑅𝑝 + 𝐼2
2𝑅𝑠  4.26 

The efficiency of the system can be represented by the following equation: 

 
𝜂 = 

𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
=

 𝐼2
2 𝑅𝐿

𝐼2
2 𝐼𝐿 + 𝐼1

2𝑅𝑝 + 𝐼2
2𝑅𝑠

 
4.27 

Thus, the efficiency is approximately given by[119]: 

 
𝜂 = 

𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
=

  𝑅𝐿

 𝑅𝐿 + 
𝑅𝑝 𝑋𝑙𝑠

𝑋𝑚
+ 𝑅2{(1 + (

 𝑅𝐿
 𝑋𝑐𝑠

)}2
 

4.28 

 Similarly, the optimal efficiency for the maximum load resistance can be obtained by: 

 

𝑅𝐿 =  𝑋𝑐𝑠. √
 𝑋𝑙𝑠

𝑋𝑚
.
𝑅𝑝

𝑅𝑠
+ 1 

4.29 

Substituting the value of 𝑅𝐿 into equation 4.28 gives the maximum efficiency as[119]: 

 
𝜂𝑚𝑎𝑥 =

 1

1 +
2𝑅𝑠
 𝑋𝑐𝑠

√
 𝑋𝑙𝑠
𝑋𝑚

.
𝑅𝑝

𝑅𝑠
+ 1

 
4.30 

Maximum efficiency can be achieved for the WPT model if these appropriate characteristics are 

adopted for an output power equal to the rated power[119]. 

4.3.3.3 Mathematically Analysis of Efficiency Based on Quality Factor (Q) 

The quality factor (Q) of a resonant coil gives an indication of the level of its inductive properties[43]. 

The larger the Q factor, the larger the ability of the coil to produce a large magnetic field. 

It has been noted by Covic, G. A et al[13] that the amount of power transferred and efficiency of a coil 

system can be determined by the coils’ quality factor and can be represented by the following 

equations[13]: 
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𝑃𝑜𝑢𝑡 = 𝑗𝑋𝑚

 𝐼1. 𝐼1
 .
𝐿𝑚

2

𝐿𝑠𝐿𝑝
𝑄𝑠 

4.31 

 

 𝑃𝑜𝑢𝑡 = 𝑉𝑖𝑛. 𝐼1
 . 𝑘 

2. 𝑄𝑠 4.32 

Similarly, Takanashi, H. et al [143] developed and proposed an equation relating the maximum 

efficiency with the quality factor and the coupling coefficient and it is given by: 

 
𝜂𝑚𝑎𝑥 =

1

1 +
2

𝑘√𝑄𝑝. 𝑄𝑠

 
4.33 

 
𝜂𝑚𝑎𝑥 =

1

1 +
2

𝑘√𝑄𝑝𝑠

 
4.34 

Where 𝑄𝑝𝑠 is the product of the primary quality factor 𝑄𝑝 and the secondary factor 𝑄𝑠. Equation 4.34 

is very useful in determining the optimum resonant frequency for a given maximum efficiency. 

4.3.4 Circuit Analysis of Reduced-Order Model (ROM) of WPT Coils 

The circuit analysis of the FEM model involves the performance analysis of the model in terms of power 

output, power input, and coil-to-coil-efficiency of the coils. The circuit performance is evaluated at 

resonance with a particular compensation scheme. The analysis can be evaluated in two ways: the 

mathematical analysis and the Reduced Order Model (ROM) analysis.  

This approach involves the transformation of the evaluated 3-D finite element model into a reduced 

order model and imported into a circuit simulation environment known as Simplorer®. The 

transformation is illustrated in Figure 4.7. The 3-D model problem is solved by performing a 

parametric sweep of resonant frequencies and evaluated parameters like coupling coefficient, self-

inductance and reactance of the coil mode are stored within the model itself based on the physical 

parameter specifications like airgap, coil turns, size of modelling materials, types of materials used and 

appropriated initial and boundary conditions employed. 



108 

 

 

 

Figure 4.7: Implementation of the Reduced Order Model for Circuit Analysis 

The evaluated values of the coupling coefficient, resistance and inductance are normally imported into 

the circuit environment in a matrix form as illustrated in equation 4.35. 

 
𝐿𝑋 = [

𝐿𝑝 𝐿𝑚

𝐿𝑚 𝐿𝑠
] ,       𝑘𝑋 = [

1 𝑘𝑠𝑝

𝑘𝑝𝑠 1
] ,        𝑅𝑋 = [

𝑅𝑝 𝑅𝑚

𝑅𝑚 𝑅𝑠
]        

4.35 

𝐿𝑋, 𝑘𝑋 and 𝑅𝑋 are the imported matrices of the inductances, coupling coefficient and A.C. resistance of 

the evaluated WPT coil model. The values of 𝑘𝑝𝑠 and 𝑘𝑠𝑝are the same because of the symmetry of the 

primary and secondary self-inductance of the coils. 𝑅𝑚 is the equivalent mutual resistance between 

the primary and secondary coils. The values of each individual matrix parameters was used for the 

calculation of the appropriate values of the primary and secondary compensating capacitance. 

Two compensation topologies will be analysed in this section as they are the most common. The 

analysis will cover the S-S compensation topology[72] and the S-P compensation topology[119]. The 

two types of analysis are further explained in the next two sections. 

4.3.4.1 FEM Analysis of the S-S Compensation Topology 

The finite element modelling analysis in Ansys Maxwell 3D for series-series compensation topology 

can be done by importing the reduced-order model (ROM) of the ferrite-core MRC model into circuit 

simulation environment known as Ansys Simplorer®. The ROM imported into the circuit environment 

is the already solved model from the eddy current analysis. The equivalent circuit representation for 

the series-series topology in the Simplorer® simulation environment is shown in Figure 4.8. The ROM 

is shown in the square box with the brown and green coloured item. The example is a circular coil 

model imported into the Simplorer® circuit simulation environment. 
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Figure 4.8: Simplorer® Maxwell ROM Design Implementation for S-S Compensation Topology 

The ROM imported into the circuit simulation environment carries along with the evaluated 

parameters like the self-inductance, mutual inductance, coupling factor and model conditions like 

airgap and misalignment. 

For an accurate generation of result from the circuit simulation, the appropriate parameters like the 

source voltages 𝑉𝑠 , intrinsic resistances and the appropriate capacitance for resonance are specified. 

𝑅𝑝(Ω), 𝑅𝑠(Ω), 𝑅𝐿(Ω) are the intrinsic resistance of the primary coil, intrinsic resistance of the 

secondary coil and the load resistance respectively. The values of 𝑅𝑝 and 𝑅𝑠 are normally evaluated 

during the eddy current analysis and are required to be manually specified before the circuit 

simulation to avoid runtime errors. 

𝐶𝑝(𝐹) and 𝐶𝑠(𝐹) are the primary compensation capacitance and secondary compensation capacitance 

respectively. They are mostly evaluated as a function of the self-inductance of the primary coil 

𝐿𝑝(𝐻) and self-inductance of the secondary coil 𝐿𝑠(𝐻) respectively. 

The primary capacitance and secondary capacitance in the circuit are given mathematically as: 

 
𝐶𝑝 =

1

𝜔𝑜
2(1 − 𝑘2)𝐿𝑝

,         𝐶𝑠 =
1

𝜔𝑜
2(1 − 𝑘2) 𝐿𝑠

 
4.36 

The parameter 𝜔𝑜
  is the angular resonant frequency of the WPT system model measured in rad/s and 

mathematically represented as 𝜔𝑜
 = 2𝜋𝑓𝑜, where 𝑓𝑜 is the resonant frequency measured in Hertz (Hz). 

The parameter with the label WM1 and WM2 are the wattmeter for the primary side and secondary 

side respectively. They are both used to evaluate at both sides, the voltage input, voltage output, input 

current, output current, input power and output power of the system. The coil-to-coil efficiency is then 

calculated based on the input and output power. 
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4.3.4.2 FEM Analysis of the S-P Compensation Topology 

The finite element modelling analysis in Ansys Maxwell 3D for series-parallel compensation topology 

can be done by importing the reduced-order model (ROM) of the ferrite-core MRC model into circuit 

simulation environment just as the case with the S-S compensation topology. The ROM imported into 

the circuit environment is the already-solved model from the eddy current analysis. The equivalent 

circuit representation for the parallel-series topology in the Simplorer® simulation environment is 

shown in Figure 4.9. The ROM is shown in the square box with the brown and green coloured item. 

The example is a circular coil model imported into the Simplorer® circuit simulation environment. 

 

Figure 4.9: Simplorer® Maxwell ROM Design Implementation for S-P Compensation Topology 

The ROM imported into the circuit simulation environment carries along with the evaluated 

parameters like the self-inductance, mutual inductance, coupling factor and model conditions like 

airgap and misalignment. 

For an accurate generation of result from the circuit simulation, the appropriate parameters like the 

source voltages 𝑉𝑠 , intrinsic resistances and the appropriate capacitance for resonance are specified. 

𝑅𝑝(Ω), 𝑅𝑠(Ω), 𝑅𝐿(Ω) are the intrinsic resistance of the primary coil, intrinsic resistance of the 

secondary coil and the load resistance respectively. The values of 𝑅𝑝 and 𝑅𝑠 are normally evaluated 

during the eddy current analysis and are required to be manually specified before the circuit 

simulation to avoid runtime errors. 

𝐶𝑝(𝐹) and 𝐶𝑠(𝐹) are the primary compensation capacitance and secondary compensation capacitance 

respectively. They are mostly evaluated as a function of the self-inductance of the primary coil 

𝐿𝑝(𝐻) and self-inductance of the secondary coil 𝐿𝑠(𝐻) respectively. 

The primary capacitance and secondary capacitance in the circuit are given mathematically as: 
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𝐶𝑝 =

1

𝜔𝑜
2(1 − 𝑘2)𝐿𝑝

,         𝐶𝑠 =
1

𝜔𝑜
2 
𝐿𝑠

 
4.37 

The parameter 𝑘 is the coupling factor between the primary coil and the secondary coil while 𝜔𝑜
  is the 

angular resonant frequency of the WPT system model measured in rad/s and mathematically 

represented as 𝜔𝑜
 = 2𝜋𝑓𝑜, where 𝑓𝑜 is the resonant frequency measured in Hertz (Hz). The parameter 

with the label WM1 and WM2 are the wattmeter for the primary side and secondary side respectively. 

They are both used to evaluate at both sides, the voltage input, voltage output, input current, output 

current, input power and output power of the system. The coil-to-coil efficiency is then calculated 

based on the input and output power. 

4.4 Specification of Initial and Boundary Conditions. 

In order to accurately design the optimal inductive coil for wireless power transfer for an electric 

vehicle, there is a need to investigate the model designs of existing works of literature. The essence is 

to accurately specify the necessary boundary conditions and the distance between adjacent coils turns 

based on the number of coils turns in order to get result values close to the experimental results. The 

boundary conditions give the user a level of control on the characteristics of faces, planes or interfaces 

between objects in a particular system[177]. 

A test case for such validation is the system approach work of Lempidis et al[11] on Wired and Wireless 

charging of electric vehicles. 

From his work of literature[11] on the coil system with two circular coils, it was noted that the 

performance of the circular coils can be calculated analytically based on a set of equations. But, the 

mathematical equations for the behaviour and performance of other coil model systems are quite 

complex and very difficult to be calculated analytically. An easy approach is to use the Finite Element 

Modelling (FEM) method which can be numerically simulated and then validated with real inductive 

coils. The research work proposed by Lempidis et al[11] consists of three coil system designs which 

were validated by experiments. The three coil system designs are planar coil design, double D coil 

design and a combination of double D and solenoid coil design. 

4.4.1 Planar Coil Design Systems. 

The coil model employs the simplest system design with a pair of ring coils in the shape of an octagon.  

The octagon-shaped ring coils were modelled with a maximum diameter of 58cm separated by an 

airgap of 200mm. The physical dimensions of the octagon-shaped coil design indicating the number of 

turns and the cross-sectional diameter of the copper wire used are presented in Table 4.1. 
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Table 4.1: Physical Parameter Specification for the Planar Coil Designs. 

Table 4.2: Physical Parameter Measurement Value 

Diameter of Coil (D) 58cm 

Cross-section Diameter of Coil (d) 0.3cm 

Airgap between Coils (Z) 20cm 

Number of Coil turns (N) 8 

 

Based on the physical dimension presented in the proposed research work, the coil system was 

reproduced and designed in this research work using the ANSYS Electromagnetics software tool. The 

proposed planar coil design using ANSYS simulation software and the experimental design from the 

work of literature is shown in Figure 4.10 

 

Figure 4.10: Proposed FEM Simulation Design and Design of Planar Resonant Coils Taken from Literature  [11] 

One of the biggest challenges is the specification of the optimum boundary condition in order to get a 

value close to the experimental results. In addition, the appropriate specification of the distance 

between adjacent coil turns is highly essential in order to arrive at an accurate solution.  

In the reproduction of the published model design, an optimal value for the change of radius between 

adjacent coils was gotten as 1.5 times the cross-section diameter of the coils. For the case of model 

design, it is calculated mathematically as 1.5 x 0.3cm = 4.5cm.  

Based on the specified distance between adjacent coil turns, a parametric sweep of boundary volume 

was carried out in order to determine the optimum offset value of the boundary condition of the region 

that gives the minimum error difference with respect to the journal experimental results. The 

simulation results (Simulation) in this research, journal experimental results (Practical) and result 

variations (Error Difference) based on the parametric sweep of the boundary region offset 

specifications from 0 to 50 is shown in Table 4.3 
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Table 4.3: Comparison of FEM Simulated Result of Planar Resonant Coil Design with Experimental Result Taken from 
Literature. 

Parameters Boundary Region Offset 

10 20 30 40 50 

 
Primary 
Self-inductance 

Practical (μH) 133.27 133.27 133.27 133.27 133.27 

Simulation (μH) 129.11 135.02 138.25 139.23 140.67 

 Error Difference -3.2 % 1.3 % 3.6 % 4.3 % 5.3 % 

 
Secondary 
Self-inductance 

Practical (μH) 131.33 131.33 131.33 131.33 131.33 

Simulation (μH) 129.03 135.20 138.90 139.48 140.68 

 Error Difference -1.8 % 2.9 % 5.5 % 5.8 % 6.6 % 

 
Mutual  
Self-inductance 

Practical (μH) 23.65 23.65 23.65 23.65 23.65 

Simulation (μH) 17.15 21.11 23.25 24.45 25.39 

 Error Difference -37.9 % 12.0 % -1.7 % 3.3 % 6.9 % 

 
Coupling 
Coefficient 

Practical 0.18 0.18 0.18 0.18 0.18 

Simulation 0.133 0.156 0.168 0.175 0.180 

 Error Difference -35.4 % -15.2 % -7.3 % -2.6 % 0.3 % 

 

From the result obtained in Table 4.3, it is observed that simulated results at the region offset of 40 

and 50 gives the closest values of electrical parameters to the journal experimental results. 

At a region offset of 40, the maximum error obtained was 5.8% and the minimum error obtained was 

2.6%. For the region offset of 50, the maximum error obtained was 6.9 % while the minimum error 

obtained was 0.3%. The optimum offset region was chosen based on the region offset that gave the 

minimum value of maximum error. In this first case, the offset region of 40 was chosen because it has 

a maximum error value of 5.8% which is lower than 6.9% maximum error obtained using an offset 

value of 50. 

4.4.2 Double D Coil Design Systems. 

The coil model employs the simple system design using a pair of D-shaped coils for both the 

transmitter and receiver.  The D-shaped ring coils were modelled with a maximum diameter of 58cm 

separated by an airgap of 200mm. The physical dimensions of the D-shaped coil design indicating the 

number of turns and the cross-sectional diameter of the copper wire used are presented in Table 4.4. 

Table 4.4: Physical Parameter Specification for a Pair of Double-D Coil Designs. 

Physical Parameter Measurement Value 

Diameter of Coil (D) 58cm 

Cross-section Diameter of Coil (d) 0.3cm 

Airgap between pair of Coils (Z) 20cm 

Number of Coil turns of each D-shaped coil (N) 6 



114 

 

 

Based on the physical dimension presented in the proposed research work, the coil system was 

reproduced and designed in this research work using the ANSYS Electromagnetics software tool. The 

proposed double-D coil designs using ANSYS modelling software and the experimental design from the 

work of literature is shown in Figure 4.11[11] 

 

Figure 4.11: Proposed FEM Simulation Design and Physical Design of a Pair of Double-D Resonant Coils Taken from 
Literature[11] 

As applicable to the planar coil design, one of the biggest challenges is the specification of the optimum 

boundary condition in order to get a value close to the experimental results. In addition, the 

appropriate specification of the distance between adjacent coil turns is highly essential in order to 

arrive at an accurate solution.  

In the reproduction of the published model design, an optimal value for the change of radius between 

adjacent coils was gotten as 2 times the cross-section diameter of the coils. For the case of model 

design, it is calculated mathematically as: (2 x 0.3cm) = 0.60cm.  

Based on the specified distance between adjacent coil turns, a parametric sweep of boundary volume 

was carried out in order to determine the optimum offset value of the boundary condition of the region 

that gives the minimum error difference with respect to the journal experimental results. The 

simulation results (Simulation) in this research, journal experimental results (Practical) and result 

variations (Error Difference) based on the parametric sweep of the boundary region offset 

specifications from 0 to 50 are shown in Table 4.5. 
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Table 4.5: Comparison of FEM Simulated Result with Experimental Result for Double-D Resonant Coil Design Taken 
from Literature. 

Parameters Boundary Region Offset 

10 20 30 40 50 

 
Primary 
Self-inductance 

Practical (μH) 131.19 131.19 131.19 131.19 131.19 

Simulation (μH) 131.19 131.95 131.72 132.05 131.75 

 Error Difference -1.9 % -1.3 % -1.5 % -1.2 % -1.5 % 

 
Secondary 
Self-inductance 

Practical (μH) 130.44 130.44 130.44 130.44 130.44 

Simulation (μH) 131.56 131.83 131.75 132.07 131.78 

 Error Difference 0.9 % 1.1 % 1.0 % 1.2 % 1.0 % 

 
Mutual  
Self-inductance 

Practical (μH) 37.40 37.40 37.40 37.40 37.40 

Simulation (μH) 40.58 40.02 39.81 39.72 39.66 

 Error Difference 8.0 % 6.7 % 6.2 % 6.0 % 5.8 % 

 
Coupling 
Coefficient 

Practical 0.28 0.28 0.28 0.28 0.28 

Simulation 0.26 0.27 0.28 0.28 0.29 

 Error Difference -7.3 % -3.1 % -0.4 % 0.9 % 2.2 % 

 

From the result obtained in Table 4.5, it is observed that simulated results at the region offset of 40 

and 50 gives the closest values of circuit parameters to the journal experimental results. 

At a region offset of 40, the maximum error obtained was 6.0% and the minimum error obtained was 

0.9%. For the region offset of 50, the maximum error obtained was 5.8 % while the minimum error 

obtained was 1.0%. The optimum offset region in this scenario was chosen still chosen to be 40. The 

value was chosen based on the consistent error values that noted with offset region of 40. 

4.4.3 Double D and Solenoid Coils Combination Design. 

The coil model employs the simple system design using a pair of D-shaped coils for the transmitter, 

while a flux-pipe model design was used for the receiver.  The D-shaped ring coils were modelled with 

a maximum diameter of 58cm separated by an airgap of 200mm.  Similarly, the flux-pipe model design 

was modelled with a maximum length of 21cm at an airgap of 20omm. The physical dimensions of the 

D-shaped coil design and flux-pipe model design indicating the number of turns and the cross-sectional 

diameter of the copper wire used are presented in Table 4.6. 
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Table 4.6: Physical Parameter Specification for Double-D Coil and Solenoid Coil Designs. 

Physical Parameter Measurement Value 

Diameter of Double-D Coil (D) 58cm 

Cross-section Diameter of Coil (d) 0.3cm 

Airgap between Coils (Z) 20cm 

Number of Coil turns for Double-D Coil(N) 6 

Length of Solenoid Coil 21cm 

Number of Coil turns for Solenoid Coil 18 

 

Based on the physical dimension presented in the proposed research work, the coil system was 

reproduced and designed in this research work using the ANSYS Electromagnetics software tool. The 

proposed double-D coil designs using ANSYS modelling software and the experimental design from the 

work of literature is shown in Figure 4.11[11]. 

 

Figure 4.12: FEM Simulation Design and Physical Design of a Pair of Double-D and Solenoid Resonant Coils Taken 
from Literature[11] 

As applicable to the planar coil and Double-D designs, one of the biggest challenges is the specification 

of the optimum boundary condition in order to get a value close to the experimental results. In 

addition, the appropriate specification of the distance between adjacent coil turns is highly essential 

in order to arrive at an accurate solution.  

In the reproduction of the published model design for the flux-pipe design, an optimal value for the 

change of radius between adjacent coils was gotten as 2 times the cross-section diameter of the copper 

wire. For the case of model design, it is calculated mathematically as: (2 x 0.3cm) = 0.60cm.  
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Based on the specified distance between adjacent coil turns, a parametric sweep of boundary volume 

was carried out in order to determine the optimum offset value of the boundary condition of the region 

that gives the minimum error difference with respect to the journal experimental results. The 

simulation results (Simul.) in this research, journal experimental results (Pract.) and result variations 

(% Error) based on the parametric sweep of the boundary region offset (R_off) specifications from 0 

to 50 are shown in Table 4.7. 

Table 4.7: Comparison of FEM Simulated Result with Experimental Result for Double-D and Solenoid Resonant Coil 
Design Taken from Literature. 

Parameters Boundary Region Offset 

10 20 30 40 50 

 
Primary 
Self-inductance 

Practical (μH) 124.49 124.49 124.49 124.49 124.49 

Simulation (μH) 124.85 126.18 127.37 127.20 127.55 

 Error Difference 0.3 % 1.3 % 2.3 % 2.1 % 2.4 % 

 
Secondary 
Self-inductance 

Practical (μH) 126.47 126.47 126.47 126.47 126.47 

Simulation (μH) 103.86 117.29 124.91 128.67 131.01 

 Error Difference -21.8 % -7.8 % -1.2 % 1.7 % 3.5 % 

 
Mutual  
Self-inductance 

Practical (μH) 23.35 23.35 23.35 23.35 23.35 

Simulation (μH) 25.61 24.99 24.14 23.19 22.43 

 Error Difference 8.8 % 6.6 %  3.3 % -0.7 % -4.1 % 

 
Coupling 
Coefficient 

Practical 0.19 0.19 0.19 0.19 0.19 

Simulation 0.22 0.21 0.19 0.18 0.17 

 Error Difference 15.5 % 7.5 % 0.7 % -4.9 % -9.4 % 

 

From the result obtained in Table 4.7, it is observed that simulated results at the boundary region 

offset of 30 gives the closest values of electrical parameters to the journal experimental results with a 

maximum parameter error margin of 3.3% in the simulated results for the mutual inductance between 

the primary and secondary coil. Likewise, the boundary region offset gives a good value of circuit 

parameters to the journal experimental results with a maximum parameter error margin of 4.9%. 

Taking a critical analysis of the trend of results, it is observed that the boundary region off-set of 40 

gives a fairly constant and consistent value of circuit parameters with respect to the journal 

experimental result with not more than 6% error for all the three coil design systems.  

As a result, the boundary region off-set 40 was specified for Ansys FEM design and simulation for this 

research as well as the optimal formula for radius change between adjacent coil turns chosen for each 

of the model design specifications. The values were chosen for any appropriate design where it is 

applicable. 
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4.5 Validation of a Circular MRC Coil-to-Coil Design Model 

A circular loop resonant coil for wireless power transfer was designed proposed by Hyeon-Chang .S. 

et al [111]. They proposed about 10 sets of equations which were applied in the optimal design of the 

circular coil model. The optimal model design[111] was verified and validated with ADS software 

simulation for generic application at a resonant frequency of 13.56MHz.  

Their proposed research results, the values of 
𝜅

Γ
 were calculated against the same coil radius of the 

transmitter and receiver coils at the same time varying the cross-sectional radius of the coil at an 

airgap of 1.5m. 

Using the optimum initial and boundary conditions used for validation of research work of Lempidis 

[11], the Ansys simulation environment with an offset region of 40 together with Matlab mathematical 

software was used to validate their simulation results. The results obtained at coils’ resonant cross-

sectional radius of 1mm, 2mm, 3mm, 4mm and 10mm with a coil radius of 0.5m and my generated 

results are compared in Table 4.8. 

Table 4.8: Comparison of Simulation Results of  (k/Γ) for Different Values of Cross-Sectional Radius at 0.5m Coil 
Radius 

Coil Cross-sectional Radius 1mm 2mm 3mm 4mm 10mm 

 Values of 
𝜅

Γ
 (Journal Results[111]) 5.00 8.94 11.50 13.00 21.00 

 Values of 
𝜅

Γ
 ( Validation Design Model) 4.90 8.40 11.00 13.40 20.80 

 

From the results shown in Table 4.8, it is observed that the validation model design formulae agree 

with the journal results with a minimum error margin of 2% and a maximum error margin of 6%. 

A further result validation and comparison was undertaken for various values of 
𝜅

Γ
 for the various 

cross-sectional radius of 1mm, 2mm, 3mm, 4mm and 10mm at coil radius of 1m while still maintaining 

the 1.5m airgap and resonant frequency of 13.56MHz. The results are shown in Table 4.9. 

Table 4.9: Comparison of Simulation Results of (k/Γ) for Different Values of Cross-Sectional Radius at 1m Coil Radius 

Coil Cross-sectional Radius 1mm 2mm 3mm 4mm 10mm 

 Values of 
𝜅

Γ
 (Journal Results[111]) 13.00 16.00 18.00 18.97 21.50 

 Values of 
𝜅

Γ
 (Validation Design Model) 12.80 16.30 17.80 18.90 20.77 
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 It is observed that the proposed model design formulae agree with the journal results with a minimum 

error margin of 0.37% and a maximum error margin of 2%.  

Finally, optimal coil-to-coil efficiency values were simulated for a known resonant coil cross-sectional 

radius and circular radius while keeping the airgap at 1.5m and the resonant frequency at 13.56MHz. 

The results are compared in Table 4.10. 

Table 4.10: Comparison of Simulation Results of Efficiency Values for Different Values of Cross-Sectional and Circular 
Coil Radius. 

Coil Cross-sectional Radius 2mm 10mm 

Resonant Coils Circular Radius 0.9630m 0.6979m 

Efficiency Values (Coil-to-Coil [111]) 88.48% 91.91% 

Efficiency Values (Validation of Coil-to-Coil Design Model) 88.43% 91.89% 

 

From the results presented in Table 4.10, it is observed that the proposed coil-to-coil design model 

efficiency values agree with the efficiency values of the journal publications very closely. The minimum 

and maximum error margin were less than 1%. The overall WPT system efficiency is observed to have 

a significant difference with the coil-to-coil efficiency at small cross-sectional area due to the presence 

of the skin effects at high resonant frequencies. This explains the close efficiency values obtained with 

the coil at a higher cross-sectional area of 10mm. 

Thus, the use of the appropriate boundary offset, initial and boundary conditions and the specification 

of the distance between adjacent coils was justified as it gives a minimum accuracy value of 94%. 

4.6 Summary 

In this section, the selection of the optimal design algorithm was undertaken. The system-level 

engineering and simulation-based design were adopted because of the low cost and the ability to 

create good prototypes within a short period. The method involves specifying the model parameters 

using practical engineering data and then simulating the design using simulation software. The final 

optimized model can then be developed into a prototype based on modelling specifications used in the 

simulation. 

 A numerical method known as finite element modelling approach was applied in this research using 

Ansys Maxwell 3D modelling and simulation software. FEM as a numerical method is employed 

because it can easily handle very complex geometry involving an infinite degree of freedom cutting 

across a wide range of engineering problems like dynamics, solid mechanics, fluids, heat problems, 

electrostatic problems, and electromagnetic field problems. In addition, FEM can be used to analyze 
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and solve engineering problems containing indeterminate structures and complex loading of point 

loads, element loads, and time or frequency-dependent loading. 

The circuit analysis of the FEM design involves the performance analysis of the model in terms of 

power output, power input, and coil-to-coil-efficiency of the coils. The circuit performance is evaluated 

at resonance with a particular compensation scheme. The analysis can be evaluated in two ways: the 

mathematical analysis and the Reduced Order Model analysis (ROM). Some set of equations were 

presented for evaluation of input power, output power, efficiency and appropriate capacitance for the 

optimum performance of the model coil designs. 

An optimal initial and boundary conditions were selected and were validated by replicating and 

simulating published model designs. The experimental models of Lempidis[11] and Hyeon-Chang .S. 

et al [111] were replicated and simulated using a parametric sweep of initial and boundary conditions. 

From the simulation result presented, the boundary region off-set 40 was specified for Ansys FEM 

design and simulation for this research.  For circular model designs, the appropriate distance between 

adjacent coils was evaluated as 1.5 times the value of the cross-sectional diameter of the copper wire 

used. Similarly, for flux-pipe designs, the appropriate distance between adjacent coils was evaluated 

as twice the value of the cross-sectional diameter of the copper wire used. 

From the simulation results obtained, it was noted that my modelling methodology was within an error 

margin of ± 6% of all the experimental models reported in the work of literature and will be used for 

all my design optimizations and simulations. 
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CHAPTER 5 Selection and Analysis of Coil Models  

5.1 Introduction 

The electromagnetic Resonance-based WPT technology is known for its high power transfer efficiency 

in many electrical and electronic application including the charging of electric vehicles. The technology 

is known for quick charging and optimal transmission of power through frequency control. The 

frequency control is essential in order to lower the losses because of low magnetic coupling. The 

technology can be used for both dynamic and static charging of an electric vehicle. The electromagnetic 

resonance-based WPT technology normally employs the use of capacitors connected to both the 

secondary and primary coils to compensate for the flux leakage because of large airgap due to the 

divergent nature of the electromagnetic flux. The resultant LC circuit employs a phenomenon known 

as resonance to enable the efficient transfer of power at a particular resonant frequency. 

According to Chun Qiu et al [70], there are basically two types of magnetic resonance-based WPT 

method- the low frequency and high-frequency magnetic resonance-based WPT method. The low-

frequency method normally operates under a resonant frequency of 200 kHz while employing the use 

of a ferrite core to boost the magnetic coupling between the resonant coils. On the other hand, the high-

frequency method operates with a frequency higher than 1Mz without the need for the ferrite core. 

The proposed optimal WPT designs, modelled in this chapter employed the use of the ferrite core, low-

frequency MRC-based method for wireless charging of EVs. Designing an optimal resonant coil with 

high coupling coefficient involves altering the physical shape of a length of wire around a ferrite core 

within a confined physical space. Three common model designs were analyzed in this chapter to 

ascertain their individual performance characteristics with respect to variation in airgap, lateral 

displacement, longitudinal displacement, power output, coil-to-coil efficiencies, and efficiencies under 

different types and level of misalignment. 

5.2 Selection of Proposed Coil Topology and Design Specification 

According to the work of Kurschner .D. et al[128], At constant Q-factor, if the coil diameter (D) is 

greater than twice the length of the airgap (Z), the PTE of the resonant coils will be greater than 80%. 

With the coil diameter (D) greater than four times the length of the airgap, a PTE of close to 90% can 

be achieved. Similarly, with the appropriate consideration for safety regulation, Lempidis [11] 

proposed that the range of airgap for most electric vehicles should be from 11cm to 20cm.  

Adopting the maximum airgap of 20cm, in order to achieve a PTE between 80% and 90%, resonant 

coils of diameter ranging from 40cm to 80cm will be required. With due consideration for safety 

requirements and the width of most EVs, an arbitrary diameter corresponding to the 25th percentile of 

the 40cm-80cm diameter range was used in this research. As a result, the coil design specifications 

were limited to the maximum length of 50cm. In order not to go beyond the maximum diameter of 

50cm, a Litz copper coil length of 15.4m was used for the coil design. 
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Starting with the modelling of three simple coil designs of circular, rectangular and flux-pipe models, 

the appropriate coils were designed and created. The physical design parameters of the three design 

are illustrated in Table 5.1 

Table 5.1: Table of Parameter Specifications for Simple Coil Designs 

Parameter Flux-Pipe Model  Circular Model Rectangular Model 

Length of Copper Wire  15.4m 15.4m 15.4m 

Airgap  200 mm 200 mm 200 mm 

Thickness of Coil Wire 6 mm 6 mm 6 mm 

Dimension of Coils 
Width: 297 mm Inner Diameter: 286 mm Inner Length: 286 mm 

Length: 312 mm Outer Diameter: 500 mm Outer Length: 500 mm 

Number of Coil Turns (N) 26 12 12 

Core Thickness 12 mm 5 mm 5 mm 

Dimension of Ferrite Core 
Width: 283 mm Width: 508 mm Width: 508 mm 

Length: 385 mm Length: 508 mm Length: 508 mm 

Shield Thickness 1.5 mm 1.5 mm 1.5 mm 

Dimension of Shield 
Width: 337 mm Width: 548 mm Width: 548 mm 

Length: 427 mm Length: 548 mm Length: 548 mm 

 

Based on the parameter specification of each of the resonant coil models, appropriate design for each 

model was built in the Ansys Electronic Desktop environment and it is illustrated in Figure 5.1. 

 

Figure 5.1: The Different Coil Design Topologies.  (a) The Circular Resonant Coil Design (b) The Rectangular Resonant 
Coil. (c) The Flux Pipe Resonant Coil Design 
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5.3 Magnetostatic Analysis of Resonant Coils 

As discussed in chapter 4, the magnetostatic analysis employs a matrix calculation in order to solve 

the magnetic field. When the field solution is stopped, derived quantities from the magnetic field 

solutions like inductances, coupling factor and magnetic flux density are calculated as the output 

parameters.  

As discussed in the literature, the ferrite core was incorporated for each of the individual coil design 

in order to boost and concentrate the magnetic field to give a stronger coupling, higher self-inductance, 

and higher mutual inductance. In order to validate the importance of a ferrite core in coil designs, an 

initial magnetostatic analysis was performed on each of the coil designs in the absence of a ferrite core 

and the results were evaluated. The circuit parameters for circular coils, rectangular coils, and flux-

pipe coil model in the absence of ferrite core were evaluated at an excitation current of 50 A and the 

results are presented in Table 5.2. 

Table 5.2: Evaluated Circuit Parameters for Coil Model Designs without Ferrite Cores 

Parameter 
Circular Coil 

Design 
Rectangular 
Coil Design 

Flux-Pipe  Coil 
Design 

Excitation Current (A) 50  50  50  

Airgap (mm) 200 200 200 

Primary Self-Inductance, 𝐿𝑝 62.69 µH 74.83 µH 13.10 µH 

Secondary Self-Inductance, 𝐿𝑠 59.86 µH 71.36 µH 12.78 µH 

Mutual Self-Inductance, 𝐿𝑚 6.11 µH 7.49 µH 0.12 µH 

Coupling Coefficient, 𝑘 0.100 0.103 0.009 

 

Similarly, the circuit parameters for circular coils, rectangular coils, and flux-pipe coil model in the 

presence of the ferrite core were calculated and presented in Table 5.3. 

Evaluating the results in Table 5.2 and Table 5.3, it is observed that the inductances and coupling 

strength increases significantly with the presence of ferrite core, when compared with coil designs 

without ferrite cores. The positive impact of the ferrite core is more noticeable with the flux-pipe coil 

design. 

The circular coil and rectangular coil have similar mutual inductance but differ significantly in the 

value in their respective coupling coefficient and self-inductances. Similarly, the flux-pipe model has a 

significantly higher coupling coefficient, mutual inductance and self-inductances than the circular and 

rectangular coil models. The initial values of simulation results agree with reports from most work of 

literature. 

 



124 

 

Table 5.3: Evaluated Circuit Parameters Coil Model Designs with Ferrite Cores 

Parameter 
Circular Coil 

Design 
Rectangular 
Coil Design 

Flux-Pipe  Coil 
Design 

Excitation Current (A) 50  50  50  

Airgap (mm) 200 200 200 

Primary Self-Inductance, 𝐿𝑝 124.69 µH 136.84 µH 287.09 µH 

Secondary Self-Inductance, 𝐿𝑠 124.56 µH 136.84 µH 286.98 µH 

Mutual Self-Inductance, 𝐿𝑚 23.01 µH 23.48 µH 91.22 µH 

Coupling Coefficient, 𝑘 0.184 0.171 0.318 

 

The increase in the inductances and coupling factor for the flux-pipe coil design is as a result of the 

increase in wire turns and coil area. The high number of coil-turns create a high amount of magnetic 

field at a particular excitation current and because the coils are tightly wound on the ferrite core to 

create a larger cross-sectional area, there is less opposition to the creation of magnetic flux for a fixed 

amount of amp-turns. 

For the next series of simulations, the magnetic flux density distribution and coupling factor for the 

circular coils, rectangular coils and flux-pipe coils was analysed under the magnetostatic analysis by 

performing a parametric sweep of excitation currents, misalignment and airgap variations of each coil 

designs. 

5.3.1 Magnetic Flux Density Distribution in Ferrite Cores 

The ferrite core magnetostatic simulations are based on the static magnetic field. The simulation is 

necessary to ensure the WPT system operates in the linear mode and does not go into saturation. This 

is because a given magnetic material of a specific size can only withstand a certain level of magnetic 

energy.  

The magnetostatic simulations will help in the investigation of the optimal level of power and current 

the core of each coil design models can withstand before going into saturation. This involves ramping 

up the excitation current until the ferrite core enters the saturation mode using a parametric sweep. 

Thus the maximum current can be obtained in the linear mode. 
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Figure 5.2: The B-H Curve for FDK 6H40 Ferrite Core 

The ferrite core material used in the modelling of the three coil designs is the power ferrite FDK 6H40 

produced by FDK Incorporation[178]. The standard material characteristics are illustrated in 

appendix 2A. From the technical data sheet published by the manufacturer, the magnetic saturation of 

the selected FDK 8H40 is 0.43 T. The B-H curve of the ferrite core is illustrated in Figure 5.2. 

The external electric field strength is directly related to the value of the excitation current in the coil 

windings. For efficient and effective performance of the ferrite core material, the external excitation 

current must fall within the linear region of the BH curve.  

 Using the appropriate initial and boundary conditions, finite element analysis was implemented on 

the three coil designs at an excitation current of 50 A.  The magnetic flux distribution in the ferrite core 

material for the circular, rectangular and flux-pipe model coils is illustrated in Figure 5.3. 
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Figure 5.3: Magnetic Flux Distribution in Coil Designs at Excitation Current of 50 A. 

The simulation result presented in Figure 5.3 was implemented at an airgap of 200 mm. From the 

magnetic flux distribution shown, it is noted that at the excitation current of 50 A, all the three coil 

designs have a magnetic flux distribution of less than 0.35 T, which falls below the saturation limit of 

0.43 T. For each of the resonant coil models the maximum values of the flux density distribution is 

concentrated around the middle of the coil windings. This is an indication that the electric field 

strength is maximum at those regions. 

In order to ascertain the maximum current each of the three models can withstand before going into 

saturation, the three model designs were subjected to a parametric sweep of excitation currents from 

0 A to 100A at different airgaps of 150 mm and 200 mm. The performance result of the coil designs at 

150 mm and 200 mm are shown in Figure 5.4. 
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Figure 5.4: Magnetic Flux Distribution in Ferrite Cores with Variation in Excitation Current. (a) Flux Distribution at 
150mm Airgap. (b) Flux Distribution at 200mm Airgap 

It is noted that for all the model coil designs, an increase in the airgap leads to a decrease in the 

magnetic flux distribution for a given excitation current. For example, at 50 A, the magnetic flux 

distribution in the core of the flux pipe coil was 0.32 T and 0.29 T at 150 mm and 200 mm airgap 

respectively. Similarly, the circular and rectangular model showed similar performance of 0.09 T and 

0.07 T at the same excitation current of 50 A at airgaps of 150 mm and 200 mm respectively. 

It was also noted that the cores of the circular and rectangular coils can withstand an excitation current 

of up to 100 A without getting saturated while the flux pipe core can only withstand an excitation 

current of 85 A at 150 mm airgap and an excitation current of 100 A at 200 mm airgap. The low-

performance output of the flux-pipe core is because of more ampere-turns on the core when compared 

with the core of the circular and rectangular coils. 
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It is also noted for the flux pipe coil model that, as the magnetic flux density distribution begins to show 

unpredictable values, as it gets closer to the saturation point of 0.43 T. For most practical design, it is 

advisable to operate the coil model designs at most 10 % lower than the saturation limit. 

In summary, the circular and rectangular coil models can withstand higher current excitations than 

the flux-pipe coil model.  

5.4 Parametric Analysis of the Resonant Coil Designs 

Before the optimization of these existing simple designs, there was, need to perform a parametric 

sweep analysis of each coil design based on the variation of the airgap, lateral misalignment, and 

longitudinal misalignment. The 3- dimensional positional parameters of the secondary coils were 

varied along the x, y and z coordinate systems.  

 

Figure 5.5: 3-Dimensional Positional Arrangement for Airgap, Lateral Misalignment, and Longitudinal Misalignment. 

The parametric sweep along the x-axis corresponds to the lateral misalignment (green line), the 

parametric sweep along the y-axis corresponds to the longitudinal misalignment (the blue line), while 

the airgap variation is done through a parametric sweep along the z-axis (red line). This is illustrated 

diagrammatically in Figure 5.5. 

5.4.1 Performance Analysis of Lateral Misalignment of Resonant Coils  

This parametric analysis is performed by varying the position of the secondary coil along the x-axis 

and the value of the coupling coefficient measured based on each unit displacement of the coil along 

that axis. The three resonant coil design was subjected to a lateral displacement of between 0 to 

300mm (30cm) with a step increase of 10mm. The variation in the coupling coefficient for each unit 

increase in lateral displacement along the x-axis is shown in Figure 5.6. 
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Figure 5.6: Lateral Misalignment Parametric Analysis of Resonant Coils 

From the result shown in Figure 5.6, it is noted that the circular and rectangular coil designs offer 

similar performance characteristics with respect to each unit lateral displacement of the secondary 

coils. They have the lowest coupling coefficient of 0.02 and 0.01 at 300 mm lateral displacement while 

showing a strong coupling coefficient of close to 0.23 at no lateral misalignment. The result is expected 

due to the similarity in shape with almost the same inner and outer diameter. On the other hand, the 

flux-pipe model coil offers the best performance having a high coupling coefficient of 0.15 at 30cm 

displacement. This is more than 7 times the value of the coupling coefficient for the rectangular and 

circular coils. In addition, a coupling coefficient of 0.33 at no displacement is a significant improvement 

when compared with the other two coils. 

The performance characteristics are expected due to the strength of the magnetic field based on the 

physical configuration of each coil designs. The magnetic field strength at a range of specific lateral 

misalignments is illustrated in Figure 5.7. 
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Figure 5.7: Magnetic Field Distribution around Coil Designs at Different Lateral Misalignment 

The flux-pipe coil design is shown to have a stronger magnetic field strength when compared with the 

circular and rectangular coil designs. The higher coupling noticed with the flux-pipe coil is because of 

stronger magnetic fields at the edges and fringe of the ferrite core, which easily couples with the 

secondary coil. The interesting phenomenon is illustrated in Figure 5.7. Thus, the fringe magnetic fields 

are responsible for the higher coupling strength with increase in misalignment when compared with 

the circular and rectangular coils. As a result, a greater amount of magnetic flux reaches the secondary 

coils, thus, responsible for the stronger magnetic coupling. 

5.4.2 Performance Analysis of Longitudinal Misalignment of Resonant Coils  

This parametric analysis is performed by varying the position of the secondary coil along the y-axis 

and the value of the coupling coefficient is evaluated based on each unit displacement of the coil along 

that axis. The three resonant coil designs were subjected to longitudinal displacement of between 0 to 

300mm. The variation of the coupling coefficient for each unit increase in longitudinal displacement 

along the y-axis is shown in Figure 5.8. 
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Figure 5.8: Longitudinal Misalignment Parametric Analysis of Resonant Coils 

From the result shown in Figure 5.8, it is noted that the circular and rectangular coil designs offer 

similar performance characteristics with respect to each unit displacement of the secondary coils, 

having the lowest coupling coefficient of 0.020 and 0.025 at 300 mm lateral displacement while 

showing a coupling coefficient of close to 0.23 at no longitudinal misalignment. The result is expected 

due to the similarity in shape with almost the same inner and outer diameter as well as the symmetry 

of the coils on both the x-axis and the y-axis.  

 

Figure 5.9: Magnetic Field Distribution around Coil Designs at Different Longitudinal Misalignment 
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On the other hand, the flux pipe coil offers the best performance having a high coupling coefficient of 

0.13 at 300 mm displacement. This is more than 7 times the value of the coupling coefficient for the 

rectangular and circular coils. In addition, a coupling coefficient of 0.33 at no displacement is 

significant compared with the other two coils. The higher coupling noticed with the flux-pipe coil is 

because of stronger magnetic fields at the edges and fringe of the ferrite core, which easily couples 

with the secondary coil. The interesting phenomenon is illustrated in Figure 5.9. Thus, the fringe 

magnetic fields are responsible for the higher coupling strength with increase in misalignment when 

compared with the circular and rectangular coils. 

Comparing the results in Figure 5.9 with Figure 5.7, it is noted that though the flux-pipe design has the 

same zero misalignments, the coupling strength at 300 mm lateral misalignment is higher than the 

coupling strength at 300 longitudinal misalignments. This is because the magnetic field distribution at 

the edges and fringe of the copper turns is higher than that obtained at the edges and fringes of the 

ferrite core. The higher magnetic field distribution is because of coil turns which translates to higher 

ampere-turns. 

5.4.3 Performance Analysis of Resonant Coils with Variation in Airgap 

This parametric analysis is performed by varying the position of the secondary coil along the z-axis 

and the value of the coupling coefficient is measured based on each unit displacement of the coil along 

that axis.  

 

Figure 5.10: Airgap Variation Parametric Analysis of Resonant Coils 
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The three resonant coil design was subjected to longitudinal displacement of between 110mm to 

250mm. The variation of the coupling coefficient for each unit increase in airgap variation along the z-

axis is shown in Figure 5.10. 

From the result shown in Figure 5.10, it is noted that the circular and rectangular coil designs offer 

similar performance characteristics with respect to each unit vertical displacement of the secondary 

coils. The circular and rectangular also showed the lowest coupling coefficient of 0.15 at 250 mm 

airgap while showing a strong coupling coefficient of close to 0.46 and 0.47 at airgap of 110 mm 

respectively. The result was expected due to the similarity in shape with almost the same inner and 

outer diameter. On the other hand, the flux-pipe coil offers a slightly better performance having a high 

coupling coefficient of 0.24 at 250 mm airgap. This is almost 60% increase in the value of the coupling 

coefficient of the rectangular and circular coils. In addition, a coupling coefficient of 0.53 at 11cm 

airgap is a significant improvement in relation to the rectangular coil design and the circular coil at 

that airgap. 

 

Figure 5.11: Magnetic Field Distribution around Coil Designs at Different Airgaps 

The increase in the coupling strength with a decrease in the airgap is because of the capacity of the 

secondary coil of each coil designs to capture more leakage magnetic field with closer proximity to the 

primary coil. Magnetic fields do not travel in a straight line but in a curved manner and do radiate as 

they travel further from the source. Thus, the closer the receiver coil to the transmitter coil, the higher 

the number of useful magnetic flux lines that are coupled with the secondary coil. 
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From the three parametric analysis of the three coils, it was noted that the flux-pipe coil model offers 

the overall best performance for all the cases analyzed. As a result, it will be appropriate to investigate 

a further improvement of flux-pipe model coils in terms of it coupling coefficient while using the same 

length of copper wire for the coils as well as maintaining the same surface area and thickness of the 

aluminium shield and the ferrite core. 

5.5 Further Analysis of Conventional Flux-Pipe Topology 

The flux-pipe resonant coil design is modelled by winding a piece of copper wire around a ferrite bar 

in order to provide the shape shown in Figure 5.1(c). For a constant length of copper wire, there are 

many ways of generating the length and width dimension of the coil. The initial starting point is to 

model the core such that the length and the breadth are almost equal, and the flux-pipe model was 

denoted as the reference model (Ref Model). Then the width and length are modified in order to 

generate different shape geometries of different length and breadth. A typical shape and dimension 

parameters of a flux-pipe resonant coil is illustrated in Figure 5.12. 

 

Figure 5.12: Dimension Parameters Specification of the Flux-Pipe Resonant Coil Model 

For the sake of fair comparisons and analysis, the various materials used for the modelling of different 

flux-pipe geometries will have the same length and thickness of copper wire, the same area (by 

changing the length and width in Figure 5.12) and thickness of ferrite bar and the same thickness and 

area of the shielding sheet. For the model design, a copper wire of length 15.4m with a cross-sectional 

diameter of 6mm was used. For the ferrite core, the thickness of the core was 12mm with an area of 

0.109m2. Likewise, an aluminium shield of 1.5mm thickness with an area of 0.142 m2 was used. 
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In the creation of the different geometric dimensions and sizes from the basic shape shown in Figure 

5.12, a parameter known as Coil dimension factor (𝐾𝑑𝑓) was applied to create 5 different dimensional 

models by varying the coil length (𝐷𝐿𝑦) and coil width (𝐷𝐿𝑥).  The coil dimension factor (𝐾𝑑𝑓) is given 

mathematically as  

 𝐾𝑑𝑓 = 2
𝐷𝐿𝑦

𝐷𝐿𝑥
  5.1 

The numerical value of 2 is the constant evaluated as the optimum distance between adjacent coil 

turns. The various dimension of the models showing the number of coil turns, values of the coil 

dimension factor and other parameters are illustrated in Table 5.4. 

Table 5.4: Model Designs of Flux-Pipe Topology with Variation in Length and Width 

Parameter Model 1 Model 2 Model Ref Model 3 Model 4 

Coil Dimension Factor (𝐾𝑑𝑓) 0.34 0.64 1.05 1.46 1.94 

Width of Coils (𝐷𝐿𝑦) 552mm 386mm 297mm 257mm 227mm 

Length of Coils (𝐷𝐿𝑥) 168mm 240mm 312mm 360mm 408mm 

Number of Coil Turns (N) 14 20 26 30 34 

Width of Ferrite Core 538mm 372mm 283mm 243mm 213mm 

Length of Ferrite Core  203mm 293mm 385mm 448mm 511mm 

Width of Aluminum Shield 592mm 426mm 337mm 297mm 267mm 

Length of Aluminum Shield 239mm 332mm 425mm 477mm 530mm 

 

Since the surface areas of the coil, ferrite core and aluminium shield are each maintained at their own 

set constant value across the five models, an increase in the width of any of the components requires 

a corresponding decrease in the length for the same component. The resulting finite element model 

designs and physical representation in Ansys simulation environment are presented in Figure 5.13.  
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Figure 5.13: Physical Design Variations of Proposed Flux-Pipe Resonant Coil 

The ferrite core used in the modelling of the flux-pipe resonant coil topology was employed to improve 

the coil permeability to the magnetic flux and increase the self-inductance and mutual inductance of 

the coils. But there is a limit to the magnitude of the flux that can be produced for a particular type of 

core material and a further increase in excitation current will not produce a further increase in 

magnetic flux intensity. In effect, the ferrite core of the coil becomes magnetically saturated.  

As discussed in chapter 4, the magnetostatic analysis employs a matrix calculation in order to solve 

the magnetic field. When the field solution is stopped, derived quantities from the magnetic field 

solutions like inductances, coupling factor and magnetic flux density are calculated as the output 

parameters. With respect to the Model 1, Model 2, Model Ref, Model 3, and Model 4 flux-pipe coil model, 

the coil circuit parameters were calculated and illustrated in Table Table 5.5. 

Table 5.5: Evaluated Circuit Parameters for Flux-Pipe Resonant Coil Models 

Parameter Model 1 Model 2 Model Ref Model 3 Model 4 

Coil Dimension Factor (𝐾𝑑𝑓) 0.34 0.64 1.05 1.46 1.94 

Excitation Current (A) 50  50  50  50  50  

Airgap (mm) 200 200 200 200 200 

Primary Self-Inductance, 𝐿𝑝(µH) 132.20 205.87 289.06  356.24 458.45 

Secondary Self-Inductance, 𝐿𝑠 (µH) 132.26 206.02 289.42 356.15 457.00 

Mutual Inductance, 𝐿𝑚 (µH) 16.97 40.11 77.00  120.07 186.14 

Coupling Coefficient, 𝑘 0.128 0.195 0.266 0.337 0.406 

 

The value of the coil dimension factor has a very strong relationship with the value of self-inductance, 

mutual inductance and the coupling coefficient. As the values of the coil dimension factor increases, 

the coupling factor, mutual inductance, and the self-inductance of each of the flux-pipe model 

increases. It is also pertinent to note that the coil dimension factor is also strongly related to the 
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number of coil turns. Thus, in order to design a flux-pipe resonant with a high value of coupling 

coefficient and self-inductance, the coil dimension factor must be selected to be greater than 1. 

For the next series of simulations, the magnetic flux density distribution and coupling factor for the 

circular coils, rectangular coils and flux-pipe coils was analysed under the magnetostatic analysis by 

performing a parametric sweep of excitation currents, misalignment and airgap variations of each coil 

designs 

5.6 Magnetic Flux Distribution for Flux-Pipe Resonant Coil Designs 

Using the appropriate initial and boundary conditions, finite element analysis was performed on the 

five flux-pipe model designs at an excitation current of 50 A.  The magnetic flux distribution in the 

ferrite core material for model 1, model 2, model Ref, model 3 and model 4 is illustrated in Figure 5.14. 

 

Figure 5.14: Magnetic Flux Distribution in Ferrite Cores for Flux-Pipe Resonant Coils 

The simulation result presented in Figure 5.14 implemented at an airgap of 200 mm. From the 

magnetic flux distribution shown, it is noted that at the excitation current of 50 A, the magnetic flux 

density increases with an increase in the number of turns. It is noted that ferrite core of model 1, model 

2, Ref model, model 3 and model 4 has a maximum flux density of 0.14 T, 0.18 T, 0.30 T, 0.33 T and 

0.43 T respectively. For each of the flux-pipe resonant coil models, the maximum values of the flux-

density distribution are concentrated around the middle of the coil windings. This is an indication that 

the electric field strength is maximum at those regions 

A magnetostatic analysis was carried out on the five model designs to determine the magnitude of 

excitation current that will lead to magnetic saturation for each individual ferrite core of the flux-pipe 

models. This is achieved by subjecting the various models to a parametric sweep of steady-state 
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current while measuring the value of the magnetic flux density for each step increase in steady-state 

current. As a result, the five model designs were subjected to a parametric sweep of excitation currents 

from 0 A to 100A at different airgaps of 150 mm and 200 mm. The performance results of the flux-pipe 

model designs at 150 mm and 200 mm are shown in Figure 5.15. 

 

Figure 5.15: Variation of Magnetic Flux Density with Current Excitation. (a) Variations at Airgap of 150mm. (b) 
Variations at Airgap of 200mm 

From the result shown in Figure 5.15 in conjunction with Table 5.4, it can be surmised that an increase 

in the number of turns causes a corresponding increase in the value of ampere-turns thereby reducing 

the amount of the current required to drive the ferrite core to magnetic saturation. Also, it is noted that 

the coil model with a smaller number of coil turn require a higher magnitude of current to drive the 

core into magnetic saturation while the coil model with the highest number of coil turns requires the 

lowest magnitude of current to drive its core into saturation. For example, Model 1 with 14 number of 

turns can withstand an excitation current at 100 A at both airgap settings of 150mm and 200mm 

without attaining the saturation limit of the core. This is in contrast with Model 4 with 34 number of 
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turns which can only withstand a maximum current of 45 A at 150mm airgap and 50 A at 200mm 

airgap. 

5.7 Parametric Analysis of Flux-Pipe Resonant Coil Designs 

Initial finite element analysis of the five models to ascertain their coupling strength performance under 

lateral, longitudinal misalignment as well as airgap variation was performed. The secondary coil 3-

dimensional positional measurement parameters are varied along the x, y and z coordinate systems. 

The parametric sweep along the x-axis corresponds to the lateral misalignment (green line), the 

parametric sweep along the y-axis corresponds to the longitudinal misalignment (the blue line), while 

the airgap variation is done through a parametric sweep along the z-axis (red line). This is illustrated 

diagrammatically in Figure 5.5. 

5.7.1  Lateral Misalignment Performance of Flux-Pipe Resonant Coils  

This parametric analysis for the lateral misalignment was performed by varying the position of the 

secondary coil along the x-axis and the value of the coupling coefficient was evaluated based on each 

unit displacement of the coil along that axis.  

 

Figure 5.16: Lateral Misalignment Parametric Analysis of Flux-Pipe Resonant Coils. 

The five model resonant coil designs were subjected to a lateral displacement of between 0 to 300mm 

(30cm) with a step increase of 10mm (1cm). The variation of the coupling coefficient for each unit 

increase in lateral displacement along the X-axis is shown in Figure 5.16. 
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From the result shown in Figure 5.16, it is noted that an increase in the number of turns improves the 

misalignment performance at any particular value of lateral misalignment. For example, Model 1 with 

14 number of coils has the least coupling coefficient of 0.10 at the lateral misalignment of 300 mm. 

Similarly, Model 4 with 34 number of turns has the highest coupling coefficient of 0.23 at lateral 

misalignment of 300 mm. The same trend was also noted at zero misalignments. Model 1 with 14 

number of coils has the least coupling coefficient of 0.16 at zero lateral misalignments while Model 4 

with 34 number of turns has the highest coupling coefficient of 0.47 at zero lateral misalignments. 

Thus, it can be concluded that a flux-pipe WPT model with more number of turns has a better lateral 

misalignment performance when compared with the similar model configuration with a lesser number 

of turns. 

5.7.2 Longitudinal Misalignment Performance of Flux-Pipe Resonant Coils 

The analysis for the longitudinal misalignment was performed by varying the position of the secondary 

coil along the y-axis and the value of the coupling coefficient was evaluated based on each unit 

displacement of the coil along that axis. The three resonant coil design was subjected to a longitudinal 

displacement of between 0 to 300mm. The variation of the coupling coefficient for each unit increase 

in longitudinal displacement along the y-axis is shown in Figure 5.17. 

 

Figure 5.17: Longitudinal Misalignment Parametric Analysis of Flux-Pipe Resonant Coils 

From the result shown in Figure 5.17, it is noted that an increase in the number of turns improves the 

longitudinal misalignment performance at any particular value of longitudinal misalignment. For 

example, Model 1 with 14 number of coils has the least coupling coefficient of 0.05 at lateral 
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misalignment of 300 mm. Similarly, Model 4 with 34 number of turns has the highest coupling 

coefficient of 0.26 at lateral misalignment of 300 mm.   

The same trend was also noted at zero misalignments. Model 1 with 14 number of coils has the least 

coupling coefficient of 0.16 at zero lateral misalignments while Model 4 with 34 number of turns has 

the highest coupling coefficient of 0.47 at zero lateral misalignments. Thus, it can be concluded that a 

flux-pipe WPT model with more number of turns has a better longitudinal misalignment performance 

when compared with the similar model configuration with less number of turns.  

Comparing the results obtained for the longitudinal misalignment analysis with the results obtained 

for the lateral misalignment analysis, it can be concluded that flux-pipe resonant coil with  𝐾𝑑𝑓 less 

than 1 has a better magnetic coupling for each unit displacement when subjected to lateral 

misalignment than when subjected to longitudinal misalignment. Similarly, a flux-pipe resonant coil 

with  𝐾𝑑𝑓 greater than 1 has a better magnetic coupling for each unit displacement when subjected to 

longitudinal misalignment than when subjected to lateral misalignment. 

5.7.3 Performance of Flux-Pipe Resonant Coils under Airgap Variation 

The performance analysis for airgap variation was undertaken by varying the position of the secondary 

coil along the Z-axis and the value of the coupling coefficient measured based on each unit 

displacement of the coil along that axis. The five flux-pipe resonant coil designs were subjected to 

vertical displacement of between 110mm to 250mm.  

 

Figure 5.18: Airgap Variation Parametric Analysis of Flux-Pipe Resonant Coils 
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The variation of the coupling coefficient for each unit increase in airgap along the Z-axis is shown in 

Figure 5.18. From the result shown in Figure 5.18, it is noted that an increase in the number of turns 

improves coupling performance at any particular value of airgap. For example, Model 1 with 14 

number of coils has the least coupling coefficient of 0.10 at airgap of 250 mm. Similarly, Model 4 with 

34 number of turns has the highest coupling coefficient of 0.40 at airgap of 250 mm.   

The same trend was also noted at zero misalignments. Model 1 with 14 number of turns has the least 

coupling coefficient of 0.35 at airgap of 110 mm while Model 4 with 34 number of turns has the highest 

coupling coefficient of 0.67 at airgap of 110 mm. It is important to note that a strong coupling factor of 

0.5 was obtained at an airgap of 120 mm for Model Ref, 150 mm for Model 3 and 190mm for Model 4. 

Thus, it can be concluded that a flux-pipe WPT model with more number of turns has a better 

performance at larger airgap when compared with the similar model configuration with less number 

of turns. 

Model 4 has the highest magnetic coupling under all the parametric analyses. Thus, Model 4 with 34 

number of turns gives the optimal design and will be used for eddy current and circuit analyses with 

the circular and rectangular model designs. 

5.8 Eddy Current Analysis of Resonant Coils 

As discussed in chapter 4, the eddy current analysis is performed to identify and ascertain the level of 

losses in the coil system. There are basically three types of losses present in a resonant coil system: the 

ohmic losses, eddy current losses and core losses. The ohmic losses are losses as a result of the 

resistance in the coil windings, eddy current losses are losses that occur at the shield plates as a result 

of magnetic flux leakages while core losses are losses in the ferrite core as a result of the magnetization 

and demagnetization of the core due to the high-frequency alternating current. 

The first analysis performed was to ascertain the level of losses in each coil designs as a result of 

operating the WPT system for a level 2 power ratings of 8 kW as defined by SAE J1772 regulations. The 

initial evaluation of the losses for each of the coil design is undertaken by injecting an excitation 

current of 32 A in the coil windings at a resonant frequency of 85 kHz. The resonant frequency of 85 

kHz was chosen because it is the operating frequency proposed by SAE J2954 task force for 

interoperability of different WPT charging systems.  The results of the analyses are presented in Table 

5.6. 
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Table 5.6: Coil Parameters and Loss Evaluation of Resonant Coil for 8 kW Power Application 

Parameter Circular Coil Rectangular Coil Flux-Pipe  Coil 

Airgap 200 mm 200 mm 200 mm 

Primary Self-Inductance, 𝐿𝑝 124.69 µH 136.84 µH 357.88 µH 

Secondary Self-Inductance, 𝐿𝑠 124.56 µH 136.84 µH 357.02 µH 

Coupling Coefficient, 𝑘 0.184 0.171 0.385 

Ohmic Losses 42 W 62 W 179 W 

Core Losses  8 W 8 W 493 W 

Eddy Current Losses 11 W 20 W 105 W 

Total Power Losses 61 W 90 W 777 W 

 

For such medium power application, it is noted that the flux-pipe coil model has a significant power 

loss of more than 10 times of the power losses in the circular model under the same circuit operation. 

The circular coil has a higher coupling coefficient and lower losses when compared with the 

rectangular coil. Despite the high power losses in the flux-pipe coil, it is observed that the self-

inductance and coupling coefficient is more than twice the values obtained in either of the circular and 

rectangular coils. 

 

Figure 5.19: Losses in Coil Models due to Variation in Excitation Current. (a) Core Losses. (b) Eddy Current Losses (c) 
Ohmic Losses 
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The second analysis was then performed to ascertain the level of losses in each coil designs as a result 

of an increase in excitation currents. This was achieved by injecting a parametric sweep of excitation 

currents into the coil windings at high operating frequency (like 85 kHz) and the losses for each value 

of excitation current was evaluated. The results of the analyses are presented in Figure 5.19. 

From the results presented in Figure 5.19, it is noted that there is a gradual increase in the three types 

of losses with an increase in current for all the models analysed. The circular and rectangular coils 

have similar performance due to their similarity in shape having relatively the same amount of losses 

with losses in the rectangular coils slightly higher. Model 4 of the flux-pipe model has the highest 

amount of losses for the three losses analysed at each value of current. This expected because of the 

high number of ampere-turns in the flux-pipe model as a result of the higher number of turn ratios and 

the presence of double flux on each side of the core. The presence of high losses in the system 

significantly impacts on the efficiency and power output. For most practical applications, the current 

is reduced which leads to low power output.  

Similarly, a frequency response of the various coil models was performed by varying the frequency at 

a fixed excitation current (typically 32 A for an 8 kW WPT system). The losses encountered over the 

range of frequencies from 5 kHz to 100 kHz are illustrated in Figure 5.20. 

 

Figure 5.20: Losses in Coil Models due to Variation in Frequency. (a) Core Losses. (b) Eddy Current Losses (c) Ohmic 
Losses 
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From the results presented in Figure 5.20, the ohmic losses and eddy current losses are relatively 

constant over a range of frequency above the threshold frequency (around 10kHz).  

But, there is a significant increase in core losses with an increase in frequency for all the three models. 

The higher the rate of magnetization/demagnetization of the ferrite core, the higher the core losses. 

As a result, most practical designs are operated at low frequencies to limit the amount of eddy current 

losses in the system. 

5.9 Circuit Analysis of Resonant Coils 

In the circuit analysis, the performance of the coil designs in terms of coil-to-coil efficiency and power 

output is evaluated. The parameters required for accurate analysis are obtained from the eddy current 

analysis solution. The required parameters for the three model coils at an adaptive frequency of 85 

kHz are presented in Table 5.7. 

Table 5.7: Circuit Parameters of Resonant Coils from Eddy Current Solution 

Parameter 
Circular Coil 

Design 
Rectangular 
Coil Design 

Flux-Pipe  Coil 
Design 

Airgap 200 mm 200 mm 200 mm 

Adaptive Frequency 85 kHz 85 kHz 85 kHz 

Primary Self-Inductance, 𝐿𝑝 124.69 µH 136.84 µH 357.88 µH 

Secondary Self-Inductance, 𝐿𝑠 124.56 µH 136.84 µH 357.02 µH 

Mutual Self-Inductance, 𝐿𝑚 23.01 µH 23.48 µH 137.44 µH 

Coupling Coefficient, 𝑘 0.184 0.171 0.385 

Primary Intrinsic Resistance 𝑅𝑝 20.57 𝑚 Ω 30.17 mΩ 84.39 mΩ 

Secondary Intrinsic Resistance, 𝑅𝑠 20.52 mΩ 30.27 mΩ 85.95 mΩ 

 

The values of the intrinsic resistance for each coil model is proportional to the ohmic losses presented 

in Table 5.6. The flux-pipe model has the largest value of intrinsic resistance, which corresponds, with 

having the largest amount of ohmic losses.  
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Figure 5.21: Relationship between Maximum efficiency and the Parameter 𝑘√𝑄𝑝𝑠 over a range of Frequencies. 

Based on the parameters obtained in Table 5.7, the relationship between maximum efficiency 𝜂𝑚𝑎𝑥 

and the parameter 𝑘√𝑄𝑝𝑠 over a range of frequencies from 5 kHz to 100 kHz was evaluated using 

equation 4.34 and the graph presented in Figure 5.21. 

Based on the result presented in Figure 5.21, it is noted that increases in resonant frequencies 

positively impact on the maximum efficiency of the coil. While the rectangular and circular coil showed 

similar performance characteristics, the flux-pipe model has a better performance over each step 

increase in frequency. From the result presented in Figure 5.21, an optimum resonant frequency of 40 

kHz was adopted for the model 4 flux-pipe model while optimum resonant frequencies of 85 kHz and 

100 kHz was adopted for the circular coil and rectangular coil respectively. 

For the flux-pipe model, the maximum efficiency achievable at 40 kHz is 99.22%. Similarly, the circular 

coil can achieve maximum efficiency of 99.31% at the optimum efficiency of 85 kHz while the 

rectangular coil can achieve maximum efficiency of 99.28%. 

For most practical designs, the optimum efficiency and power transferred are dependent on the value 

of the load resistance. This is because maximum power can be transferred at a particular load, but not 

at the maximum efficiency for that load. In order to obtain the optimum efficiency for a particular load 

resistance, a parametric sweep of load resistance is performed and the values of the efficiency and 

power output evaluated. The result of this analysis for S-S compensation topology and S-P 

compensation topology is presented in the next two sections. 
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5.9.1 Impact of Load Resistance for S-S Compensation Topology. 

In order to determine the impact of load resistance on the power transfer efficiency and the power 

output, a parametric sweep of load resistance at the selected resonant frequencies for each model coils 

was undertaken and the power transfer efficiency and power output was evaluated and calculated. For 

this research, the range of load resistance analysed was from 10Ω to 300Ω. The results are presented 

in Figure 5.22. 

 

Figure 5.22: Effect of Load Resistance on the Performance of Resonant Coils for S-S Compensation Topology. (a) Effect 
on Efficiency. (b) Effect on Power Output. 
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The optimum values of efficiency and power output for each model coil designs do not correspond to 

a particular value load resistance. For example, the circular coil model achieved a maximum efficiency 

of 98.48% at a load resistance of 20Ω with an output power of 11.40 kW while maximum power of 

19.82kW was transferred at a load resistance of 60Ω at an efficiency of 96.65%. A similar trend was 

observed for the rectangular coil design and model 4 flux-pipe design. But generally, after the optimum 

values of the efficiencies and output power was attained for each model coil designs, a further increase 

in the load resistance leads to a corresponding decrease in both the power output and efficiency. 

For practical design implementation, there is always a trade-off between power output and efficiencies 

depending on the critical requirements for the system operations. Generally, for a wireless power 

transfer system, the power transfer efficiency is the most important parameter. Thus, for the proposed 

coil designs, a load resistance of 20Ω was selected as the optimum load resistance. The overall system 

performance for a load resistance of 20Ω is listed and summarized in Table 5.8. 

Table 5.8: Summary of Performance Characteristics of Resonant Coil Models. 

Parameters 

S-S Configuration 

Circular Coil Rectangular Coil Model 4 

Resonant Frequency 85 kHz 100 kHz 40 kHz 

k√Qps 288 278 252 

Input Voltage 300 V 300 V 300 V 

Output Voltage 478 V 403 V 397 V 

Load Resistance 20 Ω 20 Ω 20 Ω 

Input Current 39.27 A 27.69 A 13.75 A 

Output Current 23.88 A 20.17 A 9.93 A 

Input Power 11.58 kW 8.26kW 4.00 kW 

Output Power 11.40 kW 8.13 kW 3.94 kW 

Total Power Losses 180 W 130 W 60 W 

Coil-to-Coil Efficiency 98.85% 98.47% 98.44 % 

 

From the summary of results presented in Table 5.8, it is noted that there is a strong relationship 

between the term 𝑘√𝑄𝑝𝑠  , the coil-to-coil efficiency and the power output of resonant coils. The 

circular coil with the highest value of 𝑘√𝑄𝑝𝑠  has the highest efficiency and power output. Similarly, 

the model 4 flux-pipe coils with the lowest value of 𝑘√𝑄𝑝𝑠 has the lowest efficiency and power output.  

In order to establish the performance of each coil models based on the SAE J2954 standard under a 

series-series compensation topology, each coil performance was evaluated at a resonant frequency of 

85 kHz with a load resistance of 20 Ω. The result of the simulation is presented in Table 5.9. 
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Table 5.9: Performance Characteristics of Resonant Coil Models Based on SAE J2954 standard for the S-S 
Compensation Topology. 

Parameters 

S-S Configuration 

Circular Coil Rectangular Coil Model 4 

Resonant Frequency 85 kHz 85 kHz 85 kHz 

k√Qps 288 237 527 

Input Voltage 300 V 300 V 300 V 

Output Voltage 478 V 463 V 201 V 

Load Resistance 20 Ω 20 Ω 20 Ω 

Input Current 39.27 A 37.57 A 3.62 A 

Output Current 23.88 A 23.15 A 5.38 A 

Input Power 11.58 kW 10.95 kW 1.09 kW 

Output Power 11.40 kW 10.72 kW 1.08  kW 

Total Power Losses 180 W 230 W 10 W 

Coil-to-Coil Efficiency 98.85 % 97.86 % 99.14 % 

 

From the result presented in Table 5.9, it is observed that the rectangular and circular coil are capable 

of high bidirectional WPT of over 10 kW at efficiencies above 97 %.  These results agree with the 

submission of many researchers presented in the course of the literature review. In contrast, at 85 kHz, 

the power output of the flux-pipe model dropped below 1 kW and the efficiency increase by less than 

0.5 % despite doubling the value of k√Qps.  The poor performance is because of the relatively constant 

value of maximum efficiency above a particular threshold frequency. For the flux-pipe model, the 

threshold frequency was 50 kHz as illustrated in Figure 5.21. 

5.9.2 Impact of Load Resistance in S-P Compensation Topology. 

In order to determine the impact of load resistance on the power transfer efficiency and the power 

output, a parametric sweep of load resistance at the selected resonant frequencies for each model coils 

was undertaken and the power transfer efficiency and power output was evaluated and calculated. For 

the S-P compensation circuit design, the range of load resistance analysed was from 10Ω to 300Ω just 

like the case of the S-S compensation topology. The results are presented in Figure 5.23. 
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Figure 5.23: Effect of Load Resistance on the Performance of Resonant Coils for S-P Compensation Topology (a) Effect 
on Efficiency. (b) Effect on Power Output. 

 

For the S-P compensation topology, there is an inverse relationship between the power transferred 

and the power transfer efficiency. For all the coil model designs, there was an increase in the power 

transfer efficiency as the value of the load resistance. This is in contrast to the performance obtained 

in relation to the power output. It is noted that an increase in load resistance leads to a corresponding 

decrease in power output.  
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Due to this inverse relationship, the selection of the appropriate load resistance is dependent on the 

type of application. If the system design is aimed at high power transferred, increasing the load 

resistance is the most viable option. Also, if the system requirement is aimed at high power transfer 

efficiency, using a small load resistance would be the most appropriate design.  

For practical design implementation, there is always a trade-off between power output and efficiencies 

depending on the critical requirements for the system operations. Generally, for a wireless power 

transfer system, the power transfer efficiency is the most important parameter. Thus, for the proposed 

coil designs employing the S-P compensation topology, a load resistance of 200Ω was selected as the 

optimum load resistance. The overall system performance for a load resistance of 200Ω is listed and 

summarized in Table 5.10. 

Table 5.10: Performance Characteristics of Resonant Coil Models for the S-P Compensation Configuration 

Parameters 

S-P Configuration 

Circular Coil Rectangular Coil Model 4 

Resonant Frequency 85 kHz 100 kHz 40 kHz 

k√Qps 288 278 252 

Input Voltage 300 V 300 V 300 V 

Output Voltage 1604 V 1718 V 819 V 

Load Resistance 200 Ω 200 Ω 200 Ω 

Input Current 43.59 A 50.18 A 11.38 A 

Output Current 8.02 A  8.60A  4.10A 

Input Power 13.08 kW 15.05 kW 3.41 kW 

Output Power 12.88 kW 14.77 kW 3.36 kW 

Total Power Losses 200 W 280 W 50 W 

Coil-to-Coil Efficiency 98.40 % 98.17 % 98.47 % 

 

From the results presented in Table 5.10, it is noted that the circular and rectangular coil model have 

similar characteristics due to the similarity in their shapes with the circular coil having a slightly higher 

performance is efficiency while the rectangular coil has a higher performance in the amount of power 

output. The model 4 coil has similar efficiency value with the circular coil but at a lower power output 

due to the limitations already discussed in details in the literature- the double flux problem. 

It is important to note that the S-P compensation comes with high output voltages for all the three 

model analysed. This is because of the high voltage build-up in the secondary compensating capacitor 

𝐶𝑝 as shown in Figure 4.9. Since the load resistance 𝑅𝐿 is connected in parallel with the compensation 

capacitor, both have the same voltage across them. As a result, the load resistance 𝑅𝐿 needs to be large 

in order to limit the amount of current flowing in the load to a practical level. 
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From the summary of results presented in Table 5.10, it is also noted that there is a strong relationship 

between the term 𝑘√𝑄𝑝𝑠  , the coil-to-coil efficiency and the power output of resonant coils. The 

circular coil with the highest value of 𝑘√𝑄𝑝𝑠  has the best performance. Similarly, the model 4 with the 

lowest value of 𝑘√𝑄𝑝𝑠 has the lowest circuit performance. 

Similarly, in order to establish the performance of each coil models based on the SAE J2954 standard 

under a series-parallel compensation topology, each coil performance was evaluated at a resonant 

frequency of 85 kHz with a load resistance of 200 Ω. The result of the simulation is presented in Table 

5.11. 

 Table 5.11: Performance Characteristics of Resonant Coil Models Based on SAE J2954 standard for S-P Compensation 
Configuration 

Parameters 

S-P Configuration 

Circular Coil Rectangular Coil Model 4 

Resonant Frequency 85 kHz 85 kHz 85 kHz 

k√Qps 288 237 527 

Input Voltage 300 V 300 V 300 V 

Output Voltage 1604 V 1692 V 819 V 

Load Resistance 200 Ω 200 Ω 200 Ω 

Input Current 43.59 A 50.23 A 11.31 A 

Output Current 8.02 A  8.60A  4.10A 

Input Power 13.08 kW 15.07 kW 3.39 kW 

Output Power 12.88 kW 14.78 kW 3.36 kW 

Total Power Losses 200 W 290 W 30 W 

Coil-to-Coil Efficiency 98.40 % 98.08 % 98.96 % 

 

From the result presented in Table 5.11, it is observed that the rectangular and circular coil are capable 

of transmitting high power of over 12 kW at efficiencies above 98 %.  These results agree with the 

submission of many researchers presented in the course of the literature review. Similarly, at 85 kHz, 

the power output of the flux-pipe model remains relatively constant at above 3 kW and the efficiency 

increase by more than 0.4 % despite doubling the value of k√Qps.  The good performance of the flux-

pipe coil model is as a result of the good performance characteristics of the S-P compensation topology. 

The rectangular and circular coil design can be used for unidirectional high power application above 

11 kW. In contrast, the flux-pipe resonant coil model is well suited for low power application. But the 

model can be improved for high power application for both the unidirectional and bidirectional WPT 

operations. 
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5.9.3 Impact of Misalignment on the Efficiency of Coil Designs. 

From the previous two sections, the optimum values of resonant frequencies and load resistance for 

each coil model designs were presented for coil designs at airgap of 200mm with no misalignment. For 

most practical applications, there are possibilities of misalignment in the course of operation of the 

wireless coil designs. In order to ascertain the impact of coil misalignment on the efficiencies of each 

of the coil designs, each of the secondary coil of the coil models was subjected to a level of lateral and 

longitudinal misalignments at a fixed airgap of 200 mm and the efficiency of the coil system was 

evaluated. 

The efficiency performance for the S-S compensation topology for each of the coil model is presented 

in Figure 5.24. At 150 mm lateral and longitudinal misalignment, the circular and rectangular coil 

designs efficiencies dropped significantly, but the model 4 flux-pipe design still maintains high 

efficiency. Similarly, at 300 mm lateral and longitudinal misalignment, the coil-to-coil efficiencies of 

the circular and rectangular coil systems are almost zero. This is in contrast with the efficiency values 

of the model 4 flux-pipe coil which maintains coil-to-coil efficiency of above 85%.  

 

Figure 5.24: Misalignment Performance of Resonant Coil Designs for S-S Compensation Topology 

Similarly, the efficiency performance for the S-P compensation topology for each of the coil model is 

presented in Figure 5.25.  
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Figure 5.25: Misalignment Performance of Resonant Coil Designs for S-P Compensation Topology. 

At 150 mm lateral and longitudinal misalignment, the circular and the flux-pipe model coil designs’ 

displayed similar performance characteristics, but the rectangular col design efficiency dropped 

slightly. Similarly, at 300 mm lateral and longitudinal misalignment, the coil-to-coil efficiencies of the 

circular and rectangular coil systems were almost zero as obtained in the S-S compensation topology. 

This is in contrast with the efficiency values of the flux-pipe coil which maintains coil-to-coil efficiency 

of above 80%.  

The results obtained and presented in this chapter from all the performance analyses of the three coil 

designs further confirms all the reports presented in the literature reviews. The performance analysis 

results obtained for coupling coefficient, misalignment, power output and efficiencies of the circular, 

rectangular and flux-pipe models all agree with reported work of literature. 

5.10 Summary 

In this chapter, three common coil designs were modelled and analysed to ascertain their individual 

performances. The coil designs are circular, rectangular and flux-pipe model resonant coils. Using a 

coil dimension factor of 1 for the flux-pipe model, the three coil models were subjected to 

magnetostatic analysis, eddy current and circuit analysis. 

In the magnetostatic analysis, the three models were subjected to a parametric analysis to ascertain 

their current saturation limits and magnetic coupling under various misalignments. From the results 

presented, the circular coil, rectangular coil model Ref flux pipe models can withstand up to an 

excitation current of 100 A without their respective ferrite cores going into saturation. Similarly, for 

each of the resonant coil models, the maximum values of the flux-density distribution are concentrated 

around the middle of the coil windings. This is an indication that the electric field strength is maximum 

at those regions. 
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Similarly, from the results presented for the misalignment performance and variation of the airgap, it 

was observed that the flux pipe model displayed the best performance for all the misalignment tests 

performed. It was further noted that enhanced performance can be obtained with the flux-pipe by 

remodelling the coil design for a greater number of turns based on the increase in the coil dimension 

factor. The consequence of the increase in the coil-turns causes a corresponding decrease in the path 

of the magnetic field flux resulting in less opposition to the creation of that flux for any fixed amount 

of amp-turns. 

The enhanced version of the flux-pipe coil design, together with the circular coil and rectangular coil 

models were subjected to eddy current analysis to ascertain the level of losses present in the coil model 

systems for various values of current and frequencies. Three types of losses were identified for each 

of the coil models- the ohmic losses, eddy current losses and core losses. It was noted that the three 

categories of losses increase with an increase in excitation current; with a flux-pipe model having the 

highest amount of losses. Similarly, it was noted that for low-frequency range typically from 10kHz to 

100kHz, the ohmic and eddy current losses was relatively constant while the core losses increase with 

an increase in frequency. The flux-pipe model was noted to have the highest amount of losses over the 

range of frequencies analysed. 

From the overall loss results presented for the eddy current analyses, it is noted that core losses 

increase logarithmically with an increase in frequency and exponentially with an increase in excitation 

current. It is also noted that the ohmic losses in the system increase logarithmically with an increase 

in the current while the eddy current losses increase exponentially with an increase in frequency. 

The circuit analysis was carried out to ascertain the coil-to-coil efficiencies and power output for each 

of the coil models under different compensation schemes. From the results obtained and presented, it 

was observed that the power output and coil-to-coil efficiency of resonant coil models is strongly 

related to the individual value of 𝑘√𝑄𝑝𝑠 of the coils. The higher the value of  𝑘√𝑄𝑝𝑠 , the higher the 

values of efficiency and power transferred. It was noted that the circular coil with the highest value of 

𝑘√𝑄𝑝𝑠 showed the best performance while the flux-pipe model with the least value of 𝑘√𝑄𝑝𝑠 has the 

least performance for both the S-S and S-P compensation scheme adopted. The major factor 

responsible for the low value of 𝑘√𝑄𝑝𝑠  in the flux-pipe model are the high values of the intrinsic 

resistances of the coils due to a high number of coil turns. 

Performance evaluation of the resonant coil designs for application based on the on SAE J2954 

standard was undertaken for both series-series and series-parallel compensation topology. It was 

observed that the rectangular and circular coil designs are capable of bidirectional power transfer of 

above 8 kW at load resistance of 20 Ω at coil-to-coil efficiency of above 98% while the flux-pipe model 

is incapable of bidirectional power transfer of up to 1 kW despite doubling the value of 𝑘√𝑄𝑝𝑠 at the 

same load resistance of 20 Ω. In contrast, the flux-pipe is capable of transferring more than 3 kW of 
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power under the S-P compensation topology at more than 98 % efficiency with a load resistance of 20 

Ω. The circular and rectangular coil models were observed to have the capability of transferring more 

than 11 kW of power at more than 98 % efficiency in using S-P compensation scheme for the same load 

resistance. Thus, rectangular and circular coil models are capable of wireless power transfer above 8 

kW for both the S-S and S-P compensation scheme while the flux-pipe model is capable of wireless 

power transfer of more than 3 kW using the S-P compensation topology.  

Finally, the three model coil designs were subjected to lateral and longitudinal misalignment condition 

by displacing the secondary coils for each model by 150 mm and 300 mm respectively along the x-axis 

and y-axis. The evaluated efficiencies obtained at this level of misalignment was presented. It was 

noted that the rectangular coil and circular coil models were able to achieve an efficiency of 70% and 

above for a longitudinal and lateral misalignment of 150 mm while their efficiencies dropped to almost 

zero for the misalignment of 300 mm for both the S-S and S-P compensation scheme. Alternatively, the 

flux-pipe model design displayed the best performance with a minimum of 80% efficiency for all the 

misalignment analysis for both the S-S and S-P compensation schemes. 

The next chapter will focus on optimal modelling of the flux-pipe model for higher values of 𝑘√𝑄𝑝𝑠 and 

a significant increase in power output and efficiency for static and dynamic bidirectional wireless 

power transfer. 
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CHAPTER 6 Design Optimization of Flux-Pipe Model 

6.1 Introduction 

In this section, further improvement of the flux-pipe resonant coil was undertaken. With the results 

presented in chapter 5, it was noted that the Model 4 of the flux-pipe resonant coil has higher 

significant ohmic losses, eddy current losses and core losses when compared with the circular coil and 

rectangular coil topology. The presence of these losses was majorly responsible for the relatively low 

power output in the flux-pipe model in relation to the other two models.  

The optimization of Model 4 flux-pipe resonant coil is achieved by selecting an appropriate shielding 

material based on published mathematical equations for eddy current losses. Similarly, appropriate 

equations for the ohmic losses and core losses was presented. From the mathematical analysis of these 

loss equations, the physical dimension and shape of Model 4 was modified to minimize these losses 

and improves the power output. 

Two optimized flux-pipe models were created with one model adapted for static charging operations 

while the second model was designed for dynamic charging operations. Performance analysis of the 

two models in addition to a hybrid version of the two was carried out to ascertain the level of trade-

off and improvements with respect to the traditional flux-pipe resonant coil. 

6.2 Performance Limitation of Traditional Flux Pipe Design 

A typical flux-pipe resonant coil is designed by tightly wrapping a coil of wire around a ferrite core.  

 

Figure 6.1: Magnetic Field around a Flux-pipe Resonant Coil 

Whenever an electric current runs through the wire, a strong magnetic field is created, whose direction 

is dependent on the direction of the current governed by the right-hand grip rule. A typical illustration 

of the magnetic field around a flux-pipe resonant coil is illustrated in Figure 6.1. When the input current 

is an alternating current, a rotating magnetic field is generated around the conductor. If a second flux-
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pipe coil (secondary coil) is placed above the first flux-pipe coil, an emf is induced based on Faraday’s 

law of electromagnetic induction. Because of the low permeability of air, only a partial coupling of the 

magnetic field occurs with the secondary coil. A significant portion of the magnetic field is leaked to 

air. The ratio of the coupled magnetic field to the total magnetic field can be described by the coupling 

factor “k” of the system. For the flux-pipe resonant coil design, there is the presence of an almost equal 

amount of magnetic flux at the upper and lower sides of the coil. The scenario is illustrated in Figure 

6.2. 

 

Figure 6.2: Magnetic Flux Distribution around an Unshielded Flux-Pipe Resonant Coil 

As discussed in the literature, the major setback responsible for the low adoption of the Flux-pipe 

resonant coil topology for use in WPT application is the presence of a significant amount of “non-

useful” flux with respect to the amount of useful flux in the system.  

 The “non-useful” flux is responsible for the majority of the eddy current losses on the aluminium shield 

plates. The importance of using the shielding plate has been discussed extensively in section 2.14.3. 

The essence of using a shield plate is to either absorb or reflect the non-useful flux and it is illustrated 

in Figure 6.3. For this particular case of aluminium which is a conductive material, shielding of the 

electromagnetic field is achieved by reflection of the non-useful flux. 
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Figure 6.3: Magnetic Flux Distribution around Shielded Flux-Pipe Resonant Coils 

Likewise, there is the presence of two additional losses present in the WPT system; the ohmic losses 

of the copper coil and the core loss in the ferrite core used in boosting the magnetic flux of the flux-

pipe coil. 

6.3 Governing Equations for Losses in Flux-Pipe Resonant Coil System 

The ohmic losses in the coil winding are given mathematically by[19][179]; 

 𝑃𝑜ℎ𝑚𝑖𝑐 = 𝐼2𝑅𝑎𝑐 6.1 

Where I (A) is the current in the coil windings and 𝑅𝑎𝑐  is the A.C resistance of the coil windings 

consisting of D.C resistance and resistance due to the skin and proximity effect[19]. Optimal design to 

significantly reduce the ohmic losses in the copper windings will involve the reduction of either the 

current or the total A.C resistance of the coil or both. 

Similarly, the power loss in the ferrite core can be expressed mathematically as[131]: 

 𝑃𝑐𝑜𝑟𝑒 = 𝐶𝑚𝑓𝛼𝐵𝑚𝑎𝑥
𝛽  

 6.2 

Where 𝐶𝑚, α and 𝛽 are constants which are dependent on the grade and properties of the ferrite core 

used. For the FDK 6H40 ferrite core used for this research, the values of the constants are  𝐶𝑚 = 

2.0312, α = 1.418, and β = 2.755[131]. f is the resonant frequency (Hz) and Bmax (T) is the 

maximum magnetic flux density in the core. Optimal design with low amount core losses will require 

a significant reduction of the amount of magnetic flux density as well as the resonant frequency at high 

current. 
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According to P. P. Parthasaradhy and S. V Ranganayakulu [180], the power loss per unit mass of a thin 

sheet due to eddy current under certain conditions of uniform material and magnetic field with no skin 

and proximity effect is given by; 

 
𝑃𝑒𝑑𝑑𝑦 =

𝜋2 · 𝐵2
𝑚𝑎𝑥
 

· 𝑑2 · 𝑓2

6 · 𝜌 · 𝐷
 

6.3 

Where 𝑃𝑒𝑑𝑑𝑦 is the eddy current power loss per unit mass (W/kg), d is the thickness of the shielding 

sheet (m), 𝜌 is the resistivity of the material (Ω m) and D is the density of the material (kg/m3). From 

the equation given above, it can be observed that using a material with higher resistivity and density 

reduces the amount of eddy current per unit mass in the shielding plate for a fixed value of  𝐵𝑚𝑎𝑥
 . Also, 

it is observed that an increase in the magnetic flux, sheet thickness and resonant frequency increases 

the eddy current losses. Similarly, the thickness d of the shielding sheet is kept as small as possible in 

order to further reduce the eddy current power losses. 

In order to maintain a very high power transfer efficiency (PTE) of the coil, another important factor 

known as the quality factor must be increased, it is given mathematically as[16]: 

 
Q =

2𝜋𝑓𝐿

𝑅
 

6.4 

Where f  is the resonant frequency of the resonator circuit, R is the coil intrinsic resistance and L is the 

self-inductance of the resonant coil. This indicates the ratio of inductive properties of the coil to its 

resistive properties A greater value of Q indicates more inductances and less electrical resistance of 

the coils i.e. less electrical power losses in the coils. The quality factor can be increased by increasing 

the resonant frequency but it leads to higher losses in the power electronic components while 

increasing the self-inductance of the coil will likely increase the intrinsic resistance of the coil, thus, 

there should be a trade-off to ensure that the intrinsic resistance of the coil is as low as possible. 

For a typical flux-pipe resonant coil, there are three areas of optimization- the coil winding, the ferrite 

core geometry and the selection of appropriate shield material based on equation 6.3 in order to 

achieve strong coupled, low loss, higher power and higher PTE of resonant coils. 

6.4 Optimal Selection of Shielding Material 

In the traditional flux-pipe model topology as well as other resonant coil topologies, Aluminium metal 

sheet is usually used for the shielding of electromagnetic flux[11], [131], [134]. On this aspect, there is 

a need to proffer another alternative to Aluminium as a shield based on equation 6.4. There are two 

types of shielding materials commonly used for WPT systems: conductive shield materials and 

magnetic shield materials. The use of these different materials comes with different forms of losses.  
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Three common conductive metal used for shielding of electromagnetic fields are copper, and 

aluminium Using equation 6.3, the eddy current losses per unit mass 𝑃𝑒𝑑𝑑𝑦 was calculated for the two 

conductive metals as a function of 𝐵𝑚𝑎𝑥
  and frequency. The results are presented in Table 6.1. 

Table 6.1: Eddy Current Loss per unit mass for Different types of Conductive Shields 

Parameters Aluminium Copper 

Thickness of Shield d (m) 0.0015 0.0015 

Density of Material D 

(kg/m3) 

2700 8900 

Resistivity of Material  ρ (Ω 

m)  

2.82E-08 1.68E-

08 𝑃𝑒𝑑𝑑𝑦  (W/kg) 19.70 10.03 

  

From the results presented in Table 6.1, it is noted that the eddy current losses in copper are less than 

twice the losses in aluminium. In addition, copper not reactive to concrete or lime-bearing cement. 

Since the governing equation 6.3 do not cover the eddy current losses that occurs in magnetic shields, 

an eddy current finite element analysis of common conductive and magnetic shields was undertaken 

using the flux-pipe Model Ref design for a typical 8 kW system with an excitation current of 32 A. The 

impact of the different types of conductive and magnetic shielding materials on self-inductance, 

coupling coefficient, ohmic losses, eddy current losses and core losses are illustrated in Table 6.2. 

Table 6.2: Performance Characteristics of Flux-Pipe Resonant Coils with Different Shield Materials 

 Conductive Shields Magnetic Shields 

 Aluminium  

Coils 

Copper  Mumetal Electrical Steel  

Primary Self-Inductance, 𝐿𝑝 215.00 µH 214.99 µH 532.66 µH 712.04 µH 

Secondary Self-Inductance, 𝐿𝑠 212.23 µH 212.23 µH 527.33 µH 699.46 µH 

Coupling Coefficient, 𝑘 0.255 0.255 0.096 0.064 

Ohmic Losses 131W 98 W 1169 W 483 W 

Core Losses 40W 40 W 195 W 575 W 

Eddy Current Losses 62 W 41 W 1083 W 294 W 

Total Power Losses 233 W 179 W 2, 447 W 1,352 W 

 

The use of magnetic shields (Mumetal and electrical steel) has a significant impact on the self-

inductance, coupling coefficient and power losses in a ferrite-cored WPT system.  The use of such type 

of shielding material causes a significant drop in the magnetic coupling coefficient of between coils 

despite a massive increase in the self-inductance of each coil. This is because the magnetic shields offer 

a significantly lower reluctance path for both the useful and non-useful magnetic fluxes which limits 

the amount of fluxes leaves the primary coil and couples with the secondary coil. As a result of 

excessive fluxes in the magnetic shield, there is an excess amount of power losses in the system which 

is proportional to the permeability of the magnetic material. Because of the higher permeability 
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capability of Mumetal in relation to electrical steel, Mumetal has a higher amount of power losses than 

that in electrical steel. 

For conductive shields, the values of the self-inductance, coupling coefficient and core losses are the 

same irrespective of the material used. But the type of shielding material used has an impact on the 

eddy current losses and ohmic losses. The reduction in the eddy current losses in the copper shield is 

due to the higher density and resistivity when compared with aluminium which agrees to an extent 

with results presented in Table 6.1. Similarly, the use of copper material shield leads to over 23% 

reduction in total power losses when compared with the losses obtained for aluminium. Due to the 

lower loss output, copper was chosen as the optimum shield component for this research.   

The losses commonly encountered in WPT systems employing either conductive or magnetic materials 

as shields for flux-pipe resonant coils are listed in Figure 6.4 

 

Figure 6.4: Common Losses encountered in WPT Systems with Conductive and Magnetic Shield. 

From the information shown in Figure 6.4, it is noted that there is the presence of core losses in the 

magnetic shield in addition to the eddy current losses. From the results presented in section 5.8 

coupled with equation 6.2, it is noted that core losses increase logarithmically with an increase in 

frequency and exponentially with an increase in excitation current. As a result, the use of a magnetic 

shield for WPT systems for application with electric vehicles will results in high losses and poor 

performance. An affordable alternative is the use of conductive shields for WPT system applications. 

6.5 Optimization of Coil Windings 

For most designs of flux-pipe resonant coil topology, the traditional approach is to wound single 

copper wire around a magnetic ferrite core as illustrated in Figure 5.1(c). An optimal design alternative 

is to divide the single copper wire used for windings into two to create two copper winding coils on 
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the same ferrite core. The two windings are electrically parallel to each other but mutually coupled 

magnetically in order to aid the maximum flux linkage between the two primary coils and the two 

secondary coils. The circuit, as well as the finite element modelling, is illustrated in Figure 6.5. 

 

Figure 6.5: Optimal Coil Winding Implementation using Parallel Aiding Configuration. (a) Circuit Representation (b) 
Finite Element Modeling in Ansys Maxwell 3D 

As seen from Figure 6.5, Model_4 design with 34 turns was split-up to create two windings of 17 turns 

each which are electrical parallel to each other but mutually coupled magnetically. The total current in 

the initial windings is split between the two coil windings while maintaining the same voltage across 

them. The total Inductance (𝐿𝑇) of the two parallel aiding resonant coils is given mathematically 

as[181]: 

 
𝐿𝑇 =

𝐿1𝐿2 − 𝑀2

𝐿1 + 𝐿2 − 2𝑀
 

6.5 

Since the two windings have similar sizes and configuration, i.e. 𝐿1≈𝐿2, thus equation 6.5 is reduced to 

the form: 

 
𝐿𝑇 =

𝐿1 + 𝑀 

2
 

6.6 

Likewise, the total resistance of the two parallel resonant coils is given by: 

 
𝑅𝑇 = 𝑅1//𝑅2 =

𝑅1𝑅2

𝑅1 + 𝑅2
 

6.7 

Since the two windings have similar sizes and configuration, 𝑅1 ≈ 𝑅2 ≈ (𝑅𝑚𝑜𝑑𝑒𝑙 4/2) and equation 6.7 

is reduced to the form: 
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𝑅𝑇 =

𝑅1
2

2𝑅1
= 

𝑅1
 

2
=  

𝑅model 4
 

4
 

6.8 

As a result of the splitting of the coil windings into two, the total ohmic losses in the two split windings 

is given by: 

 𝑃𝑜ℎ𝑚𝑖𝑐 = 𝐼1
2. 𝑅1

 + 𝐼2
2. 𝑅2 = 2(𝐼1

2. 𝑅1)
   

 
 6.9 

Thus, the total ohmic losses is approximated as: 

 
𝑃𝑜ℎ𝑚𝑖𝑐 = 

(𝐼𝑇
2. 𝑅1)

 

2

 

= 

 

(𝐼𝑇
2. 𝑅𝑚𝑜𝑑𝑒𝑙 4 )

 

4
 

6.10 

From the expression in equations 6.10, it is observed that the total ohmic losses of the traditional 

model_4 can be reduced by a factor of 4.  

The consequence of the optimal design is that the total self-inductance of the coil is reduced by a factor 

of less than 4 but greater than 3. This is due to the presence of the mutual inductance M.  The overall 

gain will be the increase in the quality factor of the coil. 

 In addition to the reduction in ohmic losses, the reduction in the total current by a factor of 2 will leads 

to a significant reduction in the eddy current and core losses because of the strong relationship 

between excitation current flowing in the coil windings and the maximum magnetic flux density in the 

core. 

6.6 Geometric Modification of Ferrite Core 

In the traditional flux-pipe design topology with a uniform ferrite core, the amount of useful and “non-

useful” flux is theoretical the same as shown in Figure 6.2. While the useful flux is mutually coupled 

with secondary coil and responsible for efficient power transfer, the “non-useful” flux is responsible 

for the majority of the eddy current losses in the conductive aluminium sheet used for shielding 

humans and the chassis of the car from the electromagnetic field.  

Theoretically speaking, half of the core thickness is responsible for the propagation of the useful flux 

to the secondary coil and the other half for the propagation of “non-useful” magnetic flux to the 

aluminium shield. An optimal approach in the reduction of the non-useful flux is the modification of 

the ferrite core geometry in such a way that tilts the greater volume of the ferrite core to support the 

useful flux production. This is achieved by slightly bending the ferrite core into a C-shape similar to the 

horseshoe magnet as well extending the ferrite bar protruding at the edges of the copper winding by 

significant amount (50 mm was chosen), thus, more than 60% of the ferrite core volume is tilted to 

support the creation and propagation of the useful magnetic flux at an angle of 30o. The proposed 

design is illustrated in Figure 6.6. 



165 

 

 

 

Figure 6.6: Modification of Ferrite Core Geometry for Optimal Performance. (a) The Model_4 Design Topology. (b) The 
Ungapped-core Model 4 Design Topology 

 

The magnetic flux distribution around the ferrite core is similar to that of the curved trapezoidal 

magnetic flux concentrator design from the work of K. Zhu and P. W. T. Pong [182]. In the research work 

of K. Zhu and P. W. T. Pong [182], the sensitivity of a magnetic sensor is improved through creating 

structures composing of several curved bar-shaped magnetic flux concentrator sandwiches. The 

proposed optimal design model ensures due to the curved nature of the ferrite core geometry, only a 

few fluxes are emitted around the curved areas of the ferrite core which are wasted as eddy current 

losses in the shields. The implication of such a scenario is that more magnetic fluxes are concentrated 

on the protruded edges of the ferrite cores; which significantly reduces the amount of magnetic flux 

incident on the shield sheets, thus, reducing the amount of eddy current losses in the shield plate. 

6.7 Optimal Selection of Supporting Material 

In addition to the use of copper as a shielding material, plexiglass with a thickness of 3mm is placed in 

between the copper windings and the copper shield to act as support as well as ensure a firm structure 

for the whole resonant coil topology.  
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Figure 6.7: The Finite Element 3-D Model of the Ungapped-core Model 4 Flux-Pipe Resonant Coil Topology 

The choice of using plexiglass is based on its lightweight as well as its thermal tolerance. The model 

created as a result of the above-mentioned optimization will be known as ungapped-core model 4.  

This is because it will be best suited for static charging operations. The overall finite element model of 

the ungapped model 4 resonant coil design is presented in Figure 6.7. 

6.8 Modification of Optimal Flux-Pipe Design for Dynamic Operations 

One of the limitations of the ungapped-core Model 4 design is the current capacity of the design. 

Because of the current limitation, the system can only be well suited for static charging of a single 

electric vehicle. For dynamic charging operations, the WPT system should be able to charge two or 

more vehicles at a time. As a result, the WPT system must have a higher power transfer capability in 

order to charge two or more electric vehicles at a time.  

For a given ferrite core, the saturation limit is fixed by the manufacturer and for optimum performance, 

the WPT system must operate below the saturation limit of the ferrite core. From the simulation results 

presented in section 5.6, it was noted that there is a strong relationship between the maximum 

magnetic flux density and the excitation current of the coil. It was concluded that the higher the 

excitations current, the higher the magnetic flux density. 

In order to increase the current-carrying capacity of a ferrite core for a specific magnetic flux density, 

an air gap is introduced in the ferrite core. The introduction of the air gap in the ferrite core sheers the 

hysteresis loop of the B/H curve of the core as illustrated in Figure 6.8(b)[183].   The effect of 

introducing an air gap in the ferrite core is shown in the area enclosed by the green shape in Figure 

6.8(b). 
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Figure 6.8: Modification of the Ferrite Core for Dynamic Charging. (a) Optimized Model_4 with air gap in the Core. (b) 
Hysteresis Curve for Gapped and Ungapped Ferrite Core.  

The presence of the air gap in the ferrite core does not change the saturation limit, increases the 

reluctance of the ferrite core and increases the amount of excitation current required to saturate the 

core. The more the air gap in the core, the lower the permeability of the core and the higher the 

excitation current required in order to saturate the ferrite core.  

In addition, as noted in the results presented in section 5.6, the maximum magnetic flux density is 

concentrated around the centre of the ferrite core. An introduction of an air gap at the centre of the 

core will aid a redistribution of the maximum flux density distribution to the centres of the split ferrite 

cores.  

The 3-D finite element model of the ferrite core after the introduction of the air gap is illustrated in 

Figure 6.8(a). The modified model design will be known as gapped model 4 and the complete model 

design is shown in Figure 6.9. 

 

Figure 6.9: The Finite Element 3-D Model of the Gapped-core Model 4 Flux-Pipe Resonant Coil Topology 
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Due to the small dimensions of gapped model 4, the model will be best suited for a segmented 

transmitter coil-array system for efficient dynamic charging of electric vehicles. The concept and 

operation of the segmented transmitter coil array have been discussed extensively in section 2.12.2. 

A parametric analysis of air gap from 1 mm to 10 mm at a particular excitation current was 

implemented on the gapped-core model 4 and it was observed that increase in the airgap causes a 

decrease in the self-inductance, mutual inductance, magnetic flux density, and coupling coefficient in 

the model design. In order to strike a balance between the excitation current and coupling factor, an 

air gap of 5 mm was chosen for the gapped-core model 4. 

6.9 Validation of Coil Winding Specification 

In order to corroborate the optimal choice of dividing the original coil windings of the traditional flux-

pipe into two windings instead of three or more split-coil windings, the 34-turns coil windings were 

remodelled to create individual three and four different copper windings.  

 

Figure 6.10: Finite Element Modelling of Split of Coil Windings 

The three copper windings comprise of two windings with 11 turns each and a winding with 12 turns. 

The four copper windings comprise of two windings with 8 turns each and another two windings with 

nine turns each. The different coil windings modelling were implemented and illustrated in Figure 

6.10.  Similarly, an initial eddy current and circuit analysis were performed on each of the varieties of 

the coil windings and the results are presented in Table 6.3. 
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Table 6.3: Coil Parameters and Loss Evaluation of Resonant Coil for 8 kW Power Application 

Parameter Case I Case II Case III Case IV 

Number of Split Windings - 2 3 4 

Airgap 200 mm 200 mm 200 mm 200 mm 

Primary Self-Inductance, 𝐿𝑝 345.00 µH 84.83 µH 31.67 µH 16.30 µH 

Secondary Self-Inductance, 𝐿𝑠 344.54 µH 84.56 µH 31.54 µH 16.21 µH 

Coupling Coefficient, 𝑘 0.382 0.381 0.328 0.304 

Primary Intrinsic Resistance 𝑅𝑝 131.53 𝑚Ω 32.73 mΩ 16.02  mΩ 8.52 mΩ 

Secondary Intrinsic Resistance, 𝑅𝑠 134.49 mΩ 33.11 mΩ 16.15 mΩ 8.67 mΩ 

k√Qps 527 523 344 306 

Adaptive Frequency 85 kHz 85 kHz 85 kHz 85 kHz 

Excitation current 32 A 32 A 32 A 32 A 

Total Power Losses 962.15 W 186.38 W 68.42 33.92 W 

Load Resistance 20 Ω 20 Ω 20 Ω 20 Ω 

Coil-to-coil efficiency  98.54 % 99.21 % 97.59 % 69.78 % 

 

From the results presented in Table 6.3, it is noted that the power losses, intrinsic resistance, self-

inductance, and coupling inductance reduce with an increase in the number of split windings. Despite 

a substantial reduction in power losses with each incremental increase in the number of split windings, 

case III and case IV exhibits a significant reduction in coil-to-coil efficiency when compared with case 

II. With respect to essential parameters like coupling coefficient, k√Qps and coil-to-coil efficiency, the 

choice of case II is vindicated. Comparing the models in case I and case II, it is noted that case II has a 

reduction in the total power losses by a factor of more than five. In addition, the intrinsic resistance of 

case II is one-fourth of the intrinsic resistance of case I, which agrees with equation 6.8. Thus, the 

simulation results agree with the theoretical analysis and the choice of case II is justified. 

6.10 Magnetostatic Analysis of Optimal Flux-Pipe Resonant Coils 

As discussed in section 4.3.1, the magnetostatic analysis employs a matrix calculation in order to solve 

the magnetic field. When the field solution is stopped, derived quantities from the magnetic field 

solutions like inductances, coupling factor and magnetic flux density are calculated as the required 

parameters. The circuit parameters for circular coils, rectangular coils, and flux-pipe coil model, were 

calculated and illustrated in Table 6.4. 

The creation of the Ungapped-core model 4 from model 4 leads to a reduction in the self-inductance, 

and mutual inductances by more than 70%. This is a potential trade-off for the creation of the 

optimized ungapped-core Model 4. Similarly, there is a reduction in the coupling coefficient by less 

than 21% because of the modification to create ungapped-core model 4 from the traditional model 4. 

Due to the disproportional decrease in the self-inductance and coupling factor, there is expectedly an 

increase in performance in the Ungapped-core Model 4. 
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Table 6.4: Evaluated Circuit Parameters of Flux-Pipe Resonant Coil Models 

Parameter Model 4 
Ungapped-core 

Model 4 
Gapped-core 

Model 4 
Gapped/Ungapped 

Model 4 

Excitation Current (A) 50  50 50 50 

Airgap (mm) 200 200 200 200 

Primary Self-Inductance, 𝐿𝑝(µH) 357.88 

µH 

127.69 89.99 81.44 

Secondary Self-Inductance, 𝐿𝑠 (µH) 357.02 

µH 

127.86 90.08 105.20 

Mutual Inductance, 𝐿𝑚 (µH) 137.44 

µH 

47.06 24.61 26.42 

Coupling Coefficient, 𝑘 0.385 0.368 0.273 0.317 

 

Comparing the ungapped-core model 4 and gapped-core model 4, there is a significant decrease in the 

self-inductance and mutual inductance in gapped-core model 4 by more than 29%. The reduction is 

expected due to the presence of an air gap in the core of the gapped-core model 4. The presence of the 

air gap in the core reduces the permeability of the core and increases the reluctance of the ferrite core. 

It is noted also that there is a reduction in the coupling coefficient by less than 26% because of 

introducing an air gap in the ferrite core. Due to the disproportionate decrease in the self-inductance 

and coupling factor, there is expectedly an increase in performance in the gapped-core model 4 

For the next series of simulations, the magnetic flux density distribution and coupling factor for the 

circular coils, rectangular coils and flux-pipe coils was analysed under the magnetostatic analysis by 

performing a parametric sweep of excitation currents, misalignment and airgap variations of each coil 

designs. 

6.10.1 Magnetic Flux Density Distribution in Ferrite Cores 

The ferrite core magnetostatic simulations are based on the static magnetic field. The simulation is 

necessary to ensure the WPT operates in the linear mode and it does not go into saturation. This is 

because a given magnetic material of a specific size can only withstand a certain level of magnetic 

energy.  

The magnetostatic simulations will help in the investigation of the optimal level of power and current 

the core of coil design model can withstand before going into saturation. This involves ramping up the 

current till magnetic field enters the saturation mode using a parametric sweep. Thus the maximum 

current can be obtained in the linear mode. 

The ferrite core material used in the modelling of the three coil designs is the power ferrite FDK 6H40 

produced by FDK Incorporation[178]. The standard material characteristics are illustrated in 

Appendix C. From the technical data sheet published by the manufacturer, the magnetic saturation of 

the selected FDK 8H40 is 0.43 T. The B-H curve of the ferrite core is illustrated in Figure 6.11. 
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Figure 6.11: The B-H Curve for FDK 6H40 Ferrite Core 

 Using the appropriate initial and boundary conditions, finite element analysis was implemented on 

the three coil designs at an excitation current of 50 A.  The magnetic flux distribution in the ferrite core 

material for the model_4, ungapped-core Model 4 and gapped-core model 4 are illustrated in Figure 

6.12. 

 

Figure 6.12: Magnetic Flux Distribution in Flux-Pipe Resonant Coils Designs at Excitation Current of 50 A 

The simulation result presented in Figure 6.12 was implemented at an airgap of 200 mm at an 

excitation current of 50 A. From the magnetic flux distribution shown, it is noted that the ungapped-

core Model 4 and gapped-core model 4 flux-pipe coil designs have a magnetic flux distribution of less 

than 0.25 T. This value is significantly lower than the saturation limit of 0.43 T. In contrast, the 
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ungapped-core Model 4 and gapped-core model 4 has a magnetic flux density of 0.236 T and 0.170 T 

respectively. 

Similarly, the maximum magnetic flux distribution is concentrated at the middle of the ferrite core for 

the Model 4 and ungapped-core Model 4 but not the case for the gapped-core model 4.  Due to the 

introduction of the air gap, the maximum flux distribution in the core shifts to the centres of the two 

split cores. It is also noted that the magnetic flux distribution is minimum at the edge of the ferrite core 

for the three flux-pipe models. This is an indication that the magnetic field intensity is least at the edges 

of the cores. 

 

Figure 6.13: Magnetic Flux Distribution in Ferrite Cores with Variation in Excitation Current for Flux-Pipe Models (a) 
Flux Distribution at 150mm Airgap. (b) Flux Distribution at 200mm Airgap 

In order to ascertain the maximum excitation current each of the three model designs can withstand 

before going into saturation, the model_4, ungapped-core Model 4 and gapped-core model 4 designs 

were subjected to a parametric sweep of excitation currents from 0 A to 100A at different airgaps of 

150 mm and 200 mm. The performance result of the coil designs at 150 mm and 200 mm are shown 

in Figure 6.13. 
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From the results obtained in Figure 6.13, it is noted that the ungapped-core Model 4 and gapped-core 

model 4 coil designs can withstand an excitation current of up to 90 A without being saturated. In 

contrast, the flux pipe core can only withstand an excitation current of 45 A at 150 mm airgap and 

excitation current of 50 A at 200 mm airgap. The improved performance output of the ungapped-core 

Model 4 and gapped-core model 4 cores was because of splitting the excitation current by half; as a 

result, the maximum magnetic flux density in each core was significantly reduced.  

Similarly, the gapped-core model 4 design exhibited the least magnetic flux density at any particular 

value of the excitation current at the airgap of 150 mm and 200 mm respectively. The reduction in the 

maximum flux density for the gapped-core model 4 is because of the presence of an air gap in its ferrite 

core as discussed in section 6.8. As a result. The maximum flux density obtained in ungapped-core 

Model 4 is theoretically divided into two and shifted to the centres of the split ferrite cores. Thus, the 

maximum flux density is significantly reduced. 

In summary, the optimal ungapped-core Model 4 and gapped-core model 4 can withstand higher 

current excitations than the traditional model_4 flux-pipe coil, thus, the optimization methodology 

employed for the design of the two models was justified. 

6.11 Parametric Analysis of the Resonant Coil Designs 

Before the optimization of these existing simple designs, there is the need to perform a parametric 

sweep analysis of each coil design based on the variation of the airgap, lateral misalignment, and 

longitudinal misalignment. The secondary coil 3-dimensional positional measurement parameters are 

varied along the x, y and z coordinate systems.  

 

Figure 6.14: 3-Dimensional Positional Arrangement for Airgap, Lateral Misalignment, and Longitudinal Misalignment. 
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The parametric sweep along the x-axis corresponds to the lateral misalignment (green line), the 

parametric sweep along the y-axis corresponds to the longitudinal misalignment (the blue line), while 

the airgap variation is done through a parametric sweep along the z-axis (red line). This is shown 

diagrammatically in Figure 6.14. 

6.11.1 The Parametric Misalignment Performance of Resonant Coils  

This lateral parametric analysis was performed by varying the position of the secondary coil along the 

x-axis and the value of the coupling coefficient is measured based on each unit displacement of the coil 

along that axis. The variation of the coupling coefficient for each unit increase in lateral displacement 

along the x-axis for the model_4, ungapped-core model 4 and gapped-core model 4 is shown in Figure 

6.15. 

 

Figure 6.15: Misalignment Parametric Analysis of Flux-Pipe Resonant Coils. (a) Lateral Misalignment (b) Longitudinal 
Misalignment (c) Airgap Variations 

Similarly, the longitudinal parametric analysis was performed by varying the position of the secondary 

coil along the y-axis and the value of the coupling coefficient is measured based on each unit 

displacement of the coil along that axis. The variation of the coupling coefficient for each unit increase 

in longitudinal displacement along the x-axis for the model_4, ungapped-core Model 4 and gapped-

core model 4 is shown in Figure 6.15. 

Finally, the airgap parametric analysis was performed by varying the position of the secondary coil 

along the z-axis and the value of the coupling coefficient is measured based on each unit displacement 
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of the coil along that axis. The variation of the coupling coefficient for each unit increase in airgap along 

the Z-axis for the model_4, ungapped-core Model 4 and gapped-core model 4 is shown in Figure 6.15. 

From the result shown in Figure 6.15, it was noted that the ungapped-core Model 4 and gapped-core 

model 4 designs displayed lower performance characteristics with respect to each unit displacement 

of the secondary coils for all the misalignments in relation to the traditional model 4. 

The result for the ungapped-core Model 4 and gapped-core model 4 was anticipated due to the slight 

dip in the core horizontal dimension increasing the overall airgap lightly, thus, reducing the magnetic 

coupling. Similarly, the gapped-core model 4 has a lower performance characteristic in relation to the 

static model due to the presence of an air gap in its ferrite core. The gap in the ferrite core increases 

the reluctance of the core used in boosting the magnetic flux, thus, decreasing the magnetic coupling 

between the primary and secondary coils. 

6.12 Eddy Current Analysis of Resonant Coils 

As discussed in section 4.3.2, the eddy current analysis is performed to identify and ascertain the level 

of losses in the coil system. There are basically three types of losses present in a resonant coil system: 

the ohmic losses, eddy current losses and core losses. The ohmic losses are losses as a result of the 

resistance in the coil windings, eddy current losses are losses that occur at the shield plates as a result 

of magnetic flux leakages while core losses are losses in the ferrite core as a result of the magnetization 

and demagnetization of the core due to the high-frequency alternating current. 

The first analysis performed for each of the four coil models was to establish the level of losses in each 

coil designs as a result of operating the WPT systems for a level 2 power ratings of 8 kW as defined by 

SAE J1772 regulations. The initial evaluation of the losses for each of the coil design is undertaken by 

injecting an excitation current of 32 A in the coil windings at a resonant frequency of 85 kHz. The 

resonant frequency of 85 kHz was chosen because it is the operating frequency proposed by SAE J2954 

task force for interoperability of different WPT charging systems.  The results of the analyses are 

presented in Table 6.5. 

Table 6.5: Coil Parameters and Loss Evaluation of Flux-pipe Coils for 8 kW Power Application 

Parameter Model 4 
Ungapped-core 

Model 4 
Gapped-core 

Model 4 
Gapped/Ungapped 

Model 4 

Airgap 200 mm 200 mm 200 mm 200 mm 

Primary Self-Inductance, 𝐿𝑝 357.88 µH 127.69 µH 89.99 µH 81.44 µH 

Secondary Self-Inductance, 𝐿𝑠 357.02 µH 127.86 µH 90.08 µH 105.20 µH 

Coupling Coefficient, 𝑘 0.385 0.368 0.273 0.317 

Ohmic Losses 179 W 24 W 19 W 21 W 

Core Losses 493 W 98 W 32 W 57 W 

Eddy Current Losses 105 W 10 W 7 W 8 W 

Total Power Losses 777 W 132 W 58 W 86 W 
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For such medium power application, it is noted that there was a significant reduction of more than 400 

% in the total losses for the ungapped-core model 4 coil when compared with the traditional model 4. 

The gapped-core Model 4 and gapped/ungapped model 4 has more than 100 % and 50 % reduction in 

the total power losses when compared with the losses in the ungapped-core model 4. The total losses 

in gapped-core Model 4 and gapped/ungapped model 4 is less than the total losses obtained with the 

rectangular coil. From the initial result shown in Table 6.5, the optimization methodology for the flux-

pipe coil was justified. 

The second analysis performed was to ascertain the level of losses on each coil as a result of an increase 

in excitation currents at a fixed frequency. This was achieved by injecting a parametric sweep of 

excitation current into the coil windings at high frequency (85 kHz in this case) and the losses for each 

value of excitation current was evaluated. The results of the analyses are presented in Figure 6.16. 

 

Figure 6.16: Losses in Coil Models due to Variation in Excitation Current. (a) Core Losses. (b) Eddy Current Losses (c) 
Ohmic Losses 

From the results presented in Figure 6.16, it is noted that there is a gradual increase in the three types 

of losses with an increase in current for all the flux pipe models analysed. The ungapped-core model 4, 

hybrid model 4, and gapped-core Model 4 designs have similar performance characteristics for the 

ohmic and eddy current loss analyses due to their similarity in winding designs. The difference in 

performance for core losses between the ungapped-core model 4 and gapped-core model 4 is as a 

result of the presence of an air gap in the core of the gapped-core model 4. The presence of an air gap 

in the ferrite core reduces the maximum flux density, thereby reducing the core losses in the core.  
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It is also noted that the significant reduction in the losses of the model 4 and gapped-core model 4 was 

a direct consequence of the optimal design approach adopted. 

Similarly, a frequency response of the various coil models was performed by varying the frequency at 

a fixed excitation current (typically 32 A). The losses encountered over a range of frequencies from 5 

kHz to 100 kHz are illustrated in Figure 6.17. 

 

Figure 6.17: Losses in Flux-Pipe Coil Models due to Variation in Frequency (a) Core Losses (b) Eddy Current Losses 
(c) Ohmic Losses 

From the results presented in Figure 6.17, the ohmic losses and eddy current losses are relatively 

constant over a range of frequency above the threshold frequency (around 10kHz). But, there is a 

significant increase in core losses with an increase in frequency for all the three models.  

The higher the rate of magnetization/demagnetization of the ferrite core, the higher the core losses. 

As a result, most practical designs are operated at low frequencies to limit the amount of eddy current 

losses in the system. 

6.13 Circuit Analysis and Performance 

In the circuit analysis, the performance of the coil designs in terms of coil-to-coil efficiency and power 

output were evaluated. The parameters required for accurate analysis are obtained from the eddy 

current analysis solution. The required parameters for the three model coils at an adaptive frequency 

of 85 kHz are presented in Table 6.6. 
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Table 6.6: Circuit Parameters of Resonant Coils from Eddy Current Solution 

Parameter Model 4 
Ungapped-

core Model 4 
Gapped-core 

Model 4 
Gapped/Ungapped 

Model 4 

Airgap 200 mm 200 mm 200 mm 200 mm 

Adaptive Frequency 85 kHz 85 kHz 85 kHz 85 kHz 

Primary Self-Inductance, 𝐿𝑝 357.88 µH 127.69 89.99 81.44 

Secondary Self-Inductance, 𝐿𝑠 357.02 µH 127.86 90.08 105.20 

Mutual Self-Inductance, 𝐿𝑚 137.44 µH 47.06 24.61 26.42 

Coupling Coefficient, 𝑘 0.385 0.368 0.273 0.317 

Primary Intrinsic Resistance 𝑅𝑝 84.39 mΩ 23.42 mΩ 21.86 mΩ 26.42 mΩ 

Secondary Intrinsic Resistance, 
𝑅𝑠 

85.95 mΩ 22.98 mΩ 21.61 mΩ 25.18 mΩ 

 

The presence of high intrinsic resistance in the model 4 resonant coil is largely responsible for the high 

amount of ohmic losses. This is in addition to the high value of the excitation current. Due to the coil 

windings modification, there was more than 78% reduction in the value of the intrinsic resistance in 

the gapped-core Model 4 and ungapped-core model 4 which is more than 70 % reduction in the self-

inductance with respect to the traditional model 4. The ratio of the intrinsic resistance of the model 4 

and ungapped-core model 4 for the primary and secondary coils are 3.60 and 3.74 respectively. These 

values of intrinsic resistance are close to the theoretical value of 4 illustrated in equation 6.8. The 

intrinsic resistance of the gapped-core Model 4 and hybrid model 4 follows the same pattern and are 

quite close to the theoretical value of 4. Similarly, the ratio of the self-inductance values of the model 

4 and ungapped-core model 4 gives a value close to the expected value as shown in equation 6.6. This 

implies that there is an overall performance improvement in the Ungapped-core model 4 and Gapped-

core Model 4 designs and the accuracy of the model performance conform to the governing 

mathematical equations. 

Based on the parameters obtained in Table 6.6, the relationship between maximum efficiency 𝜂𝑚𝑎𝑥 

and the parameter 𝑘√𝑄𝑝𝑠 over a range of frequencies was evaluated using equation 4.34 and the graph 

presented in Figure 6.18. 
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Figure 6.18: Relationship between Maximum efficiency and the Parameter 𝑘√𝑄𝑝𝑠 over a range of Frequencies. 

Based on the result presented in Figure 6.18, it is noted that increases in resonant frequencies 

positively impact on the maximum efficiency of the coil. While the rectangular and circular coil showed 

similar performance characteristics, the flux-pipe model has a better performance over each step 

increase in frequency. From the result presented in Figure 6.18, an optimum resonant frequency of 50 

kHz was adopted for the ungapped-core model 4 design while an optimum resonant frequency of 60 

kHz was adopted for the gapped-core model 4 design. For the ungapped-core model 4, the maximum 

efficiency achievable at 50 kHz is 99.63% and the gapped-core model 4 can achieve maximum 

efficiency of 99.48 at the optimum efficiency of 60 kHz 

For most practical designs, the optimum efficiency and power transferred are dependent on the value 

of the load resistance. The reason being that maximum power can be transferred but not at the 

maximum efficiency. In order to obtain the optimum efficiency for a particular load resistance, a 

parametric sweep of load resistance is performed and the values of the efficiency and power output 

evaluated. The result of these analyses for S-S compensation topology and S-P compensation topology 

is presented in the next two sections. 

6.13.1 Performance Characteristics of Optimal Flux-Pipe Resonant Coil in an S-S 

Compensation Topology. 

For practical design implementation, there is always a trade-off between power output and efficiencies 

depending on the critical requirements for the system application. Generally, for a wireless power 

transfer system, the power transfer efficiency is the most important parameter. Thus, for the proposed 
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coil designs, a load resistance of 20Ω was selected as the optimum load resistance. The overall system 

performance for a load resistance of 20Ω is listed and summarized in Table 6.7. 

Table 6.7: Summary of Performance Characteristics of Resonant Coil Models for S-S Configuration 

Parameters 

S-S Configuration 

Model 4 Ungapped-core 

Model 4 

Gapped-core Model 

4 

Gapped/Ungapped 

Model 4 
Resonant Frequency 40 kHz 50 kHz 60 kHz 55 kHz 

k√Qps 252 550 384 393 

Input Voltage 300 V 300 V 300 V 300 V 

Output Voltage 397 V 470 V 626 V 555 V 

Load Resistance 20 Ω 20 Ω 20 Ω 20 Ω 

Input Current 13.75 A 37.22 A 75.67 A 55.83 A 

Output Current 9.93 A 23.48 A 31.30 A9543  27.80 A 

Input Power 4.00 kW 11.15 kW 19.89 kW 15.66 kW 

Output Power 3.94 kW 11.02 kW 19.60 kW 15.46 kW 

Total Power Losses 60 W 130 W 290 W 200 W 

Coil-to-Coil Efficiency 98.44 % 98.89 % 98.55 % 98.73 % 

 

From the summary of results presented in Table 6.7, it is noted that there is a strong relationship 

between the term 𝑘√𝑄𝑝𝑠  , the coil-to-coil efficiency and the power output of resonant coils. The 

ungapped-core model 4 with the highest value of 𝑘√𝑄𝑝𝑠  has the highest efficiency and power output. 

Similarly, the model 4 with the lowest value of 𝑘√𝑄𝑝𝑠 has the lowest efficiency and power output.  

In order to establish the performance of each of the flux-pipe coil models; based on the SAE J2954 

standard under a series-series compensation topology, each coil performance was evaluated at a 

resonant frequency of 85 kHz with a load resistance of 20 Ω. The result of the simulation is presented 

in Table 6.8. 

All the three versions of the optimum flux-pipe models were able to achieve a coil-to-coil efficiency of 

above 99% at the operating frequency of 85 kHz with the same load of 20 Ω.  
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Table 6.8: Performance Characteristics of Flux-pipe Coil Models Based on SAE J2954 standard for the S-S 
Compensation Topology. 

Parameters 

S-S Configuration 

Model 4 Ungapped-core 

Model 4 

Gapped-core Model 

4 

Gapped/Ungapped 

Model 4 

Resonant Frequency 85 kHz 85 kHz 85 kHz 85 kHz 

k√Qps 527 924 539 602 

Input Voltage 300 V 300 V 300 V 300 V 

Output Voltage 201 V 330 V 487 V 394 V 

Load Resistance 20 Ω 20 Ω 20 Ω 20 Ω 

Input Current 3.62 A 14.00 A 41.83 A 26.14 A 

Output Current 5.38 A 14.4 A 24.35 A 19.68 

Input Power 1.09 kW 4.78 kW 11.97 kW 7.80 kW 

Output Power 1.08  kW 4.75 kW 11.86 kW 7.74 kW 

Total Power Losses 10 W 30 W 110 W 60 W 

Coil-to-Coil Efficiency 99.14 % 99.37 % 99.12 % 99.27 % 

 

The ungapped-core model 4 was able to achieve the highest efficiency but it comes by trading off the 

power output which is just a little above 4.5 kW. The ungapped-core model 4 is well suited for 

bidirectional wireless power transfer for low power applications. In contrast, the gapped-core Model 

4 and gapped/ungapped model 4 are well suited for high and medium power transfer applications. 

The presence of these excellent performance characteristics of the gapped-core Model 4 makes it 

highly suitable for dynamic charging of electric vehicles.  

In the course of charging/discharging cycle of an EV battery, the load resistance varies based on the 

state of charge (SoC) of the battery. In order to evaluate the performance characteristics of each of the 

four coil models at the SAEJ2954 specified operating frequency of 85 kHz, a parametric sweep of 

different load resistance of between 10 Ω to 300 Ω was undertaken and the evaluated value of coil-to-

coil efficiency and power output are illustrated in Figure 6.19. 

From the results presented in Figure 6.19,  it is noted that the traditional flux-pipe model (model 4) 

maintains the relatively the highest coil-to-coil efficiency over a large range of load resistances but 

performed poorly in terms of power output over the same range of load resistances. 
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Figure 6.19: Effect of Load Resistance on the Performance of Resonant Coils for S-S Compensation Topology. (a) Effect 
on Efficiency. (b) Effect on Power Output. 

While the dynamic and hybrid models displayed similar power output performance when compared 

with the circular and rectangular coils, the static model displayed an unconventional relationship 

between power output and load resistance. 

For the dynamic and hybrid model designs, the maximum power output do not correspond to the 

maximum efficiency while static model displayed a positive relationship between the coil-to-coil 
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efficiency and power output over the range of load resistance. This improved performance was 

achieved while maintaining higher coil-to-coil efficiency when compared with the dynamic and hybrid 

model. For practical applications, low load resistance is recommended because of current limit, which 

may drive the core into saturation. A critical look at the performance trend shown in Figure 6.19(a), it 

is observed increasing the number of gapped cores in a flux-pipe WPTs decreases the coil-to-coil 

efficiency over a range of load resistances. 

6.13.2 Performance Characteristics of Optimal Flux-Pipe Resonant Coil in an S-P 

Compensation Topology. 

For the S-P compensation topology, there is an inverse relationship between the power transferred 

and the power transfer efficiency over the same range of load resistances presented for the S-S 

topology. This is illustrated in Figure 6.21Figure 6.20. 

 

Figure 6.20: Effect of Load Resistance on the Performance of Resonant Coils for S-P Compensation Topology (a) Effect 
on Efficiency. (b) Effect on Power Output 

 For each of the individual coil model designs, there was an increase in the power transfer efficiency as 

the value of the load resistance increases. This is in contrast to the performance obtained for the power 

output with respect to the increase in load resistances.  At low load resistances, there is significantly 

high power output obtained with the gapped/ungapped model 4 and gapped model 4 producing over 
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100 kW of output power at load resistance of 10 Ω; but decreases sharply with an increase in load 

resistance with all the individual coil designs producing less than 10 kW of output power at load 

resistance greater than 125 Ω. 

For practical design implementation, there is always a trade-off between power output and efficiencies 

depending on the critical requirements for the system application. Generally, for a wireless power 

transfer system, the power transfer efficiency is the most important parameter. Thus, for the 

developed coil designs employing the S-P compensation topology, the load resistance of 50Ω was 

selected as the optimum load resistance for the ungapped-core model 4 and gapped-core Model 4. The 

overall system performance for a load resistance of 50Ω is listed and summarized in Table 6.9. 

Table 6.9: Summary of Performance Characteristics of Resonant Coil Models for S-P Configuration 

Parameters 

S-P Configuration 

Model 4 Ungapped-core 

Model 4 

Gapped-Core 

Model 4 

Gapped/Ungapped 

Model 4 

Resonant Frequency 40 kHz 50 kHz 60 kHz 55 kHz 

k√Qps 252 550 384 393 

Input Voltage 300 V 300 V 300 V 300 V 

Output Voltage 819 V 811 V 1068 V 1060 V 

Load Resistance 200 Ω 50 Ω 50 Ω 50 Ω 

Input Current 11.38 A 44.26 A 77.06 A 76.13 A 

Output Current  4.10A  16.22 A  21.36 A  21.21 A 

Input Power 3.41 kW 13.28 kW 23.12 kW 22.84 kW 

Output Power 3.36 kW 13.16 kW 22.80 kW 22.50 kW 

Total Power Losses 50 W 120 W 320 W 340 W 

Coil-to-Coil Efficiency 98.47 % 99.12 % 98.64 % 98.49 % 

 

From the results presented in Table 6.9, it is noted that the ungapped-core model 4 and gapped-core 

Model 4 model have higher performance than the traditional model in terms of power output and 

efficiency. There is also a strong correlation between the term k√Qps and the efficiency of the WPT 

system. The ungapped-core model 4 has the highest value of k√Qps and coil-to-coil efficiency. In 

relation to the input current, output current, power input and power output; the ungapped-core model 

4 was able to achieve improved performance over the traditional model 4 by a factor of almost 4 in 

addition to having higher coil-to-coil efficiency.  

Similarly, the gapped-core model 4 was able to achieve higher performance by a factor of almost 7 in 

relation to the input current, output current, input power and output power with respect to the 

performance of the traditional model 4. The improved performance was attained in addition to having 

higher coil-to-coil efficiency. 
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It is important to note that the S-P compensation comes with high output voltages for the three flux-

pipe designs. This is because of the high voltage build-up in the secondary compensating capacitor 𝐶𝑝 

as shown in Figure 4.9. Since the load resistance 𝑅𝐿 is connected in parallel with the compensating 

capacitor, both have the same voltage across them. As a result, the load resistance 𝑅𝐿 needs to be large 

in order to limit the amount of current flowing in the load to a practical level. 

From the summary of results presented in Table 6.9, it is also noted that there is a strong relationship 

between the term 𝑘√𝑄𝑝𝑠  , the coil-to-coil efficiency and the power output of resonant coils. The 

circular coil with the highest value of 𝑘√𝑄𝑝𝑠  has the best performance. Similarly, the model 4 with the 

lowest value of 𝑘√𝑄𝑝𝑠 has the lowest circuit performance.  

In order to establish the performance of each flux-pipe coil models based on the SAE J2954 standard 

under a series-parallel compensation topology, each coil performance was evaluated at a resonant 

frequency of 85 kHz with a load resistance of 200 Ω for the model 4 and 50 Ω for the optimized flux-

pipe models. The result of the simulation is presented in Table 6.10. 

Table 6.10: Performance Characteristics of Flux-pipe Coil Models Based on SAE J2954 standard for the S-P 
Compensation Topology. 

Parameters 

S-P Configuration 

Model 4 Ungapped-core 

Model 4 

Gapped-core Model 4 Gapped/Ungapped 

Model 4 

Resonant Frequency 85 kHz 85 kHz 85 kHz 85 kHz 

k√Qps 527 924 539 602 

Input Voltage 300 V 300 V 300 V 300 V 

Output Voltage 819 V 811 V 1067 V 1060 V 

Load Resistance 200 Ω 50 Ω 50 Ω 50 Ω 

Input Current 11.38 A 44.19 A 76.93 A 75.99 A 

Output Current  4.10A  16.22 A  21.34 A  21.19 A 

Input Power 3.41 kW 13.26 kW 23.08 kW 22.80 kW 

Output Power 3.36 kW 13.15 kW 22.78 kW 22.46 kW 

Total Power Losses 50 W 110 W 300 W 340 W 

Coil-to-Coil Efficiency 98.47 % 99.21 % 98.71 % 98.51 % 

 

From the results presented in Table 6.10, all the three optimized flux-pipe models are capable of high 

power transfer at coil-to-coil efficiency of above 98.50 %. The ungapped-core model 4 can be used for 

unidirectional wireless power transfer requiring high power ratings. Similarly, the gapped-core model 

4 and gapped/ungapped model 4 are capable of charging two or more cars during the dynamic mode 

of operations. Thus, the proposed optimum coil designs are capable of system operations and 

interoperability with other WPT systems using the SAE J2954 standard. 
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6.13.3 Impact of Misalignment on the Efficiency of Coil Designs. 

From the previous sections, the optimum values of resonant frequencies and load resistance for each 

coil model designs were presented for coil designs at airgap of 200mm and with no misalignment. For 

most practical applications, there are possibilities of misalignment in the course of operation of the 

wireless coil designs. In order to ascertain the impact of coil misalignment on the efficiencies of each 

of the coil designs, each of the secondary coil of the coil models was subjected to a level of lateral and 

longitudinal misalignment at a fixed airgap of 200 mm. The efficiencies of the coil system under these 

misalignments were evaluated. 

The efficiency performance for the S-S compensation topology for each of the four flux-pipe resonant 

coil models is presented in Figure 6.21. For all the various misalignment scenarios analysed for the S-

S compensation topology, the traditional model 4 has the least performance in terms of efficiency. The 

result was expected because of the low value of 𝑘√𝑄𝑝𝑠 for the traditional Model 4. Similarly, the 

ungapped-core model 4 with the highest value of 𝑘√𝑄𝑝𝑠 has the highest value of efficiency for all the 

misalignment scenarios. 

 

Figure 6.21: Misalignment Performance of Flux-Pipe Resonant Coil Designs for S-S Compensation Topology 

The low value of 𝑘√𝑄𝑝𝑠 for the model 4 design was because of higher intrinsic resistance of the coils, 

which lower the value of the quality factor. As a consequence, the higher value of k for the model 4 was 

insufficient to boost the numerical value of 𝑘√𝑄𝑝𝑠.  In contrast, the ungapped-core model 4 and 

gapped-core Model 4 designs exhibited a higher performance as a result of the significant reduction of 

the intrinsic resistances of the coil models because of the parallel combination of the inductances, thus, 

increasing the value of the quality factor. The significant boost in the quality factor for both coil designs 

caused a significant increase in the numerical value of 𝑘√𝑄𝑝𝑠 despite having lower k value in relation 

to the high value of k in the traditional model 4. 
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The lower value of 𝑘√𝑄𝑝𝑠 for the gapped-core model 4 in relation to the numerical value obtained for 

the ungapped-core model 4 was because of the air gap in the core of the gapped-core Model 4 design. 

The air gap in the core reduces the self-inductance of the primary and secondary coils and mutual 

inductance between the primary and secondary coils. The air gap in the core also causes an increase 

in the reluctance of the ferrite core. Since the value of the primary and secondary intrinsic resistance 

of gapped-core Model 4 is the same with that of the ungapped-core model 4, the reduction in the self -

inductances of the gapped-core Model 4 leads to a reduction in the value 𝑄𝑝𝑠.  

Similarly, the efficiency performance for the S-P compensation topology for each of the coil model is 

presented in Figure 6.22.  

 

Figure 6.22: Misalignment Performance of Resonant Coil Designs for S-P Compensation Topology. 

In the case of the S-P compensation scheme, the three flux-pipe model designs displayed minimum 

efficiency performance of 94% for a  lateral and longitudinal misalignment of 150 mm while at lateral 

and longitudinal misalignment of 300 mm, the efficiency performance of model 4 dropped significantly 

below 90%. The ungapped-core model 4 and gapped-core model 4 at 300 mm misalignment were able 

to maintain coil-to-coil efficiency above 90%. 

The performance of the individual flux-pipe models follows a similar trend noted in the case of the S-S 

compensation scheme; the higher value of 𝑘√𝑄𝑝𝑠 causes an increase in the coil-to-coil efficiency. 

From the results presented for the effective performance of all the flux-pipe models under the S-S and 

S-P compensation scheme, it is noted that a higher value of 𝑘√𝑄𝑝𝑠 leads to a corresponding increase 

in coil-to-coil efficiency at a lower load resistance. For flux-pipes with similar values of intrinsic 

resistance, a reduction in the self-inductance of the coils as a result of air the gap in the ferrite core 

increases the power transferability of the coil designs. 
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6.14 Electromagnetic Field Radiation Analysis 

In order to ascertain the design performance in relation to the regulation limit, field analysis of the 

magnetic flux density at the maximum current and for both transmitter and receiver under the S-P and 

S-S compensation scheme was implemented. The magnetic flux distribution around the ungapped-core 

model 4 and gapped-core model 4 is illustrated in Figure 6.23. 

 

Figure 6.23: Magnetic Field Radiation of Proposed Optimal Flux-Pipe Models. (a)  Ungapped-core Model 4. (b) 
Gapped-core Model 4. 

The electromagnetic field radiation is maximum around the coil windings because of the level of power 

transfer at those regions. The electromagnetic field radiation at the edges is due to the presence of 

leakage magnetic field in between the coils. Similarly, the intensity of the magnetic field decreases as 

the distance increases from the centre of the model coils. The magnetic field intensity is at the farthest 

distance from the centre of the flux-pipe models along either of the positive or negative Y-axis. 

From guidelines proposed by ICNIRPP, the human body must not be exposed to the magnetic field 

beyond 27.3 µT. Similarly, the average exposure at the head, chest and groin must not exceed 6.25 µT. 

A cursory look at Figure 6.23, the strength of the magnetic field at 700 mm from the centre of both the 

ungapped-core model 4 and Gapped-core Model 4 is around 0.387 µT, which is far less than the average 

limit of 6.25 µT. This is an indication that at the rated power output specified for the two models, the 

models’ operation is in line with safety regulations. Thus, the proposed optimal model's optimization 

technique is justified and practically feasible. 
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6.15 Summary 

In this chapter, an optimal design of the traditional flux-pipe resonant coil for high power output and 

efficiency was undertaken. Based on some sets of governing equations, the windings of the coil was 

split into two parts in order to reduce the excitation current by half. Similarly, the ferrite core was 

modelled into a C-shape in order to reduce the amount of eddy current losses. A copper shield was 

selected as optimum shielding material because of its lower eddy current power loss per unit mass 

when compared with aluminium. 

Based on these design modifications, an optimized model known as ungapped-core model 4 that is 

suited for static charging of electric vehicles was created. With the introduction of the air gap in the 

ferrite core of the ungapped-core model 4, an optimized model for dynamic charging was created. The 

gapped-core model 4 is well suited for high power operations. 

Two types of shielding materials commonly used for WPT systems were identified. They are 

conductive shield materials and magnetic shield materials. The use of these type of materials comes 

with different types of losses. The losses commonly encountered in WPT systems using either of these 

shielding materials are ohmic losses, core losses and eddy current losses. Using a conductive shield, 

there are majorly three types of losses present in the system: ohmic losses in the coil windings, core 

losses in the ferrite core and eddy current in the conductive shield. Similarly, using a magnetic shield 

for a WPT system, an additional loss known as core losses in the magnetic shield is present in addition 

to all the losses present in the system using a conductive shield. Due to the presence of this additional 

loss in the magnetic shield, the use of the magnetic shield is not a viable option for use with WPT 

systems applicable to electric vehicles. 

An affordable and appropriate alternative is the use of conductive shields for WPT system applications. 

Three common conductive metal used for shielding of electromagnetic fields are copper, aluminium 

and zinc. The mathematical equation for Eddy current losses per unit mass for the conductive shield 

was applied to the two conductive materials. The eddy current losses in copper are less than the losses 

obtained in aluminium; in addition, copper is not reactive to concrete or lime-bearing cement. As a 

result of these advantages, copper was chosen as the optimum shield component for this research.   

Magnetostatic analysis of the optimized flux-pipe models was subjected to a parametric analysis to 

ascertain their current saturation limits and magnetic coupling under various misalignments. From 

the results presented, the ungapped-core model 4 and Gapped-core model 4 can withstand an 

excitation current of up to 90 A without their respective ferrite cores going into saturation. Similarly, 

from the results presented for the misalignment performance, there was a decrease in the performance 

of the two optimized models due to the slight dip in the ferrite core, thus increasing the overall airgap 

distances between the coils. There was also a decrease in the magnetic coupling for the Gapped-core 

model 4 for all the misalignment cases in relation to the performance of the ungapped-core model 4. 
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The decrease in performance was due to the introduction of an air gap in the core which reduces the 

self-inductance, mutual inductance and the permeability of the ferrite core. 

The two optimized flux-pipe coil designs in addition to a hybrid version were subjected to eddy current 

analysis to ascertain the amount of losses present in the coil model systems for various values of 

current and frequencies. It was noted that the three optimized models showed a significant decrease 

in the ohmic, eddy current and core losses in relation to the traditional flux-pipe model. Similarly, the 

gapped-core model 4 has the least amount of losses as a result of the air gap in its core which justifies 

its suitability for high power dynamic charging operations. 

In the circuit analysis of the two optimized flux-pipe models, the two models were able to transfer 

more electrical power with higher efficiencies than the traditional flux-pipe model. The higher 

performance of the two models was maintained under both the S-P and S-S compensation scheme. The 

higher performance was attainable because the two models have a greater value of 𝑘√𝑄𝑝𝑠 due to the 

significant reduction in the total intrinsic resistances of the coils.  

From the simulation results presented, the model designed for static charging operations can transfer 

up to 13.28kW of power across the airgap at a coil-to-coil efficiency of 99.12% while the model design 

for dynamic charging of electric vehicles can transfer up to 22.80 kW of power across the airgap at a 

coil-to-coil efficiency of 98.64% without exceeding the average limit specified for the exposure of 

human body to electromagnetic fields. 

The three optimized flux-pipe coils were operated at a resonant frequency of 85 kHz which is the SAE 

J2954 standard for both the bidirectional and unidirectional power transfer operations. It was noted 

established that the Gapped-core Model 4 and hybrid model 4 are capable of bidirectional wireless 

power transfer at high power ratings of above 11 kW while the ungapped-core model 4 is capable of 

bidirectional wireless power transfer at power ratings lower than 5 kW. 

Finally, the three optimal flux-pipe model designs were subjected to lateral and longitudinal 

misalignment condition by displacing the secondary coils for each model by 150 mm and 300 mm 

respectively along the x-axis and y-axis. The evaluated efficiencies obtained at this level of 

misalignment was presented. It was noted that the ungapped-core model 4, hybrid model 4 and the 

Gapped-core Model 4 were able to achieve higher efficiencies than the traditional flux-pipe models for 

all the cases of misalignments. The ungapped-core model 4 has the overall best performance in terms 

of efficiency. This was because the ungapped-core model 4 has the highest numerical value of 𝑘√𝑄𝑝𝑠. 
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CHAPTER 7 Conclusion and Recommendations 

In this chapter, the major observations from the presented simulation results are highlighted. 

Similarly, the limitations encountered in the course of this research are listed and discussed. Finally, 

the future works based on the presented results and recommendations for researchers who might 

want to further optimize the optimal flux-pipe models presented in this research. 

7.1 Conclusion from Research 

In this research, a system-level engineering and simulation-based modelling methodology were 

employed for the optimal design, analyses, optimizations, and evaluations of the flux-pipe resonant 

coil for high-power and efficient bidirectional wireless power transfer applicable to electric vehicles. 

Based on the results presented in this research, the following observations were noted. 

 The magnetic coupling factor, power output and efficiencies of wireless power transfer model 

topologies are largely dependent on the media of transmission and the operating frequencies. 

 

 The ferrite core MRC-based wireless power systems are one of the most suitable WPT 

topologies for the charging of electric vehicles because of the low cost, high efficiency and high 

power output. 

 In the modelling and simulation of ferrite core MRC-based wireless power systems, proper 

specifications of initial and boundary conditions is highly essential for the accurate solution of 

model designs using the finite element modelling approach.  

 

 The maximum efficiency attainable by any wireless power transfer system is dependent on the 

numerical values of 𝑘√𝑄𝑝. 𝑄𝑠. The higher the value of 𝑘√𝑄𝑝. 𝑄𝑠 the higher the maximum 

attainable efficiency for a particular resonant frequency. 

 

 The optimum resonant frequency for any model ferrite-cored resonant is inversely 

proportional to the level of magnetic coupling between the primary and secondary coils. The 

higher the value of the magnetic coupling between the coils, the lower the value of the 

optimum resonant frequency for effective and efficient wireless power transfer. 

 

 The ferrite core MRC-based wireless power models using circular or rectangular coil designs 

have some specific advantages and disadvantages. The coil designs are capable of having high 

power outputs and efficiencies at low power losses under little or no misalignment conditions. 

Their efficiencies drop significantly with increase in horizontal misalignments. 
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 The ferrite core MRC-based wireless power systems using the traditional flux-pipe topology 

has some specific benefits and drawbacks. The benefits include high coupling coefficient, high 

misalignment tolerance and high efficiencies under misalignment conditions. The major 

drawbacks are the low values of power output due to the generation of an equal amount of 

useful and non-useful fluxes and the presence of high power losses 

 

 The self-inductance, mutual inductance and magnetic coupling performance of flux-pipe 

resonant coils can be enhanced with more number of turns than increasing the length of the 

coil turns. 

 

 An affordable and appropriate shielding alternative for WPT system is the use of conductive 

shields. Three common conductive metal used for shielding of electromagnetic fields are 

copper, aluminium and zinc. The mathematical equation for Eddy current losses per unit mass 

for the conductive shield was applied to the three conductive materials. It was noted that zinc 

has the least eddy current losses per unit mass but it is not commonly used due to chemical 

properties. Zinc is very sensitive to sulphurous components in the air and alkaline material. 

Similarly, the eddy current losses in copper are less than twice the losses in aluminium; in 

addition, copper is not reactive to concrete or lime-bearing cement 

 

 From the overall loss results presented for the eddy current analyses, it is noted that core 

losses increase logarithmically with an increase in frequency and exponentially with an 

increase in excitation current. It is also noted that the ohmic losses in the system increase 

logarithmically with an increase in the current while the eddy current losses increase 

exponentially with increase in frequency. 

 

 The flux-pipe model can be optimized for high power outputs and low losses by three major 

modifications. The modifications include 1) Splitting the coil windings into two and connecting 

them in parallel in order to reduce the intrinsic resistance of the coils and increases the quality 

factor of the coils. 2) Use of copper sheet as the appropriate shielding material instead of 

copper due to its lower eddy current losses per unit mass. 3) Introduction of the air gap in the 

ferrite core in order to increase the amount of excitation current required to drive the core 

into saturation. 

7.2 Research Limitations 

The finite element modelling simulation approach requires computer facilities with a high amount of 

memory (greater than 16GB of RAM) and a high number of computer cores (greater than 8 cores). The 

simulations can last a number of days or weeks depending on the complexity and required mesh of the 

model problem that will create accurate solutions. The alternative solution is the use of clusters for 
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finite analysis but most high-performance computing facilities operate using the queue system. In 

addition, there might be an incompatibility in the operating systems used in the modelling and analysis 

of model designs. 

Another limitation is the difficulty in accessing design parameters for the accurate replication of 

published experimental models for the validation of initial and boundary conditions needed for 

accurate modelling. Due to the absence of some key physical and circuit parameters of many published 

research works, model validation undertaken in this research was only possible with two published 

research works. As a result, simulation validations was undertaken by comparing simulation results 

with theoretical analyses and validated mathematical equations. 

Due to the nature and shape of the ferrite core of the optimized flux-pipe models, it was difficult to 

order for ferrite core material for experimental validation. This is primarily as a result of the proposed 

C-shape ferrite core proposed in this research which is not among the standard shapes commercially 

produced by most industrial manufacturers. 

Accurate procurement of the ferrite core will involve a specifications of the angle and length of the arc 

of the core. An alternative approach is to purchase the standard rectangular cores, cut them into 

smaller bar-shapes which can be moulded into a C-shape by joining each ferrite core bars using an 

adhesive. But the solution will introduced series of tiny air gaps in the final shape designs which will 

create significant experimental errors. 

7.3 Future Work 

A comprehensive design and analysis of the magnetic aspects of flux-pipe resonant coils was 

conducted in this research. The work focused on the magnetostatic, eddy current and a.c. analysis of 

model coil designs. But there are some aspects of the overall wireless power system that have not been 

studied and would require further investigation. 

To begin with, future work should cover the analysis of the coil design performance with respect to 

the effects of frequency. This can be evaluated by performing extensive transient simulation analyses.  

Also, future work should cover a thermal evaluation of the coil designs as a result of local loss 

distribution. Since the flux-pipe model design proposed in this research is optimized for higher power 

transfer, higher power comes with power loss increase which would be expected to increase 

temperatures. The thermal changes would then affect the electrical properties of components and this 

should be investigated. 

With respect to the overall wireless power systems infrastructure, the coil performance characteristics 

when power electronic controls (consisting of inverters, rectifiers and converters) are incorporated 

should be investigated. 
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Going forward with the evaluated system design specifications, future work will cover the analysis and 

evaluation of system design performance when subjected to static and dynamic operating conditions. 

The dynamic operating conditions will consider the level of power transfer with combinations of 

multiple pick-ups. 

Investigations into the impact of wireless power operations on power quality and stability should be 

undertaken.  With the possibility of harmonics present in the course of system operations, 

implementation of efficient algorithms for the reduction or elimination of the harmonics should be 

investigated.  

In the literature review, extensive research and analysis was done in the area of smart grids and the 

prospect of vehicle-to-grid technology. The potential operations and benefits that were highlighted 

would require a gradual implementation in the future.  
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