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Abstract 
Over the last decade, fossil fuel prices have significantly increased due to the dependency 

on hydrocarbon energy sources for transportation and electricity generation. In order to 

solve power generation issues, most governments in the world have heavily promoted the 

installation of roof top solar photovoltaic (PV) in domestic low voltage and commercial 

high voltage distribution networks. In addition, Electric Vehicles (EVs) have been 

introduced to substitute the hydrocarbon fuelled transportation which is required to 

provide high mileage and affordable prices. Currently, EVs have been charged with the 

utilisation of plug-in AC and DC chargers to charge their battery bank. To expand their 

range, EVs are required to have larger energy storage batteries, which leads to higher 

costs and limits their adoption in society.  Furthermore, plug-in chargers require manual 

operation to connect to EVs, which may create health and safety issues such as electric 

shock and fire.  

 

Wireless Charging Systems (WCS) have the potential to minimise both these major 

concerns by offering frequent charge while the EV is in stationary or dynamic modes. 

Frequent charge to the EVs at the car park, traffic signal and on the roads brings indefinite 

charging options which can dramatically reduce the battery bank size. However, 

improvements in some of the challenging factors such as health and safety, power levels 

and power efficiency requires further investigation to create a user-friendliness of the 

WCS for EVs. 

 

This thesis deals with the investigation of concerning issues which are limiting the 

development of Wireless Electric Vehicle Charging Systems (WEVCS) from becoming 

a part of the electrified transportation system. Currently available wireless power transfer 

technology for the EVs has been studied including wireless transformer structures with a 

variety of ferrite shapes. WEVCS are associated with many health and safety issues, 

which have been discussed with the current developments in international standards. Two 

major applications; static and dynamic WEVCS, have been explained with up-to-date 

progress from research laboratories, universities and industries. 

 

A variety of laboratory prototypes have been developed with the help of calculation and 

simulation methods, and verified with experimental techniques. Firstly, High Frequency 
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Wireless Planar Transformers (HFWPT) are used to investigate the flux leakages and 

other electromagnetic compatibility (EMC) problems which are associated with the 

wireless charging system’s efficiency. The HFWPT was designed using the bifilar 

winding concept on a PCB. An LLC resonant converter has been designed to improve the 

conversion efficiency with a maximized air gap. Assisted by a near-field scanner, the 

magnetic field has been analysed with and without a magnetic ferrite core at resonant 

frequency. The magnetic ferrite core in this arrangement is used to minimize flux leakages 

and to increase the magnetizing impedance. 

 

In addition, EMC computer modeling and simulation techniques are employed to 

investigate the magnetic flux distribution and associated EMC problems such as stray 

fluxes and hot spots. A finite element method (FEM) has been used to calculate the 

magnetic field. The effect of the planar magnetic ferrite cores on magnetic flux 

distribution has been investigated by using three designs. The first design has the ferrite 

core only at the primary side, the second draft has a planar core on the primary and 

secondary side, and the third design has a U-shape magnetic core for the primary and 

secondary side. A new proposed design is introduced to minimize flux leakages and 

reduce hot spots, in order to improve the flux distribution and to increase the magnetizing 

impedance. 

 

Poor considerations of leakage flux between the primary and secondary coils may cause 

complications for persons with a pacemaker or any other life supporting electronic 

devices. Two scenarios are investigated via computational simulation. Firstly, a 

simulation of a person with an electronic biomedical implant device standing beside a car 

during the charging process through the WCS is investigated. Secondly, a person is 

walking or standing over the primary coil area of the WCS when the system is not in 

charging mode. Both of these scenarios include an investigation of four different versions 

of magnetic core configurations, to examine the outer magnetic flux distribution as well 

as the power distribution of the WCS by using a FEM simulation. 

 

Another concerning issue is the lower power transfer efficiency of WCS for EVs in 

comparison to the plug-in due to the poor coupling between the transmitter and receiver 

charging pads. In order to solve the problem, in-wheel WCS for EVs have been 

introduced with a concept proven laboratory prototype, which can operate in static and 
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dynamic applications. The coupling coefficient is dependent on the thickness of the tire 

rubber and the transmitter installation height underneath the road surface. A variety of 

scenarios have been applied to study the in-build steel belt (IBSB) tire effect on the 

wireless power transfer for the static and dynamic cases. FEM simulation has been 

performed to investigate the magnetic flux distribution and leakage fluxes due to IBSB 

in the vehicle’s tire.  

 

Finally, the Wireless Vehicle to Grid (W-V2G) concept has been presented to solve future 

instability issues on the distribution networks created by unscheduled feedback power 

from renewable energy sources (RES). In addition, W-V2G can provide a platform to 

transfer power wirelessly in both directions: grid to vehicle and vehicle to grid where the 

EV’s battery can be a back-up of additional energy storage to reduce the peak demand 

energy requirements. A 3.7 kW wireless transformer for a single phase W-V2G prototype, 

and a high efficiency compact filter inductor for a D-StatCom inverter in the three phase 

30 kVA W-V2G have been built with the utilisation of calculation and simulation 

methods. Both prototypes have been constructed and validated with experimental 

methods. Currently, a 3.7 kW W-V2G prototype is under development, and will be 

finished in future with complete systems analysis and results.  
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 INTRODUCTION 

1.1. Motivation 
In recent decades, there have been significant developments and breakthroughs in 

technology. The use of a variety of autonomous electronics devices; such as mobile 

phones, laptops, tablets and home appliances has significantly increased due to consumer 

demands [1]. Such electronics contain on-board energy storage modules in the form of 

lithium based batteries. These batteries have normally been charged by conventional 

battery chargers through physical contacts. This form of connection increases the risk of 

short circuits; either by water or foreign objects crossing the contacts, or due to damaged 

connectors. In addition, different electronic devices have different power ratings as well 

as a variety of standardised chargers. For example, mobile phones have different plug-in 

chargers and power ratings than laptops. This is not only limited to low power devices 

but it is also applicable to medium to  high voltage battery operated equipment such as 

fork lifts, Electric Vehicles (EVs) and electric public transport systems. Standardised 

chargers create inconvenience to the users when they travel to another country. Moreover, 

when such electronic devices are upgraded or replaced, the chargers also need replacing 

even though they may still be in good working order. These unused devices end up in 

landfill because of improper recycling. This is known as electronic waste (E-Waste). As 

time goes on and technology improves, the amount of E-waste exponentially increases.  

 

Worldwide 20 to 50 million tonnes of E-Waste is annually generated. For example, 

around 105 million and 130 million mobile phones per year were discarded in Europe and 

the U.S, respectively [2]. Recent reports forecast that E-waste will increase approximately 

three times more than other general waste in landfills.  Many chemicals and materials 

found in E-waste are highly toxic and potentially dangerous for both flora and fauna. 

Research indicates that E-waste is accountable for generating seventy percent of 

poisonous substances such as lead, cadmium and mercury found in landfills [3]. 
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Over the last few years, fossil fuel prices have increased rapidly because of the reliance 

on limited hydrocarbon energy sources (such as petrol, diesel and gas) for power 

generation and advanced transportation systems. In order to reduce the usage of fossil 

fuels, electrified transportation requires the set-up of a wide variety of charging networks 

to create user-friendly environments and to tackle green-house and fuel price hikes. 

Currently, the world share of electric vehicles (EVs) including plug-in hybrid electric 

vehicles (PHEVs), battery electric vehicles (BEVs) reached around 1 percent, which is 

more than 1 million cars [4, 5]. These new methods of transportation use a wide variety 

of plug-in chargers to charge their batteries due to different standards established by the 

vehicle manufacturing companies in different countries. To compete with gasoline-

powered cars, EVs are required to have a long travelling range with an efficient refuel 

capacity. These features can only be achieved by installing a larger battery bank with 

continual charging facilities. However, a larger battery bank increases the overall price 

of EVs and requires additional charging time. Such limitations are the biggest hurdles in 

making EVs a reliable transportation alternative.  

 

Another challenging task in todays’ societies is for governments and industries to produce 

electricity safely, sustainably and efficiently with none or very little impact on the 

environment. Currently, most electricity is generated through the use of fossil fuels such 

as coal, petrol, diesel and natural gas which are limited and inevitable. The utilisation of 

such fuels creates greenhouse gas emissions, which cause dramatic environmental 

changes on a global scale. According to the 2015 key world energy statistics released by 

the International Energy Agency (IEA) in 2016, total energy consumption reached 

approximately 13699 MToe. This rose around 2.4% globally compared to energy 

supplied globally in 2012 [6, 7]. In 2016, Australian energy consumption increased by 

around 5920 Peta-joules which is around 1 percent higher in comparison to 2015[8]. The 

renewable energy methods of producing electricity (such as solar, wind, hydro and 

thermal usage) is continuously growing. These methods have produced approximately 

4% of the electricity requirements of the world. In Australia, 14.6 % of electricity is 

generated from renewable sources, according to the Australian Energy Update 2016 [8]. 

These renewable energy systems are environmentally friendly sources of electrical 

generation, but sometimes they may be difficult to utilise because of their power 

production limitations and lack of energy storage facilities. Moreover, unscheduled 

charging of EVs generates additional stress on the distribution network. To overcome this 
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significant problem, the distribution network requires a system which can store additional 

energy to utilise during peak periods. This problem can be solved by introducing an 

energy storage to the system, from small to large scale, as per the requirements of the 

network. Since the introduction of micro grid technology, the utilisation of mobile energy 

storage systems based on EVs, are becoming necessary not only for commercial buildings 

but also for households to reduce stress on the network and improve energy supply during 

peak periods. Current EVs can store energy from 11kWh to 90kWh (appendix 1). With 

the help of vehicle to grid (V2G) technology, the stored energy discharges to the micro 

grid during peak periods. However, this action requires additional manual operation to 

connect plug-in chargers. There are always risks and maintenance issues associated with 

plug-in chargers of EVs.   

 

In order to tackle these issues, Wireless Charging Systems (WCS) are one of the up and 

coming technologies which have the potential to provide contactless charging facilities in 

low, medium and high power consumer electronic products. WCS  technologies have 

been proven to have significant advantages to charge in high power applications including 

electric vehicles (EVs) [9], and Plug-In Electric Vehicles (PEVs) [10] in a stationary [11]  

and dynamic modes. This technology can offer safe, secure and user friendly charging 

techniques that are environmentally sound. WCS can provide a common charging 

platform for most electronic devices so different electronic products do not require 

separate standardised chargers to charge their batteries. Moreover, it can help to reduce 

the battery storage requirements by providing a continuous dynamic charging facility 

wirelessly. This technology can reduce toxic and non-biodegradable hazardous E-waste 

by establishing a common charging platform for all electronic products. Manufacturing 

industries will also require fewer natural resources, which may reduce power 

consumption during production. In addition, wireless vehicle to grid (W-V2G) 

technology can reduce peak demand energy requirements without making any physical 

contact with the grid, and offer convenient contactless autonomous mobile energy 

storage. Overall, this technology is both user-friendly and environmentally friendly. 

 

In summary, wireless power transfer technology in the field of electric vehicle charging 

can offer the following advantages [11, 12]: 

1. Convenience: As the wireless charger does not require any standard plugs in order 

to charge the EVs, it is possible to use different wireless power chargers such as 
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slow charging or fast charging. In addition, this feature can help to reduce E-waste 

issues because one wireless charger can charge a variety of PEVs even though 

they would be manufactured by different companies. 

2. Safety: Plug-in chargers may create shock, sparks and other security risks due to 

improper handling or damage, whereas wireless electric vehicle charging systems 

(WEVCS) operate without any physical contact with the receiver devices. 

WEVCS are more durable due to their plugless operation. 

3. Operation reliability: Wireless power can operate in high risk environments 

including flammable, explosive, high temperature and humid conditions. Wireless 

power can also enable the dynamic charging of devices. 

 

However, for WEVCS to become more use friendly two areas must be investigated. These 

are power level and health and safety issues related to electromagnetic compatibility 

(EMC) and electromagnetic interference (EMI). 

 

1.2. Terms and Definitions 
In the last few decades, different terms and definitions have been utilised by inventors 

and researchers in the development of wireless power transfer (WPT) devices. In order to 

create a common understanding, the exact terms and definitions are explained in this 

thesis with a focus on the investigation of the Wireless Charging System (WCS). 

1.2.1. Definition of High Frequency 
The term “High Frequency (HF)” is mostly known in power electronics and magnetic 

components (such as inductors and transformers design), which are operate up to 1 MHz 

to accomplish a practically high magnetic flux density [13]. The operating frequency is 

mostly limited by parasitic effects on increasing frequency and the restriction of the 

magnetic material of that core shape and size. In the power electronics design, the 

operating frequency of IGBT is up to 20 kHz while MOSFET can go up to a few hundred 

kHz. The standard centre frequency for WPT is 85 kHz, which is limited by magnetics 

materials, switching device limitations and efficiency [14]. The magnetic material which 

is used in the design has frequency ranges from several KHz to a few MHz [11]. 
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1.2.2. Definition of WPTS 
The Wireless Power Transportation System (WPTS) consists of a high frequency AC 

source, compensation network, primary and secondary coils, AC/DC converter and a 

battery charging circuit including battery storage. The term “Wireless” is utilised in many 

areas to transfer either information or power without having any physical contact. In this 

thesis, electric power has been supplied to the load or application device (such as a mobile 

phone or EVs) without connecting to the power source. 

1.2.3. Definition of EVs 
The term “EV” is commonly defined as a vehicle with an electric motor drive system, but 

for the purposes of this thesis, EVs are defined as vehicles with an electric drive system 

in conjunction with battery energy storage. These types of EVs are often defined as Plug-

In Electric Vehicles (PEVs). PEVs have the ability to charge their internal storage through 

grid connected chargers.  

 

1.3. Scope of this thesis 
In this section, the design and development overview of the research topic named 

“Wireless Power Transportation System (WPTS) for EVs” has been explained including 

the research objectives of this thesis. Sub chapters 1.3.1 and 1.3.2 presented an overview 

of the research topic and the objectives, respectively. 

1.3.1. Overview of Research Topic 
The investigation and design of the wireless charging system for PEVs requires a focus 

on a number of different research areas. These include magnetic material, shape, winding 

design, power electronics circuits and computer modelling simulation. 

 

 Material: The magnetic core material and its shape are important in the design of 

the wireless charging system. At high frequency, the material and its shape can 

help to increase the power handling capability and reduce the size of the unit. The 

selection of conductors and insulators requires additional research. 

 

 Winding: Windings of different sizes and shapes have been proposed by the 

researchers in the design of the WCS for PEVs. Proper design of the size and 
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shape of the windings can improve the overall power transfer efficiency. For this, 

background research must be conducted including some practical experiments. 

 

 Power electronics circuits: The passive magnetic components such as inductors 

and transformers are mainly used in the electronics circuitry in the application 

requirements. Without proper circuit design, the overall system cannot reach its 

optimum performance even though high efficiency magnetic components are 

integrated in the system. This can ONLY be done by proper research of the power 

electronics circuitry. 

 

 Computer simulation modelling: Since the introduction of efficient workstation 

devices, computer simulation techniques have been applied to visualise physical 

phenomena to build and optimise the wide variety of prototypes without 

constructing the actual physical device. The accuracy level of the simulation 

software brings many advantages from prototypes to real product manufacturing 

as the simulation results are as accurate as the experimental and calculated results. 

As a result, the simulation modelling techniques become a significant part of the 

research. 

1.3.2. The Research Objectives of this thesis 
This research project focuses on investigations and innovative developments in the field 

of wireless power transfer (WPT), high frequency converters and Finite Element Method 

(FEM) based computational electromagnetic simulation methods. The areas of wireless 

power transfer methods, power electronics circuits, magnetic and dielectric material 

structures, and health and safety issues with the current standards developments are also 

discussed. 

 

The major objective of this research is to investigate current wireless charging systems 

for EVs (including wireless transformers) to reduce size and shape, and improve power 

transfer efficiency with a significant reduction in health and safety issues which can assist 

to create user-friendliness. In addition, this research also proposed a newly developed in-

wheel wireless charging system for EVs as an alternative WPT methods for static and 

dynamic applications. Finally, a prototype of a wireless transformer for the wireless 
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vehicle to grid (W-V2G) concept is developed and examined in this thesis to find an 

alternative way to store supplementary energy generation, and its reuse when required.  

 

1.4. The Contribution of this Research Project 
Even though WEVCS offer more advantages over the plug-in EV chargers, there are still 

challenges to overcome. Such challenges are associated with health and safety, finances, 

power range limitations, infrastructure development and maintenance. In addition, the 

technology requires advanced safety features to deal with factors such as electromagnetic 

compatibility (EMC) and electromagnetic interference (EMI). Furthermore, WEVCS 

should be capable of competing with the existing plug-in charger in terms of high 

efficiency power transfer capability. The power transfer efficiency of the WEVCS relies 

mostly on the wireless transformer efficiency due to the large airgap between the 

transmitter and receiver pads. Current power converters are capable of delivering high 

efficiency high density power due to advances in the semiconductor devices such as IGBT 

and MOSFET. However, the overall system efficiency drops due to poor coupling 

coefficient in the wireless transformer.  

 

The purpose of this research is to investigate and improve current WCS for EVs in terms 

of health and safety issues such as electromagnetic compatibility (EMC) and 

electromagnetic interference (EMI) on low power biomedical implanted devices such as 

pacemakers. The overall system efficiency of the WCS has been enhanced by improving 

the structure and developing a novel in-wheel WEVCS design for static and dynamic 

applications (by the utilisation of computational simulation methods).  

 

In addition, the main grid is currently suffering from excessive power generation from 

renewable energy sources (RES) such as solar and wind, which creates instability. In 

order to store the additional power generation, EVs can be utilised with the help of V2G 

functions. However, it requires a manual effort to make physical contact with the grid. 

The introduction of W-V2G can help overcome such issues as it offers a wireless power 

transfer function. This not only reduces the stress into the main grid but also helps to 

improve the environment by reducing power generation from fossil fuels. 
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The contribution of this PhD research project can be summarised in the following key 

points:  

 Examined the electromagnetic impact (EI) of the WCS for the EVs. 

 Analysed the electromagnetic compatibility (EMC) of the WCS for the EVs. 

 Improved the efficiency of the WCS by improving structure and design. 

 Used computational simulation methods to study and improve the design of the WCS. 

 Proposed and developed a novel In-Wheel Wireless Electric Vehicle Charging 

Systems for stationary and dynamic applications. 

 Investigated a 3.7 kW wireless transformer for the W-V2G concept prototype to 

optimise the peak demand energy requirements. 

 

1.5. Overview of the Chapters 
 Chapter 1 presents the introduction including the justification of this research. In 

addition, it provides a basic understanding of the topic and presents the research 

objectives. This chapter also includes the contribution to this area by the author in 

order to improve and provide benefits to society.  

 

 Chapter 2 presents the literature review in the field of wireless electric vehicle 

charging systems (WEVCS) for stationary and dynamic applications. It also 

contains current wireless power transfer methods, power electronic circuitry and 

wireless transformers to utilise in the development of the WEVCS. Additionally, 

health and safety issues have been pointed out with up-to-date standards 

information from all over the world. 

 

 Chapter 3 elaborates on the essential theory and concept for the development of 

efficient wireless charging systems for PEVs. This includes the electromagnetic 

theory based on inductor and transformer design techniques with the utilisation of 

computational electromagnetic simulation methods (in the context of the Maxwell 

equations for low frequency modelling). In addition, this chapter discusses 

parasitic elements, magnetic material, insulation material and conductor material 

as well as a variety of experimental arrangements in order to design an overall 

cost effective system with maximum power transfer efficiency. 
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 Chapter 4 addresses the fundamental design of the stationary wireless charging 

system for PEVs. This chapter discusses the development of a high frequency, 

high power density wireless planar transformer with the validation of 

experimental and simulation methods. Additionally, EMC and EMI issues have 

been investigated with measurement and FEM simulation techniques to minimise 

the health and safety risks. The effect on health of implanted medical devices in 

the nearby WCS operated areas has been analysed with the FEM tool. 

 

 Chapter 5 presents a novel design of an in-wheel wireless charging system (IW-

WCS) for EVs which can be suitable for stationary and dynamic applications. It 

also outlines the step-by-step design of the IW-WCS prototype from the power 

converter and wireless transformer with multiple array receiver structures. The 

results from the prototypes are presented from calculation to experimental (with 

the FEM simulation) to investigate the magnetic flux distribution in the structure 

level.   

 

 Chapter 6 features the advanced concept of the wireless vehicle to grid (W-V2G) 

prototype to optimise the requirement of peak demand energy. This includes the 

research and development of the wireless transformer and a dual function filter 

inductor for D-StatCom (bidirectional AC/DC converter) in the W-V2G. The 

prototypes were built and verified with the utilisation of measurement and FEM 

simulation methods. Furthermore, a variety of experimental techniques such as 

impedance, voltage ratio and coupling coefficient measurements are also 

presented to investigate the performance of the prototype. 

 

 Chapter 7 presents the conclusion of this PhD project including the contribution 

in this area from the author. This chapter proposes further research and 

development possibilities and improvements related to this project, which are 

outside the scope of this PhD. 
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This PhD thesis is structured as follows: 

1. Introduction

2. Background 
Research of 

Wireless Charging 
Systems (WCS)

3. The Theory and 
Concept of 

Designing the 
WCS for PEVs

4. Static Wireless 
Charging System 
(S-WCS) for PEVs

5. In-Wheel 
Wireless Charging 
System (IW-WCS) 

for PEVs

6. A 3.7 kW 
Wireless Vehicle 
to Grid (W-V2G) 

for PEVs

7. Conclusion

Suggested 
reading order

Alternative 
reading order

 
Figure 1.1. Chapter outline with possible reading direction
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2.1. Introduction 
The use of electricity in all modes or areas is becoming common. It is also vital for many 

developed communities where they use electricity in most of their everyday life. The 

electric grid, which is the most advanced and sophisticated network to transfer energy in 

different areas, was built to satisfy society’s needs. However, the latest distributed grid 

systems lose approximately 30% of their energy because of the efficiency of the 

equipment and other associated losses. In the 21st century, wireless power transmission 

systems (WPTS) are considered to be advanced technologies for numerous applications 

such as mobile devices, home appliances, and medical implants in the areas of low and 

medium voltage electronics devices, by the utilisation of two fundamental important 

mechanisms: inductive coupling and strong electromagnetic resonant coupling [15]. 

 

Firstly, the inductive coupling method with resonant case was identified and used in the 

experiment by Nikola Tesla in 1914. This method is also known as Resonant Inductive 

Coupling (RIC). His idea was to transfer power over a long distance globally [16]. 

Radiative transfer is suitable for transferring data and other information over the air, over 

a long distance, by using antennas. However, when it comes to power transfer, it is very 

difficult to use this method because most of the energy is lost in the air because of the 

omni-directional transmission. Otherwise, it requires a line of sight and an advanced 

tracking system at the receiver side [17, 18]. Inductive coupling is an immerging method 

to transfer power wirelessly in the power ranges between mill watts and some kilowatts. 

However, when it comes to efficiency, it decreases significantly with increasing distance 

between the primary and secondary circuit [19]. 
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Contactless charging methods have the potential to integrate easily into infrastructure 

when compared to contact charging solutions. This is because there are only a few 

developed wireless charging systems (WCS) and therefore little variance between 

countries. Wireless charging systems have become one of the most significant and 

innovative technologies in the last decade for various applications including wireless 

biomedical devices [20] and compact electronic products such as smart phones [21-23]. 

Such Wireless Electric Vehicle Charging System (WEVCS) technologies have been 

proposed in high power applications including electric vehicles (EVs) [9], and plug-in 

electric vehicles (PEVs) [10] in stationary [11] application. In comparison to plug-in 

chargers, WCS have more advantages in the form of simplicity, reliability and user 

friendliness [24]. The problem or limitation associated with WCS is that they can only be 

utilised when the vehicle is parked or in stationary modes such as in car parks, garages or 

at traffic signals [11]. In addition, stationary WCS have some challenges such as 

electromagnetic compatibility (EMC) issues, limited power transfer, bulky structures, 

shorter range and higher efficiency [25-27].  

 

In order to improve both areas (range and sufficient volume of battery storage), a dynamic 

mode of operation of the WCS for EVs has been researched [28, 29]. This method allows 

battery storage devices to be charged while the vehicle is in motion. The vehicle requires 

less volume of expensive battery storage which increases the range of the transportation 

[12]. However, before a dynamic WCS becomes more widely accepted, it has to 

overcome two main hurdles: a large air gap and coil misalignment. The power transfer 

efficiency depends on the coil alignment and the air gap distance between the source and 

receiver [25, 30]. The average air gap distance varies from 150 mm to 300 mm for small 

passenger vehicles while it may increase for larger vehicles. Aligning the optimal driving 

position on the transmitter coil can be performed easily because the car drives 

automatically while in the dynamic mode. In addition, different compensation methods 

(such as series and parallel combinations) are employed on both the transmitting and 

receiving sides to reduce parasitic losses and improve system efficiency [31, 32].  

 

Since the introduction of a WCS for EVs was proposed, an inductive power transfer (IPT)  

based  conductive charger was utilised to charge many commercial vehicles such as 

General Motors EV1 [33]. Since 1997, the Korea Institute of Advanced Science and 

Technology (KAIST) University and the University of Auckland have been working on 
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the wireless power transfer applications for small to larger transportation vehicles 

including buses and trains for static and dynamic applications [26, 34]. In order to 

improve the performance, the University of Auckland has purposed a variety of charging 

pads for the transmitter and receiver coils which can significantly enhance the coupling 

coefficient (and offers a larger charging area to eliminate the charging location) [11]. On 

the other hand, KAIST suggested the use of shaped magnetic resonant technology to 

charge a bus when the vehicle is in motion, which is also called Online Electric Vehicles 

(OLEV) [35]. In addition, many start-up companies and research institutes have been 

working to improve wireless power transfer efficiency by conducting a wide variety of 

research experiments on coil design. The aim of these experiments is to achieve a higher 

coupling coefficient and provide a high power density source to meet with the current 

plug-in charger technology. To reduce the air gap between the transmitter and receiver 

coils, dielectric coupling based via wheel WCS was demonstrated, in which the steel belt 

embedded into the rubber tyres works as a receiver. A transmitter plate was installed 

beneath the road’s surface. A 1/32 scale EV concept prototype was able to deliver 75% 

power transfer efficiency at the 52 MHz operating frequency [36, 37]. However, the 

operating frequency was very high and difficult to match with the current standards. In 

addition, high power magnetic fluxes could be very dangerous at such a frequency. It is 

important to understand that the operating characteristics of the wireless charging system. 

These are explained below. 

 

2.2. Theory of Wireless Power Transfer (WPT) 
The basic block diagram of wireless charging systems for EVs or PEVs is shown in Figure 

2.1. Wireless means there is no physical connection between the transmitter and receiver. 

Unlike other wireless technology, Wireless Power Transfer (WPT) can transfer electricity 

from source to receiver. On the left, the power transmitter which is connected to the 

electrical grid, on the right the power receiver which is integrated into the load device. 

 

To transmit energy, a WCS utilises a standard power supply (mains/battery energy 

storage) and converts it to the necessary voltage/current/frequency to allow for wireless 

power transfer to occur. Figure 2.1 illustrates this process in the form of an induction 

charging method for a PEV. In this illustration, the mains AC power is converted into DC 

using AC/DC rectifiers, filters and PFC circuitry. The filtered DC is fed into HF AC 
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converters to convert the DC into an appropriate HF AC source for the primary winding. 

To reduce losses and improve performance, primary and secondary compensation circuits 

should be employed. As the primary and secondary windings are inherently separated by 

an air gap defined by minimum vehicle ride height legislations, typically 100mm, the 

energy transfer characteristics are typical to that of an air-core transformer. A varying 

current in the primary winding creates magnetic field which generate varying 

electromotive force (EMF) or voltage in the receiver coil. On the receiving side, the EV 

power conversion starts at the secondary winding. The HF AC voltage is rectified and 

filtered into a DC source and then transferred to the battery management system (BMS). 

This device includes the battery charger, protection circuits and SOC information. From 

this point onwards, DC power can be directed into the battery banks. In general, the 

receiver coil is installed underneath the car at a distance from the ground, while other 

electronics are inbuilt into the car. 

 

 
Figure 2.1. Basic diagram of a wireless charging system for EVs 

 

Efficiency is the Achilles-heel of a traditional WCS. Advanced WCS tend to utilise 

methods of controlled feedback loops to more accurately provide energy transfer details 

to increase efficiency. Figure 2.2 illustrates an advanced closed loop for WCS. In 

comparison with traditional WCS, the feedback has two important features: dual internal 

charge controllers and wireless communication systems. By providing two charge 

controllers, one on the transmitter and another on the receiver, the charging characteristics 

can be managed on both sides of the wireless transfer medium. In-built wireless 

communication systems allow communication between the source and receiver with a 

number of different parameters. These parameters include power transfer, efficiency, 

charging level, load level and control parameters. The information exchange can be 

employed utilising universal wireless communication protocols such as Wi-Fi, Bluetooth 
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and near-field communication (NFC). The placement and isolation of communication 

devices from the internal WCS high voltage are one of the challenging tasks for a 

designer, but it is solved with the help of technology advances. 
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Figure 2.2. Advanced closed loop wireless charging system for EVs 

 

2.3. Method of Wireless Power Transfer for PEVs 

Four major WCS methods: traditional inductive power transfer (IPT), capacitive wireless 

power transfer (CWPT), permanent magnet coupling power transfer (PMPT) and 

resonant inductive power transfer (RIPT) have been utilised for the WEVCS design. 

These methods will be discussed in this section. 

2.3.1. Capacitive Wireless Power Transfer 
Capacitive wireless power transfer (CWPT) technology has been utilised to transfer 

power wirelessly through the use of capacitive coupling. A basic block diagram of CWPT 

is presented in Figure 2.3. This diagram illustrates where the electric field is utilised to 

transfer power. CWPT can transfer power through metal barriers [38-40] even if there is 

a strong magnetic field interference [41] . In addition, this method can transfer power and 

data over a same network with minimal electromagnetic radiation [42]. Other parameters, 

such as rectifier and power converter, are the same in both sides: transmitter and receiver. 
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Figure 2.3. Basic diagram of capacitive wireless power transfer (CWPT) 

 

This technology has advantages such as simple light weight design, easy structure of 

couplings, low cost and position flexibility Due to the nature of the CWPT, the capacitive 

coupling between the two transfer plates diminishes exponentially with respect to 

distance. This results in a limited power transfer density [43]. The application of CWPT 

for EVs has been limited due to large air gaps and high power level requirements. Air gap 

reduction and high capacitance couple designs were suggested in the reference [44] for 

the rotary mechanism. Authors [45] proposed to use the car’s bumper as a receiver to 

reduce the air gap between the two coupling plates.  A stationary greater than 1 kW 

laboratory prototype was demonstrated with approximately 83% efficiency from the DC 

source to the battery bank at the 540 kHz (operating frequency). CWPT based commercial 

products are mostly suitable for low power applications such as chargers for wireless 

toothbrush or cellular phone charging pad [44, 46, 47].  

 

2.3.2. Magnetic gear and Permanent Magnet based Wireless Power 

Transfer 
Magnetic gear and Permanent magnet (PM)-based wireless power transfer is a technology 

which utilises mechanically assisted magnetic forces to transfer power from the source. 

The basic block diagram of magnetic gear and PM-based wireless charging system is 

shown in Figure 2.4. In the transmitter side, a rotating cylinder-shaped PM rotor is driven 

by an external rotor which induces current into transmitting winding. This in turn 
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generates electromechanical force in the PM. The transmitting winding can be installed 

either at certain air gap or inside hollow rotor. At the receiver side, a similar rotor is 

positioned within a specific air gap distance. The generated magnetic field through the 

Transmitting Magnetic is also received by the Receiving Magnet. As a result, the receiver 

magnet rotates synchronously with the transmitting magnet. The receiver operates as a 

generator and delivers power to the rectifier and battery through other charger and 

protection circuits [47, 48]. 

 

 
Figure 2.4. Basic diagram of magnetic gear and permanent magnet based WPT 

 

In reference [49], first Magnetic gear and PM-based WPT prototypes were proposed  and 

developed for two different applications. First prototype was demonstrated to transfer 1.6 

kW of power with 150 mm air gap for EVs and the second was developed to transfer 60 

W power with 100 mm air gap for medical implants. Both prototypes were able to transfer 

power with the efficiency of 81% at 150 Hz. Another magnetic gear and PM-based WPT 

was proposed to transfer 6.6 W output power and 1W supplying with 30 mm distance 

from the skin for the biomedical implants [50]. 

2.3.3. Electromagnetic field based WPT  
Wireless Power transfer can also be possible in time-varying electromagnetic fields: near 

or far field. Transferring large amount of power through the far-field is a challenging task, 

as the far-field requires line of sight to be able to transfer any meaningful power [51]. In 

addition, transferring large amounts of energy over large distances may generate health 

and safety issues. This is due to the concern regarding high-power and HF wireless 
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transmissions producing strong electromagnetic fields. Unlike the far-field, near-field 

based technologies can transfer sufficient power with higher efficiency over shorter 

distance in non-radiative region for EVs [47, 48]. There are two main types of near-field 

based WPTs: inductive power transfer (IPT) and resonant inductive power transfer 

(RIPT).  

2.3.3.1. Inductive Power Transfer 

 
Figure 2.5. Basic diagram of inductive power transfer (IPT) 

 

Transferring energy through inductive coupling methods is not a new idea, rather an 

ongoing idea originally conceived by Nikola Tesla in 1914 [16, 52]. Since then many 

experiments have been performed and many designs have been proposed for industrial, 

public and private uses [26, 27]. The basic block diagram of IPT is shown in Figure 2.5. 

IPT consists of one transmitter coil and one receiver coil, also known as primary winding 

and secondary winding. When the AC is applied to the primary winding, a continually 

varying magnetic flux field is generated on the transmission side. In the receiver side, this 

continually varying magnetic field induces electrons to flow in the direction of the varying 

field, resulting in a current potential. This AC voltage is converted to DC using rectifier 

and utilised to provide a power to a battery or electronics products.  

 

IPT has been immerging method to transfer power wirelessly in various applications such 

as electric toothbrush, mobile phones and early EVs in the power ranges between mill-

watts and some kilowatts. For example, GM EV1(1996) and Chevrolet S-10 (1997) [53] 

are IPT-based EVs, where the primary coil (paddle) of the magne charger is  placed at 
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the centre of the receiver coil. This design is able to charge contactless with a power 

ratings of 6.6 kW or 50 kW [47]. 

 

Disadvantages of traditional IPT include their limited transfer distances, poor efficiency 

and lower power transmission capacity. The efficiency and power transfer level can 

significantly drop if there is a misalignment or an increase in distance between the 

transmitter and receiver [54]. In practical applications, the distance and power 

requirements may vary depending on applications. For example, EVs require to charge 

their battery bank wirelessly with the power of several kilo watts and from the distance 

of 150 mm - 200 mm.  

2.3.3.2. Resonant Inductive Power Transfer 

 
Figure 2.6. Basic diagram of series-parallel resonant inductive power transfer (RIPT) 

 

Nowadays, the resonant inductive power transfer (RIPT) is the most famed WPT 

technology for EVs and BEVs. As shown in Figure 2.6, it is also known as coupled 

magnetic resonant IPT. This technology was developed from the original designed by 

Nikola Tesla. In comparison with IPT, this technology uses a resonance function to 

transfer power efficiently from the source to receiver. The resonant transfer occurs when 

the transmitter and receiver coils have same frequency and characteristic impedance. At 

this stage, the coupling becomes most efficient; therefore energy transfer becomes most 

efficient. The coils can be either loosely or strongly coupled. In comparison with strongly 

coupled, loosely coupled magnetic resonance can operate at larger distances but transfer 

energy at lower efficiencies and cause high electromagnetic emission [55, 56]. The 

efficiency problems can be solved by utilising compensation networks and employing 

advanced tools called high-quality resonators. Electromagnetic emission problems can be 
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solved by using well-combined magnetic material and core structures [57]. The power 

transfer mostly depends on a number factors including air gap, WPT efficiency, coupling 

factor and quality factor [58-60]. Other factors also affect the power transfer ability, 

including coil alignment, coil design, ferrite material and structures. This will be 

discussed in later section. Table 2.1 [26, 48, 57, 61, 62] shows the summary of different 

WPT methods for EVs and PHEVs. 

 

Table 2.1. Summary of wireless charging methods for EVs and PHEVs 

Wireless Charging Methods for EVs 
 
 
 

Features 

 
 
 
Capacitive 
WPT 

Magnetic 
Gear 

(MG) & 
Permanent 

Magnet 
(PM) 
based 
WPT 

 
 
 

Electromagnetic based WPT 

 
 

Medium of 
Power Transfer 

 
 
Electric  
field 

 
 

Electro-
mechanical 

force 

Electromagnetic  field (Near 
field) 

Traditional 
Inductive 

Power 
Transfer 

(IPT) 

 
Coupled  
Magnetic  

Resonance  

Power Transfer 
Level 

 
Low 

Medium/ 
High 

Medium/ 
High 

 
High 

Medium/ 
High 

Complexity of 
Design 

 
Medium 

 
High 

 
Medium 

 
High 

 
High 

Operating 
Frequency 

Ranges (kHz) 

 
100-500 

 
100-500 

 
10-50 

 
10-150 
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Electromagnetic 
Interference 

(EMI) 

 
Medium 

 
High 

 
Medium 

 
Low/ 

Medium 

 
Medium/ 
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Development 

Cost 
 

Low 
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Medium 
 

High 
 

High 
Power Transfer 

Distance (air 
gap) 

 
Low 

 
Medium 

 
Low 

 
Medium 

 
Medium/ 
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Size/Volume 
 

Low 
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Medium 
Medium/ 

High 
Medium/ 

High 
Efficiency  

Low 
 

Low 
 

Medium 
 

High 
Medium/ 

High 
Capabilities of 
Charging EVs 

 
May be 

 
Yes 

 
May be 

 
Yes 
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2.4. Wireless transformer topologies 
In the wireless charging systems, the transmitter and receiver pads are made of multiple 

component layers in order to gain maximum power transfer efficiency and lower 

electromagnetic interference with cost effectiveness. There are three main components of 

the wireless transformer pads: coil, shielding material (ferrite and aluminium plate), and 

protective and supportive layers. Figure 2.7 shows a variety of views of the wireless 

transformer pads. 

 

PVC 
Protective 

layer

Winding

Winding 
Supporting layer

Planar Ferrite

Aluminium 
plate

PVC base layer

(a)

(b)

(c)  
Figure 2.7.  Wireless Transformer (a) exploded view (b) top view (c) cross-section 

 

2.4.1. Coil Structures 
In WCS for EVs, an air-core wireless transformer concept is used to transfer several watts 

to kilowatts of power from the source to receiver sides. As shown in Figure 2.8, a variety 

of planar coil shapes such as circular, rectangular and hybrid arrangements have been 

utilised in the wireless transformer designs to improve performance and to solve 

misalignment problems between the transmitter and receiver pads [63]. Wireless charging 

coils are categorised in two main areas: polarised pads (PPs) and non-polarised pads 

(NPPs). Polarised pads are created from multiple coils and shapes to generate 

perpendicular (vertical) and parallel (horizontal) components of the flux. In contrast, non-

polarised pads are constructed from the single coil shape to produce only perpendicular 

(vertical) components of the flux [64]. NPPs are the traditional shapes coils, such as 

circular, square, rectangular and hexagonal. 
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(a)

(c) (d)

(e) (f)

(g)

(b)

 
Figure 2.8. Coil shapes (a) circular (b) square (c) rectangular (d) double D (e) bi-polar (f) 

double-D quadrature (g) quad-D quadrature 

 

Circular coil is a well-known and widely used structure in wireless transformers because 

eddy current in this structure is kept to a minimal (there are no sharp edges). By adjusting 

internal diameters, the magnetic flux distribution can be controlled. For smaller centre 

diameters, the magnetic field lobe would be a spike shape, which can help to improve the 

coupling coefficient. Increasing center diameter can expand the magnetic flux distribution 

areas with lower amplitude compromise, which can assist in misalignment problems [65]. 

When the offset distance between two windings reaches around ±40%, the receiver power 

reduces to minimal [66]. Square and rectangular shape coils are suitable when they 

require to arrange in array due to perfectly aligned sides. However, they increase 

inductance because the sharp corner edges generate eddy current and increase impedance 

and hot spots. This makes it unsuitable for high-power applications. Rectangular shape 

coils demonstrate greater horizontal misalignment tolerance in comparison to the circular 
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and square coils. However, hexagonal coil shapes present the maximum power transfer 

efficiency at the central position of the transmitter and receiver coils, but with a 

significantly reduction in the power when it reaches  the edge of the coil [67].Oval shaped 

coils provide more tolerance with misalignment but these are not suitable for high power 

applications [68].  

 

Due to poor performance on the horizontal misalignment, PPs are invented by arranging 

multiples shape coils in a variety of arrangements. Such shapes are not only suitable for 

single-phase applications, but also for three-phase applications. Solenoidal coil, double 

D (DD), Double D quadrature (DDQ), bipolar (BP) and Quad D quadrature (QDQ) are 

examples of the PPs pads or coupler. Solenoidal coil are created by winding coils around 

the flat ferrite plate, which can produce polarised sharp arching magnetic fluxes on the 

both sides of the coupler. This can be done by magnetically connecting two wound coils 

in series and electrically in parallel. Such polarised fluxes are higher than the NPP’s fluxes 

[27, 69].  

 

Double D (DD) polarised pads are created from two square or rectangular coils that 

generates flux in only one direction (opposite to the ferrite plate) with minimal leakage 

fluxes at the edge. It offers significant advantages in that it covers both horizontal (x and 

y) and vertical directions. In addition, this design can provide an excellent coupling 

coefficient and quality factors for the unloaded coil. Due to higher tolerance of the 

horizontal misalignment, this pad can be suitable for primary coupling in stationary and 

dynamic applications [70, 71]. The Double D quadrature (DDQ) coil is the advanced 

version of the DD pad with the production of a twice flux height compared to the circular 

pad. In addition to the DD pad’s features, it also provides significant improvement on the 

lateral misalignment issues with the Q coil manufacturing versatility. The DDQ coupler 

is suitable for the single or three-phase power source application, either primary or 

secondary. It can be excellent choice as a secondary pad due to its ability to grab both 

sine and cosine magnetic flux vectors [70, 72, 73]. Bi-polar (BP) charging pad are 

constructed from multiple similar size coils. In comparison to DDQ pad, BP requires 

around 25 to 30% less copper for the construction. However, it drops 13% in coupling 

coefficient with 30° angular misalignment between the primary and secondary coils in 

single or three-phase applications[71]. Quad D quadrature (QDQ) have been suggested 
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to improve the overall performance, including misalignment and flux height to reach the 

receiver. Such shapes utilise two or more circular and square coils in order to design 

wireless transformers [74]. QDQ pads offer a significantly higher coupling coefficient 

(0.33 at 150 mm air gap) and are able to transfer sufficient power with 50% misalignment 

displacement [68]. 

 

2.4.2. Ferro-magnetic core material and Structures 

(a) (b) (c)

(d)

(f)

(e)

(i)

(g)

(h)
 

Figure 2.9. Ferrite shapes (a) circular (b) circular striated (c) square (d) rectangular (e) T-

core (f) U-core (G) E-core (h) double U (i) striated blocks  

 

Another important component of the wireless transformer is magnetic ferrite structure. In 

the WEVCS, the magnetic flux is generated in medium to high power ranges. This would 

be high and there is a need to meet safety standard to avoid any health and safety issues. 
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In addition, it affects coupling efficiency between two windings, particularly if there is 

no shielding to reduce the leakage fluxes. Proper design of magnetic ferrite cores can not 

only assist to redirect path to magnetic fluxes from primary to secondary, but also improve 

mutual inductance and self-inductance of the coils [75]. The selection of ferrite core 

depends on multiple factors including size, shape, permeability, operating frequency and 

cost. As demonstrated in Figure 2.9, basic ferrite shapes such as circular, square, 

rectangular, E-core and U-core have been utilised in the source pad as well as on the 

receiver side to reduce leakage fluxes in the WCS for EVs [76]. Circular hollow and 

circular arranged ferrite bars have been modified to reduce either weight or cost, or 

adjusted depending on application. Even though EE-core, U-core, ETD and pot ferrite 

shapes offer a higher coupling coefficient, they are not suitable due to their height, 

because EVs have limited standard ground clearance. Striated ferrite structures have also 

been utilised to create variety of shapes and sizes to reduce leakage inductance and 

enhance cost effectiveness.  

 

Many magnetic ferrite materials are available in market with the higher permeability 

around 1000 to 2500, which can be utilised to design for WCS cores. Soft magnetic 

materials such as Manganese Zinc (Mn-Zn) and Nickel Zinc (Ni-Zn) are most suitable 

because they have higher magnetic relative permeability. In addition, they meet operating 

frequency ranges up to 500 kHz of the WCS for EVs [58].  

 

In the WEVCS, aluminium plating offers two significant functions: shielding material 

and structure integrity. Aluminium construction reduces flux leakages and improves 

coupling coefficient in the WCS for EVs through means of eddy currents[11]. Aluminium 

plates are mostly placed underneath the ferrite structures because without the ferrite the 

mutual inductance of the coils is greatly reduced [77]. In addition, ferrite plates are very 

fragile and may be constructed from the multiple planar blocks due to limited availability 

of the larger planar ferrite plates on the market. 

2.4.3. Protective and supportive structure 
In the WEVCS, transmitter pad is mounted underneath of the concrete structure of the 

road and is able to handle a car’s weight and additional vibration of the vehicle. In order 

to improve the structure stability, the top and bottom players of the charging pads are 

manufactured from a PVC plastic sheet.  The length and width are dependent on the 
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charging pad size and vary in size from 5 mm to 20 mm. Sometimes transparent acrylics 

are also added around the coil for support and to enhance the appearance of the charging 

pad.  

 

2.5. Power Electronic Circuitry for WCS 

2.5.1. Introduction 
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Figure 2.10. Basic block diagram of a wireless charging system 

 

The WEVCS is comprised of three main power electronics design components:  primary 

power source, secondary power source and resonant circuits including the compensation 

circuits (as shown in Figure 2.10). This thesis is mainly focused on the investigation of 

EMC and EMI issues including analysing different magnetic ferrite structures in order to 

improve user-friendliness in terms of health and safety. In addition, a few different power 

source topologies have been utilised (as per the application requirements) to achieve 

maximum wireless power transfer.  This is because the power source is one of the crucial 

parts in the design of a high efficiency WCS for PEVs. Therefore, this section of the 

chapter discusses a variety of power electronics circuitry which has been utilised in the 

WCS as a primary and secondary source to transfer power from the source to the load. 

The following section discusses the necessities of the power electronics circuitries in the 

WCS design. 

2.5.2. Necessities of the Power Electronic Circuits  
Power electronics components play a significant role in the design of the WCS for PEVs 

as total system efficiency relies on the power electronics circuitry and wireless 

transformer. In addition, power electronics components determine the cost of the overall 

system. The selection of the right converter parts, as per the application, is very crucial 

otherwise resources are used in undesirable areas. The optimisation of the power 

converter, as per the requirements, can improve efficiency and reduce unnecessary costs. 
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The wireless transformer requires a sine-wave input as a source to operate in the high 

efficiency power transfer mode. In order to do that additional compensation circuitry has 

been utilised, and will be discussed later in this chapter. However, the conversion of the 

sine wave is performed from the square wave, which has been generated by the utilisation 

of switches such as MOSFETs and IGBTs, and a controller which can only focus on 

square mode switching. MOSFETs are the most capable devices to use in the WCS for 

EVs because IGBTs are only capable of switching up to 20 kHz, which have been utilised 

in many reference designs. On the other hand, MOSFETs can switch up to 200 kHz. They 

also have advanced features such as fast switching, lower losses and the capacity to handle 

very high power levels. A higher frequency can easily help to reduce the size of the 

magnetic components. The most common techniques are soft switching and hard 

switching. In these switching modes, variable frequency methods can be included to 

create the circuit resonance which makes the circuit either zero voltage switching (ZVS) 

and/or zero current switching (ZCS) [78]. Such techniques are very helpful to reduce the 

switching losses and additional stress on the switches [79]. In addition, soft switching 

mode can significantly reduce the electromagnetic interferences (EMI) compared with 

the hard switching circuit operation [80]. Overall, the power converter should be operated 

with the following features: 

 

 Higher frequency to match current WCS standards 

 Lower losses including switching losses 

 Less circuit complexity to make a compact structure 

 Low EMI 

 Lower cost due to prototype operation. 

2.5.3. Primary Side Converters Topologies 
In the WCS for EVs, the primary power electronics circuitry is similar to most electric 

drive power sources.  The fundamental purpose of the primary power converter is to 

transform DC voltage into HF AC current to generate a HF magnetic field. In this case, 

if the main source is from the grid, it has to convert AC to DC by the utilisation of a 

controlled or uncontrolled rectifier. Sometimes an additional power factor correction 

device is also added to improve the power quality. In general, the transmitter is normally 

larger than the receiver coil to increase the receiver areas. Meanwhile the EMI has to be 
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as low as possible to avoid any health and safety issues. In order to achieve this, the 

current waveform should be very clean and good. 

 

A single phase power source for Level 1 (3.7 kW) and 2 (7.7 kW) and a three-phase power 

source for Level 3 and higher have been suggested for the WEVCS. Single phase 

solutions [77, 81] are very popular for passenger vehicles while three phase solutions [27, 

82] are preferred for heavy duty automobiles such as buses, trucks and trains. This thesis 

is mainly focused on the WCS related small passenger cars so the single phase power 

source converters are well suited for this application. A variety of converter 

configurations are discussed in this sub-chapter as the power electronics design is not the 

main objective of this research.  

 

2.5.3.1.  DC-AC Converter/inverter 

Two types of converter topologies, voltage and current source based half bridge and full-

bridge are very popular for the WCS. In this sub-section, both configurations will be 

discussed.  

(a) Voltage fed 
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Figure 2.11. Voltage fed (a) half bridge (b) full-bridge converters 

 

A voltage source based DC/AC converter has two basic topologies: half bridge and full 

bridge (as presented in Figure 2.11). In the full-bridge operation (Figure 2.11 (b)), four 

power switches are used in the switching network in comparison to the half bridge where 
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two switches are substituted with two appropriately large capacitors. Under a steady state 

scenario, the capacitors function as a voltage source with half the magnitude of the applied 

DC voltage because the change of voltage across these capacitors is insignificant.  For 

that reason, the maximum output voltage of the half bridge converter is ±   compared 

to ±푉 in the full bridge configuration. With the help of a gate controlled driver, some of 

the features of such controllers (such as voltage, frequency, phase and magnitude) are 

managed. Additional dead time is added between the turn ON and OFF time, respectively, 

of a pair of switches in a similar leg. This is to avoid a voltage short circuit. This time 

relies totally relied on the ON and OFF delay time of the individual power switches, as it 

varies from product to product [83, 84].  

(b) Current fed 
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Figure 2.12. Current fed (a) half bridge (b) full-bridge converters 

 

As shown in Figure 2.12, the current fed DC/AC inverter is also similarly divided into 

the half and full bridge configurations. However, the major difference between the current 

and voltage fed design is that capacitors are replaced with the large inductor. This is 

because the current source requires a closed-loop control or superconductivity as it is 

unable to offer standalone operation like the voltage source. Inductor in series with the 

voltage source arrangement creates a quasi-current source. In steady state conditions, at 

high frequency operations, the current passing through the series inductor is constant and 

behaves like a current source. In addition, the phase splitting transformer is added into 
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device to improve the performance. However, such an arrangement requires extraordinary 

protection and control methods for safe operation [83, 85].  

 

2.5.3.2. LC Resonant Converters 

LC resonant networks are also widely used in the WCS as a primary power source, 

whereas inductors and capacitors are connected in series or parallel combinations. The 

following sub-section will present a variety of resonant converters which have been 

utilised in the WCS applications. 

(a) Series Resonant converter (SRC) 

A schematic diagram of a series resonant converter (SRC) is demonstrated in Figure 2.13. 

The inductor LR and capacitor CR are connected in series with the primary winding. As a 

result, this arrangement creates a resonant network which is connected in series with a 

load. This configuration works as a voltage divider. The input voltage (Vin) is dependent 

on input frequency, which can change the impedance of the resonant network as it is 

divided between the network and the connected load. The DC gain of the SRC is always 

less than 1. Therefore, the impedance of the SRC is very little, and the applied input 

voltage completely drops on the load at the resonant frequency (FR). This means that there 

is a maximum gain at FR. 
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Figure 2.13. Circuit diagram of a series resonant converter 

 

 Advantages 

 SRC minimises switching loss and electromagnetic interference (EMI) by applying 

zero voltage switching (ZVS). Consequently, it improves the efficiency of the design. 
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 Due to high frequency operation, it helps to reduce the size of the magnetic 

components. 

 

 Disadvantages 

 It is able to optimise the performance of a design at a certain point. However, it is 

inefficient when the input voltage has a variety of input ranges and loads.  

 In no-load conditions, the regulation of output is not stable. 

 It cannot be used when the output requires high current because the output of the 

rectifier circuit is pulsating [86].  

(b)Parallel Resonant converter (PRC) 
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Figure 2.14. Circuit diagram of a parallel series network 

 

In Figure 2.14, the circuit diagram of a parallel resonant converter (PRC) is displayed. 

The inductor LR and capacitor CR are connected in series with the resonant tank. Unlike 

SRC, the capacitor CR is connected in parallel with the load in the PRC. In this 

configuration, inductor (LS) is mounted to calculate the impedance with the help of the 

capacitor CR, which is attached at the primary winding. 

 

 Advantages 

 It provides regulated output in no-load condition. 

 It can be used for high output current applications because the output of the rectifier 

circuit is constant through the inductor. Unlike the SR converter, the output comes 

through the capacitor. 
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 Disadvantages 

 The current flowing through the primary side is not dependent on the load. As a result, 

the large amount of current may circulate into the circuit whether there is a load or no 

load.  

 This flowing current value rises as the input voltage rises but it is unable to operate in 

a variety of input voltages [86]. 

(c) Series parallel resonant converter (SPRC) 
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      Figure 2.15. Circuit diagram of a series parallel resonant converter 

 

The series parallel resonant converter (SPRC) is the combination of a series resonant 

network (SRC) and parallel resonant network (PRC). The schematic diagram of the 

series parallel resonant converter (SPRC) is illustrated in Figure 2.15. In this 

configuration, inductor LR, capacitor CR and CP are three resonant components 

included in the resonant network. Like PRC, an additional capacitor CS is connected 

to the secondary winding to calculate the impedance of the circuit.  In addition, this 

arrangement can regulate the output voltage in no-load conditions by CP.  Furthermore, 

there is very little flowing current in the circuit because the load is connected with 

series of inductor LR and capacitor CR. 

 Advantages 

 The current flowing through the circuit is very small in no-load conditions. 

  The circuit does not have any effect when the output load is changed. 

 Disadvantages 

 It is not suitable for a variety of input ranges at a high input voltage because losses 

such as conduction and switching are significantly higher [87, 88]. 
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2.5.3.3. LLC Resonant Network 
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Figure 2.16. Schematic diagram of a charging system with LLC converter 

 

In Figure 2.16, a representation drawing of the charging system with an LLC resonant 

converter is presented. At the primary side, it can be used as either a half-bridge or full-

bridge switching circuit on the output voltage requirement. For example, the half-bridge 

LLC resonant converter is suitable for low voltage implantable devices while the full-

bridge is appropriate for mobile phones and tablets [89, 90]. There are three major 

components in the resonant tank: LR, LP and CR. The LLC resonant tank contains two 

inductors (LR, LP) joined in series and parallel along with a resonant capacitor (CR) in 

series with them. The resonant frequency can be tuned by calculating from (2.1).  

 푓 = 1
2휋 퐿 ∙ 퐶

 (2.1) 

In this equation, 푓  is the resonant frequency, LR and 퐶  are the inductance and 

capacitance of the LLC resonant network. 

 퐿 = 1
(2휋푓 ) ∙ 퐶  (2.2) 

 퐶 = 1
2휋 ∙ 푄 ∙ 푓 ∙ 푅  (2.3) 

Here, Q is the quality factor and determined from the equation of , Rac is the total AC 

resistance at the secondary side and calculated from the equation of  ∙  푅 , n is the 

ratio of the primary turn (Np) and secondary turn (Ns) and R0 is the ratio of the output 

voltage (Vout) and output current (Iout). 

 

 Advantages 

 The output voltage can be increased by the total gain factor of the converter and does 

not change the resonant frequency even though the load would be varied [86]. 

CR 
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 It provides better efficiency by reducing switching losses through the ZVS, and lower 

EMI pollution in comparison with the pulse with modulation (PWM) technique [89]. 

 It can operate in higher frequency ranges which can assist to reduce the size of the 

magnetic component [89, 91]. 

 It is capable of narrowing the switching frequency range with a light load [92]. 

 The LLC converter has zero voltage switching even under no-load conditions [86]. 

 Disadvantages 

 If a ratio of total primary inductance to resonant inductance is decreased obtain a 

narrower frequency range, it reduces the magnetising inductance. As a consequence, 

there is an increase in the circulating current switching and conduction loss. In 

addition, higher magnetising inductance has a longer duty cycle so there is no power 

supply during dead time. 

 If the switching frequency is lower than the resonant frequency, it increases 

conduction loss as the switching frequency falls [92]. 

2.5.4.  Secondary Side Converter Topologies 
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Figure 2.17. Rectifiers (a) half-wave (b) full-wave (c) full-wave bridge 

 

In the WCS, the transmitted power is received by the receiver coil and converted into the 

HF AC to DC voltage either by an uncontrolled or controlled rectifier as presented in 

Figure 2.10. The pulsating DC output of the rectifier is fed into the DC link capacitor 

bank to smooth DC voltage before it is applied to both the battery and the load. In the 

uncontrolled rectifier arrangements, three types of configurations have been employed to 

convert high frequency AC into pulsating DC. These configurations include the half-

wave, full-wave and full-wave bridge. They are demonstrated in Figure 2.17. 
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Table 2.2. Comparison of full-wave and bridge rectifiers 

Features Full-wave Full-wave Bridge 

Number of diodes 2 4 

Efficiency (ƞ %) 81.2* 

(When Rp/RL<<1) 

81.2 

Ripple factor 0.48 0.48 

Transformer utilisation factor  

(TUF) 

0.69 0.81 

Additional transformer Centre tap Not Applicable 

Peak inverse voltage 2Vm Vm 

RMS load current (Irms) Im/2 Im/2 

Average current (Iavg) Idc/2 Idc/2 

Losses Higher Low 

Overall system cost Higher Low 

 

The half-wave rectifier is one of the most cost-effective solutions in comparison to the 

full-wave design as only a single diode is required to perform the function. However, it 

only offers a single cycle AC to DC converter.  As a result, the overall efficiency is less 

than 50%. In order to achieve higher efficiency, full-wave bridge configurations are 

commonly used.  They are more efficient than the full-wave (centre tap) rectifier due to 

their advanced features such as a low ripple factor, higher transformer utilisation factor 

and a high peak inverse voltage. Even though a bridge rectifier requires four diodes, 

which increases the cost, the advantages offered by this configuration make it more 

efficient for use in the WCS application. A comparison of two types of full-wave diode 

rectifiers is illustrated in  

Table 2.2 [11, 93]. In addition, an ultra-fast diode is a compulsory requirement in the 

WCS operation due to high frequency AC conversion [81]. When a bi-directional 

operation is required, active switches such as MOSFETs have been purposed 

incorporating DC/DC converter topology to perform an independent secondary side 

control. 
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2.5.5. Resonant Networks 
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Figure 2.18. Compensation topology (a) series-series (b) series-parallel (c) parallel-series 

(d) parallel-parallel 

 

Compensation capacitors are added in series and parallel combinations on both the 

transmitter and receiver sides in the WCS for EVs to create resonant networks. Four types 

of compensation network topologies, namely series-series (SS), series-parallel (SP), 

parallel-series (PS) and parallel-parallel (PP) are demonstrated in Figure 2.18 .The source 

compensation is required to eliminate phase difference between current and voltage and 

to minimise the reactive power in the source [57, 94]. The installation of a secondary 

compensation network maximises the load power transfer and efficiency [11, 95]. 

Additionally, the selection of the network topologies relies on the specific application 

requirements in the WPT.  

 

The PS and PP compensated WCS is protected so that the source coil does not operate in 

the absence of the receiver coil. Even though it offers safe environment, the system is 

unable to transfer sufficient power in the case of misalignment between the source and 

the receiver [68]. It also requires additional series inductor to regulate the source current 

to flow into parallel in the resonant circuit. The value of the capacitor is its reliance on 

the magnetic coupling and quality factor [96, 97].  The primary compensation capacitor 

value is not dependent on mutual inductance in SP-based compensated WCS and can 

offer high power transfer than the graded system. However it is critically dependent on 

variation of load [98]. 
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Table 2.3. Advantages and features of compensation networks 

Features Series-Series 
(SS) 

Series-Parallel 
(SP) 

Parallel-Series  
(PS) 

Parallel-Parallel 
 (PP) 

 
Power Transfer capability 

 
High 

 
High 

 
Low 

 
Low 

Sensitivity of power factor over 
distance 

 
Less 

 
Less 

 
Moderate 

 
Moderate 

 
Alignment tolerance 

 
High 

 
High 

 
Moderate 

 
Low 

 
Impedance at resonant state 

 
Low 

 
Low 

 
High 

 
High 

 
Frequency tolerance on efficiency 

 
Low 

 
High 

 
Low 

 
High 

 
Suitable for EV application 

 
High 

 
High 
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Moderate 
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SS-compensated topology is the most suitable for EV applications because it offers two 

significant advantages [99, 100]. The first advantages is that the value of the capacitor in 

the source and receiver sides is independent from the load conditions and mutual 

inductance. As a result, the resonant frequencies of the source and receiver sides are not 

reliant upon the mutual inductance and loads but depends on self-inductance of the 

primary and secondary coils [94, 101]. The second advantage is that such systems 

maintain a unity power factor by drawing active power at the resonant frequency as the 

reflected impedance from the receiver coil does not add an imaginary part in the 

transmitter coil [102]. This SS-topology based WCS can offer better a constant voltage 

and current for the battery [68, 103]. Table 2.3 [11, 68, 77, 104] shows the additional 

advantages and features of different compensation networks, which are utilised in the 

WPT for EVs. 

 

2.6. Applications of Wireless Charging Systems for PEVs 
Depending on their applications, Wireless charging systems for EVs can be separated into 

the following two important scenarios to transfer power from source to the battery bank 

and into the car. 

2.6.1. Static 
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Figure 2.19  Basic diagram of a static wireless electric vehicle charging system 
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WEVCS unlocks another door to provide a user-friendly environment for the consumers 

(and to avoid any safety related issues with the plug-In chargers). Static wireless electric 

vehicle charging system (S-WEVCS) can easily replace the plug-in charger with 

minimum driver participation, and it solves safety issues such as trip hazard and electric 

shock.  

 

Figure 2.19 shows the basic arrangement of static WEVCS. The primary coil is installed 

underneath in the road or ground with additional power converters and circuitry. The 

receiver coil, or secondary coil, is normally installed underneath of the EVs front, back 

or center. The receiving energy is converted from AC to DC using the power converter 

and is transferred to the battery bank. In order to avoid any safety issues, power control 

and battery management systems (BMS) are fitted with a wireless communication 

network to receive any feedback from the primary side. The charging time depends on 

the source power level, charging pad sizes, and air gap distance between the two 

windings. The average distance between lightweight duty vehicles is approximately 150 

mm - 300 mm. Static WEVCS can be installed in parking areas, car parks, homes, 

commercial buildings, shopping centres, and park ‘n’ ride facilities. 

Many prototypes have been developed by universities at research and commercial levels, 

as presented in Table 2.4 [9, 11, 101, 105, 106]. Their prices vary from approximately 

USD 2700 to 13000 from charging levels 3.3 to 7.2 kW [107]. Their power levels meet 

with the recently announced international SAE standards (J2954) power class for levels 

1 (3.3 kW) and 2 (7.7 kW), including frequency ranges 81.9 to 90 kHz [108]. Currently, 

the SAE organization is working on the standards, which are related to allowable 

misalignment and the installation location of the receiver pads in the car. A number of 

prototypes have been presented with various mounting locations, such as front, rear and 

center of receiver pads on the underneath of the car. The Oak Ridge National Laboratory 

(ORNL) is mostly focusing on improving power transfer efficiency by coil designing 

while the University Auckland has proposed some hardware and software (including 

charging pad development) to improve the plug-in chargers efficiency. Overall, 

prototypes or lab experiments of stationary WCS for EVs have been developed from 

power ranges 1 to 20 kW, air gap distance 100 - 300 mm with efficiency from 71 to 95%.  
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Table 2.4. Current development in stationary WCS for PEVs 

Research & 

Development Institute/Corporation 

Vehicle Type Receiver 

Pad 

Location 

Air gap 

Distance 

(mm) 

Operating 

Frequency 

(kHz) 

Power 

Range 

(kW) 

Efficiency 

(%) 

Companies and Start-up Industries 

Plugless Power [107, 109](Evatran Group) (2016-

17) 

Passenger car Front 102 20 3.3-3.6 

7.2 

90 

WiTricy Corporation [110, 111](2009-17)  Passenger cars 

and SUVs 

ANY 100-250 85 3.6,7.7 

11 

>90 

Qualcomm Halo [112](2010-17) Passenger and 

race car 

Center 160-220 85 3.6,6.6 

7, 20 

>90 

Hevo Power [113](2017-18) Passenger car ANY TBA TBA 10 90 

Bombardier Primove[114](2015-17)  Passenger car to 

SUVs 

ANY 10-30 TBA 3.6,7.2 

22 

>85 

E-bus Center 200 

Momentum Dynamic Corporation [113]  

(2015-17) 

Commercial fleet 

and Bus 

Front / 

Rear 

300 TBA 30 TBA 

Conductix-Wampfler[113] (2002-03) fleet and Bus ANY TBA 20 up to 20 TBA 

Siemens and BMW[114, 115] Passenger car Front 80-150 TBA 3.6 >90 

Delphi[116] ( 2011-17) Passenger car Front 200 TBA 3.3 TBA 
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Research & 

Development Institute/Corporation 

Vehicle Type Receiver 

Pad 

Location 

Air gap 

Distance 

(mm) 

Operating 

Frequency 

(kHz) 

Power 

Range 

(kW) 

Efficiency 

(%) 

Research Groups and Universities 

Wuhan University, China [117] (2017) Lab Exp. N/A 300 100 6-16 ~81 

Korea Institute of Industrial Technology 

(KITECH) [105] (2016) 

Lab Exp. N/A 150 85 4 93 

Michigan State University [118] (2016) Lab Exp. N/A 200 60 1 ~82 

KAIST University[119] (2016) Lab Exp. N/A 200 90 3.3 95.96 

Oak Ridge National Lab (ORNL) 

[109, 120, 121] (2013-17) 

Lab & Real Prot. Rear 100-160 19.5 3.3,6.6,10 ~89-90 

125-175 22 20 90 

University of Michigan–Dearborn [57, 122] 

(2014) 

Lab Exp. N/A 200 TBA 8 95.7 

University of Auckland [26, 27] (1997-17) Car TBA 100-300 10-40 2-5 >85 

The university of Georgia [123-126](2014-17) Lab Prot. N/A 160 20 3 >80 

Energy Dynamics Laboratory (EDL) and Utah 

State University [127](2012) 

 

Lab Exp. 

 

N/A 

 

152-167 

 

20 

 

5 

 

>90 

KAIST University [106, 128](2010-14) Car and SUVs Center 10  

20 

3 72-80 

170 6 71 

120-200 15 74-83 
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2.6.2. Dynamic 
 

Power 
converter

Energy Storage

Prefabricated module

Alignment 
sensor

Transmitter

Receiver

Power 
Electronics

 
(a) 

Power 
converter

Energy Storage

Prefabricated module

Alignme
nt 

sensor

Transmitte
r

Receiv
er

Power 
Electronics

 
(b) 

Figure 2.20. Dynamic wireless charging system (a) centralised (b) segmented for PEVs 

 

Plug-in or BEVs are suffering due to two major obstacles—cost and range. In order to 

increase range, EVs are required to charge either quite frequently or to install a larger 

battery pack (which results additional problems such cost and weight). In addition, it is 

not economical to charge a vehicle frequently. The dynamic wireless electric vehicle 

charging system (D-WEVCS) is a promising technology, which can reduce the problems 
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associated with range and cost of EVs. It is the only solution for future automation EV. It 

is also known as a “roadway powered”, “on-line” or “in-motion” WEVCS [129]. As 

shown in Figure 2.20, the primary transmitter coils are embedded into the road concrete 

with high voltage, high frequency AC source and compensation circuits to the microgrid 

and/or RES. Like static WEVCS, the secondary receiver is mounted underneath of the 

vehicles. When the EVs pass over the transmitter, it receives a magnetic field through a 

receiver coil and convert it to DC to charge the battery bank by utilising the power 

converter and BMS [130]. Frequent charging facilities of EVs reduces the overall battery 

requirement by approximately 20% in comparison to the current EVs [47]. For dynamic- 

WEVCS, transmitter pads and power supply segments need to be installed on specific 

locations and pre-defined routes [131]. The operate frequency of the dynamic charging is 

up to few kilohertz [132-134]. The power supply segments are mostly divided into 

centralised and individual power frequency schemes as shown in Figure 2.20 (a) and (b). 

In the centralised power supply scheme, a large coil (around 5 to 10 metres) is installed 

on the road surface, where multiple small charging pads are utilised. In comparison with 

the segmented scheme, the centralised scheme has higher losses, lower efficiency 

including high installation, and higher maintenance costs [81]. 

 

There are some of the problems and challenges associated with the dynamic WEVCS. 

Firstly, it requires a special embedded power tracks in order to charge the vehicle. To 

meet the requirement, initial infrastructure cost would be very high. Secondly, it may be 

difficult to drive on same transmitter tracks; otherwise it would create misalignment with 

the receiver coil and the efficiency would drop significantly. Another problem is that it is 

required to identify number of charging requirements to reach a defined location with 

maximum allowable speed. Finally, it needs to investigate the charging effect of multiple 

vehicles on the same lane. The dynamic wireless charging system can be utilised in many 

applications such as Personal Rapid Transport (PRT), Rail systems, EV buses and cars.  

 

 Dynamic WEVCS prototypes have been developed by industries and research 

universities are presented in Table 2.5. For example, the 100 kW prototype of OLEV was 

developed with 80% efficiency and 200 mm air gap at 20 kHz (operating frequency). This 

technology has a great potential. However, health and safety issues related to this 

technology need to be considered. This will be discussed in next section before it can 

widely acceptance.
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Table 2.5.  Summary of dynamic WCS for EVs and PHEVs 

 

 

Inventors 

Specifications of Dynamic WCS for EVs 

“Known as” 

 and 

Prototypes 

Pick-up 

Power (kw) 

Operating 

Frequency 

(kHz) 

Air Gap  

(mm) 

Weight  

(kg) 

Efficiency  

(%) 

University of Auckland, New 

Zealand [26, 27, 135] 

Inductively Coupled Power 

Transfer 

(ICPT) 

 Cars 

 Train 

20-30 12.9 500  

Variable 

85 

KAIST University, Korea 

*- 1st Generation 

**-2nd Generation 

***-3rd Generation 

****-4th Generation [34, 35, 133, 

136-144] 

On-Line Electric Vehicle 

(OLEV) 

 Small car 

 Bus 

 SUV 

 Train 

 

3* 

6** 

15*** 

25**** 

 

20 

 

10* 

170** 

170 for 

SUV,200 for 

Bus,120 for 

Train*** 

200**** 

20* 

80** 

110*** 

80**** 

 

80* 

72** 

71 for 

SUV,83 for 

Bus,74 for 

Train*** 

80**** 
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Inventors 

Specifications of Dynamic WCS for EVs 

“Known as” 

 and 

Prototypes 

Pick-up 

Power (kw) 

Operating 

Frequency 

(kHz) 

Air Gap  

(mm) 

Weight  

(kg) 

Efficiency  

(%) 

KAIST University, Korea [2012-

14] [144, 145] 

On-Line Electric Vehicle 

(OLEV) 

 Bus & Train**** 

100**** 

(20kW×5) 

 

20 

 

200-260**** 80**** 85**** 

Oak Ridge National Laboratory 

(ORNL)[146-148] 

In-motion WCS  

 Car 

 22-23 125-175  90 

Flanders Drive with industries and 

universities [149] 

 

 Bus 

80 20 100  88-90 

EV System Lab. and Research 

Testing Section No.1, Nissan 

Research Center, Nissan Motor 

co., ltd. Japan [150] 

dynamic WCS 

 2 seater car  

1 90 100  >90 

North Carolina State University, 

USA [28, 151, 152] 

dynamic WCS 

 Lab prototype 

0.3 100 170  77-90 
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2.6.3. Comparison of Static and Dynamic WCS for PEVs 
Static and dynamic WCS for PEVs are two major potential technologies in the areas of 

wireless advanced transportation systems, which can change the transportation industry. 

However, these technologies have limitations, which have been discussed in the previous 

section. In addition, health and safety related issues require more research in order to 

improve the user-friendliness of these technologies. Next few sections will cover current 

up-to-date international standards including the requirement of safety considerations for 

WEVCS. Table 2.6 shows the comparison between static and dynamic WCS for PEVs.  

 

Table 2.6. Comparison of static and dynamic WEVCS 

Features Static Dynamic 

Method Stationary Motion 

Battery Requirement High Low to medium 

 

Battery Charging Time 

6-9 hours 

(depending on 

charger 3.7 kW or 

7.7 kW) 

Continuous or 

frequent in Quasi-

dynamic mode 

Power Transfer Efficiency >90% >90% 

Air gap Sensitivity Medium to High High 

Position Sensitivity Medium to High High 

Infrastructure and 

Set-up Cost 

Initial Low to medium High to Very high 

Long term Medium to high Low to medium 

Health  

and  

Safety 

Electric 

Shock Hazard 

Low to medium Low to medium 

EMI Medium to high Medium to high 

Power Transfer Capability High High 

Battery Charging Convenience Medium Very High 

Standards SAE J2954 Not Available 

 

 

 

 

 



BACKGROUND RESEARCH OF WIRELESS CHARGING SYSTEM 

48 | P a g e  
 

2.7. Standards of Wireless Charging Systems for PEVs 
In WCS for PEVs, it is important to consider issues related to design and safety to create 

user-friendly technology. This technology must require complying with international 

standards in order to prevent any instant and long term health and safety issues on human 

being, flora and fauna. In order to create user friendly environment for the WEVCS, it is 

vital to define standards for efficiency, power level, operating frequency, electromagnetic 

interference (EMI), electromagnetic compatibility (EMC) and safety and testing for the 

research and commercialisation of the technology.  As shown in Table 2.7 [113, 153-

157], many international organizations’ task forces, such as the Society of Automotive 

Engineers (SAE), the International Electro technical Commission (IEC), the Institute of 

Electrical and Electronics Engineers (IEEE), and the Underwriters Laboratories (UL) 

have been working with research institutes, governments, universities and EV automotive 

industries to enable commercialisation. The International Commission on Non-Ionizing 

Radiation Protection (ICNIRP), Federal Communications Commission (FCC) and 

American Association of Medical Instrumentation (AAMI) based electromagnetic 

societies are referred to agreements on EMC levels, EMF limits and compatibility with 

health monitoring medical implanted devices such as pacemakers [158].  

 

International standards cover the transmitter side (ground assembly) and receiver 

structure (vehicle assembly), including modifications or upgradability on the EVs/PHEVs 

for research and commercialisation purposes. For example, SAE international announces 

the TIR J2954 WPT standards for PHEVs and EVs with a common operating frequency 

range between 81.39 kHz to 90 kHz for light duty and passengers cars, as shown in Table 

2.8 [108]. In addition, this standard includes power levels, electromagnetic limits and 

minimum efficiency for the experimental and demonstrated purpose of the WEVCS, as 

presented in Figure 2.21. The SAE J2954 WPT committee carried out a wide variety of 

validation tests on bench (standardisation test) and vehicle levels (full vehicle tests). In 

future, additional standards will be announced for the alignment methodology, dynamic 

WEVCS, and wireless bi-directional power transfer. 
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Table 2.7. Lists of international standards of WPT for EVs and PHEVs 

Organisation /Society Relevant Standard/s Standard Definition / Description Year 

Society for Automobile 
Engineers (SAE) 

J2954 [108] Wireless Power Transfer for Light-Duty Plug-In EVs and 
Alignment methodology 2017 

J1772 [159] EV/PHEV Conductive Charge Coupler (CCC) 2017 

J2847/6 [160] Communication between Wireless Charged Vehicles and 
Wireless EV Chargers 2015 

J1773 [11] EV Inductively Coupled Charging 2014 
J2836/6 [161] Use Cases for Wireless Charging Communication for PEV 2013 

Institute of Electrical and 
Electronic Engineers (IEEE) 

P2100.1 [157] Wireless Power and Charging Systems 2017 

C95.1 [75, 153] Respect to Human Exposure to Radio Frequency (3 kHz - 300 
GHz ) Electromagnetic Fields 2006 

Underwriters Laboratories 
Inc.(UL) subject 2750 [71] Outline of Investigation, for WEVCS 2017 

International Organization for 
Standardization (ISO) 19363 [162] Electrically propelled road vehicles -- Magnetic field WPT -- 

Safety and interoperability requirements 2017 

International 
Electromechanical Commission 

(IEC) 

61980-1Cor.1 Ed.1.0 [11, 71] EV WPT Systems Part-1 General Requirements 2017 

62827-2 Ed.1.0 [11, 71] WPT-Management: Part 2: Multiple device control 
management (MDCM) 2017 

63028 Ed.1.0 [163] WPT-Air fuel alliance resonant baseline system specification 
(BSS) 2017 

15149-2(ISO-IEC)[164] 
Information technology - Telecommunications and information 
exchange between systems - Magnetic field area network 
(MFAN) - Part 2: In-band Control Protocol for WPT 

2015 

Japan Electric Vehicle 
Association (JEVS) 

G106 [11] Inductive charging system for EVs- General requirements 2000 
G107 [11] Inductive charging system for EVs-Manual connection 2000 
G108 [11] Inductive charging system for EVs-Software interface 2001 
G109 [11] Inductive charging system for EVs-General requirements 2001 
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Figure 2.21. Requirements of the SAE J2954 rating test  

 

Table 2.8. SAE TIR J2954 international standards of WPT for light duty electric vehicle 

Features Wireless Power Transfer Classes 

Maximum Input Power (kW) WPT-1 WPT-2 WPT-3 WPT-4 

3.7 7.7 11 22 

Minimum Target Efficiency (%) >85% Aligned 

Operating Frequency (kHz) 85 (Band: 81.39-90) 
 

 

Standards for Electromagnetic Compatibility (EMC) and Electromagnetic interference 

(EMI) have been announced by IEEE C95.1, C95.7-2005 and IEEE C95.3.1-2010 (3 kHz-

300 GHz), ICNIRP (1998, 2010). Utilising these standards, several organisation such as 

the FCC, ANSI, NCRP have created electric and magnetic fields exposures guidelines for 

occupational (controlled) and general public(uncontrolled) environments .These 

standards provide a specific absorption ratio (SAR) measurement and assessment 

methods for body parts and limbs with respect to radio frequency electromagnetic fields. 

For example, ICNIRP suggests non-ionising radiation protections limits for occupational 

(100 µT) and general public (27 µT) for the frequency range 3-100 kHz ) [151]. Table 

2.9 [109, 113, 136] describes several commercial or university-based organisations which 

have performed safety analysis tests for their prototypes to measure exposure limit of 

electromagnetic fields in human environment complied with international standards for 

EMC/EMI. 
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Table 2.9. Examples of safety certificates or compliance for industry-based prototypes of 

WPT 

Industries/Organisations Safety Certificates/Compliance/Evaluation 

OLEV,KAIST ICNIRP (62.5 milligauss at 20 kHz) 

WiTricity FCC regulation, IEEE and ICNIRP 

EVATRAN Plugless 

Power 

Idaho National Laboratory (INL), FCC, 

ICNIRP 

WAVE FCC regulation, IEEE and ICNIRP 

 

2.8. Safety Considerations of Wireless Charging Systems for 

PEVs 

WCS for EVs has the ability to remove the requirement of cables for conventional 

chargers but it may bring additional exposure to non-ionising electromagnetic Fields 

(EMFs) [165], so it is necessary to define safe operating region in both normal and 

abnormal conditions. The abnormal conditions mean that human or animal is underneath 

the vehicle when the PEV is charging, self-inflicted or forced [57]. It may be difficult to 

identify the “radiation zone” for the specific WCS not only underneath the car but in areas 

around it. In addition, an investigation needs to be conducted on the effect of such 

charging devices onto the patients with implantable electronic devices in their body, and 

their health and age status[166, 167]. The safety considerations of WCS for PEVs have 

concerned in three main areas: EMF exposure, electric shock and the risk of fire on 

objects in the charging path [54, 168, 169].  

 

In the high power WCS (200KW or up to 200A), there would be chances to exceed 

voltage potential between the primary and secondary windings. In order to prevent 

exposure the human and fauna, it would require covering or shielding to the exposure 

areas in environmental conditions such as desert, heat, rain and dry weather, and 

absorption and seismic activities. Another hazard which is associated with high power 

transfer is the fire because of leakage, insulation fault or any other electrical failure. 

Furthermore, fire safety is one of the potential hazard for high power transfer WCS 

because high current flow or excessive heating may create potential threat as the WCS is 

mostly installed underneath of the ground in public areas [54, 168, 169]. 
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The electric shock and risk of fire can be eliminated with proper design and precaution. 

However, EMF issues change for a WCS depending on the power level and resonant 

frequency of the system. The requirements of the power transfer in WCS for EVs are 

from some kW to hundreds of kilowatts. In order to provide sufficient power at the 

secondary or receiving side, the WCS needs to generate strong magnetic field, which can 

only be produced by applying high current at the primary; transmission side. For this 

operation, the inductive charging unit should have a sufficient size to tolerate the high 

currents and provide strong magnetic fields in comparison with acceptable misalignment 

[170]. The nominal air gap between the primary and secondary windings of WCS for an 

EV is between 150 mmm  and 280 mm due to the varying height of a vehicle [171, 172]. 

Due to the larger air gap between the two windings and in-case of misalignment, the 

leakage fluxes would be high without any proper shielding or protection. The leakage 

flux increases as the power requirement of the WCS also increases. 

 

Another important issue regarding EMF is the operating frequency. Many experiments 

have been performed to analyse EMF exposure of the WCS for EVs, which operates 

between kilohertz to megahertz ranges. It is known that every frequency has a significant 

impact on two important factors, EMC and EMI [173]. The experiment results indicated 

that the WCS could generate large amounts of EMI at HF [170, 174, 175]. It is necessary 

that this technology must be investigated to solve the dilemma of the effect of 

electromagnetic radiation on human beings, flora and fauna.  

 

The advances of the investigation can bring more freedom to design and support the in 

international standardization for this technology [176, 177]. The human exposure 

guidelines have been announced by IEEE C.95.1 2005 [123], ICNIRP 1998 (0 Hz-300 

GHz), and ICNIRP 2010 (0 Hz - 100 kHz) [178]. Many experiments have been performed 

to investigate the best operating frequency ranges and design parameters. For example, 

the 3.3 kW static WCS for EVs at 145 kHz frequency, which was developed by WiTricity, 

examined a human leg  using FEM simulation at around 600 mm distance. Their measured 

electric field and SAR values were generalised to the basic public EMF exposure 

restriction levels [172]. Another Level 2, 6.6 kW WCS for EVs at greater than 90% 

efficiency was demonstrated and their EMF exposure limits meet the international 

standards for average body exposure in public zone. The human body template was used 
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to record average four measurement points in validation of the measured results [147]. A 

prototype of 100kW dynamic WCS for OLEV, which had 62.5 mG EMF exposure at 200 

mm air gap at 20 kHz frequency, was demonstrated [132, 133].  In order to bring wide 

acceptance, WCS for PHEVs require easy to use international standards to provide 

environment safety. 
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3.1. Introduction 
The previous chapter provided background research information on a variety of 

technologies, material shapes and sizes, coil shapes and sizes, and their application in 

PEVs. In addition, it also pointed out the health and safety issues associated with WCS, 

and up-to-dated to current international standards. This chapter deals with the wireless 

power transfer theory for PEVs, which have been utilised to research and develop 

following technologies: 

 

 Static WCS to investigate the health and safety issues with a variety of core shapes 

and to analyse its impacts on other health monitoring medical implanted devices. 

 Alternative methods called In-Wheel WCS to transfer wireless power for PEVs in 

static and dynamic modes; and  

 A 3.7 kW wireless vehicle to grid (W-V2G) concept to overcome the peak demand 

energy requirements with RES. 

In addition, this chapter includes the selection of magnetic and coil materials, shape and 

size considerations as well as various losses and parasitic effects associated with the 

design of WCS. This chapter also describes numerical analysis techniques to investigate 

the electromagnetic field analysis of WCS. Various experimental arrangements have been 

created to measure and enhance the performance of the WCS design. These have been 

explained in detail.  

 

3.2. Wireless Power Transfer Theories 
The previous chapter presented a variety of WPT methods to transfer power from the 

source to the receiver. This section explains series-series resonant inductive power 

transfer (SS-RIPT), which has been utilised to transfer power from the source to the load. 

The selection of SS topology for WEVCS has been discussed in the previous section. This 

section covers the theory and analysis of the single primary and secondary coil based 

WPT for static WEVCS. Theory and analysis are then expanded for the multi-receiver 

array based In-Wheel WCS for PEVs. 

3.2.1. Single transmitter and receiver coils 
Figure 3.1 shows the electrical schematic diagram of WEVCS. In order to simplify the 

circuit in the power electronics areas, the fundamental mode of approximation (FMA) 
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method has been applied to analyse the circuit. Under steady state conditions, constant 

DC voltage (VDC(Input)) from the DC link capacitor is applied from the rectifier with 

additional an DC/DC converter in some cases. This is to boost or control the DC input 

voltage. The HF AC source is a square wave in nature, which is applied to the resonant 

circuit including two coils. In this scenario, the fundamental current harmonic exists on 

both resonant tuned circuits, which are operated at the same switching frequency. The 

root mean square (RMS) voltage of the energy source of two power electronics blocks 

can be calculated by equation (3.1) [66, 77, 102, 179]. 

 푉  =
4

휋 ∙ √2
∙ (푉 _  ) (3. 1) 

 

Lp Ls

M

Transmitter Receiver

D1
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VAC
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Figure 3.1. Electrical schematic diagram of WEVCS 

 

Figure 3.2 presents the equivalent circuit of a WEVCS, which has been created by the 

approximation of two power electronics blocks from both sides. Load impedance RL 

includes impedance from the receiver circuitry and battery. 

CP RCP

Lm Rm

RCS CS

VAC

RLIP Is

 
Figure 3.2. Equivalent circuit of WEVCS 

 

A series-series (SS) LC resonant configuration is simple to control, where typically a 

resonant capacitor is calculated and placed inside the circuit to enable resonance. 



THE THEORY AND CONCEPT OF DESIGNING THE WCS FOR PEVS 

58 | P a g e  
 

Moreover, it has voltage source based maximum power transfer characteristics when the 

source and load impedances match each other [180]. Self-resonant topologies are 

challenged to resonate at low frequencies, as there is an inherent lower parasitic 

capacitance, which is used as the resonant capacitor [101]. Unlike the SS resonant 

network, the capacitance values are reliant on the coupling coefficient (k) in the parallel 

compensation circuit, which is not suitable for static or dynamic WCS applications. The 

resonant tank equation is utilized to calculate a capacitor value for the primary and 

secondary sides at the predefined resonant frequency [181]. At the selected or calculated 

frequency in the resonant mode, the reactive impedance of the winding becomes zero 

[101]. Other parameters can be calculated using equations from (3.2) to (3.4), which are 

derived from Kirchhoff’s law. Equation (3.5) and (3.6) can be utilized to obtain 푍  and 

푍  , which are self-impedances of the primary and secondary coils respectively [57, 101]. 

 
푉 = 퐼 푍 + 푅 + 퐼  (푗휔푀) 

 
(3. 2) 

 
0 = 퐼 (푗휔푀) + 퐼 (푍 + 푅 ) 

 
(3. 3) 

 푍 + 푅 푗휔푀
푗휔푀 푍 + 푅

퐼
퐼 = 푉

0  (3. 4) 

 

 푍 = 푅 + 푅 + 푗휔퐿 +
1

푗휔퐶  (3. 5) 

 

             푍 = 푅 + 푗휔퐿 +
1

푗휔퐶        (3. 6) 

 

where, 푉  is the high frequency AC source, 푍  and 푍  are self-impedances of the primary 

and secondary coils, 푅  and 푅  represent the internal resistances of the primary and 

secondary coil, 퐼  and 퐼  denote the primary and secondary current respectively. 푅  

represents the resistance from the input source. M (or 푘 퐿 ∙ 퐿 ) is the mutual inductance 

between the primary and secondary windings. 푅  is the load resistance. 퐿  and 퐶  are the 

inductance and capacitance of the primary winding whereas 퐿  and 퐶  are the inductance 

and capacitance of the secondary winding respectively [101]. Consequently, equation 

(3.7) can be rewritten for primary (Ip) and secondary (Is) currents by substituting (3.5) 

and (3.6) into (3.4).    
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퐼
퐼 =

1
푍 ∙ 푍 + (휔푀)

푍 −푗휔푀
−푗휔푀 푍

푉
0

 (3. 7) 

                                                             

If the reflected resistor on the primary side is derived, it would be in equation (3.6). 

 

 푅 = ( ∙ ) ∙( )

∙ ∙ ( )
                              (3. 8) 

 

The power transfer efficiency (휂) is the ratio of the output power and input power 

including losses as shown in (3.7).    

             

 휂 = = ( ) ×
∙ ( )

                                (3. 9) 

3.2.2. Single transmitter and multi-receiver array structure                                     
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Figure 3.3. SS resonant WEVCS with multi-receiver array coils 

 

In the stationary WEVCS application, single transmitter and receiver coils are suitable to 

transfer power from the source to the receiver but it might be difficult to operate when 

the secondary receiver is moving rapidly. In order to overcome such issues, a multi-

receiver array structure is preferred so the receiver receives constant power from the 

source to the receiver. This kind of arrangement is most suitable for In-Wheel based WCS 

(IW-WC) for PEVs. Chapter 5 will cover the design and detail of innovative WCS for 

PEVs. The theory and analysis related to this design is described in this section. 
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When the transmitter coil size is greater than the receiver coil in the IW-WCS, multiple 

receiver coils in the array can energise and receive the magnetic flux. The number of 

activated receiving coils is also dependent on the position of the tyre on the transmitter. 

Figure 3.3 shows the SS resonant based multi-receiver array WCS for PEVs. Equation 

(3.10) can be utilized to study this scenario in the IW-WCS.  The primary impedance (Zp) 

can be derived from (3.11) where Zp depends on the primary resistance (Rp) and sum of 

the ‘i’ active receivers’ impedance (Zs). The secondary coil impedance is reliant on carrier 

frequency, mutual inductance (Mp) between the primary and secondary coil and load 

impedance (ZL), which is constant in this case as the receivers are connected in parallel 

with the load [182]. 
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⎢
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⎥
⎤

 

 

(3. 10) 

 푍 = 푅 + 푍  푤ℎ푒푟푒,푍 =
휔 ∙ 푀
푅 +  푍  (3. 11) 

   

where, Vp and Ip are voltage and current on the primary sides respectively, and Vs and Is 

are the secondary voltage and current respectively. These values are to the ‘i’th active 

receivers. It is possible to calculate the efficiency of the individual components (such as 

the power converter and wireless transformer) separately. The ratio of the output power 

and input power is known as power transfer efficiency (휂). In the IW-WCS, the output 

power is the addition of the received power from the individual active receivers due to 

their parallel arrangement. This will be discussed in Chapter 5. It can be calculated using 

(3.12). 

 

 휂 =
∑ 푉 ∙ 퐼
푉 ∙ 퐼 × 100 =

∑ 푃
푃 × 100 (3. 12) 

The maximum power transfer depends on several factors such as tyre size, possible wire 

cross section of the receiving and transmitting coils, the possible voltage levels as well as 
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frequency. The proposed IW-WCS wireless charging system can be utilised as an efficient 

substitute in order to increase the range of the vehicle if the existing wireless charging 

system is suffering from air gap losses and poor coupling coefficient. This will be 

discussed in Chapter 5. 

3.3. Wireless Transformer Design 
Wireless transformer design is very crucial in the WPT for PEVs as it can significantly 

affect but power transfer efficiency and power levels. It is important to carefully select 

and design a number of components associated with the efficient cost-effective magnetic 

components such as inductors and transformers. This section discusses coil design 

including conductor material, magnetic shape, material selection, and associated losses in 

the design of magnetic components like transformers and inductors. 

3.3.1. Coil Design 
In the WEVCS, the design of a primary and secondary coil is very important in order to 

optimise power efficiency. This literature covers two types of coil design: FR4 and litz 

wire. FR4 based coil design is slightly different than litz wire design due to its current 

carrying capability. In the initial WCS prototype design, FR4 based coils were utilised in 

order to prove the concept of the WPT and investigate a variety of health and safety issues 

related to the WPT. 

 

a) Primary coil 

Dout

Din

Wd Ts
 

Figure 3.4. Parameters of a single layer spiral coil 

 

In the planar coil, the determination of self-inductance is mandatory because it can help 

to understand the interaction between the coil and the system.  In equation (3.13), the 

Wheeler Formula is presented to calculate the inductance of a single plane [183, 184]. 

Figure 3.4 shows the basic parameters of the single layer spiral coil. This formula is highly 
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accurate in approximating the total inductance on a single plane. The original equation of 

Wheeler is too complicated because it requires calculating some complex geometric 

features.  

 

 퐿 =
푁 ∙ 퐴

30퐴 − 11퐷  (3. 13) 

 

Where 퐿  is the self-inductance in µH of the planar spiral single layer coil, 푁 is the 

number of turns, 퐴  is the total area of the coil (which can be calculated using (3.14)) 

and 퐷  is the inner diameter of the coil. In addition, 푊  and 푇  are the diameter or trace 

width of the wire and gap between two turns, respectively. 

 퐴 =
퐷 + 푁 (푊 + 푇 )

2  (3. 14) 

 

In the first concept prototype of the WCS design, FR4 based printed circuit board (PCB) 

coil was utilised to reduce costs. It is also readily availability. The development of FR4 

based PCB coil is challenging as it has limited current capabilities and is not as flexible. 

In the first design, a two layer PCB coil was developed in order to increase the number 

of turns with the limited outer diameter of the coil. In addition, trace width is controlled 

to achieve a predefined number of turns with the fixed coil size. Moreover, the bifilar 

concept is used to improve the overall power transfer efficiency. Therefore, it is necessary 

to calculate the total inductance of the two sided planar inductor. In order to perform this 

calculation, the Wheeler formula needs to be modified, as presented in (3.15). 

 

 L  = K ∙ μ
N ∙ D

1 + (K ∙ ρ)                                                (3. 15) 

 

Where K1 and K2 are layout constants (2.35, 3.55 respectively), μ  is the permeability of 

air, n is the number of turns in the spiral,d = 0.5 ∙ (d + d ) Davg=0.5(Dout+ Din) is 

the average diameter and ρ = (Dout - Din) / (Dout+ Din) is the fill ratio.  

 

The dual layer planar inductor coupling factor (K ) was derived from the reference [185].  

 K =
N

(AX +  BX + CX + D) × (1.67N − 5.84N + 65) × 0.64     (3. 16) 
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Where, X is the distance between two spiral coils which is the thickness of the PCB.  

 

The coupling factor (Kc) per inductor combines with the modified Wheeler formula, 

which is presented in equation (3.17).  

 L =  L + L + 2 ∙ K ∙ L + L  (3. 17) 

 

Where, L1 and L2 are the self-inductance of each side of the inductor (top and bottom), 

respectively. 

 

From equation (3.15), it is shown that the self-inductance of the coil (Lsi) is directly 

proportional to the number of turns (N) and inversely proportional to the fill ratio (ρ). 

This means that the higher the number of turns and fill ratio, the higher the self-inductance 

of the coil.  

 

A large central core was selected for the spiral coil because the smaller diameter at the 

central area results in a negative inductance, whereas the turns further away from the 

centre results in a positive inductance [186]. In addition, the fact that the resistance is 

increased by increasing the number of turns must also be considered. The primary coil 

size is limited due to the size of the small scale prototype remote control (RC) car. It is 

necessary to meet the inductance specification so the spiral’s number of turns must be 

calculated on the basis of the maximum current rating of the trace width (W), separation 

distance (S), skin depth, proximity effect, inner diameter (Din) and parasitic capacitance. 

The standard trace width (an approximate current of 1.5 amperes requires 0.9 mm) is 

taken into account to calculate the required trace width. The skin depth at resonant 

frequency 100 kHz is approximately 200 µm. In order to keep the total trace width 1 mm 

with a cross-sectional area of 0.035 mm, the 0.1 mm trace width is increased to 

accommodate the proximity effect and parasitic capacitance losses. Due to manufacturing 

limitations, the spacing between the traces was set to 0.5 mm and the distance between 

the two spirals was set to the standard 1.6 mm (PCB thickness). The outer diameter was 

110 cm because of the spacing between the two tyres of the RC car. 

 

The following calculation is made to calculate the total inductance (3.18 and 3.19). 
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 L1 ≅ L2 = L= 39.5 µH         (3. 18) 

 

So, 

 LT= (2×L) + (2 × KC × L)   (3. 19) 

 

LT= (2×39.5 µH) (2 × KC × L) ≈ (2×39.5 µH) + (2 × 0.482 × 39.5 µH) 

 

LT = 117 µH 

 

In the design of the in-wheel WCS and W-V2G prototype, litz wire coil has been utilised 

instead of the PCB coil. Litz wires are made of multi-strand, individual, insulated wire in 

a variety of patterns to carry high frequency AC current. Such cables offer significant 

advantages such as lower skin and proximity effect losses. In addition, the resistance of 

the litz wire is very low, which results in a higher quality factor (Q) of the system design 

[187]. The original Wheeler formula (3.13) has been used to calculate the self-inductance 

of the planar spiral coil, which is designed in such a way that the coils have optimal self-

inductance and lower loss parameters in the predefined size and shape. In order to do that, 

a variety of combinations of the coil’s parameters (such as inner diameter, trace gap and 

number of turns) were tested.  

 

b) Secondary coil 

The secondary coils were designed using the same method as the primary coil from the 

PCB and litz wire. A few changes were made due to the limitations of the size of the car’s 

under body or tyre thickness. The outer diameter of the coil was 100 cm, and the inner 

diameter was as small as possible, as the greater the exposure to the flux lines the better 

the energy transfer between the primary and secondary coils in the transformer. For the 

RC car prototype, a rectangular design was chosen to maximize the surface area and 

reduce eddy currents around corners. The bifilar configuration was utilised with a total of 

50 turns and each layer contained 25 turns. This turn ratio will increase the secondary 

voltage by a ratio of 1:1.25, which will compensate for the air gap losses. In comparison, 

a litz wire based single layer spiral coil was designed for the IW-WCS and W-V2G 

application. The details of the individual prototype design will be discussed in Chapters 

5 and 6. Table 3.1 shows the specifications of the litz wires, which have been used in the 

design of the wireless transformer coils in the IW-WCS and W-V2G prototypes. 
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Table 3.1. Specifications of litz wires  

Specifications Types of Litz Wires 

AWG38/100 AWG38/200 AWG175/46 

Operating frequency (kHz) 50-100 850-1400 

Outer diameter (mm) 1.51 2.20 0.94 

Cross-sectional area (mm2) 0.82 1.65 0.21 

Equivalent AWG 18 15 24 

Temperature tolerance (C°) 155 

Breakdown voltage (V) 900 900 200 

Type 2 

 

Coil 

 

Primary 

Primary and 

Secondary 

 

Secondary 

Application In-Wheel W-V2G In-Wheel 

 

3.3.2. Resonant tank design 
In order to create a series-series resonant case, the primary and secondary resonant 

capacitor values can be obtained using (3.22). 

 

 
휔 =

1
√퐿 ∙ 퐶

 

 
(3. 20) 

 
2휋푓 =

1
√퐿 ∙ 퐶

 

 
(3. 21) 

 
퐶 , =

1
(2휋푓 ) ∙ 퐿 ,

=
1

39.48푓 ∙ 퐿 ,  
 

 
(3. 22) 

퐶 ,  and 퐿 ,  are the resonant capacitor and self-inductance of the primary and secondary, 

respectively. 푓  is the resonant frequency which has been predefined in the literature 

review. Due to significant changes in the voltage and current in the SS resonant WCS, 

metallized polypropylene film capacitors of B32652 are utilised in comparison to the 

conventional capacitors, which cannot tolerate high frequency pulse voltage. In addition, 
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capacitor banks are created by arranging them in series and parallel combinations to meet 

the calculated resonant capacitor value to tolerate the voltage stress. Figure 3.5 shows the 

effect of high frequency pulse on the Vrms and impedance. The capacitor can hold the 

RMS voltage up to 100 kHz with an operating temperature range from -55 to110 °C.  Such 

features make them suitable for WCS application. 

 

 
(a)                                             (b) 

Figure 3.5. Graphical representation of a resonant capacitor (a) Vrms voltage (b) 

impedance vs high frequency pulse 

3.3.3. Parasitic effect calculation  
In the design of WCS for PEVs, passive components such as inductors and wireless 

transformers faced various losses from magnetic materials and conductors. This change 

significantly with increased frequencies, geometry and current density. When designing 

WEVCS, these constraints have to be taken into account. This will be discussed in this 

section. 

 

3.3.3.1. Quality factor 

The ratio of reactance components and resistance of the inductor is called the quality 

factor (Q). The resistance of the inductor depends on many other parameters such as core-

loss, skin effect and other resistances. The Q-factor can be obtained by (3.23). 
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푄 =

휔 ∙ 퐿
푅  

 
(3. 23) 

Where, Q and L are the quality factors and inductance of a coil, respectively. R is the AC 

resistance of the respected coils and ω (=2 휋푓 ) is the radian frequency. The coil with 

higher Q values can increase maximum achievable efficiency with lower k values and 

reduce critical (k) requirements [60, 188]. 

 

3.3.3.2. Coupling coefficient 

In the WCS, the magnetic field generated by the transmitting coil receives the secondary 

coil. The coupling coefficient or coupling factor (k) depends on the value of the magnetic 

field received by the receiver coil. The value normally lies between 0 and 1. A zero value 

means none of the magnetic field is received by the receiver while 1 means all the 

magnetic field is received at the receiver side. This value can be calculated using (3.24). 

 

 푘 =  
∙

    (3. 24) 

 

Where, M is the mutual inductance, Lp and Ls refer to the primary (transmitter coil) and 

secondary (receiver coil) inductances [11].  

 

Mutual inductance of the primary (푁 ) and secondary (푁 ) windings can be defined as 

(3.25): 

 

 푀 =
푁 ∙ 퐿
푁  (3. 25) 

 

퐿  is the magnetising inductance between the primary and secondary coils.  If equations 

(3.24) and (3.25) are combined, the magnetising inductance can be rewritten as (3.26): 

 
퐿 =

푘 ∙ 푁 퐿 ∙ 퐿
푁  

 

(3. 26) 

If   =   is assumed then equation (3.27) is: 



THE THEORY AND CONCEPT OF DESIGNING THE WCS FOR PEVS 

68 | P a g e  
 

 
퐿 = 푘 ∙ 퐿  

 
(3. 27) 

In the wireless transformer, a physical turn ratio is the ratio of the secondary and primary 

windings, whereas an effective turn ratio can be explained as a square root ratio of the 

secondary and primary inductances.  If physical and effective turn ratios are assumed 

equal, the primary (퐿 ) and secondary (퐿 )  leakage inductances (Figure 3.2) can be 

defined as (3.28) :  

 
퐿 = (1 − 푘) 퐿  & 퐿 = (1− 푘) 퐿  

 
(3. 28) 

Lm
Vp

Im

Is

Vsp

Lpe LspeIp

+

-

+

-  
Figure 3.6. Leakage equivalent model of a wireless transformer 

 

The secondary side leakage inductance from the primary side can be described as (3.29): 

 

 
퐿 =

(1− 푘) 퐿
푛  

 
(3. 29) 

Overall, the coupling coefficient plays a significant role in deriving leakage parameters 

in the WCS for PEVs.  

 

3.3.3.3. AC Resistance 

In the WEVCS, two performance factors (quality factor (Q) and coupling between the 

primary and secondary coils) play a significant role in the design of a high efficiency 

WCS. Coupling is relied on a variety of parameters such as vertical air gaps, horizontal 

air gaps and mutual inductance between two windings. The quality factor can be 

calculated using (3.23) and can be improved by reducing the resistance (R) of the 
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windings. R can be the total DC resistance due to copper loss (Rdc), AC resistance due to 

skin effect and core loss (Rac) and Rd is the dielectric loss.  

 

The AC resistance of a straight round wire can be derived from equation (3.30).  

 

 
푅 =

휌 ∙ 푙
퐴  

 
(3. 30) 

Where 푅  is the DC resistance of the coil, l is the length of the conductor and 퐴  is the 

effective cross-sectional area of the conductor. 휌 is the resistivity of a conductor, which 

is reliant on conductor material [58]. In order to reduce the AC resistance (Rac) and skin 

effect in the design of WEVCS, litz wires have been considered. These wires enable the 

fixed operating frequency range to maintain optimum performance. AC resistance of the 

number of turns (Nt) which are constructed from the circular litz wire can be derived by 

applying (3.31). 

 

 
푅 = 푅 1 +

푓
푓

 

 

(3. 31) 

 
푓 =

2.83
휋 ∙ 휎 ∙ 휇 ∙ 푟 푁 ∙ 푁 훽 ∙ 휂

 

 

(3. 32) 

In this equation, 휎 is the conductor conductivity, 휇  is the permeability of the conductor, 

푟  is the radius of an individual strand in the litz wire, Ns is the number of strands and 휂 is 

the area efficiency of the coil. In addition, 푓  and 푓  are the operating frequency and 

frequency when AC power dissipation is double than the DC power dissipation, 

respectively. In order to maintain optimal efficiency, 푓  should be higher than the 

operating frequency(푓 ). The AC resistance can be reduced to improve the Q factor of 

the coil. The datasheet of the litz wire provided by the manufacturer contains a lot of 

information including number of strands, type of litz wire, operating frequency range, DC 

resistance and current carrying capability [101, 189]. 
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3.3.3.4. Self-capacitance and parasitic capacitance 

Self-capacitance is mostly negligible because of the operating frequency range (50 kHz 

to 120 kHz) of the WEVCS, including In-Wheel WCS (for testing). However, the 

parasitic capacitance (Cpc) between two neighbouring turns in the WEVCS requires 

consideration and can be calculated by (3.33). 

 
퐶 = 휀 ∙ 휀

휋 ∙ 퐷 ∙ 푟
휁 + 휀 푟 (1− 푐표푠휃)

/
 

 
(3. 33) 

퐷  is the average diameter and 푟  is the radius of the conductor, and 휁 is the thickness 

of the litz wire. Furthermore, 휀  푎푛푑 휀  are the air permittivity and relative permittivity 

of the conductor’s insulation, respectively [101]. 

 

3.3.3.5. Skin Depth and Proximity Effect 

Skin depth is a very important factor when designing inductors and transformers. In 

particular, when the operating frequency is very high, losses will also be very high. The 

skin effect and proximity effect are primarily losses at higher frequency [190]. The source 

of the skin effect is electromagnetic induction. When the DC current passes through a 

solid conductor, the current distribution in the cross-section of it is uniform. However, 

AC creates a non-uniform distribution in the conductor. In addition, the current density is 

higher at the surface than the centre areas and increases as frequency is amplified. This is 

called the skin effect [59, 191]. It also increases the eddy currents within the conductor, 

effectively dropping the current flow through the conductor to a thin membrane at the 

surface[190]. The skin depth can be calculated from (3.34).  

 

 δ =
ρ

πfμ μ                            (3. 34) 

Here, 휌  (= 1.68 × 10-8) is the resistivity (ohm-meters), 푓 is the frequency in Hz, 휇 (= 

0.999994) is the magnetic permeability (Henries/meter) of the conductor and 휇 (= 4휋× 

10-7) is the magnetic permeability of the air.  
 

The proximity effect is the result of a conductor carrying a current at higher frequency 

and another conductor or wire within proximity of it. In the planar transformer, every 

wire has current flowing through it in a coil, which produces eddy currents into the 
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conductors. As a result, it has a significant effect on the overall efficiency of the 

transformer. To control or regulate this effect, sufficient spacing between the conductors 

must be considered in the design of transformers and inductors [190, 191]. 

 

Table 3.2. Example of skin depth 

Frequency (kHz) Skin depth (훅) [µm] 

85 223.6 

90 217.3 

100 206.2 
 

Table 3.2 provides an example of skin depth for some frequencies which have been 

considered while designing prototypes based on PCB or litz coils (to avoid additional 

losses and to improve overall power transfer efficiency). Copper as a conductive material 

has been utilised due to its benefits, and this will be discussed later in this section. 

 

3.3.4. Material Consideration for WCS  
In the design of WEVCS, the selection of material for wire and ferrite is very crucial as 

the total power transfer efficiency is significantly improved by reducing additional 

conductor and magnetic material losses. In this section, the selected materials for 

conductors, ferrite and insulation are discussed in detail. 

3.3.4.1. Conductor Material 

 

Table 3.3. Conductor material properties  
 

Material 

(Symbol) 

 

Electrical 

Conductivity 

(s/m) 

 

Density 

(gm/cm3) 

 

Resistivity 

(µΩ/cm) 

Magnetic 

Susceptibility 

(cm3/mol) 

Xm 

 

Resistance 

Factor 

 

Melting 

Point 

(C°) 

Copper 

(Cu) 

58.5 × 10-6 8.89 1.72 -5.46 × 10-6 1 1084 

Aluminium 

(Al) 

36.9 × 10-6 2.703 2.83 16.5 × 10-6 1.64 660 

Silver (Ag) 62.1 × 10-6 10.49 1.59 -19.5 × 10-6 0.95 961 

 



THE THEORY AND CONCEPT OF DESIGNING THE WCS FOR PEVS 

72 | P a g e  
 

A conductor which carries an electrical current in magnetic components, such as 

transformers and inductors, is made from three standard magnet materials. Copper, 

aluminium and silver are the most commonly available magnetic wires, and their 

properties are presented in Table 3.3 [59]. 

 

Copper as a conductor has been selected in the design of wireless transformers and other 

filtering inductors required during the development of the prototypes as it offers 

outstanding electrical conductivity characteristics in comparison to aluminium. It is not 

practical to consider silver and gold because they are expensive. Copper conductors are 

affordable and can provide a higher melting point, ultimate tensile strength with a lower 

density, and thermal expansion. In addition, it has one of the best magnetic 

susceptibilities, which makes it suitable for this research. The size of the conductor 

depends on the current carrying capabilities and the current density. Equation (3.35) can 

be used to calculate the required cross-sectional area to carry the predefined current 

ratings.  

 퐴 =                                        (3. 35) 

Where, 퐴  is the cross-sectional area of the copper conductor, I is the maximum current 

and 퐽 is the current density, which has been selected at 500 A/m2. 

 

3.3.4.2. Core Material 

In WEVCS design, the magnetic core is important in improving magnetic flux 

distribution and reducing harmful leakage fluxes, which can create health and safety 

issues. Therefore it is necessary to select proper magnetic material which can perform 

better in terms of size, cost and maximum efficiency with minimum parasitic capacitance 

and leakage inductance. Most wireless transformers and filter inductors operate between 

50 Hz to megahertz ranges. The most common types of materials used are silicon steel, 

permalloy (nickel iron), permendur (cobalt iron), amorphous metallic alloys, sendust 

powder, iron powder cores and soft ferrite. It is vital to consider the properties of the 

magnetic materials such as saturation, core loss, permeability, coercivity, resistivity, and 

magnetic flux density. 

 

Soft magnetic materials such as manganese zinc (Mn-Zn) and nickel zinc (Ni-Zn) play an 

important role when the frequency is very high. Manganese zinc has a higher permeability 
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in comparison with the nickel zinc, and it can operate at frequencies less than 2 MHz. The 

advantages and disadvantages of these materials are presented in Table 3.4 [192]. 

Manganese zinc (Mn-Zn) based planar magnetic ferrite has been selected to improve the 

overall performance by providing shielding at the primary and/or secondary coils. In the 

prototype design of the WCS, 3F4 planar magnetic ferrite was considered for the initial 

practical application due to financial availability, as presented in Figure 3.7. In Figure 

3.8(a) [193], the characteristics of 3F4 is presented. For the designer, it is vital to have 

information about hysteresis characteristics of the material before using it. In addition, its 

permeability at particular frequencies and temperatures can help respond to the external 

field. “The ratio between magnetic flux (B) and the magnetic flux density (H)” is known 

as the permeability. The permeability versus frequency graph is shown in Figure 3.8 (b). 

 

Table 3.4. Advantages and disadvantages of soft ferrites 

Mn-Zn and Ni-Zn 

Advantages Disadvantages 

 Operates in high frequency ranges 

 Not too expensive 

 Hardware and bobbins readily 

available  

 Easy to manufacture for industry  

 Very low flux density 

 Large core required for lower 

frequency 

 Poor heat transfer capabilities 

 Not usable for high temperature 

ranges 

 

 
Figure 3.7.  Planar magnetic ferrites (a) appearance (b) cores and their dimensions  
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Advanced performance F47 planar magnetic ferrite  was introduced in the design of the 

IW-WCS and W-V2G applications. The dimensions of two sizes of the Mn-Zn are 

presented in Figure 3.7.  In order to understand the performance of both utilised ferrites, 

materials comparison between 3F4 and F47 is shown in Table 3.5. F47 has double the 

initial permeability (nominal) in comparison to the 3F4, as illustrated in Figure 3.9. In 

addition, this material can minimise the material losses in temperatures up to 80 ℃ which 

is very important for the WCS design [194]. 

 

 
Figure 3.8. Diagram of (A) B-H loop (B) frequency vs. permeability 

 

Table 3.5. Materials comparison of 3F4 and F47  

 

Symbol (Unit) 

Conditions Value 

3F4 F47 3F4 F47 

µi 25 ℃;  ≤10kHz:  25 ℃;  ≤10kHz: 900 ± 20% 1800± 20% 

µa 200mT 400mT ≈1700 2500 

B(mT) 25℃;1200A/m 

100℃;1200A/m 

25℃;796A/m 

100℃;796A/m 

≈410 

≈350 

470 

360 

흆(Ώcm) - - ≈10 100 

Tc (C) - - ≥ 220 ≥ 200 
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                                       (a)                                                           (b) 

Figure 3.9. Diagram of (a) B-H loop (b) frequency vs. permeability 

 

Table 3.6. Comparison of magnetics powder cores and iron powder cores  

 

Features 

 

MPP 

 

High Flux 

 

Kool Mµ 

 

XFLUX 

Iron 

Powder 

Permeability 14-550 14-160 26-125 60 10-100 

 

Composition 

80% Ni 

20% Fe 

 

50% Ni 

50% Fe 

 

85% Fe 

9% Si 

6% Al 

93.5% Fe 

6.5% Si 

 

100% Fe 

 

 

Core Loss 

 

Lowest 

 

Moderate 

 

Low 

 

High 

Highest 

(Variable) 

Temperature 

Rating(ºC) 

 

200 

 

200 

 

200 

 

200 

 

Variable 

Saturation 

(Bsat) 

 

0.7T 

 

1.5T 

 

1.0T 

 

1.2 

 

1.2-1.4T 

Temperature 

Stability 

 

Best 

 

Very Good 

 

Very Good 

 

Good 

 

Variable 

 

Core Shapes 

 

Toroid 

 

Toroid 

 

Toroid, 

E-core 

 

Toroid 

Toroid, E-

core, other 

shapes 

Relative Cost High Medium Low Low Low 
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In the WCS, the design of filter inductors is as important as the design of the wireless 

transformer because inductors can affect the overall size of the unit as well as the 

performance of the system. Due to lower frequency operation, iron powder and sendust 

power cores (which have distributed air gaps inside the physical structure) are suitable in 

such applications. Iron powder cores have higher losses compared with other powder 

cores but they are most suitable when the AC ripple’s amplitude is very low. Iron powder 

cores may be used for the power inductor when size and efficiency is not important. In 

order to use these in high temperatures, it is necessary to take into account the thermal 

aging curve for this material due to an organic binder for the insulation which can be 

easily to collapse [195]. Magnetics molypermalloy powder (MPP), high flux, Kool Mµ 

(sendust powder) and XFLUX are the most common four types of standard magnetics 

powder cores used in the power industry. A comparison of magnetics powder cores and 

iron powder cores, in terms of their basic material properties, is presented in Table 3.6 

[23, 58, 59]. Kool Mμ powder core material is utilized over the iron powder core and 

other sendust materials as it has much lower levels of loss. In addition, Kool Mμ does not 

create any fringing flux-related losses. Another major advnatage is that the availability in 

E-core shapes allows for a variety of size combinations to be created for various 

application. The detailed design of the filter inductor will be discussed in Chapter 6.  

 

3.3.4.3.  Insulation Material 
The insulation materials are used for coating or to prevent shorting between two current 

carrying magnetic wires because they are non-conductive and opposed to carrying current 

[196]. Different types of insulation materials are used for different magnetic wires 

because of their temperature ratings and applications. The insulation materials do not have 

a significant effect on the resistance of the conductor but it is necessary to determine the 

maximum temperature when the conductor gets hot and avoid burning the insulation 

material [197].  

 

In order to determine the thermal requirements, the insulation materials are divided into 

a few classes, as shown in Table 3.7. These have been utilised as an insulation material 

in the construction of the litz wire [58]. Sometimes incompatibility can create many 

problems such as heating, and limitations with the application. In addition, polyimide 

adhesive tape (which can tolerate high temperatures) was utilised to cover the surface 
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area of the ferrite plates. In order to create a planar spiral winding, a double sided adhesive 

sheet has been considered. This can offer high temperature tolerance with a thickness of 

0.17 mm. Such an arrangement provides additional structural support to the spiral coil. 

 

Table 3.7. Temperature class and their properties of insulation materials [58] 

Temperature 

Class 

Insulation Type Dielectric 

Constant 

Maximum 

Temperature 

Tolerance [ºC] 

A Polyurethane 6.20 105 

A Formvar 3.71 105 

B Polyurethane-Nylon* 6.20 130  

F Polyurethane-155 6.20 155 

H Polyester Solderable 3.95 180 

Class 200 Polyester-amid-imide 4.55 200 

Class 220 Polyimide (ML) 3.90 220 

 

 

In the WCS, an aluminium plate is also utilised which offers two significant functions: 

shielding material and structural integrity. Aluminium construction reduces flux leakages 

and improves the coupling coefficient in the WCS for EVs through means of eddy 

currents [11]. The size of the aluminium plates range from a few millimetres to some 

millimetres, which is higher than the skin depth of the WCS’s operating frequency range 

(from 20 kHz to 100 kHz). When the magnetic fluxes try to pass through the aluminium 

structure, it opposes to penetrate the surface thickness and forces them to increase the 

length of the magnetic flux contour as a result, aluminium structure reduces the value of 

the magnetic fluxes due to higher magnetic path resistance. Aluminium plates are mostly 

placed underneath the ferrite structures because without the ferrite it greatly reduces the 

mutual inductance of the coils [77]. In addition, aluminium plates provide structural 

support as ferrite plates are very fragile. 

 

3.3.5. Core Structure Consideration for WCS 
The magnetic core is a key part in the design of wireless transformers and filter inductors. 

The main purpose of the magnetic core is to provide a controlled path to the magnetic 
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flux, which is generated into the magnetic components. It also creates a well-defined 

magnetic path length for the magnetic flux. The selection of the core depends on size, 

weight, temperature rise, core loss, flux density, permeability, operating frequency and 

cost [59, 192]. A variety of shapes have been discussed in Chapter 2 by the researcher. 

Planar magnetic ferrite plates have been built on the basis of the simulation results, and 

this will be discussed in Chapter 4.  

 

B

TA

TB  
Figure 3.10. Planar magnetic ferrite plate 

 

In Figure 3.10, planar magnetic ferrite plates were created by placing pre-manufactured 

ferrite plates side by side in the horizontal or vertical positions due to limited availability 

of the larger planar ferrite plates on the market. The plate size depends on the diameter of 

the primary and/or secondary coils. Two main sizes, 110 × 110 (TA × TB) mm and 2540 

× 2540 (TA × TB) mm, were created from the F47 material for the IW-WCS and W-V2G, 

respectively. 3F4 material plates were utilised to build a large magnetic ferrite plate (110 

× 110 mm) for the investigation of an initial static WCS prototype. 

 

3.4. Numerical Methods for WPT 

3.4.1. Introduction 
In today’s world, engineers and scientists practice a variety of methods to solve field 

problems and improve the performance of their existing designs. They mostly use 

analytical, experimental or numerical methods but they have some limitations and 

disadvantages. For example, experimental techniques are very time consuming, costly 

and inflexible in terms of variables. Sometimes they may create hazard in the community. 
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Analytical and numerical technique are most popular methods used to investigate 

electromagnetics(EM) as presented in Figure 3.11 [198]. 

 
Figure 3.11. Types of methods to investigate electromagnetics  

 

Table 3.8. Various fields and their potential 

Field Potential 

Heat flux Temperature 

Mechanical stress Displacement 

Electric field Voltage 

Magnetic field Magnetic vector potential 

Fluid velocity Fluid potential 

 

In engineering design, it is necessary to calculate a field to predict performance. There 

are a variety of fields and potentials which have diverse effects on device performance, 

as shown in Table 3.8. In addition, different types of problems are associated with the 

particular fields in electromagnetics and these are illustrated  

Table 3.9 [199].  

 

The computer modelling process has two stages and is shown Figure 3.12.This 

approximate numerical solution can be solved by a finite element method (FEM) on the 

base of the mathematical model. The finite element method is a very efficient and 

effective technique. This technique is ideal for complicated geometries from 1D, 2D and 

3D and uses points and nodes to generate a complicated mesh. To analyse any model, it 

-Seperation of variables
-Series expansion
-Conformal mapping
-Integral solutions such as    
Laplace and Fourier transforms
-Perturbation procedures

Analytical

-Finite difference method
-Technique of weighted 
residual
-Moment method
-Finite element method
-Transmission-line modelling
-Monte Carlo method
-Method of lines

Numerical
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is vital to have information such as geometry, material properties, method of excitations 

and constraints. 

 

Table 3.9. Different types of problems and fields in electromagnetics  

Problems Fields 

 Electrostatic and magnetostatic field calculations (linear and 

non-linear ) 

Static 

 Transient and steady state behaviour (time-dependent 

fields),and eddy currents and skin effects 

Quasi-static 

 Microwaves and antennas, scattering and radiation    Wave propagation 

 Deterministic and stochastic techniques, inverse difficulties, 

AI applications and neural networks 

 

Optimisation 

 Areas of superconducting, composite, and microwave 

absorbing materials 

 Numerical solution of anisotropy, semi-conductor, hysteresis 

and permanent magnets 

Material modelling 

 Moving boundary problems which are combined with other 

field such as electromagnetics attached to mechanical or 

electronic or thermal and/or flowing systems 

Coupled problem 

 

 

 
Figure 3.12. Diagram of a computer modelling process 

 

In the finite element model, the energy function is minimal for unknown parameters. 

According to the law of conservation of energy “The total energy of any system or device 

must be zero”[199, 200]. The system or device needs to satisfy this law in order to obtain 

the correct solution. As a result, the energy function of the finite element must be equal 

to zero. Thus, the finite element method achieves perfect solutions by minimising the 

energy function to the finite elements. The law of calculus says that “the minimum of any 

Physical 
System

Mathematical 
model

Numerical 
solution
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function has a slope or derivative equal to zero” [199, 200]. The fundamental equation 

(3.36) for the analysis of the finite element can be written as follows: 

 = 0  (3. 36) 

In this equation, F is the energy functional and p is the indefinite grid point potential that 

needs to be calculated. Both parameters depend on a model and system, and have to obey 

Euler’s equation. However, it is not the case in all systems. If Euler’s equation is not 

found in any differential equations, Galerkin’s method is the best solution. Equation 

(3.37) can be applied to find the discretised equation.  

 

 퐺∗ = ∬ 푃 ∙ 푁   푑푥 푑푦 = 0                (3. 37) 

In this equation, Ni is the interpolation function. 

 Two Dimensional Finite Elements 

Two-dimensional finite elements join three or more grid points lying in a two-

dimensional plane. Poisson's equation in two dimensions is illustrated in (3.38). 

 

 
푑
푑푥 푘

푑푇
푑푥 +

푑
푑푦 푘

푑푇
푑푦 = 푃   (3. 38) 

In this equation, k is a material property, and x and y are two dimensions. When P is 

power input per unit volume, equation (3.36) is governed as the static tempera-turns (T) 

but it is ruled as static electric or magnetic fields when (T) is the potential ( or A) and P 

is charge density (Q) or current density (J), respectively. The energy functional for all 

these physical problems is stated in (3.39). 

 퐹
1
2 푘(푑푒푙 푇) 푑푠 −

1
2  푃푇  푑푠  (3. 39) 

In this equation, S is the surface area in the two dimensions. The energy stores in equation 

(3.21) are electric or magnetic fields. It stores power dissipated in the case of thermal 

fields.  

The first term involves the gradient as demonstrated in 3.40 and 3.41. 

   ∇       (3. 40) 

 G x y
T
x

u
T
y

ux y( , )  






    (3. 41) 

Here, ux and uy are unity vectors. 
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 Axisymmetric Finite Elements 

Most devices designed by engineers are reality in the three-dimensional sense. There are 

only a few designs that have axial symmetry. For the axisymmetric designs, the basic 

equation (3.42) can be presented as: 

 

 
k
r r

r
T
r

k
T

z
P










( )  
2

2  

  
(3. 42) 

3.4.2. Electromagnetics Field Analysis of WCS 
A FEM frequency domain based numerical modelling technique was employed to analyse 

the magnetic field and eddy current distributions for different winding configurations 

under short circuit and open circuit conditions on the secondary side. The detailed 

magnetic field properties for the HF transformer were used to facilitate the design of a 

lower loss winding and a highly efficient structure. The mathematical problem can be 

formulated as a sinusoidal quasi-static eddy current problem and is derived from 

Maxwell’s equations. Equation (3.43) is described in terms of the complex magnetic 

vector potential A  and an electrical complex scalar potential  with a Coulomb Gauge 

as follows: 

 ∇  ×  
1
휇 ∇ × 퐴 − ∇

1
휇 ∙ 퐴 + 푗휔휎 퐴 + ∇∅ = 퐽         (3. 43) 

 

Here, µ is the permeability, 휎 is the conductivity, 휔 is the angular frequency, and 퐽    is 

the excitation current density. The excitation source 퐽    is assumed to be uniform  but the 

resultant current density will be    퐽 =  −푗휔휎 퐴 + ∇∅ + 퐽  , in the primary winding and 

퐽 =  −푗휔휎 퐴 + ∇∅  in the secondary winding. The secondary winding has an induced 

eddy current. The requirement of a zero divergence condition of current density must be 

fulfilled as presented in equation (3.44). 

 

 ∇ ∙ 휎퐴 + 휎∇∅ = 0                   (3. 44) 

 

The expression for the current density is defined in the equation (3.45).  
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   퐽 =  −푗휔휎 퐴 + ∇∅ + 퐽       (3. 45) 

 

Equation (3.46) can be applied to determine the power loss distribution. 

 

 푃 = |퐽  |/휎   (3. 46) 

 

Using Galerkin’s method, the FEM matrix can be obtained by (3.47). 

 

 [S]{A} [M]{A}− [K] = 0          (3. 47) 

 

Here, the matrix [S] and [M] are a global coefficient matrix and the time harmonic matrix, 

respectively. [K] is the matrix of the current source, and {A} is the magnetic vector 

potential.    

   

3.4.3. Simulation Model Preparation 

r=0

Air gap

Secondary 
windings

Primary 
windings

 
Figure 3.13. A schematic representation of the 2D axisymmetric model of the wireless 

transformer  
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Two dimensional (2D) modelling has a number of advantages over three dimensional 

(3D) modelling.   It is a more efficient method of solving problems and requires less 

computational power, particularly when the model is close or equivalent to a real world 

problem.  In addition, 2D models are easy to modify and can be converted to a 3D model 

when possible.  Figure 3.13 presents a schematic representation of the 2D axisymmetric 

model example of the wireless transformer. The model includes magnetic ferrite and 

aluminium plates in this case. A variety of scenarios have been investigated throughout 

this research to optimise the WCS for PEVs. Coils are in 3D and are modelled in the 2D 

axisymmetric space with the assumption that there is no physical variation around the 

middle line. The main objective of simulating wireless transformer models is to compute 

the variety of parameters such as the coupling coefficient and the mutual inductance, and 

to examine the magnetic flux distribution (including leakage fluxes). The 2D 

axisymmetric model is surrounded by the infinite elements. It is shortened at a certain 

thickness with the finite number so it still displays a domain of infinite extent. 

 

Two cases - open circuit and short circuit- are modelled to drive wireless transformer 

parameters. In order to create an open circuit scenario, the current flowing through the 

coil is specified to be 0 A. In addition, the coil group domain is added, which presents all 

the windings that are connected in series and are flowing with the same amount of current. 

Zero current means no current is passing through the coils and the coil group domain 

function calculates the total coil voltage (Vt). Equation (3.48) can be utilised to determine 

M.  

 
푀 =

푉
휔 ∙ 퐼  

 
(3. 48) 

In this equation, 휔 and 퐼  are the angular frequency and primary current, respectively. 

When the voltage at the secondary side is fixed at 0V, it creates a short circuit 

configuration which displays other key features such as leakage inductance [201]. Figure 

3.14 demonstrates the detailed steps which are required to perform the FEM simulation 

including material selection, meshing, boundary conditions, results and analysis. 

Sometimes it is beneficial to apply some variable parameters to investigate and optimise 

the magnetic components such as inductors and transformers.                 
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Figure 3.14. Flow chart of the FEM simulation software  
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3.5. Experimental Arrangements for WCS Measurement 
Higher efficiency levels power transfer capabilities are two major factors which need to 

be investigated in the design of the WCS for PEVs. Therefore, the WEVCS are required 

to analyse the components and system levels in order to achieve higher power transfer 

efficiency as the system power transfer efficiency is relied in the individual stages of the 

WCS. This section will elaborate on the variety of experimental methods that have been 

applied to examine and optimise the WEVCS. 

 

3.5.1. Impedance Measurement 
 

LCR meter
Open 

or
Short

Wireless 
Transformer

Device Under 
Test (DUT)

M

Hc

Hp

Lc

Lp

 
                       (a)                                                              (b)  

Figure 3.15. LCR measurement set-up (a) schematic (b) experimental 

 

The impedance measurement method is widely used in the analysis of the magnetic 

components such as inductors and transformers. With the utilisation of the transformer 

analyser or LCR meter, parameters such as inductance, capacitance, impedance and 

quality factors can be measured to optimise the performance of the inductors and 

transformers. As shown in Figure 3.15, the impedance measurement was conducted by 

using a MICROTEST-5237 (up to 1 MHz). The primary side was connected to the LCR 

meter while the secondary side was set in either an open or short circuit configuration. 

The open circuit case measurement gives the primary inductance while the short circuit 

measurement gives the leakage inductance due to imperfect coupling between the two 

windings.  The larger the air gap, the higher the leakage inductance and thus poor coupling 

between both windings. In some cases, the leakage inductance can be higher if magnetic 

ferrite is not placed on the secondary side. In addition, impedance and quality factors are 
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also measured in the open and short circuit cases to examine the quality of wireless 

transformers. The impedance parameters were measured for different scenarios between 

frequency ranges from a few kHz to some hundred kHz as per the experiment 

requirements. Additional LCR meters (Rohde and Schwarz HM8118 and Agilent 4285A) 

were utilised to cover some frequencies which are not available in the Microtest-5237.  

 

3.5.2. Self-resonant frequency Measurement 
 

Device Under 
Test (DUT)

Oscilloscope
function

generator

Rselect

L

  
Figure 3.16 Self-resonant frequency measurement set-up 

 

In the WCS, the design of a wireless transformer coil can significantly affect the 

maximum power transfer capability. It is vital to determine the self-resonant frequency 

(SRF) of the primary and secondary coils to derive the maximum usable frequency as the 

inductor coil has the highest impedance at the SRF due to the parasitic capacitance. Below 

the SRF, the coil operates as an inductive reactance, and it behaves as a capacitive 

reactance above the SRF point because of the dominant parasitic capacitance. Figure 3.16 

shows the experimental set-up to determine the SRF of the primary and secondary coils 

in the WPT. The function generator AC source is connected to the unknown SRF inductor 

and the oscilloscope is attached to the two leads of the unknown SRF inductor to display 

the AC voltage wave. To avoid any high DC resistance problems, additional Rselect can be 

selected to a value a few kilo ohms. This is added between the function generator and L. 

In order to discover the resonant frequency, the function generator is slowly swept 

through the frequency ranges from a few kHz to some MHz. When the sharp voltage drop 

is noticeable on the oscilloscope at a particular frequency, this is identified as the SRF of 

that inductor.  
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3.5.3. Coupling coefficient Measurement  
The coupling coefficient (k) is essential for maximum power transfer calculation and for 

obtaining high efficiency operation. Maximum power transfer (MPT) occurs when the 

source impedance matches with the input coil impedance. The impedance matching 

method can solve the frequency splitting issues when there is a strong coupling between 

two coils. The input impedance is dependent on k (0 ≤ k ≤ 1) and the operating frequency 

(f). Figure 3.17 shows the basic schematic arrangement to measure k between the primary 

and secondary windings in horizontal and vertical arrangements. k is dependent on the 

mutual inductance (M) between the primary and secondary windings and its inductance 

values at the predefined frequency, as presented in equation (3.49).  

 푘 =
푀
퐿 ∙ 퐿

 (3. 49) 

 

In this equation, 푘   is the measured coupling coefficient, 퐿  and 퐿  are the primary and 

secondary inductances respectively, and 푀 is the mutual inductance between 퐿  and 퐿 . 

Air gap 
or tyre

Perfectly 
aligned

center

center

Y

Y

X X

Transmitter 
coil

Receiver 
coil

(a) (c)(b)  
Figure 3.17. Measurement set-up for coupling coefficient test (a) vertical (b) horizontal 

x-axis (b) horizontal y-axis displacement 
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Figure 3.18. Experimental set-up to measure mutual inductance (M) 



THE THEORY AND CONCEPT OF DESIGNING THE WCS FOR PEVS 

89 | P a g e  
 

 

Mutual inductance can be affected by the air gap between the transmitter and receiver as 

well as the structural configuration of the individual windings. The utilisation of planar 

magnetic ferrite and aluminium plates has significant effects on the mutual inductance. 

This will be discussed in Chapter 4 and 5. The mutual inductance (M) can be obtained 

using equation (3.50). The measured inductance (La) series adding and the series opposing 

(Lo) is demonstrated in Figure 3.18, where the wireless transformer is connected to the 

LCR meter. Series adding inductance (La= Lp + Ls+2M) is the sum of the primary (Lp) and 

secondary inductance (Ls) with the twice the mutual inductance (M). In contrast, Series 

opposing inductance (La= Lp + Ls - 2M) is the sum of the primary (Lp) and secondary 

inductance (Ls) with a two-fold deduction in mutual inductance (M).  

 

 푀 =                                                   
(3. 50) 

 

3.5.4. Voltage ratio Measurement  
 

CROInput
Voltage

Output 
Voltage

Wireless 
Transformer

M

Open or Short
or LoadAC

N : 1
 

Figure 3.19. Schematic diagram of voltage ratio measurement test 

 

The schematic diagram of the voltage ratio test is presented in Figure 3.19. In order to 

measure voltage ratio, sinusoidal source voltage was applied to the primary winding. . 

The secondary winding is either left open or short. Sometimes a resistor is also connected 

to the secondary side to derive the turn ratio. The primary and secondary windings are 

attached to a digital oscilloscope to measure the input and output voltages. In the wireless 

transformer testing, frequency ranges from a few kHz to some hundred kHz have been 

utilised to analyse performance. From the frequency range voltage ratios, it is possible to 

investigate the resonant frequency. The input and output voltages for different scenarios 
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were measured by the Agilent DSO-X 2002A, and will be presented in Chapter 4, 5 and 

6. 

3.5.5. Power Efficiency Measurement 
Figure 3.20 is a basic schematic diagram of the power efficiency measurement of WCS 

for PEVs. In order to measure overall power transfer efficiency, the DC voltage was 

converted to a high frequency AC source and applied to the primary winding of the 

wireless transformer. The secondary winding was connected to the load through a full 

bridge rectifier and filter circuitry. The LC resonant configuration was applied to obtain 

maximum power transfer at both primary and secondary windings. The power transfer 

was measured from the input where a voltmeter (in parallel) and ampere meter (in series) 

were installed to measure the measurement parameters Vin and Iin, whereas Vout and Iout 

were measured at the output side of the load. A variety of loads and frequencies were 

practiced with variation in the WCS’s structural configurations.   
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Figure 3.20. Schematic diagram of power efficiency measurement 

 

In order to discover the highest power generation, the distance between the primary and 

secondary windings was increased until the effective power transfer was negligible. The 

input power and output power were calculated from the voltage and current measurement 

while the efficiency was determined from the computed input power and output power 

by (3.51). 

 

 퐸푓푓푖푐푖푒푛푐푦(%) =
푃
푃 × 100 =

(푉 × 퐼 )

(푉 × 퐼 ) × 100 (3. 51) 

3.5.6. Coil Alignment Test 
An alignment tolerance test is very crucial in the WPT to investigate the misalignment 

effect on the coupling coefficient and power transfer efficiency. It also help to identify 

the hazardous magnetic flux leakages and improve health and safety issues. Figure 3.21 
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shows the alignment test set-up arrangement to measure the coupling coefficient (with 

the help of LCR meter), and power efficiency measurement (with the voltameter and 

ampere meters). This was discussed in the previous section.  
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Figure 3.21. Alignment tolerance test (a) perfectly aligned (b) X (c) Y- directions 

 

Three scenarios (perfectly aligned, X-direction and Y-direction horizontal displacement) 

have been studied. The Z-direction, which is the air gap between the primary and 

secondary coils array, is constant in the In-Wheel WCS. In the static WCS and W-V2G, 

the optimised air gap distance where maximum power transfer or the coupling coefficient 

was achieved has been selected as a fixed Z-direction point. With regard to the In-Wheel 

WCS, when the vehicle, for instance, is parked exactly on top of the transmitter coil, it is 

perfectly aligned with the receiver coils array installed inside the wheel. If the car is not 

parked, other scenarios occur (such as X or Y direction horizontal displacement). 

 

3.5.7. Near-Field Measurement 
Near-field measurement is very important in understanding the magnetic flux distribution 

of WCS for PEVs. The near-field measurement can be done by using two main methods, 

synthetic aperture and real aperture. In the synthetic aperture method [202, 203], the 

planar rectilinear (rectangular) technique is widely used and mechanically accurate. The 

basic schematic diagram of this method is illustrated in Figure 3.22 (a). In this method, 

the surfaces of the electronic devices are scanned in either horizontal or vertical 

directions, and the data is collected at certain intervals through near-field magnetic or 

electric probes. The probes are normally attached to the near-field analyser or 

oscilloscope [204]. 
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The near-field measurement of the high frequency wireless power transfer (HFWPT) 

prototype was performed at the resonant frequency of 100 KHz in two configurations. 

During the first experiment, the HFWPT only has a planar ferrite core at the primary 

winding, and the secondary winding does not have any shielding or core. This is 

demonstrated in Figure 3.22 (b). The power supply sources the LLC resonant circuit and 

the output of LLC connected to the primary winding HF-WPT. The secondary coil is 

placed over the primary coil (with a distance of a few millimetres) to create an air gap. 

The secondary winding is connected to the rectifier and then to the load. The magnetic 

probe, which is positioned over the surface of the secondary coil to perform the planar 

rectilinear scan (as explained earlier), is attached to the oscilloscope to measure the 

magnetic flux density. 

 

  
Figure 3.22. (a) Planar rectilinear technique (b) Near-field measurement of the HFWPT 

with the planar ferrite core at the primary winding only 

 

In the second arrangement, the near-field measurement of the HFWPT was completed 

with the planar ferrite core at both sides, on the primary and secondary coils. Both 

experiments have been studied in the same configurations on the near field scanner with 

the help of near-field magnetic probes from the Aaronia Model 7405-901B. This 

magnetic probe has a 6 cm loop and an operating frequency between 100 kHz and 790 

MHz [205].  
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4.1. High Frequency Wireless Planar Transformers (HFWPT) 

4.1.1. Aim  
The aim of the research is to investigate the flux leakages and electromagnetic 

compatibility problems (EMC) in wireless charging systems (WCS) for electric vehicles 

(EVs) and other compact electronic devices such as mobile phones and implant devices. 

4.1.2.  Introduction 
High Frequency Wireless Planar Transformers (HFWPT) are an up-and-coming 

technology, which can be used for designing an electric vehicle (EV) on board wireless 

battery charging platform. HFWPTs are used to investigate the flux leakages and other 

EMC problems, which are associated with the efficiency of wireless charging systems. 

The HFWPT was designed using the bifilar winding concept on a PCB (printed circuit 

board). A small scale laboratory prototype of a wireless electric vehicle charging system 

(WEVCS) has been developed to understand the operating principle of this technology. 

This type of structure with a variety of air gaps, was suitable for investigating the initial 

flux leakages and EMC issues associated with the WCS when the design was studied with 

and without magnetic planar ferrite plates at the secondary windings. Furthermore, factors 

such as the efficiency of the wireless charging station have been investigated and, based 

on that, the system performance has been optimized. An operational resonant frequency 

of 100 kHz was employed in order to reduce the transformer’s magnetic core sizes, 



STATIC WIRELESS CHARGING SYSTEM (WCS) FOR PEVS 

95 | P a g e  
 

increase the inductance with fewer turns, and increase the amount of transmissible power. 

This is possible without saturating the magnetic substrate. 

4.1.3. Construction of high frequency wireless planar transformer 
In Figure 4.1, a small scaled laboratory prototype of a wireless charging system for an 

EV has been designed to explore the efficiency of power transfer while using HFWPT to 

transfer energy from the primary to the secondary side. Due to the air gap between the 

EV and the coil on the floor coupling losses arise. This occurs as the direction of magnetic 

flux expands beyond the secondary coil due to the low permeability of the air. 

Consequently, the initial efficiency of the system does not meet the requirements. 

 

Figure 4.1. Prototype of a wireless charging system for EV 

 

 

 
(a)                                               (b) 

Figure 4.2. Bifilar coil PCB Design (a) Primary winding (b) Secondary winding 

 

The primary bifilar coil which is used in wireless charging systems is presented in Figure 

4.2 (a). The outer diameter is 108mm where inner circle diameter is 49 mm. The coils 
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were designed from Wheeler’s simplified equation (4.1), where the inductance is 

proportional to the number of turns and the average diameter. 

 

   Lmω =   K1×µ0 [n2 × davg / (1+  K2 ρ  )]            (4.1) 

 

Where K1 (2.35) and K2 (3.55) are the layout constants. 

µ0 is the permeability of air,  

n is the number of turns in the spiral,d = 0.5 ∙ (d + d )  

davg =0.5 (dout + din) is the average diameter and  

ρ = (dout - din) / (dout+ din) is the fill ratio  

 

At a maximum of 100 kHz, the skin depth is approximately 200 µm; with a cross-section 

of 40 µm2. As a trace width of 1mm was chosen, with a cross-sectional area of 0.035mm2, 

this effect is deemed to be negligible. To accommodate for the proximity effect, parasitic 

capacitance losses and manufacturing limitations, the spacing between the traces was set 

to 0.5 mm and the distance between the two spirals was set to the standard 1.6 mm PCB 

thickness. The primary coil in bifilar configurations contains 40 turns in total; 20 turns on 

each layer. Figure 4.2(b) illustrates the proposed secondary coil design where the 

rectangular circle design was chosen to maximize the surface area and reduce eddy 

currents around corners. The trace widths and separations are the same as those of the 

primary coil. The inner area (25 mm ×13 mm) was designed to be as small as possible, as 

in the secondary side of the transformer; the more exposure to the flux lines the better the 

energy transfer between coils. This design contains a total of 50 turns; 25 turns on each 

layer in bifilar configuration. This turn ratio will increase the secondary voltage by a ratio 

of 1:1.25, which will compensate for the air gap losses. 

4.1.4.  Results and Discussion  
The structure of the HFWPT, which is used to analyse the magnetic near-field, is shown 

in Figure 4.3. The utilized ferrite core which has an operational frequency range of 0.1 to 

2 MHz has an excellent permeability. Near-field measurements have been performed in 

two patterns, firstly with a ferrite core on both sides, and secondly where the ferrite was 

only attached to the primary side, which is simulating an EV without a core part, in order 

to save weight. 
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  (a)                                                (b) 

Figure 4.3. Near-field arrangement of the HFWPT prototype (a) without ferrite core and 

(b) with ferrite core. 

 

4.1.4.1. Near field measurement 
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Figure 4.4. Near field measurement of HFWPT without magnetic ferrite on secondary 

side 

 

Planar magnetic ferrites in the HFWPT can be used as magnetic shielding and they can 

increase the magnetizing impedance. Figure 4.4 and Figure 4.5 show the results of near 

the field measurements of the HFWPT prototype at the resonant frequency of 100 kHz. 

The testing was done by using an Aaronia magnetic probe (7405) which has a frequency 

range from 100 kHz to 3 GHz, on a near-field scanner table.  As shown in Figure 4.4, the 

leakage magnetic flux is the highest near the centre between 10 mV and 15 mV and 

around the edges; between 5 mV and 10 mV. Furthermore, the magnetic flux leakage 
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characteristics have almost completely been “absorbed” by the ferrite; with only higher 

readings at the edges, shown in Figure 4.5; approximately 1.5 mV to 2 mV as the ferrite 

core did not completely cover the primary coil. This resulted in some leakage flux near 

the edges of the board. Even so, the benefits of using ferrite can be seen, without direct 

shielding from the ferrite core, the leakage flux from the exposed coil is diverted back 

into the ferrite, and therefore reducing the flux density from between 5 mV to 10 mV to 

1.5 mV to 2 mV, which is a reduction of approximately 5 times. This in return increases 

the coupling efficiency between the two coils; thus increasing the transfer efficiency, 

minimizes magnetic flux leakages and maximizes the magnetic impedance of the coils.  
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Figure 4.5. Near-field measurement of HFWPT with magnetic ferrite on both sides, 

primary and secondary side  

4.1.4.2. Power efficiency measurement 

Table 4.1 illustrates the measured values and LLC resonant characteristics through a 

range of air gaps. From Table 4.1, it can be obtained that at a resonant frequency of 80 

kHz, the power transfer efficiency is approximately 62 percent with an air gap distance 

of 2.8 mm. When the air gap distance increases, the coupling between the primary and 

secondary coils decreases and this raises the effective secondary resistance. This change 

in resistance alters the resonant characteristics of the primary side. By reducing the 

frequency on the primary side, the resistance is effectively reduced and resonance 

between the two coils is achieved again. Figure 4.6 shows that the highest power transfer 

in this configuration was achieved with the air gap separation of approximately 15mm, at 

a resonant frequency of 61.7 kHz. The graph also shows the optimized frequency of each 

air gap separator, and subsequently, when the secondary side resistance is 47 Ω, the 
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optimum air gap between the two coils is 14.5 mm. The maximum air gap distance of the 

two coils reached the maximum of 75 mm, until the effective power transferred became 

negligible low. 

 

Table 4.1. Power transfer efficiency measurement 

Iin  
(A) 

Pin 
(W) 

Vout 
(V) 

Iout 
(mA) 

Pout 
(W) 

Efficiency 
(%) 

Distance 
(mm) 

0.108 2.181 8.3 163 1.353 62.04 2.8 
0.13 2.626 8.25 176 1.452 55.29 5 

0.154 3.111 8.6 184 1.584 50.92 8 
0.173 3.495 8.8 189 1.665 47.65 10 
0.19 3.838 9 192 1.728 45.02 12 

0.222 4.485 9.1 194 1.773 39.53 14.5 
0.238 4.808 9 192 1.733 36.04 17.5 
0.252 5.096 8.9 190 1.691 33.18 19 
0.251 5.07 8.45 181 1.529 30.15 21 
0.283 5.717 8.48 181 1.535 26.85 24 
0.296 5.98 8.2 174 1.427 23.86 26 
0.31 6.262 7.9 170 1.339 21.38 28 

0.308 6.222 7.45 160 1.188 19.1 29.8 
0.311 6.282 7 150 1.05 16.71 32 
0.32 6.464 6.7 142 0.953 14.75 34 
0.35 7.07 6 127 0.762 10.78 38 
0.39 7.878 2.9 55 0.16 2.02 65 

0.408 8.242 1.75 37.8 0.066 0.8 75 
 

 

 

 

Figure 4.6. Air gap power characteristics measured 
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4.2. High Frequency High Power Density Wireless Planar 

Transformer  

4.2.1.  Aim  
The purpose of the research was to analyse the magnetic flux distribution and its related 

EMC problems such as stray fluxes and hot spots of the wireless charging system for EVs 

by applying computational modelling and simulation methods. 

 

4.2.2. Introduction 
A High Frequency and High Power Density Wireless Planar Transformer (HFHPD-WPT) 

is a very attractive future technology, which can provide power to an EV through a 

contactless charging system. It can provide a universal and environmentally friendly 

charging solution. Earlier designs are suffering from high losses due to large air gaps and 

because the coupling coefficient (k) is smaller in value than unity. This means that the 

leakage inductance value is almost the same as the magnetizing impedance. Additionally, 

EMC problems in non-efficient designs are created because of high flux leakages. These 

problems cause lower power transfer and can produce high powered stray flux, which can 

have significant impacts on human health. A computational simulation method is utilised 

to investigate the magnetic flux distribution and flux leakages for three types of structures 

in no-load and full load conditions. 

 

4.2.3. Configuration of HFHPD-WPT  
Initially three configuration cases are discussed. The first configuration contains no ferrite 

core at the secondary side. The second model is using a planar ferrite core on both, 

primary and the secondary side. The third design investigates the power distribution of a 

ferrite core on the primary and secondary side of the transformer which is over lapping 

the coils, in order to avoid stray losses and hot spots at the magnetic core edges. Figure 

4.7 (A) shows a schematic diagram of wireless charging system for an electrical vehicle 

where the planar ferrite cores are fitted only at the primary side in underground structure 

while the secondary winding installed underneath of the car without any magnetic ferrite 

cores. For the second configuration, the primary winding with planar ferrite core is 

installed in the ground and the secondary coil mounted directly underneath of a car. The 
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schematic arrangement of this wireless charging configuration is presented in Figure 4.7 

(B). 

 

 
Figure 4.7. A schematic of wireless charging system for EV (A) with planar ferrite core 

at primary winding only (B) on both windings with magnetic core 

 

 
Figure 4.8. Wireless charging system for EV with U-shaped edge planar ferrite core 

 

In the final case, a new proposed design arrangement of the wireless charging system is 

shown in Figure 4.8, where two U-shaped cores are utilized on the car and on the ground. 

The idea behind this design is to minimize the leakage flux that appears on the edges of 

the coils, which can create EMC problems. The U-shaped edges capture the magnetic flux 

and divert it to the secondary winding to increase the magnetizing impedance of the 
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system. Consequently, the secondary coil has a higher magnetic flux density than the 

other designs. A bifilar concept is used to design the primary and secondary coil on FR4 

PCB. Both coils have same configuration as discussed in section 4.1.3. 

 

4.2.4.  Simulation Results and Discussion  
 

 
Figure 4.9. Magnetic field density and current density of the HFHPD-WPT prototype 

with ferrite core at primary side only, non-load condition 

 
Figure 4.10. Magnetic field density and current density of the HFHPD-WPT prototype 

with ferrite core at primary side only, load condition 

 

In a wireless charging system for EV, planar magnetic ferrites have a significant effect 

on magnetic flux distribution and flux leakages are investigated by simulation method at 
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the resonant frequency of 60 kHz. Figure 4.9 and Figure 4.10 shows magnetic field 

density and current density of planar spiral coil in an axisymmetric structure when the 

planar magnetic ferrite core is installed at primary side only. Here, the length of the ferrite 

is the same as the outer boundary of the coil. In Figure 4.9, the analysis is being done in 

no-load condition while the full-load condition is presented in Figure 4.10. In this case, 

the magnetic fluxes are not only received by the secondary winding but it also goes at the 

edges and outside the ferrite core and in air. As a result, it generates eddy current and flux 

leakages. 

 

 
Figure 4.11. Magnetic field density and current density of the HFHPD-WPT prototype 

with ferrite core on both sides, non-load condition 

 
Figure 4.12. Magnetic field density and current density of the HFHPD-WPT prototype 

with ferrite core on both sides, load condition 
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In Figure 4.11 and Figure 4.12, the ferrite core is installed on the primary winding as well 

as the secondary winding is mounted underneath of the car. Figure 4.11 illustrates 

computational analysis result in no-load condition, while the full-load condition is 

demonstrated in Figure 4.12. In this arrangement, the magnetic fluxes which generates 

eddy current and flux leakages are stopped by the ferrite core at the secondary winding. 

 

 
Figure 4.13. Magnetic field density and current density of the HFHPD-WPT prototype 

with U-shaped ferrite cores on both sides, non- load condition 

 

 
Figure 4.14. Magnetic field density and current density of the HFHPD-WPT prototype 

with U-shaped ferrite cores on both sides, load condition 
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In the designs (Figure 4.11 and Figure 4.12), the magnetic fluxes which leakages at the 

secondary side are solved but the flux leakages at the edges still causes a problem because 

of EMC consideration and generating hot spots. To alleviate this problem, a new proposed 

design is presented in Figure 4.13 and Figure 4.14 in no-load and full-load conditions 

respectively. The rectangle edges of the ferrite stops flux leakages at the edges and 

minimize the eddy current losses. They also divert the magnetic fluxes inside the core and 

to the secondary side. This result in improvement of the power flux distribution and 

lighten EMC problems. 

 

4.3. EMC impact of wireless charging systems for EVs on 

Humans  

4.3.1. Aim  
The objective of this study is to investigate the EMC impact of wireless charging systems 

for EVs on human beings who have biomedical implantable devices (such as 

pacemakers). Computation techniques will be used in order to avoid any fatalities. 

 

4.3.2. Introduction  
Wireless power transmission is a challenging task for engineers and scientists when they 

use it for high density high power devices such as EVs. The charging process also requires 

high levels of current. EMF issues change for a WCS depending on the resonant 

frequency and power rating of the system [206]. Previous research analysed the EMF 

exposure of the WCS for PEVs, which operate between the kHz to MHz ranges, where 

the system generated high frequency leakage flux [170, 175, 207]. The EMC perspective 

is challenging, as the charging process will require high currents and generate strong 

magnetic fluxes in the air gap between the primary and secondary coils. The overall 

efficiency also depends on the air gap as the higher the air gap between the primary and 

secondary coils the lower the efficiency. The nominal air gap between the primary and 

secondary windings in PEV applications is between 100 mm and 300 mm due to the 

legislated minimum height of a vehicle [171, 172]. This can be compensated by 

employing high current at the primary coil in order to produce sufficient magnetic flux. 
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This high air gap distance has the potential to cause very high leakage flux values, if 

shielding is not sufficient [76, 208]. The human exposure guidelines have been announced 

by the IEEE C.95.1 2005 [153], the International Commission on Non-Ionizing Radiation 

Protection (ICNIRP) 1998 (0 Hz - 300 GHz), and the ICNIRP 2010 (0 Hz - 100 kHz) 

[155]. These are available for different sections of the body. The EMF frequencies 

between 10 kHz and 1 GHz have been deemed potentially challenging for people utilizing 

electronic biomedical implants [209]. This high frequency range can be attributed to the 

extremely low tolerance of pacemakers to stray magnetic fields, and in some cases, the 

sensitivity level of a pacemaker starts at 6.029 × 10-13 Tesla (0.18 mV) [210]. 

 

For small electronic wireless charging systems, electromagnetic fields are insignificant 

and may not have electromagnetic interferences with pacemakers. However, when it 

comes to wireless charging systems for high power applications, they may have 

significant impacts on the function of pacemakers and other electronic equipment because 

of the stronger electromagnetic fields. The electric Tesla car has an aluminium body, and 

it needs high currents to charge the battery. In this case, the strong magnetic fields 

generated by the wireless charging system could easily penetrate through the aluminium 

body and may have an effect on life supporting devices. Several different electric 

charging passive magnetic structures are investigated to discover the impact of wireless 

charging systems for EVs on humans who have electronic devices such as pacemakers. 

 

4.3.3. Experiment arrangement for wireless charging system  
The ferrite core structure and coil design in a wireless charging system is very important. 

The primary winding consists of a total of 36 turns on a double sided printed circuit board 

(PCB), where each layer has 18 turns. The vertical spacing between the turns is 2mm 

while the horizontal gaps between two layers are 2mm. The secondary winding has the 

same configuration as the primary winding to establish, to provide a ratio of 1:1. The 

chosen distance between the primary and secondary coil is 160 mm as the most 

passengers’ cars have a ground clearance distance between 160 mm and 185 mm. 

 

Two situations are examined and discussed. The first situation is that a car is parked to 

charge its battery while a person with pacemaker or other electronics devices is standing 

in close proximity to the car. Figure 4.15, visualizes the situation of a wireless charging 



STATIC WIRELESS CHARGING SYSTEM (WCS) FOR PEVS 

107 | P a g e  
 

system for EV’s consisting of a planar ferrite core for both windings and a person with a 

pacemaker or other electronics equipment in or on the person’s body. In the second 

arrangement, the wireless charging system is installed on the ground of a parking space 

(Figure 4.16) and a person is staying on or passing by the charging area. In this case, when 

no car is parked, the WCS is un-used and in open circuit mode. This scenario, the 

pedestrian may have significant electromagnetic impact (EI) from the charging coils.  

 

 
 

Figure 4.15. Schematic of wireless charging system for EV with planar ferrite core at both 

windings and a person with pacemaker and/or other electronics devices 

 

 

 
 

Figure 4.16. Wireless charging coils for EV installed underneath ground in public areas 

 

Four configurations are examined in order to investigate the Electromagnetic Impact (EI) 

of the system when there is no car charging at the parking bay and only the primary 
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winding may active in a fault case or some circumstances which prevents the primary coil 

to deactivate in non-charging state. In both cases, with load and without load, four 

different types of the planar ferrite core structures are presented in Figure 4.17. First 

version contains planar ferrite cores at the primary and secondary side with the length of 

495 mm as shows in Figure 4.17 (a). The second model which has planar ferrite core with 

little longer edges 550 mm on both, primary and the secondary side is presented in Figure 

4.17 (b). The third design of the magnetic ferrite core has longer edges with the distance 

of 600 mm on both sides demonstrated in Figure 4.17 (c). Finally, U-shaped ferrite cores 

are installed on both sides, primary and secondary windings as shown in Figure 4.17 (d). 

 
Figure 4.17. Wireless charging coils for EV with different shapes (a) version 1, 495 mm 

flat ferrite core (b) version 2, 550 mm flat ferrite core (c) version 3, 600 mm flat ferrite 

core (d) version 4, 550 mm U-Shaped ferrite core 

4.3.4. Results and Discussion  
Using FEM method, the magnetic flux density and current density of the primary 

windings with the planar ferrite cores in the wireless charging system for EVs at 60 kHz 

is shown in Figure 4.18. Four versions are presented to show the magnetic flux 

distribution and power distribution when there is no secondary side. This means that there 

is no car parked on the charging coils but the system is active in some cases. If there is 

not secondary side then the magnetic fluxes go in every direction and create hot spots at 

the edges. This also creates vast air gaps, which leads to fringing fluxes. These are more 

dangerous from an EMC perspective. There are two places where the magnetic flux 

density is measured to demonstrate the effect of the Electromagnetic Impact (EMI). In 

the first case, a person who has a pacemaker installed or any electronics device is standing 
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or walking over the primary coil which is installed underneath the ground. Another 

circumstance is that a person is within a standing or walking distance of 900 mm from 

the coil.  

 
 (a)  

 

 
 (b) 

 
 (c) 

 

 
 (d) 

 

Figure 4.18. Magnetic field density and current density of the wireless charging system 

without load (a) version 1, ferrite core 495 mm (b) version 2, ferrite core 550 mm  (c) 

version 3, ferrite core 600 mm  (d) version 4, U-Shaped ferrite core 550 mm 
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Table 4.2. Magnetic flux density of different versions with primary only 

Magnetic flux density 

 

 

Title 
Versions 

Direct on the 

Coil (Walking or 

Standing) 

[T] 

Sides of the 

Coil(Walking or 

Standing) 

[T] 

Without EV  

on  

Top  

(non load case) 

Version 1, 495 mm 

Planar ferrite core 
2.376E -9 9.250E-12 

Version 2, 550 mm 

Planar ferrite core 
1.027E-9 5.314E-10 

Version 3, 600 mm 

Planar ferrite core 
2.065E-9 9.475E-12 

Version 4, 550 mm U-

shaped Ferrite core 
1.689E-9 1.715E-10 

 

Table 4.2 shows the magnetic flux density in tesla when the car is not charging and this 

means that it is non-load condition. It is clear that the version 1 has the highest magnetic 

flux density in case of a person standing or walking in close proximity of the coil, but it 

is lower when the person is far from the center area of the coil. By comparing version 2, 

550 mm planar ferrite core with version 4, 550 mm U-shaped ferrite core, it is found that 

they both have approximately the same power distribution when it is measured direct on 

the coil even though they have different structures. But, version 2 has a four times higher 

magnetic flux density than version 4. This is because of the rectangle edges, which divert 

the fluxes back into the core. 

 

Figure 4.19 shows the magnetic flux distribution and current density of the wireless 

charging system for EVs at 60 kHz frequency. The same four versions including their 

counter-parts are investigated to explore the effects of the leakage fluxes on a person and 

devices close to the wireless charging system while in use. In the initial design, the 

leakage fluxes are very strong at the edges because the planar magnetic ferrite cores of 

version 1 have their edges exactly at the end of the windings as shown in Figure 4.19 (a). 

To overcome this problem, the length of the planar core is extended to 550mm and the 

result is demonstrated in Figure 4.19 (b). The leakage fluxes for version 2 are reduced in 

comparison to version 1.However, in order to improve the power distribution the core is 
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extended to a length of 600 mm used as shown in Figure 4.19 (c). The power distribution 

in this design is very uniform compared to previous versions and reduces the leakage flux 

significantly.  

 

(a) 

 

 
(b) 

 

(c) 

 

(d) 

Figure 4.19. Magnetic field density and current density of the wireless charging system 

under full-load condition (a) version 1, ferrite core 495 mm (b) version 2, ferrite core 550 

mm(c) version 3, ferrite core 600 mm  (d) version 4, U-shaped ferrite core 550 mm - on 

both sides. 
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To conduct a further investigation, the U-shaped planar ferrite core is simulated under 

load conditions visualized in Figure 4.19 (d). The rectangle edges at the end divert the 

magnetic fluxes back in to the core. Since, the flux is very strong at the rectangle edges. 

To discover the strength of the leakage fluxes, initially two points are considered.  The 

first point is the top of the wireless charging system and the second is in 900 mm distance 

from the center of the WCS. 

 

Table 4.3. Magnetic flux density of different versions with both windings 

Title 

Magnetic flux density 

Versions 

Direct on the Coil 

(Walking or 

Standing) 

[T] 

Sides of the Coil 

(Walking or 

Standing) 

[T] 

With EV  

on Top 

(load case) 

Version 1, 495 mm 

Planar ferrite core 
2.923E-9 1.577E-9 

Version 2, 550 mm 

Planar ferrite core 
8.882E-10 4.553E-10 

Version 3, 600 mm 

Planar ferrite core 
2.846E-10 1.737E-10 

Version 4,  550 mm 

U-shaped Ferrite core 
6.748E-10 3.424E-10 

 
 

Table 4.3 illustrates the magnetic flux distribution for the four different designs under full 

load condition when the EV is charging. It is noticeable that the magnetic field is very 

strong on both cases, direct on the coil and sides of the coil in version 1. The version 2 

has the highest magnetic flux density when it is measured direct on the top as well as the 

sides of the coil. A version 3 has lowest magnetic flux density value in comparison with 

other designs in both cases. In spite of having the same length as version 2, version 4 has 

a lower magnetic flux density in both scenarios, directly on the coil and the sides of the 

coil. The reason is that the U-shaped rectangle edges of the magnetic ferrite core divert 

leakages in both cases. However, in comparison to version 3, the magnetic flux is still 

higher. 
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(d) 

Figure 4.20. Magnetic field density versus distance graph of the wireless charging system 

under full-load condition (a) version 1, ferrite core 493 mm (b) version 2, ferrite core 550 

mm  (c) version 3, ferrite core 600 mm  (d) version 4, U-shaped ferrite core 550 mm 

 

Figure 4.20 shows the magnetic flux density of four different versions over distance for 

the wireless charger’s coils under full load conditions. In the graphs, the x-axes show the 

distance in metres from the centre of the planar magnetic ferrite core whereas the y-axes 

show the magnetic field density in Tesla over the vertical distance of the core. The lines 

themselves are visualizing the vertical distance from the WCS. In all four versions, the 

magnetic flux density is low between 0.1 metre and 0.4 metre because the ferrite core 

stops the flux leakages and provides shielding. However, it reaches high values after 0.4 

metre. These values are excessive around the edge in all four versions because of the flux 

leakages from the core edges. However, in all cases, the minimum sensing flux level for 

example, of a pacemaker of 6.029 × 10-13 Tesla [210], is reached and a minimum distance 

from these wireless charging systems is recommended, if no other precautions are made 

while charging an EV. 

 

Overall, different WCS coil/core arrangements for EVs have been investigated to 

examine different field strengths at various distances and angles. Four WCS 

configurations are studied in the two scenarios, the car is charging and the system is in a 

non-charging state. FEM has been utilized to analyse the magnetic flux and leakage flux 

Horizontal distance (metre) 

V
ertical distance (m

etre) 
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distribution. The advanced ferrite geometries can help to increase the magnetic flux 

density by diverting leakage fluxes towards the secondary side. Potential EMC problems 

can be further reduced by using different core shapes without altering the power transfer 

levels. In order to investigate real cases, a large scale WCS will be constructed and 

examined to validate the experimental results with the simulation results. 
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5.1. Introduction 
Wireless charging systems have become increasingly popular in the distribution power 

industries over the last decade. This advanced technology has been introduced in many 

low [211, 212], medium [213] and high power application designs for end-user 

applications [214, 215]. Wireless Electric Vehicle Charging System (WEVCS) 

technologies have been proposed in high power applications including electric vehicles 

(EVs)[9],and Plug-In Electric Vehicles (PEVs) [10] in stationary [11] and dynamic 

applications[141, 216]. In comparison with plug-in charging systems, Wireless Charging 

Systems (WCS) have more advantages in the form of simplicity, reliability and user 

friendliness [24].  

 

The problem or limitation associated with WCS is that they can only be utilized when the 

car is parked or in stationary modes such as in car parks, garages or at traffic signals [11]. 

In addition, stationary WCS have some challenges such as electromagnetic compatibility 

(EMC) issues, limited power transfer, bulky structures, shorter ranges and higher 

efficiency levels [25-27]. In order to improve: range and battery storage volume, the 

dynamic mode of operation of the WCS for EVs has been researched [28, 29].  

 

This method allows the battery storage devices to be charged while the vehicle is in 

motion. The vehicle requires a lower volume of expensive battery storage, which 

increases the range of the transportation [12]. However, to be more widely accepted, a 

dynamic WCS has to face two main hurdles: a large air gap and coil misalignment. The 

power transfer efficiency depends on the coil alignment and air gap distance between the 

source and the receiver [25, 30]. Current WCS are limited to an air gap distance, between 

the primary and secondary coils, of 150 mm (minimum) to 300 mm due to the minimum 

legislated ground clearance of vehicles. Such an air gap distance can result in a typical 

coupling coefficient (k) ranging from 0.01 to 0.2 [101, 217, 218].  

 

A larger air gap distance can lead to lower levels of efficiency and power transfer 

performance due to a poor coupling coefficient (k) [68]. Health and safety also becomes 

a predominant issue with larger air gaps due to the potential for electromagnetic radiation 

leakage from the charging coils [54]. Coil misalignment can also become a major 

problem. In the static mode, coils can be aligned via parking guides or sensors, directing 
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the driver over the ideal patch of transmission coil. A similar approach can be made with 

dynamic charging, where visual guides could assist the driver in the optimal driving 

position. In addition, different compensation methods (such as series and parallel 

combinations) are employed on both the transmitting and receiving sides to reduce 

parasitic losses and improve system efficiency [31, 32]. 

 

Previous research [219] and [36] has proposed wireless power transfer methods utilizing 

the in-built steel belt as a capacitive receiver and radio frequency (RF) displacement 

current receiver respectively. The steel belt is used to increase the coupling efficiency 

over under-body receivers. A capacitive based tyre dielectric coupling method has 

complications that prevent scalability. When high power is transferred, the electrolyte 

material (in this case tyre rubber) could be warmed up beyond specification for the 

material. This would significantly reduce the lifetime of the tyre and could even pose a 

health and safety risk. Similar issues were found from the utilization of RF displacement 

currents.  

 

An In-Wheel WCS (IW-WCS) for stationary and dynamic applications has been proposed 

to rectify the air gap problem as well as the safety risks associated with previous designs. 

This chapter covers a novel design, from its inception to the laboratory prototype, which 

could pave the way for a new era of WCS for PEVs. 

 

5.2. Design Consideration of In-Wheel WCS  
In the design consideration of the IW-WCS, a general arrangement for the static and 

dynamic application is demonstrated with the detailed explanation of the working 

principle behind the WPT. In addition, this section covers a variety of parameters and its 

effect on the dynamic IW-WCS.  

5.2.1. General arrangement 
Static and Dynamic IW-WCS are the future concepts to charge EVs while they are in 

stationary or motion. Due to lower air gaps and higher coupling efficiencies between the 

transmitter and receiver, IW-WCS has significant advantages over the exiting Static and 

Dynamic WCS. Like other WCS, the multiple primary coils are normally installed under 

the road surface. The basic concept diagram of IW-WCS is presented in Figure 5.1. The 



IN-WHEEL WIRELESS CHARGING SYSTEM (IW-WCS) FOR PEVS 

120 | P a g e  
 

main grid source is converted to a high frequency (HF) AC source which is connected to 

primary windings through a compensation circuit. Instead of single receiver pad, the array 

of receiver coils including circuitry are fitted inside the tyre. The distance between the 

transmitter pads and receiver coils array is proportional on the thickness of tyre rubber and 

protective layer on the top of the road surface. The air gap between the source and receiver 

coils in an IW-WCS are smaller in comparison to the current Static or dynamic WCS. 

There are three main areas in an IW-WCS: the wireless transformer coils, power source 

and internal structure of the tyre which need to be designed carefully in order to achieve 

an efficient Static and Dynamic IW-WCS.  

 

GRID 
or

 HOME

 Power Converter
+

Compensation network

Transmitters with ferrite

Road or Concrete

 Power Converter
+

Compensation network

Receiver coils array

 
 

Figure 5.1. Concept diagram of static and dynamic In-Wheel WCS 

 

5.2.2. Working principle of In-Wheel WPT 
The Schematic diagram of series-series (SS) resonant IW-WCS for EVs is presented in 

Figure 5.2. In order to receive stable power source, DC power supply has been utilised 

are converted into HF AC source. The half-bridge high frequency (HF) AC source [56] 

is connected to the primary winding through primary series resonator. The receiver coil 

is connected to a rectifier and filtering circuitry through receiver resonant capacitor. The 

output of the filtered rectifier is connected to a load or battery. Load impedance RL 

includes impedance from the receiver circuitry and battery as shown in Figure 5.2. A 

series-series (SS) LC Resonant configuration is simple to control and easy to enable 

resonance by placing a series and/or parallel based capacitor bank inside the circuit. 
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Moreover, it offers voltage source based maximum power transfer characteristics when 

the source and load impedances match each other [180]. 

 

 
Figure 5.2. Schematic diagram of series-series (SS) resonant IW-WCS 

 

Self-resonant topologies are challenged to resonate at low frequencies, as there is an 

inherent lower parasitic capacitance, which is used as the resonant capacitor[101]. Unlike 

the SS resonant network, the capacitance values are reliant on the coupling coefficient (k) 

in the parallel compensation circuit, which is not suitable for static or dynamic WCS 

applications as discussed in the previous chapters. The resonant tank equation (5.1) is 

utilized to calculate a capacitor value for the primary and secondary sides at the 

predefined resonant frequency ,respectively[181]. At the selected or calculated frequency 

in the resonant mode, the reactive impedance of the winding becomes zero [101].  

 

 푓 , =
, ∙ ,

                                               (5.1) 

 

Other parameters and background theory of WPT for static and dynamic IW-WCS have 

been explained in the chapter 3 which derived from Kirchhoff’s law.  

5.2.3. Design consideration for Dynamic application 
Dynamic operation in the IW-WCS is significantly different than the static IW-WCS 

operation as the static IW-WCS follows the same theory principle of static WCS for 
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PEVs. But when it comes to the design of Dynamic IW-WCS, the speed of the vehicle 

and the operating frequency of the transmitter coil are very important parameters to 

transfer power efficiently. Table 5.1 shows the calculated rotating tyre frequency for sizes 

of the rubber tyre. The transmitter coil’s operating frequency (푓 ), must be higher than 

the receiver tyre rotating frequency (푓 ). If the receiver tyre rotating frequency (푓 ) is 

equal or higher than the transmitter coil’s operating frequency (푓 ), no voltage will be 

induced into the receiver coil. As the frequency of rotation approaches the frequency of 

transmission, the change in magnetic flux density approaches zero. 푓 → 푓 ,Δ퐵 → 0 . The 

rotating frequency (푓 ) can be calculated by applying equation (5.2). 

 
 

  푓 =
휔
2휋 =

푅푃푀
60 =

푆 ∙ 10
퐶 ∙ 3600 [퐻푧 = 푟푒푣표푙푢푡푖표푛 푝푒푟 푠푒푐표푛푑] (5.2) 

 

Where, 푓  is the receiver tyre rotating frequency, radians per second (RPS) is the 

rotational speed or angular velocity (휔), revolution per minute (RPM) is rotational 

speed, 푆  is speed (km per hour) and 퐶  is the circumference of the rubber tyre.  

 

Table 5.1. Rotating tyre frequency at 250 km/hr for different diameter wheels 

Wheel Diameter 

(Inches) 

Total Rubber Tyre 

Circumference 

(mm) 

 

RPM 

 

RPS 

Rotating Tyre 

Frequency 

 (Hz) 

10 1506 2766 290 46.09 

12 1666 2501 262 41.68 

13 1745 2387 250 39.77 

14 1825 2282 239 38.03 

15 1905 2187 229 36.44 

16 1985 2099 220 34.98 

17 2065 2018 211 33.62 

18 2144 1943 203 32.37 

19 2224 1873 196 31.21 

20 2304 1808 189 30.13 

21 2384 1748 183 29.12 
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In the station mode, only single receiver coil can be active to receive energy from the 

transmitter once the vehicle is parked. But in the dynamic case, the receiver coils are 

rotating with the wheel and the active period of the each receiver coil is significantly 

depended on the variety of factors which requires to discover for the understanding of the 

working principle of it. 

Tr1

Tr2

Trn
T

Coil 1

Coil 2

Coil n

 
Figure 5.3. Active operating time period for n-number of receiver coils 

 

 Figure 5.3 shows the schematic diagram of the active operating time period of the n-

number of receiver side coils. Each active coil time period is depended on the speed of 

the vehicle while the vehicle is in motion. As shown in Figure 5.3, Coil 1 is only active 

for period of Tr1 and Coil 2 is active only for the period of Tr2. The total active time 

period for n-number of coils is depended on installed number of coils and the speed of 

the vehicle. For example; maintaining a vehicle velocity of 250km/h, a 14 inch diameter 

wheel; with specifications as described in Table 5.1, can rotate 38 revolutions per second, 

taking 0.026 second to complete one revolution. This can be calculated using equation 

(5.3). If 18 receiver coils of the size of 100 mm are installed into the rubber tyre, each 

coil may be active for approximately 0.00144 second, which can be obtained using (5.4). 

If the transmitter has 100 kHz frequency which can take 10µs to finish 1 cycle, each 

receiver coil can receive 144 cycles in 0.00144 second during its active period. This can 

be acquired by utilization of (5.5). This means that higher frequency can transfer more 

power in a short active time. In this experiment arrangement, 100 kHz frequency was 

selected to match with the current trend of the WEVCS. 
  푇 =

1
푓  (5.3) 
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푇 =

푇
푛  

(5.4) 

 

 푁 =
푇
푇  (5.5) 

where, 푓  is the receiver tyre rotating frequency, 푇  is the time period to finish single 

cycle, 푇  is the active time period for each receiver coil, n is the number of receiver coil 

installed into the rubber tyre, 푁  is the total cycles receive on given time, 푇  per active 

coil, and 푇  is the total time period of the transmitter frequency. Thus, speed, size of the 

tyre, and frequency of the transmitter are important parameters for high efficiency design 

of Dynamic IW- WCS.  

 

5.3. System Design of IW-WCS 
Unlike the WCS, IW-WCS has an extraordinary design on the receiver side. This section 

provides detail design of the wireless transformer and its structure which have been 

proposed for the advanced IW-WCS. It also includes a future installation location of the 

IW-WCS.  

 

5.3.1. Internal Structure arrangement  
In the IW-ICS system for PEVs, the transmitter coils array and other power converter 

circuitry are installed into the road structure similar like a common dynamic WCS. 

However, the receiver coils and other power circuitries are in-built into the tyre. The 

installation of the secondary coil is very crucial for the design due to limited space inside 

the tyre. 
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Rotating 
direction

Primary winding
Ferrite core

Secondary 
coils array

Filter & 
charge 

controller

Carbon 
brushes

Positive  Plate
Negative 

Plate

 
(a) 



IN-WHEEL WIRELESS CHARGING SYSTEM (IW-WCS) FOR PEVS 

125 | P a g e  
 

Tread

Coils

Rim

140mm

300m
m

10mm

30mm

 
(b) 

 
(c) 

AC/DC AC/DC AC/DC AC/DC

DC Bus

Secondary 
Winding

AC/DC AC/DC AC/DC

+- +-
AC/DC converter

 

(d) 
 

Figure 5.4. Structure arrangement of IW-WCS for EVs: (a) overview (b) coil arrangement 

and dimensions (c) future mounting location (d) coil arrangement 

 

A detailed structural arrangement of the proposed IW-WCS is displayed in Figure 5.4.The 

receiving coils are mounted on the rubber surface inside the tyre due to manufacturing 

limitations. Furthermore Figure 5.4 (a) shows that the electrical power transport from the 

tyre to the battery charging circuit is utilized by slips-rings: positive and negatives on the 
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tyre rim. In order to reduce copper resistance of the circular plates, both plates were 

designed optimised cross-sectional area with minimal total losses. Seven coils are utilised 

in parallel configuration but the number of receiver coils depends on the specifications of 

a tyre.  

 

A demonstration of the receiver coil placement is presented in Figure 5.4 (b) where the 

height and width of the tyre is provided. The output of the receiver coils are connected in 

parallel configuration so only active power from the transmitter. The steel or alloy rim 

can provide structural support as well as provide additional shielding from the leakage 

fluxes and improve the performance in the receiving side [220]. There are several layers 

encased in the rubber to ensure safe vehicle travel, and to provide protection against 

punctures and gashes. 

 

As shown in Figure 5.4 (c), the layer containing the steel belt and body ply is the proposed 

future location for the IW-WCS receiving coil. Integration of litz receiving coils and 

converters into tyre rubber and exporting power from the tyre to the body of the vehicle 

are the next major obstacles to overcome to make the IW-WCS a major success. This 

system would position the primary coil just under the roads surface (approximately 

10mm) and the secondary coil inside the tyre at an approximate distance of 20mm to 

match with the current installation where additional support and concrete material are 

required to protect the transmitter coil. The secondary coils are connected in parallel with 

each other after the AC/DC converter so inactive coils cannot affect the operation of the 

active coils, as displayed in Figure 5.4 (d). 

 

5.3.2. Wireless Transformer Topology 
In the IW-WCS, the wireless transformer coils should be able to handle enough current 

and voltage potentials with the lower ohmic losses. Otherwise they don’t have sufficient 

magnetic field coupling. Such losses are reliant on quality factor (Q) and coupling 

coefficient (k). As shows in (5.6), a coil with lower ac resistance with higher frequency 

has a higher quality factor. 
 푄 , =

휔°퐿 ,

푅 ,
 (5.6) 
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Where, Qp,s ,Lp,s and are the quality factor and inductance of the primary and secondary 

coils, respectively. Rp,s is the ac resistance of the respected coils. And ωₒ is the operating 

frequency. The coil with higher Q values can increase maximum achievable efficiency 

with lower k values and reduce critical (k) requirements [60, 188]. Primary and secondary 

coils designed for use in Static and DIW-WCS are shown in Figure 5.5. The primary 

winding which is made from litz wire in planar spiral structure has 25 turns for the static 

and dynamic applications where planar spiral secondary has 43 turns built from litz wire 

too. The primary number of turns for the improved IBSB tyre static case were reduced to 

23 turns to improve the impedance matching between the transmitter and receiver, will 

be illustrated in the next section. The litz wire have lesser skin and proximity effect in 

comparison to thick wires at higher frequency applications [221]. The secondary 

windings have a higher number of turns to compensate air gap losses as well as to achieve 

a step-up voltage with the turn ratio of ~1:1.7. The primary winding’s central area is 

relatively larger than the receiving coils, as increasing the size of the inner diameter 

reduces more negative mutual inductance and increases positive mutual inductance 

generated from turns closer to the inner diameter. Higher the size ratio of the receiver coil 

to transmit coil can provide higher efficiency [60, 188].  

 

 
Figure 5.5.  Wireless transformer coils (a) Primary (b) secondary 

 

Table 5.2 shows the specifications of the both windings. In the DIW-WCS, the inductance 

of the primary and secondary windings which are calculated using Wheelers formula is 

60µH and 122µH, respectively [222]. These calculated inductance values of both coils 
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are almost matched with the FEM simulated and measured by utilizing LCR meter 

(HAMEG 8118). At 100 kHz, the quality factors (Q) of the primary and secondary coils 

are 185 and 107, respectively. The Q was improved to 275 when the ferrite layer was 

employed at the primary coil. 

 

Table 5.2. Specifications of the primary and secondary coils 

Windings Primary Secondary 

Applications Static Dynamic Static and 

Dynamic 

Number of turns (N) 23 25 43 

Diameter  

(mm) 

Inner (Din) 47 30 

Outer(Dout) 123 130 105 

Cross-sectional area of the copper 

(mm2) 

1.5 

 

0.64 

Inductance 

(µH) 

Calculated 50 60 122.66 

Simulated 49 59 124.09 

Measured 50 59 123.69 

Quality factor (Q)@100kHz 150 185 107 

Self-resonant frequency (SRF) MHz 3.47 3.8 3.25 
 

5.4. Experimental Set-up of Static and Dynamic IW-WCS 

5.4.1. Basic Set-up  
The experimental set-up for Static and Dynamic IW-WCS is presented in Figure 5.6 . The 

transmitter side includes primary coil compensation circuit, a planar ferrite core (F47), 

and a HF AC source. High frequency planar magnetic ferrite material (up to 1 MHz) can 

help to improve the magnetic flux distribution as well as reduce leakage fluxes from the 

source side. In order to create series-series (SS) resonant at 100 kHz, 27nF (30nF for 23 

turns) and 22nF capacitors were implemented for the primary and secondary side 

respectively. The primary side resonant capacitor was selected based upon calculations 

inclusive of ferrite core material. The receiver side is more difficult construct due to the 

placement of coils inside a rotating tyre. To keep the tyre practical, the receiving coils 

must be relatively small and light weight. To remove power from the rotating coils, a 
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rudimentary slip-ring arrangement was utilized. The slip-ring consisted of two round 

copper discs situated on the rim with stationary carbon brushes on the chassis. The digital 

multi-meter (Keysight 1242B) with data logger functions was utilized to record voltage 

and current for both sides: source and receiver.  

 

 

Figure 5.6. Experimental arrangement set-up for static and dynamic IW-WCS 

 

5.4.2. Experimental scenarios 
To investigate the effect of tyre in the static as well as dynamic modes, variety of 

scenarios have been analysed, as demonstrated below.  

(a) Static case 

 

Ferrite
Primary winding

Receiver coils array

Rubber tyre

Steel belt

10mm

(a) (b)

10mm

5mm

30mm

48mm

135mm
 

Figure 5.7. Experiment scenarios in cross-section of (a) IBSB rubber tyre at 10mm 

thickness (b) a 10mm air gap with primary and secondary windings. 

 



IN-WHEEL WIRELESS CHARGING SYSTEM (IW-WCS) FOR PEVS 

130 | P a g e  
 

 In the first scenario, two arrangement for the static mode were considered. Figure 5.7(a) 

shows the cross-section of the In-built Steel Belt (IBSB) rubber tyre with the secondary 

coil. The detailed placement considerations has been discussed in the previous section. 

The significant advantage of this arrangement is that the air gap distance between source 

and receiving coils is only reliant on the thickness of a tyre rubber; typically less than 20 

mm, and the installed depth of the primary coil in the road surface. The receiver can be a 

single coil or receiver coils array. To understand the effect of tyre thickness and inbuilt 

steel cables, experimental scenarios in which air gap has been introduced with similar 

height of the tyre have been investigated in the stationary IW-WCS; Figure 5.7 (b).  

 

 
Figure 5.8. Optimised experiment scenarios in cross-section of (a) a 10 mm thick IBSB 

rubber tyre with 20 mm air gap (b) a 30 mm air gap with primary and secondary windings. 

 

To determine the performance effects of a tyre with an IBSB, its rubber thickness and air 

gap between two coils, a variety of air gap distance have been investigated to optimise 

the maximum power transfer efficiency for loads as in the real case, there is always air 

gap distance between the primary and secondary coils due to additional surface structure 

for the protection of the transmitter coil.  Two scenarios of the optimised distance [208]: 

a 30 mm air gap incorporating an IBSB tyre and 30mm air gap were examined.  

 

(a) Dynamic case 

To analyse the dynamic case, two other configurations were explored.  Additional ~ 6-7 

mm air gap between the primary or receiver coil and a 10 mm thick IBSB tyre with 

receiver coils array was added, as only a single source or transmitter was utilized in the 

testing. The receiver needed additional space to move. To compare with the effect of 10 

mm thick IBSB tyre with receiver coils array, ~17 mm air gap between two windings was 

also studied. The dynamic speed of the receiver coils array wheel was fixed at 217 
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revolution per minute (RPM) for this testing. The dynamic test was run approximately 

around 20 to 30 seconds for different loads and frequencies to measure power transfer 

efficiency. 

 

Ferrite

Primary winding

Secondary Winding
OR

Receiver coils array
Rubber tyre

Steel belt

~16-17mm

(a) (b)

10mm

~6-7mm 

 

Figure 5.9. Experiment scenarios in cross-section of (a) a 10 mm thick IBSB rubber tyre 

with a ~6-7 mm air gap (b) a ~16-17 mm air gap with primary and secondary windings. 

 

5.5. Results and Discussion 
A small scaled experimental prototype of IW-WCS for static and dynamic applications 

has been examined by experimental to investigate the impedance parameters, coupling 

coefficient, power transfer efficiency and misalignment issue. In addition, numerical 

analysis based FEM simulation methods were applied to examine the magnetic flux 

distribution in the variety of scenarios with IBSB tyre and without it. 

5.5.1. Computational Analysis 
To understand magnetic field distribution and leakage fluxes in the Static or Dynamic 

IW-WCS, variety of experimental scenarios are discussed in the previous section. In the 

simulation, the magnetic permeability of tyre was selected 1 because the rubber tyre has 

the same permeability as air in the magnetic field. Using FEM method, the magnetic flux 

density and current density of the primary windings with the planar ferrite cores was 

generated at a frequency of 100 kHz. As show in Figure 5.10, two different scenarios 

show the magnetic flux distribution and power distribution for a 10mm air gap, tyre 

thickness and without secondary side ferrite. The secondary was shorted to perform the 

simulation in load condition. Figure 5.10 (a) and (b) shows the magnetic flux distribution 

of a 10 mm thick IBSB tyre and 10mm air gap configurations, respectively. The contour 

shows the magnetic flux distribution between two windings. The red spot at the edges of 

the primary winding presents the maximum magnetic flux density for the model. 



IN-WHEEL WIRELESS CHARGING SYSTEM (IW-WCS) FOR PEVS 

132 | P a g e  
 

 

 

(a) 
 

 

 (b) 
Figure 5.10. Simulation results (a) IBSB rubber tyre with a10 mm thickness (b) a 10 mm 

air gap with primary and secondary windings. 

 

A 10 mm air gap configuration has lower magnetic flux leakages in comparison to the 10 

mm thick IBSB tyre configuration as the in-built steel mesh attracts some magnetic fluxes 

towards them due to conductive material. As a result, it slightly increases the leakage 

magnetic fluxes in the wireless transformer. The mutual inductance decreases between 

two windings and lower the coupling coefficient (k) from 0.69 to 0.67 for the 10 mm thick 

tyre and from 0.52 to 0.46 for the 10mm thick tyre with 7 mm air gap as presented in 
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Figure 5.11. In addition, the simulation run with the aluminium rim material which was 

placed around 40 mm distance from the secondary coil inside the tyre in order to 

understand the effect of the rim. The short circuit inductance (Ls) is reduced from 45.82 

µH to 35.64 µH. It means that the aluminium rim can reduce the leakage fluxes and 

improve the coupling. Overall, it helps to reduce the risk of health and safety issues for 

the design of electric vehicle wireless charging system. The coupling coefficient (k) of 10 

mm thick IBSB tyre is increased from 0.69 to 0.77. 

 

 

(a) 

 

 (b) 

Figure 5.11. Simulation results of (a) a 10 mm thick IBSB rubber tyre with 7 mm air gap 

(b) a 17 mm air gap with primary and secondary windings. 
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(a) 

 
(b) 

 

Figure 5.12. Simulation result of (a) a 10 mm IBSB tyre with a 20mm air gap (b) a 30 

mm air gap with primary and secondary windings. 

 

In order to determine the magnetic flux distribution in the optimised air gap static IW-

WCS and improving the system performance further, an axisymmetric model of the 10 

mm IBSB tyre with 20 mm air gap was simulated as shown in Figure 5.12 and compared 

with the 30 mm air gap. As the IBSB is made of conductive steel, some magnetic flux is 

absorbed. As a result, a slight increase in the leakage magnetic flux can be noted. The 

increased leakage inductance reduces the mutual inductance between two coils, as a result 

the simulated coupling coefficient reduces from 0.42 to 0.40 for the 10 mm IBSB tyre 

plus 20 mm air gap in the comparison to the 30 mm air gap. By incorporating an 

aluminium rim 40 mm away from the secondary winding (thickness of a tyre wall), the 
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simulation shows a reduction in leakage inductance from 70 µH to 68 µH and an 

improved k. This can help to reduce the health and safety related issues associated with 

the WCS.  

 

Table 5.3 presents the overview of the FEM simulated results for a variety of experimental 

scenarios, which have been investigated to analyse the static and dynamic IW-WCS. The 

coupling coefficient of the IBSB is always slightly lower than the air gap version without 

the IBSB due to higher the magnetic flux leakages because the IBSB tyre version is 

constructed from the conductive steel, which can easily attract fluxes. This also results in 

the highest magnetic flux density in the IBSB version is significantly lower than the air 

gap scenario.  

 

Table 5.3.  Summary results of FEM simulated experimental scenarios of IW-WCS 

 

Experimental 

Number 

 

Operation 

Mode 

 

Experimental 

Scenarios 

Simulated 

Coupling 

Coefficient 

(k) 

Highest 

Magnetic 

Flux density 

(Wb) 

 

1 

 

Static 

IBSB rubber tyre at 10 

mm thickness 

 

0.67 

 

1.1 × 10-8 

10 mm air gap 0.69 3.65 × 10-8 

 

2 

 

Dynamic 

10 mm thick IBSB 

rubber tire plus 7 mm 

air gap 

 

0.46 

 

1.1 × 10-8 

17mm air gap 0.52 3.39 × 10-8 

 

3 

Static 

(Optimised 

distance) 

10 mm IBSB tyre with 

20 mm air gap 

 

0.40 

 

1.2 × 10-8 

30 mm air gap 0.42 3.22 × 10-8 

5.5.2. Impedance Measurement Test 
The impedance measurements were conducted by using a MICROTEST-5237 (up to 1 

MHz). The primary side was connected to the LCR meter while the secondary side either 

set in an open or short circuit configuration. The open circuit measurement gives the 

primary inductance values where the short circuit measurement gives the leakage 
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inductance values between two windings. The impedance test was measured for variety 

of scenarios between frequency ranges 10 kHz to 1 MHz.  

5.5.2.1.  Basic Wireless transformer with no air gap and ferrite 

 
(a) 

 
        (b) 

Figure 5.13. Measured and simulated results comparison of a wireless transformer with 

zero air gap & no ferrite (a) at open (no load) (b) short (load) cases 

 

In order to understand the wireless transformer behaviour, inductance values are 

measured when the wireless transformer with single receiver has no air gap between both 

windings and magnetic ferrite material at open and short cases as shown in Figure 5.13. 

From the open (no load) circuit configuration; shown in Figure 5.13(a), a direct, linear 
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relationship between the simulated and measured inductance results can be seen. The 

primary inductance values are almost constant for the measured frequencies. With the 

short (load) circuit case, the measured inductance which is also known as leakage 

inductance has constant values for the measured frequencies. The larger the air gap, the 

higher leakage inductance and thus poor coupling between both windings. Even though 

the wireless transformer has zero air gap, the leakage inductance is around 20µH due to 

leakage fluxes from both windings due to a non-existing of magnetic shielding material 

as presented in Figure 5.13 (b).  

5.5.2.2. 10mm IBSB tyre based IW-WCS 

 
(a) 

 
(b) 

Figure 5.14. Comparison of a 10 mm thick tyre and a 10 mm air gap at (a) open (no load) 

(b) short (load) cases  
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To analyse the effect of a 10 mm IBSB tyre, impedance measurement was carried out and 

compared with a 10 mm air gap as demonstrated in Figure 5.14. In this scenario, magnetic 

planar ferrite material has been included only at the primary winding as explained in the 

design section. In the no load condition, a 10 mm thick IBSB tyre has higher inductance 

for the measured frequencies in comparison with the 10 mm air gap because the 

conductive in-built steel cables attract some magnetic fluxes as shown in Figure 5.14 (a). 

In comparison to the 10 mm air gap, the leakage inductance at the short circuit case is 

also higher for the measured frequency range due to the in-build steel belt as presented in 

Figure 5.14 (b). Higher leakage inductance can lead to poor coupling coefficient and 

affect the power transfer efficiency. This will be discussed in the next few sections.  

 

5.5.2.3. Improved 10 mm IBSB tyre with a 20 mm air gap IW-WCS 

 
Figure 5.15. Leakage Inductance measurement of an improved 10 mm IBSB tyre with air 

gap IW-WCS  

 

In comparison to the previous 10mm IBSB tyre configuration, two parameters have been 

changed in the improved version to analyse the no-load (open) and load (short) 

conditions. The number of primary winding turns were reduced from 25 to 23 turns as 

well as the short circuit operation were conducted with the variety of vertical air gap 

distance between the source and receiver coils.  As shown in Figure 5.15, leakage 
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inductance was measured for the variety of vertical air gap distance in order to investigate 

the leakage magnetic fluxes. The leakage inductance linearly increases with the increases 

air gap distance between the transmitter and receiver coils. However, it slightly rises with 

the increasing distance after the optimise air gap distance and become stable around 82 

µH. Primary inductance value of the improved version is dropped from 110 µH to 82 µH, 

whereas the leakage inductance value is almost same as the 10 mm IBSB tyre version as 

presented in Figure 5.16. Even though, the improved version has additional 20mm air gap 

distance between the primary and secondary coils, the leakage inductance stays same 

from the frequency range 10 kHz to 150 kHz. The leakage inductance for the 10 mm 

IBSB version is slightly decreased from 80 to 70 µH after the frequency range 150 kHz 

whereas the improved 10 mm IBSB with 20 mm air gap version is stable around 80 µH. 

The rate of the leakage inductance in the improved 10 mm air gap version is almost 

identical even though additional air gap has been introduced to optimise the performance. 

 
Figure 5.16. Comparison of an improved 10 mm thick tyre with a 20 mm air gap version 

and a 30 mm air gap at a load (short) case 

 

5.5.3. Coupling Coefficient Test 
The coupling coefficient (k) is essential regarding maximum power transfer calculation 

and for obtaining a high efficiency operation. Maximum power transfer (MPT) occurs 

when the source impedance match with the input coil impedance. The impedance 

matching method can solve the frequency splitting issues when there is a strong coupling 
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between two coils. The input impedance is dependent on k (0 ≤ k ≤ 1) and operating 

frequency (f). Equation (5.7) and (5.8) are utilized to derive measured (푘 ) and simulated 

results (푘 ), respectively [223]. 
 

 푘푚 =
푀

퐿푝 ∙ 퐿푠
   (5.7) 

 

 
푘푠 = 1 −

퐿푙푒푎푘
퐿푝

 (5.8) 

where, 푘   is the measured coupling coefficient, 푘   is the simulated coupling coefficient, 

퐿  퐿  and 퐿  are the primary and secondary inductances respectively, 푀 is the mutual 

inductance between 퐿  and 퐿 ,퐿  is the (Leakage) inductance when the secondary 

shorted. 

 

Air-gap 
or tire

center

center

Y

X

Transmitter 
coil

Receiver 
coil

(a) (c)

center

center

(b)

center

center

 
 

Figure 5.17. Measurement scenarios (a) perfectly aligned (b) vertical (c) horizontal 

displacement 

 

In order to measure the coupling coefficient, three scenarios: perfectly aligned, horizontal 

and vertical displacement have been investigated as illustrated in Figure 5.17. Figure 5.18 

shows the horizontal and vertical displacement versus k when the receiver coil and 

primary coil with ferrite do not have any air gap. The transmitter and receiver coils have 

25 turns and 43 turns, respectively. The results are simulated with the FEM simulation 

and compared with the measurement. The k value is close to 1 when the receiver coil is 

perfectly aligned with the transmitter coil. This is the ideal scenario for the IW-WCS. 

However, it may difficult to park or drive perfectly in every occasion on the transmitter 

coil. Coupling coefficient (k) value drops gradually with increasing horizontal or vertical 
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distance due to the reduction in the mutual inductance between two windings. In IW-

WCS, the vertical distance can be constant as it reliant on the tyre thickness and primary 

installation into the ground.  

 
(a) 

 
(b) 

Figure 5.18. Basic Wireless transformer coupling coefficient test (a) vertical (b) 

horizontal  

 

Two scenarios (as presented in Figure 5.7) have been measured and validated with the 

simulation tool. The measured k values of the 10mm thick IBSB tyre and 10mm air gap 

are 0.64 and 0.70, respectively, where the simulated results are 0.67 and 0.69. The 10mm 

thick tyre has less k values than the 10mm air gap due to steel belt increase leakage flux 
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and decrease mutual inductance. In the simulation tool, it is very difficult to predict exact 

steel structure and placement. The simulation has higher value than measured value for 

the tyre. In other two scenarios (with additional 7 mm air gap) in Figure 5.9, the k values 

are dropped 0.44 and 0.50 for the 10 mm thick IBSB rubber tyre plus 7mm air gap and 

17 mm air gap, respectively due to increase air gap distance.  

 

 
Figure 5.19.  Coupling coefficient test for the improved 10 mm IBSB tyre with a 20 mm 

air gap IW-WCS  

 

Figure 5.19 presents the effect of coupling coefficient on horizontal coil displacement 

over the distance for the improved 10 mm IBSB tyre with a 20 mm air gap IW-WCS. The 

results are compared with the 30 mm air gap version to demonstrate the effect of the IBSB 

tyre misalignment. When two coils are aligned perfectly, the coupling coefficient of the 

10 mm IBSB tyre with a 20 mm air gap configuration (0.27) is slightly lower than the 30 

mm air gap version (0.33) due to the loss of magnetic flux at the inbuilt steel belt. This 

distance was taken as a fixed air gap distance for this scenario. When the primary and 

secondary coils are misalign in the horizontal direction at the fixed height, the coupling 

coefficient over the distance was started gradually dropping and reached from 0.27 to 

0.08 which is significantly lower. Increasing the horizontal misalignment between the 

two coils has a substantial effect on not only coupling coefficient but also on the power 

transfer efficiency. This will be discussed in the later section. 
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5.5.4. Power Efficiency Measurement  
The overall system efficiency tests were conducted to calculate the efficiency of complete 

system including rectifier, filters etc. to transfer power from source to load which includes 

active and passive components losses. The efficiency of transformer-less converter was 

measured ~85% at 100 kHz for 100 Ω load resistance. The efficiency dropped 13% due 

to switching, conduction losses and voltage drop over the bridge rectifier. This results can 

also help to derive the wireless transformer efficiency. Different scenarios based tests 

were done on multiple frequencies with various loads to investigate the efficiency of IW-

WCS in static and dynamic modes. The input voltage was kept constant at 60 V during 

all the tests.  

5.5.4.1. Static  

(a) Static with the single receiver coil 

 

 
Figure 5.20. Static power efficiency results with a single receiver 

 

Figure 5.20 shows the measurement results of Static IW-WCS when the single receiver 

coil is utilized to receiver power. Two scenarios were taken into account to investigate 

the effect of IBSB tyre in comparison with the air gap, as discussed in Figure 5.7. The 

output power was measured from frequency ranges 50 kHz to 200 kHz for 10 Ω to 100 

Ω load resistance. The 10 mm air gap has higher (85%) output power efficiency in 
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comparison with a 10mm thick IBSB tyre (75%) at 100 kHz, 100 Ω load resistance, as 

shown in Figure 5.20. In addition, the 10mm air gap has slightly higher output power with 

the respect to output voltage than the 10 mm tyre version. The calculated individual 

wireless transformers efficiency were 97% and 84% for the 10 mm air gap and 10 mm 

thick IBSB tyre, respectively.  

 

 
 

Figure 5.21. A 10mm thick IBSB tyre measurement results of output power versus 

efficiency and frequency. 
 

As shown in Figure 5.21, the 10 mm thick tyre version has highest efficiency at its 

resonant frequency (100 kHz) where the system was designed for. The system still 

receives power and provides an average of 30 to 40% efficiency in the out of resonant 

frequency bands. The highest power (26.7W) was noted with 66% efficiency at 85 kHz. 

The highest efficiency (73%) was measured with the 24.40 W at 100 kHz. 

 

(b) Static with multiple receivers’ array structure 

 

To analyse the real Static IW-WCS, the multiple receivers array were connected in 

parallel after the bridge rectifier as discussed in the wireless transformer configuration 

section. Figure 5.22 shows the power efficiency results for a 10 mm air gap and a 10 mm 

thick tyre configurations. The receiver and transmitter coils were perfectly aligned. More 
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than one receiver coils were received power and totalled at the output power in the design 

due to parallel arrangement.  

 

 
Figure 5.22. Static power efficiency results with a multiple receivers array  

 

At 100 kHz, the output power was measured for the load resistance 10 Ω to 100 Ω for 

both configurations. The highest output power for the 10 mm thick tyre system has 

received 27 W at 42.6 V for 100 Ω load resistance, where the 10 mm air gap has noted 

25 W at output voltage 45.3 V. When it comes to efficiency, the 10 mm thick tyre has 

higher (75% at 27 W) efficiency than 10 mm air gap (65% at 25 W) at 100 Ω, as presented 

in Figure 5.22. In addition, a 10 mm thick tyre efficiency was dropped with increasing 

output power and load resistance where 10mm air gap has almost stable efficiency around 

65%. The calculated individual wireless transformers efficiency were 74.7% and 86.2% 

for the 10mm air gap and the 10mm thick IBSB tyre, respectively. Figure 5.23 (a) shows 

the 10 mm thick tyre system measured output power for frequency ranges 50 to 200 kHz 

for three different load resistances: 100 Ω, 110 Ω and 120 Ω.  The highest power transfer 

was noted 27 W at 100 kHz for 100 Ω. The power drops with increasing load resistance 

and out of the resonant frequency bands. As shown in Figure 5.23 (b), the highest 

efficiency (75%) was noted at 100 kHz for 100 Ω. For other loads, the efficiency dropped 

and kept approximately around 55 to 60% from the frequency ranges 100 kHz to 200 

kHz. 
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(a) 

 
(b) 

Figure 5.23. Graph of a 10mm thick tyre (a) output power versus frequency (b) efficiency 

versus frequency 

 

(c) Optimised air gap Static with multiple receivers array structure 

In order to analyse the effect of the ISBS of a standard tyre, power and efficiency 

measurements were taken and compared with that of just an air gap (Figure 5.24). The 

input voltage was kept constant at 60 V during all the tests. Without the wireless 

transformer, the converter has an efficiency of ~85%. These results show that the 

maximum power transfer of the 10mm tyre with IBSB with a 20 mm air gap configuration 

was 100 W at 88 V whereas the 30mm air gap test has noted 103 W at 90 V at 80 Ω. The 
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peak power transfer efficiency of the 30 mm air gap was 92% between the ranges of 40 

Ω and 80 Ω, with a gradual reduction in efficiency of 70% through to 140 Ω. The 10mm 

IBSB tyre incorporating a 20 mm air gap design follows the same trend but the efficiency 

drops around 18% through the range, with a maximum efficiency 74% from load 

resistances 40 Ω to 80 Ω. Overall, a 3% reduction in power and 18% efficiency drop are 

noted due to the IBSB in a tyre. This reduction in power transfer and efficiency can be 

attributed to eddy currents circulating through the IBSB. 

 

 
(a) 

 
(b) 

Figure 5.24. Optimised air gap Static IW-WCS measurement (a) power (b) efficiency vs 

load resistances 
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5.5.4.2. Dynamic  

 

 
Figure 5.25. Graph of instantaneous power transfer characteristic of a 10 mm thick IBSB 

tyre with a 7 mm air gap in a multiple receivers array 

 

To test and analyse the dynamic properties of the IW-WCS, a similar apparatus to the 

static testing was utilized. Instead of a single receiving coil, multiple receiving coils were 

positioned around a tyre and connected to a carbon brushed slip-ring terminal. In a real 

dynamic scenario, multiple transmitter coils would be installed on or directly under the 

street surface. Due to size and space limitations, a single transmitter system was 

employed. A 10 mm thick IBSB tyre which includes receivers array was run over the 

transmitter coil with additional 6 to 7 mm air gap so the wheel could run on the speed of 

217 RPM (Maximum speed of the wheel). The test was run approximately 15 to 20 

seconds to measure the power efficiency parameters and recorded into data logger. In 

order to explain the measurement method, the maximum power transfer reading was 

selected. For example, the 10 mm thick IBSB tyre plus 7 mm air gap with a multiple 

receivers array was run around 18 seconds at 217 RPM at 100 kHz with connected 100 

Ω load resistance. As shown in Figure 5.25, instantaneous output power stays around 25 

to 26 W with efficiency between 30 to 33%. Due to speed of the wheel and small storage 

capacitors after the bridge rectifier, the efficiency never drops less than 31% even though 

the horizontal receiver alignment changes with respect to transmitter. Figure 5.26 shows 

the graphs of the power efficiency parameters at 100 kHz for the 30.3 to 100 Ω load 

resistances. The highest efficiency for the 10 mm thick tyre has noted 33% (at 27 W) for 

100 Ω load resistance in comparison to 17 mm air gap which has 30% (22 W). 
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Figure 5.26. Dynamic efficiency versus output power results  

 
(a) 

 
(b) 

Figure 5.27. Graph of a 10mm thick IBSB tyre (a) output power versus frequency (b) 

efficiency versus frequency  
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In addition, the 10 mm thick tyre version has higher power (27 W) for the 100 Ω load 

resistance when the output voltage is 45 V, whereas a 17 mm air gap has approximately 

22 W output power when the output voltage is 43 V.  In order to understand the effect of 

out of resonant frequency bands, the power efficiency parameters of a 10 mm thick tyre 

were recorded for frequency ranges 50 kHz to 200 kHz, as shown in Figure 5.27. The 

highest power (27 W, 33%) was noted at 100 kHz for load resistances 100 Ω to 120 Ω, 

as presented in Figure 5.27(a). But the highest efficiency (43%, 4.5 W) was recorded at 

125 kHz for 100 Ω to 120 Ω. As shown in Figure 5.27(b), the efficiency drops after 125 

kHz and reached around 30% at 200 kHz. The calculated individual wireless transformers 

efficiency were 34.5% and 38% for the 17 mm air gap and 10 mm thick IBSB tyre plus 7 

mm air gap, respectively.  

5.5.5. Coil Alignment Test 
 

 
Figure 5.28. Power efficiency via horizontal misalignment distance 

 

Alignment tolerance test is very crucial in the WPT to investigate the misalignment effect 

on coupling coefficient and power transfer efficiency. It also help to identify the magnetic 

flux leakages and improve the health and safety issues. Figure 5.17 shows the alignment 

test set-up arrangement to measure the power efficiency of IW-WCS. Three scenarios: 

perfectly aligned, x- direction and y-direction horizontal displacement have been studied 

whereas z-direction which is the air gap between the primary and secondary coils array 



IN-WHEEL WIRELESS CHARGING SYSTEM (IW-WCS) FOR PEVS 

151 | P a g e  
 

is constant 30 mm (a 10 mm IBSB tyre with a 20 mm air gap). In the In-Wheel WCS, 

when the vehicle is parked exactly on the top of the transmitter coil, it is perfectly aligned 

with the receiver coils array installed inside the wheel. If the car is not parked, other 

scenarios such as either x or y direction horizontal displacement occurs. Increasing the 

horizontal misalignment between the two coils has a significant effect on not only 

coupling coefficient but also on the power transfer efficiency. With a 50 mm horizontal 

misalignment distance, the maximum power transfer reduced approximately by 35% 

resulting in a power of 65 W and efficiency of 50%, as shown in Figure 5.28. At this 

stage, two receiver coils from the array were aligned and activated with the transmitter 

coil simultaneously. This effect cancelled some of the fluxes from the neighbouring 

fluxes. As a result, it dropped the power and efficiency. When the x-direction horizontal 

displacement occurs after 50 mm, the neighbouring coil in the receiver coil array starts 

receiving power from the transmitter coil. As a result, the misalignment and power 

delivery problems in the static IW-WCS is solved some extent with the help of 

neighbouring coil activation due to the parallel multi-receiver array structure. However, 

the power transfer efficiency significantly drops in the y-direction horizontal 

displacement because there is no additional receiver coil in that direction. 

5.6. Comparison of In-Wheel WCs vs. Via-Wheel WCS 
Table 5.4 shows the comparison between the IW-WCS and existing Via-Wheel WCS for 

EVs. IW-WCS utilises a series-series resonant inductive based power transfer technique, 

whereas previously researched via-wheel WCS used a capacitive wireless power transfer 

(CWPT) method. The coupling efficiency in the CWPT is significantly reduced with a 

slight increase in distance between the transmitter and receiver coils in comparison to IW-

WCS. In addition, IW-WCS operates in 100 kHz and is easy to modify to current J2954 

SAE standard frequency (81.39 kHz to 90 kHz) [108] by modifying a series capacitor 

value, whereas the CWPT works in the 50-55 MHz range (which falls in radio frequency 

range). In this range, power transfer restrictions apply because hazardous electromagnetic 

fields create health and safety issues. Furthermore, IW-WCS is compatible with existing 

wireless charging infrastructure, whereas CWPT requires the installation of a new 

transmitter topology on the ground, which increases structural costs. Overall, IW-WCS 

has the potential to be more efficient, in comparison to via-wheel WCS, and can be easily 

upgraded for high power applications. 

 



IN-WHEEL WIRELESS CHARGING SYSTEM (IW-WCS) FOR PEVS 

152 | P a g e  
 

Table 5.4. Qualitative comparison of In-wheel and Via-wheel WCS 

Features In-Wheel WCS Via-Wheel WCS 

Method Resonant Inductive Power 

transfer (RIPT) 

Capacitive Power transfer 

(CPT) 

Wireless Transformer coils Copper foil or steel belt 

Coupling efficiency High Low to medium 

Air gap Dependency Low to Medium High 

Position Dependency Horizontal Vertical 

Operating frequency 100 kHz 50-55 MHz 

Total Power Transfer 100 W 60W 

Power Transfer Efficiency >75 % 70-78% 

Health 

and 

Safety issues 

Power Capable of high power 

transfer 

Limited due to tyre safety 

EMI Easy to meet the standards Not suitable due to RF 

range 

Compatibility Compatibility with 

existing WCS 

Require to install a new 

infrastructure 

Application static and dynamic static 

5.7. Results Summary of In-Wheel WCS 
 

Table 5.5 shows the summary results of the In-Wheel WCS for static and dynamic 

applications. Apart from the switching and air gap losses, the In-Wheel WCS suffers from 

additional losses due to leakage inductance by the IBSB into the tyre, depending on the 

mutual inductance and attached load over the primary and secondary side impedances. 

The maximum power transfer depends on several factors such as tyre size, possible wire 

cross-section of the receiving and transmitting coils, possible voltage levels, and 

frequency. The proposed IW-WCS can be utilised as an efficient substitute in order to 

increase the range of the vehicle if the existing wireless charging is suffering from air gap 

losses and a poor coupling coefficient. In addition, the absence of the ferrite core material 

on the secondary side also decreases the weight of the vehicle. However, it increases flux 

leakage on the receiving side due to a lack of magnetic ferrite. As a result, it affects the 

overall power transfer efficiency. 
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Table 5.5. Summary results of In-Wheel WCS 

 

 

Prototype 

Number 

 

Operation 

Mode 

 

Experimental 

Scenarios 

Simulated 

Coupling 

Coefficient 

 (k) 

Measured 

Coupling 

Coefficient 

 (k) 

Highest 

Magnetic Flux 

Density 

(Wb) 

 

Maximum 

Power  

(W) 

 

Efficiency 

(%) 

 

1 

 

Static 

IBSB rubber tyre at 10 

mm thickness 

 

0.67 

 

0.64 

 

1.1 × 10-8 

 

27 

 

75 

10 mm air gap 0.69 0.70 3.65 × 10-8 25 85 

 

2 

 

Dynamic 

10 mm thick IBSB 

rubber tyre with 7 mm 

air gap 

 

0.46 

 

0.44 

 

1.1 × 10-8 

 

27 

 

33 

17 mm air gap 0.52 0.50 3.39 × 10-8 22 30 

 

3 

Static 

(Optimised 

distance) 

10 mm IBSB tyre with 

20 mm air gap 

 

0.40 

 

0.27 

 

1.2 × 10-8 

 

100 

 

74 

30 mm air gap 0.42 0.33 3.22 × 10-8 103 92 
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6.1. Introduction 
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Figure 6.1. Classifications of Electrical Energy Storage 

 

Ove the last decade, the demand for energy supply has rapidly increased due to the 

increased use of electronics equipment in daily lives. According to the 2015 key world 

energy statistics released by the International Energy Agency (IEA) in 2016, total energy 

consumption reached approximately 13699 MToe. This rose around 2.4% globally 

compared to energy supplied globally in 2012 [6, 7]. In 2016, Australian energy 

consumption increased by approximately 5920 Peta-joules, which is around 1% higher in 

comparison to 2015. In addition, world share of electric vehicles (EVs) including plug-in 

hybrid electric vehicles (PHEVs) and battery electric vehicles (BEVs) reached around 

1%, which is more than 1 million cars [4, 5]. These new ways of transportation also 

require additional energy to charge their batteries. In order to provide sufficient energy 

supplies to consumers, most governments in the world are promoting the use of renewable 

energy sources such as solar, wind and thermal. 
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In Australia, 14.6% of electricity is generated from renewable sources, according to the 

Australian Energy Update 2016 [8]. The renewable energy sources (RES) provide 

additional energy to the distribution network but their intermittent generation and 

penetration to the utility grid creates a lot of instability and costs in the network. 

Moreover, the unscheduled charging EVs also generates additional stress on the 

distribution network. To overcome this significant problem, the distribution network 

requires a system which can store additional energy for utilisation during peak periods, 

especially during the day. This problem can be solved by introducing a small or large 

scale energy storage system as per the requirements of the network. Currently, energy 

storage becomes an important element in the modern energy network supply chain by 

reducing stress on the grid and allowing more renewable energy penetration which 

significantly improves the efficiency of energy storage [224]. As shown in Figure 6.1, 

energy storage can be divided into two main groups: fixed and mobile. Fixed energy 

storages can store energy from some watt-hour to a few Tera-watt-hour and cost anywhere 

from a few dollars to millions of dollars depending on the technique [225]. According to 

the battery energy market in Australia, household battery storage will be from 1.9 MW in 

2015 to 44 MW in 2016, including commercial battery energy which will be around 75 

MW [226].  

Batteries
V2G

G2V

GUEV

Garage or Parking

Wireless 
transformer

V2G
G2V

Primary Power Electronics

Secondary Power Electronics

 
Figure 6.2. Wireless Vehicle to Grid (V2G) and Grid to Vehicle (G2V) for EVs with RES 

 

Since the introduction of micro grid technology, the utilisation of mobile energy storage 

systems (based on EVs) is becoming a necessity for both the commercial industry and 
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households. Such systems are necessary to reduce stress on the network and improve 

energy supply during peak periods. Appendix A.1 shows current trends in battery 

operated EVs in the automotive market from 2016-17 [227]. Current EVs have abilities 

to store energy from 11 kWh to 90 kWh. During periods of excessive energy generation, 

EVs can be charged by plug-in devices. These are either home based (AC Level 1 and 2) 

or commercial based (DC Level 1 and 2) DC fast chargers, as presented in Appendix A.2 

[228-230]. With the help of vehicle to grid (V2G) technology, the stored energy is 

discharged to the micro grid during peak periods. In addition, it can provide benefits 

throughout the working day by flattening consumption curves and optimising daily peaks. 

This can help to reduce energy prices by minimising instability within a grid network 

[11]. However, this action requires plug-in chargers to be connected manually. There are 

always some risks and maintenance issues associated with plug-in chargers of EVs. In 

order to overcome this limitation, a Wireless Vehicle to Grid (W-V2G) concept has been 

proposed to remove the manual operation to transfer power from the grid to the vehicle 

and from the vehicle to the grid, as presented in Figure 6.2. This chapter contains some 

basic information about this technology, including the design of the advanced 

components required for the development of a W-V2G prototype (single phase and three 

phase) for EVs. 

 

6.2. Comparison of Plug-In V2G and Wireless V2G 
The express expansion of plug-in EVs (PEVs) has resulted in the need for fast and 

efficient charging and power transfer methods. With increasing number of PEVs, the 

power requirements from distribution networks have risen rapidly and created detrimental 

impact. Such impacts include harmonics, power losses, voltage drops and the overloading 

of power electronics devices. In order to compensate for the additional power 

requirement, renewable energy sources (RES) have been introduced to the microgrid but 

they have limited support facilities. Vehicle to grid (V2G) can offer a solution alongside 

advanced scheduling for charging and discharging to the distribution network [11]. Figure 

6.3 shows the bidirectional power transfer application for PEVs with Plug-In and wireless 

modes. In the plug-in V2G, EVs with the on-board bidirectional charger allow user to 

connect to the grid or home during peak times. 
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Figure 6.3. Bidirectional power transfer applications (a) plug-in V2G (b) wireless V2G 

 

During off-peak times, the vehicle is being charged from an AC wall socket. The AC is 

converted into DC and fed to the isolated DC/DC converter to provide additional safety 

to the user. The converted DC is transferred to a battery through the battery management 

system (BMS), control and protection and a bidirectional DC/DC converter. This 

converter operates with buck (step-down mode) when it charges the battery bank, and 

boost (step-up mode) when it discharges (in order to increase power level). This is 

presented in Figure 6.3(a). The main limitation with this technique is that it requires 

physical contact and manual handling to charge or discharge the EVs which creates 

additional risks such as electric shock and trip hazards. 
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Table 6.1. Comparison between Wireless and Plug-In V2G 

Features Wireless V2G Plug-In V2G 

Method Wireless Power Transfer Traditional Conductive 

Operating frequency 81.9-90kHz 16-100kHz 

Power Transfer Efficiency >90% >95% 

Air gap Sensitivity Medium to High N/A 

Position Sensitivity Medium to High N/A 

Operating Function Automatic Manual 

Power transfer 

Scheduling 

 

Automatic 

 

Manual 

 

Health 

and 

Safety 

Isolation  

Wireless Transformer 

Compulsory on-board 

transformer 

Electric 

Shock 

Hazard 

 

Low to medium 

 

Medium to high 

EMI Medium to high Low 

Power Transfer 

Capability 

 

High 

 

High 

Convenience Very High Medium 

 

Connection Compatibility 

 

No Plugs 

Variety of standards, 

shapes and sizes 

 

In order to overcome these problems, a wireless V2G has been introduced, as shown in 

Figure 6.3(b). Unlike plug-in V2G, the primary side of the wireless transformer is 

embedded on the road or parking surface with bi-directional power converters are 

mounted in the vehicle’s body. The design is completely autonomous and provides 

additional isolation between the source and receiver sides, through wireless transformer. 

The design enables surplus energy to be transferred to the PEVs to reduce stress. It also 

ensures the availability of energy to rectify peak demand requirements in static or 

dynamic modes. In addition, this technology can be a buffer or provide back-up mobile 

energy storage in the dynamic V2G operation.  
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However, due to large air gaps between the primary and secondary coils, wireless 

charging/discharging operations also generate more reactive power. This affects the 

power factor of the power grid in comparison to the wire connection. As a result, wireless 

operation requires additional compensation circuits at both primary and secondary sides 

to improve performance. In addition, Distributed Static Synchronous Compensators (D-

StatCom) can be installed at the grid side to reduce harmonics, voltage instability and 

stress on the equipment, and provide active power control (APF). Additional details will 

be discussed in sections 6.3 and 6.5. In terms of power grid interactivity, wireless 

charging can offer up to 60% connectivity, whereas a wired connection only allows 10%. 

Another major benefit is that the W-V2G can perform using some wireless 

communication devices, which can automatically identify the power grid situation and 

fulfill the V2G operation in static and dynamic applications. This wireless flexibility can 

help the power grid by incorporating RES and other EV storage facilities [231].  

 

6.3. Concept of Wireless Vehicle to Grid (W-V2G) 
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Figure 6.4. Block diagram of single or three phase W-V2G for EVs 

 

The wireless vehicle to grid (W-V2G) concept, which studies the interaction between 

mass Wireless Electric Vehicle Charging (WEVCS) and the main power grid, is presented 

in Figure 6.4.The basic block diagram of the W-V2G is demonstrated for single phase as 

well as three phase application. During the peak power generation, additional power is 

transferred to the EV with the WEVCS. Like other WEVCS, the main grid power is 

converted to a controlled DC source with the help of an AC/DC converter. The controlled 

DC voltage is converted to a high frequency AC source and applied to the primary 

winding of the wireless transformer through the primary compensation network. An 

additional high frequency transformer has been suggested for installation in order to 
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create a step-up voltage being applied to the primary winding [121]. Due to varying 

magnetic fields on the primary side, voltage is generated in the secondary winding due to 

an air core transformer function. The received AC voltages are converted to DC voltage 

through an AC to DC converter and filtering circuitry. Filtered DC voltage is charged in 

the battery bank in the EV through a BMS. Pulse width modulation (PWM) techniques 

are employed to control the MOSFET switches that control the operation on both sides. 

As the operation is wireless, Wi-Fi or Bluetooth communication techniques are employed 

to exchange information between the primary and secondary sides.  

 

During the peak period when the grid requires additional storage energy, the operation 

performs from the battery side to the grid in order to reduce the peak demand energy 

requirements. The BMS helps to optimise and monitor the battery state of charge to avoid 

any excessive voltage drown. When the power is fed back to the main grids from the mass 

EVs, it may create instability on the grid due to sudden excessive feedback power. In 

order to avoid this problem, D-StatComs have been introduced to combat issues such as 

voltage sags, harmonic distortion and reactive power [163, 232]. The benefit of wireless 

V2G is that bi-directional power flow can be initiated wirelessly without any manual 

handling which can significantly improve the health and safety issues associated with the 

plug-in V2G.  In addition, the wireless function can allow more power flow control to the 

main grids to avoid any excessive feedback power while the plug-in system is limited to 

the users’ effort.  

 

This chapter contains two significant components designed in order to develop single and 

three phase W-V2G prototypes for EVs. A 3.7 kW wireless transformer for a single phase 

W-V2G prototype and a highly efficient, compact filter inductor for a D-StatCom inverter 

in the three phase 30 kVA W-V2G have been introduced.  

6.4. Wireless Transformer for W-V2G 

6.4.1. Introduction 
The schematic circuit diagram of a single phase 3.7 kW W-V2G is shown in Figure 6.5. 

Unlike other unidirectional converters, it consists of four switches to perform the 

bidirectional operation in all three stages: rectification, isolated DC/DC converter and 

buck/boost DC/DC converter. Sine wave generation or rectification configuration 
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generates 50 Hz pure sine wave with the LC filtering circuitry from the output DC voltage 

of the isolated DC/DC converter. The buck boost DC/DC converter operates in buck or 

boost mode as per the application requirement. The isolated DC/DC converter comprises 

four switches on each side of the wireless transformer to offer a full-bridge zero voltage 

switching (ZVS) operation. In addition, in comparison with other existing converters, this 

design is implemented with the DC bus capacitor to eliminate the parasitic inductance as 

any evidence of inductance in the DC bus can give rise to ringing and voltage spikes into 

the waveform. A wireless communication method has been implemented to exchange 

information between both sides of the wireless transformer. In this design, the wireless 

transformer performs not only a wireless power transfer function but also provides a 

galvanic isolation between the main grid and the EV. This section of the chapter discusses 

the detailed design of the 3.7 kW wireless transformer for the W-V2G application. 
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Figure 6.5. Schematic diagram of a single phase 3.7 kW bidirectional W-V2G 

 

6.4.2. Design criteria of the Wireless Transformer 
The wireless transformer for the W-V2G is designed through several development 

procedures. It begins with a calculation based on the magnetic circuit and then a FEM 

numerical simulation technique is performed. In order to validate the results, a prototype 

has been built and analysed with the experimental method. 
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6.4.2.1. Specifications 

 

Table 6.2. Design specifications of the wireless transformer 

Operating frequency  f  85kHz  

Nominal Voltage  Vnominal  400 V  

Input Voltage  V1  300 V – 500 V(dc)  

Input Current  I1  8 A – 13 A  

Output Voltages  V2  300 V – 500 V(dc)  

Power range  P  3.7 kVA  

Turn ratio  N1/N2  1  

Power efficiency  > 85%  

Current Density (DC)  J1= J2  500A/cm2  

Magnetic ferrite  Neosid F47  

Initial Permeability  1800 ± 20%  

 

Initial design specifications of the wireless transformer for the W-V2G are presented in 

Table 6.2. The selection of an operating frequency which is 85 kHz is based on the new 

J2954 wireless power transfer (WPT) standards [108]. The nominal voltage of electric 

vehicle (EV) batteries in the current market is investigated and selected a variety of 

industry EV models. Most EVs manufactured follow the Tesla’s voltage level (315 V -

374 V) with a nominal voltage range of 315 V to 374 V. The nominal voltage is also 

represented as the EV battery charging voltage from 252 V to 448 V (voltage ratio of 0.8 

~1.2) [233]. In order to simplify the design requirement of the wireless transformer, the 

maximum input voltage and turn ratio have been chosen as 500 V and 1:1, respectively. 

Planar magnetic ferrite F47 is preferred as per availability.   

 

6.4.2.2.  Wireless Transformer Topology 

Basically, a wireless transformer comprises a flat spiral coil, planar magnetic ferrite and 

an aluminium structural support plate. This section provides detailed information about 

these three basic parameters including the structural arrangement for a wireless 

transformer prototype, which has been designed for the W-V2G (as demonstrated in 

Figure 6.6).   
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Figure 6.6. Structure of a wireless transformer with detailed dimensions for W-V2G (a) 

exploded (b) top (c) cross-section views 
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(a) Primary and secondary coils 

Primary and secondary windings of the wireless transformer for the W-V2G are shown 

in Figure 6.7. The coils are made of litz wire in a flat spiral shape with the utilisation of 

Wheeler’s formula (as discussed in Chapter 3). In order to meet the power requirements, 

15 AWG litz wire is selected which is suitable for the operating frequency, voltage and 

current requirements. In addition, it is capable of supporting up to 900 V isolation or 

breakdown voltage as per manufacturing details. Both coils have the same number of 

turns in order to create a 1:1 turn ratio as the power is flowing in both directions. Instead 

of using the transformer to perform a step-up or step down function, the battery side 

DC/DC converter has been proposed as the buck-boost converter application. The self-

resonant frequency (SRF) of the coil is significantly higher than the operating frequency 

to avoid any parasitic capacitance issues because the coil performs as an inductive 

reactance below the SRF point. The specifications of the primary and secondary windings 

of the wireless transformer, with additional feature parameters (which are validated with 

simulation and measurement methods) are presented in Table 6.3. 

 

Din

Dout  
 

Figure 6.7. Primary and secondary coils of the wireless transformer for W-V2G 
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Table 6.3. Specifications of the primary and secondary coils for W-V2G 

Windings Primary and Secondary 

Number of turns (N) 23 

Diameter (mm) Inner (Din) 150 

Outer (Dout) 242 

Litz wire Cross-sectional area of the 

(mm2) 

1.6 

Diameter (mm) 2.2 

Inductance (µH) Calculated 155 

Simulated 148 

Measured 150 

Resistance (Ω) Calculated 0.2 

Simulated 0.1 

Measured 0.2 

Quality factor (Q)@85 kHz 390 

Self-resonant frequency (SRF) MHz 4.65 

 

(b) Planar magnetic ferrite plate 

The planar magnetic ferrite plate is a key part in the design of the wireless transformer as 

it provides a controlled path to magnetic flux as well as shielding to reduce the magnetic 

leakage fluxes. Due to size limitations of plates currently on the market and affordability 

issues, a large magnetic ferrite plate has been created with the utilisation of a number of 

small plates in horizontal and vertical arrangements. The total size of the magnetic ferrite 

plate is 2540 mm × 2540 mm, which is made of higher permeability F47 Mn-Zn material. 

The thickness of the material is 5 mm.  

 

(c) Aluminium plate and supporting structure  

An aluminium plate can play a significant role by offering shielding and structural 

integrity in the design of a large wireless transformer. In addition, aluminium plates are 

more affordable in comparison to other available materials in a variety of sizes. As 

demonstrated in Figure 6.6, the size of the aluminium plate is 2700 mm × 2700 mm × 1.6 

mm. This is slightly larger than the ferrite plate in order to deliver additional safety to its 

edges. High temperature tolerance adhesive tape is applied between the layers for 
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installation purposes. In addition, acrylic transparent plates are created for the top layer 

and supporting layer for the windings. A PVC box has been made to cover the entire 

structure for presentation and safety.  

6.4.2.3.  Prototype 

A prototype of the wireless transformer has been constructed, as presented in Figure 6.8. 

The actual dimensions of the primary or secondary winding in the wireless transformer 

are 3000 mm × 3000 mm × 17 mm with the weight of 3.25 kg. The overall design is 

compact and easy to modify as per the change in requirements. Currently, a prototype of 

the W-V2G is underdevelopment and will be completed after the development of the 

firmware and control circuitry.  

 

Wireless 
Transformer

W-V2G

 
Figure 6.8.  A prototype of the wireless transformer for W-V2G  

 

6.4.3. Experimental scenarios of the wireless transformer 
As shown in Figure 6.9, two scenarios have been proposed to investigate the effect of 

ferrite and aluminium plates on the wireless transformer for V2G. In the first 

configuration, planar magnetic ferrite plates are installed at both the primary and 

secondary windings, as presented in Figure 6.9 (a). In order to examine the effect of an 

aluminium plate, a second scenario is suggested with the installation of an aluminium 

plate at both sides of the windings and underneath the ferrite plate, as demonstrated in 

Figure 6.9 (b).  
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Figure 6.9. Experimental scenarios in a cross-section of a wireless transformer (a) only 

ferrite (b) aluminium plate and ferrite 
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Figure 6.10. Experimental scenario in a cross-section of a wireless transformer (a) only 

ferrite, (b) aluminium plate, vertical displacement (c) only ferrite (d) aluminium plate, 

horizontal displacement 

 

In the WCS, the air gap distance between the primary and secondary windings has a 

significant effect on the performance parameters such as leakage inductance, voltage ratio 

and coupling coefficient. In addition, the alignment between the two coils can be 

significantly altered when horizontal displacement has occurred. Figure 6.10 (a) and (c) 

show the scenarios when vertical displacement between the primary and secondary 

windings has occurred, with and without an aluminium plate. To determine the effect of 

horizontal misalignment, two configurations (with and without an aluminium plate) have 

been proposed, as illustrated in Figure 6.10 (b) and (d). Vertical air gap displacement is 

applied from 0 mm to 150 mm between two windings, whereas the horizontal 

displacement is formed from 0 mm to 120 mm, which is the 50% misalignment between 



A WIRELESS VEHICLE TO GRID (W-V2G) FOR PEVS 

170 | P a g e  
 

the two coils. In order to validate the experimental results, the FEM simulation technique 

has been utilised. This will be discussed in the next section.  

 

6.4.4. Results and Discussion 
Prototype of a wireless transformer for W-V2G application has been examined by using 

an experimental method to investigate its key parameters such as impedance, coupling 

coefficient, voltage ratio and air gap effects. In addition, the FEM simulation technique 

is based on numerical methods, which are applied to study the magnetic flux distribution 

as well as the air gap effect on the coupling coefficient. All simulation and measurement 

results were conducted at the predefined operating frequency of 85 kHz.  

6.4.4.1. Simulation results and analysis 

The FEM simulation technique is utilised to analyse magnetic flux distribution and 

leakage fluxes in a variety of experimental scenarios. These were presented in the 

previous section. Figure 6.11 presents the axisymmetric model of two scenarios with the 

wireless transformer for W-V2G: ferrite only and ferrite with an aluminium plate. As 

discussed in Chapter 3, axisymmetric models are much more efficient to simulate in terms 

of time and computing power when the model is symmetrical in 2D representation. 
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Figure 6.11. Axisymmetric model of wireless transformer for W-V2G (a) ferrite only (b) 

aluminium plate and ferrite. 

 



A WIRELESS VEHICLE TO GRID (W-V2G) FOR PEVS 

171 | P a g e  
 

(a) Vertical displacement 

 
(a) 

Horizontal distance (mm)

Ve
rt

ica
l d

ist
an

ce
 (m

m
)

 
(b) 

Figure 6.12. Simulation results of a wireless transformer for W-V2G (a) ferrite only (b) 

ferrite with an aluminium plate and zero vertical air gap 

 

To determine the magnetic flux distribution and leakage fluxes in the wireless transformer 

of the W-V2G, and to improve the overall system performance, axisymmetric models in 

two scenarios were simulated: ferrite only and ferrite with an aluminium plate. The results 

were compared and are presented in Figure 6.12. When the primary and secondary 

windings of the wireless transformer have only ferrite as a shielding material, the 

magnetic flux penetrates the magnetic surface and increases the leakage fluxes, as shown 

in Figure 6.12 (a). In comparison to the ferrite only version, ferrite with an aluminium 
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plate as an additional shielding material improves the magnetic flux distribution but it 

generates eddy current and slightly increases leakage fluxes. However, the highest 

magnetic flux density (red spot) is in the ferrite with an aluminium configuration. The 

magnetic flux density is slightly higher than the ferrite only case. When there is no air 

gap between the two windings, the leakage inductance in the ferrite with the aluminium 

plate is 29 µH, which is slightly lower than the ferrite only (28 µH) model. The coupling 

coefficient for both cases is approximately 0.94. 

 

 
(a) 

 
(b) 

Figure 6.13. Simulation results of a wireless transformer for W-V2G (a) ferrite only (b) 

ferrite with an aluminium plate at 100 mm vertical air gap 
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In order to understand the effect of the air gap between the primary and secondary 

windings for the two scenarios, a 100 mm vertical air gap distance was added and 

simulated, as demonstrated in Figure 6.13. The magnetic flux density is slightly higher in 

the ferrite with an aluminium plate compared to the ferrite only case, as presented in 

Figure 6.13 (b). However, it is almost half that of the zero vertical air gap configuration 

due to the 100 mm vertical air gap. The leakage inductance and coupling coefficient in 

the ferrite with an aluminium plate scenario is 215 µH and 0.34, respectively, whereas 

they are 229 µH and 0.23 in the ferrite only case. This is due to significant leakage from 

the ferrite magnetic material and surrounding areas, as shown in Figure 6.13 (a). 

 

(b) Horizontal displacement 

In the WCS for EVs, the misalignment between the transmitter and receiver coils is quite 

common. It can significantly increase the leakage fluxes and reduce the coupling 

coefficient and the overall system performance. It may also create health and safety issues 

due to high power magnetic flux leakages. In order to examine the misalignment effect, 

two scenarios were simulated: ferrite only and ferrite with an aluminium plate. These 

simulations occurred at the 60 mm horizontal misalignment air gap between the two coils 

when the vertical air gap distance was zero, as presented in Figure 6.14. The maximum 

magnetic flux density of the ferrite with the aluminium is slightly higher than the ferrite 

only configuration. The leakage fluxes in the ferrite only version are higher in comparison 

to the ferrite with the aluminium plate case, as shown in Figure 6.14(b). However, in a 

real-life scenario, there is always a vertical air gap between the two windings when 

horizontal misalignment occurs.  

 

A variety of vertical air gaps with a combination of horizontal misalignments were 

studied. These are presented in Appendix 3.  For example, when the vertical air gap was 

set at a distance of 100 mm, the horizontal misalignment was simulated from 0 mm to 

120 mm (50% offset between the two coils) for both configurations: ferrite only and 

ferrite with an aluminium plate. At zero horizontal misalignment (perfectly aligned), the 

coupling coefficient is around 0.23 and 0.25 for the ferrite only and the ferrite with an 

aluminium plate, respectively. When a 120 mm horizontal misalignment distance was 

applied, the coupling coefficient was significantly reduced and reached 0.08 for the ferrite 

only version and 0.10 for the ferrite with an aluminium plate. The simulated coupling 
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coefficient for a variety of configurations will be demonstrated with the comparison of 

the measurement results presented in the next section.  

 

 
(a) 

 
(b) 

Figure 6.14. Simulation results of a wireless transformer for W-V2G (a) ferrite only (b) 

ferrite with an aluminium plate at zero vertical air gap, a 60 mm horizontal misalignment 
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6.4.4.2. Measurement results and analysis 

A variety of measurement techniques such as impedance measurement, coupling 

coefficient and voltage ratio were utilised to investigate and improve the performance of 

the wireless transformer for W-V2G. 

(a) Impedance measurement 

 

 
Figure 6.15. Impedance measurement set-up 

 

The impedance measurements were performed by utilising the MICROTEST 5237 (up to 

1 MHz) for the frequency ranges from 1 kHz to 200 kHz to investigate transformer 

parameters such as inductance and resistance in a variety of configurations, as shown in 

Figure 6.15. The primary winding is attached to the transformer analyser’s probes and the 

secondary winding is either left open or short, as discussed in Chapter 3. The primary 

inductance of the coil comes from the open circuit (no load) scenario while the leakage 

inductance between the two winding is a result of the short circuit (load). To determine 

the effect of the ferrite and the aluminium plate, winding measurements were conducted 

and compared with two other configurations: ferrite only and ferrite with the aluminium 

plate, as demonstrated in Figure 6.16.  The primary inductance of the flat spiral coil was 

150 µH without any magnetic material. It greatly improved after adding the ferrite plate 

and reached 260 µH. However, the primary inductance slightly reduced and displayed 

250 µH when the aluminium plate was added behind the planar magnetic ferrite plate. 

This reduction due to conductive material and eddy current issues. Figure 6.17 presents 

the effect of frequency on the resistance of the windings.  The resistance of the coil 
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gradually increases as the frequency increases, due to the skin effect. At 85 kHz operating 

frequency, the resistance of the winding is 0.27Ω.  

 

 
Figure 6.16. Primary inductance measurement results of a wireless transformer  

 

 
Figure 6.17. Impedance measurement results of a wireless transformer 

 

When the short circuit is created at the secondary windings, it displays leakage inductance 

which shows the effective level of coupling between the two windings. The higher the 
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leakage fluxes the lower the flux coupling. To determine the effect of a vertical air gap 

on the wireless transformer’s performance, the leakage inductance of several 

configurations for a vertical air gap distance from 0 mm to 150 mm was measured. This 

is illustrated in Figure 6.18. When there is no air gap between the two windings, the ferrite 

only and ferrite with an aluminium plate configuration have slightly lower leakage 

inductance than the aluminium foil case, which is 53 µH. However, when the 150 mm 

vertical air gap distance was applied between the two windings, the ferrite with an 

aluminium plate and ferrite with an aluminium foil cases have similar leakage flux values 

(250 µH). These values are lower than the ferrite only case (262 µH). Even though ferrite 

with aluminium foil (at a higher air gap) offers the same shielding values in comparison 

to the ferrite with an aluminium plate, it provides very poor structural integrity. Overall, 

the ferrite only configuration has higher leakage inductance in comparison to the others. 

The leakage inductance can easily affect the coupling coefficient of the wireless 

transformer. This will be discussed in the next section. 

 
Figure 6.18. Leakage inductance measurement results with the vertical air gap distance at 

short circuit conditions (load case) 

 

(b) Coupling coefficient 

The coupling coefficient (k) shows the flux bonding between the primary and secondary 

windings in the wireless transformer. As discussed in Chapter 3, the value of k varies 

between 0 and 1 to present poor and strong coupling, respectively. The measurement set-

up for the coupling coefficient is demonstrated in Figure 6.19. The coupling coefficient 
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was conducted for two scenarios: ferrite only and ferrite with an aluminium plate in the 

vertical air gap and horizontal misalignment cases. 

 
 

Figure 6.19. Coupling coefficient measurement set-up 

 

Figure 6.20 shows the vertical displacement versus k for a variety of air gaps between the 

primary and secondary windings in two cases: ferrite only and ferrite with an aluminium 

plate. When the primary and secondary coils are perfectly aligned, they do not have any 

air gaps and the magnetic fluxes are mostly coupled. As a result, it displays a strong 

coupling coefficient (0.95 for the aluminium plate and 0.92 for ferrite only) in both 

scenarios. However, the coupling coefficient is significantly affected by the increasing 

vertical air gap distance between the two windings. The coupling coefficient reaches 

almost 0.1 at a 150 mm air gap for both configurations due to higher leakage fluxes. The 

measurement results are slightly lower than the simulation results because of the manual 

handling error and the arrangements of the apparatus. 

 

Figure 6.21 displays the measurement results of a wireless transformer when the 

horizontal misalignment occurs at the 100 mm vertical air gap distance for both scenarios: 

ferrite only and ferrite with an aluminium plate. To avoid obtaining too much data for a 

variety of vertical air gaps, a 100 mm vertical air gap was selected to examine the 

horizontal misalignment issues in the wireless transformer. The ferrite with aluminium 

plate configuration performs slightly better than the ferrite only configurations with the 

increasing misalignment between the two windings. When the primary and secondary 

windings reached the fifty percent offset, the coupling coefficient in both cases was less 
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than 0.08. This means that the horizontal misalignment can significantly reduce the 

coupling coefficient even though both coils are only offset at fifty percent. The 

measurement results are compared with the simulation to validate and avoid any errors.  

 

 

 
(a) 

 
(b) 

Figure 6.20. Measured and simulated results of a wireless transformer with (a) ferrite only 

(b) ferrite with an aluminium plate, with a variety of vertical air gaps 
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(a)

 
(b) 

Figure 6.21. Measured and simulated results of a wireless transformer with (a) ferrite only 

(b) ferrite with aluminium plate, with a variety of horizontal misalignments, and a 100 

mm vertical air gap 

 

(c) Voltage ratio 

Voltage ratio measurement is the ratio of the primary voltage to the secondary voltage, 

which provides an indication of the wireless transformer’s performance under “no load” 

and “load” conditions. As presented in Figure 6.22, the primary winding is connected to 

the fixed high frequency AC signal generator and the secondary windings is either left 



A WIRELESS VEHICLE TO GRID (W-V2G) FOR PEVS 

181 | P a g e  
 

open or connected to the variety of resistive loads. The voltage ratio test was only 

performed for the ferrite with an aluminium plate scenario with a variety of vertical air 

gaps from the load resistances 0 Ω to 120 Ω.   

 

  
Figure 6.22. Voltage ratio measurement set-up 

 
(a) 

 
(b) 

Figure 6.23. Waveform of voltage ratio test (a) 0 mm (b) 150 mm at “no load” conditions 
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Figure 6.23 shows the voltage ratio waveform of the wireless transformer for W-V2G.  

When there is no air gap between the primary and secondary coils, the voltage ratio is 

closed to 1 because almost all fluxes are attached to the secondary windings. However, 

the voltage ratio drops significantly to 0.1 due to poor coupling.  In order to study the 

effect of load conditions on the wireless transformer, a variety of resistive loads are 

attached to the secondary winding between the vertical air gaps. These range from 0 mm 

to 150 mm. Figure 6.24  shows the comparison of voltage ratio results between various 

loads with a “no load” configuration.  With increasing load resistance values from 10 Ω 

to 120 Ω and vertical air gap from 0 mm to 150 mm, the voltage ratio test gradually drops. 

At a 150 mm air gap, the voltage ratio of a 10 Ω load reaches almost zero. It means no 

fluxes are exchanged between the primary and secondary windings. Only selected data 

has been displayed to avoid any confusion. 

 

 
Figure 6.24. Voltage ratio of a wireless transformer under two conditions: no load and a 

variety of loads. 

6.4.4.3.  Discussion 

A prototype of the wireless transformer for W-V2G has been constructed and investigated 

with measurement and simulation methods to validate the results. Currently, a prototype 

of the wireless V2G is in the development process and, as a result, this research is unable 

to provide the power efficiency results. However, the magnetic parameters of the wireless 

transformer have been studied with a variety of techniques such as impedance 
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measurement, turn ratio and coupling coefficient. These are all primary requirements for 

the development of an efficient W-V2G. 

6.5. Filter Inductor for D-StatCom in the W-V2G  

6.5.1. Introduction 
 

AC Power 
Source
 or Grid

DC to
High Frequency

(HF) AC 

Primary 
Compensation 

Network

Secondary 
Compensation 

Network

AC/DC 
Converter

BMS
& Battery

DC

Wireless 
Transformer

Ferrite
Charge 

Controller

Ferrite

Charge 
Controller

Wi-Fi Or Bluetooth Communication

EV
30 KVA

D-StatCom

Wi-Fi Or Bluetooth Communication

Power Flow G2VV2G

Filtering 

circuitry

+

 
Figure 6.25. Block diagram of three-phase 30 kW bi-directional W-V2G 

 

The block diagram of a three-phase 30 kW W-V2G is presented in Figure 6.25. Like the 

single phase W-V2G, it offers bi-directional features from the grid to the vehicle (G2V) 

and the vehicle to the grid (V2G). These features reduce the peak demand energy 

requirements and provide stability to the grid with the help of an additional device called 

a D-StatCom. The operation and design of the three-phase W-V2G is much more 

complicated than the single phase W-V2G. Unlike the single phase W-V2G, it requires 

six switches on each side to perform the DC/DC converter operation with the three-phase 

wireless transformer. In addition, six MOSFET switches are needed to achieve a bi-

directional three-phase AC/DC inverter operation with the D-StatCom to tackle issues 

such as unbalanced and excessive power, generated by the backward power to the main 

grid.  

 

D-StatComs have a faster response when compared with other technologies. Additional 

advantages include fault finding capabilities, and control of power quality including 

voltage and frequency adjustments. By integrating an energy management systems 

(EMS) and energy storage with the D-StatCom, the D-StatCom can operate in all four 

quadrants. It also has the ability to limit peak loads. In addition, D-StatCom can be utilised 
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as uninterruptable power supplies (UPSs) in isolated areas while using distributed 

generation [234-236].  

 

Transformer-less D-StatComs have become very popular in comparison to traditional D-

StatComs, as they can reach higher efficiencies. In order to obtain optimum performance 

of the D-StatCom, it is necessary to filter out high frequency components, which will 

ensure an improvement in power quality. By using a single large inductor with a large 

inductance, the harmonic distortion rate can be reduced. However, large inductors have 

an inherent problem of a larger volume. This, in turn, can increase voltage drops, reduce 

efficiency and increase cost [237]. The design of a high efficiency compact filter inductor 

is very complex and requires the consideration of many parameters. 

 

In order to design high efficiency filter inductors ( that are smaller and lighter), it is vital 

to consider all factors, such as materials, current, voltage, core shapes, temperature etc. 

[238]. For example, the magnetic core plays a significant role in increasing the magnetic 

flux as well as avoiding other external electromagnetic interference (EMI) [239]. In a 

traditional design, toroid structures have been popular as a core for the filter inductor due 

to the circular design, relatively simple calculations and the availability of many magnetic 

materials [240]. For high power applications, the inductance and temperature tolerance 

requirements are high. It can only be achieved using either oversized cores or better 

materials. However, by increasing the core diameter, losses will rise as well [241]. The 

relative cost of superior materials such as Molypermalloy powder (MPP) High Flux 

would be very high in comparison with traditional sendust material. This section presents 

a novel filter inductor which was designed with a high permeability EE-core structure to 

simultaneously reduce weight, size and losses. 

 

6.5.2. Design Criteria of the Filter Inductor 
The filter inductor is designed through several development procedures, initially a 

calculation based on the magnetic circuit is conducted and then a numerical simulation 

based on FEM is undertaken. In order to validate the results prototypes are built and 

parameters measured. 
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6.5.2.1. Specifications 

A schematic diagram of a DC/AC inverter which includes a MOSFET driver, DC/DC 

converter, and the filter inductors is shown in Figure 6.26 . Every phase including neutral 

has own filter inductor to perform dual functions: works as a filter at high frequency 

(above 48 kHz) and current smoothing for low frequency (at 50 Hz). Traditional inverter 

filter inductors are solely used to filter-out the harmonics components. Initial design 

specifications of the filter inductor are presented in Table 6.4. In this proposed design, 

the filter inductor needs to operate at 230V and 50A by maintaining minimal losses. To 

achieve these goals, the following steps were performed. 
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Figure 6.26.  Basic Block diagram DC/AC inverter with the filter inductor 

 

Table 6.4. Design Specifications of the filter inductor 

Parameters Symbol Values 

Inductance  L 240µH 

Operating Frequency F 50 Hz 

Switching Frequency FS 48kHz 

Single phase voltage VIN 230 Volts 

Maximum Current I 50A 

Total Power Loss PT Minimal 

Weight and Size - Minimal 

Cost - Minimal 

Overall Efficiency - High 

 

6.5.2.2. Design considerations 

In order to design high efficient compact filter inductors, three components need to be 

considered: magnetic material, core geometry and winding structures.  
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 Magnetic material and core selection 

Many inductor designs employ air gaps to avoid core saturation, and store the entire 

magnetic energy inside this air gap.  Those gaps can be either inserted manually or by 

utilizing distributed air gap materials such as high flux, MPP, sendust and iron powder. 

Additionally, these distributed air gaps material can provide soft saturation characteristics 

that means a steady declination of incremental permeability until the core goes into 

saturation. In contrast, manual inserted gaps are very critical, as it could result in a 

structurally unbalanced core which may generate additional losses. These types of cores 

have sharp saturation and their permeability drop off abruptly [58, 59, 242].  Table 6.5 

shows the comparison of the magnetic powder core materials [58, 59, 242]. The MPP and 

high flux have very high cost and lower core loss in comparison with others. Sendust has 

lower core loss and only slightly higher cost in comparison with iron powder core.  

 

Table 6.5. Comparison of magnetic material 

 

Features 

Material 

 

MPP 

 

High flux 

Sendust 

(Kool Mµ) 

 

Iron Powder 

Permeability 14 - 550 14 - 160 26 - 125 10 - 100 

 

Core loss 

 

Lowest 

 

Moderate 

 

Low 

Highest 

(Variable) 

Temperature Rating 

(ºC) 

 

Best 

 

Better 

 

Good 

 

Variable 

Saturation (Bsat) 0.7 T 1.5 T 1.0 T 1.2 - 1.4 T 

Temperature 

stability 

 

Best 

 

Very Good 

 

Very Good 

 

Variable 

 

Core shapes 

 

Toroid 

 

Toroid 

 

Toroid, 

E-core 

Toroid, E-

core, other 

shapes 

Relative cost High Medium Low Low 

 

In a high power three-phase D-STATCOMs, filter inductors are normally very large. 

Improper design of the filter inductors can increase the overall physical size of the unit 

where the inductors would even cover the half of the design space. Dimensioning of the 
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core is depended on inductance requirement as well as operating current. The number of 

turns (6.2) is calculated to generate the predefined inductance. The total area for N turns 

(6.3) is computed and compare with window size of the core. If the window size is 

adequate for the total area of N-turns and then the core size is sufficient for the design. 

Another option is that, if the calculated area for N turns is not adequate for the single 

toroid core, the next bigger size will be needed. The bigger size will not only increase 

weight and area but also the fringing flux effect of the inductor. The overall loss would 

be higher including cost. In the proposed design, EE-cores are utilized due to their 

advantages over the toroid cores. With those cores, two small size cores in parallel are 

used to achieve the desired area. This allows a much smaller design by sustaining window 

area, iron cross-section and lower core loss. For example, if a size of toroid cores was 

calculated on given specifications parameters (Table 6.4), it would be 134 mm  in 

diameter and 1.2 kg in weight (0077339A7) [243] for Sendust, and 100mm  in diameter 

and 1.04 kg (T400-66D) [244]  for iron powder core material. Whereas, by using Sendust 

EE-cores which are 80 × 76 × 40 mm, an approximately 40 percentage size reduction is 

achieved in comparison to an equivalent toroid core. If four toroid cores were used in the 

30kVA three-phase D-STATCOM, the entire unit would be very large in dimension as 

well as weight. Another drawback of the toroid structure is that they are difficult to 

wound. As a result, it can increase manufacturing cost of the inductors and the overall 

cost of the equipment. 

 

 Winding design 

To optimize the design, two winding structures (strip and wire) are investigated to prove 

the design efficiency. The size of the conductor is depended on the skin depth for required 

current (50 A) in order to keep the losses low. Equation (6.1) can be used to determine 

the skin depth. The copper is chosen due to their features such as higher density, lower 

resistivity and temperature coefficient. And it is less expensive than other conductor 

materials such as silver.  

 

 δ =  
ρ

(π × f × µ × µ ) (6.1) 
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Where ρ is the resistivity (ohm-meters), f is the frequency (Hz), µR is the magnetic 

permeability (Henry/meter) of the conductor and µo is the magnetic permeability of the 

air.  

 Inductor size and total loss calculation 

The filter inductor size can be calculated using (6.2). The E-core structure in Sendust 

power core has been proposed to use. 

 N = ×
×µ ×µ

  (6.2) 

 

Where N is the number of turns, L is the inductance, I is the input current, Ae is the cross 

sectional area of the core, µR is the initial permeability, and µo is the air permeability. 

The total area for N turns AN can be calculated using (6.3) as follows: 

 

  AN = N× Aw(B)   (6.3) 

Where, N is the number of turns and Aw(B)  is the total area required by a single turn and 

is formed by the ratio of the root mean square current together with the flux density. 

Equation (6.4) is utilized to determine the core loss for the inductor.  

 

 PCORE = PCD× Ve    (6.4) 

Where, PCORE  is the total loss of the core, PCD  is the core loss at ∆B and  Ve  is the total 

volume of  the core. 

Another important parameter is the winding loss, which the sum of DC loss and AC loss. 

The DC winding copper loss is determined from the simple power calculation (6.5).  

 

   Pdc = ( IL)2× RL      (6.5) 

where, Pdc is the DC winding copper loss, IL is the  load current and  RL is the winding 

resistance for N turns. In the inductor, a small portion of AC voltage is going to flow into 

the winding. So it is necessary to calculate AC copper loss (6). 

 Pac =  (6.6) 

Where, Pac is the AC winding copper loss, V is the ripple voltage and Rac is the ac winding 

resistance for N turns. 
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Equation (6.7) demonstrates the total power loss (PT). This is the sum of AC winding loss 

(Pac), DC winding loss (Pdc) and core loss (PCORE). 

 

 PT = Pac + Pdc+ PCORE    (6.7) 

6.5.3.  Results and Discussion 
Basic parameters including total power loss of the Filter inductor are calculated and 

validated with the simulation and experimental methods to verify and optimize a proposed 

design. 

6.5.3.1. Calculation results and analysis 

Calculated results of the filter inductor for the DC/AC bi-directional inverter to filter out 

the high frequency components for the grid is presented in Table 6.6. It is necessary to 

compute the power losses, which assists to optimize the design of the inductor. Table 6.7 

demonstrates the ac winding loss, DC winding loss and core loss. The total power loss 

into the inductor is expected to be 32.27 watts for the EE-core with Sendust material.  

 

 i =  ×                               (6.8) 

Table 6.6. Calculated results of the filter inductor 

Parameters Symbol Values 

Skin depth (f = 50 Hz) δ 9.22 mm 

Number of turns N 28 

Total area for N turns AN 280 mm2 

DC resistance RDC 0.011134 Ω 

AC Resistance (f = 48kHz) RAC 0.03443  Ω 

 

Table 6.7. Power loss calculation of the filter inductor 

Parameters Symbol Values (Watts) 

Winding loss (AC)  PAC 0.11 

Winding loss (DC) PDC 27.84 

Core loss PCORE 4.326 

Total Power loss PT 32.27 
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Where, H is magnetizing force (ampere × turn /cm), I is the current, le is the magnetic 

path length and N is the number of turns.The inductance as a function of the number of 

turns is defined by (6.9): 

 L =  ( × × )                     (6.9) 

Where, B is the magnetic flux density, Ae is the cross section area. Figure 6.27 describes 

the DC bias characteristics of the filter inductor.  

 

Equation (6.8) and (6.9) were utilized to calculate inductance and current values with the 

help of B-H curve from its datasheet. It indicates that the inductance value is gradually 

decreasing with increase of the current. For a 30 kVA system, the RMS current at 230 V 

is 43.4 A and peak current is 61.4 A. For example, if one allows for 50% transients 

overload, the inductors needs to stay up above 150 µH at 100 A. As it can be seen the 

inductance stays up around 160 µH at 100 A which can perform better 50% transients 

overload. 

 
Figure 6.27. DC Bias ccharacteristic of a filter inductor 

 

6.5.3.2. Simulation results and analysis 

Numerical method has been used to investigate the magnetic flux density and current 

density of the filter inductor. The inductor is being designed with two different winding 

structures in EE cores. Figure 6.28 and Figure 6.29 visualize the investigation of the two 

different prototypes with normal wire and the copper strip version. The magnetic flux 

density, current density and overall magnetic flux density can be seen for both prototypes. 
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1   
Figure 6.28. Overall magnetic flux density of E-core structure with copper strip winding, 

for a quasi-static field 

 
(a) 

 
(b) 

Figure 6.29. EE-core structure with copper wire winding (a) magnetic flux density and 

current density (b) overall magnetic flux density, for a quasi-static field 
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In Table 6.8, the simulation results of two prototypes; copper wire and copper strip filter 

inductors are presented for two different frequencies 50Hz and 48kHz . The strip version 

is not only more difficult to wind in comparison to the wire version, but also simulation 

visualize that there are hot spots on the conductor, which do not appear on the wire version 

under the same load conditions. Although, simulation showed hot-spots for the copper 

strip version, it can be seen that the inductance as well as the resistance of both prototypes 

are similar. This strengthens the necessity for computational simulation in order to 

optimize the filter inductor.   

 

Table 6.8. Simulation Results of the filter inductor at 50A 

 

Parameters 

Copper Strip windings Copper wire windings 

Quasi-Static Quasi-Static 

DC resistance (RDC) 0.00853 Ω 0.01312 Ω 

Inductance (L ) 267µH 261 µH 

 

6.5.3.3. Measurement results and analysis 

 Prototypes 

 

 

(a)                                         (b) 

Figure 6.30. Prototypes of Filter inductor with (a) copper strip windings (b) copper wire 

windings 
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The two different prototypes of the filter inductor are shown in Figure 6.30 (a) copper 

strip and (b) copper wire. The overall weight of copper strip and wire is 1.657 kg and 1.70 

kg, respectively. The geometry structure of these inductors is 80 × 76 × 40 mm and 

therewith approximately 40% smaller in size of a traditional toroid filter inductor as 

discussed in previous section. Therefore, the approximate weight of the EE cored inductor 

has also reduced by 40%. As an example, to produce an equivalent toroid structure 

utilizing the same specifications and material as the EE-cored inductor, the weight of the 

toroid would be approximately 1.2kg, whereas the EE-core structures only weighs 0.88 

kg. The weight of the toroid iron powder core would be around 1.1 kg. Overall, the 

benefits of optimizing weight of the filter inductors in the 30 kVA three-phase D-StatCom 

would assist to reduce the general weight of the unit which can make easy to 

transportation, and the manufacturing cost. 

 

 Impedance Measurement  

 
Figure 6.31. Inductance versus frequency measurement 

 

Table 6.9. Impedance Measurement results of the filter inductor 

 

Frequency 

Copper Strip Copper Wire 

Ls(µH) Rs (Ω) Ls(µH) Rs (Ω) 

50 Hz 278.11 0.007595 282.21 0.010256 

48 kHz 258.76 0.673 261 0.743 
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As shown in Figure 6.31, inductance versus frequency measurement of both designs 

which are measured with the HAMEG 8118 LCR meter are presented. The coaxial 

prototype filter inductor has higher inductance value with the increasing frequency in 

comparison with the strip filter inductor. Table 6.9 shows the measurement results of the 

filter inductor with two different winding structures, copper strip and copper wire at 50 

Hz and 48 kHz.The AC resistance results show, that the wire version of the inductor has 

almost the same resistance as the copper strip version and there with matching the 

simulation results.  The self-resonant frequency (SRF) of copper wire and strip which are 

836 kHz and 1.2 MHz, respectively measured with the help of CRO. The resonant 

frequencies of both prototypes are much higher than their operating frequencies. 

 

 Waveform Measurement of D-StatComs 

 

 

Figure 6.32. A prototype of D-StatCom with the filter inductor 

 

A prototype of 30 kVA three-phase voltage and current controlled D-StatCom where the 

filter inductor is mounted on each of the phase is presented in Figure 6.32. In this designed, 

the filter inductors have dual functions; filtering at high frequency (48 kHz) and current 

smoothing for low frequency (50 Hz). The output voltage wave-form of the filter 

inductors in the 30 kVA three-phase D-StatCom is shown in Figure 6.33. In comparison 

with previous filter inductor designs, where the output voltage wave forms are ringing 

and over swinging [245], or where the output wave forms are deformed during rise and 

fall including minor lagging, caused by the filter inductors [246], the output wave-forms 

Filter 

Inductors 
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of the novel design have no detectable ringing on the rising wave-forms and a short 

negligible ringing during the falling wave-form. This shows that the filter inductor filter 

out high frequency components and improve the overall efficiency and performance. 

 

 
Figure 6.33. The waveform of output voltage of the filter inductors in the prototype three-

phase D-StatCom 
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 CONCLUSION 
 

7.1. General Conclusion 
The main focus of this Ph.D. is to investigate a High Efficiency Wireless Power Transfer 

Systems (WPTS) for Electric Vehicles (EVs). In order to achieve this, attention has been 

paid to the following five main aspects: 

 

1. Investigated state of the art Wireless Power Transfer (WPT) systems. 

2. Identified and techniques for improving the health and safety issues associated 

with the current WCS for Plug-In Electric Vehicles (PEVs). 

3. Developed a new In-Wheel Wireless Charging system (IW-WCS) for PEVs to 

solve the problems related to the existing WCS. 

4. Analysed practical aspects of In-Wheel WCS for static and dynamic applications. 

5. Investigated a Wireless Vehicle to Grid (W-V2G) for PEVs to solve the peak 

demand energy issues. 

 

A general introduction with the problem statement and viable solutions for the WPT has 

been presented in the first chapter of this thesis. It also provides a brief summary of this 

thesis. 

 

A comprehensive study on the variety of Wireless Electric Vehicle Charging Systems 

(WEVCS) for stationary and dynamic applications (with current researched technology) 

has been presented in the second chapter of this thesis. It also pointed out limitations of 

the current types of WPT systems. In addition, a variety of ferrite and coil shapes have 

been demonstrated, which have been utilised in the current wireless charging pads design. 

The pros and cons of these ferrite and coil shapes have been described. Health and safety 

issues have been raised to create a more user-friendly environment. Moreover, current 

developments in the international standards are tabled for WEVCS. State of the art 

stationary and dynamic WEVCS have been studied and tabled with current research and 
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development from a variety of public and private organizations. This can assist with 

future research in this area. 

 

Design and concept theory of the WPT for static as well as In-Wheel WCS in the static 

and dynamic mode has been introduced in the third chapter. It also illustrates the detailed 

selection of the series-series resonant inductive power transfer for PEVs, which includes 

single receiver operation as well as multi-receiver array structure design to improve 

performance in the static and dynamic configurations. An efficient wireless transformer 

design technique was introduced with the proper material selection for the coil and ferrite 

including insulation to improve thermal stability. The Finite Element Method (FEM) 

simulation tool was utilised to investigate and improve the WCS prototypes. In addition, 

it also helped to analyse magnetic flux distribution and identify the health and safety 

issues associated with WCS for PEVs. A variety of experimental methods have been 

employed to verify the prototype design so further improvements are made. Different 

experimental scenarios were created to examine and understand the performance from an 

individual component to the overall system. 

 

A small scaled static WCS prototype was investigated with the experimental and FEM 

simulation tool in order to analyse and improve performance. In addition, the FEM 

analysis of the variety of ferrite shapes has been simulated to examine the magnetic flux 

and eddy current distribution. Leakage fluxes from the WCS operation are discovered and 

a solution was suggested, which can not only reduce the harmful stray fluxes but also 

result in overall improvement in the magnetic flux distribution. Electromagnetic 

compatibility issues on the health monitoring medical devices (in the operation area of 

WCS) have been studied and are discussed in chapter four.  

 

A novel IW-WCS for PEVs was presented in chapter five to solve the coupling coefficient 

problem associated with the current WCS. This prototype was created for static and 

dynamic applications from both calculations and experimental techniques. FEM 

simulation was employed to investigate the magnetic flux distribution and improve the 

coupling coefficient. 

 

Finally, the wireless vehicle to grid (W-V2G) concept was introduced to reduce the peak 

demand energy and stabilise the issues related to the main grid. An isolated wireless 
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transformer prototype was built to investigate the bidirectional wireless power transfer 

(WPT) for the W-V2G application. Furthermore, filter inductor design is presented with 

the validation of experimental and simulation methods, which can help to improve the 

overall power transfer efficiency. This is demonstrated in chapter six.  

 

The content of this thesis was partly published in industry reports, a book and several peer 

review research publications in highly regarded conferences and journal papers. 

Additionally, a prototype of the W-V2G concept is subject to verification for patents by 

the university.    

7.2. Contribution of This Thesis Work 
The main objective of this Ph.D. is to investigate a high efficiency WPTS for EVs. In 

order to achieve this, a variety of laboratory prototypes have been built and experimented 

with using simulation and measurement techniques. Several factors related to WCS were 

analysed and improved with the development of a new concept prototype. 

 

A small scale laboratory prototype of High Frequency Wireless Planar Transformers 

(HFWPT) with a bifilar design for an EV on board wireless battery charging system has 

been investigated, via magnetic near field analysis. The finite element method (FEM) is 

used to analyse the magnetic flux and eddy current distribution. The planar magnetic 

ferrite has been proposed to utilise at both sides, and on the primary and secondary 

windings. It has found that the leakage flux from the exposed coil was diverted into the 

ferrite core, reducing the flux density from between 5 mV and 10 mV to 1.5 mV and 2 

mV. This resulted in a reduction of approximately 5. Furthermore, an optimum air gap 

distance in relation to the operational frequency and load was found. Change in resistance 

alters the resonant characteristics of the primary side.  

 

In addition, four shapes of planar magnetic ferrite have been used to examine the effect 

of the magnetic flux distribution. A U-shaped planar magnetic ferrite has been discovered 

as an excellent design for a wireless charging system because of its ability to improve 

magnetic flux distribution. This configuration also reduces stray fluxes. When the ferrite 

is used at the secondary side as well as at the primary side, it reduces the flux leakages 

that go in the other direction. However, this is unable to solve the leakage flux at the 

edges. As a result, an advanced design with a U-shaped magnetic core is able to solve this 
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problem by feeding back the magnetic fluxes into the core and to the secondary side. 

Consequently, this design is able to solve flux leakages, eddy current and improve power 

distribution capabilities of the system.  

 

Furthermore, four versions of planar ferrites are studied to explore the electromagnetic 

compatibility (EMC) on a pacemaker or other medical implanted electronic devices. Four 

versions are studied in the two scenarios, when the car is charging and when the system 

is in a non-charging state. The minimum sensing limits of a pacemaker is reached for all 

systems, and further investigation for wireless charging systems is recommended. 

 

A novel static IW-WCS for EVs has been proposed to improve the coupling coefficient 

and the overall power transfer efficient, which requires further examination to study the 

effect of IBSB based technology. A 10 mm thick IBSB tyre based laboratory prototype 

was built and investigated. The same experiments are conducted with an equivalent air 

gap to normalize the rubber tyre results. The developed design and principal experiments 

show that it is possible to transfer wireless power relatively efficiently in the 10 mm thick 

rubber tyre with a 20 mm air gap as well as a 30 mm air gap without IBSB. In addition, 

IW-WCS has higher power transfer capabilities in comparison with the existing 

capacitive or RF IBSB Via-Wheel systems. The FEM simulation method was utilized to 

analyse the magnetic flux and leakage flux distribution and to further prove that the 

proposed concept is efficient in regards to the flux distribution and eddy currents. 

 

This prototype wheel WCS was upgraded to examine the effect of dynamic application. 

Dynamic IW-WCS was examined through the use of a 10 mm thick IBSB tyre 

incorporating a 7 mm air gap. This was then compared with a 17 mm air gap 

configuration. FEM simulation methods were employed to investigate magnetic 

characteristics, leakage flux distribution as well as the coupling coefficient to design the 

prototypes. The power transfer capability in the static and dynamic modes of the IW-

WCS has proven that this technology cannot only be an alternative way of WPT but it 

also provides an additional platform which can be easily incorporated with the existing 

infrastructure.  

 

A 3.7 kW Wireless Vehicle to Grid (W-V2G) prototype has the capability to provide 

power transfer from PEV to Grid or the main grid to EVs to reduce the peak demand 
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energy requirements. The utilisation of wireless transformers provides not only isolation 

but also power conversion without any manual effort, which is the most suitable 

application for future automatic transportation. In addition, a dual function filter inductor 

design is proposed to reduce the overall size and cost-effectiveness of the W-V2G system. 

In comparison with traditional filter inductors, the size and weight of designed filter 

inductors are approximately 40 percent less. In addition, the presented design showed 

ideal results in power quality output in regards to the waveform output.  In comparison to 

Plug-In V2G, this technology can open another door to store additional energy to the car 

battery while the grid is overloaded with renewable energy sources (RES) feedback. 

When the main grid requires power in the peak period, PEV battery storage can feed 

power back to the grid. 

 

7.3. Suggestions for Future Work 
The development of several prototypes of WCS including IW-WCS and W-V2G were 

successfully created to achieve the objectives of the Ph.D. research. There are a variety 

of areas where improvements can be made. Firstly, the choice of planar magnetic ferrite 

material and shapes were restricted due to the cost efficiency stipulation. Better ferrite 

material with large single planar blocks could result in even better solutions. In the current 

IW-WCS, sliprings and carbon brushes were employed to transfer power from the 

receiver to the battery or load, which affects the power transfer efficiency due to the 

contact resistance. Further research in such areas can lead to improved efficiency. For the 

dynamic mode, future research surrounding rotational velocity and efficiency need to be 

conducted before this system can be tested on a large scale installation. Finally, firmware 

application development is required to investigate the W-V2G prototype in a bidirectional 

application.  
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APPENDICES 

Appendix 1: Current EVs and its charging standards 
Table 0.1. Available Battery operated Electric Vehicles in 2016-17 

 

EV Models 

Advertise  

Approx. 

Range 

(km) 

Power 

and 

Torque 

kW/Nm 

Charging Time to 

Reach 80 to100%   

State of Charger 

(SOC) 

 

Battery Capacity 

Mahindra 

e20 Plus 

[247] 

100 19-30/ 70-

91 

6-9 hours with 3kW 

Single phase  

75-90mins (SOC-

95%) with 10kW 3- 

phase 32Amp Charger 

11-16kWh Li-ion 

battery with 48-69 

cells, 84-121kg 

Honda Fit 

[248] 

130 47-92  3 hours with 6.6 kW 

(32A on-board 

charger 

20kWh Li-ion 

battery pack 

Nissan e-

NV200 

[249] 

135 80/ 254 7hour @ 240V,15A 

4hour @ 6.6kW 

elective charger 

20mins: 80% with 

ChaDeMo Quick 

charge  

24kWh Li-on 

(192 

cells,109Wh/kg) 

Mitsubishi 

iMiEV 

[227] 

150 47 / 180 7 hour@ 240V,15A 

30mins fast charger 

(80%) 

16kWh Li-on 

(88 cells,109Wh/kg) 

Nissan Leaf 

[249] 

151 80/ 280 6 hour@ 240V,15A 30kWh Li-

manganese 
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EV Models 

Advertise  

Approx. 

Range 

(km) 

Power 

and 

Torque 

kW/Nm 

Charging Time to 

Reach 80 to100%   

State of Charger 

(SOC) 

 

Battery Capacity 

30mins fast charger 

(80%) 

(192 

Cells,80Wh/kg, 

272kg ) 

Kia Soul 

EV [250] 

160 90 / 285 5-9 hours with 

240/120 6.6kW on-

board charger 

30min SOC 80% with 

Fast charge 

27kWh Li-ion 

Polymer battery 

pack 

Mercedes B 

250e [227] 

170 132/340 6 hours 

50% charge in 2 hours 

(240V/40Amp) mins, 

Fast Charge  

28kWh Li-ion 

Ford Focus 

Hatch [227] 

185 107/250 5.5 hours with 6.6 kW 

(240V) 

30 hours @ 120V 

33.5kWh Li-ion 

BMW i3 

101 [227] 

190 125/250 6 to8 hour SOC = 

80% 

4 hours with pure 

charger  

22 to 33 kWh Li-ion 

 

Hyundai 

Ioniq 

Electric 

[227] 

200 88 /290 4.5 hours with 240V 

charger 

23-33min SOC 80% 

with 100-50kW DC 

Fast charge 

28kWh Li-ion 

Polymer battery 

pack 
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EV Models 

Advertise  

Approx. 

Range 

(km) 

Power 

and 

Torque 

kW/Nm 

Charging Time to 

Reach 80 to100%   

State of Charger 

(SOC) 

 

Battery Capacity 

Volkswagen 

e-Golf 

200 100/270 3.7/30 hours with 

240/120 3.6kW on-

board charger 

35.8kWh Li-ion 

battery pack 

Tesla 3 

[233] 

346 310 or 

515/430 

5 hour @Twin charger 

20mins: 50% with 

Super charge 

60kWh 0r 85kWh 

Li-on 

Chevrolet 

Bolt 

EV[227] 

384 150 /360 1 hour charger 6.5km 

with 120V home 

charger 

30mins charge time 

145kms (7.2 kW high-

voltage on-board 

charger) 

60kWh Li-ion 

battery 

Renault 

ZOE [251] 

400 65-68 

/220 

3-4 hours with 7kW 

home charger 

30min SOC 80% with 

Quick charge 

22-41kWh Li-ion 

battery pack 

Tesla 

Model X 

[233] 

475 TBA 5 hour @Twin charger 

20mins: 50% with 

Super charge 

75kWh 0r 90kWh 

Li-on 

Tesla 

Model S or 

Dual motor 

[233] 

500 310 or 

515/430 

5 hour @Twin charger 

20mins: 50% with 

Super charge 

60kWh 0r 85kWh 

Li-on 
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Table 0.2. SAE plug-In charging configurations and standards for EVs 

Chargi
ng 

Level 

Supply 
voltage and 

Current 

(Nominal) 

Output 
Power 

(kW) 

Approximat
ely Charge 
time (State 
of charge to 

Max ) 

Drivin
g 

range 
in Km 

per 
hour 

of 
charg

er 

Applicati
on 

Installati
on cost 

(Approx.
) 

AUD $ 

On-board Charger 

AC 
Level- 1 

120VAC/12
-16A (1- 
phase) 

1.4-1.9 17-22 Hours 8-10 Domestic 100-300 

AC 
Level- 2 

210-
240VAC 
/80A  

(1- phase) 

 

3.3 
(Minimu

m) 

7 Hours 16-19 Domestic 500-4000 

7 (Usual) 3.5 Hours 40-45 

20 
(Maximu

m) 

1.2 Hour 97-
113 

AC 
Level- 3 

 1 or 3-
phase 

>20 TBD TBD TBD TBD 

Off-board Charger 

DC 
Level- 1 

200-
500VDC/80
A 

20-40kW 1.2 Hour 193-
225 

Commerc
ial 

12000-
20000 

DC 
Level- 2 

200-
500VDC/20
0A 

45-
100kW 

20 min up to 
483 

Commerc
ial 

50000 

DC 
Level- 3 

 200-
600VDC/40
0A 

up to 240 < 10min 
(80% SOC) 

TBD TBD TBD 

Tesla 
Super 
charge 

480VAC/25
0A 

120kW 30min up to 
240 

(30mi
n) 

Commerc
ial 

TBA 
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Appendix 2: List of Simulation Results 
1. Primary and Secondary coils have same turns and space from the central 

area.(Air gap distance 2.8 mm) 
1) No-load condition(Air 

Without ferrite With ferrite 

  

  

  
 

Figure 0.1. Magnetic field density and current density of the wireless charging system in 

no-load condition, and air gap distance 2.8 mm (a) without (b) with ferrite cores at the 

secondary side, in different frequency ranges. 
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2) Full-load condition 
 

Without ferrite With ferrite 

 
 
 

 

Figure 0.2. Magnetic field density and current density of the wireless charging system in 

full load condition, and air gap distance 2.8 mm (a) without (b) with ferrite cores at the 

secondary side, in different frequency ranges. 



APPENDICES 

225 | P a g e  
 

 
3) 5 V load condition 
Without ferrite With ferrite 

Figure 0.3. Magnetic field density and current density of the wireless charging system in 

5V load condition, and air gap distance 2.8 mm (a) without (b) with ferrite cores at the 

secondary side, in different frequency ranges. 
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Air gap distance 14.5 mm 
1) No-load condition 
Without ferrite With ferrite 

Figure 0.4. Magnetic field density and current density of the wireless charging system in 

no-load condition, and air gap distance 14.5 mm (a) without (b) with ferrite cores at the 

secondary side, in different frequency ranges. 

 
 
 



APPENDICES 

227 | P a g e  
 

 
2) Full-load condition 

Without ferrite With ferrite 

Figure 0.5. Magnetic field density and current density of the wireless charging system in 

full-load condition, and air gap distance 14.5 mm (a) without (b) with ferrite cores at the 

secondary side, in different frequency ranges. 
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3) 5 V load condition 
Without ferrite With ferrite 

Figure 0.6. Magnetic field density and current density of the wireless charging system in 

5 V load condition, and air gap distance 14.5 mm (a) without (b) with ferrite cores at the 

secondary side, in different frequency ranges. 
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2. Secondary has more turns and less space from the centre (shorter edges) Distance 

14.5 mm 
1) No-load condition 
Without ferrite With Ferrite 

Figure 0.7. Magnetic field density and current density of the wireless charging system in 

no-load condition, and air gap distance 14.5 mm (a) without (b) with ferrite cores at the 

secondary side, in different frequency ranges. 
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3. U-shaped ferrite core  
Distance 5mm Distance 14.5mm 

(a) (b) 
Figure 0.8. Magnetic field density and current density of the wireless charging system in 

no-load condition, air gap distance (a) 5 mm (b) 14.5 mm with U-shaped ferrite cores at 

both sides, in different frequency ranges. 
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Appendix 3: Wireless Transformer for W-V2G results 

 Impedance measurement 
Table 0.3. Impedance measurement of single coil (N=23 turns) 

Frequency (kHz) Ls (µH) Rs(Ω) Q 
1 148 0.17 5 

10 148 0.19 50 
15 148 0.19 73 
20 148 0.20 94 
25 148 0.21 113 
30 148 0.21 133 
40 148 0.22 169 
50 147 0.23 203 
60 147 0.24 230 
75 146 0.25 255 
80 147 0.27 274 
85 146 0.28 285 
90 147 0.28 290 
100 147 0.29 321 
120 147 0.33 346 
150 147 0.39 358 
200 147 0.55 343 

 
Table 0.4. Inductance measurement of single coil in different scenarios 

Frequency 
(kHz) 

single coil coil with 
ferrite 

coil with ferrite & 
aluminium plate 

1 148 261 251 
10 148 261 248 
15 148 260 249 
20 148 260 248 
25 148 260 248 
30 148 260 248 
40 148 260 248 
50 147 260 248 
60 147 260 248 
75 146 260 249 
80 147 260 248 
85 146 261 249 
90 147 261 249 
100 147 261 249 
120 147 261 249 
150 147 262 250 
200 147 263 251 
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 Open and Short circuit measurement 
 

Table 0.5. Open circuit measurement of a wireless transformer  

Frequency (kHz) L  (uH) R (kΩ) Q 
10 264 1.62 97 
20 263.9 6.3 192 
30 263.9 14 285 
40 263.8 25 380 
50 263.8 38 460 
60 263.8 52 529 
80 264.2 79 580 
85 264 82 590 
90 264 90 600 
100 265.7 105 630 
120 265 121 610 
150 265.8 140 545 
200 267.7 153 450 
250 270.3 160 375 
300 273.3 160 303 
400 281.7 151 218 
500 292.8 145 157 
600 307.88 143 121 
800 352.62 146 78 

1000 433.8 138 49 
 
Table 0.6. Short circuit measurement of a wireless transformer  

SHORT 
 Only ferrite plate with aluminium plate aluminium foil 

Frequency (kHz) L (µH) R (mΩ) L  (µH) R (mΩ) L  (µH) R (mΩ) 
10 44.3 368 29.46 332 29.57 355 
20 44.3 374 29.46 340 28.7 330 
30 44.3 384 29.47 352 28.65 344 
40 44.3 397 29.5 366 28.59 360 
50 44.3 412 29.5 381 28.57 378 
60 443 430 29.5 400 28.53 400 
80 44.2 468 29.5 436 28.46 444 
85 44.2 478 29.2 446 28.52 457 
90 44.2 486 29.6 453 28.48 468 
100 44.2 507 29.2 475 28.42 490 
120 44.2 553 29.17 523 28.39 552 
150 44.2 628 28.9 597 28.32 619 
200 44.2 780 28.89 739 28.27 771 
250 44.2 970 28.89 910 28.26 962 
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300 44.3 1230 28.89 1130 28.26 1190 
400 44.5 1880 28.9 1710 28.29 1790 
500 44.7 2800 29 2500 28.34 2600 
600 45 4000 29.11 3480 28.42 3630 
800 46 7200 29.4 6100 28.67 6340 

1000 47 11800 29.83 9650 29.03 9970 
 

 Turn ratio 
 

Table 0.7. Turn ratio measurement of a wireless transformer at no load condition 

W-V2G at 85 kHz open circuit 
airgap 
distance Vin Vout ratio 

0 22.9 20.1 0.88 
10 22.5 18.5 0.82 
20 22.5 15.7 0.70 
30 21.7 13.3 0.61 
40 21.7 10.9 0.50 
50 21.7 9.2 0.42 
60 21.7 7.6 0.35 
70 21.7 6.4 0.29 
80 21.7 5.6 0.26 
90 21.7 4.2 0.19 

100 21.7 3.8 0.18 
110 21.7 3.2 0.15 
120 21.7 2.6 0.12 
130 21.7 2.4 0.11 
140 21.7 1.8 0.08 
150 21.7 1.6 0.07 

 
Table 0.8. Turn ratio measurement of a wireless transformer at different load conditions 

Vertical  
Airgap 
distance 

load resistances (Ω) 

10 20 30 40 50 60 70 80 90 100 110 120 
0 mm 0.31 0.50 0.62 0.69 0.76 0.80 0.83 0.84 0.82 0.83 0.85 0.86 
10 mm 0.17 0.28 0.41 0.47 0.55 0.58 0.64 0.66 0.68 0.72 0.71 0.73 
20mm 0.09 0.17 0.23 0.32 0.36 0.41 0.45 0.49 0.51 0.55 0.56 0.57 
30mm 0.06 0.12 0.17 0.22 0.25 0.30 0.34 0.36 0.40 0.41 0.44 0.45 
40mm 0.05 0.09 0.13 0.17 0.20 0.23 0.25 0.28 0.30 0.32 0.35 0.37 
50mm 0.04 0.07 0.10 0.13 0.16 0.18 0.20 0.22 0.23 0.25 0.27 0.28 
60mm 0.03 0.06 0.08 0.11 0.13 0.15 0.16 0.18 0.19 0.21 0.22 0.22 
70mm 0.02 0.04 0.06 0.08 0.10 0.12 0.13 0.15 0.16 0.17 0.18 0.19 
80mm 0.02 0.04 0.05 0.07 0.08 0.10 0.11 0.12 0.13 0.14 0.15 0.15 
90mm 0.02 0.03 0.04 0.06 0.07 0.08 0.09 0.10 0.11 0.11 0.12 0.13 
100mm 0.01 0.03 0.04 0.05 0.06 0.07 0.08 0.08 0.09 0.10 0.10 0.11 
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110mm 0.01 0.02 0.03 0.04 0.05 0.06 0.06 0.07 0.07 0.08 0.08 0.09 
120mm 0.01 0.02 0.03 0.03 0.04 0.05 0.05 0.06 0.06 0.07 0.07 0.08 
130mm 0.01 0.02 0.02 0.03 0.03 0.04 0.05 0.05 0.05 0.06 0.06 0.06 
140mm 0.01 0.01 0.02 0.02 0.03 0.03 0.04 0.04 0.05 0.05 0.05 0.06 
150mm 0.01 0.01 0.02 0.02 0.03 0.03 0.03 0.04 0.04 0.04 0.05 0.05 

 
 Coupling coefficient  

 
 
Table 0.9. Experimented vertical coupling coefficient measurement 

vertical f=85 kHz primary and secondary with ferrite f47 
with aluminium plate 

Distance L1 L2 L1+L2 Lm M √L1L2 k 
0 265 265 530 26 252 265 0.95 

10 265 265 530 110 210 265 0.79 
20 265 265 530 172 179 265 0.68 
30 265 265 530 233 148.5 265 0.56 
40 265 265 530 269 130.5 265 0.49 
50 265 265 530 306 112 265 0.42 
60 265 265 530 336 97 265 0.37 
70 265 265 530 362 84 265 0.32 
80 265 265 530 383 73.5 265 0.28 
90 265 265 530 402 64 265 0.24 
100 265 265 530 417 56.5 265 0.21 
110 265 265 530 429 50.5 265 0.19 
120 265 265 530 440 45 265 0.17 
130 265 265 530 449 40.5 265 0.15 
140 265 265 530 456 37 265 0.14 
150 265 265 530 475 27.5 265 0.10  

with aluminium foil 
Distance L1 L2 L1+L2 Lm M √L1L2 k 

0 265 265 530 27.9 251.05 265 0.95 
10 265 265 530 116 207 265 0.78 
20 265 265 530 179 175.5 265 0.66 
30 265 265 530 230 150 265 0.57 
40 265 265 530 272 129 265 0.49 
50 265 265 530 308 111 265 0.42 
60 265 265 530 339 95.5 265 0.36 
70 265 265 530 364 83 265 0.31 
80 265 265 530 385 72.5 265 0.27 
90 265 265 530 403 63.5 265 0.24 
100 265 265 530 419 55.5 265 0.21 
110 265 265 530 432 49 265 0.18 
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120 265 265 530 443 43.5 265 0.16 
130 265 265 530 452 39 265 0.15 
140 265 265 530 460 35 265 0.13 
150 265 265 530 466 32 265 0.12  

Only ferrite 
Distance L1 L2 L1+L2 Lm M √L1L2 k 

0 265 265 530 42 244 265 0.92 
10 265 265 530 122 204 265 0.77 
20 265 265 530 182 174 265 0.66 
30 265 265 530 233 148.5 265 0.56 
40 265 265 530 276 127 265 0.48 
50 265 265 530 313 108.5 265 0.41 
60 265 265 530 344 93 265 0.35 
70 265 265 530 369 80.5 265 0.30 
80 265 265 530 391 69.5 265 0.26 
90 265 265 530 410 60 265 0.23 
100 265 265 530 426 52 265 0.20 
110 265 265 530 440 45 265 0.17 
120 265 265 530 452 39 265 0.15 
130 265 265 530 462 34 265 0.13 
140 265 265 530 470 30 265 0.11 
150 265 265 530 477 26.5 265 0.10 

 
 

Table 0.10. Simulated vertical coupling coefficient measurement 

 ferrite and with aluminium plate 
Distance L1 L2 LS K 
0 242 242 28.76 0.94 
10 242 242 90.86 0.79 
20 242 242 133.53 0.67 
30 242 242 161.62 0.58 
40 242 242 179.98 0.51 
50 242 242 192.11 0.45 
60 242 242 200.24 0.42 
70 242 242 205.79 0.39 
80 242 242 209.65 0.37 
90 242 242 212.37 0.35 
100 242 242 214.32 0.34 
110 242 242 215.72 0.33 
120 242 242 216.74 0.32 
130 242 242 218 0.31 
140 242 242 219 0.31 
150 242 242 220 0.30 
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Only ferrite 

Distance L1 L2 LS k 
0 242 242 28 0.94 
10 242 242 91.93 0.79 
20 242 242 136.77 0.66 
30 242 242 167.43 0.56 
40 242 242 188.14 0.47 
50 242 242 202.2 0.41 
60 242 242 211.8 0.35 
70 242 242 218.5 0.31 
80 242 242 223.2 0.28 
90 242 242 226.5 0.25 
100 242 242 229 0.23 
110 242 242 231 0.21 
120 242 242 232 0.20 
130 242 242 233 0.19 
140 242 242 234 0.18 
150 242 242 235 0.17 

 
 

Table 0.11. Experimented horizontal displacement coupling coefficient measurement 

with ferrite and aluminium plate 

with aluminium plate v=50mm 
Distance L1 L2 L1+L2 Lm M √L1L2 k 

0 265 265 530 307 111.5 265 0.42 
10 265 265 530 309 110.5 265 0.42 
20 265 265 530 317 106.5 265 0.40 
30 265 265 530 331 99.5 265 0.38 
40 265 265 530 350 90 265 0.34 
50 265 265 530 369 80.5 265 0.30 
60 265 265 530 390 70 265 0.26 
70 265 265 530 420 55 265 0.21 
80 265 265 530 446 42 265 0.16 
90 265 265 530 470 30 265 0.11 
100 265 265 530 488 21 265 0.08 
110 265 265 530 505 12.5 265 0.05 
120 265 265 530 518 6 265 0.02 

 
with aluminium plate v=100mm 

Distance L1 L2 L1+L2 Lm M √L1L2 k 
0 265 265 530 417 56.5 265 0.21 

10 265 265 530 417 56.5 265 0.21 
20 265 265 530 419 55.5 265 0.21 
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30 265 265 530 422 54 265 0.20 
40 265 265 530 426 52 265 0.20 
50 265 265 530 432 49 265 0.18 
60 265 265 530 438 46 265 0.17 
70 265 265 530 447 41.5 265 0.16 
80 265 265 530 457 36.5 265 0.14 
90 265 265 530 465 32.5 265 0.12 
100 265 265 530 472 29 265 0.11 
110 265 265 530 480 25 265 0.09 
120 265 265 530 486 22 265 0.08 

 
with aluminium plate v=100mm 

Distance L1 L2 L1+L2 Lm M √L1L2 k 
0 265 265 530 464 33 265 0.12 

10 265 265 530 464 33 265 0.12 
20 265 265 530 465 32.5 265 0.12 
30 265 265 530 467 31.5 265 0.12 
40 265 265 530 468 31 265 0.12 
50 265 265 530 471 29.5 265 0.11 
60 265 265 530 473 28.5 265 0.11 
70 265 265 530 475 27.5 265 0.10 
80 265 265 530 479 25.5 265 0.10 
90 265 265 530 482 24 265 0.09 
100 265 265 530 485 22.5 265 0.08 
110 265 265 530 489 20.5 265 0.08 
120 265 265 530 491 19.5 265 0.07 

 
 

Table 0.12. Experimented horizontal displacement coupling coefficient measurement for 

only ferrite case  

with ferrite only v=50mm 
Distance L1 L2 L1+L2 Lm M √L1L2 k 
0 265 265 530 308 111 265 0.42 
10 265 265 530 308 111 265 0.42 
20 265 265 530 316 107 265 0.40 
30 265 265 530 327 101.5 265 0.38 
40 265 265 530 345 92.5 265 0.35 
50 265 265 530 367 81.5 265 0.31 
60 265 265 530 386 72 265 0.27 
70 265 265 530 415 57.5 265 0.22 
80 265 265 530 439 45.5 265 0.17 
90 265 265 530 465 32.5 265 0.12 
100 265 265 530 485 22.5 265 0.08 
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110 265 265 530 505 12.5 265 0.05 
120 265 265 530 523 3.5 265 0.01 
 
 

with aluminium plate v=100mm 
Distance L1 L2 L1+L2 Lm M √L1L2 k 
0 265 265 530 424 53 265 0.20 
10 265 265 530 426 52 265 0.20 
20 265 265 530 429 50.5 265 0.19 
30 265 265 530 433 48.5 265 0.18 
40 265 265 530 439 45.5 265 0.17 
50 265 265 530 446 42 265 0.16 
60 265 265 530 453 38.5 265 0.15 
70 265 265 530 462 34 265 0.13 
80 265 265 530 470 30 265 0.11 
90 265 265 530 480 25 265 0.09 
100 265 265 530 490 20 265 0.08 
110 265 265 530 497 16.5 265 0.06 
120 265 265 530 503 13.5 265 0.05 

with aluminium plate v=100mm 
Distance L1 L2 L1+L2 Lm M √L1L2 k 
0 265 265 530 477 26.5 265 0.10 
10 265 265 530 477 26.5 265 0.10 
20 265 265 530 478 26 265 0.10 
30 265 265 530 479 25.5 265 0.10 
40 265 265 530 482 24 265 0.09 
50 265 265 530 484 23 265 0.09 
60 265 265 530 488 21 265 0.08 
70 265 265 530 491 19.5 265 0.07 
80 265 265 530 495 17.5 265 0.07 
90 265 265 530 499 15.5 265 0.06 
100 265 265 530 503 13.5 265 0.05 
110 265 265 530 505 12.5 265 0.05 
120 265 265 530 508 11 265 0.04 

 
 
Table 0.13. Simulated horizontal displacement coupling coefficient measurement with 

ferrite and aluminium plate 

with aluminium plate -vertical 100mm 
Distance L1 L2 LS k 

0 242 242 226.47 0.25 
10 242 242 226.47 0.25 
20 242 242 226.47 0.25 
30 242 242 227.5 0.24 
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40 242 242 228.5 0.24 
50 242 242 230 0.22 
60 242 242 231.5 0.21 
70 242 242 233.19 0.19 
80 242 242 234.87 0.17 
90 242 242 236.47 0.15 

100 242 242 237 0.14 
110 242 242 238.23 0.12 
120 242 242 239.51 0.10 

 
Table 0.14. Simulated horizontal displacement coupling coefficient measurement with 

only ferrite  

Only ferrite- vertical 100mm 
Distance L1 L2 LS k 

0 242 242 229 0.23 
10 242 242 229 0.23 
20 242 242 229 0.23 
30 242 242 229.5 0.23 
40 242 242 229.88 0.22 
50 242 242 231.47 0.21 
60 242 242 232.5 0.20 
70 242 242 233.19 0.19 
80 242 242 234.87 0.17 
90 242 242 236.47 0.15 

100 242 242 237.95 0.13 
110 242 242 239.31 0.11 
120 242 242 240.51 0.08 

 
 
 

 


