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ABSTRACT 

Energized by the prospect of decluttering the charging infrastructure by 

severing the bulky power cords used to charge an Electric Vehicle (EV), an 

innovative technique to wirelessly charge an EV battery known as Inductive 

Power Transfer (IPT) has garnered widespread acceptance. This thesis introduces 

the design of an integrated stationary IPT system with an optimized power control 

algorithm and efficiency maximization to transfer power from a transmitter pad 

positioned on the ground and the receiver pad embedded under the chassis of an 

EV. Magnetic analysis for the charging coil architecture is facilitated via 

simulations in Ansys Maxwell. The power electronics design focuses on 

implementation of an H-bridge converter incorporating Series-Series (SS) 

compensation topology to utilize a novel control algorithm to prioritize battery 

charging operation. The system is validated through a simulation model in PSIM 

and a hardware-in-the-loop simulation in Typhoon HIL before hardware 

implementation and testing of the developed prototype. 

Keywords: Electric Vehicle, Inductive Power Transfer, Series-Series (SS) 

compensation, Power control, Efficiency maximization. 
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Chapter 1. Introduction  

1.1 Background and Motivation 

Driven by the need to alleviate the greenhouse gas emissions as well as their 

associated impact on climate change; the Electric Vehicle (EV) market has witnessed a 

rise in interest in the past few years. Underpinned by supportive government policies 

and large-scale industrial automation the global electric vehicle fleet has expanded 

considerably over the last decade. With benefits ranging from zero tailpipe emissions, 

higher efficiency than the traditional Internal Combustion Engine (ICE) vehicles and a 

reassuring option to support energy diversification; policies and protocols to support 

electric mobility are gaining escalating momentum for electrification of transport. 

Since entering the commercial automotive market in the last decade, private EV 

ownership supported by policies such as attractive rates, purchase incentives and 

affordable pricing has surged at an equable rate. Consequently, the infrastructure for 

electric vehicle charging has seen an increased uptake. In 2019 about 7.3 million EV 

chargers were available worldwide [1]. These EV chargers utilize what is referred 

commonly as conductive or plug-in charging whereby power is transferred by an 

insulated cable which an EV owner plugs into a standard receptacle. Majority of the plug-

in or wired charging takes place in a private residential environment or publicly 

accessible charging stations docked at various access points throughout the city. The pie 

chart in Fig. 1.1 shows the worldwide demographic of private and publicly accessible EV 

chargers at the end of 2019. China continues to be well ahead of the curve in the rollout 

of private and publicly accessible chargers, followed by the United States and Japan with 



 
 
 

2 
 
 

 

Anshuman  Sharma  ©       

significant presence in the European Union. Additionally, in further sustained efforts to 

combat the adverse effects of climate change, jurisdictions around the world have put in 

place measures that will see a gradual phase out of ICE vehicles. As of July 2020, 14 

countries including Canada and over 200 cities around the world have put forward a plan 

that will see a complete ban on the sale of passenger vehicles powered by fossil fuels with 

scheduled implementation of the ban set between 2025 and 2040 [13]. As mass adoption 

of EVs becomes the norm and the battery technology continues to improve, innovative, 

reliable and safe solutions to mobilize EV charging in the mainstream have been 

proposed. 

 

(a). Private accessible slow EV chargers.                  (b). Publicly accessible slow EV chargers 
Fig. 1.1 Country-wise distribution of Electric Vehicle (EV) chargers [1] 

Technological advances in the recent decade have propelled a newly  emerging 

field of Wireless Power Transfer (WPT) to expedite seamless  integration of Electric 

Vehicles (EVs) in the public domain. A vital technology that will curtail driver 

intervention during the charging operation, WPT will push forward for large-scale EV 

adoption. Aside from mitigating several challenges associated with conventional 

conductive charging for EVs, one of the major contributions of WPT is that it can 

significantly reduce the size of the on-board battery. Thus, with the prevalence of 
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opportunity charging, the charging can happen more frequently, and the same distance 

can be conversed by the vehicle with a much smaller battery pack. In a 2016 report 

published by McKinsey & Company on automotive revolution - prospective by 2030, up 

to 15 percent of new cars sold in 2030 could be fully autonomous [3]. With changes in 

consumer mobility behavior and a paradigm shift towards autonomous transportation, 

WPT systems will serve as a critical aspect of the EV charging infrastructure. 

 

1.2 Advocacy for WPT for Electric Vehicles 

Wireless power transfer (WPT) is a mechanism through which energy is 

transferred between a source and one or more client devices through radio waves with 

no electrical contact between them for the purpose of powering and/or charging client 

devices wirelessly. The complete power spectrum of wireless charging can be categorized 

into : (a) Low-Power Applications, with power levels ranging from a few hundred 

milliwatts to a couple of watts. Many of these devices include portable consumer 

electronic devices such as smartphones, laptop/netbook computers, Bluetooth headsets 

etc. Fig. 1.2 shows a low-power wireless charging application.  

 

Fig 1.2 Low-Power WPT application: Wireless Smartphone Charger [2] 
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(b) High-Power Applications, with power levels ranging from a few hundred of watts 

such as an E-bike to several tens of kilowatts as in passenger electric cars and in various 

transit operations such as electric buses and streetcars etc. Fig. 1.3 shows high power 

wireless charging in several transportation applications.  

                     Fig. 1.3 Various examples of high-power WPT transit applications 

Despite a widespread campaign to promote large-scale EV adoption, two major 

obstacles that are seen as a barrier towards wider EV acceptance are the challenges 

associated with the effective utilization of battery technology and the problem of 

restricted driving range. The Lithium-ion (Li-ion) battery with comparatively high 

(a). Wireless charging system in an  
E-bike developed by SEW Eurodrive [5]. 

(b). Wireless charging system in Hyundai 
Kona EV developed by WiTricity [6]. 

(c). Bombardier’s PRIMOVE wireless charging system developed for a streetcar [7]. 



 
 
 

5 
 
 

 

Anshuman  Sharma  ©       

energy and power density or equivalently a high power-to-weight ratio and a good high-

temperature performance has emerged as the premier contender for the EV powertrain 

[8]. However, despite its several exceptional features, it adds a considerable size and 

weight to the EV frame - a factor that directly translates to an increase in production cost 

of EV when compared to the ICE vehicles. Another aspect tied to the battery technology 

is that of battery degradation where the amount of energy that the battery can store or 

the amount of power it can deliver gets progressively diminished with usage. This has 

also resulted in a practice known as battery swapping, where EV users instead of 

recharging the battery simply replace or swap their drained battery with a replenished 

one. At any rate, this comes with a large investment of various battery packs and the 

standardization is difficult across different EV drivetrains. Meanwhile, the swapping 

stations need space and manpower to set up with safety and reliability being a major 

concern. 

Another reason why the EVs have struggled to gain a foothold in the automotive 

market thus far is the issue of restricted driving range. The gasoline vehicles which are 

the common point of comparison for the EVs can on an average traverse a distance of 

about 500 km on a full tank of gasoline before requiring refueling which only takes a few 

minutes [9]. On the other hand, most EVs have a rated range between 200 - 250 km on a 

full charge and require a considerably longer time to recharge [10]. In addition, there are 

far less EV charging stations as opposed to the refueling stations. Collectively, this has 

become a major cause of concern for EV drivers often said to give them “range-anxiety”. 

The answer to these pervasive limitations lies in utilizing wireless charging by 

incorporating WPT technology for EVs. Thus, an advocacy for wireless charging is 



 
 
 

6 
 
 

 

Anshuman  Sharma  ©       

required which can provide several potential benefits over the plug-in charging as 

outlined below. 

(a) Convenient and Safe Infrastructure: In the absence of bulky chargers and cables 

associated with wired charging, wireless charging promotes a convenient and safe 

charging environment for the EV user eliminating the risk of electrocution, hazards 

from tripping caused due to entanglement of wires, protection from faulty 

connections and excessive wear and tear of the charging cables over time, 

unwarranted discomfort in manually plugging in the charger especially in adverse 

climatic conditions or simply at times not remembering to plug in the charger. In 

addition, the lack of any cords or wires presents a cleaner, decluttered and 

aesthetically pleasing view to the user as well. 

(b) Eliminates Range Anxiety: Wireless charging will substantially help eliminate the 

problem of range anxiety often seen as a major deterrent in the adoption of EVs. Range 

anxiety describes the anxiousness, or the stress experienced by the EV drivers 

regarding the available battery range while driving the EV. With the introduction of 

opportunity charging, the charging can take place over several smaller time periods 

spread throughout the day as opposed to charging at a specific time for a longer 

duration to have a fully charge battery. In this way, opportunity charging has been a 

real game changer in solving the issue of range anxiety among EV owners as they can 

charge the vehicle whenever the opportunity presents. Since wireless charging 

requires no driver interaction, the charging can take place autonomously within the 

framework of opportunity charging. Thus, a substantial increase in the EV driving 

range can be realized which can help eliminate the issue of range anxiety. 



 
 
 

7 
 
 

 

Anshuman  Sharma  ©       

(c) Smaller Battery Units: With the in-motion or dynamic wireless charging brought 

about by opportunity charging, the charging frequency is considerably increased. 

Thus, the size of the on-board battery can be significantly reduced. Having a smaller 

battery pack can lower the cost as well as the weight of the EV and help accelerate 

their adoption. 

(d) Secure Charging System: In a WPT system for charging of an EV, the transfer of power 

takes place through radio waves via an electromagnetic coupling between the coils. 

The transmitter coil is typically embedded under the surface of the ground with the 

receiver coil affixed under the chassis of the EV. This presents a stable, immobile 

system that is completely safe from adverse climatic or other natural conditions and 

requires infrequent and lower maintenance costs compared to the conventional wired 

charging system. Moreover, a WPT system would also not be subjected to any theft 

or vandalism of any chargers, power cables and other Electric Vehicle Supply 

Equipment (EVSE) installed at public charging stations, thus contributing to a safe 

and secure charging infrastructure. 

(e) Enhances Flexibility: This is particularly advantageous in certain applications such as 

biomedical implants where it will not only be inconvenient but also cumbersome to 

replace batteries or connect charging cables frequently. In other applications such as 

several Internet of Things (IoT) enabled sensors deployed for various industrial and 

scientific applications, physical access to the equipment may not be always possible. 

Therefore, in order to ensure a continuous power supply, WPT may be the only 

feasible option for a sustained and an uninterrupted operation for these devices. 
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1.3 A concise synopsis of WPT Technologies 

An electromagnetic wave travelling from the power transmitter to the power 

receiver is the essential premise behind the realization of wireless power transfer. In the 

WPT systems, the electromagnetic field is generated exclusively to supply power; with 

the behavior of the electromagnetic wave governed by the Maxwell's equations. Under 

certain conditions these complex set of equations can be simplified which lead to the 

creation of near-field and far-field range of operation, which are categorized below and 

the classification for the various WPT technologies based on the electromagnetic field of 

operation is shown in Fig. 1.4. 

Near-field or non-radiative operation: For the near-field or the non-radiative 

mode  of operation, the following conditions must be satisfied to work in this scenario, 

which are: 

(a) The size of the transmitter, 𝐿 is much smaller than the wavelength, 𝜆 i.e., 𝐿 << 𝜆. 

(b) The distance 𝑑𝑠, between the power source and the receiver is much smaller than  

the wavelength, 𝜆 i.e., 𝑑𝑠 << 𝜆. 

(c) The distance, 𝑑 between the transmitter and the receiver is such that d ≪ !"!

#
. 

 

 

 

 

 

      Fig. 1.4 Technologies for WPT based on Electromagnetic Field of operation. 
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Far-field or radiative operation: For the far-field or radiative mode of operation, 

the following conditions must be satisfied to work in this scenario, which are: 

(a) The size of the transmitter, L is more than ten times greater than the 

wavelength, i.e., L > 10	𝜆. 

(b) The distance, ds between the power source and the receiver is greater than the 

wavelength, i.e., ds > 𝜆. 

 
1.3.1 Inductive WPT 

 Inductive WPT, also referred as Inductive Coupling or Inductive Power Transfer 

(IPT) is realized when power is transferred between the coils of wire by the magnetic field 

of the electromagnetic wave. The underlying principle of operation is described by 

Ampère’s and Faradays’ laws, which describe the interaction of the magnetic and 

electrical behavior. As stated by Ampère’s Law, a current-carrying wire generates a 

magnetic field around it. The intensity and orientation of the magnetic field is directly 

dependent on the wire's configuration. Through Faraday’s Law of Electromagnetic 

Induction, current can be induced due to a changing magnetic field which produces a 

voltage or emf (electromotive force) across the ends of the coil of wire. The integration of 

the two laws with the Maxwell’s equation is shown in Fig. 1.5. As outlined in the scope 

of the work in section 1.6, the design and implementation of an IPT system geared for 

vehicular applications is the focal point of work in this thesis and the subsequent chapters 

will deal exclusively in the analysis, modeling, simulation and hardware prototyping of 

such a system. 
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          Fig. 1.5. Integration of Ampère’s and Faraday’s Law into Maxwell equations [4]. 

 

1.3.2 Capacitive WPT 

 In a stark comparison to the other near-field technologies as described in Fig. 1.4, 

Capacitive WPT is realized by way of capacitive coupling in the presence of electric field. 

In a capacitive WPT system, two metallic plates are enclosed in the transmitter and the 

receiver. Then the plates are connected to each end of the conductors which are then 

linked directly to the source and the load. Once the plates are in a proximity, they behave 

as two capacitors and accordingly, the circuit is closed. This leads to the phenomenon of 

capacitive coupling through which an electric field is generated between the plates and 

thus, an electric current is induced in the receiver coil which is proportional to the rate of 

change of electric flux between the two plates. 
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1.3.3 Magnetic Resonance WPT 

 Magnetic Resonance WPT is a specific case of WPT in which the system is designed 

to operate under resonant conditions. To achieve this criterion, the transmitter-receiver 

coil pair is linked to blocks comprising of reactive elements like capacitors or additional 

coils. These blocks are referred to as compensation networks. Different combinations of 

these networks can be connected in either series or in parallel and these give rise to 

distinct compensation topologies. The most discernible of these compensation topologies 

consist of a single capacitor, which can be connected to the compensation block in either 

series or in parallel. These networks are classified as mono-resonant compensation 

topologies. Further complex topologies are possible, and they are collectively classified 

as multi-resonant compensation topologies. These topologies are analyzed and described 

in detail in the subsequent chapters. 

1.3.4 Strongly Coupled Magnetic Resonance WPT 

 Strongly Coupled Magnetic Resonance WPT falls in the category of mid-range WPT 

technology as it does not ideally squeeze into the near-field or the far-field range of 

operation. The simplest configuration for Strongly Coupled Magnetic Resonance consists 

of a set of four mutually coupled coils with two on the transmitter (source) side and two 

on the receiver (load) side. It is important to note that none of the coils are connected 

directly to the conductors but are instead magnetically coupled. The transitional coils 

have a self-resonant architecture in the sense that the operational frequency of the overall 

system is calibrated based on the resonant frequency of the coils. This is calculated based 

on the parasitic capacitance of the intermediate coils.  
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1.3.4 Microwave WPT 

Microwave Power Transfer (MPT) is attributed to WPT derived from microwaves 

to transmit energy in a far-field environment. In fact, the same phenomenon can be 

applied to Radio-Frequency (RF) signals with a few adjustments. The method of 

operation of a MPT system is as follows; a high-voltage DC generator generates a 

microwave  (high-frequency) signal. This is then sent to an antenna which transmits the 

high-frequency electromagnetic wave, and the receiver finally processes the signal 

through a rectenna (receiver antenna) to convert the high-frequency microwave signal to 

a DC signal which is received by the power electronics circuitry to supply power to the 

load. 

 

1.4 WPT Standards for Electric Vehicles 

The Society of Automotive Engineers (SAE) has released SAE J2954 – a standard 

for wireless power transfer (WPT) for electric vehicles and is governed by United States 

based professional standards establishing organization known as the SAE International. 

As per the official documentation, the SAE J2954 standard is the first comprehensive 

global wireless charging standard, that outlines the EV as well as the Electric Vehicle 

Supply Equipment (EVSE) overall system requirements for wireless charging of electric 

vehicles. The standard establishes several benchmarks including electromagnetic 

compatibility (EMC), interoperability and a baseline performance yardstick in addition 

to specifying in detail the safety and testing requirements for wireless charging of light-

duty EVs [45]. 
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The SAE J2954 standard currently focuses on five specific objectives related to 

wireless charging for electric vehicles and they are described as follows: 

• Uni-directional WPT: The standard is explicitly geared towards unidirectional grid 

to vehicle (G2V) wireless charging with Bidirectional WPT that allows for a 

simultaneous grid to vehicle (G2V) and vehicle to grid (V2G) charging capability to 

be evaluated for a future standard. 

• Static Applications: The charging can only take place when the vehicle is not in 

motion and is meant only for stationary applications. Dynamic applications that 

require charging while the vehicle is on the move will be given a future consideration 

based on the consumer and the industry feedback. 

• Surface Mounted Installations: The standard covers only surface mounted or above-

ground installations. Flush mounted or below-ground installations have been 

proposed but are not qualified for inclusion at this time. 

• Public and Residential Charging: The charging can take place conveniently at either 

the home or in the public environment with equal ease. 

• Vehicle Alignment for Manual or Autonomous Parking: The standard allows for 

manual or autonomous parking alignment so that the charging can be optimized for 

a higher efficiency. 

The SAE Technical Information Report (TIR) specifies the SAE TIR J2954 protocol 

that requires the operating frequency of the magnetic resonance field set up between 

the transmitting pad on the ground and the receiving pad under the base of the EV 

(both SAE TIR J2954 protocol compatible) to be 85 kHz (within the frequency band: 

81.39 kHz - 90 kHz) [45]. There are currently three power levels based on the 

maximum input power that are presently in operation as specified in the SAE TIR 
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J2954 protocol which are presented in Table 1.1. Once the EV comes to a complete stop 

and is parked over the ground assembly transmitting pad there is a communication 

handshake with the receiving pad and the charging begins instantaneously without 

any additional measures required. 

 

Table 1.1: SAE TIR J2954 Wireless Power Transfer Standards for Electric Vehicles [45] 

 
WPT 1       WPT 2 

 
WPT 3 

 
WPT 4 

Maximum Input Power      3.7 kW             7.7 kW 11 kW              22 kW 

Current Status        Operational       Operational Operational Non-Operational 

 

 The lack of standardization for different requirements associated with wireless 

charging of EVs can often set the grounds for misapprehension among EV developers 

and researchers. Keeping this in perspective an array of International and American 

standards relating to specific charging requirements, safety and interoperability 

stipulations as well as guidelines for EV positioning and communication provisions by 

some of the leading global standardization organizations. These standards are 

summarized in Table 1.2. 
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Table 1.2: Established global WPT standards for Electric Vehicles [45]. 

Standard Publication Committee 

International   

ISO 19363 2017/1 (PAS) ISO/TC22/ 

Electrically driven road vehicles - Wireless Power Transfer (WPT) 
Interoperability and Safety Requirements 2019/9 (IS) SC37 

   

IEC 61980-1 2015/7 (IS) IEC/TC69/W 

Electric vehicle wireless power transfer (WPT) systems 2019/12(ed.2) G7 

Part 1: General requirements   

   

 
IEC/TS 61980-2 

 IEC/TC69/W 

Electric vehicle wireless power transfer (WPT) systems 2018/8 (TS) G7 

Part 2: Specific provisions: Communication between electric 
vehicle (EV) and infrastructure with respect to WPT technology 2019/12 (IS)  

   

IEC/TS 61980-3 2018/9 (TS) IEC/TC69/W 

Electric vehicle wireless power transfer (WPT) systems 2019/12 (IS) G7 

Part 3: Specific provisions for the magnetic field WPT systems   

United States   

SAE J2954 2016/5 (TIR) SAE J2954TF 

Wireless Power Transfer standard for Light-Duty Plug-In Electric 
Vehicles and Positioning Communication 2019 (IS)  
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1.5 Efficiency Comparison of WPT Technologies 

For a WPT system, the overall transfer efficiency is defined as the power received 

at the receiver coil divided by the total input power at the transmitter coil. Besides 

dependent on the separation gap, d  between the transmitter and the receiver coil, the 

efficiency of a WPT system is largely dependent on the various WPT technologies for 

near and far-field mode of operation. The Inductive WPT for example achieves a high 

transfer efficiency of 70% – 90% and is operable for a maximum range of 0.5m [12]. The 

efficiency decreases drastically as the separation between the transmitting and the  

receiving coils increases. Moreover, such a high efficiency is only realizable for an 

accurate alignment between the primary and secondary coils [14]. The Magnetic 

Resonance WPT can achieve an efficiency in the range 40% - 60% which likewise 

decreases with increase in the separation gap. Moreover, the transfer efficiency is greatly 

reliant on the resonant frequency and any deviation from the resonant frequency results 

in lowering the efficient of the system [18]. The efficiency of Microwave WPT is 

significantly lower than the above two technologies achieving a maximum efficiency of 

around 30% which decreases acutely rapidly as the separation gap is widened [14]. As 

described in the subsequent chapters, the overall efficiency of Inductive and Magnetic 

Resonance WPT can be enhanced by selecting the coils with a high-Quality Factor (Q)  for 

the former and on the coupling coefficient between the resonators for the latter. A graph 

comparing the overall transfer efficiency for various WPT technologies with respect to 

the separation distance, d is shown in Fig. 1.6. 
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           Fig. 1.6 Efficiency Comparison of various WPT Technologies 

 

1.6 Scope of Work 

Ensuring an effective power control and efficiency optimization for the EV battery 

charging are the key for a successful design of IPT systems for vehicular applications. For 

a stationary IPT system catered specifically to meet the EV battery pack charging 

requirements, the input power varies over a wide range, which to say the least is a huge 

problem for the robust design and control of an IPT system. In the industry, numerous 

systems with multi-stage and hybrid configuration have been proposed and 

implemented. However, incorporating such topologies in the design of an IPT system 

means an additional component loss and stress on the power converters thus limiting the 

performance of the system and lowering their efficiency. Moreover, adding bulky multi-
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stage converters to the EV powertrain would add to the already capped weight and space 

limitations on the EV set by the manufacturers where the real estate is essentially prime. 

From a control perspective, using the traditional control schemes will not support 

any variation in the coupling coefficient and the load and would struggle to achieve a 

faster response, thus an optimized linear power control method introduced in this thesis 

should be employed. In this regard, the Perturb and Observe (P&O) control strategy to 

track the maximum power transfer efficiency (PTE) while at the same time the load side 

converter is individually controlled to regulate the amount of power flow to the battery 

is proposed. The Continuous Current (CC) – Continuous Voltage (CV) charging scheme 

based on the battery State of Charge (SoC) and Depth of Discharge (DoD) is proposed 

and utilized. 

Compensation topology for the IPT systems, coil architecture and geometry, 

magnetic shielding techniques, misalignment tolerances, EMC and safety concerns as 

well as complete design, modeling and simulation for the introduced topology of the 

power electronic converter are required before hardware prototyping and fabrication for 

the IPT prototype. Aiding by the various simulation tools such as ANSYS Maxwell, and 

Icepak as well as the power electronic simulation software PSIM and hardware-in-the-

loop (HIL) validation through HIL Typhoon, this thesis is going to address these 

challenges. 

 

1.6.1 Thesis Objectives 
 

Within the framework of the background and motivation as well as the scope of 

the work outlined above, the key objectives that this thesis aims to accomplish are 

described below: 
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1. To design an efficient single – stage Series – Series compensated IPT converter for 

stationary wireless charging for Electric Vehicle (EV) applications. 

2. To design and optimize the charging coil architecture by investigating the magnetic 

properties of a symmetrical coil pair utilizing an Archimedean spiral   for an 

increased power transfer efficiency and lower system losses. 

3. To introduce and implement a novel control method for Power Optimization by 

employing Duty Cycle variation and Pulse Width Modulation (PWM) control and 

to effectively utilize Perturb and Observe (P&O) algorithm to prioritize battery 

charging based on impedance matching.  

[Part of this section of the thesis is published in the 2019 IEEE Canadian Conference of 

Electrical and Computer Engineering (CCECE), in a paper titled, 

“A Novel Control Methodology for Stand-Alone Photovoltaic Systems Utilizing Maximum 

Power Point Tracking”, Edmonton, AB, Canada. 2019]. 

4. To introduce and implement a Continuous Current (CC) / Continuous Voltage (CV) 

based automated Charging Control algorithm based on the battery’s State of Charge 

(SoC) and Depth of Discharge (DoD) to ensure an optimized EV battery charging. 

[Part of this section of the thesis is published in IEEE Open Journal of Vehicular Technology 

in a journal titled, “Hardware-in-the-Loop Validation of Different Power Train Topologies’ 

Models in Electric Vehicles: A Plug-and-Play Capability”, vol.2, pp. 365-376. Published: 08 

September, 2021]. 

 

1.6.2 Thesis Contributions 
 
 The main contribution of this thesis are for the innovative design and 

implementation of a novel stationary inductive power transfer system geared for 
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autonomous electric vehicles (AEVs). This thesis focuses on describing such a system that 

is built on the design ethos specifically outlined in the Thesis Objectives above. Through 

a combination of leading state-of-the-art software, hardware and prototyping tools this 

research has paved the path on achieving full autonomy in electric vehicles by 

successfully demonstrating a working prototype of an innovative wireless inductive 

charging system for an EV. These contributions are outlined below: 

1. Implementation of a “locking” mechanism for Autonomous EVs: 

The first and foremost contribution of this thesis is the realization of a “locking” 

mechanism for wireless inductive charging. Since there has been no existing works 

reported either in academia or in the industry that implement this kind of a robust 

immobile wireless charging system that not only allows for a perfect alignment between 

the transmitter and receiver pad but also requires no driver intervention; the unique 

contribution of this thesis is that it has fulfilled an important step towards realization of 

complete autonomy in EVs. With the implementation of the “locking” feature, the 

charging can begin as soon as the vehicle comes to a complete stop for a perfect coupling 

between the two charging pads. Additionally, since there is no horizontal displacement 

once the vehicle is parked, as a result of stronger coupling, the system offers a high power 

transfer efficiency in access of 90% (provided the air gap or the separation distance 

between the two pads is not high). Up till now, an efficiency in this range was only 

possible through the conventional wired or plug-in charging. In this way, this research 

has bridged the gap between the wired and wireless charging as the EV owners are not 

only able to enjoy the safety and convenience of wireless charging but also benefit from 

a greater efficiency. 
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2. Magnetic sensor deployment on the charging pads for vehicle alignment 

The second major contribution of this thesis is the deployment of a magnetic sensor 

on both the transmitter and the receiver charging pad to ensure an optimum alignment 

for inductive charging. Similar to the implementation of a design of a  “locking” 

mechanism, the placement of magnetic sensors placed on top of the coil holders is a novel 

technique that has neither been reported in the existing literature nor has been developed 

in the market.  

The idea behind the innovation is that a small magnetic sensor is securely affixed to 

the top of each of the coil holders carrying the transmitting and the receiving coils. 

Whenever the vehicle comes in close proximity to the transmitter pad positioned on the 

ground, the magnetic sensor on the receiver pad on the vehicle detects the magnitude of 

magnetism from the transmitter pad and magnetically “latches on” for a perfect alignment 

between the two. In comparison to the camera-based guidance systems that require the 

driver to manually steer the vehicle and best guess that sweet spot for alignment of the 

charging pads, the magnetic sensor based design is a self-guided system that does not 

require any driver assistance as well is a substantially cost effective solution. 

3. Scalability 

One of the significant contribution of this thesis from power electronics perspective is 

scalability of the overall power electronic converter which means that the introduced 

power electronic converter can be adapted to meet any power requirements. This is 

particularly advantageous if the converter power requirements need to be increased or 

decreased, then rather than designing a brand-new converter from scratch one can use 

the power scaling law. As an example, if one needs to double the power requirement 
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from the converter, it can be simply done by halving the inductance and doubling the 

capacitance and vice-versa.  

4. Compatibility 

The overall power electronic converter does not require any further step-up or step-

down transformers as with the integration of the converter with the grid, the signal sent 

by the charger is synchronized with the grid. Thus, the developed system is readily 

compatible with both 50 Hz and 60 Hz frequencies as well as with 120 V and 240 V utility 

distribution systems thus extending its range of operation to a widespread global use. 

5. Support for Bidirectional Power Transfer 

An indispensable benefit of a Bidirectional WPT scheme is that consumers will 

appreciate the fact that they can flatten the power consumption curve by charging and 

discharging from the same source once the on and off-peak hours of power consumption 

are realised. A simple scenario would be that of a consumer who works in the day. The 

consumer would regularly plug in the charger after work and the controller would take 

over from there. Discharging during on-peak evening hours and charging during the off-

peak night-time hours. For night-time workers the controller would commence charging 

du during the off-peak noon hours and discharge during the on-peak morning and 

evening periods. The benefits would be maximized if workplace chargers implemented 

this system, the increased power consumption of EV’s could be nullified if charging or 

discharging could be possible whenever parked. 

6. Automated Charging for an optimized EV battery charging.   

This thesis proposes the implementation of a Continuous Current (CC) –Continuous 

Voltage (CV) ) based charging scheme for an optimized EV battery charging that results 

in high efficiency, stable terminal voltage and prevents overcharging or undercharging 
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the battery. Additionally, it lets the user utilize the full available capacity of the battery 

that results in battery volume reduction as lighter and compact battery packs are 

designed for the EV. Furthermore, it brings about less charging cycles over the lifetime 

of the battery before being replaced thus resulting in an improved performance in the 

functioning of the EV. 

 
1.6.3 Thesis Publications 
 

Several parts of the work of the thesis have been recorded, published and/or 

submitted by the author over the course of his master’s program to leading IEEE 

international conferences and journals. These publications are summarized and listed 

below: 

Journal Publication: 
 

1. A. Sharma, R. Nusrat, M. Bhuiya, M. Youssef, “Hardware-in-the-Loop Validation of 

Different Power Train Topologies’ Models in Electric Vehicles: A Plug-and-Play 

Capability” in 2021 IEEE Open Journal of Vehicular Technology, vol.2, pp. 365-376. 

Conference Publications: 

1. A. Sharma, Y. Koraz, M. Youssef, “A Novel Control Methodology for Stand-Alone 

Photovoltaic Systems Utilizing Maximum Power Point Tracking”, 2019 IEEE 

Canadian Conference of Electrical and Computer Engineering (CCECE), Edmonton, 

AB, Canada. 2019. 

2. A. Sharma, Y. ElHaj, M. Youssef, J. Ren, M. Orabi, “Fault Detection Technique Based 

on Clustering Approach of Artificial Intelligence in Electric Vehicle Converters”, 2020 

IEEE Applied Power Electronics Conference and Exposition (APEC), New Orleans, 

LA, USA. 2020. 
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3. L. Gong, A. Sharma, M. Bhuiya, H. Awad, M. Youssef, “An Artificial Intelligence 

Based Fault Monitoring of Power Trains: Design & Implementation”, 2021 IEEE 

Applied Power Electronics Conference and Exposition (APEC), Phoenix, AZ, USA. 

2021. 

Under Review: 

1. A. Sharma, M. Youssef “An Integrated Inductive Power Transfer System with Power 

Control Optimization and Efficiency Maximization Geared for Vehicular 

Applications”. 

(Under Review) 

 

1.7. Thesis Construction 

The thesis is constructed chapter-wise in the following manner: 

Chapter 1 outlines the introduction by specifying the background and motivation behind 

Electric Vehicles (EVs), advocacy for wireless charging for EVs, an overview of various 

WPT technologies, established WPT standards for EVs as well as an efficiency 

comparison of WPT technologies before describing the scope of the thesis as well as 

enlisting the objectives and contributions of this thesis. 

Chapter 2 conducts a review of the relevant literature, an overview of the IPT technology 

as well as the compensation topologies needed for IPT systems as well as several key 

design requirements mandated for IPT systems. 

Chapter 3 illustrates the methods and procedures for an enhanced coil design and 

optimization by proposing a state-of-the-art coil design method for a pair of symmetrical 

Archimedean spiral geometry, coil design for maximum efficiency, misalignment 
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considerations by carrying out simulations in Ansys Maxwell and Icepak before finally 

discussing EMC and safety issues related to wireless charging in EVs.  

Chapter 4 introduces the design, control and simulation for the Power Electronic 

Converters for the IPT systems by proposing a dual H-bridge converter design for the SS 

compensation topology for the IPT system. The essence of this thesis is unveiled in this 

chapter which introduces a breakthrough control method for Power Optimization to 

prioritize battery charging and tracking based on an improvised P&O algorithm as well 

as the CC/CV based approach for charging the battery. These are accomplished by 

introducing the design of a cutting-edge Power Control circuit and a Charging Control 

circuit modeled in PSIM. Finally, the efficacy of the developed system is tested by 

performing the converter simulations in PSIM as well as Hardware-in-the-loop (HIL) 

simulations in HIL Typhoon. 

Chapter 5 presents the complete hardware testing and prototype implementation for the 

IPT battery charger by assembling and integrating the PCB design into the hardware 

prototype before discussing the hardware test results. 

Chapter 6 concludes the work described in the thesis and makes suggestion for future 

research in this area. At the end the references are listed in the Bibliography section. 
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Chapter 2. Literature Review 

Among the WPT technologies described in section 1.4, the Inductive Power Transfer 

(IPT) is the most widespread of all the technologies that is relevant over a multitude of 

power levels and air gap distances. The foundation of wireless power transfer technology 

can be attributed to the genius of Nikola Tesla - an ingenious electrical engineer and an 

inventor who in the year 1891 demonstrated his invention - the Tesla coil, capable of 

producing high-voltage, low-current and high frequency alternating-current electricity. 

By creating enough magnetic field between the transmitter and receiver electricity could 

be transmitted through the air, this was the key idea behind the working of the Tesla coil 

which still is the basis of wireless charging even today. An illustration of electric and 

magnetic field interaction in an IPT system is shown in Fig.  2.1.  

 

Fig. 2.1 Illustration of electric and magnetic field interaction in an IPT system 

Today wireless inductive charging is making inroads in the automotive, consumer 

electronics, healthcare and manufacturing sector as it offers the assurance of enhanced 
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mobility and technological advancements that could allow a slew of self-reliant internet 

of things (IoT) based devices to receive power wirelessly without the need of being 

physically connected to a charger. Extensive studies have been carried out to explore the 

efficiency, reliability, compactness and the overall costs associated with the IPT systems. 

Beginning from the evolution of the IPT technology, the following paragraphs categorize 

and report the key aspects governing the technology as delineated by the researchers in 

their papers' findings. 

 

2.1 Overview of IPT Technology 

 The overall IPT system comprises of dual mutually coupled and tuned resonators 

which form the transmitter and the receiver coil. Wireless charging is realized by 

magnetically coupling the two coils and is achieved when a load is connected to the 

receiver coil. A compensation capacitor whose primary purpose is to reduce the reactance 

of the charging coils is specifically connected to each of the coils to achieve resonance 

when a high-frequency AC signal is applied to the resonant circuit as shown in Fig. 2.2. 

Another reason why compensation is essential is to reduce the overall reactance of the 

inductive coil, which creates a phase shift between the voltage and current and thus leads 

to an increase in the overall reactive power. With minimal phase difference between 

voltage and current, the VA-rating of the power electronics and thus, semiconductor loss 

is also reduced. IPT systems are easy to implement, safe, and highly efficient at short 

transfer distances. The efficiency does degrade rapidly with increasing transfer distance 

due to the increase in leakage resistance. 
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  Fig. 2.2 Overview of an IPT system with Compensation Capacitors 

 

2.2 Compensation Topologies for IPT Systems 

In order to ensure that the IPT systems work effectively under the resonant 

conditions, reactive structures in the primary and secondary coils are used in order to 

assure that the system works effectively under the resonant conditions. Due to the 

limitations associated with the physical dimensions of  the charging coils, the parasitic 

capacitance is inadequate to ensure resonance in the operating frequency range.  

Thus, it becomes essential to add additional reactive components to be integrated 

into the overall system to adjust the frequency of operation. By employing a capacitor as 

a compensation mechanism, four different compensation topologies are realizable, (a) 

Series - Series (SS), (b) Series - Parallel (SP), (c) Parallel - Series (PS), (d) Parallel - Parallel 

(PP) as shown in Fig. 2.3. Since, these compensation topologies contain one reactive 
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component, they are termed as mono-resonant compensation topologies. In this section 

the circuit analysis for the first two topologies, Series - Series (SS) and Series - Parallel 

(SP) is performed as they are vital for describing the proposed inductive power system. 

For the remaining two topologies, the equivalent loaded circuit is presented. 

 

 

 

 

 

 

 

 

Fig. 2.3 Compensation Topologies for IPT systems (a) Series – Series (SS), (b) Series – 

                   Parallel (SP), (c) Parallel – Series (PS) and (d) Parallel – Parallel (PP) [4] 

(i) Series - Series (SS) Topology: In the Series - Series compensation topology,  

two compensation capacitors, C1 and C2 are connected directly in series to the 

transmitter and receiver coils respectively as shown in Fig. 2.4. 

 

 

 

 

 

           Fig. 2.4 Equivalent circuit for a Series – Series (SS) compensation topology [4] 
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The value of the capacitances C1 and C2 can be determined according to: 

 

𝐶$ =
$

%"⋅'#! 	and	𝐶! =
$

%!⋅'#!                                                                                                         (2.1) 

where ωm is the angular frequency of operation. 

Mesh analysis in the circuit now yields: 

 
𝑽𝟏 = -𝑅$ + 𝑗ω𝐿$ +

$
)'*"

2 𝐼$ − 𝑗ω𝑀𝐼!                                                                                (2.2) 
 
𝑽𝟐 = (𝑅! + 𝑗ω𝑙!)𝐼! − 𝑗ω𝑀𝐼$                                                                                                       (2.3)                             
 
 

The input impedance Zin can now be expressed as: 
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In order to ensure a purely resistive input impedance, all the reactive parts of (2.4) must 

vanish. This condition can be formulated in equation (2.5) and the analysis is further 

simplified. 

ω𝐿$ −
$
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:                                                                                                (2.5) 
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!                                                                                               (2.6) 

ω8 =
$

9%"*"
= $

9%!*!
                                                                                                                               (2.7) 

The overall system efficiency, η which is defined as the ratio between the active power 

supplied to the load to the active power generated by the source can now be expressed 

in (2.8). 
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η = 2$/!!

2"/"!32!/!!32$/!!
                                                                                                                         (2.8) 

 

(ii) Series – Parallel (SP) Topology: Analogous to (i), the Series – Parallel (SP) 

compensation topology is as shown in Fig. 2.5.  

Extending from (i), the analysis can be applied to the SP topology as 

follows: 

 

 

 

 

 
Fig. 2.5 Equivalent circuit for a Series – Parallel (SP) compensation topology [4] 

Mesh analysis  can now be applied in the circuit which yields: 
 
𝑉$ = -𝑅$ + 𝑗ω𝐿$ +

$
)'*"

2 𝐼$ − 𝑗ω𝑀𝐼!                                                                                           (2.9) 
 
𝑉! = −(𝑅! + 𝑗ω𝑙!)𝐼! + 𝑗ω𝑀𝐼$ = 𝑅%𝐼% =

/&!
)'*!

                                                                          (2.10) 
 
According to Kirchhoff's Current Law (KCL), it can be stated: 
 
𝐼! = 𝐼*! + 𝐼%                                                                                                                                (2.11) 

𝐼*! = 𝑗ω𝐶!𝑅%𝐼%                                                                                                                          (2.12) 

𝐼% =
)'0

2$3(2!3)'%!)3()'*!2$3$)
𝐼$                                                                                                   (2.13) 

 
The input impedance Zin can now be computed as: 
 
𝑍,- =
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/'
= -𝑅$ + 𝑗ω𝐿$ +

$
)'*"

2 + '!0!)'*!2$3$
2$3(2!3)'%!)()'*!2$3$)

                                                          (2.14) 
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In order to avoid the reactive power generated by the source, the condition in (2.14) 

must be met, to complete similar analysis as in for (i) above. 

 

ω𝐿$ −
$

'*"
= −𝐼:;< -

'!0!)'*!2$3$
2$3(2!3)'%!)()'*!2$3$)

2                                                                        (2.15) 
 
To eliminate the reactance found in the above expression in (2.15), the secondary tank 

must resonate at an angular frequency, ω8 expressed in (2.16) 

 

ω8 =
$

9%!*!
                                                                                                                               (2.16)           

 

The efficiency observed for a Series – Parallel (SP) compensation topology is the same as                                                                         

derived for the Series – Series (SS) compensation topology as expressed in the equation 

(2.8) above. 

(iii) Parallel – Series (PS) Topology: Analogous to (i), the Parallel– Series (PS) 

compensation topology with the load resistance RL is as shown in Fig. 2.6 

 

                      Fig. 2.6 Equivalent circuit for a Parallel – Series (PS) Topology [4]  

(iv) Parallel – Parallel (PP) Topology: The Parallel-Parallel (PP) compensation 

topology with the load resistance RL is as shown in Fig. 2.7. 
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            Fig. 2.7 Equivalent circuit for a Parallel – Parallel (PP) Topology 

Upon a close inspection of the above analysis, it can be seen, that the SS 

compensation network is the sole topology where the value of the capacitances C1 

and C2 do not depend upon the value of the load impedance RL. From a practical 

design perspective, this gives one a complete freedom in choosing the values of C1 

and C2. Additionally, the configuration of the capacitor C2 in the network can alter 

the performance of the system completely as when C2 is connected in series, the 

system can be modeled as a constant voltage source and for C2 connected in parallel, 

the system can be modeled as a constant current source. 

 

2.2.1 Key Attributes of Various Compensation Topologies 

 Having established the various types of compensation topologies available for 

the IPT technology, a six-point system parametric ranking the salient features of the 

compensation topology are presented. This analysis helps to very easily decipher 

which specific topology outperforms the others at a system level design. The six-

point parameters include Power Transfer Capability, Power Factor Sensitivity, 

Misalignment Tolerance, Frequency Tolerance, Resonant State Impedance and 

Acceptance for Electric Vehicles. This must be set if the power to transfer is high 
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(greater than 11 kW), moderate (from 1 to 11 kW) or low (smaller than 1 kW).The 

parameters are tabulated in Table 2.1. 

                                Table 2.1 Comparison of various Compensation Topologies 
 

 
 
 

 
Salient Features 

 
Series-

Series (SS) 

 
Series-Parallel 

(SP) 

 
Parallel-Series 

(PS) 

 
Parallel-Parallel 

(PP) 

 
Power Transfer 

Capability 

 
High 

 
High 

 
Low 

 
Low 

 
Power Factor 

Sensitivity 

 
Low 

 
Low 

 
Moderate 

 
Moderate 

 
Misalignment 

Tolerance 

 
High 

 
High 

 
Moderate 

 
Low 

 
Frequency Tolerance 

 
Low 

 
High 

 
Low 

 
High 

 
Resonant State 

Impedance 

 
Low 

 
Low 

 
High  

 
High 

 
Acceptable for EV 

Application 

 
High 

 
High 

 
Moderate 

 
Moderate 

 

2.3 Design Requirements for IPT Systems 

To deploy IPT systems for wireless charging of EVs at a commercial scale, several 

design requirements must be carefully chosen and judiciously met to ensure an 

optimum utilization and effectiveness of the wireless charging technology. As seen from 

Fig. 2.2, there are two physically different parts to an IPT system with galvanic isolation 

Compensation  Topology 
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between them – at the primary side an AC power supply that takes power from a utility 

source and converts it to a current at a LF (Low frequency) range that energizes the 

transmitter coil and at the secondary side where the power is coupled inductively to  the 

receiver coil. Several critical factors and physical parameters affect the performance of 

the IPT system which are described in the sub-sections below. 

 

2.3.1 Coil Positioning and Alignment 

 The geometry and configuration of the coils must be decided in a complex and 

sophisticated design process, considering economical and electrical factors. 

Misalignment of coils can significantly degrade the efficiency of the IPT system as it 

lowers the amount of magnetic flux linking the coils which in turn weakens the coupling 

factor and thus the voltage generated across the receiver coil is not sufficiently high 

enough to meet the charging requirements of the on-board EV battery pack. The 

transmitting coil is responsible for generating the magnetic field and the receiving coil 

contains the ferrite to reduce the overall reluctance. The coils are encased in a protective 

plate forming a pad like structure and both the pads are then arranged with a magnetic 

linking path. The receiver pad is attached to the underside of the EV below the chassis, 

while the primary pad is embedded under the ground. As soon as the EV has come to a 

stop and is parked over the IPT system guided by the magnetic sensors for a perfect 

alignment between the pads, the inductive charging can begin to transfer power 

wirelessly across the air gap via an inductive coupling between the primary and the 

secondary pad 

 Fig. 2.8 (a) shows the typical coil arrangement for perfectly aligned circular coils 

separated by an airgap of distance, d. In Fig. 2.8 (b), the coils have been axially displaced 
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by a distance, m and the coupling factor between the coils no longer remains the same. 

This also introduces leakage and fringing fields in the transmitter-receiver coil system as 

there is a  deviation from the optimal flux path.  

    

  

 

 

 

 

 

 

 

 

               

 

  

 

Fig. 2.8  (a) Perfectly aligned pair of coils. (b) Coils displaced and misaligned [4] 

 

2.3.2 Electromagnetic Compatibility (EMC) 

 As defined by the International Electrotechnical Commission (IEC) under the 

standard code: IEC 61000-2-2:2002, Electromagnetic Compatibility (EMC) is the 

ability of an electrical system and equipment to be able to operate and function 
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acceptably in their electromagnetic environment by curtailing the unintentional 

generation, distribution and reception of electromagnetic energy that may lead to 

undesirable effects including but not limited to Electromagnetic Interference (EMI) 

which may further cause detrimental consequences such as physical damage or 

complete failure of the operational system or equipment [17]. The disturbance 

generated by EMI may be through electromagnetic induction, electrostatic coupling 

or through conduction. Specifically, for our IPT system, which is designed to work at 

an operating frequency of f = 85 kHz, the transmitter and the receiver coils  

 
 
 
 
 
 

 
 
 

 
 
 
 
Fig. 2.9 Magnetic field distribution for an IPT system employing identical circular 
                    coils [4] 

 

are identical in geometry. In this case the magnetic field is generated and is 

distributed circulating along the two coils as shown in Fig. 2.9. The inductive coupling 

takes place when the change in current (di/dt) through the transmitter coil induces a 

voltage across the receiver coil through electromagnetic induction. The inductive 

coupling increases with the increase in frequency as the inductive reactance, (XL = 
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2πfL) is directly proportional to the frequency as well as with the decrease in the 

airgap separating the two coils. It is also affected by the load impedance of the 

receiver circuit. Further, the high-frequency power electronic converters utilized in 

the IPT system may generate an additional EMI producing an intermittence in the 

connected devices. While the design engineers take the necessary provisions to 

safeguard and minimize the effect of EMI, a complete outright immunity is not 

realizable. Therefore, several EMC compliant tasks including PCB layout techniques, 

wiring, grounding and shielding methods must be used as these will ensure an EMI 

reduction that will significantly minimize the operating and maintenance costs of the 

IPT system.  

In order to reduce the EMI, a field-loop coupling technique is shown in Fig. 

2.10. A ground loop is introduced between the coils and the earth. This is done to 

inhibit common-ground impedance circuit coupling and ensures that the inductive 

coupling takes place directly between the wireless charging coils themselves. The 

improvement in the EMI reduction to make the IPT system EMC compliant can be 

seen by analyzing the electromagnetic field distribution in Fig. 2.11 (a) and (b), where 

in the Fig. on the left, the field is distributed over much wider region of the EV and 

the system is susceptible to additional sources of EMI that can degrade the 

performance of the IPT system, whereas the Fig. on the right shows the  field is limited 

to the region between the primary and the secondary side, thus making the system 

more robust against any EMI issues. 
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       Fig. 2.10 Field-Loop Coupling Technique to reduce EMI in an IPT System 
 

 

(a)                                                                                     (b) 

Fig. 2.11 (a) EM field distribution in an EV without any EMI reduction technique in 

an EV and (b) with EMI reduction technique [4]. 
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2.3.3 Magnetic Shielding Techniques 

 The typical air-gap separation between the transmitter-receiver dual coil pair 

system for inductive charging of EVs usually varies between 10 cm to 50 cm depending 

on vehicle type, ground clearance and alignment considerations. An air-gap separation 

of such order of magnitude is particularly large as opposed to say, wireless inductive 

charging of portable electronic devices such as smartphones where the air-gap separation 

is of the order of a few millimeters to a couple of centimeters. On the other hand, in 

vehicular applications, quite a sizeable amount of power is transmitted over a large 

airgap, and therefore, IPT systems for EVs generate a substantial amount of 

electromagnetic field (EMF) emissions both inside and outside the EV. 

One of the major issues emanating from the EMF emissions are that they raise an 

alarming safety concern for engineers, manufacturers and most importantly the 

consumers and restricting the emissions to a much safer and controlled extent is one of 

the most indispensable engineering challenges for the design of a high powered IPT 

system geared for vehicular applications. Aside from the health and the safety issues, 

EMF emissions may also sporadically and out of warning interfere potentially with 

several on and off-board automobile electronic systems such as remote keyless entry and 

starter systems, on-board climate control, cruise control, integrated sensors and 

entertainment systems.  

In order to effectively comply with the established international recommendations 

on generated EMF emissions, a thin material plate made up of a ferrite material 

underneath the wireless charging coils must be incorporated. This technique is known as 

magnetic shielding, and it has significantly resulted in safeguarding the health and safety 
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aspects as well as ensuring the systems perform at an optimum level without any EMI 

caused degradation. 

 A typical installation of a magnetic shielding technique on the wireless charging 

coils is shown in Fig. 2.12 (a) with the placement of the ferrite core directly underneath 

the coils. To further ensure a robust EMF protection, the coils with the ferrite core 

attached may be encased in a metallic casing which makes the charging coils even more 

robust against any EMF interference. Fig. 2.12 (b) shows the coils with the ferrite core 

housed in an aluminium shielding. 

 

 
                                                         

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
           Fig. 2.12 Magnetic Field Shielding (a) Ferrite core (b) Aluminum Shielding [4] 
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2.3.4 Thermal Concerns 

 The inductive power transfer system can be essentially thought of as a DC-DC 

converter with an air-core transformer separating the primary side (containing the 

transmission coil and the associated power electronics) and the secondary side 

(containing the receiver coil and the associated power electronics). One of the key 

issues that stem from a thermal engineering perspective is to ensure high 

performance of the IPT system regardless of the environment. High performance 

means that developed system is consistently able to maintain high charging rates 

without causing any heating concerns. Thermal effects in an IPT system are as 

important an issue as EMF affairs as they as well can cause system malfunction or 

damage. In addition, any proximity of the on-board Battery Management System 

(BMS) with the charging power electronics will likely add stress to the Thermal 

Management System (TMS). Therefore, for all practical and safety concerns, the two 

systems need to be isolated.  

 One of the major sources of heat in the IPT system are the I2R (Joule) losses due 

to eddy currents generated in the air gap as well as in the shielding material and any 

other metallic casing placed directly in the path of the magnetic flux lines. Switching 

losses in the inverters in the power stage as well as losses in rectifier are an additional 

source of heating. While a substantial amount of heat is generated in the transmitter 

side and the receiver side on their own, a portion of heat will flow from the 

transmitter to the receiver through a combination of conduction and convection. 

Thus, there are two key aspects of a thermal problem. The first is to minimize and 

limit the amount of heat generation from the primary source itself and the second is 

that once heat is generated how fast can it be quickly disseminated away from the 
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main hub to constrain any localized heating. Using thermal simulations and 

incorporating advanced materials in the design, thermal losses can be minimized. 

 Temperature has a concrete dependence on the overall efficiency of the IPT 

system as several electromagnetic properties including conductivity and 

permeability are largely temperature dependent. Even a small rise in temperature can 

increase the thermal conductivity and result in an increased heat dissipation across 

the system which can lower the efficiency. Moreover, at very high temperatures many 

materials could lose their magnetic properties and may no longer serve their intended 

purpose and rather may pose health and safety concerns.  

 

2.3.5 Air Gap Separation 

The basis of an IPT system consists of a pair of transmitter and receiver coils 

separated by a distance. This separation distance is termed as the air gap. For designing 

a WPT system using inductive coupling a small air gap would lead to a high coupling 

coefficient and an increased power transfer capability [30]. Owing to the existence of an 

air gap, the design of an IPT system raises a few design anomalies. Allowing a sufficiently 

large air gap in the magnetic circuit would give rise to a low mutual inductance and a 

high leakage inductance which would be enough to lower the inductive coupling 

resulting in a far lower power transfer efficiency. Eddy currents due to the fringing flux 

established in the air gap surrounding the magnetic core result in EMI and power losses. 

Additionally, operating at a high frequency means that there are higher core losses, 

leakage inductances and winding capacitances. 

The studies in [37] conclude that the IPT systems have an optimum efficiency for 

an air gap separation range of 0.1 cm (1 mm) to 10 cm for supporting the design of a 
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power system in the domain 1 kW to 10 kW. Any deviation outside these ranges and the 

efficiency of the IPT system begins to decline sharply. We define normalized air gap ratio 

as the coil separation distance (air gap) s divided by the coil diameter d. The coupling 

coefficient k is defined here as: 𝑘	 = 	 %"!
9%"%!

 where L12 is the mutual inductance between the 

transmitter coil and the receiver coil and L1 and L2 are the self-inductances of the 

transmitter and the receiver coil respectively. Fig. 2.13 shows the maximum efficiency 

value at various normalized air gap intervals, and we can observe that the efficiency 

begins to decline rapidly once the normalized air gap exceeds 0.5. Fig. 2.17 displays the 

relationship between the coupling coefficient and the normalized air gap, and it can be 

seen from the curve that as the air gap separation increases, the coupling becomes 

weaker. 

 

                    Fig. 2.13 Efficiency vs. Normalized Air Gap plot 
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                        Fig. 2.14 Coupling Coefficient vs. Normalized Air Gap plot  

 

2.4. Costs Associated with IPT Systems for EVs 

One of the most crucial aspects constricting the large-scale market penetration 

of the IPT charging systems for EVs at present is the linear relationship among the 

battery size, driving range as well as the maintenance and operating costs. A 

substantial proportion of an EV’s total cost is accounted for by the battery-pack. As 

the real estate on an EV is considerably restricted, manufacturers often downgrade 

the size and volume of the on-board battery.  Having a smaller battery-pack may 

reduce the EV purchase price, but the trade-off comes in the form of restricted 

driving range requiring frequent charging periods over the course of a day which 

may not be appreciated by the consumers. Although, a larger battery-pack could 

potentially address these issues, it would also add a significant weight to the vehicle 

that would in turn translate to an increased EV cost for which the consumers again 
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would have to bear the brunt of the cost. Consequently, when dealing with EV 

design, engineers tend to focus significantly on optimizing the battery design in an 

effort to cut down on production cost. Despite of this fact, battery costs alone can 

account for up to one-third of the cost of an EV [18, 22]. However, spurred by the 

rapid advancements in the Lithium – ion (Li-ion) technology and subsequent 

enhancement in their power handling capabilities, EV batteries have seen a 

significant price reduction over the course of the last decade. The infographic as 

published in December 2020 Bloomberg report in Fig. 2.15 shows that over the 

previous decade (2010 – 2020), the dollar per kilowatt hour ($/kWh) purchase price 

of EV Li-ion battery pack had a gradual depreciation and in 2020 the battery prices 

had fallen to about 88% of what they were priced in 2010 [23]. 
 

 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
Fig. 2.15 Dollar per kilowatt hour price of EV Li-Ion battery during: 2010-2020  [23]. 
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In addition, there are several parameters, which must be taken into consideration 

when analyzing the costs associated with the IPT systems. In particular, the construction, 

operation and maintenance of the IPT charging infrastructure which the EV is primarily 

reliant upon must be precisely designed. Eventually, the ultimate objective of such an 

infrastructure is to assist the EV with an unrestricted driving range while ensuring that 

the battery volume and vehicle ownership costs are optimized. As the EV market 

penetration sees an uptake, an optimized and cost effective inductive wireless charging 

system will thrust the EV adoption even further.  Examining the IPT system for each of 

the four standard WPT power levels as defined in Table 1.1 an overall cost of an IPT 

system can be broken down into six major components which are shown in the Fig. 2.16 

in the Qualcomm Halo IPT charging technology. This includes the power supply, the 

base pad (containing the transmitting coil), the wireless power and data transfer link, the 

vehicle pad (containing the receiving coil), the on-board charging controller and the 

battery. The charging systems are priced anywhere from 1000 USD to 2000 USD [24] and 

the Halo IPT system can successfully transmit power over a maximum airgap of 400 mm 

       

        Fig. 2.16 Implementation of the Qualcomm Halo IPT technology in an EV [24]. 
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 (15.75 inches) tolerant to misalignment and can have efficiency that can match plug-in 

charging. 

 

2.5. Chapter Summary 

 This chapter delineates a condensed review of the relevant literature in 

preparation towards the modeling, design and realization of an efficient and optimized 

Inductive Power Transfer (IPT) system geared towards vehicular applications. The initial 

portion of the chapter gives a brief overview of the IPT technology before presenting a 

comprehensive mathematical analysis on the various compensation topologies needed 

for IPT systems as well as the key attributes of different compensation topologies. The 

latter part of the chapter focuses on the various design requirements for IPT systems. In 

particular, the factors that must be taken into consideration for the design of a robust IPT 

system include deciding on the geometry and positioning of the coils for perfect 

alignment, Electromagnetic Compatibility (EMC) issues, magnetic shielding techniques, 

thermal concerns, air gap concerns before finally presenting a section on the various costs 

associated with the IPT systems for EVs including a short case study on the Halo IPT 

charging technology developed by Qualcomm. 
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Chapter 3. Enhanced Coil Design and 

Optimization  

 In order to establish efficient wireless power transfer via inductive coupling for 

electric vehicles it is necessary that an accurate coil model for the transmitter-receiver 

wireless charging system be envisioned. Design of wireless charging system requires 

analysis for the magnetic field for a particular coil topology to guarantee an optimum 

transfer of power. This is facilitated through parameters including coil geometry, number 

of windings turns and quality factor for maximum transfer of power. In this chapter the 

use of magnetic field intensity to determine the ideal distance between the single coil pair 

is performed. This is followed by the derivation and determination of the maximum 

power transfer efficiency for the circular coil using the knowledge of Q-factor and the 

mutual inductance. The analytical model is validated using simulations that confirm the 

efficacy of the presented results. The essence of this chapter focuses on carrying out an 

accurate simulation for the design of an  optimized dual transmitter-receiver coil to yield 

a higher power transfer efficiency by operating the battery at an optimum State of Charge 

(SoC) in order to maximize the battery life  Using the electromagnetic field simulations 

in Ansys Maxwell, a pair of symmetrical circular coils are designed for an optimized 

power transfer efficiency. The analysis incorporates the design by considering the 

coupling coefficient between the coils as well as their Quality factor at the SAE 

recommended frequency of operation at 85 kHz. Finally, a discussion in order to deal 

with issues surrounding EMC due to inductive power transfer are also presented. 
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3.1 Litz Wire Selection 

 Litz wire is a specific kind of multistrand wire consisting of several individual 

insulated strands or fibers of individual magnet wires that are paired and twisted 

together in a systematic pattern with a focal point of reducing AC losses in high 

frequency windings. The wires are braided and clubbed together in a manner such that 

each individual strand occupies all available locations in the cross section of the 

conductor. The effect of introducing the winding patterns is to distribute the fraction of 

the total length so that each strand or fiber takes all potential positions in the cross section 

of the conductor. This ensures that the distribution of current is the same in all the 

strands. Fig. 3.1 (a) shows a typical Litz wire with twisted strands encased in an insulated 

protective sheath whereas Fig. 3.1 (b) shows the cross section of a stripped Litz wire 

consisting of multiple twisted strands. 

(a)                                                                                 (b) 

Fig. 3.1 (a) Litz wire inside an insulated sheath.    (b) Stripped Litz wire with twisted 
strands [4] 

 

 The fundamental step in  selecting an appropriate Litz Wire for an inductive power 

transfer operation geared for vehicular operations is to determine the operating 

frequency relevant for the application. As specified by the Society of Automotive 

Engineers (SAE) J2954 standard for the acceptability criteria of wireless power transfer, 

an operating frequency of 85 kHz is selected. The operating frequency helps determine 
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both the Litz Wire type of construction and the suggested  strand gauge using the 

American Wire Gauge (AWG). The Table 3.1 shows the suggested wire gauge (in AWG) 

for a specific frequency range for a majority of Litz Wire constructions. 

Table 3.1  Litz Wire strand gauge for specific operating frequency ranges [4] 

 

Litz wire is seen as an apt choice for the design of an IPT wireless charger primarily 

because it offers low resistance at higher frequencies which leads to lower losses in the 

inductors resulting in an increased overall efficiency of the wireless battery charger [33]. 

The equivalent series resistance (ESR) of a Litz wire depends on its length as well as the 

frequency of operation. The two types of losses thus introduced are the DC and the AC 

winding losses. The DC losses derive primarily from the resistivity (ESR) of the conductor 

 

Frequency Range 

 

Wire Gauge 

 
Nominal Copper 
Diameter (inches) 

 
Maximum DC 

Resistance (Ω/1000 feet) 

60 Hz to 1 kHz 28 AWG 0.0126 66.37 

1 kHz to 10 kHz 30 AWG 0.0100 105.8 

10 kHz to 20 kHz 33 AWG 0.0071 211.7 

20 kHz to 50 kHz 36 AWG 0.0050 431.9 

50 kHz to 100 kHz 38 AWG 0.0040 681.9 

100 kHz to 200 kHz 40 AWG 0.0031 1152 

200 kHz to 350 kHz 42 AWG 0.0025 1801 

350 kHz to 850 kHz 44 AWG 0.0020 2873 

850 kHz to 1.4 MHz 46 AWG 0.00157 4544 

1.4 MHz to 2.8 MHz 48 AWG 0.00124 7285 
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while the AC losses stem from the aftermath of  the eddy current. The development of 

eddy current can be attributed to the association of dual phenomena: the skin effect and 

the proximity effect. Skin effect describes the phenomenon that when an alternating 

current is sent through a conductor, the current distribution concentrates on the 

conductor surface. The greater the frequency of operation, the higher is the current 

concentration in the skin. The phenomenon is illustrated in Fig. 3.2, and it results in a 

drastic lowering of the effective cross-sectional area of the coil. The proximity effect on 

the other hand is due to opposite side of nearby parallel conductors carrying current and 

is shown in Fig. 3.3. Due to the flow of the current in the conductor, a magnetic field is 

generated which periodically varies the current concentration in parallel conductors. The 

current distribution of a Litz wire of  a diameter of 1 m is simulated and the thermal 

profile of the distribution is shown in Fig. 3.4. From the simulation profile it is evident 

that the current gravitates towards regions most distant from the core of the conductor 

generating the original magnetic field. 

 

Fig. 3.2 Skin effect in Litz wire [16]                        Fig. 3.3 Proximity effect in Litz Wire [16] 
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                    Fig. 3.4 Current distribution profile of a Litz wire 
The ohmic losses in the wire uncover the non-uniform current density pattern 

effectively dwindling the effective area where the current flows. Moreover, this 

relationship varies in a non-linear manner with respect to the frequency. The  associate 

ohmic losses in the Litz wire are shown in Fig. 3.5. 

 

Fig. 3.5 Simulation of the ohmic losses (in dB) of the Litz wire conductor [16] 
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3.2 State-of-the-art Coil Design 

A multitude of physical parameters such as geometry, configuration and 

orientation of the coils play a key role in the coil design process. Additionally, several 

other design elements such as economical and electrical aspects must be considered for 

an effective coil design. First, the preference towards adoption of specific materials to 

ensure the coils operate effectively at high frequencies adds a significant cost to the 

overall coil design. Thus, the size of the ferromagnetic elements as well as the physical 

dimension of the wire used for the number of turns becomes essential. Furthermore, the 

self-inductance, the quality factor as well as the mutual inductance of the coils should be 

carefully considered  during the coil design 

 

(a)                                                                             (b)  

       Fig. 3.6 Typical Coil Geometries for (a) Circular Coil and (b) Rectangular Coil [4] 

 

The Archimedean spiral which is a single circular wireless charging coil shown 

in Fig. 3.7 with inner radius 𝑑, and outer radius 𝑑= with the thickness, 𝑊, it is 

mandated that the ratio >(
>)

 be optimized which depends on the skin depth, quality 

factor and the passive components in the system.  
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                     Fig. 3.7 Archimedean spiral of thickness W 

 

The self – inductance of a single circular coil consisting of N – turns, self – 

inductance L, radius of the inner turn R, equivalent diameter of the coils d and the 

permeability of free space μ0 can be specified according to the equation (3.1) [17]. 

The coil parameter can also be 

																									L = µ8N!Rln -
$?@
A
− B

C
2                                                                                                    (3.1) 

be expressed as in (3.2) where S is the cross – sectional surface area of the coil.    

                                           d = 	2ED×F
G

                                                                                       (3.2)  

It is also proven in [19] that for the same material length of the Litz Wire, coils with a 

circular geometry result in a higher self-inductance than the rectangular geometry. 
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3.3 Compensation Topology Preference 

The initial survey on the various types of compensation topologies and the 

subsequent analysis performed in section 2.2 of the previous chapter revealed useful 

information to select an optimal compensation topology for the IPT system. Based on the 

relevant analysis, the Series – Series (SS) compensation topology is chosen as the 

preferred topology for the design of the IPT system. A few salient features that enabled 

the selection of the SS topology are that the primary and the secondary compensation 

networks can be independently regulated. The system can be designed to work as a 

constant voltage source. Moreover, it offers a high tolerance to misalignment. The 

equations (2.4) and (2.7) developed in the previous chapter convey that the imaginary 

part of the input impedance is independent of the mutual inductance between the coils 

which means the system can work effectively at the resonant frequency of 85 kHz.  The 

objective is to lower the value of the load impedance as reflected to the primary side, in 

order to increase the power intake from the supplying voltage source. The main 

advantage of increasing the power delivered to the battery is twofold. Firstly, it allows 

for a faster charging of the battery as the duration of charging is reduced. This is 

particularly advantageous in “stop – and – go” situations when EV owners are looking to 

extend the EV’s driving range by stopping for a short period of time to wirelessly charge 

the battery and get a decent boost. Secondly, from a power electronics perspective 

realizing this without the exclusive intervention of the voltage source means that the 

number of power electronic converters used can be reduced, which means there will be 

lower system harmonics, reduced EMI as well as lower production costs. Finally, the SS 

compensation topology leads to reduced weight on the secondary side [27]. 
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3.4 Inclusion of Ferromagnetic Material 

 The incorporation of a ferromagnetic material in the design of the wireless charging 

coil is a significant step in the coil design process as it allows for a favorable path for the 

magnetic field  in such a way that  the magnetic field intensity can be increased which 

allows for the leakage magnetic flux to be substantially curtailed. This allows for an 

increase in the mutual inductance by increasing the magnetic flux linking the coils and 

the corresponding result is that there is a more efficient inductive power transfer. This 

inclusion of the ferrite material in the IPT system is referred to as passive shielding.  

 The decision to select specific ferromagnetic material for the coil design is primarily 

dependent on two factors – the relative permeability of the chosen ferromagnetic 

material, and its associated losses. Essentially, the permeability should be sufficiently 

high in order to ensure that the magnetic losses are minimal. Moreover, the eddy current 

and the hysteresis losses should also be curtailed. Inherently eddy currents are loops of 

internal currents induced within a conductor because of the Faraday’s law of induction 

and arise any time there is a change in the magnetic field conditioning the material. One 

of the major disadvantages of eddy currents is that they cause significant power losses in 

the system and thus, a key element in lowering the overall system efficiency. On the 

contrary, hysteresis losses are caused by the alternating magnetization and 

demagnetization of the magnetic core as the current flows in the forward and reverse 

directions. Both the eddy current losses and the hysteresis losses depend on the frequency 

of operation although differently. Whereas the eddy current losses on an average increase 

in proportion with the square of the frequency, hysteresis losses have a much more 

straightforward relationship, in the sense that they are directly proportional to the 
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frequency. Additionally, the hysteresis losses can be mitigated if the maximum amplitude 

of the magnetic field intensity falls largely below the ferrite material’s saturation region. 

Once the ideal material has been selected, it is imperative that it must be 

conditioned accurately based on its geometry and spacing consideration. Ferrite 

materials are typically grouped together along with the coil. The class of ferrites that are 

ideally suited for EV wireless charging applications belong to the soft ferrite family. 

Specifically , Manganese – Zinc based ferrites are incorporated in EV wireless chargers 

because of their low coercivity, which enables them to comfortably vary their 

magnetization and feature as conductors of magnetic fields.  

 

 

 

 

 

(a) Entire surface covered                                 (b) Split surface with square alignment 
 

(c) Split surface with vertical bars alignment 

Fig. 3.8  An illustration of various geometries of ferrite plates [4] 
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3.5 Coupling Analysis for Coil Misalignment 

During the process of inductive coupling, the receiver coil seizes a portion of the 

magnetic field generated by the transmitter coil. The stronger the magnetic field intensity, 

the greater is the coupling between the two coils and thus greater the efficiency of the 

inductive power system. It has already been established by the authors in [45] that by 

operating the system at the resonant frequency, the current in the circuit is maximized, 

the phase angle between the current and the voltage is zero and all the power in the circuit 

is dissipated (maximum power transfer). To ensure, the maximum transfer of power 

criteria is fulfilled the system needs to be immunized to coil misalignment as a horizontal 

displacement of even a few centimeters of the EV from being parked precisely over the 

embedded wireless pad can adversely affect the charging rate. Fig. 3.9 shows the garage 

mock-up of a typical residential wireless charging system. It shows a base unit connected 

to a wall unit charger that can be installed within a driver’s line of sight during parking 

to serve as an automated guidance system that can let the drivers know once they are 

lined up with the transmitter wireless charging pad. 

 

 

 

 

 

 

 

Fig. 3.9 Garage mockup of a residential wireless charging system 
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Fig. 3.10 shows the variation in the magnitude of the input impedance for the SS 

compensation network which shows that the input impedance reduces as the receiver 

coil is horizontally displaced. From the simulation, it is evident that the input impedance, 

Zin reduces when the receiver coil is misaligned. As the input impedance decreases, the 

current through the H-bridge converter increases and there is correspondingly more heat 

dissipation in the system leading to higher losses.   

The coupling coefficient as well reduces with the increasing misalignment 

resulting in  a lower output power. The variation of the coupling coefficient with respect 

to the horizontal misalignment (slide) and the air gap is plotted in Fig. 3.11. Finally, in Fig. 

3.12 the magnetic field distribution between the transmitter and the receiver coil is shown 

for three cases of the slide, 0 mm (perfectly aligned), 50 mm and  lastly 200 mm which 

shows a significant field distortion compared to the perfectly aligned case. 

 

Fig. 3.10 Input  impedance for coil                      Fig. 3.11 Coupling analysis for coil 

                misalignment.                                                           misalignment. 
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 Fig. 3.12 Magnetic field distribution between the transmitter and the receiver coil for 

                      coil misalignment 
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3.6 Coil Design for Maximum Efficiency 
 
 To determine the optimum distance between the transmitter and the receiver coil 

that results in the maximum amount of power transmission, we model the coil as a 

circular loop of radius 𝑎 carrying a current 𝐼, centered in the 𝑥𝑦-plane of the Cartesian 

coordinate system, as shown in Fig. 3.13 below. The loop is cantered at the origin with its 

axis along the 𝑧-direction.  At any point 𝑃	on the loop axis, the magnetic field can be 

determined with the aid of the Biot-Savart law. At a distance 𝑧 from the center of the loop 

and varying axially along the 𝑧 - axis to the point of interest 𝑃, the infinitesimal field 𝑑𝐻 

associated with the current flowing in differential length element 𝑑𝑙 is described as: 

 

                                               dH  =   H
IG
  ×   AJ × @

@*
                                                                       (3.1) 

 

 

 

 

 

 

 

 

 

Fig. 3.13  Current carrying circular loop in the xy - plane 

 The vector field 𝐻 can be resolved into its normal and the axial components. 

Specifically, we are interested in the axial component, 𝐻L. The 𝑑𝐻L contributions of the 
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field which all point in the same axial direction are summed together to obtain the overall 

magnetic field. The analysis is done in equations (3.2) – (3.5) with the final expression for 

the axial component of the 𝐻 – field expressed in (3.6). 

 

d𝐻L	= 𝑑𝐻 cos 𝑎	                                                                                                                         (3.2)                             

 

cos 𝛼 = 	 ;
2
 = ;

√;!3L!
                                                                                                                   (3.3)                                                    

 

𝑑𝐻L =	
/
IO
	
2>PQR S5+!7

2*
;
2
 = /

IO
 ;!>T
(;!3L!)	*/!

                                                                                        (3.4) 

 

𝐻L =	
/
IO
	 ;!

(;!3L!)	*/! ∫ 𝑑𝜑!O
8                                                                                                         (3.5) 

 

𝐻L =		
/;!

!(;!3L!)	*/!
                                                                                                                       (3.6) 

 

The magnetic field strength of the circular coil obtained in (3.6) is plotted in 

Fig. 3.14 As evident from the plot as the distance 𝑧 between the circular coil center 

and the point of interest 𝑃 increases, the magnetic field intensity decreases. Thus, for 

a pair of inductively charging wireless coils, it is essential that an optimum spacing 

between the coils is always maintained as a large spacing between the pair does not 

inject adequate magnetic flux to the receiver coil leading to a lower mutual coupling 

between the dual pair coil system, leading to a poor transmission efficiency. 
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                           Fig. 3.14 Magnetic field strength of a circular coil 

 

The expression for the magnetic scaler potential can then be obtained by 

integrating the magnetic field strength as shown in (3.7). In order to determine the 

optimum distance, 𝑧 at which the maximum transfer of power takes place the derivative 

of the magnetic scaler potential with respect to the distance variable is taken 

𝜓:(𝑧 > 0) = - ∫ 𝐻(𝑧U)𝑑𝑧UL
6V  = /

!
 (1 −	 L

√;!3L!
)                                                                           (3.7) 

where, λ = (1 −	 L
√;!3L!

)                                                                                                             (3.8) 
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In order to maximize the expression in (3.9), the derivative is equated to zero to determine 

the expression for 𝑧. 

>W
>L

 = >
>L
	(1 −	 L

√;!3L!
) = 0                                                                                                          (3.10)                            

 

>
>L
	(√;

!3L!6	L
!√;!3L!

) = 0                                                                                                                      (3.11) 

                                                           

X-.
/0!1-!

/0!1-!
Y!√;!3L!

I(;!3L!)
−

Z√;!3L!6L[ !-
/0!1-!

I(;!3	L!)
	  = 0                                                                               (3.12) 

 

2𝑧! = 2𝑎!                                                                                                                                (3.13)                                         

𝑧 = 𝑎                                                                                                                                        (3.14)   

            

Therefore, the criteria for the maximum amount of power transmission is that the 

distance between the coils must equal the coil radii.  

The above derivation can be extended and applied to a single coil pair system. 

Such a system can be appropriately modeled as the transmitter – receiver pair of the 

wireless charging coils and is shown in Fig. 3.15. If the mid-point of the pair of coils is 

centered at the origin and the pair share a common axis, the magnetic scaler potential for 

such an axially aligned system can be computed by a summation over the geometric 

terms. To maximize the magnetic scaler potential of the system its derivative is set to zero 

and by similar mathematical analysis it can be shown that: 𝑎	 = 	𝑑 or equivalently for 

maximum amount of power transmission the coil separation must equal the coil radius. 
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                          Fig. 3.15 Single-pair Transmitter – Receiver coil system 
 

 
The magnetic field strength for the transmitter-receiver coil pair can now be 

plotted as a function of the horizontal displacement which is shown in Fig. 3.16. 

 

                                    (a)                                                                           (b) 
 
      Fig. 3.16 Simulated Magnetic Field Strength: (a) Transmitter Coil and (b) Receiver Coil 
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The pair of symmetrical coils employing Archimedean spiral are modeled in 

ANSYS Maxwell as shown in the Fig. 3.17. The current through the coil as well as input 

voltage through the coil are simulated and are as shown in Fig. 3.18 and Fig. 3.19 

respectively. 

 

 

 

          Fig. 3.17 Modeling a pair of symmetrical wireless charging coils in Ansys Maxwell 



 
 
 

68 
 
 

 

Anshuman  Sharma  ©       

 

 

 

 

 

 

 

                        Fig 3.18 Simulated plot for current through the coil 

 

 

 

 

 

 

 

           

 

          Fig. 3.19 Simulated plot for input voltage through the coil 

 

       At the resonant frequency, fo = 85kHz, the variation of coupling coefficient, frequency 

and normalized transferred power are shown in Fig. 3.20. The coupling coefficient, k is 

then varied and a plot of normalized frequency versus normalized transferred power is 

shown in Fig. 3.21. 
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Fig. 3.20 Variation of coupling coefficient, normalized frequency and normalized 

transferred power  

 

 

 

 

 

 

 

Fig. 3.21 Normalized frequency versus normalized transferred power for various 

coupling coefficients. 
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3.7 Maximum Power Transfer Efficiency 

The Quality Factor, 𝑄 can be optimized by choosing the appropriate frequency of 

operation. A higher 𝑄 value corresponds to a narrower bandwidth which means the 

maximum energy is concentrated around the corner frequency which is desirable for a 

sustained operation such as Inductive Power Transfer. A coil-to-coil maximum system 

efficiency vs. quality factor is shown in the Fig. 3.22. The 𝑄 – factor, coil diameter 𝐷 and 

Inductance of the coils, 𝐿 have a significant impact on the maximum IPT efficiency.  

 

                        Fig. 3.22 Coil-to-coil maximum system efficiency vs. quality factor 
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The next step is to determine the power transfer efficiency (PTE)  for the 

transmitter-receiver pair coil system. By optimizing, the load impedance, the 

Maximum Power Transfer Efficiency (MPTE)  can be derived as follows: 

𝑃𝑇𝐸 = 	𝜂 = 	 	\!]23	]43
[$3	9\!]23	]43]	!

                                                                                                                (3.15) 

𝑘	 = 	 0
9%23223

                                                                                                                      (3.16) 
 
 
where, 𝑘 represents the mutual coupling between the coils and 𝑀, is the mutual 

inductance between the coils. 

`a
`b
=	 `

`b
^ 	\!]23	]43
[$3	9\!]23	]43]	!

_                                                                                                (3.17) 

𝛼 = 		𝑄cd	𝑄2d                                                                                                                   (3.18) 
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`b
=	 `
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$3	√\!b

a                                                                                                              (3.19) 

`a
`b

  =	 \
!Z$3	√\!b[	!	6!\!bZ$3	√\!b[	!	

Z$3√\!b[	6
                                                                                   (3.20) 

 For maximum, PTE: 
`a
`b
	→ 0 ,  

Maximum PTE = $
($3\9]23]43)	*

                                                                                   (3.21) 

 

Thus, for optimization of the power transfer efficiency, it is necessary, that the coil 

radii should be maximum as possible. The number of turns of the coils should be as 

maximum as possible with the constraint that the coils should themselves remain 

electrically small to limit the amount of electric field and thus the effects of radiation. 

Additionally, for the situation in which the transmitter and the receiver coils are of 

unequal sizes, the operating frequency will be primarily governed by the larger of the 



 
 
 

72 
 
 

 

Anshuman  Sharma  ©       

two coils. A plot of the maximum power transfer efficiency vs. distance for the pair of 

transmitter–receiver coil as shown in Fig. 3.23 shows that the efficiency rapidly declines 

as the separation gap increases. 

 

 

Fig. 3.23 Plot of the maximum power transfer efficiency vs. distance for the pair of 

                transmitter–receiver coil 

 

The power transfer efficiency is greatly affected by the losses in the system. At  the 

system level, the three types of losses most affecting the PTE of the system are, the 

winding losses which arise due to the resistive losses in the stranded conductors; the 
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shield losses which arise due to the resistive losses in the solid conductors and the core 

losses which are the losses that take place in the magnetic core due to alternate 

magnetization and are the sum of the hysteresis losses and the eddy current losses.  

Additionally, heat can also be generated within the coil due to the magnetization current. 

As the current through the coil increases, the surface temperature of the coil experiences 

a gradual uptake. Ansys simulation of a temperature variation in degree Celsius on the 

surface of the coil is shown in Fig. 3.24. It can be seen from the distribution that regions 

with red or orange shade show an increased heat signature spreading outwards from the 

center of the coil. At the coil boundary the escaping leakage flux may contribute to an 

additional heat generation in this region. 

 

 

 

 

 

 

 

 

 

 

   Fig. 3.24 Surface temperature variation for a pair of symmetrical coils [16] 

 

The I2R Ohmic (or Joule) losses take place due to the heat dissipation in the Litz 

wire coil resistance. The coil resistance is responsible for the Ohmic losses and can cause 
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variation in the coupling coefficient as well as the operating frequency. A plot of the 

Ohmic Losses for a pair of symmetrical coils is shown in the Fig. 3.25 with the higher 

losses occurring in the core of the coil indicated by the region displayed in red. 

 

 

 

    Fig. 3.25 Ohmic losses for a pair of symmetrical wireless charging coils [16] 

 

The simulation parameters are set up in Ansys Maxwell and a simulation is 

performed for the magnetic flux density magnitude in the core, magnetic field intensity 

vector and magnitude in the magnetic core. The simulations are shown in Fig. 3.26 , 3.27 

and 3.28 respectively. 

 

      The plot for the variation of coil misalignment indicated by the horizontal 

displacement in x-direction  on the transmitted power as well as the air gap separation 
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indicated by the vertical displacement in the y-direction on the overall efficiency are 

presented in Fig. 3.29. 

 

                Fig. 3.26 Magnetic flux density magnitude in the core 
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               Fig. 3.27 Magnetic field intensity vector in xy -plane 

 

              Fig. 3.28 Magnetic field intensity magnitude in xy -plane 
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Fig. 3.29 Variation of coil misalignment vs. transmitted power and efficiency 

 
3.8 Modeling Safety Issues 
 

In Chapter 2, it was established that the near-field IPT system can generate a 

certain level of Electromagnetic Interference (EMI) that can captiously affect the 

performance of the associated and the nearby electronic components through the 

generated radiation and the conducted emissions of the IPT system. To address the 

concerns posed by EMI, Electromagnetic Compatibility (EMC) is introduced. EMC 

actively tackles the issues where the victims are electronic components. However, there 

is another class of electromagnetic phenomenon that arise due to the flow of current in  

Fig. 3.30 Impact of EMF radiation on a human body inside an EV [4] 
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the inductive charging coils that can induce sufficiently strong magnetic field in the 

surrounding environment that can then cause substantial adverse health effects in the 

victims- humans and animals. This effect is known as the Electromagnetic Field (EMF) 

and a prolonged exposure to such a harmful radiation can cause substantial adverse 

effects in humans. Several materials with high conductivity such as aluminium can be 

used as a protective shield to limit the EMF radiation entering the human body as shown 

in the magnetic field simulation in Fig. 3.30. Specific Absorption Rate (SAR) which is the  

amount of RF energy that is absorbed per unit human mass is an established criteria 

through which the amount of RF exposure can be measured. Fig. 3.31 depicts the SAR 

levels under various positions of a person near the EV. 
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Fig. 3.31 SAR levels under various positions of a person near an EV [4] 
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3.9 Chapter Summary 
 

 This chapter introduced an enhanced coil design architecture and optimization 

method  based on the geometrical considerations and coupling coefficient in order to 

have an efficient  design for a pair of inductively charging coils. Using the magnetics 

design and properties associated with the Litz wire including the skin and the proximity 

effect, a pair of circular coils incorporating the Archimedean spiral were chosen for the 

state-of-the-art coil design. The Maximum Power Transfer efficiency is done for a pair of 

coils involving the Series-Series compensation topology. The simulation model in Ansys 

Maxwell for the wireless charging coil reinforce the concrete design in order to realize a 

highly efficiency charging coil system. Lastly, modeling for safety issues related to the 

exposure of harmful EMF radiation based on the human SAR levels as well as protective 

shielding techniques are described in order to ensure that the harmful EMF effects can be  

effectively mitigated. 
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Chapter 4. Design, Control and Simulations 
of Power Electronic Converters for the IPT 
System 
 

In this chapter the development of the introduced IPT system is proposed and 

analyzed.  The general layout of an IPT system is shown in Fig. 4.1. It consists of the AC 

source and the inverter as well as the transmitting coil on the primary side along with the 

receiver coil, the rectifier and the load on the secondary side.  

Fig. 4.1 General Layout of an IPT system 

The overall IPT system is designed in order to ensure a high coupling coefficient that 

leads to a higher overall efficiency not only when the transmitting and the receiving coils 

are perfectly aligned but also in the condition when the  receiving coil is misaligned with 

respect to the transmitting. The DC-DC converter connected to the battery is efficiently 

controlled through an innovative charging control mechanism. In this thesis Series – 

Series (SS) compensation topology is utilized for the design and modeling for the 

unidirectional IPT systems for stationary EV application. The topology offers a plethora 

of advantages including the fact that the resonant frequency is independent of the 

coupling factor as well as the load which allows for a seamless operation of the IPT 
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system at the resonant frequency. Another advantage the compensation topology offers 

is that it offers a higher efficiency for a wide range of load currents which is a highly 

desirable characteristic particularly for an EV battery charging scenario. This chapter 

introduces a novel power control optimization algorithm using Perturb and Observe 

(P&O) approach for maximum power transfer efficiency. The advantage of the 

introduced power control optimization algorithm is that it is substantially able to lower 

the current on the primary side by decreasing the voltage on the secondary side. The 

efficiency maximization is possible as the system is effectively able to operate at 

Continuous Charge (CC) / Continuous Voltage (CV) mode according to the load 

condition and changes the charging mode based on impedance matching. Finally, this 

chapter outlines the detailed simulation model of the developed power converter for the 

IPT system in the PSIM simulation environment. The converter is then imported for a 

real-time hardware-in-the-loop (HIL) simulation in Typhoon HIL, and the simulation 

results are presented. 

 
4.1 Converter Modeling and Design 
 

The converter for the IPT system employing a dual H-bridge converter on the 

primary and the secondary side, an AC-DC converter along with an input filter capacitor 

as well as a DC-DC converter and a smoothing capacitor on the secondary side is shown 

in Fig. 4.2.  The various power electronics sub-components associated with the IPT system 

are described in the next sub-section. 
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 Fig. 4.2 Structure of the IPT system with power electronic converters 

 

4.1.1 Input Source Rectifier 

The input source rectifier is a variable voltage AC to DC rectifier that is used to 

power the inductive power transfer circuit. It takes the signal from the AC receptacle on 

the primary side and generates a regulated DC voltage, which is meant to feed the 

primary inverter. The full-bridge rectifier consists of dual pair of diodes employed in the 

standard H-bridge configuration and an input filtering capacitor. The structure of the 

full-ridge rectifier is shown in Fig. 4.2. The basic operation behind the working of a full-

bridge rectifier is as follows. During the positive half cycle of operation, the diodes D1 

and D4 are forward biased or “ON” whereas the diodes D2 and D3 are reverse biased or 

“OFF”. Precisely an opposite phenomenon takes place during the negative half cycle of 

operation. Together in conjunction this leads to the voltage and the current waveforms 

as shown in Fig. 4.3. 
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Fig. 4.3 Topology of a Full-Bridge Rectifier [4] 

Additionally, the terminating end of the H-bridge configuration is connected to a parallel 

capacitor whose primary objective is to lower the voltage ripple at the output. This unit 

constitutes as the primary DC-link element whose output is the DC voltage. On 

comparing the waveforms of the output voltage and currents from Fig. 4.4 it can be seen 

that the presence of current peaks will generate system harmonics, generate EMI and 

reduce the power factor (PF) which can degrade the overall system performance. Power 

Factor Correction (PFC) techniques can be effectively utilized to mitigate the 

complications arising from the peaks in the  rectifier current waveform . By inserting the 

PFC systems on the primary side, these problems can be subdued. These systems can be 

broadly categorized into two major groups:  

(a) Passive PFC: They utilize passive elements (capacitors and inductors) to setup an 

LC filter to attenuate the current harmonics. They offer a simple and rugged 

circuitry, cost-effective at low power. However, they cannot completely correct 

non-linear loads and require bulky and heavy magnetic components. 
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Fig. 4.4 Current and Voltage waveforms associated with a Full-Bridge rectifier [4] 
(b) Active PFC: They require an additional integrated power converter to alter the grid 

current as required. As opposed to the Passive PFC, they are composed of much 

lightweight components They offer a good flexibility and control, have good EMC 

characteristics and can operate at a wide variety of input ranges which makes them 

substantially useful in the design of an inductive wireless battery charger. 

 

4.1.2 Primary Side Inverter 

The DC/AC converter or the inverter is responsible for generating the high 

frequency signal that will be used to supply power to the inductive wireless charging 

circuit on the primary side. An essential criterion that must be satisfied in the selection of 

the inverter is that the power electronic devices in the converter must be able to switch at 

high frequency. It is important that the semiconductor devices in this power converter 
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must be able to switch at a high frequency, a necessary pre-requisite that must be satisfied 

as it could potentially have a significant impact on the overall system losses as well as the 

efficiency. Moreover, this offers a better control as the output voltage can be regulated to 

meet the battery requirements. This also offers an additional advantage in the sense that 

the control scheme is constrained to only the primary side which limits the overall costs 

and weight of the power electronics components to just the primary side.  

However, for this a frequency control approach must be realized which is 

described in the subsequent sections. The topology of a full-bridge primary side inverter 

is shown in Fig. 4.5. 

The output voltage can be controlled to adjust to the battery demands. Through this 

adjustment, the control system can be restricted to the primary side, which restricts the 

electronics, costs and weight of the secondary side. 

                              Fig. 4.5 Topology of a Full-Bridge Primary Side Inverter [4] 

 The output voltage can be controlled to adjust to the battery demands. Through 

this adjustment, the control system can be restricted to the primary side, which restricts 

the electronics, costs and weight of the secondary side.  
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4.1.3 Secondary Side Rectifier 

The typical application of a rectifier on the secondary side is a non – controlled 

rectifier like the input source rectifier. However, a crucial distinction between the two is 

that unlike the input source rectifier, the secondary rectifier does not have to handle high 

frequency restrictions set up by the magnetic field on the primary side. The main 

objective of the secondary rectifier is to rectify the 120 V AC signal to a low DC voltage 

sufficient to charge the battery. The rectifier is terminated via a  parallel to a capacitor 

that supplies a constant  voltage to the on-board EV battery. 

The most common implementation for this power converter is a non-controlled 

rectifier, similar to the grid rectifier. The main difference lies in the switching frequency 

of the devices as they must support the high frequency constraint imposed by the 

magnetic field involved in EV wireless charging. The rectifier is connected in parallel with 

a capacitor to deliver a constant voltage to the battery. The rectifier thus is a non – linear 

element and together with its filter acts an impedance transformer. 

 

4.1.4 Secondary Side DC-DC Converter 

The secondary side DC-DC converter is positioned in the middle of the secondary 

side rectifier as well as the battery. The objective of the converter is to continuously adapt 

to meet the voltage and current requirement of the Li-ion battery. This can be 

implemented in either a buck or a boost configuration as shown in Fig. 4.6 (a) and (b) 

respectively. 
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                                                                  (a) 

 

 

 

 

 

 

 

                                                                 (b) 

Fig. 4.6 (a) Schematic of a Buck Converter and (b) Schematic of a Boost Converter [4] 

 

4.2 Introducing a Novel Control Method for Power Optimization 

The schematic of the Power Control circuit developed for the IPT system for EV 

battery charging and the control scheme designed in PSIM is illustrated in Fig. 4.7. The 

operating principle of the control scheme is described as follows. A nominal value of the 

input voltage (Vnom) is modulated as a high frequency drive voltage by the set of H-bridge 
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power inverters working in conjunction that drive the power through the transmitting 

coil via a Series – Series (SS) compensation network.  

 

  

Fig. 4.7 PSIM schematic of the Power Control circuit developed for the IPT system 

 

Typically, as the battery charging is a gradual and slow operation for the converter, 

the battery can be modeled as a variable resistor, Rbatt. The resistance is variable as the 

amount of charge the Li-ion battery holds at a particular instance of time is continuously 

fluctuating based on its State of Charge (SoC) and the Depth of Discharge (DoD).  The 

secondary source rectifier together with the battery can now be effectively modelled as 

an equivalent resistor, RL as defined in the equation (4.1) [49]. 

                                                        𝑅% =
C
O!
𝑅e;ff                                                                  (4.1) 

The input voltage is regulated by the H-bridge converter using the phase-shift and 

Pulse Width Modulation (PWM) control. The input voltage fed to the converter; Vin has a 

fundamental sinusoidal component as described in the equation (4.2) [49] 

 

                                     𝑉,- =
I
G
	𝑉<g,> 	𝑐𝑜𝑠 -

h
!
2   =  I

O
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where, θ ∈ (0, π) is the phase shift angle of the H-bridge converter and D = cos θ/2 ∈ [0, 

1] is analogous duty cycle of the converter. The signals generated by the MOSFET can 

now be effectively driven to efficiently control the charging voltage and the current on 

the secondary side to optimize the battery charging. The simulated waveform of the error 

and the control signals for the schematic in Fig. 4.7 are shown in Fig. 4.8. 

 
Fig. 4.8 Simulated waveforms for the error and the control signals 

 
The power control block is implemented in Smart Control for its ease of compatibility 

with PSIM. The phase shift angle is varied from 0 to π. At the time of system startup, 

the initial angle is equal to π. In order to achieve fast charging the control system 

implementation realizes on an open-loop control to achieve CC-CV charging. The 

current controller can effectively calculate the phase shift angle of the full-bridge 

rectifier according to the charging current based on the load demand. The charging 

voltage to the battery, VB is compared with the reference voltage, Vo. to obtain the error 
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signal. The PI controller is used for adjustment and subsequently, four PWM signals 

namely S1, S2, S3 and S4 as shown in Fig. 4.7 are generated from the dynamic value of the 

phase-shift angle to drive the circuit of the  H-bridge converter thus realizing the 

Constant Current (CC) – Constant Voltage (CV) scheme for the charging of the battery. 

In Smart Control the Phase margin which is the difference in phase between 180˚ and 

phase at the gain crossover frequency that gives a gain of 0 dB is which helps determine 

the area of operation as shown in Fig. 4.9. The crossover or cross frequency is the 

frequency at which the open loop gain first reaches a value of 1dB. 

 
 

 
 

 
Fig. 4.9 Phase margin vs Crossover frequency 
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4.2.1 Perturb and Observe (P&O) Algorithm for Maximum Power 

Efficiency Tracking  

Through the Perturb and Observe (P&O) Algorithm  method, the duty cycle D is 

given a push according to the induced perturbation voltage and the operating point 

oscillation around the Maximum Power Point (MPP) is observed. Varying the duty cycle 

accomplishes matching the impedance of the primary side to the impedance of the of the 

secondary side. The maximum power delivered to the Li-ion Battery is based on 

prioritizing battery charging operation. Charging operation modes can be categorized 

into two main modes: 

1. Impedance Match: 

In this mode the impedance of the primary side matches perfectly to the impedance of 

the secondary side. Thus, the input source voltage from the grid can deliver the  

maximum power to the load RL, modeled by the secondary source rectifier together with 

the battery resistance Rbatt. 

2. Impedance Mismatch: 

This mode is realized under two situations: (a) the impedance of the primary side is 

greater than the load impedance RL. In this case, the additional power generated from the 

source is supplied to the load RL. (b). the impedance of the primary side is lower than the 

load impedance RL. Under this condition, the additional power from the secondary side 

rectifier (H-bridge) can boost the battery by delivering the remaining charge. 

 Simulations are performed in PSIM  for the developed Perturb and Observe (P&O) 

algorithm  of the power control circuit. The simulated waveforms for the battery voltage, 

capacitor pulse current on the secondary side as well as the power from the secondary 

side rectifier (H-bridge) are shown in Fig. 4.10. 
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Fig. 4.10 Simulated waveforms for the battery voltage, capacitor pulse current on the and 
      the output  power from the secondary side rectifier (H-bridge). 
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4.3 Design of the Inductive Battery Charger 

The Li–Ion Battery with a low self- discharge and high life cycle offers the most 

promising option for the batteries used for the EV. The cells constitute the fundamental 

units of the battery pack, and a combination of various cell configurations is mandated 

for the charging requirement of the EV. Thus, a self-reliant Battery Management System 

(BMS) is required to effectively monitor, diagnose and synchronize among the different 

cells. Safety and aging effects of the battery also need to be considered and addressed by 

the BMS including monitoring the State of Charge (SoC) and perform organized charging 

and discharging of the cells. 

In the initial design of the PSIM simulation model, the charger utilizes an input 

voltage of 45V which is sent to the circuit from the receiving coil by a boost converter. 

The boost converter supplies a steady 28V to the charging circuit which is capable of 

Continuous Current (CC) or Continuous Voltage (CV) charging methods. The charger 

relies on the constant current charging method at first. The charger then engages a 

constant voltage charging method which supplies a constant voltage of just over 42V to 

allow the battery to reach its fully charged voltage. The charger also disengages the 

process charging once the battery is fully charged.  

The battery state of charge (SoC) can be calculated by the following equation: 

 

                                          𝑆𝑜𝐶 = 𝑆𝑜𝐶(0) − $
*7
∫ 𝑖e	𝑑𝑡
f
8                                                             (4.3)                                                                               

                                           𝑖f = ∫ 𝑖e;ff	𝑑𝑡
f
8                                                                                    (4.4) 

                                Discharging: 𝐸 = 𝐸= − 𝑆	
i8

]86,9
− 𝐴𝑒(6j∗,9)                                                            (4.5) 

Charging: 𝐸 = 𝐸= − 𝑆	
]8

68.$∗]86,9
− 𝑆	 ]8

]86,9
− 𝐴𝑒(6j∗,9)                                       (4.6) 
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The V-I characteristic of the lithium-ion battery is illustrated in Fig. 4.11 where the 

area of functioning of the graph is shaded in pink. The battery current in the discharge 

mode of the drive cycle can be calculated to show the discharge state of battery where 

(4.5) and (4.6) are the discharge and the charge internal voltages of the battery 

respectively [43]. 

 

 

 

 

 

 

 

 

 

                       

                  

                     Fig. 4.11 Voltage – Current (V-I) characteristics of Li-Ion Battery 

 

Using a fixed frequency duty-cycle control the Li-ion battery can conveniently 

achieve the required CC or CV output.  At the start of the charging operation the 

converter is working in the CC mode.  By gradually tuning the duty cycle value of the 

primary side converter, the voltage across the battery is gradually increased until it 

achieves its peak value, Vbatt. Once that occurs the control logic of the primary side H-

bridge converter are reversed, and the converter begins working in the CV mode. 
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Throughout the CV mode of operation, the current through the battery gets gradually 

reduced till it reaches its minimum value. At this stage, the charging control circuit as 

shown in Fig. 4.13 is forced to activate. This ensures that the voltage across the battery is 

always maintained at its peak value, Vbatt. Further if the error in the power control block 

is sufficiently small then the corresponding variation in the duty cycle is also small and 

hence the realization of the Zero Voltage Switching (ZVS) of the MOSFET switches is 

unaffected and precise charging can continue to take place.  

The PSIM simulation characterizing the charging the Li-ion battery based on the 

charging control circuit and power circuit is shown in Fig. 4.12. As seen from the 

simulation output, the bulk or the majority charging takes place in the beginning which 

can effectively charge the Li-ion battery to around 80% of its available capacity. At this 

stage a decent power injection from the MOSFET supplies the additional “top-off” charge 

to the battery to reach its full rated capacity. 

 

                           Fig. 4.12 CC/CV charging simulation of the Li-ion batt 

Table 4.1 Various Battery Charging methods suitable for EV application 
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Method 
 

Advantages 
 

Disadvantages 
 

Salient Features 

 
 
 

CC 

 
 
 

▪ Easy implementation 

 
 
 
▪ Poor 

efficiency 
▪ Reduces 

battery 
lifespan 

 
▪ Charging at 

constant 
current 
 

▪ Charging until 
terminal 
condition is 
reached 

 
 
 

CV 

 
 

▪ Easy implementation 
▪ Stable terminal voltage 

 
 

▪ Suffers from 
overdischarge 

▪ Poor 
efficiency 

 
▪ Charging at 

constant 
current 
 

▪ Charging until 
terminal 
condition is 
reached 

 
 
 
 

CC-CV 

 
 
 

▪ High efficiency 
▪ Stable terminal voltage 
▪ Prevents over 

discharging 

 
 
 

▪ Widespread 
temperature 
variation 

 
▪ Charging at 

constant 
current in CC 
phase 
 

▪ Charging at 
constant 
voltage in CV 
phase 

 
 

▪ Charging until 
terminal 
condition is 
reached 
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4.4 PSIM Simulations for the Introduced IPT EV Battery Charger  

The software utilized for designing and simulating the power electronic converters for 

the introduced IPT electric vehicle battery charger circuit is PSIM. PSIM is the preferred 

choice for simulation for the power electronic converters as it specializes in handling 

power conversion, analog and digital control and has a faster simulation speed and 

convergence than the standard SPICE based electronic simulators. Additionally, since 

PSIM uses ideal switches, it is a perfect simulation environment for analyzing system 

level components. Moreover, its simulation environment has a straightforward, easy to 

operate and a much more intuitive interface with a component rich library.  

The complete circuit for the single stage Inductive Power Transfer (IPT) circuit utilizing 

the Series – Series (SS) compensation topology designed in PSIM is shown in Fig. 4.13. 

The core of the entire power circuit can be subdivided into three major circuits 

performing specific operation which are categorized as:  

 

(a) SS – Topology IPT circuit: This is the main circuit used for inductively transferring 

the power to the EV battery. The circuit can be analyzed as containing a primary side 

containing the transmitting coil and the associated power electronics and a secondary 

side containing the receiving coil and the associated power electronics connected to 

the Li-ion EV battery with the two coils isolated by an air gap.  The initial objective is 

to receive the input signal from the high frequency generation   circuit created by the 

dual bi-polar timer and inverter gate IC. A high-power AC signal is created using the 

H-bridge inverter. The harmonics are increased based on the inductance of the 

transmitter coil using a filtering capacitor in series with the wireless charging coils. 

Finally, a sinusoidal current is sent to the transmitting coil which is received by the 
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receiving coil to transmit the power wirelessly. A novel aspect of this topology is that 

as the power is mutually shared between the four sub-components, the overall size of  

 

Fig. 4.13 Complete Inductive Power Transfer for the SS compensation topology built  

                in PSIM 
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the inductors and capacitors can be reduced significantly. Essentially, the Series – Series 

(SS) IPT converter can be modeled as a transconductance converter. The current obtained 

at the output is cascaded to a buck-book converter which is regulated by an independent 

PI control from the charging control circuit. The voltage at the output of the primary side 

H-bridge converter is sampled without the need of a current sensor. The voltage is 

susceptible to input noise leading to ripple and harmonic content generated by the 

primary side converter and is filtered and scaled down by the capacitor before being fed 

to the secondary side. From the power control circuit, the error voltage can be controlled 

and set to zero by the PI control to realize maximum power transfer efficiency for the IPT 

converter. The simulated waveform for the output voltage of the primary side converter 

and the scaled and filtered voltage are depicted in Fig. 4.14 and Fig. 4.15 respectively. 

 

Fig. 4.14 Simulated waveform for the output voltage of the primary side converter 
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Fig. 4.15 Simulated waveform for the scaled and the filtered output voltage of the  

               primary side converter 

 

With the conducting interval of the primary side H-bridge converter, determined by 

the duty cycle the lagging pair of the H-bridge is turned off and current commutation to 

the anti-parallel diode of the opposing switch is turned on as soon as the diode starts 

conducting.  Thus, the lagging pair is operated at Zero Voltage Switching at turn-on as 

well a turn-off at all the switching time frames. 

On the secondary side of the H-Bridge converter the power is received by the receiver 

coil.  As illustrated earlier the converter along with the resistance can be modeled by an 

equivalent resistance Rload . The simulated waveforms in PSIM for the voltage and current 

received on the secondary side of the H-Bridge converter, the power received at the load 

as well as the current to the equivalent load are exhibited in Fig. 4.16, Fig. 4.17, Fig. 4.18 

and Fig. 4.19 respectively. 
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Fig. 4.16 Simulated waveform for the voltage on the secondary side of the H-Bridge 

                     converter 

 

 

 

 

 

 

 

 

 

Fig. 4.17 Simulated waveform for the current on the secondary side of the H-Bridge  

                    converter 
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Fig. 4.18 Simulated waveform for the power received by the equivalent load 

 

 

Fig. 4.19 Simulated waveform for the current received by the equivalent load 
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(b) Power Control Circuit: The complete operational analysis and simulation for the 

Power Control Circuit is described in the section 4.3. 

(c) Charging Control Circuit: The complete operational analysis and simulation for the 

Power Control Circuit is described in the section 4.4. The charging current to the 

battery gradually decreases from 25.9 A and settles down to around 25.6 A while the 

battery voltage stabilizes to a value just under 50 V as seen from the simulated 

waveforms in Fig. 4.20. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.20 Simulated waveform for the battery charging current and voltage 
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Fig. 4.21 Simulated output waveforms for the output voltage and the power  

                    received 
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   An important design criterion is the selection of the input filter capacitor, Cin as a large 

capacitor can cause a disruption in the normal flow of current on the primary side 

resulting in a leakage voltage on the primary side as shown in Fig. 4.22.  The voltage 

through the input filter capacitor is shown in Fig. 4.23. 

 

        Fig. 4.22 Leakage voltage through the primary input filter capacitor, Cin. 

 

                          Fig. 4.23 Voltage through the input filter capacitor. 
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4.5 Load Sensitivity Analysis 

      To optimize the IPT system for a better performance, the build system is tested 

for robustness by varying the load in 10 Ω to 200 Ω range. Simulation results in Fig. 4.24 

give a map of the output power distribution for a load voltage for the switching frequency 

in 0 – 200 kHz range. It can be observed from the simulation that the system performance 

is optimal for loads up to 50 Ω and for higher loads the presence of large valleys in the 

thermal map show that the system is not able to appropriately synchronize with the grid 

as most of the power injected from the grid is wasted. 

 

                          Fig. 4.24 Load Sensitivity Analysis of the IPT system 
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In order to ensure the integration of the charger with the grid, the total harmonic 

content must be reduced. The filter blocks inserted at the primary and the secondary side 

aid in keeping the first harmonic while reducing the power of the higher order harmonics. 

Another way of ensuring the charger is synchronized with the grid is through a Phase 

Locked Loop (PLL) system. The PLL measures the output voltage and the frequency and 

phase of the grid signal. It tracks the crossover transitions for the voltage and the 

switching frequency and dynamically adjusts itself to ensure the signal is synchronized 

with the grid. The crossover is the frequency at which the magnitude of the open loop 

transfer function is unity and is calibrated in Smart Control. The simulation for the 

crossover transitions for the voltage and the switching frequency are shown in Fig. 4.25. 

 

 

 

 

 

 

 

          

 

 

 

Fig. 4.25 Simulations for the Phase Locked Loop (PLL) 
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4.6 Typhoon HIL Simulation Results 

After the successful compilation of the developed model in PSIM, the model is 

imported into the Typhoon HIL schematic editor where the system is optimized to 

achieve several key objectives such as to maximize the transfer of power, to minimize the 

VA (volt-ampere) rating of the power supply, to have Constant Voltage (CV) or Constant 

depending on the mode of operation based on the battery State of Charge (SoC). In that 

aspect Typhoon’s HIL offers advantages due to its less complexity and ease of 

compatibility with PSIM. Additionally, it offers a much better control during the system 

integration stage. The simulated waveforms for the output voltage and the output current 

are presented in Fig. 4.26 and Fig 4.28 respectively whereas Fig 4.27 and Fig 4.29 show 

the actual output voltage and output current recorded on the Typhoon HIL digital output 

channel showing the precise measurement values. 

 

 

 

 

 

 

 

 

Fig. 4.26  Simulated waveform for output voltage (Vout)                   Fig. 4.27 Output Voltage 
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Fig. 4.28   Simulated waveform for output current (Iout)                Fig. 4.29 Output Current 

 

The State of the Charge (SoC) held by the battery for the supply of output voltage 

and output current in Fig. 4.25 and Fig. 4.27 is shown in Fig. 4.30. 

 

 

                                    Fig. 4.30 Battery State of Charge (SoC) 
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4.7 Converter Losses 

It is important to consider that, no matter how efficient the power converter is 

designed, there is always going to be associated losses with the system losses. An 

Inductive Power Transfer system can essentially be thought of as an air-core transformer. 

IPT systems comprise of at least a single transmitter and receiver coil. The efficiency of 

these systems is primarily dependent on the power losses in the coils as a result of two 

key aspects: conduction losses and proximity losses. Conduction losses are the losses that 

occur in the MOSFETS when they are in full conduction mode and are in a direct 

relationship with the duty cycle of the converter. Proximity losses are dependent on the 

current densities created in the winding by the magnetic field generated in the transmitter 

coil. In addition, due to the inductive coupling between the transmitter and the receiver 

coil, these losses do creep into the secondary side and degrade the efficiency of the 

system. The core losses occur in the magnetic core due to the alternate magnetization. 

The eddy current losses in the magnetic shield are approximately equal to the losses in 

the ferrite core. The higher shielding and eddy current losses can be attributed to the 

solenoidal coil structure as it generates a bidirectional magnetic flux. The breakdown of 

the overall losses in the IPT system is shown in Fig. 4.31. 

 

 

 

 

 

 

                 Fig. 4.31Breakdown of the overall losses in the IPT system   
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4.8 Chapter Summary 

The essence of the successful development of an IPT system encompasses on 

modeling, design and simulations for the power electronic converters which are 

described in this chapter. The proposed converter utilizes the Series-Series Compensation 

topology for a unidirectional IPT system for a stationary EV application. The focal point 

of this chapter are firstly, the establishment of an innovative power control optimization 

algorithm utilizing the Perturb and Observe (P&O) method to achieve a maximum power 

transfer efficiency and secondly an efficiency maximization technique to prioritize the 

battery charging based on Continuous Voltage (CV) and Continuous Current (CC) 

approach. The charging modes for the battery are categorized based on impedance match 

and mismatch of the primary side to the secondar side. Simulations of the introduced 

model are carried out in PSIM before a real time hardware-in-the-loop validation is done 

in Typhoon HIL.  
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Chapter 5. Hardware Testing and Prototype 

Implementation 

The final frontier in the successful development of this research is hardware design 

and prototype implementation that involves building, integrating and hardware 

prototyping for a robust, stationary 2 kW Inductive Power Transfer (IPT) system that can 

seamlessly transfer power wirelessly through inductive coupling between the transmitter 

pad positioned on the ground and the receiver pad embedded under the base of the 

electric vehicle (EV) with a maximum air gap of 10 cm between the pads. The developed 

system must allow for a convenient and safe charging infrastructure requiring minimal 

user intervention. Additionally, the magnetic sensor and the attached coil holder hold the 

transmitting coil stationary in place to avoid any misalignment issues. Specifically, from 

a power electronics design perspective the system must be able to meet key objectives: 

(a) Maximize the power transfer for a higher system efficiency; (b) Minimize the Voltage 

– Ampere (VA) rating of the power supply that will enable a high system power factor; 

(c) Achieve an automated Constant Voltage (CV) or Constant Current (CC) output to 

charge the on – board EV battery; (d) Set a high coupling coefficient for a stronger 

inductive coupling; (e) is high bifurcation tolerant and (f) is high misalignment tolerant. 

The development of a prototype hinges on the successful layout, assembly, design and 

integration of the various associated sub – circuits and components on a Printed Circuit 

Board (PCB) for a sound hardware testing and validation to confirm to industry 

standards. The bench validation is not the final phase in the development of a working 

physical model rather it is a continued process. However, it gives a strong indication that 

the developed model works as expected in the simulations under nominal conditions. 
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After initial testing, further information can be obtained for instance about parasitics, 

stray capacitances, leakage impedances, losses and that information can be further used 

to refine the prototype model to make it more robust against potential design flaws 

including interference and overheating. 

 

5.1 Various Sub – Components and Integration of the IPT System 

 The design of the final prototype for the IPT system involved several individual 

sub – components.  

5.1.1 Wall Charger 

The biggest issue when designing a wall charger is the limited space. As there are a 

lot of components that are housed within the Wall Charger, significant spacing must be 

considered. Although a smaller case is preferable, heat dissipation and ventilation 

methods must be examined. Giving components enough space for between them will 

allow a cool ventilation air to flow throughout. the charger.  

5.1.2 Charging Pad 

 The charging pad responsible for inductively transferring the power to the 

receiving circuit consists of the transmitting coil on the top. The inside of the charging 

pad houses the PWM and the High-Frequency generator circuit, the charging control 

circuit, the magnetic sensors as well as the transmitting circuit PCBs. The assembled 

charging pad is shown in Fig. 5.1 (a). The different components are integrated together 

as shown in Fig. 5.1 (b). 
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                                   (a)                                                                          (b) 

            Fig. 5.1 (a) Assembled Charging Pad         (b) Integrated Charging Pad components 

                                                                                             

5.1.3 Magnetic Coil Holder 

Unlike the charging pad, the transmitting and receiving circuit are separated from 

the inductive charging coils in this design. This allows the electric vehicle to keep a 

low clearance height. The components would be subject to damage if they hung too 

low below the vehicle’s chassis and thus a case is needed to securely hold the coils.  

Fig. 5.2 shows the 3D- printed design fabricated for the magnetic coil holder. 
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                            Fig. 5.2 Magnetic Coil Holder for the receiving coil 
 

 
5.1.4 Battery Management System (BMS) 

  
 The Battery Smart Charger along with Li-Ion Battery Pack form the Battery 

Management System (BMS). The charging of the Li-ion battery takes place by the CC-

CV voltage algorithm described in section 4.4. The advantage of utilizing a smart 

charger is that it offers fully automated charging control by responding to the real-time 

health of the battery and continuously adapt its charging parameters accordingly to 

offer a completely flexible solution to the drivers who otherwise would be constantly 

worrying about when their EV battery would run out of charge. Initial tests are 

performed to test the functionality of the battery smart charger  as shown in Fig. 5.3 
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 Fig. 5.3 Battery Management System  with the integrated Battery Smart Charger and 

                   the Li-ion Battery pack 

5.1.5 PCB Design 

 For the final layout, assembly and integration of the protype, a seamless Printed 

Circuit Board (PCB) design is required. PCB design is the bridge that connects the 

software derived simulation model to hardware based prototyping by triggering the 

electronic circuits to life by realizing them in a physical framework. Through the PCB 

layout software, the PCB design method unites component placing and routing to 

ensure electrical connectivity on a manufactured board. 
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 Fig. 5.4 shows the real-world PCB (Printed Circuit Board) mockups of the circuit 

used to transmit power inductively via the coils. The two circuits are placed, one for 

each coil on opposing sides to realize the  inductive power transfer. The PCB ensures 

an efficient prototype design is created, by offering an advantage of shared resources 

on a smaller physical footprint. The PCB also allows to test the entire circuitry at high 

power levels unsupported by the typical test components. 

 

 
Fig. 5.4 PCB layout designs for the integrated inductive power transfer circuit 

 
 

5.1.6 Heat Sinks 

 The power supplies, semiconductor switching devices and passive electrical 

components are not completely efficient, therefore additional unwanted heat is 

generated in the integrated system that can essentially be detrimental to the intended 

function of the power electronic device. Thus, a swift removal of the heat dissipated in 

the system is required. A high heat capacity and thermal conductivity driven sheet 

metal fins are integrated with the PCB design to absorb the generated heat and dissipate 
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it to the surrounding environment to assure efficient cooling. The selection of the heat 

sink is governed by various factors such as the surface area of the PCB and the ambient 

temperature, after which the component can be ordered by an electronic components 

and parts distributor. The integrate heat sinks with the PCB circuit are shown in Fig. 

5.5. 

         

 
 
 
 
 
 
 
 
 
 
 
 
 

 

                                          Fig. 5.5 Integrated Heat Sink with PCB circuit 
 

Once the assembled components are correctly soldered to the PCB, the layout 

process is complete. All the PCB  components are integrated and are shown in Fig. 5.6.  
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                                   Fig. 5.6 Integrated PCB component 

For the next part of the integration process, the inductive charging coils are attached 

together with the rest of the integrated components on the PCB for the testing process to 

follow. 

 
 
 
 
 
 
 
 
 
 

Fig. 5.7 Inductive charging coils with the PCB layout 

 
 
 



 
 
 

121 
 
 

 

Anshuman  Sharma  ©       

5.2 Hardware Testing Process 
 

    Preliminary tests are performed to assess the effectiveness of the fabricated IPT 

charger. During the course of the preliminary testing of the inductive power transfer, the 

heat generated in the system caused damage to some circuit components. This led to the 

conclusion that the event happened due to the current interference during the H-bridge 

switching. The interference occurs due to the inductance in the coils being discharged 

during the momentarily switching of the MOSFETs. To avoid this phenomenon, a dead 

zone is given to reset the MOSFET switches to prevent them from turning on 

simultaneously. A solution was to create 10% -15% duty cycle square waves that are 

triggered at the rising edge of each of the 50% square waves shown in the Fig. 5.8. The 

10% -15% duty cycle square waves are shown in Fig. 5.9. They are subtracted from the 

original 50% square waves in order to produce the square waves with 35%-40% duty 

cycle as shown in Fig. 5.10. The various parameters for the Inductive Power Transfer (IPT) 

used for the design 

 

 

Fig. 5.8 50% Duty Cycle generation                 Fig. 5.9 10%-15% Duty Cycle generation 
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                                    Fig. 5.10 35% Duty Cycle Generation 

 

of the prototype and their associate value have been presented and tabulated in the Table 

5.1 shown below 

Table 5.1 Various Parameters of the Inductive Power Transfer (IPT) Circuit 

 
SYSTEM PARAMETER 

 
DESCRIPTION 

 
VALUE 

 
Vgrid 

 
Grid Voltage 

 
60 V 

 
fg 

 
Grid Frequency 

 
60 Hz 

 
fr 

 
Resonant Frequency 

 
85 kHz 

 
Lt 

 
Self-Inductance of 
Transmitter Coil 

 
242 μΗ 

 
Lr 

 
Self-Inductance of 
Transmitter Coil 

 
108 μΗ 
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k 

 
Coupling Coefficient 

 
0.22 

 
Cp 

 
Primary Side Compensation 

Capacitor 

 
32 nF 

 
Cs 

 
Secondary Side 

Compensation Capacitor 

 
5.1 nF 

 
Q 

 
Quality Factor 

 
160 

 
RL 

 
Load Resistance 

 
33 Ω 

 
Vbatt 

 
Battery Voltage 

 
42 V 

 

An experimental test setup is now rigged up to test the Inductive Power Transfer 

(IPT) system as shown in Fig. 5.12. The PWM circuit is connected to the transmitting 

circuit. The transmitting circuit is then connected to the transmitting coil. The receiving 

coil is connected to a full bridge rectifier as well as the load was a 30 Ω resistor dissipating 

50 W. A DC power supply was used to supply the transmitting circuit. 
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                Fig. 5.12 Experimental test up for the Inductive Power Transfer (IPT) system 

 The complete integrated Inductive Power Transfer system consisting of all the 

assembled sub-component         

 

 

                                Fig. 5.13 Integrated Inductive Power Transfer System 
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s is housed in the case as shown in Fig. 5.13. The Full-Bridge rectifier is used for 

converting the high frequency AC signal. The core circuitry is assembled on the primary 

PCB which generates two 40% PWM signals at 180° phase shift signal amplification 

before being sent to the wireless charging coils. The relay interface provided by the  

microcontroller to toggle between the charging and the discharging mode.  

The experimental tests for the measurements of the voltages and currents for the 

output at the primary side inverter and the input at the secondary side rectifier are 

performed. The waveform in Fig. 5.14 shows that the output voltage at the primary side 

inverter has an RMS value of 288.4 V and an RMS output current value of 8.2 A; whereas 

the waveform in Fig. 5.15 shows that the input voltage at the secondary side rectifier has 

an RMS value of 290.6 V and an RMS current value of 7.9 

 

          

 

 

 

 

 

 

 

 

 

                 Fig. 5.14 Voltage and Current at the output of the primary side inverter 
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                     Fig. 5.15 Voltage and Current at the input of the secondary side rectifier 

 

The overall efficiency of the system is directly related to the losses that arise during 

the operation of the primary side inverter, the secondary side rectifier, as well as the coils 

and the compensation network. The losses in the inverter are due to the conduction and 

the switching losses. The average output power at the primary side inverter is calculated 

in (5.1) while the average input power at the secondary side rectifier is calculated in (5.2). 

The loss measurement in the coils is measured to be 159.2 W while 

P,-m,;m< 	= 	2√2	 ×	𝑉o,20p 	× 	 𝐼o,20p =  2√2 × 288.4 × 	8.2	 = 	6.69	𝑘𝑊                                      (5.1) 

Pgqr,;m< 	= 	2√2	 ×	𝑉p,20p 	× 	 𝐼p,20p =  2√2 × 290.6 × 	7.9	 = 	6.49	𝑘𝑊                                  (5.2) 
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the loss in compensation network is measured 37.4 W on the primary side and 44.2 W on 

the secondary side. Thus, taking the system losses into consideration, the overall 

efficiency, η of the developed IPT system from the above measurement data is calculated 

at 93.41% (5.3). The variation of load resistance with respect to efficiency is graphed in 

Fig. 5.16. 

 

System Efficiency, η  = o:;8,	0=>6%=ssqs
t(?=,0=>

 = ?.Iu	\v	6$wu.!	v6xB.I	v6II.!v
?.?u	\v

 = 93.41%                     (5.3) 

 

 

 

 

 

 

 

 

 

 

                                     Fig. 5.16 Load Resistance versus Efficiency 

 

Finally, the implementation of the “locking” mechanism is shown in Fig. 5.17 (a) and 

(b). As the vehicle is approaching the transmitting charging pad, the receiver pad on the 

vehicle magnetically senses its presence and latches on for a perfect alignment. The 

charging commences as soon as the vehicle comes to a complete stop.  
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(a) EV approaching the transmitter pad                         (b) Magnetic “lock” enabled 

                      Fig.  5.17 Implementation of the “locking” mechanism 

 

5.3 Chapter Summary 

This chapter presented the complete hardware design, testing and the prototype 

implementation of the proposed 2 kW Inductive Power Transfer (IPT) system. Various 

sub-components were sourced, manufactured and integrated together to be fit for 

assembly on an EV. As space is limited on an EV, careful consideration was taken to 

ensure the size of the components were kept small with no moving parts. This magnetic 

sensor on the coil assisted in guiding the EV driver to line up perfectly with the 

transmitter coil. The Battery Management System (BMS) utilized the novel CC-CV 

battery charging algorithm to prioritize battery charging based on its current state. The 

experimental results for the voltage and current at the primary and secondary side of the 

converter confirmed power being inductively transferred over the air gap to charge the 

EV battery. 
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Chapter 6. Conclusion and Future Work 

The promise of large-scale deployment of Electric Vehicles (EVs) in the consumer 

market has driven the need to have robust, convenient and efficient charging methods 

for EVs. Motivated by this current trend of increasing shift towards effective utilization 

of EVs in the public domain, Wireless Power Transfer system with its compact size, 

freedom and safety from the hazards of wiring and a good power conversion efficiency 

presents an innovative approach to address the issue of charging of EVs. The alignment 

or orientation between the transmitter and receiver coils is a major issue that can inhibit 

the maximum transfer of power. The maximum transfer distance is only possible if and 

only if the coils are symmetrically aligned. The figure in Fig. 6.1 shows the various design 

considerations that must be carefully considered for the design of a high-performance 

IPT system. 

 

 

 

 

 

 

            Fig. 6.1 Various design considerations for an IPT system               

Eventually personal transportation will electrify based on sustainable resources. 

As the non-sustainable energy resources will deplete, any form of sustainable energy for 

the foreseeable future will be stored, transported and utilized as electricity. Artificial 

Intelligence (AI) powered autonomous EVs can safely and securely transport passengers 
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to their destination. However, there is a certain irony when it comes to the charging 

aspect. Self-driving cars can effectively navigate through adverse weather conditions 

such as fog or dust storm, use active lane assist and automatic speed control to steer clear 

of the traffic and yet when it comes to the charging aspect one must physically drag the 

charging cord and manually plug in to charge the EV. Thus, full autonomy can never be 

achieved unless the cord is discarded in favor of wireless (inductive) charging. One can 

also appreciate the fact that in the absence of any bulky chargers’ risk of electrocution and 

tripping due to entanglement of cables is eliminated. 

 

6.1 Achieved Outcomes 

 The thesis was successfully able to achieve the outcomes as specified below: 

• Investigated the design of an appropriate compensation topology for the inductive 

power transfer circuit and select the Series – Series (SS) compensation topology for 

the wireless power transfer circuit. 

• Analyzed the magnetic and geometrical properties of a Litz wire bound Archimedean 

spiral coil based on the Quality Factor and Coupling Coefficient and optimized the 

design by performing simulations in Ansys Maxwell. 

• Introduced and implemented a novel power electronic H-bridge converter utilizing 

an innovative optimized power control algorithm and battery efficiency 

maximization through CC-CV method. 

• Tested the validity of the introduces simulation model in PSIM and performed real-

time hardware-in-the-loop simulation in Typhoon HIL. 
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• Fabricated hardware components as well as built, integrated, tested and hardware 

prototyped an inductively charged EV battery charging system 

 

6.2 Significance and Benefits of this Work 

This thesis described, implemented and tested an integrated and optimized Inductive 

Power Transfer system for vehicular applications. While currently an extensive focus of 

the governments and EV manufacturers has been devoted to the production of personal 

passenger vehicles, the real benefit of wireless power transfer can be achieved by 

implementing and fast-tracking the assimilation of wireless charging into public transit 

vehicles such as buses, trams/streetcars, subways, light/commuter rail systems and 

mobility vans etc. Specifically analyzing from a Canadian perspective there is a huge 

untapped potential in implementing wireless charging in public transit operations which 

is ideally where the work done in this thesis can serve a contribution. 

 

6.3 Future Work and Recommendations 

The work developed in this thesis was an attempt to demonstrate the design and 

implementation of a robust stationary IPT system with a built in “locking” feature geared 

for autonomous vehicular applications. This design is facilitated through the deployment 

of a “latch-on” magnetic sensor on the wireless charging pads to serve as a guidance for 

the alignment of the dual transmitter – receiver system. With a good power transfer 

efficiency, a broader tolerance to any physical movement against any variation through 

a fully automated charging process, the system is geared for autonomous vehicular 
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applications. Some suggestions for future work the following improvements are 

suggested: 

1. Investigate the impact of resonant shielding on the overall power transfer efficiency 

for both planar and lateral alignment of the charging pads. 

2. Test the relative placement of the pads to reduce interference through coupling 

between the pads for a higher efficiency. 

3. Analyze further compensation topologies for a higher misalignment tolerance and 

load sensitivity coupling. 

4. Examine interoperability of multiple wireless charging coils and geometrical 

configuration for a higher power transfer efficiency. 

5. Adding a foreign object detection sensor to detect the presence of any unwanted 

objects in the air gap that could degrade system efficiency. 

Based on the outcomes of this research a few suggested recommendations are presented 

as follows. 

1. Dynamic inductive power transfer can be considered to minimize the need for an on-

board storage and have charging “on-the-go”. 

2. Further improvements could be made to the hardware prototype such as getting 

thicker PCB traces to handle the large supply current and efficient heat sinks for 

thermal management  

3. Improvements to the battery charging algorithm and tracking using Fractional 

Voltage approach are recommended. 

 

 

 



 
 
 

133 
 
 

 

Anshuman  Sharma  ©       

References 

[1] “Electric car charge points soar to 7.3 million chargers, 60% growth in public 

chargers,” Electrek, [Online]. Available: https://electrek.co/2020/06/15/electric-car-

charge-points-data/. [Accessed: July 24th, 2020] 

[2] “Airframe Wireless: Fast-Charging Vent Mount: Qi-Wireless,” Kenu Available: 

https://www.kenu.com/products/airframe-wireless. [Accessed: July 24th, 2020] 

[3] “Bombardier battery-electric powered tram sets range record: 25.9 miles of catenary 

free operation”, [Online]. Available: https://bit.ly/3qJZ0nh. [Accessed: July 25th, 2020] 

[4] A. T-Cabrera, J.M. González, J.A. Aguado, “Wireless Power Transfer for Electric 

Vehicles: Foundations and Design Approach.” Springer Publishers. May 2019. 

[5] “Taking mobility to the next level.”, SEW-EURODRIVE [Online]. Available: 

https://bit.ly/3nJQe6N. [Accessed: July 25th, 2020] 

[6] “Hyundai Demonstrates Wireless Charging at 2018 Geneva Auto Show”, WiTricity. 

[Online]. Available: https://bit.ly/3KmC45r. [Accessed: July 25th, 2020] 

[7] “Bombardier battery-electric powered tram sets range record: 25.9 miles of catenary 

free operation”, [Online]. Available: https://bit.ly/3qJZ0nh. [Accessed: August 4th, 2020] 

[8]  M. Scarfogliero; S. Carmeli; F. Castelli-Dezza; M. Mauri; M. Rossi; G. Marchegiani; 

E. Rovelli, “Lithium-ion batteries for electric vehicles: A review on aging models for 

vehicle-to-grid services”, International Conf. of Electrical and Electronic Technologies for 

Automotive”   Milan, 9-11 July 2018, pp 1-6. 

[9]   T. Campi, S. Cruciani, and M. Feliziani, “Magnetic shielding of wireless power       

transfer systems,” in 2014 International Symposium on Electromagnetic Compatibility, 

Tokyo, May 2014, pp. 422–425. 



 
 
 

134 
 
 

 

Anshuman  Sharma  ©       

[10] U. K. Madawala, D. J. Thrimawithana, "A Bidirectional Inductive Power Interface for 

Electric Vehicles in V2G Systems", IEEE Transactions on Industrial Electronics, vol. 58, 

no. 10, pp. 4789-4796, Oct. 2011. 

[11] H. Jian, J. Kao, C. Lin "Adaptive Wireless Power Charging System", 2018 13th IEEE 

Conference on Industrial Electronics and Applications (ICIEA), June 2018. 

[12] B. M. Grainger, G. F. Reed, A. R. Sparacino and P. T. Lewis, “Power Electronics for 

Grid-Scale Energy Storage”, Proceedings of the IEEE, Vol. 102, No. 6, pp. 1000-1013, 

March 2014. 

[13] R. Shadid, S. Noghanian, and A. Nejadpak, “A literature survey of wireless power 

transfer,” International Conference on Electro Information Technology (EIT), 2016 IEEE, 

pp. 0782-0787, Aug. 2016. 

[14] S.U. Khan., K. Mehmood., Z. Haider., S.B.A. Bukhari., Lee, S.-J, M. Rafique, H. Kim. 

Energy Management Scheme for an EV Smart Charger V2G/G2V Application with an 

EV Power Allocation Technique and Voltage Regulation. Appl. Sci. 2018, 8, 648. 

[15] M. Jung, G. Lempidis, D. Holsch, and J. Steffen, “Optimization considerations for 

interleaved DC- DC converters for EV battery charging applications, in terms of partial 

load efficiency and power density,” in 2015 17th European Conference on Power 

Electronics and Applications (EPE '15 ECCE Europe), pp. 1–9. 

[16] J. Dai and D. C. Ludois, "A Survey of Wireless Power Transfer and a Critical 

Comparison of Inductive and Capacitive Coupling for Small Gap Applications," IEEE 

Transactions on Power Electronics, vol. 30, no. 11, pp. 6017-6029, Nov. 2015. 

[17] C. Zheng, J.S. Lai, R. Chen, W.E. Faraci, Z.U. Zahid, B. Gu, L. Zhang, G. Lisi, D. 

Anderson. “High-Efficiency Contactless Power Transfer System for Electric Vehicle 



 
 
 

135 
 
 

 

Anshuman  Sharma  ©       

Battery Charging Application," IEEE Journal of Emerging and Selected Topics in Power 

Electronics, vol. 3, no. 1, pp. 65-74, March 2015. 

[18] Kurs, A. Karakis, R. Moffatt, J. D. Joannopoulos, P. Fisher, and M. Soljacic, “Wireless 

power transmission via strongly coupled magnetic resonances,” Journal of the Korean 

Institute of Illuminating and Electrical Installation Engineers, Vol. 317, pp. 83–86, July 

2007. 

[19] S. Li, and C. Mi, “Wireless Power Transfer for Electric Vehicle Applications, ”IEEE 

Journal of Emerging and Selected Topics in Power Electronics, Vol. 3, pp.4–17, March 

2018. 

[20] X. Nan and C. R. Sullivan, "An improved calculation of proximity-effect loss in high-

frequency windings of round conductors," IEEE 34th Annual Conference on Power 

Electronics Specialist, 2003. PESC '03., Acapulco, Mexico, 2003, pp. 853-860. 

[21] G. A. Covic and J. T. Boys, “Modern Trends in Inductive Power Transfer for 

Transportation Applications,” Emerging and Selected Topics in Power Electronics, IEEE 

Journal of, vol. 1, no. 1, pp. 28–41, Mar. 2013. 

[22] U. K. Madawala and D. J. Thrimawithana, “New technique for inductive power 

transfer using a single controller,” Power Electronics, IET, vol. 5, no. 2, pp. 248–256, Feb. 

2012.   

[23] T. Lee “The story of cheaper batteries, from smartphones to Teslas.” Ars Technica. [Online] 

Available: https://arstechnica.com/tech-policy/2020/09/the-story-of-cheaper-batteries 

from smartphones to-teslas. [Accessed: October 2nd, 2021] 

[24] Morris, C. “Ricardo licenses Qualcomm Halo wireless charging technology” - Charged 

EVs. [Online] Available: https://chargedevs.com/newswire/ricardo-licenses-

qualcomm-halo-wireless-charging-technology. [Accessed: June 6th, 2021] 



 
 
 

136 
 
 

 

Anshuman  Sharma  ©       

[25] D. Kraus and H. Herzog, "Magnetic Design of a Q-Coil for a 10 kW DDQ System for 

Inductive Power Transfer," 2019 IEEE PELS Workshop on Emerging Technologies: Wireless 

Power Transfer (WoW), London, United Kingdom, 2019, pp. 140-143. 

[26] D. J. Thrimawithana and U. K. Madawala, “A primary side controller for inductive 

power transfer systems,” in Industrial Technology (ICIT), 2010 IEEE International 

Conference on, 2010, pp. 661–666. 

[27] H. Takanashi, Y. Sato, Y. Kaneko, S. Abe, and T. Yasuda, “A large air gap 3kW 

wireless power transfer system for electric vehicles,” in Energy Conversion Congress and 

Exposition (ECCE), 2012 IEEE, 2012, pp. 269–274. 

[28] D. Kacprzak, G.A. Covic and J.T. Boys “Optimization of a flat pick-up for an 

inductively coupled power-transfer system”, JSAEM Studies in Applied 

Electromagnetics and Mechanics: Applications of Electromagnetic Phenomena in 

Electrical and Mechanical systems, pp 205-212. 2002. 

[29] J.T. Boys, G.A.J. Elliott and G.A. Covic “An Appropriate Magnetic Coupling Co-

efficient for the design and Comparison of ICPT Pick-ups” IEEE Trans. Power Electronics 

Society, no. 1, pp. 333-335, Jan. 2007. 

[30] W. Zhong and S. Hui, "Maximum energy efficiency tracking for wireless power 

transfer systems," IEEE Trans. Power Electronics., vol. 30, pp. 4025- 4034, 2015. 

[31] M. Takasaki, Y. Miura and T. Ise, “Wireless power transfer system for gate power 

supplies of modular multilevel converters,” in IEEE International Power Electronics 

Motion Control Conf. ECCE Asia, May 2016, pp. 3183-3190.  

[32] M. Budhia, J. T. Boys, G. A. Covic, and H. Chang-Yu, "Development of a single-sided 

flux magnetic coupler for electric vehicle IPT charging systems," IEEE Transactions on 

Ind Electron., vol. 60, no. 1, pp. 318–328, Jan.2013. 



 
 
 

137 
 
 

 

Anshuman  Sharma  ©       

[33] C.S. Wang, O. H. Stielau, and G. A. Covic, “Design considerations for a contactless 

electric vehicle battery charger,” IEEE Transactions on Industrial Electronics, vol. 52, no. 

5, pp. 1308–1314, Oct. 2005. 

[34] S. Moon, B.-C. Kim, S.-Y. Cho, C.-H. Ahn, and G.-W. Moon, “Analysis and design of 

a wireless power transfer system with an intermediate coil for high efficiency,” IEEE 

Transactions on Industrial Electronics, vol. 61, no. 11, pp. 5861–5870, Nov. 2014. 

[35] C.S. Wang, G. A. Covic, and O. H. Stielau, “Power transfer capability and bifurcation 

phenomena of loosely coupled inductive power transfer systems,” IEEE Transactions on 

Industrial Electronics, vol. 51, no. 1, pp. 148–157, Feb. 2004. 

[36] H. H. Wu, A. Gilchrist, K. D. Sealy, and D. Bronson, “A high efficiency 5 kW inductive 

charger for EVs using dual side control,” IEEE Transactions Industrial Informatics. vol. 

8, no. 3, pp. 585–595, Aug. 2012. 

[37] Z. Bi, T. Kan, C. C. Mi, Y. Zhang, Z. Zhao, and G. A. Keoleian, “A review of wireless 

power transfer for electric vehicles: Prospects to enhance sustainable mobility,” Applied. 

Energy, vol. 179, pp. 413–425, Oct. 2016. 

[38] A. Berger, M. Agostinelli, S. Vesti, J. A. Oliver, J. A. Cobos, and M. Huemer, “A 

wireless charging system applying phase-shift and amplitude control to maximize 

efficiency and extractable power,” IEEE Transactions on Power Electronics, vol. 30, no. 

11, pp. 6338–6348, Nov. 2015. 

[39] J. M. Miller, O. C. Onar, and M. Chinthavali, “Primary-side power flow control of 

wireless power transfer for electric vehicle charging,” IEEE Journal of Emerging and 

Selected Topics in Power Electronics, vol. 3, no. 1, pp. 147–162, Mar. 2015. 

[40] D. Patil, M. Sirico, L. Gu, and B. Fahimi, “Maximum efficiency tracking in wireless 

power transfer for battery charger: Phase shift and frequency control,” in Proceedings of 



 
 
 

138 
 
 

 

Anshuman  Sharma  ©       

the IEEE Energy Conversion Congress Exposition (ECCE), Milwaukee, WI, USA, Sep. 

2016, pp. 1–8. 

[41] H. L. Li, A. P. Hu, and G. A. Covic, “A direct AC–AC converter for inductive power-

transfer systems,” IEEE Transactions on Power Electronics, vol. 27, no. 2, pp. 661–668, 

Feb. 2012. 

[42] A. Kamineni, M. J. Neath, A. Zaheer, G. A. Covic, and J. T. Boys, “Interoperable EV 

detection for dynamic wireless charging with existing hardware and free resonance,” 

IEEE Transactions Transportation Electrification, vol. 3, no. 2, pp. 370–379, Jun. 2017. 

[43] F. Lin, G. A. Covic and J. T. Boys, "A Comparison of Multi-Coil Pads in IPT systems 

for EV Charging”, in Proceedings of IEEE Energy Conversion Congress and Exposition 

(ECCE), 2018, Portland, OR, USA. 

[44] F. P. Wijaya, T. Shimotsu, T. Saito and K. Kondo, "A Simple Active Power Control 

for a High-Power Wireless Power Transmission System Considering Coil Misalignment 

and Its Design Method," IEEE Transactions on Power Electronics, Vol. 33, Issue 11, pp. 

9989-10002, 2018. 

[45] Wireless Power Transfer for Light-Duty Plug-In/Electric Vehicles and Alignment 

Methodology, Standard SAEJ2954, May 2016. [Online]. Available: 

http://standards.sae.org/j2954_201605/. [Accessed: December 18th, 2021] 

[46] J. Sallan, J. L. Villa, A. Llombart, and J. F. Sanz, “Optimal design of ICPT systems 

applied to electric vehicle battery charge,” IEEE Transactions on Industrial Electronics, 

vol. 56, no. 6, pp. 2140–2149, Jun. 2009.  

 

 

 


