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Abstract 
 

 

 Wireless charging of the EVs offers a convenient, reliable, and automatic charging of 

the autonomous vehicles without user interference. The focus of this thesis is the design 

and optimization of new structures for stationary EV wireless charging applications.  

The fundamentals of the Wireless Power Transfer (WPT) system and its main 

components including the magnetic couplers, transmitter and receiver power converters, 

and control methods are studied in depth. The requirements of the EV wireless charging 

application and design criteria are discussed in detail. The advantages and disadvantages 

of each topology are highlighted, and possible candidates for EV wireless charging 

applications are selected.  

Optimization of the resonant networks in terms of maximum efficiency and 

misalignment tolerance is studied. Different resonant topologies are studied in detail and 

their sensitivity functions are extracted. For each topology, an efficiency model is 

presented that includes the inverter, resonant capacitors, resonant inductor, diode-bridge, 

and core and conduction losses. Each topology is optimized with two different objective 

functions and the results are compared through the simulation and experiments. 

According to the optimization results, suitable topologies for the EV wireless charging 

application are selected.  

In order to increase the power density of the wireless charging system, and save ferrite 

material, integrated inductors into the magnetic couplers are proposed. In this structure, 
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the DC-DC inductor is integrated into the receiver main coil and the resonant inductor is 

integrated into the transmitter coil. This integration introduces new challenges to the 

design of the resonant network and magnetic coupler due to the unwanted cross-coupling 

effect. To address this issue, the fully-integrated magnetic structure is optimally designed 

to have minimum cross-coupling. Moreover, the resonant network is designed based on an 

optimization problem that includes the cross-coupling into the system equations to ensure 

maximum efficiency. The proposed fully-integrated magnetic structure is built and 

experimental tests are presented to validate the performance of the proposed magnetic 

structure and its optimization method.  

To reduce the implementation cost, size and weight a PCB-based magnetic coupler is 

proposed to replace the Litz wire in the magnetic coupler of the WPT system. Moreover, 

the proposed PCB-magnetic coupler increases the repeatability of the design and reduces 

manufacturing errors. The PCB-based magnetic coupler is studied through Finite Element 

Analysis (FEA) to minimize the AC resistance of the coil. Different parameters such 

including the number of the PCB layers, copper cross-section, and layer thickness are 

studied in detail to evaluate their effect on the coil resistance. Thermal analysis is 

performed to ensure the feasibility of the design under different loading conditions. A 3.3 

kW/85 kHz wireless charging system is built and experimental tests are presented.  

A novel modular resonant topology for fast wireless charging is proposed. A modular 

structure offers reliability, scalability, and better thermal management. The proposed 

topology is made by multi-parallel inverter legs connected to an LCC resonant network. 

The outputs of the resonant networks are connected in parallel to feed the transmitter 

coil with a high excitation current. The proposed modular system is compared with a 

conventional system and it showed superior performance in different aspects.  
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Introduction 

 Background 

Nowadays, concerns regarding global warming due to the greenhouse gasses 

caused by CO2 emissions are increasing. It is estimated that the planet's surface 

temperature is increased around 1˚C since the 19th century [1]. Electric Vehicles 

(EV’s) are considered as a promising technology to replace traditional gasoline 

engines and reduces environmental issues. The global market share of electric 

passenger cars is increased by 40% compared to 2018 and this trend is estimated 

to continue and reach to 50 million by 2025 with an annual growth rate of 30% [2]. 

Although the EV industry is growing, there are several adaptation barriers that 

need to be addressed [2]. In particular, availability of the charging infrastructure, 
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battery technology, and initial cost of the EV compared to conventional vehicles 

are the main barriers [2].  

Lithium-ion (Li-ion) battery technology is one of the main energy storage 

components used in EVs. Li-ion offers higher efficiency (94-98 %), higher energy 

density (200-300 Wh/kg), and higher lifetime (1500-3000 cycles) compared to Lead-

acid batteries (30-40 Wh/kg) and other alternative solutions [3]. Although the 

energy density is improved and the cost of Li-ion battery dropped in recent years, 

the energy density of the current technology is still significantly lower than a 

conventional gasoline system (12,000 Wh/kg) [4]. Moreover, the charging process 

of the EVs is not as fast as refueling conventional gasoline vehicles. Therefore, the 

weight of the energy storage system, range anxiety, and slow charging process are 

major barriers that limited the market penetration of the EV industry [5].  

Each year, 1.2 million people die due to traffic accidents [6]. Besides personal 

vehicles and public transportation, EVs can be used for autonomous driving by 

employing deep learning methods [7]. Autonomous Vehicles (AVs) avoid accidents,  

improve energy consumption by controlling the driving pattern, help people with 

disabilities to commute [6], improving traffic flow, and car-sharing [7]. Moreover, 

AV can be considered as a solution to support the grid in case of power fluctuations 

in future smart cities [8]. Despite these promising benefits, autonomous vehicles 
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face new practical challenges. For instance, the charging process should happen 

seamlessly without user interference and the size of the battery should be small to 

keep the cost of the AVs as low as possible [9].  

Current battery charging technology relies on conductive (plug-in) transferring 

of the power to the on-board battery [10]. In this method, the grid electric energy 

transfers through conductive copper cables. Recently, extreme fast chargers offer 

lower charging time by increasing the DC voltage to reduce the conductive loss [5]. 

For instance, Terra HP made by ABB is a 350 kW DC fast charger that adds 200 

miles to the EV driving range in a 10 min charging session [4]. Although the 

conductive fast chargers can reduce the charging time, the size and cost of the on-

board battery still is an issue. Moreover, the charging process of the AVs still 

requires human interference.  

Alternatively, wireless charging of the EVs offers a convenient, reliable, and 

automatic charging of the autonomous vehicles without user interference. Wireless 

Power Transfer (WPT) can benefit the EV industry in two major aspects: reduction 

of the battery size and automatic charging process [9]. The EV wireless charging 

systems can be categorized into dynamic charging, quasi-dynamic, and stationary 

charging [11].  
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In a dynamic charging system, ideally, all the roadway is powered by 

transmitter converters that can transfer the power to the moving vehicle. In the 

quasi-dynamic EV wireless charging, the transmitter converters are only installed 

in proximity of the traffic lights, taxi stations, or electric-bus stops [12]. Therefore, 

in the dynamic and quasi-dynamic wireless charging applications, the size of the 

battery can be reduced significantly [9]. On the other hand, in the stationary 

wireless charging systems, the EV position is fixed during the charging process [13]. 

Considering the infrastructure cost to implement wireless charging for all the roads, 

stationary charging is a suitable candidate that can be realized in near future.  

An early attempt at transferring power using radio waves is conducted by 

Nikola Tesla in 1890 [13]. However, the efficiency of the power transmission was 

very low. Nowadays, with the progress of semiconductor devices and power 

electronics, the wireless power transmission efficiency increased significantly which 

makes this technology an attractive solution for EV charging. The distance between 

the transmitter and receiver can be in the range of few millimeters up to a few 

meters [14]. Currently, high-power wireless chargers are introduced that can deliver 

up to 200 kW on a relatively large air-gap [15]. Considering these features, wireless 

charging can be considered not only as a catalyst but also as an essential technology 
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that brings more satisfaction to the EV market by offering convenience, reliability, 

and fast charging capabilities.  

 Challenges and Motivation 

In order to compete with conventional plug-in battery chargers, the wireless 

charging system should offer competitive cost, power density, and efficiency. 

Although wireless power transfer is studied in recent publications, there are several 

challenges moving toward high-power applications such as EV wireless charging. 

These challenges are related to different parts of the wireless charging system such 

as resonant networks, magnetic couplers, control, and implementation cost. These 

challenges are addressed in this thesis to improve the power density, efficiency and 

reduce the implementation cost. 

The current wireless charging system technology is based on the conventional 

design of resonant networks. Also, the conventional design of the magnetic couplers 

limits the performance and maximum efficiency of the system which is only 

achievable in a limited range close to nominal loading conditions. Moreover, the 

misalignment of the magnetic couplers results in a reduction of the coupling factor 

that can significantly reduce the efficiency of the system and affect the output 

voltage. Besides, several trial-and-error corrections are required for designing the 

resonant networks based on the conventional tuning methods. One of the main 
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objectives of this thesis is to propose a new design procedure to optimally tune the 

resonant network for a wide range of load and coupling factor variations. 

Typically, a resonant network on the transmitter and receiver sides of the 

system exists that helps to realize soft switching, constant current output versus 

load and coupling factor variation. To regulate the output voltage, a DC-DC 

converter is a suitable candidate that helps to realize Constant Current (CC) and 

Constant Voltage (CV) modes for the EV battery charging. Both the resonant 

network and the DC-DC converter require a bulky inductor in their structures. 

Considering the high cost of ferromagnetic materials, integrated magnetic solutions 

are a suitable solution to reduce the cost and put the magnetic material to better 

use. Especially on the vehicle side, the space is limited and it is beneficial to shrink 

the size of the converter as much as possible. Therefore, an integrated magnetic 

structure is proposed in this thesis to address this issue. 

The EV wireless charging system is operating at 85 kHz band according to 

SAE 2954 standard which is a relatively high operating frequency. Operating at 

this frequency results in higher coil AC resistance due to skin effect and proximity 

effect caused by eddy current. As the AC resistance of the coils increases, the 

quality factor and the efficiency of the system reduces consequently. Therefore, Litz 

wire is typically employed to overcome this issue. The ratio of the AC resistance to 
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the DC resistance will be lower as the diameter of the strands in the Litz wire 

reduces. However, as the number of strands increases and the diameter of the 

strands of the Litz wire reduces the cost of the Litz wire increases significantly. 

Therefore, finding alternatives for replacing the Litz wire is a promising objective. 

An integrated magnetic structure combined with a PCB-based magnetic structure 

is proposed in this thesis to improve the power density, reduce the implementation 

cost and offer competitive performance in EV wireless charging applications. 

As the power level of the system increases, the converter design faces several 

challenges. First, the semiconductor device's cost increases significantly as the 

voltage and current rating increases. Second, considering the inverter switching 

frequency, the maximum dv/dt of the switches is another challenge. Third, as the 

power rating of the system increases, the cost of the resonant elements and their 

V.A rating increases. Different approaches are proposed to solve this issue such as 

using parallel switches, multilevel inverters, and multi-parallel inverters. Since the 

inverter is operating at a relatively high frequency, the inverter requires a complex 

gate driver design to avoid current imbalance and ensure synchronized switching. 

Moreover, using the multilevel inverters results in losing soft switching and multi-

parallel inverters require a complex transformer design to eliminate the circulating 
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current which increases the implementation cost. Therefore, a new AC-DC topology 

that can solve the aforementioned issues is another objective of this thesis.  

 Contributions 

The author has contributed to several technical, and analytical advances of the 

EV wireless charging application that briefly described below: 

• A comprehensive review of the fundamentals of the wireless power 

transfer systems focusing on misalignment tolerance; 

• Developing a new method to design resonant networks for EV wireless 

chargers; 

• Developing a new magnetic coupler structure to integrate the resonant 

and DC-DC inductors into the main wireless charging coils and increases 

the power density and reduce the cost;  

• Developing a new PCB-based magnetic coupler design for EV wireless 

charging; 

• Developing a new modular LCC-based resonant network with a passive 

current sharing for high-power EV wireless charging. 
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 Thesis Outline 

This thesis is organized into seven chapters, focuses on the optimization and 

design of the resonant network, magnetic couplers, and converter topology for EV 

wireless charging.  
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Chapter 1 presents the research motivation of wireless power transmission for 

EV charging applications. Moreover, the thesis contributions are outlined. 

Chapter 2 presents the fundamentals of the wireless power transfer for EV 

battery charging applications. Different types of wireless power transmission are 

categorized at first. Then, the main components of the wireless power transfer 

system are described and studied individually. The designing challenges of each 

component are described and current solutions are studied.  

Chapter 3 presents the proposed design strategy to optimize the resonant 

network of the wireless charging system. The issues with the conventional design 

methods are described and advantages of the proposed method are highlighted. The 

analytical models for four different resonant topologies are presented. By defining 

an optimization problem, each of the resonant networks is optimally designed. A 

prototype is built and experimental measurements are presented. The conclusions 

of this chapter are considered as the basis of the other chapters.  

Chapter 4 presents a proposed integrated magnetic structure for wireless 

charging of EVs. At first, the partial integration of the DC-DC inductor into the 

main wireless charging magnetic couplers is presented. Then, integration of both 

the DC-DC inductor and the resonant inductor into the main wireless charging 

magnetic couplers is introduced. The design challenges of the fully-integrated 
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system are presented and an optimization approach is proposed to address this 

issue. Finally, the experimental setup of both partial and fully-integrated wireless 

charging systems is built and experimental results are compared with the simulation 

results. 

Chapter 5 introduces a new approach for designing the magnetic couplers based 

on PCB to reduce the implementation cost while maintaining high efficiency. At 

first, a theoretical analysis is presented to study the sensitivity of the efficiency to 

the coil AC resistance. Second, 2D FEA analysis is presented and the effect of 

different design parameters on the coil AC resistance is studied. Then, 3D FEA 

analysis based on the conclusions of the 2D studies is presented and an optimal 

design is selected. Thermal analysis of the coil under different loading conditions is 

studied to verify the feasibility of the design. Finally, an experimental setup is built 

to verify the simulation results.  

Chapter 6 presents a new modular resonant topology for high-power EV 

wireless charging systems. The proposed topology is analyzed in-depth and a tuning 

method for the resonant network is presented. Then the current sharing of the 

modules is analyzed and the influence of resonant elements tolerance on the current 

sharing is studied. In the next step, a high-power wireless charging system is 
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designed based on the proposed topology and the effect of the number of the 

modules on the system power density and efficiency is analyzed. 

Chapter 7 is dedicated to conclusions and future work. 
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Fundamentals of a Wireless Power 

Transfer System for EV Applications 

 Introduction 

Wireless Power Transfer (WPT) is a general technology that can be 

implemented using different methods. Fig. 2-1 categorizes different types of wireless 

power transmission based on the employed technology. Generally, three types of 

wireless power transfer are introduced: near-field, far-field, and mechanical  [11, 

13]. The power and distance between the transmitter and receiver for these 

technologies are compared in Table 2-1.  
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Fig. 2-1.Categories of wireless power transfer based on the power transfer technology [11, 13]. 

TABLE 2-1 

COMPARISON OF DIFFERENT WPT TECHNOLOGIES  [11, 13] 

WPT Technology Power Distance Frequency 

M echanical 
Sound waves Less than 10 W 70-300 mm 0.5-3 MHz 

Rotational magnets Up to few kilowatts 100-150 mm 150-300 Hz 

Far-Field Electromagnetic Up to few megawatts 
Up to several 

kilometers 

300 MHz-300 

GHz 

Near-Field 

Capacitive Up to few kilowatts 
Up to few 

centimeters 
1 kHz-40 MHz 

Magnetic resonant Up to few kilowatts 
Up to few 

meters 

100 kHz-10 

MHz 

Inductive 
Up to few hundred 

kilowatts  
Up to 400 mm 3 kHz-1 MHz 

 

In the mechanical-based WPT, a mechanical force transfers the power from 

the transmitter to the receiver. For instance, magnetic gear technology can be used 

to mechanically transfer the power to the receiver. However, having moving parts 

in the system results in lower reliability, lower efficiency, and more mechanical 

noises [16]. Similarly, the sound waves can propagate to the air and apply a motion 

on the receiver side’s transducer [17]. However, the maximum transferable power 
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and the distance between the transmitter and receiver are limited as described in 

Table 2-1.  

Far-field (radiative) WPT systems are based on the propagation of 

electromagnetic waves through the air. In this case, the frequency is in the range 

of 0.3-300 GHz, the distance and maximum transferable power are relatively large. 

However, this method requires a huge antenna, complex tracking control methods, 

and the system efficiency is low [11, 13]. Moreover, issues regarding microwave 

radiation on the human body are another drawback of this technology [18]. 

Near-field (non-radiative) WPT systems can be categorized into three methods: 

capacitive, magnetic resonant, and inductive. The Capacitive Power Transfer 

(CPT) is based on the electric field between the two pairs of plates on the 

transmitter and receiver to form a capacitor. CPT does not require any winding on 

the receiver of the transmitter which makes it light-weight and cheaper than other 

technologies [18]. However, the capacitance between the transmitter and receiver is 

limited to the size of the plates. Consequently, the maximum transferable power is 

low. Therefore, the operating frequency should be increased up to the MHz range 

to compensate for the low capacitive coupling between the transmitter and 

receivers. However, the maximum rating of the existing power semiconductor 

devices and voltage stress of the resonant components are the main barriers of this 

technology [18].  
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Both the magnetic resonant and Inductive Power Transfer (IPT) technologies 

are based on the magnetic coupling between a transmitter and receiver coils. In the 

magnetic resonant technology, the transmitter, and receiver are in the self-

oscillating condition and tuned at the operating frequency [19]. In contrast, external 

resonant capacitors are required for inductive power transfer [20]. In order to 

operate at self-oscillation mode, the operating frequency should be increased. 

Therefore, the switching frequency of the magnetic resonant technology is in the 

range of MHz to achieve a self-oscillating magnetic coupler. The efficiency and 

maximum transferable power of the near-field WPT systems are typically higher 

than other technologies at small air-gaps. 

In conclusion, inductive power transfer offers high-efficiency, simple 

implementation, autonomous, and reliable operation features. Moreover, the 

physical size of the transmitter and receiver, and the feasibility of high-power 

transmission over a relatively low-frequency band using existing power electronics 

technology are other advantages of the inductive power transmission technology.  

Recently, WPT is proposed as a convenient alternative for charging the battery 

of Electric Vehicles (EVs). One of the advantages of wireless charging systems is 

that the charging process can be done without the interference of the user [21]. This 

convenient feature enables the autonomous vehicles to charge automatically and 

reduce the size of the on-board battery [9]. In comparison with the conventional 
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plug-in (conductive) charging stations, expensive and bulky plugs and copper cables 

are not needed in wireless charging systems [22]. 

Considering the power level and practical limitations of the switching devices 

such as switching frequency, inductive wireless power transfer is a great candidate 

for EV wireless charging applications. Fig. 2-2 illustrates the basic concept of a 

typical inductive wireless charging system for EV applications. 

AC-DC

Converter

=
=

Inverter Resonant 

Network

=
=

DC-DC

ConverterFilterBattery
Resonant 

Network

Magnetic 

Coupler

Receiver

Transmitter

Primary 

(Transmitter)

Secondary 

(Reciever)

 

Fig. 2-2.The concept of wireless charging for EV applications. 

Inductive WPT systems are operating based on the magnetic coupling between 

the transmitter and receiver coils. This magnetic coupling brings inherent isolation 

between the grid and load side which eliminates the need for bulky isolation 

transformers [11]. Moreover, this feature makes the inductive WPT system suitable 

for operation in wet environments. Since there is no moving part in this system, 
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inductive wireless power transfer requires low maintenance and offers high 

reliability.  

A typical inductive wireless charging system is consisting of the following 

components: 

• Primary Side AC-DC Converter: This converter usually is a diode 

bridge or a boost converter with the ability of Power Factor Correction 

(PFC). This stage provides a constant DC voltage for the inverter. 

• Inverter: The inverter converts the DC input voltage into a high-frequency 

square voltage waveform to feed the resonant network. 

• Resonant Network: This circuit is made by capacitors and inductors 

tuned at the switching frequency. The resonant network can be designed to 

provide the soft-switching condition for the inverter to reduce switching 

losses. 

• Magnetic Couplers: The magnetic coupler is made by a set of transmitter 

and receiver coils that are magnetically coupled. The time-varying primary 

side flux induces an alternative voltage on the secondary side coil which is 

called the open-circuit voltage. The magnetic coupler is also known as a 

Loosely Coupler Transformer (LCT).  

• Rectifier and Pickup Converter: This stage converts the high-frequency 

voltage induced on the receiver coil into a DC voltage which is suitable for 

the energy management system on the vehicle. This stage may contain only 

a diode bridge in the simplest case or a boost, buck, or an active rectifier. 
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• Control: The control system provides appropriate gating signals for the 

primary side converter and also the secondary side converter to charge the 

battery in Constant Current (CC) and Constant Voltage (CV) modes. 

 Transmitter Converter 

The transmitter converter includes a rectification circuit, a Power Factor 

Correction (PFC) circuit, and an inverter as shown in Fig. 2-3 [23]. The rectification 

circuit converts the input voltage from the grid to a DC voltage. The PFC stage is 

typically a boost converter that acts as a power factor correction unit. The output 

of the PFC stage is a stable DC voltage that feeds the inverter. In a simplified 

model of the WPT systems, it can be assumed that the input DC voltage is provided 

by an AC-DC PFC converter [24].  

DC

DC

AC-DC PFC Converter

Vg
50Hz

Vdc Vin

InverterRectifier Boost
Converter

 

Fig. 2-3. A typical transmitter side converter of the EV wireless charging system. 

Fig. 2-4 shows the full-bridge inverter topology used for wireless charging 

applications. In this figure, the input voltage is Vdc generated by the PFC stage 

and S1-S4 are the power switching devices. The output voltage of the inverter, Vin, 
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is dependent on the switching modulation scheme. Different Pulse Width 

Modulation (PWM) schemes can be applied to command the switches of the 

inverter. Commonly, a phase-shifted modulation scheme is used in WPT systems 

to realize Zero Voltage Switching (ZVS) [25]. The gate signals of this modulation 

scheme and the output voltage are shown in Fig. 2-5. 

S3

Vdc

S1

S4S2

+
-

Vin

Vin

Vdc

t

Iin

 

Fig. 2-4. The full-bridge inverter topology and its typical output voltage waveform. 
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Fig. 2-5. A typical waveform of the gating signals of a full-bridge inverter and its output voltage 

and current. 

According to Fig. 2-5, the output voltage of the inverter is connected to +Vdc 

when S1 and S4 are conducting. Similarly, the output voltage is equal to -Vdc when 

S2 and S3 are conducting. The phase-shift between the two inverter legs is θ. When 

θ is equal to zero, the legs of the inverter are synchronized and the output voltage 

would be zero. When the phase-shift is equal to 180˚the inverter output voltage 

would be a square waveform with a 50% duty cycle. By calculating the Fourier 

series of the inverter output voltage, the RMS value of the first harmonic of the 

inverter voltage, Vin, can be expressed by: 

1

4
( ) sin( )sin( )
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V t n t
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where θ is the phase-shift angle, and ω is the angular switching frequency of the 

inverter. Due to the band-pass filtering effect of the resonant network, only the 

fundamental harmonic of the inverter voltage can be considered for analyzing the 

WPT system [23, 26-28].  

The phase angle between the inverter voltage (Vin) and its current (Iin) is 

defined by ϕ. This phase angle is dependent on the input impedance at the switching 

frequency (Zin). In order to realize ZVS, the inverter current should lag the inverter 

voltage.  

Single-stage solutions are also proposed for the WPT systems to combine the 

PFC stage with the inverter and improve the power density. In [29], a 2.5 kW/110 

kHz bridge-less single-stage converter for WPT application is proposed. In this 

study, SiC switches are used to gain high efficiency for the converter. Fig. 2-6 

depicts this single-stage topology. The main disadvantage of this circuit is the 

variable DC-link voltage when the converter is not operating on the nominal 

loading condition. 

 

Fig. 2-6. Single-stage inverter topology for WPT application [29]. 
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 Resonant Networks 

In a WPT system the magnetic coupler absorbs a large value of reactive power 

due to the large leakage inductances [24]. Therefore, it is essential to compensate 

the reactive power of the magnetic couplers by using resonant topologies. The 

resonant circuits also offer interesting features such as soft switching, high 

efficiency, high power density, flexible voltage gain and current gain [11]. 

 Requirements and Challenges 

Position of the magnetic couplers results in deviation of the coupling factor (k) 

from the nominal value. The coupling factor deviation affects the input impedance 

(Zin), input phase angle (ϕ), output power (Pout), and efficiency (η) of the system. 

Therefore, the proper design of resonant network can help to reduce the sensitivity 

of the efficiency to variation of the coupling factor (k) [30].  

Zero voltage switching reduces the switching loss of the inverter switches and 

increases the system efficiency. ZVS can be realized when the input current (Iin) of 

the resonant network has a lagging phase angle respect to the input voltage (Vin). 

In other words, the resonant network should have a resistive-inductive impedance 

characteristic. In this situation, the switches of the inverter will see a negative 

current at the moment of switching and the current passes through the anti-parallel 
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diode of the switch and clamps the voltage of the switch to zero [26]. Therefore, an 

inductive input impedance results in ZVS realization for the inverter.  

The resonant network should be designed to maintain ZVS at all operating 

conditions and keep the efficiency as high as possible. In EV charging application, 

limited current of the transmitter side converter in the safe region in case of the 

absence of the receiver coil is an important factor to avoid damaging the inverter 

and resonant elements. These parameters should also be considered in the selection 

and design of the resonant network for a wireless charging system. 

 Topologies 

The structure of the resonant topologies can be divided into three groups as 

shown in Fig. 2-7. Input impedance, efficiency, and output voltage gain 

(Gv=Vo/Vin) are key functions that need to be defined for analyzing each resonant 

topology. The input impedance can be used to calculate the input phase angle, and 

the input current. The voltage gain shows the ratio of the output voltage to the 

input voltage as a function of the resonant elements.  
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Fig. 2-7. Resonant network structures for WPT systems. 

The schematics of the commonly used topologies are summarized in Table 2-

2. In this table, Series, Parallel, LCC, and Series-Parallel topologies are labeled by 

S, P, LCC, SP. The advantages and disadvantages of each topology will be 

discussed in the next section of this chapter in detail. In this thesis, the reflected 

impedance is defined by ( )
2

sec/rZ M Z= , where Zsec is the impedance of the 

secondary side circuit. In the following, some of the common resonant network 

topologies and their design challenges are studied.  
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TABLE 2-2 

SCHEMATIC OF DIFFERENT RESONANT TOPOLOGIES 

Name Schematic 

Series-Series (S-S) Lp

C1s

Vin Iin
Ls Req

C2s

Magnetic Coupler

Io

 

Series-Parallel (S-P) Lp

C1s

Vin Iin
Ls ReqC2p

Io

Magnetic Coupler
 

Parallel-Parallel (P-P) LpVin Ls ReqC2p

Io
Iin

C1p

Magnetic Coupler
 

Parallel-Series (P-S) LpVin Ls

Iin

C1p Req

C2s

Io

Magnetic Coupler
 

LCC-Series (LCC-S) LpVin LsC1 Req

C2s

Io

C1sL1

Iin Ip

Magnetic Coupler  

LCC-Parallel (LCC-P) 

 

 

Lp LsC1

C1sL1

Iin Ip

ReqC2p

Io

Vin

Magnetic Coupler  
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Name Schematic 

LCC-Series Parallel (LCC-SP) 

 Lp LsC1

C1sL1

Iin Ip

ReqC2

Io

Vin

C2s

Is
Magnetic Coupler  

LCC-LCC 

 
Lp LsC1

C1sL1

Iin Ip

ReqC2Vin

C2s

Is Io

L2

Magnetic Coupler  

 

A. Basic Topologies 

Four basic topologies can be obtained using a single resonant element on each 

side of the magnetic couplers: Series-Series (S-S), Series-Parallel (S-P), Parallel-

Parallel (P-P), Parallel-Series (P-S). Due to the simplicity of the design, low 

component count, and high efficiency at the nominal operating point, S-S topology 

is selected in many applications [31-35]. Generally, in the topologies with a series 

of primary side resonant network (S-S and S-P), the input current is unbounded in 

absence of the receiver coil and it is essential to add a protection circuit [11, 36, 

37]. In S-S and S-P topology, the input impedance phase angle is highly dependent 

on the load and coupling condition which results in low power transfer efficiency of 

the system [11, 38]. 
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Compared to series primary side resonant network, the primary side of a 

parallel compensated (S-P and P-P) WPT system can operate normally in case of 

the absence of the receiver coil. Generally, the topologies with a parallel resonant 

network on the secondary side suffer from excessive output voltage at light-load 

conditions [26] and are highly sensitive to the misalignment of the magnetic 

couplers [36]. Moreover, the P-P topology is suffering from the low input power 

factor seen by the inverter [11], and dependency of the maximum output power 

point frequency to the mutual inductance [39]. 

B. LCL and LCC Based topologies 

LCL and LCC resonant topologies are extensively used in the primary side of 

the WPT systems to supply the transmitter coil with a constant current which 

induces a constant voltage on the secondary side coil. The LCC network is 

commonly used instead of the LCL topology since it offers more degree of freedom 

for the designers to achieve desired characteristics [40]. By using the LCC topology, 

the constant amplitude of the primary side current independent of the load and 

mutual inductance [41, 42], limited inverter current in case of misalignment, and 

improvement of light load efficiency [23] can be achieved. The LCC-based 

topologies are widely used in the WPT application due to their suitable 

performance. For instance, the LCC-S [43-46], the LCCC-S [47], the LCC-SP [22], 

the LCC-P [48, 49] and the LCC-LCC [50-54] are analyzed.  
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Although the LCC-P topology has a constant output current behavior, in this 

operation mode, ZVS is not achievable [49]. In contrast, the LCC-S topology can 

be designed to supply the load as a constant voltage source independent of the load 

[55]. The LCC-LCC topology converts the constant voltage of the input to a 

Constant Current (CC) in the output of the system at resonant frequency [38] and 

also can achieve both the CV and CC modes if the resonant elements are tuned for 

two different resonant frequencies [54]. The LCC-LCC topology has outstanding 

performance compared to the other topologies. However, due to the number of 

components, the power density and efficiency of the system will decrease.  

 

 Magnetic Couplers 

 Principles 

Magnetic couplers are the key elements of inductive WPT systems. These 

couplers consist of a winding, magnetic core material, and a magnetic shield [11, 

24, 56, 57]. In Fig. 2-8, a typical magnetic coupler is shown as an example. 
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Fig. 2-8. A typical magnetic coupler layout. 

Typically, the transmitter coil and receiver coil are also known as primary and 

secondary side coils, respectively.  The magnetic coupling factor (k) for two sets of 

coils is defined as follows:  

p s

M
k

L L
=  (2.3) 

where Lp and Ls are the primary and secondary side self-inductances, and M is the 

mutual inductance between the primary and secondary coils. The nominal magnetic 

coupling factor (kn) is dependent on the magnetic material, structure layout, 

spacing between the turns, and the number of turns. Mutual inductance can also 

be affected by the distance air-gap and misalignment of the magnetic couplers. 

Misalignment is the distance between the two coil centers. These parameters are 

defined in Fig. 2-9. The equivalent circuit model of a magnetic coupler can be 
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presented as a T-type model as shown in Fig. 2-10. This model can be used for 

analyzing the wireless charging system. 

Misalignment

Air Gap

 

Fig. 2-9. Misalignment and air-gap definition for a magnetic coupler. 

Lp Ls

Magnetic Coupl er

M
Ls-MLp-M

M

 

Fig. 2-10. The equivalent circuit model of the magnetic coupler. 

The equivalent quality factor of the magnetic couplers (Q) and each coil 

inherent quality factor are defined as follows [11, 24, 57]: 

p sQ Q Q=  (2.4) 

,p s
p s

p s

L L
Q Q

r r

 
= =  (2.5) 

In (2.5), ω is the angular frequency, Lp and Ls are the primary and secondary 

side self-inductances and rp and rs are the internal AC resistance of the coil 



Ph.D. Thesis - Ali Ramezani              McMaster University – Electrical & Computer Engineering 

33 

respectively. Therefore, by increasing the operating frequency the quality factor of 

the coil can be improved. However, by increasing the frequency, the internal AC 

resistance of the coil will be increased due to the skin and proximity effects [58, 59]. 

Alternatively, if the AC resistance of the coil is reduced the quality factor will be 

increased significantly.  

In order to reduce the AC resistance of the coils, Litz wire is employed and 

the selection of appropriate diameter and number of strands is presented in [60-62]. 

In [63] copper loss analysis of the magnetic couplers for a WPT system is studied. 

In this study, the Litz wire is modeled in a Finite Element Analysis (FEA) software 

to investigate the effect of the excitation frequency on the copper losses of the 

windings. Generally, using a smaller diameter for each strand of the Litz wire and 

more number of strands results in smaller AC resistance. However, the price of Litz 

wire increases exponentially with the number of strands. It should be noted that 

the filling factor of the Litz wire also decreases by increasing the number of strands. 

Therefore, a higher cross-section area is needed for a higher number of stranded 

Litz wire [64]. Moreover, a higher number of strands are rarely available in the 

market [64]. 

In order to avoid any magnetic field leakage to the back of the magnetic 

couplers, a magnetic shield is required. Although the ferrite material absorbs the 

majority of the magnetic field, typically an aluminum plate is plate on the back of 
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the magnetic couplers as shown in Fig. 2-8 [65]. Alternatively, active shielding can 

be considered instead of the aluminum plate. In this way, a winding is placed in 

the back of the magnetic coupler instead of the aluminum plate. The current flowing 

in the shield winding creates an opposite magnetic field that cancels out the total 

flux on the back of the magnetic coupler [66].  

 Magnetic Coupler Layouts 

Several magnetic coupler layouts are introduced for WPT systems, among 

them, circular, rectangular, Double-D (DD) are the most common layouts [13]. The 

layout and main flux path (ϕp) between the transmitter and receiver of these 

topologies are shown in Fig. 2-11. 

As it can be seen in Fig. 2-11, the coil layout is planner and the ferrite material 

is placed underneath of the coil. In this way, the flux will only flow between the 

transmitter and receiver coils and turns back into the ferrite plate. Therefore, the 

ferrite act as a low reluctance path, and the magnetic flux will not leak into the 

chassis of the vehicle. 

One of the magnetic layouts is the circular magnetic coupler [67]. The layout 

of this structure and its magnetic flux path are illustrated in Fig. 2-11 (a). In this 

layout, the ferrite bars are placed radially and the coils are placed on top of the 
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ferrite bars. The magnetic flux of the coil flows outward of the magnetic plane and 

returns from the outer side of the magnetic coupler.  

ϕp

 
(a) Circular magentic coupler 

ϕp

 
(b) Rectangular magentic coupler 

ϕp

ϕp

 
(c) DD magentic coupler 

Fig. 2-11. The layout of common magnetic couplers. 

The rectangular magnetic coupler is similar to the circular magnetic coupler 

and is known as Quadrature (Q). The layout of the rectangular magnetic coupler 

is shown in Fig. 2-11 (b). In this layout, the ferrite bars are placed in parallel. 
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Similar to the circular magnetic coupler, the flux path is outward the transmitter 

plane and returns from the other side of the magnetic coupler.  

The DD magnetic coupler is one of the well-known layouts introduced in [31] 

which is shown in Fig. 2-11 (c). In this magnetic coupler, the flux has two opposite 

directions at the magnetic coupler plane. In the DD layout, the flux path is 

approximately equal to half of the magnetic coupler’s length [11, 24, 57, 68]. 

However, in [69] it is concluded that the circular layout has a better coupling 

coefficient in comparison with the DD magnetic couplers with the same occupied 

area.  

Multi-pole structures are proposed to improve the misalignment tolerance [70], 

increase the power level [71], or supply multiple loads at the same time [72, 73]. 

Typically, the magnetic couplers have one magnetic pole (unipolar) or two poles 

(bipolar) as shown in Fig. 2-12. As the number of the poles increases the complexity 

of the design, cost, and weight of the structure increases [70]. 

Ip

ϕp

 

Ip

ϕp

Ip

ϕp

 
(a) Unipolar (b) bipolar 

Fig. 2-12. Current flow and flux path of the unipolar and bipolar magnetic couplers. 
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In [64], rectangular, square, and circular geometries of the windings are 

compared. The comparison results are shown in Fig. 2-13. In this comparison, it is 

concluded that for the same coil area, circular magnetic couplers have a better 

coupling coefficient in comparison with the rectangular and square coils.  

 

Fig. 2-13. Comparison of the magnetic coupler layouts [64]. 

 

Fig. 2-14. The layout of the rectangular and DD magnetic couplers [74]. 

In [74], rectangular and DD structures are compared. Fig. 2-14 illustrates the 

layouts of these magnetic couplers. In this comparison, a 50 kW/85 kHz WPT 

system for a public transportation is considered. The coupling factor comparison 

results are shown in Fig. 2-15. As it is shown, the magnetic coupling of the DD 
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structure is less than the rectangular layout in most of the misalignment points. 

Moreover, the conduction and core loss of the magnetic couplers are included in a 

basic loss analysis to compare the performance of these two magnetic couplers. Fig. 

2-16 illustrates the loss analysis results. In this figure, Psh,i  is the eddy current 

losses in the shield, Pfe,i is the core loss, and Pcu,i  is for the Litz wire copper loss.  

 

Fig. 2-15. Coupling coefficient comparison of the rectangular and DD magnetic couplers [74]. 

 

Fig. 2-16. Loss analysis of the DD and Rectangular magnetic couplers [74]. 
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This result shows that the total loss of the rectangular magnetic coupler due 

to having only one winding is significantly less than the DD magnetic couplers. 

Moreover, the rectangular magnetic coupler showed a better longitudinal 

misalignment tolerance. Therefore, rectangular magnetic couplers are more 

preferable for stationary EV wireless charging applications. 

 Magnetic Coupler Design 

Design, parameter analysis, and optimization of the circular magnetic 

structures are presented in [67]. It was shown that the number of ferrite strips has 

the most impact on the uncompensated transferred power which is related to the 

coupling coefficient. Moreover, it can also be concluded that the thickness of the 

ferrite strips has less effect on the magnetic coupling. Therefore, the thickness of 

ferrite could be selected as the minimum value which meets the core saturation 

criteria [67]. 

Fig. 2-17 illustrates the effect of ferrite core dimensions in the circular layout. 

Similarly, the effect of the total diameter is also studied and the results are shown 

in Fig. 2-18 for a 23A RMS/ 34 kHz excited primary side coil. It was shown that 

the total magnetic coupler diameter has a significant impact on the transferable 

output power. Therefore, based on the output power level and available area, the 

total diameter should be selected. 
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Fig. 2-17. Ferrite dimension effect on the magnetic coupling of the circular magnetic coupler [67]. 

 

Fig. 2-18. Uncompensated power versus vertical offset profile with different diameters [67]. 

In [75], the effect of the Litz wire parameters is studied. It turned out that this 

parameter has not a noticeable impact on the magnetic coupling. Besides, the effect 
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of the inner radius (Ri) of the coil is investigated in [21, 64]. The effect of the coil 

inner radius and Litz wire diameter (dw) are shown in Fig. 2-19. The effect of the 

spacing between each turn of the winding (Sw) and Litz wire diameter on the coil 

quality factor are presented in Fig. 2-20. 

It can be seen that as the inner radius increases, assuming the outer diameter 

remains constant, the coupling factor decreases as shown in Fig. 2-19. Moreover, 

increasing the wire diameter reduces the AC resistance which results in increasing 

the quality factor. As the turn spacing (Sw) increases the quality factor decreases 

as shown in Fig. 2-20. 

 

Fig. 2-19. The effect of the Litz wire diameter (dw) and inner radius of the coil (Ri) on the 

magnetic coupling in different air-gaps () [75]. 

 

Fig. 2-20. The effect of the Litz wire diameter (dw) and turn spacing (Sw) on the quality factor 

[75].  
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 Pickup Converter 

The induced voltage on the receiver coil of the wireless charging system passes 

through the receiver side resonant network and should be converted to a DC voltage 

to charge the EV battery. One of the simple methods to convert the high-frequency 

voltage to a DC voltage to supply the load is using passive rectifiers. In this case, 

the load voltage should be controlled by a primary side control method. For 

instance, phase-shifted control of the transmitter side inverter or controlling the 

amplitude of the input DC voltage can be considered [76].  

In order to regulate the output voltage or current and realizing Constant 

Current (CC) and Constant Voltage (CV) modes in the battery charging process, 

DC-DC converters can also be considered [18]. Moreover, having DC-DC converters 

on the receiver side enables the WPT system to deliver power to multiple consumers 

at the same time [49]. In this case, each receiver regulates the output voltage based 

on the loading condition and misalignment of the magnetic couplers.  

Fig. 2-21 illustrates a typical pickup converter. In this figure, the battery is 

modeled as a resistance (Ro=Vbat/Ibat), where Vbat and Ibat are the battery voltage 

and current, respectively. The equivalent AC resistance, Req, seen by the resonant 

network of the receiver side can be expressed by [26, 77]: 

2

8
eq LR R


=  (2.6) 
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where RL is the resistance seen by the diode bridge from the DC-DC converter. The 

equivalent resistance of the conventional buck and boost converters can be 

expressed by [78]: 

2

1buck
L oR R

D
=  (2.7) 

2(1 )boost
L oR D R= −  (2.8) 

where D is the duty cycle of the DC-DC converter and Ro is the equivalent 

resistance of the battery. 

DC

DC

VLoad

Load 
(Battery)Rectifier

Boost/Buck
Converter

Vd
RoVo

Req

RL

85 kHz

 

Fig. 2-21. A typical pickup converter of the EV wireless charging system. 

Besides the conventional full-bridge rectifier in the AC-DC stage, a semi-active 

rectifier can be used [79, 80]. In this case, the output voltage can be control without 

using a DC-DC converter on the receiver side [81]. The schematic of the semi-active 

rectifier is shown in Fig. 2-22. In this figure, the two top devices are regular power 

diodes and the two bottom devices are power switches. By controlling the 

conduction time of the two switches, the output voltage can be controlled.  
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Fig. 2-22. A typical semi-active rectifier topology. 

 

Nowadays, Vehicle to Grid (V2G) is considered as an option in smart grids. A 

WPT system also can be designed to be used in this operation mode. In [82], a 

bidirectional WPT system is proposed which is shown in Fig. 2-23. In this topology, 

instead of a regular diode-bridge, a full-bridge converter is used.  

 

Fig. 2-23. Bidirectional WPT system [82]. 
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 Control Methods 

Depending on the circuit topology, different control methods can be considered. 

For instance, if a DC-DC converter is used on the vehicle side, the inverter output 

voltage can only be dedicated to regulating the transmitter coil current and the 

DC-DC converter is responsible for regulating the output voltage. Typically, 

realizing soft-switching, safe operation under different loading conditions, and safe 

operation in case of the receiver coil absence are essential features that should be 

considered. In this case, a safe operation is referring to the limited output voltage 

and limited inverter current in any operating condition.  

 Primary Side Control 

In the simplest case, a diode bridge can be used on the secondary side. In this 

case, the output voltage or output current should be controlled by the primary side 

converter. In this case, the following parameters can be used as a control variable 

[76]: 

• Inverter phase-shift   [25] 

• DC-link voltage (Vdc) 

• Switching frequency (f) 

• Inverter duty-cycle (Din) 
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Fig. 2-24. Primary side phase-shifted control. 

In the phase-shifted control of the primary side inverter, the phase angle 

between the inverter legs will be considered as a control variable. Fig. 2-24 

illustrates the primary side control concept for the phase-shifted method. The 

output voltage of the inverter is a semi-rectangular waveform that its RMS value 

is dependent on the phase-shift ( )[83]. When the phase difference is 180 degrees, 

the inverter voltage is a complete rectangular waveform with the amplitude of the 

DC-link voltage. When the phase-shift is set to 0 degrees the inverter legs will be 

synchronized and the output voltage of the inverter will be nullified.  

Alternatively, the inverter can operate at a fixed 180 degrees phase-shift 

(conventionally) and the input DC-link voltage can be considered as a control 

variable as shown in Fig. 2-25. By changing the input DC voltage, the inverter 
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output voltage changes which affects the output voltage of the WPT system 

consequently. One of the drawbacks of this method is the requirement of a DC-DC 

stage to supply the inverter with a variable voltage which increases the 

implementation cost and complexity [76].  
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Fig. 2-25. Primary side DC-link voltage control. 

The frequency control method can also be considered to control the output 

voltage of the wireless charging system. This method relies on the frequency 

response of the voltage gain (Gv) of the resonant network. However, typically the 

output voltage gain versus frequency shows a nonlinear behavior, especially when 

high-order resonant networks are used [84]. Moreover, the resonant element 

components should be rated for a wide range of frequencies which increases the 

implementation cost and possibility of interference with other signals [76]. 

Furthermore, different parasitic elements such as parasitic capacitance of the 
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magnetic couplers may be large in a specific range of frequencies. Therefore, the 

frequency control method is not preferable in practice.  

The inverter duty-cycle (Din) can also be considered as a control variable to 

change inverter RMS output voltage. However, in this case, it is possible to lose 

the soft-switching capability of the inverter [76]. It should be noted that having a 

soft-switching feature is essential for the wireless charging system to ensure 

maximum power transmission efficiency.  

The primary side control method requires a reliable communication between 

the transmitter and receiver sides to send the output voltage feedback. The voltage 

feedback to the primary side generates the control signal for the full-bridge inverter 

(frequency or phase-shift) or the PFC stage (duty cycle). This can increase the 

complexity, reduce the reliability and generate a delay in the control loop which 

may affect the performance of the overall system [85, 86]. 

 Secondary Side Control 

In this control method, the primary side converter only regulates the primary 

side coil current (Ip) and the secondary side converter is responsible for controlling 

the output voltage (Vo). In [64], a boost converter is employed to regulate the 

output voltage. The main advantage of this method is the simplicity of the design 
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and supplying the battery in CC and CV modes. However, the number of 

components is increased in comparison with the primary side control method.  

In [79, 87], an active rectifier is used to regulate the output voltage. Moreover, 

by varying the phase angle of the bridge current, mismatching of the resonant 

network is compensated to keep the system efficiency near to its maximum value 

[87]. The system efficiency is compared to the conventional methods and active 

rectifier in Fig. 2-26. 

 

Fig. 2-26. Comparison of the efficiency of the active rectifier and conventional methods [87]. 

 Dual Side Control 

In [22], a dual-side control method is proposed for the WPT system by 

controlling the output voltage using a boost converter on the secondary side. This 

scheme is shown in Fig. 2-27. However, compared to a conventional WPT system 

the number of components and complexity are increased. Moreover, a 
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communication link between the transmitter and receiver is essential in this control 

method. This communication can introduce some delay in the control loop [85].  

 

Fig. 2-27. Dual-side control with boost converter on the secondary side [22]. 

In order to reduce the number of components on the vehicle side, in [81], an 

active rectifier for the pickup converter is used to regulate the output voltage. Fig. 

2-28 shows this configuration and its control method. Similar to other dual-side 

control methods, this configuration requires a communication link between the 

primary and secondary sides which can increase the control complexity.  

 

Fig. 2-28. Dual-side control with an active rectifier on the receiver side [81]. 
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 Decoupled Control  

Transmitter side and receiver side converters are located on separated systems. 

Therefore, wireless communication is needed for controlling both converters from a 

central controller. In [88], a decoupled control scheme is proposed to eliminate the 

need for wireless communication. The concept of this control technique is shown in 

Fig. 2-29. 

 

Fig. 2-29. Decoupled control for a Series-Series WPT system [88]. 

The decoupled concept proposed in [88] is also implemented using a Discrete 

Sliding Mode Control (DSMC) scheme in [89]. This method offers a faster dynamic 

response in comparison with the conventional PI methods. The dynamic response 

of the SMC and conventional PI controller is shown in Fig. 2-30. 

 

Fig. 2-30. Decoupled control with SMC in comparison with PI controller [89]. 
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 Design Challenges 

In the following, the design challenges of a WPT system will be reviewed: 

 Misalignment Tolerance 

The coupling factor (k) between the transmitter and receiver coils is highly 

dependent on the horizontal and vertical distances of the two coils. Fig. 2-31 

illustrates the definition of the air-gap and misalignment of an inductive WPT 

system for EV charging applications. 

Misalignment

Air Gap

 

Fig. 2-31. A typical EV wireless charging system. 

Occurring misalignment between the transmitter and receiver coils is inevitable 

in the wireless charging of the EVs. Misalignment of the magnetic couplers results 

in the variation of coupling factor, k, from its nominal value which affects the 

output voltage and efficiency of the overall system [11, 24]. In order to overcome 

the aforementioned issues, two approaches are studied: 
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1) Output voltage control through control of power converters on the 

primary and secondary sides [28, 90], and  

2) Optimal design of resonant network [91-93]. 

These methods are employed to supply the load with a constant voltage 

independent of the coupling factor changes. Control of the power converters either 

on the transmitter side or the receiver side of the WPT system can help to regulate 

the output voltage [28, 88, 94, 95]. On the primary side, by phase-shifted control 

of a full-bridge inverter, the output voltage can be regulated [25, 96]. However, in 

this method, reliable communication between the primary and secondary sides is 

essential to send the output voltage feedback to the primary side and control the 

full-bridge inverter. This can also generate a delay in the control loop which may 

affect the performance of the overall system [85]. An active rectifier can also be 

used on the secondary side instead of a passive diode bridge to regulate the output 

voltage [28, 87, 97]. The main advantage of this method is to control output voltage 

without the need for communication between the primary and secondary side 

converters. However, this method increases the complexity and cost of the system 

[98, 99]. 

Another solution is to regulate the output voltage through the use of a DC-DC 

converter after the passive diode-bridge rectifier on the secondary side. The DC-
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DC converter can help to regulate the output voltage while the coupling factor is 

changing [69, 80, 100]. The main advantage of this method is that it can be used 

without the need for a communication link between the primary and secondary side 

converters.  

A. Tuning of the Resonant Network 

The self-inductances of the magnetic couplers are changed when misalignment 

occurs which results in lower efficiency and variation in the voltage gain of the 

system. In [101], a variable-tuning LCL pickup converter and an active variable 

inductor implementation are introduced. A similar approach is introduced in [102, 

103], in which, the primary side resonant inductor of the LCC network is considered 

as a variable inductor to keep the inverter at the optimal switching point.  

Another method of active tuning of the resonant network is using switching 

capacitors [104-106]. In this approach, a fixed size capacitor is switched in PWM 

mode to form a variable capacitor.  

In [107], a dual-side control with online mutual inductance estimation is 

implemented is shown in Fig. 2-32 (a). In this method, the output voltage is 

regulated by the inverter, and active rectifier ensures the maximum power delivery. 

The efficiency comparison between a regular diode-bridge pickup converter (green), 
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a dual-side controlled system (blue), and the switched controlled capacitor (red) is 

shown in Fig. 2-32 (b). 

 

(a) Schematic of the WPT system with dual SCC 

 

(a) Efficiency comparison 

Fig. 2-32. Combination of the switched controlled capacitor (SCC) and dual-side control method 

[107]. 
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B. Hybrid and Reconfigurable Resonant Topologies 

Hybrid topologies combine the benefits of each resonant topology and gain a 

robust system against the coupling factor and load variations. For instance, a Series 

and LCC topology can be combined in both the transmitter and receiver of a WPT 

system to provide constant power over a wide range of misalignment [108]. In such 

a system as the misalignment increases, the input current of the Series resonant 

network branch will be increased inherently. Therefore, the total transmitted power 

to the secondary side will remain constant.  

Instead of continuous tuning of the resonant network (active tuning), a 

reconfigurable topology can also be used. In this approach, the resonant topology 

will be changed between a limited number of configurations. Compared to the 

switched controlled capacitor method, the reconfigurable topologies do not require 

a PWM switching of the resonant elements. Thus, the control complexity and cost 

will be reduced. In [109], a reconfigurable topology is proposed which switches 

between the S-S and S-LCC to implement CC and CV modes respectively. This 

topology is shown in Fig. 2-33. The main advantage of this method is achieving 

inherent CV and CC without using any DC-DC converter in the output of the 

system. Therefore, this topology can be used in a fixed coupling factor condition 

for a wide range of load variations such as battery charging applications [109-111].  
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Fig. 2-33. A reconfigurable resonant topology that switches between SS and S-LCC [109]. 

The hybrid topology and reconfigurable resonant network can also be combined 

and form a robust resonant network against both the misalignment and load 

variations [112]. The schematic of this circuit is shown in Fig. 2-34. This circuit 

combines the LCC-S and S-LCC topology and supplies the load in CC or CV modes 

for a wide range of load and coupling factor variations.  

 

Fig. 2-34. Combination of the switched controlled capacitor (SCC) and dual-side control method 

[112]. 
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C. Resonant Network Tuning and Optimization 

Regardless of the resonant topology selection, tuning of the resonant network 

plays a vital role in achieving the desired power transmission efficiency, output 

features (CC or CV mode), and ZVS operation. Fig. 2-35 illustrates different tuning 

methods that can be considered for designing a resonant network for EV wireless 

charging applications.  

Resonant Network Tuning

Conventional Tuning Optimization

Fixed Resonant 

frequency

Parameter 

Sweeping
Simple Advanced

Single-Objective Multi-ObjectiveConstant Current Constant Voltage

 

Fig. 2-35. Tuning methods of the resonant networks in WPT systems. 

Conventionally, the resonant elements are selected to resonate at a fixed 

operation frequency, or by parameter sweeping desired output features are 

achieved. There are several drawbacks in tuning the resonant network by 

conventional methods that worth mentioning. First, by increasing the number of 

resonant elements and non-linear behavior of the system, conventional methods are 

time-consuming and require multiply try and errors. Second, it is not guaranteed 

that the final solution is the best possible solution. Third, the losses of the resonant 
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network, inverter, and other elements are not considered [55]. Finally, practical 

constraints and objectives cannot easily be included in conventional methods [55].  

On the other hand, an optimization problem can be defined to select the 

resonant elements. In basic optimization methods, a lossless, simplified model, and 

single objective is considered in the optimization problem. For instance, in [99], a 

detuned S-S topology, and in [40] the LCC-S topology is designed to offers less 

output power variation respect to the coupling factor variation. However, in both 

studies, the losses of the system, variation of the self-inductance of the magnetic 

couplers were not included. Similarly, in [113], a general T-type resonant network 

is analyzed and the tuning method to achieve a misalignment tolerant output power 

is presented. In [114], the resonant capacitor of a four coil system is optimally 

selected to supply the load with a stable output power over a wide range of coupling 

coefficients. However, the losses of the system are not included completely and it 

requires two additional passive repeaters.   

In advanced optimization of the resonant networks, the boundaries of the 

system, losses, and multiple objective functions can be included. In [115], a particle 

swarm optimization method with the objective function of load and coupling factor 

independent output behavior is presented for an S-CLC compensated WPT system. 

The same objective function is used in [116] for an S-SP compensated system to 

achieve load-independent and misalignment tolerant features. However, in both 
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studies, the primary side resonant network is a Series type that suffers from 

unbounded current in case of load absence. To improve the optimization of the 

resonant network, the losses of the coils for an LCC-S topology are also included in 

the optimization problem in [44]. Although the output power fluctuation reduced, 

the efficiency of the system was not accurately calculated due to the lack of the 

inverter and core loss modeling in the optimization problem.  Table 2-3 summarizes 

and compares different tuning methods from different aspects. In this table, β is a 

sensitivity index defined as the ratio of the output fluctuation ΔU [%] to the 

magnetic coupling factor variation Δk [%]. Since each reference had different rated 

values, this index can be used to simplify the comparison. Lower β can be 

interpreted to lower output sensitivity to misalignment. 

TABLE 2-3 

COMPARISON OF THE TUNING METHODS 

Ref. Topology 
Optimizatio

n Method 

Reported 

Output 

Robustness 

Against 

Core 

Loss 

Inclusion 

Inverter 

Loss 

Inclusion 

Coupling 

Factor 

Variation 

Δk [%] 

Output 

Fluctuation 

ΔU [%] 

Sensitivit

y Index β 

[99] S-S Basic CP Misalignment NO NO 60 21 0.35 

[40] LCC-S Basic CP Misalignment NO NO 44 7.1 0.16 

[117] S-SP Basic CV 
Misalignment 

and Load 
NO NO 28.5 2.7 0.09 

[115] S-CLC Advanced CV 
Misalignment 

and Load 
NO NO 50 11.7 0.23 

[116] S-SP Advanced CV 
Misalignment 

and Load 
NO NO 50.8 8.9 0.18 

[44] LCC-S Advanced CP Misalignment NO NO 37.1 8.6 0.23 
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To reduce the misalignment effect on the output voltage and efficiency of a 

wireless charger system, an optimization-based design procedure for the resonant 

networks of the WPT system is proposed and studied in Chapter 3. 

 Efficiency 

In order to gain the highest efficiency from a WPT system, the quality factor 

of the coils should be as high as possible [24, 57]. Fig. 2-36 shows the typical 

efficiency of the WPT system versus different quality factors under different 

coupling coefficients. Both the quality factor (Q) and coupling coefficient (k) can 

affect the system efficiency. 

 

Fig. 2-36. The theoretical efficiency of the WPT system [24]. 

For instance, the maximum transferable power efficiency of a WPT system 

with a Series-Series resonant network can be calculated as follows [24]: 
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( )

( )( )
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+ +

 (2.9) 

where k is the coupling coefficient and Q is the quality factor of the magnetic 

couplers.  

Typically, the coupling factor increases as the size of the magnetic coupler 

increases. The quality factor of the magnetic coupler is dependent on the coil AC 

resistance, frequency, and coil self-inductance. To reduce the AC resistance, a 

higher wire gauge with smaller strands is required. Generally, in a conventional 

WPT system, the power density and efficiency are in the opposite direction of the 

design objective. Therefore, a trade-off between power density and efficiency is 

essential. To address this trade-off, a multi-objective optimization problem is 

defined in [33] to select the optimal design. In this optimization, power density (α) 

and system efficiency (η) are considered as the two objective functions. Fig. 2-37 

presents the optimization results for different quality factors, operation frequencies, 

and coupling coefficients. Every point on the Pareto front is the optimal solution 

to this problem and the selection of the optimal point is based on the designer 

experience and desired profiles such as efficiency or power density. 
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(a) Coupling factor effect    (b) Quality factor effect              (c) Frequency effect 

Fig. 2-37. Multi-objective Pareto optimization of the WPT system [64]. 

According to Fig. 2-37 (a), as the power density increases the maximum 

achievable efficiency decreases. Moreover, Fig. 2-37 (b) shows that increasing the 

quality factor of the coils generally results in having more power density for the 

system. The increase of the quality factor can be achieved by increasing the 

switching frequency. The effect of the switching frequency on the system efficiency 

and power density is shown in Fig. 2-37 (c). This figure shows that increasing the 

switching frequency from 50 kHz to 100 kHz has a significant influence on 

improving the system efficiency [64]. However, by increasing the switching 

frequency beyond 100 kHz, the system efficiency is not affected significantly. 

Moreover, by increasing the switching frequency gate driver losses are also increases 

which are not considered in this figure [64]. Also, by increasing the switching 

frequency, a thinner strand of the Litz wire is needed. However, thinner Litz wires 

cost more and they are rarely available in the market [64]. Considering these points, 
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a designer will select an optimal point that meets the desired practical 

requirements.  

In Chapter 3, an optimal procedure is developed to demonstrate how to design 

the resonant network components to achieve high efficiency. 

 Power Density 

In order to reduce the WPT design size, and increase the power density of the 

whole system, a new design of magnetic coupler called integrated magnetic 

structure is proposed in [118-123]. In this design, the inductor of the LCC resonant 

network is integrated with the magnetic couplers. In [123], a DD coil topology is 

used for the main WPT magnetic couplers and the resonant network inductance is 

made by another DD coil, shown in Fig. 2-38. The whole structure is made of three 

mechanical layers. Moreover, design procedures, different mode analysis, and 

capacitor tuning methods are presented in [118].  

The main challenge of the WPT systems with integrated resonant inductor is 

the difficulty of the design caused by the interaction of the main coils with the 

integrated resonant coils. Therefore, in [119], a new simplified resonant network 

design method for the integrated WPT system is presented. The study in [119] was 

performed on an integrated WPT system with bipolar main coils and rectangular 

resonant coil. Similarly, a bipolar layout is used for both the main and integrated 
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coils on the receiver side [120]. In these topologies, the materials used in the 

magnetic couplers will be shared with the main coils. 

  

Fig. 2-38. Integration of the LCC inductor into the magnetic coupler [123]. 

 

Fig. 2-39. Integration of the LCC inductor into the bipolar magnetic coupler [120]. 

On the other hand, the pickup converter is placed on the vehicle to convert 

the high-frequency induced voltage on the receiver coil to a DC voltage for charging 

the batteries. Typically, a DC-DC converter is used to regulate the output voltage 
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and provide constant current (CC) and constant voltage (CV) modes for charging 

the batteries for EV applications [49]. Using a DC-DC converter on the vehicle side 

enables the system to have a different DC-link voltage from the output (battery 

pack). However, the DC-DC stage requires an inductor to supply the load which 

affects the size, weight, and cost of the receiver on the EV side. In order to improve 

the power density of the pick-up, a new integrated structure which integrates the 

DC-DC inductor into the magnetic coupler is introduce in Chapter 4 of this thesis.  

In order to further improve the power density of the transmitter side, Printed 

Circuit Board (PCB) can be used instead of wire-wound coils. The PCB magnetic 

coupler can simplify production, reduce labor work, weight and cost; however, the 

existing PCB coils are limited to low-power WPT systems. The main challenges 

and limiting factors for moving toward the high-power applications are coil AC 

resistance, high-frequency operation, thermal management due to conduction loss, 

and the large size of the coil. These challenges are studied in Chapter 5 and a 

solution with a comparable efficiency is provided. 

 High-Power Wireless Charging  

In high-power wireless charging applications, such as electric buses, a high-

power transmitter circuit to supply hundreds of kW is a requirement [18]. To 

increase the output power level of a wireless power transfer system, the transmitter 



Ph.D. Thesis - Ali Ramezani              McMaster University – Electrical & Computer Engineering 

67 

side inverter power rating should be increased. Increasing the power rating of the 

inverter could be achieved by increasing the rating of the semiconductors, using the 

multilevel topologies [124-126], and modular structures [127].  

Currently, the voltage rating of high-frequency switches such as SiC devices is 

limited in commercialized products. Moreover, at high voltage operation, the dv/dt 

and maximum current rating of the switches are other limiting factors [128]. 

Furthermore, the cost of the inverter switches increases significantly by increasing 

the switch ratings. Alternatively, parallel switches can be used to increase the 

current rating. However, careful design of the gate driver circuit and active control 

of the switches is essential to avoid device failure [129, 130]. Moreover, in case of 

failure in one of the switches, all the inverter switches will be involved. Therefore, 

using parallel switches to increase the current rating may reduce the reliability of 

the system and increase the complexity of the control.  

By using multilevel topologies, the voltage rating of each semiconductor switch 

will be reduced [131]. In [132], a multilevel topology for the WPT system by a 

combination of IGBT and MOSFET switches is proposed to increase the power 

rating of the inverter, shown in Fig. 2-40. Similarly, a new multilevel topology is 

proposed in [133]. However, the requirement of bulky flying capacitors, the 

complexity of control and modulation, uneven loss distribution, losing the soft-
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switching capability are a few examples of the disadvantages of the multilevel 

topologies for wireless charging applications [131]. 

 

Fig. 2-40. Hybrid multilevel WPT system [132]. 

Alternatively, in [134, 135], a multiphase structure is proposed for wireless 

charging applications, shown in Fig. 2-41. This structure is constructed by a half-

bridge and a series capacitor for each phase. In order to limit the circulating current 

between the legs of the multi-phase inverter, Intercell Transformers (ICT) are used. 

The optimization of this modular structure and increased power level is studied in 

[128]. It should be noted that in this system, the phase angle of the voltage of each 

phase can be controlled to regulated the output voltage. Similarly, an extended 

version of the multi-phase topology with ICTs is proposed in [136], and modeling 

and control of this topology are studied in [137]. 
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Fig. 2-41. Multi-phase inductively coupled WPT system [134]. 

Although the circulating current can be eliminated by using ICTs, the 

implementation cost and complexity of the system are increased. Moreover, because 

of using the series resonant topology, the transmitter side of the wireless charging 

system has an unbounded inverter current when the vehicle side is in absence. In 

another word, in the case of the absence of the receiver coil, the reflected impedance 

would be zero which puts the transmitter side in the short-circuit operating 

condition [11]. This could damage the switches, transmitter coil, and resonant 

capacitors. 

In [138], multi-parallel H-bridge converters are proposed for a WPT system. 

This configuration is suitable for high-power charging applications to feed each 

resonant converter by a separated H-bridge inverter to minimize the VA rating of 

each converter. Moreover, the modularity of the converter is another benefit of this 

topology [11]. This topology is shown in Fig. 2-42. Although the modularity is 

realized, designing a modular magnetically decoupled structure is a challenge for 
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this topology. For instance, the transmitter coils should have a large spacing to 

have a low cross-coupling. Therefore, this configuration can be used for electric 

train applications where space is less restricted.  

 

Fig. 2-42. Parallel H-bridge primary side converters for WPT system [138]. 

In order to eliminate the bulky DC-link capacitors and diode bridge of the 

transmitter side inverter, a direct Matrix converter can be used [139-142]. Initially, 

in [142], a low power matrix converter for WPT systems is proposed which is shown 

in Fig. 2-43. 

 

Fig. 2-43. Matrix converter for a WPT system [142]. 
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Similarly, in [141], a bidirectional Matrix converter is proposed for WPT 

application which is illustrated in Fig. 2-44. This converter can operate in a grid-

connected application to transfer the stored energy from the vehicle to the grid. 

This converter is implemented on a 1 kW/ 20 kHz WPT system. The reported 

maximum efficiency of this converter with the DD magnetic couplers at a 17 cm 

gap (k=0.29) is 89%. The drawback of this configuration is that it is only applicable 

to low-power systems [11].  

To address the aforementioned problems, Chapter 6 proposes a new modular 

inverter based on the LCC resonant network. 

 

Fig. 2-44. Matrix converter for a WPT system [142]. 

 Conclusion 

In this chapter, the fundamentals of wireless charging were reviewed in detail. 

The main components of the wireless charging system including the magnetic 

couplers, resonant networks, transmitter, and pickup converters were studied in 

detail. An overview of the conventional topologies for each component of the system 
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was presented. The advantages and drawbacks of each design were outlined, and 

the design challenges of the state-of-the-art solutions were discussed and analyzed.  

It was concluded that circular and rectangular magnetic couplers are more 

preferable for stationary EV wireless charging applications due to higher power 

density and lower power loss. By comparing different resonant topologies, it was 

shown that basic topologies are not satisfying all the requirements of EV wireless 

charging applications. Moreover, active tuning and hybrid topologies suffer from 

lower reliability and increase the complexity of the system. Therefore, high-order 

resonant networks should be optimally designed to maximize efficiency and offer a 

misalignment tolerant WPT system. Requirements of the power converters for high 

power EV wireless charging applications were discussed and it was concluded that 

the intercell transformers are the main drawback of the existing modular topologies 

for EV wireless charging applications.  
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Optimal Design of the Resonant Networks 

for EV Wireless Charging Systems 

Respect to Misalignments 

 Introduction 

As discussed in the previous chapter, misalignment is a big challenge in EV 

wireless charging systems. To reduce the misalignment effect on the output voltage 

and efficiency of the wireless charger system, an optimization-based design 

procedure for the resonant networks of the WPT system is proposed in this chapter. 

The proposed method is based on the optimal tuning of the resonant network 

without adding any extra element to the circuit. The proposed design method is 
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applied to four possible combinations of LCC and Series topology on the primary 

and secondary sides.  

According to comparison studies presented in Chapter 2, the LCC and Series 

resonant networks are the possible candidates for the EV wireless charging 

applications. The outstanding constant output current of the LCC topology, its 

wide range ZVS operation, and high efficiency profile in different loading conditions 

are the main advantages of this topology. The constant output voltage, simplicity 

of design, high efficiency, and a low number of components are the attractive 

features of the Series resonant network. Therefore, different combinations of the 

LCC and Series resonant networks are considered in this chapter: S-S, S-LCC, LCC-

S, and LCC-LCC. 

All the topologies are optimized to operate at the same design conditions such 

as power level, magnetic couplers, and input/output voltage to have a fair 

comparison between all of these topologies. Two optimization problems are defined;  

1) optimal design of the resonant network to achieve constant voltage at 

different loading conditions (Case I),  

2) optimal design of the resonant network to achieve maximum efficiency at 

different loading conditions (Case II).     
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In Case I, the proposed optimized circuit results in achieving low voltage 

variation versus coupling factor, k. A constant voltage in the output of the WPT 

system can be beneficial to eliminate the DC-DC conversion stage at the output. If 

a well-regulated output voltage is needed, a DC-DC converter can be added at the 

secondary side. The proposed method still can help to design the power converter 

optimally. This is because a constant voltage on the receiver circuit helps the DC-

DC converter to maintain its optimal designed duty-cycle and helps to operate at 

its maximum efficiency for a wide range of coupling and load variations [85]. 

Moreover, the size of the required passive components like the dc-link capacitors 

on the secondary side can be reduced [117]. 

In Case II, the efficiency-oriented optimization is presented. The results of both 

cases outline a general conclusion and show the trade-off between these two 

objectives. Therefore, this comparison can help to select the topology according to 

the objective requirements.  

The chapter is structured in five sections: in Section 3.2, analytical models for 

each circuit topology are extracted and output voltage sensitivity functions are 

developed. In Section 3.3,  at first, the design procedure is explained and the 

optimization problem is defined. Then, a case study is considered and each topology 

is optimized and studied. The output voltage profiles, efficiency, resonant network 
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size, and power loss distribution of each topology are presented for each objective 

function. Experimental results are presented in Section 3.4 to compare the results 

with simulation studies and validate the design and optimization procedure. 

Finally, conclusions are outlined in Section 3.5. 

 Circuit Modeling and Sensitivity Analysis 

As discussed, a WPT system consists of three main parts: an inverter, resonant 

networks, and magnetic couplers. The load in the EV charging application can be 

considered as an equal resistance at each output power (RL). The circuit diagram 

of a typical WPT system with a full-bridge inverter and a simple diode rectifier is 

illustrated in Fig. 3-1.  

S3

CL RL

Lp Ls
Vdc

rp rs
S1

S4S2
Ip

Vin

Is

M

Resonant 

Network 

Resonant 

Network 

Primary Side Secondary Side
 

Fig. 3-1. Circuit diagram of a typical WPT system. 

In this figure, Lp and Ls are the primary and secondary side coil self-inductance 

respectively. M is the mutual coupling of the couplers and the coupling factor for 

the coils is defined as: p sk M L L= . Moreover, rp and rs are the parasitic AC 
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resistance of the coils. The AC resistance of the coils reduces the coil quality factor 

which has a significant effect on the system maximum efficiency.  

To reduce the complexity of the analysis and design, commonly Fundamental 

Harmonic Analysis (FHA) is used for resonant converters. In this method, only the 

fundamental harmonic of the generated voltage of the inverter is considered. The 

RMS value of this waveform is calculated as dc(2 2V π)sin( 2)rms
inV = [26]. In this 

equation,  is the phase shift applied on the inverter legs. This phase shift controls 

the RMS value of the input voltage and can be used in the control loop. Similarly, 

the equivalent AC resistance seen by the secondary side from the diode bridge is 

expressed as 28 πeq LR R=  [26]. The magnetic couplers can also be replaced by a T-

type model. Fig. 3-2 shows the simplified circuit diagram of the WPT system with 

two unknown resonant networks.  

Lp

Vin

Iin rp

Zin

Req

Io

Vo

Ls

Zsec

Resonant 

Network 

Is

rs

Resonant 

Network 

Ip

-M -M

M

ZsZr

Zps
 

Fig. 3-2. Equivalent circuit diagram of the WPT system. 
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In this figure, the fundamental harmonic of the voltage generated by the 

inverter is replaced by the voltage source (Vin). The reflected impedance from the 

secondary side to the primary circuit, Zr, is defined as follows: 

( )
( )

2

sec

||r s

M
Z Z j M j M

Z


 = − =  (3.1) 

where is the angular frequency of the fundamental harmonic of the inverter 

voltage. To further analyze the circuit, the resonant topologies need to be known. 

In the following, four combinations of LCC and series networks are studied in detail 

and the sensitivity function of the output voltage with respect to the mutual 

impedance (M) is derived. As discussed in Chapter 2, the misalignment of the 

transmitter and receiver coil results in variation of the mutual inductance from its 

nominal value. 

 Series-Series Topology 

In this configuration, both the primary and secondary side resonant networks 

are simple series capacitors (Cs1 and Cs2) as shown in Fig. 3-3.  
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Cs1 Cs2

Req

-M -M Is

Vin M

Ip

Iin

Vo

rsrp

ZsZpZin

Zps Secondary SidePrimary Side

Zsec
Zr

Lp Ls

Io

 

Fig. 3-3. A WPT system with Series-Series resonant network. 

In this circuit, the impedance seen by the secondary side coil, Zsec, is expressed 

as: 

secsZ Z Mj= −  

where 

( )sec
2

1
eq s s

s

Z R r L j
C




= + + −  

(3.2) 

The input impedance of the circuit seen by the inverter (Zin) is given as: 

( )
1

1
in r p p p r

s

Z Z Z r j L Z
C




= + = + − +  (3.3) 

Using the defined impedances of the circuit, the input current (Iin), primary 

side current (Ip), and secondary side current (Is) are derived as: 

sec

in
in p

in

s in in

s

V
I I

Z

j M j M
I I I

Z j M Z

 




= =



 = =
 +

 (3.4) 
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Since the output current, Io, is equal to the secondary side coil current, the 

output voltage can be expressed as: 

sec

eq

o eq s p

j MR
V R I I

Z


= =  (3.5) 

The output voltage sensitivity with respect to the mutual inductance variation 

is derived as follows: 

sec

eq po
p

R IV
I M

M Z M

  
= + 

  
 (3.6) 

As it can be seen, the sensitivity of the voltage is dependent on both the 

variation of M and Ip. The variation of primary side coil current is calculated as: 

1

2

p in in r
in

in

I Z V Z
V

M M Z M

−     − 
= =   

     
 (3.7) 

where the variation of reflected impedance is calculated as:  

( )
( ) ( )

2

22
22

2 2

2 2
s

ss sr

s s

M
Z

M Z MZ M Z j MZ M
M M Z Z



    

 
  

−  +   = = =
 

 
(3.8) 

By putting (3.7) and (3.8) into (3.6), the variations of the output voltage,

oV
M




, is simplified as: 

( )
2

2

sec

1 2eq ino

in in s

jR V MV M
M j

M Z Z Z Z

 


  
 = − + 

     

 (3.9) 

Eq. (3.9) shows the sensitivity of the output voltage respect to the mutual 

coupling. 
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 LCC-Series Topology 

In this topology, an LCC resonant network and a series capacitor are 

considered for primary and secondary circuits, respectively, as shown in Fig. 3-4.  

In this topology, secondary impedances are the same as Series-Series topology. 

The circuit input impedance is given by: 

1 1in pinZ r j L Z= + +  (3.10) 

Cs2

Req

Is

Vo

rs

Zsec

Ls

Io

Cs1L1 Lp

C1Vin M

Ip

Iin

rp

Zin

r1

ZpsZpin

Secondary SidePrimary Side

Zp

-M

Zs

-M

Zr

 

Fig. 3-4. A WPT system with LCC-Series resonant topology. 

where the parameter Zpin is obtained as follows: 

( )
1

1
||pin r pZ Z Z

j C
= +  (3.11) 

The reflected impedance is defined for a general resonant network in (3.1), and 

Iin, and Ip, and Is are given by: 

in
in

in

V
I

Z
=  (3.12) 

( )1

1

1
p in

p r

I I
j C Z Z

=
+ +

 (3.13) 
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sec

s p p

s

j M j M
I I I

Z j M Z

 


= =

+
 (3.14) 

Since, the secondary side of this topology is the same as Series-Series topology, 

the output voltage, and its sensitivity function are obtained similarly and can be 

expressed as: 

( )
2

2

sec

1 2eq ino

in in s

jR V MV M
M j

M Z Z Z Z

 


  
 = − + 

     

 (3.15) 

 LCC-LCC Topology 

Fig. 3-5 illustrates the circuit diagram of the LCC-LCC compensated WPT 

system.  
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L1 Lp -M
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Is

Vin M

Ip

Iin
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rsrp

ZsZin
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C2

Zs1

Zs2

Zsec
Zp Zr

-M Ls

 

Fig. 3-5. A WPT system with LCC-LCC resonant networks. 

Similar to (3.10) and (3.11) the input impedance of this circuit can be 

expressed. However, the secondary side network impedances are given by:  

sec 2

2

1
s s s

s

Z Z r L j
C




 
= + + − 

 
 (3.16) 
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where Zs2 and Zs1 are defined as follows: 

1
2

2 11
s

s

s

Z
Z

j C Z
=

+
 

( )1 2 2s eqZ R r L j= + +  

(3.17) 

Similar to (3.12)-(3.14), currents of each branch of the primary side converter 

can be expressed. However, the equation for the output current needs to be defined. 

The output current and voltage are given by: 

2 1

1

1
o s

s

I I
j C Z

=
+

 (3.18) 

2 11

eq

o eq o s

s

R
V R I I

j C Z
= =

+
 (3.19) 

By inserting (3.14) into (3.18), the output current can be derived: 

sec 2 1

1

1
o p

s

j M
I I

Z j C Z





 
=  

+ 
 (3.20) 

Therefore, the output voltage can be simplified according to (3.19) and it can 

be expressed by: 

sec 2 11

eq

o p

s

Rj M
V I

Z j C Z





 
=  

+ 
 (3.21) 

The sensitivity of the output voltage can be calculated as: 

( )2 1 sec1

eq po
p

s

R j IV
I M

M jC Z Z M

  
= + 

 +  
 (3.22) 
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Comparing (3.22) and (3.6) reveals that the sensitivity functions are similar 

and just a coefficient value is multiplied to (3.6).  This coefficient is a function of 

the selected resonant topology for primary and secondary. 

 Series-LCC Topology 

The diagram of the Series-LCC compensated WPT system is depicted in Fig. 

3-6.  
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Fig. 3-6. A WPT system with Series-LCC resonant topology. 

The input impedance for this topology is expressed as: 

1

1
in p p r r p

s

Z r j L Z Z Z
C




 
= + − + = + 

 
 (3.23) 

The reflected impedance and impedance seen by the secondary side coil are 

also defined as follows: 

( )
2

sec

r

M
Z

Z


=  (3.24) 
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sec 2

2

1
s s s
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Z Z r L j
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where Zs1 and Zs2 are defined in (3.17). In a similar procedure to the Series-Series 

topology, the input impedance and the primary side current are obtained as follows: 

( )
1

1

in
in p

in

in r p p p r
s

V
I I

Z

Z Z Z r j L Z
C





= =


 = + = + − +


 (3.25) 

Similar to the LCC-LCC topology, the secondary side currents, and output 

voltage, can be expressed by: 

sec

s p p

s

j M j M
I I I

Z j M Z

 


= =

+
 (3.26) 
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2 11

eq

o eq o s

s

R
V R I I

j C Z
= =

+
 (3.28) 

and its sensitivity function of this topology are similar to the LCC-LCC topology 

that can be calculated by: 

( )2 1 sec1

eq po
p

s

R j IV
I M

M jC Z Z M

  
= + 

 +  
 (3.29) 
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 The Proposed Design Optimization Procedure 

In Section 3.2, steady-state equations of each topology are presented. In this 

section, a framework for the design of the resonant networks of the WPT system is 

presented. Selecting the resonant components for these high-order circuits is not an 

easy task. In order to design these topologies, the application requirements, 

different criteria and boundaries should be considered. Moreover, due to the non-

linearity of the system, different solutions are possible. Therefore, an optimization 

problem should be defined to include the objective function, system equations, and 

constraints. 

 Objective Functions 

As discussed before, in this chapter two different cases are considered for the 

design of the resonant topologies: 

 Case I: Reduced Output Voltage Sensitivity Respect to 

Misalignment 

In this case, the main design objective is minimizing the voltage variation 

respect to the variation of M. This function is defined as: 

( , ) ( , )
( ) ( )o out o outV P M V P M

Min Min
M M

 


 
 (3.30) 

The result of this optimization provides the least sensitivity of the output 

voltage respect to the misalignment. However, this may result in poor efficiency for 
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the system without considering a lower boundary for the efficiency. Therefore, 

appropriate boundaries for the system efficiency needs to be defined in the problem 

constraints.  

 Case II: Maximum Efficiency Respect to Misalignment 

In a conventional design of the WPT systems, only the efficiency of the 

converter at its nominal operating point is considered. However, in practice 

misalignment occurs and it can affect the system efficiency. Therefore, achieving 

maximum efficiency in all the coupling factors also can be considered as an objective 

function. This function is defined as: 

( )
ik

i

Max   

where 

,

, ,

i

i

i i

out k

k i n

out k loss k

P
k K

P P
 =  

+
 

(3.31) 

where , iout kP is the value of the output power at k=ki, Kn is a finite set of the nominal 

operating points which is related to different misalignment conditions, and , iloss kP is 

the system losses at the operating point. This objective function includes all the 

operating coupling factors in which the converter needs to gain the highest 

efficiency values. In the following, the power loss calculation and constraints that 

need to be considered in the objective function will be discussed: 
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 Power Loss Calculation 

Different parameters affect the efficiency of the WPT system. The main sources 

of the power losses are inverter switches, resonant capacitors, resonant inductors, 

magnetic couplers, and diode-bridge. In order to solve the optimization problem, 

each of the loss components should be modeled and included in the optimization 

problem. In the following, each of the loss components is discussed in detail: 

 Magnetic couplers losses (Pcoupler) 

The magnetic couplers loss includes the conduction loss (Pcond_coup) and core 

(Pcore_coup) loss. Total magnetic coupler losses can be express by: 

_ _coupler cond coup core coupP P P= +  (3.32) 

Each of these losses is explained in details in the following: 

A.1. Conduction losses of the magnetic couplers (Pcond) 

Conduction losses of the magnetic couplers are equal to the power losses of 

their AC resistances at the operating frequency [143]. The AC resistance of the coils 

is higher than the initial dc resistance. The AC resistance is caused by the skin 

effect and proximity effect between the turns. The skin effect is caused by the eddy 

current inside the inductors which reduces the effective cross-section of the wire. 

Therefore, Litz wire is commonly used to reduce the skin effect by using multiple 
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strands of small diameter wires instead of a single conductor wire. The primary and 

secondary side conduction losses of the magnetic couplers is calculated by: 

2p
cond p pP r I=  (3.33) 

2s
cond s sP r I=  (3.34) 

where rp and rs are the AC resistance of the primary and secondary side magnetic 

couplers, respectively. The AC resistance of the magnetic couplers is measured at 

85 kHz and used in these equations and then include in the optimization problem 

to calculate the losses. 

A.2. Core losses of the magnetic couplers (Pcore_coup) 

The core loss of the magnetic couplers is the sum of the hysteresis and eddy 

losses. In order to calculate the core loss of the magnetic couplers, FEA is used. 

Since the system is operating at a constant frequency (85 kHz), for a given volume 

of the core material and a constant number of turns, the core loss is only a function 

of the field density, and field density is also a function of the coupler excitation 

current [144].  
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Fig. 3-7. FEA results of the magnetic coupler core loss versus excitation current at 85 kHz 

Therefore, the core loss can be calculated for each excitation current at 85 kHz 

using FEA. Fig. 3-7 illustrates the calculated core losses versus the excitation 

current of the magnetic coupler. The results are approximated by a polynomial to 

have an analytical model of the losses and it is included in the optimization 

problem.  

 Diode bridge losses (Pbridge) 

The diode bridge losses are modeled as a drop voltage at turn-on state and 

series equivalent resistance losses which is calculated by [143]: 

( )2
0_ _ _ _4bridge d bridge d ave d bridge d rmsP U I R I= +  (3.35) 

In (3.35), the diode is assumed to have a voltage drop of 0_d bridgeU  and the 

series equivalent resistance of _d bridgeR , and Id_ave and Id_rms are the diode current 

average and RMS values, respectively. Since there are four diodes in a full-bridge 

rectifier, the power loss is multiplied by four. Assuming Io is the output current, 
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half of the output current at each cycle passes through each leg, therefore, Io/2 is 

considered for diode average current and Io2/2 is equal to the RMS current of each 

diode which is used to calculate diode conductive power loss [143]. Therefore, the 

diode bridge losses can be simplified as follows: 

2

0_ _4
2 2
o o

bridge d bridge d bridge

I I
P U R

 
= + 

 
 (3.36) 

 Resonant capacitors losses (Pcap) 

The losses of the resonant capacitors are dependent on the dissipation factor 

of the selected capacitor, operating frequency, and the current of the resonant 

capacitors. Based on the equations of each branch current for different topologies, 

the resonant capacitor losses can be calculated by [64]: 

2tan ( )

2π
cap i

i

f
P I

fC


=   (3.37) 

where tanδ(f) is the dissipation factor of the resonant capacitors as a function of 

frequency which includes the Equivalent Series Resistance (ESR) losses. This value 

is given in the datasheet of the selected capacitors. Moreover, Ii is the RMS current 

flowing into the capacitor with the value of Ci. In the following, capacitor losses 

are calculated for each topology: 
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C.1. Series-Series configuration 

In this topology, the current flowing in Cs1 and Cs2 capacitors are equal to the 

primary side (Ip) and secondary side current (Is), respectively. Then the total 

capacitor loss of the Series-Series topology is calculated by: 

2 2

1 2

tan ( )

2π

pS S s
cap

s s

If I
P

f C C

−
 

= +  
 

 (3.38) 

C.2. LCC-Series configuration 

In the LCC-Series topology, the primary side capacitor current is equal to the 

primary side coil current (Ip) and the secondary side capacitor current is equal to 

the secondary side coil current (Is) than can be calculated according to (3.13) and 

(3.14), respectively. According to Fig. 3-4, the current flows through the C1 can be 

calculated from the current division between C1 and (Zp+Zr) branches and 

expressed as:  

( )
1 1

1

1
||C in p rI I Z Z C j

C j




 
= + 

 
 (3.39) 

Therefore, the total capacitor loss is expressed by: 

1

22 2

1 2 1

tan ( )

2π

CpLCC S s
cap

s s

IIf I
P

f C C C

−
 

= + +  
 

 (3.40) 

C.3. LCC-LCC configuration 

In this topology, the current flows in Cs1 and Cs2 capacitors are equal to the 

primary side (Ip) and secondary side current (Is) that can be calculated by (3.13) 
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and (3.14), respectively. The current flows to the capacitor C1 can be calculated by 

(3.39) and the current flows in C2 is calculated by the current division between the 

C2 and Zs1 and expressed by: 

2

1 2

1 2 1
s

C s

s

Z C j
I I

Z C j




=

+
 (3.41) 

Therefore, the total capacitor loss in LCC-LCC topology is given in: 
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 (3.42) 

C.4. Series-LCC configuration 

Similarly, in the Series-LCC topology, the current flows in Cs1 and Cs2 

capacitors are the primary side (Ip) and secondary side current (Is) that can be 

calculated by (3.25) and (3.26), respectively. The current of C2 is calculated 

according to Fig. 3-6 which is given by: 
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 (3.43) 

The total capacitor loss in this topology is expressed by: 
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 (3.44) 
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 Inverter losses (Pinv) 

The inverter losses of with four MOSFET switches consist of conduction and 

can be modeled as [55, 143]: 

( )2
( ) _4 2mosfet ds on mosfet rms dc mosfet r fP R I V I f t t+ +  (3.45) 

where Rds(on) is the on-state equivalent resistance of the Mosfet switches extracted 

from the datasheets. The parameters tr and tf are rise time and fall time related to 

the dynamic characteristics of the selected switch. Moreover, Imosfet_rms and Imosfet 

are the RMS value, and turn-on value of the current flows in the Mosfet switch. 

The losses of the anti-parallel diodes are calculated as follows [143]: 

( )2
0 _4diode d diode ave diode diode_rmsP U I R I+  (3.46) 

where Ud0 and Rdiode are the turn-on voltage drop and resistance of the antiparallel 

diode of the Mosfet switches respectively. These values can be found in the 

datasheet of the selected switch. 

The total loss of the inverter is the sum of the Mosfet switches and their anti-

parallel diodes losses, which is expressed by: 

inv mosfet diodeP P P= +  (3.47) 

 Resonant inductor losses (PL) 

The resonant inductor losses include the conduction and core losses, can be 

expressed as: 
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2
_ _ _L L cond L core L L L coreP P P r I P= + = +  (3.48) 

The AC resistance of the inductors (rL) is measured experimentally. Similar to 

the magnetic couplers, the core losses of the resonant inductors are calculated 

through FEA. In this case, the value of the core loss not only is dependent on the 

excitation current but also is a function of the inductor size. Fig. 3-8 presents the 

FEA results of a resonant inductor loss versus the current and size of the inductor 

for a typical 500W WPT system.  

It can be seen that the variation of core loss versus current and inductance is 

negligible compared to the rated power of the system. Therefore, the average of the 

core loss is considered in this chapter instead of curve fitting. All the 

aforementioned loss calculations for different components of the circuit are included 

in the optimization problem.  

 

Fig. 3-8. FEA results of the inductor core loss versus excitation current and inductor size at 

85kHz. 
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 Constraints 

For any physical system, there are several boundaries that limit the variables 

of the system. These constraints can be defined based on each application 

requirement. Some of the constraints are caused by the limited possible size, cost, 

or volume of the system: 

A. Size of the Resonant Network: 

In this optimization problem, the size of the resonant network should be limited 

to avoid an unacceptable design from a practical point of view. These boundaries 

are defined as a vector given by: 

   max max max max max max
1 2 1 2 1 2 1 2 1 2 1s 2s, , , , , L ,L ,C ,C ,C ,Cs sL L C C C C   

 

(3.49) 

B. Thermal Limit: 

Other practical constraints like the thermal limits of the system should be 

considered in a practical problem. Therefore, maximum values for the primary and 

secondary side coils are also defined as: 

max
p( , ) Ip out iI P k   (3.50) 

max
s( , ) Is out iI P k   (3.51) 
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C. Voltage Gain: 

To satisfy application requirements, an acceptable range for the output voltage 

gain should also be taken into account. The voltage gain is the ratio of the output 

voltage to the input voltage of the system. This constraint is defined by setting 

lower and upper boundaries as follows: 

min max
o o

( , )V V
G G

o out iV P k i nG k K     (3.52) 

 

D. ZVS Operation and Efficiency: 

The resonant network should be designed to provide ZVS conditions for the 

inverter. As discussed in Chapter 2, the input impedance seen by the inverter 

should have a resistive-inductive characteristic at the switching frequency and its 

phase angle should be a positive value. The ZVS satisfaction constraint is defined 

by: 

min ( , )
2outP k     (3.53) 

where  is the input impedance phase angle and min is the minimum phase angle 

selected by the designer.  Moreover, as discussed in the previous part, it is essential 

for the system efficiency to have a lower boundary in Case I. This boundary 

eliminates the solutions in which the output voltage profile is optimized and the 
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system efficiency is poor. This constraint for a desired acceptable energy efficiency 

is included as: 

ik di i nk K     (3.54) 

 Optimization  

In order to solve the proposed non-linear optimization problem, Brand-And-

Reduce Optimization Navigation (BARON) is used [145, 146]. BARON is an 

optimization solver capable of solving non-convex and mixed-integer programming. 

In addition, it can also find the global optimal point for the optimization problem 

in certain conditions [147]. Fig. 3-9 shows the proposed procedure to design the 

resonant networks components optimally for EV wireless charging applications. 
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Fig. 3-9. Procedure of the proposed optimized resonant network design. 
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To define the optimization problem, different parts of the problem should be 

defined as follows: 

1. Input parameters: f, Vdc, FEA results, measurements, datasheets. 

2. Variables: currents, resonant elements (C1, Cs1, Cs2, C2, L1, L2), k. 

3. Constraints: upper and lower boundaries of currents, voltages, input phase 

angle, efficiency, and values of the resonant elements. 

4. Equations: Pout, Ploss, Vout, Iin, Ip, impedances of the circuit. 

5. Objective function: Maximum efficiency or Minimum voltage variation. 

In this chapter, a 500 W/85 kHz WPT system is considered as a case study. 

The switching frequency is set to 85 kHz based on SAE J2954 standard for light-

duty EV charging system. Other design parameters and constraints are presented 

in Table 3-1. Table 3-2 lists the obtained values from the optimization for each of 

the resonant topologies. The results are given for both cases I and II.  

TABLE 3-1 

VARIABLES BOUNDARIES AND FIXED PARAMETERS 

Variable/Parameter Min. Max./Fix Value 

Lp, Ls - 270-278 µH 

L1, L2 1 µH 200 µH 

C1, C2, C1s, C2s 1 nF 200 nF 

GVo 0.725 0.775 

Kn - 0.18,0.25,0.32 

Ip(Pout,k) 0 15 A 

Is(Pout,k) 0 15 A 

ϕ 0.2 π/2 

ηdi - 0.80 

Vdc - 200 V 

Rds(on) - 37 mΩ 

r1, r2 - 50 mΩ 

rp, rs - 110 mΩ 

tanδ(f) - 10-3 
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TABLE 3-2 

OPTIMIZATION RESULT FOR DIFFERENT TOPOLOGIES 

Topology 
Objective 

(Case) 

Design Values 

L1[nf] L2[nf] C1[nf] C2[nf] C1s[nf] C2s[nf] 

Total 

Inductor 

[µH] 

Total 

Capacitor 

[nF] 

Series-

Series 

I - - - - 16.90 14.43 0 31.33 

II - - - - 15.25 12.53 0 27.78 

LCC-

Series 

I 54.85 - 108.90 - 15.68 20.12 54.85 144.70 

II 15.40 - 29.73 - 15.53 13.10 15.40 58.36 

LCC-LCC 
I 55.53 66.16 91.00 71.83 16.55 22.10 121.69 201.48 

II 28.97 138.69 23.62 26.75 15.16 26.11 167.66 91.64 

Series-

LCC 

I - 66.57 - 30.26 14.83 12.60 66.57 57.69 

II - 80.79 - 31.78 15.25 21.44 80.76 68.47 

 

Fig. 3-10 shows the output voltage and efficiency profiles of the different 

resonant topologies in both cases where coupling factor changes; Case I: reduced 

output voltage sensitivity and Case II: maximum efficiency. It should be noted that 

the output power is 500 W constant in all the cases. 

Fig. 3-10 shows that where the constant output voltage is considered (Case I), 

all the designed topologies can effectively reduce the output voltage variation at 

different coupling factors. However, the overall system efficiency in Case II is always 

higher than the efficiency of the Case I designs as expected.  

In Case II, the objective was defined as maximum efficiency at each coupling 

factor. In Fig. 3-10, it can be seen that this objective pushed the efficiency of the 

system into the higher values however the output voltage changes when the 

coupling factor changes. It can be seen that the LCC-Series, Series-LCC, and LCC-

LCC topologies, have the highest average efficiencies respectively in Case II. 
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However, for all the topologies in Case II, the voltage regulation is very poor, and 

the output voltage is significantly influenced by the coupling. Among them, LCC-

Series and Series LCC have the highest voltage variation with respect to k.  

In this optimization problem, different constraints are included, therefore, the 

topology of the system needs to have enough degree of freedom to satisfy the design 

requirements and reach the optimum value.  
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ηave(Case I)=94.67 %, ηave(Case II)=94.92 % 

 
ΔVout (Case I)=36.1 V, ΔVout (Case II)=57.6 V 

(a) Series-Series 

 
ηave(Case I)=90.93 %, ηave(Case II)=95.89 % 

 
ΔVout (Case I)=8.0 V, ΔVout (Case II)=165.2 V 

(b) LCC-Series 

 
ηave(Case I)=90.83 %, ηave(Case II)=95.41 % 

 
ΔVout (Case I)=7.1 V, ΔVout (Case II)=75.5 V 

(c) LCC-LCC 

 
ηave(Case I)=93.46 %, ηave(Case II)=95.57 % 

 
ΔVout (Case I)=10.3 V, ΔVout (Case II)=152.4 V 

(d) Series-LCC 

Fig. 3-10. Comparison of the performance of different resonant topologies at 500 W rated load. 
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The LCC-LCC topology has six resonant elements in its structure which give 

the highest degree of freedom in the optimization problem. In the LCC-Series and 

Series-LCC circuit, there are four resonant elements defined as the problem 

variables. On the other hand, the Series-Series topology has only two resonant 

capacitors which restrict its design area. Therefore, for Series-Series topology, the 

feasible area is so tight that it cannot be flexible enough to satisfy the constraints 

and reach Max./Min. of the objective functions. Consequently, the difference 

between the results in Case I and II for the Series-Series topology is not significant. 

By comparing the output voltage variation of the topologies in Fig. 3-10, it can be 

seen that there is a correlation between the number of resonant elements and their 

output voltage variation.  

 Voltage Comparison 

By comparing all the topologies in Case I (minimum voltage variation), it can 

be seen that the voltage variation is significantly reduced for all the topologies 

except the Series-Series topology. This is because of the fact that this topology has 

a lower degree of freedom in comparison with the others. Three other topologies 

presented a very good voltage regulation for a wide range of coupling factor 

variation. The LCC-LCC and LCC-Series designs presented 7.1 V and 8 V 

variations respectively which are the least voltage variation in Case I. The reported 

voltage variation in [40] was above 7% for the LCC-S topology with a constant 
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resistance load. The measured voltage variation reported in [115] was 8 V for a 72 

V nominal voltage (more than 11%).   

Further reduction of voltage variation or a wider range of coupling factors 

could be considered in the optimization problem. However, those constraints will 

tight the feasible region in which the problem may not be converged or results in 

lower efficiency profiles. Therefore, the range of 0.18-0.32 for k is selected in this 

chapter to not only present a constant voltage in the output but also ensures high-

efficiency energy transmission. 

 Efficiency Comparison 

Comparing the average efficiency of these three topologies in Case I shows that 

Series-Series and Series-LCC have presented the highest efficiency for the whole 

operating range. Moreover, it can be seen that the variation of the system efficiency 

for LCC-LCC topology is very small compared to the other topologies. Therefore, 

if the constant output voltage within a wide range of coupling factors is a 

requirement, without considering other parameters, LCC-LCC is preferable due to 

its flat efficiency curve.  

 Component Size Comparison 

The other key parameter for comparing these topologies in each case is the size 

of the resonant networks. The size of the resonant network has a crucial impact on 
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the total cost and volume of the design. As can be seen from Table 3-2, in both 

cases, Series-Series and Series-LCC have the lowest required capacitor values. 

However, since the voltage variation of Series-Series topology even in Case I is very 

high, this topology is not a good candidate for wide range operation of coupling 

factor.  

The total inductor value needed for the LCC-Series and Series-LCC in Case I 

are close which is approximately half of the required inductance for LCC-LCC 

topology in Case I. Similarly, in Case II (maximum efficiency), the total required 

inductance for LCC-Series is 15.4 µH which is much lower than LCC-LCC network. 

In summary, the total required inductance of the LCC-Series is the lowest in both 

cases. Therefore, considering Case I, it can be concluded that Series-LCC (if lower 

capacitor value is required) and LCC-Series (if lower inductor value is required) are 

the most cost-effective topologies with the least voltage variation.  

 Input Phase Angle 

The phase angle of the input impedance seen by the inverter determines the 

reactive current that the inverter should provide. To compare the four topologies, 

input phase angles of the optimized resonant networks are compared in Fig. 3-11.  
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(a) Series-Series 

 
(b) LCC-Series 

 
(c) LCC-LCC 

 
(d) Series-LCC 

Fig. 3-11. Comparison of the input phase angle versus k. 

It can be seen that the phase angle remains a positive value for the whole 

operating range which ensures the ZVS operation of the inverter switches. 

Moreover, it can be seen that generally, the phase angle of Case II is lower than 

Case I because the optimization program tried to reduce the inverter losses.  

The contribution of the inverter loss in the efficiency of the system is lower 

than other parameters. Therefore, the optimized circuits have a higher input phase 

angle compared to conventional design methods. Although having a Zero Phase 

Angle (ZPA) minimizes the inverter losses, it cannot guarantee the optimality of 

the maximum efficiency of the whole WPT system. Furthermore, in Case I the 
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objective function was minimizing the voltage variation versus coupling factor; 

therefore, the optimized circuit showed more inverter losses compared to Case II.  

 Power Loss Distribution Comparison 

Fig. 3-12, shows the calculated power loss distribution for each topology at 

500W rated loading condition. In this calculation, the coil resistance, and inductor 

resistances are considered for conduction losses, and the coil losses only take the 

core loss into account. As expected, the total amount of power loss is higher in all 

the topologies in Case I compared to Case II. Moreover, it can be seen that 

generally, the power losses are increasing as the misalignment increases (k 

decreases).  

In Case II, for Series-Series and LCC-Series since the output voltage drops 

when k decreases, for constant power, the output current increases. Therefore, the 

diode-bridge loss increases as shown in Fig. 3-12. On the other hand, LCC-LCC 

and Series-LCC topologies have an increasing output voltage when the coupling 

factor reduces (more misalignment). Therefore, their diode-bride loss is higher when 

the coils are fully aligned in Case II.  

It can be seen in Fig. 3-12 that the rate of change of the coils losses in Case I 

is higher than Case II when the coupling factor decreases from 0.32 to 0.18. Since 

in Case I, the converter is designed to reduce the output voltage variation, the 
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primary side coils current increases to compensate for the reduction of induced 

voltage on the secondary side coil. This resulted in higher conduction and core 

losses for the coils. From this aspect, the LCC-Series topology has the highest coil 

loss portion in comparison with other topologies in Case I. On the other hand, the 

LCC-LCC network has the lowest coil loss in comparison with the other topologies 

in Case I (except Series-Series).  

 

 
(e) Series-Series 

 
(f) LCC-Series 

 
(g) LCC-LCC 

 
(h) Series-LCC 

Fig. 3-12. Comparison of the loss distribution at different coupling factors of the resonant 

topologies. 
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 Discussion 

In a conventional tuning of an LCC network, the primary side current was 

load-independent which resulted in high sensitivity of the output voltage with 

respect to misalignment. Conversely, the developed optimization method resulted 

in having a more flexible current on the primary side. The optimization in Case I, 

pushed the primary side current to follow and compensate for the variation of the 

coupling factor effect on the output voltage of the system.  

A wider range of the coupling factors could be considered in the optimization 

of the resonant networks. To evaluate the optimization results presented in Table 

3-2 in a wider range of k (k=0.14-0.4), output voltages of the resonant networks 

are presented in Fig. 3-13. Although the resonant networks are optimized in the 

range of k=0.18-0.36, the result of the output voltage at a wider range of coupling 

factors was acceptable. The output voltage variation with respect to misalignment 

was significantly lower than conventional tuning of the resonant networks.  

In summary, considering the poor performance of the Series-Series topology in 

Case I and the high total required resonant capacitors and inductors in LCC-LCC 

topologies, LCC-Series, and Series-LCC topologies are the best candidates for 

satisfying the constant output voltage application requirements when k varies in a 
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wide range. Table 3-3 summarizes the comparison conclusions discussed in this 

section. 

 
(a) Series-Series 

 
(b) LCC-Series 

 
(c) LCC-LCC 

 
(d) Series-LCC 

Fig. 3-13. Output voltage variation versus coupling factor (k=0.14-0.4). 

TABLE 3-3 

COMPARISON OF THE TOPOLOGIES IN CASE I 

Topology 
Number of 

Components 

Capacitor 

Size 
Inductor Size 

Average 

Efficiency 

Voltage 

Variation 

Series-Series Good Good - Good Poor 

LCC-Series Normal Normal Good Good Good 

LCC-LCC Poor Poor Normal Good Good 

Series-LCC Normal Good Good Good Good 

 

The frequency splitting issue, also known as bifurcation, can be a concern in 

the WPT systems when the frequency control method is used to control the output 

voltage. This phenomenon is studied in [148], and design guidelines to avoid 
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bifurcation for a Series-Series compensation are presented in [149]. In order to study 

this phenomenon, the frequency response of the output voltage of the four studied 

topologies are shown in Fig. 3-15.  

It can be seen that there are two maximum output voltage points for each 

topology. This phenomenon is known as bifurcation of the output voltage. However, 

in this thesis a fixed frequency of 85 kHz is used for the inverter; therefore, the 

bifurcation does not affect the performance of the system. 

 
(a) Series-Series 

 
(b) LCC-Series 

 
(c) LCC-LCC 

 
(d) Series-LCC 

Fig. 3-14. Frequency response of the output voltage. 
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 Experimental Results 

Since the main focus of this chapter is the optimization comparison of constant 

voltage characteristics of different resonant topologies, only Case I is implemented 

for experimental evaluation. A 500 W/85 kHz prototype was built to validate the 

performance of the proposed resonant network design. Fig. 3-15 shows the 

experimental setup with the parameters shown in Table 3-2 for Case I.  

In this setup, IPW60R037P7 power MOSFETs are used which has a 37 mΩ 

turn-on resistance and a good switching dynamic.  

Load

Resonant 

Network Coils

Inverter

Isolated Supplies

Resonant 

Network
 

Fig. 3-15. Realized prototype of the WPT system. 

Diode-bridge is built by DSEI120-06A. In this chapter, a circular magnetic 

coupler with 19 turns is considered for both primary and secondary sides. The sizing 

and number of turns of the magnetic couplers are based on the FEA simulations. 

The total diameter of the magnetic couplers is limited to 500 mm and their self-

inductance is in the range of 272-280 μH. A Litz wire with 500 strands of AWG 38 



Ph.D. Thesis - Ali Ramezani              McMaster University – Electrical & Computer Engineering 

113 

is used to provide a high-quality factor for the coils by reducing the AC resistance 

at 85 kHz. FEA simulation results and experimental measurement of the coupling 

factor are compared in Fig. 3-16.  

Fig. 3-16 shows very good accordance between the simulation results and 

measured values. In order to validate the voltage regulation performance of the 

optimized topology, an open-loop test is carried out in this section.  

 

Fig. 3-16. Comparison of FEA and measured coupling factor at different positions. 

Fig. 3-17 shows the experimental results for two different coupling factor 

conditions. As can be seen, the output voltage is almost constant for the two 

coupling conditions. Moreover, ZVS is achieved for the converter in all the 

operating points to ensure operation in high efficiency for a wide range of coupling. 

As can be seen from Fig. 3-17, for variation of k from 0.2 to 0.32, the output voltage 

variation is very low.  Fig. 3-18 shows the output voltage and Efficiency of the 

optimized Series-LCC topology under different values of k. As discussed before, the 
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efficiency of this case is not as high as in Case II. However, the voltage regulation 

characteristics are very satisfying as expected. 
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(d) Series-LCC 

Fig. 3-17. Experimental voltage and current waveforms under different coupling conditions at   

500 W load. 
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(a) Series-Series 

  
(b) LCC-Series 

  
(c) LCC-LCC 

  
(d) Series-LCC 

Fig. 3-18. Comparison of experimental and simulation results under different coupling conditions 

for Case I. 
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 Conclusion 

This chapter presents an optimal design of resonant networks in a WPT 

System for EV applications. The design has been done for two case scenarios: Case 

I: achieve a constant output voltage with respect to misalignments, and Case II: 

achieve the highest possible efficiency with respect to misalignments.  

Different topologies are studied and optimized and the results are compared. 

To design the resonant networks, an optimization problem is defined to minimize 

the output voltage variation with respect to the misalignment. Moreover, practical 

constraints, losses, and ZVS conditions are also included in the design framework. 

All the topologies are optimized and compared from different aspects such as output 

voltage variations, average efficiency, number and size of the components, and 

power loss distribution. Among the different resonant topologies, LCC-LCC 

presented the best performance in terms of output voltage variation (4.7%) for the 

wide range of coupling factors between 0.18 to 0.32. Considering the average 

efficiency of the topologies, LCC-LCC is also the best topology at misalignment 

occurrences.  

However, the number of components and their values in the LCC-LCC 

topology are higher than the other topologies. The next best candidate considering 

the number of components is LCC-Series with 5.3% output voltage fluctuation in 
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the desired misalignment range. Moreover, the average efficiency of LCC-Series was 

slightly lower than LCC-LCC. Therefore, taking the volume and weight of the 

design (power density) into account, especially in EV applications, LCC-Series can 

be considered as the best candidate with the least output voltage sensitivity and 

good average efficiency over a wide range of coupling factor variations.  

By proposing the reduced voltage sensitivity WPT system, the variation of the 

output voltage reduced compared to conventional designs. Therefore, in the case of 

misalignment occurrence, the output voltage will not be affected significantly. In 

order to validate the proposed design procedure and the comparison of the 

topologies, a 500 W/85 kHz WPT system is built with circular magnetic couplers. 

The output voltage and efficiency of the converters are compared. The experimental 

results validated this conclusion and verified the performance of the optimized 

resonant network under different misalignments. 
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A New Integrated Magnetic Structure for 

EV Wireless Charging Applications 

 Introduction 

In Chapter 3, an optimization procedure for designing the resonant network of 

the wireless charging system with respect to misalignments is developed. It is shown 

that the LCC-S topology offers outstanding efficiency and misalignment tolerance. 

In this chapter, a new integrated wireless charging system is developed to improve 

the power density and reduces the implementation cost by reduction of the required 

ferrite material. Moreover, system-level optimization and magnetic structure 

optimization are developed to maximize efficiency of the wireless power 

transmission system. 
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Fig. 4-1. A typical wireless EV charging system. 

In a typical EV wireless charging system, as shown in Fig. 4-1, the receiver 

side consists of a resonant network, rectifier, and a DC-DC converter [69]. The DC-

DC converter also requires a filter before connecting to the battery.  

 In this chapter, the LCC-S topology is selected. The LCC-S not only offers 

outstanding efficiency and misalignment tolerance, but also this topology presents 

suitable features for stationary charging such as high efficiency, low partial load 

losses, ZVS realization, and constant current on the primary side coil. The other 

attractive advantage of LCC-S topology for EV applications is the component 

counts [55]. This topology has only one capacitor on the vehicle side which reduces 

the weight, size, and cost. Especially, for EV application the power density of the 

system is crucial since space is limited on the vehicle side [119]. 
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As discussed in Chapter 2, integration of the resonant inductors and magnetic 

couplers can reduce the use of ferrites and thus help to reduce the cost and improve 

the power density of the converter. Since the receiver converter is located on the 

vehicle side, the power density is more challenging and important.  

In this chapter, a new structure is proposed to integrate the inductors needed 

for the DC-DC conversion stage on the vehicle side into the main magnetic couplers.  

Table 4-1 compares the features of the proposed integration method with 

recently proposed integrated WPT systems. 

TABLE 4-1 

INTEGRATION METHOD AND POWER LEVEL COMPARISON 

Ref. 

Resonant 

inductor 

integration 

DC-DC 

inductor 

integration 

Power 

[kW] 
Integrated coil 

[119] ✓  3 Rectangular 

[121] ✓  3.5 DD 

[122] ✓  3 Bipolar 

[123] ✓  5.6 DD 

[120] ✓  3 Bipolar 

Proposed ✓ ✓ 3.3 Bipolar 
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 The Proposed Integrated Magnetic Structure 

The proposed structure is shown in Fig. 4-2. In this structure, the space on the 

receiver magnetic coupler is used to place the DC-DC inductor and thus shrink the 

size of the receiver converter. 

Ferrite

Ferrite

Receiver Coil (Main Coil)

DC-DC Inductor (Integrated Coil)

LaLb

Transmitter Coil (Main Coil)

Primary Side (Transmitter)

Secondary Side (Vehicle)

Lp

Ls

 

Fig. 4-2. Proposed WPT magnetic structure with integrated DC-DC converter inductor. 

As discussed in Chapter 2, the rectangular and circular magnetic couplers are 

suitable candidates for stationary EV wireless charging applications. The 

rectangular magnetic coupler is chosen in this chapter because of two main reasons. 

First, the integrated coils should be placed in the inner space of the main coils. A 

rectangular magnetic coupler offers more inner space for the integrated coils 

compared to a circular magnetic coupler. Second, the middle area of the circular 

pad is not covered by ferrite and there is a hole in the middle of the structure. 

Therefore, the self-inductance of the integrated inductor will be low due to higher 

magnetic reluctance. The rectangular magnetic structure has more ferrite material 
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in the inner space of the magnetic coupler which is suitable for the integrated 

inductor. 

The magnetic coupler structure is made of ferrite bars and rectangular coils as 

shown in Fig. 4-2. The DC-DC converter inductor coil (called integrated coil), is 

placed in the middle of the rectangular receiver coil (called main coil). The energy 

will be transferred through the main coils and the integrated coil is only be used 

for the DC-DC power conversion stage.  

Integrating the magnetic structure of the magnetic couplers with the DC-DC 

inductor results in the mutual coupling between the DC-DC inductor and the 

magnetic couplers. This mutual inductance induces an unwanted voltage on the 

DC-DC inductor. To eliminate the effect of the coupling and the induced voltage, 

the DC-DC inductor can be divided into two coils. The two integrated coils (La 

and Lb ) are placed in an opposing direction (bipolar type) to have opposing induced 

voltage from the main coils. By connecting the La and Lb coils in series, the DC-

DC inductor is formed. Therefore, the unwanted induced voltage will be eliminated 

which will be discussed in detail in Section 4.2.3. 

 Case Study 

In this case study, it is assumed that the magnetic coupler is designed and the 

total dimensions of the magnetic couplers are limited by 550mm×550mm. The 
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integrated coil is a bi-polar type coil that is required to be located inside the main 

coil. In this case, the available space is 190mm×190mm for each of them. The 

thickness and number of the ferrite bars are selected based on the finite element 

analysis to avoid saturation and excessive core losses. In this design, five ferrite 

bars with a dimension of 510mm×38mm×7mm are considered. The ferrite bars are 

N87 material from EPCOS which present a good performance in high-frequency 

power transmission.   

The proposed magnetic coupler structure is modeled in ANSYS Maxwell and 

FEA results to calculate the self-inductance and mutual inductance between the 

main coils and integrated coils. The mutual inductance between the main coils is 

also affected by the position of the magnetic couplers respect to each other which 

is considered here by applying X and Y-direction misalignments. The x-axis 

misalignment (X-Mis.) and y-axis (Y-Mis.) tolerances are considered to be ±200mm. 

The self-inductance of the main coils (Lp and Ls) and integrated coils (La and Lb) 

with respect to misalignments are shown in Fig. 4-3. It can be seen that the self-

inductances variations are negligible in the studied range. Therefore, these values 

are assumed constant for the simplicity of the circuit analysis.  
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(a) pL  (c) aL  

  

(b) sL  (d) bL  

Fig. 4-3. Self-inductance variation of the proposed integrated magnetic structure under different 

misalignments. 

The coupling coefficients can also be defined as:  

ps ps p sk M L L= , pa pa p ak M L L= , pb pb p bk M L L=  

sa sa s ak M L L= , sb sb s bk M L L= , ab ab a bk M L L=  
(4.1) 

where psk  is the mutual coupling coefficient between primary and secondary side 

coil, pak  is the mutual coupling coefficient between primary and integrated coil A, 

and pbk  is the mutual coupling coefficient between primary and integrated coil B 

at the nominal air gap.  
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The results are shown in Fig. 4-4. In Fig. 4-4 (a), the coupling factor is varied 

from 0.32 to 0.034 when there is a ±200mm misalignment between the centers of 

the two magnetic couplers. The coupling factors and self-inductance values are 

presented relative to 200 mm for 100% misalignment. 

The variation of the magnetic coupler position results in the variation of the 

mutual inductance between the primary coil and DC-DC inductors. It can be seen 

that pak and pbk values at different misalignment conditions are close to each other. 

This feature is used to connect the two coils in a reverse connection to cancel out 

the unwanted induce voltage from the primary side coil on the DC-DC inductors. 

In other words, the integrated coil is decoupled from the main coils. This feature 

will be further elaborated in Section 4.2.3. 

The mutual coupling between the secondary side coil and auxiliary coils ( ,sa sbk k

) and the mutual coupling factor of the two integrated coils ( abk ) are shown in Fig. 

4-4 (d), (e), and (f) respectively. In Fig. 4-4 (d) and (e), it can be seen that the 

coupling factor between the secondary side main coil remains almost constant for 

different misalignment variations. Similarly, the coupling factor between the two 

integrated coils, abk , is also remained constant in this region as shown in Fig. 4-4 

(f). This is because of the fact that the position of the two DC-DC inductors is not 
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changed by applying X and Y-misalignment between the primary and secondary 

main coils.  

It should be noted that it is possible to place the integrated coils in the back 

of the ferrite bars. In that case, more space is available for the integrated coils and 

the inductance value could be increased. Moreover, the values of kpa, kpb, ksa, and 

ksb are reduced compared to the proposed design, and the values of kps and kab have 

remained the same as the originally proposed structure. Therefore, the mutual 

inductances between the DC-DC coils, primary and secondary side coils will be 

reduced which reduces the unwanted induce voltage. However, in that case, an 

extra layer of shielding is needed to avoid excessive magnetic flux flowing into the 

vehicle and passenger to meet the safety standards. Therefore, to avoid adding an 

extra layer to the magnetic structure and magnetic flux leakage in the vehicle side, 

the first approach is selected. 
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(a) psk   (d) sak  

  

(b) pak  (e) sbk  

  

(c) pbk  (f) abk  

Fig. 4-4. Coupling factor variation of the proposed integrated magnetic structure under different 

misalignments. 
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 Design Guidelines 

The size of the magnetic coupler is related to the uncompensated power which 

is equivalent to the short-circuit current times open-circuit voltage. The open-

circuit voltage is dependent on the coupling factor of the magnetic couplers and the 

primary side current.  

First, according to the required power level and the available space for the 

magnetic coupler, an initial structure will be designed. The diameter of Litz wire is 

selected according to the current rating of the coils. Each strand diameter should 

be selected according to the skin depth at the operating frequency. Then the total 

required number of strands can be calculated. 

Different design parameters with several iterations should be considered for the 

proper design;  

• The ferrite bars used in the structure are the I-type ferrite cores. Limited 

variations of these bars are available in the market. Therefore, the size 

of the ferrite bars should be considered as a discrete variable in the 

design process.  

• To have an optimal design, some constraints should be considered in 

the design process. For instance, the size of the integrated coils should 

be less than the internal diameter of the magnetic coupler. Moreover, 
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the self-inductance value of the main coils should be limited to avoid 

excessive voltages on the winding.  

• The volume of ferrite material or copper should be minimized. The 

volume of ferrite not only improves the coupling factor but also affects 

the self-inductance values.  

• The self-inductance value of the DC-DC inductor can be determined by 

the ferrite bars dimension, the number of turns, and outer diameter. 

The outer diameter of the integrated coils is limited to the inner width 

of the main coil to avoid adding an extra layer to the structure. 

• FEA studies are also done to show the effect of the number of ferrite 

bars on the self-inductance of the DC-DC inductor and kps. The results 

are presented in Table 4-2.  

 

TABLE 4-2 

EFFECT OF FERRITE VOLUME ON THE COUPLING FACTOR AND SELF-INDUCTANCES 

Number of 

ferrite bars 

Ferrite Weight 

[kg] 

Ferrite Volume 

[mm3] 
Max. kps Lp, Ls [µH] La, Lb [µH] 

4 2.6 542640 0.3158 363.5, 361.3 71.2, 75.3 

5 3.3 678300 0.3273 390.7, 387.9 72.6, 77.3 

6 3.9 813960 0.3337 408.1, 406.2 76.3, 81.9 

Fully covered 7.9 1635060 0.3738 504, 501.6 89.8, 98.5 
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According to Table 4-2, the increase in the volume of ferrite will lead to increase 

maximum coupling factor and self-inductance values. However, large self-

inductance of the main coils results in increasing their voltage stress. Moreover, 

there is not a significant difference between the results of five ferrite and six bars. 

Therefore, five number of bars are selected in this study to save ferrite and reduce 

the implementation cost. 

 Analysis and Design of the Integrated Magnetic 

Structure 

A. Circuit Modeling and Analysis 

To design the resonant network and analyze the effect of the mutual inductance 

between the main coils and integrated coils (DC-DC inductor), a frequency domain 

analysis is presented in this section. The presented model is used in an optimization 

program to optimally design the resonant elements of the EV wireless charging 

system. By using the presented model of the system, the unwanted voltage induced 

on the DC-DC inductors is analyzed and a new method is presented to eliminate 

this unwanted voltage. 

The primary side converter is a full-bridge inverter fed by the dc source and 

the output of the inverter is connected to the primary side resonant network. The 

LCC-S topology is selected for the resonant and is shown in Fig. 4-5.  



Ph.D. Thesis - Ali Ramezani              McMaster University – Electrical & Computer Engineering 

131 

S3 Cs2

CL Ro

Lp LsC1

Vdc

rp rsS1

S4S2
Ip

Vin

Cs1L1r1

Is

Transmitter Side Vehicle Side

Mps

ra

La

Lb

rb

Sb

Co

DC-DC Inductors

RL

Req

Vd

ILoad

Io

 

Fig. 4-5. A WPT system with an LCC-S resonant network and proposed integrated DC-DC 

conversion stage coils. 

The high-order resonant network absorbs the higher harmonics of the inverter 

voltage. Therefore, for the simplicity of the analysis and design of the resonant 

network, fundamental harmonic analysis is commonly used. The RMS value of the 

voltage waveform generated by the voltage source inverter is calculated as  

dc( 8V π)sin( 2)RMS
inV = [26]. 

In this equation,   is the phase-shift of the inverter legs with operating angular 

frequency of  . The phase-shift angle can be used to control the RMS value of the 

input voltage of the resonant network to control the output voltage.  

Similarly, considering a high value for the output dc-link capacitor, the 

resistance seen by the vehicle side resonant network from the diode bridge is 
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expressed as  28 πeq LR R=  [26]. The value of LR  is dependent on the duty cycle of 

the DC-DC converter which is a buck converter in this chapter. According to these 

assumptions, the equivalent circuit is shown in Fig. 4-6.  

Cs2

ReqLp LsC1

rp rs

Ip

Cs1L1r1

Is

Mps

Secondary Side CoilVin

raLa

Lb
rb

Iab

Msb
MsaMpa

Mpb

Mab

Buck Converter Coil

Iin

 

Fig. 4-6. Simplified circuit of the LCC-S compensated topology with integrated DC-DC coils. 

In this figure, pr and sr  are the primary and secondary side coils AC resistances, 

and parameters ar and br  are the integrated coils parasitic AC resistance. In this 

circuit, aL  and bL  forms the inductors of the DC-DC converter.  

According to Kirchhoff’s Voltage Law (KVL), the steady-state of the LCC-S 

topology shown in Fig. 4-6 is described as V ZI= , where: 

  0 0 0
T

inV V =   , 

 
T

in p s abI I I I I =   , 

(4.2) 
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The diagonal elements of the impedance matrix are defined as follows: 
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( )44 2a b a b abZ r r j L L M= + + + −  

(4.3) 

Similarly, the non-diagonal elements are defined as: 

12 2
1

1
Z

C
=  

23 psZ j M=  

( )24 pa pbZ j M M= −  

( )34 sb saZ j M M= −  

(4.4) 

According to the presented analysis, the input current of the circuit is 

calculated as follows: 

( )
12 33 44

2 2 2
33 44 12 11 44 23 33 24 22 33 44

ininI
Z Z Z

V
Z Z Z Z Z Z Z Z Z Z Z

− 
+ −

=
+

 (4.5) 

The transmitter coil current ( pI ) and secondary side coil current ( sI ) can be 

expressed by: 
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−
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(4.6) 

It should also be noted that the secondary side coil current is equal to the load 

current. The induced voltage on the series-connected integrated coils (DC-DC) can 

be written as: 

( ) ( )oc
ab pa pb p sb sa sV j M M I M M I  = − + −   (4.7) 

It can be concluded from (4.7) that the induced voltage on the integrated coils 

is dependent on the difference of their mutual inductances with primary and 

secondary coils. If the integrated coils are placed in a way to have equal mutual 

inductances, they will cancel out their effects and the induced voltage will be 

minimized. In order to eliminate the induced voltage from the main coils, the DC-

DC coil is divided into two parts which are connected reversely. In the fully-aligned 

condition, the induced voltage will be zero. In case of misalignment, the mutual 

couplings are not equal to cancel out each other. In that case, a small AC voltage 

will be induced on the DC-DC coil which will discuss further in the next part. The 

output voltage of the wireless charging system on the equivalent resistance is 

defined by: 
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24 34 23 44
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o eq o eqV
Z

R I R
Z Z Z Z

Z Z

+

−
= =  (4.8) 

The coupling between the primary and secondary side (kps), directly affects the 

induced voltage on the secondary side coil, Vs
oc: 

( ) ( )oc
s ps p sb sa abV j M I M M I  = + −   (4.9) 

The induced voltage on the secondary side also affects the input voltage of 

the buck converter, Vd: 

2
2

1

oc
s

s

s s

s

V
I

r j L
C




=
 

+ − 
 

 
(4.10) 

8
d eq sV R I


=  (4.11) 

In this analysis, it is assumed that the buck stage filter will absorb high-

frequency components that are induced from the main coils. The DC-DC inductor 

is modeled in the analysis as an inductance series with its AC resistance as shown 

in Fig. 4-7 (a) and (b).  

The unwanted induced voltage 𝑉𝑎𝑏
𝑜𝑐 is in series with the buck converter 

inductor. Fig. 4-7 (c) shows the simplified model of the buck converter circuit with 

the integrated coils. Then, the DC-DC inductor is divided into two coils which are 

connected reversely as shown in Fig. 4-7 (d). The RC component of the buck 
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converter itself acts as a low-pass filter which converts the square waveform into a 

ripple-free output voltage. Therefore, any high-frequency voltage component in the 

input of the filter of the buck converter will be absorbed and only dc component 

contributes to dc voltage at the output. As a result, the induced voltages on the 

coils will cancel out at fully-aligned conditions and the circuit can be simplified as 

Fig. 4-7 (e). Moreover, by analyzing the filtering effect of the RC network in the 

buck converter, it can be shown that the high-frequency component will not appear 

on the load. 
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(a) regular buck converter (b) simplified model (c) simplified model of the 

integrated buck converter 

and WPT system 
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Fig. 4-7. Circuit schematic of the wireless charging system with integrated magnetic coupler. 
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From the WPT circuit point of view, the buck converter circuit acts as a low-

pass filter. Therefore, the integrated inductor can be modeled as an inductance 

series with their AC resistances and induced voltages from primary and secondary 

side coils as shown in Fig. 4-7 (f).  

 

B. Optimization  

The optimization is applied to the design of the WPT resonant elements. The 

resonant circuit is optimized to present high efficiency for the whole operating 

range. The nominal load is 3.3 kW; however, the converter will not operate at its 

maximum power for the whole charging process. Therefore, the Time-Weighted 

Average Efficiency (TWAE) optimization method for WPT systems [55] is adopted 

on the problem and Brand-And-Reduce Optimization Navigation (BARON) is used 

[145, 146]. BARON is a powerful optimization solver that can be used to solve non-

convex and mixed-integer optimization problems. Besides, it can also find the global 

optimal point for the optimization problem if the boundaries are selected properly 

[147].  

According to the SAE standard for stationary charging, the switching 

frequency of the transmitter side converter is limited to 85 kHz band. The output 

voltage is limited in the range of 300-600 V considering the voltage rating of the 

semiconductor devices on the vehicle side converter. To consider the heat generated 
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by the losses of the coils, the primary, and secondary side coil currents are limited 

to 15 A. In order to satisfy the ZVS condition, the imaginary part of the impedance 

seen by the full-bridge inverter should be a positive value. Therefore, the soft 

switching satisfaction condition is defined by the following constraint:  

0 2inZ  =   
(4.12) 

In this section, the operating range for the WPT system is limited in the range 

of 0.22-0.32 for psk  and the nominal power set for TWAE is 

 2100,2400,2700,540nP = . In this range of coupling factors, the x and y-direction 

misalignments are limited to 115mm at the nominal air-gap. Table 4-3 lists the 

designed 3.3 kW/85 kHz WPT system with the proposed magnetic structure and 

discussed constraints.  

 

The efficiency and output voltage of the designed WPT system (without 

considering the DC-DC stage on the vehicle side) are shown in Fig. 4-8. It can be 

seen that the efficiency curve is almost flat for the acceptable desired operating 

range. 

TABLE 4-3 

DESIGN SPECIFICATIONS 

Variable Selected Value 

1L  66.1 µH 

1C  48.4 nF 

1sC  11.6 nF 

2sC  9.7 nF 
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Fig. 4-8. The efficiency of the WPT system under different coupling conditions versus output 

power. 

 
(a) output voltage versus coupling factor 

 

(b) Output voltage versus output power 

Fig. 4-9. The output voltage of the WPT system under different loading conditions. 
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The output voltage has an increasing trend as the coupling factor increases as 

shown in Fig. 4-9 (a). Moreover, from Fig. 4-9 (b) it can be concluded that the 

output voltage is not sensitive to the load since at each coupling factor the value 

of the output voltage remained almost constant when the load increased from light-

load to full-load condition. 

C. Design Challenges 

Although integration of the magnetic couplers and DC-DC inductor results in 

a more compact design and reduces cost by saving ferrite material, it also brings 

some challenges for the design. Since the magnetic couplers are placed in the same 

plane as the secondary side main coil, there are parasitic mutual inductances 

between the primary, secondary, and DC-DC coils as discussed in Section 4.2.2.  

As discussed, to improve the performance of the system and reduce the induced 

voltage, the DC-DC inductor is divided into two coils. The two integrated coils are 

connected reversely to cancel out their induced voltages at fully-aligned operation. 

However, due to the misalignment occurrence, the values of their mutual inductance 

and their corresponding induced voltages will not be eliminated. In case of the 

misalignment, the induced voltage is described in (4.7). This voltage results slightly 

more losses in the system.  
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According to the calculated values of the mutual inductances in the FEA 

results and (4.7), the induced voltage on the auxiliary coils is calculated and 

illustrated in Fig. 4-10. In Fig. 4-10 (a), the induced voltage at the nominal air-gap 

under different X-misalignment is shown and it can be seen that the induced voltage 

on these coils is negligible as expected.   Thanks to the symmetrical design of the 

integrated coils, at zero Y-Mis. their mutual inductance with transmitter (primary) 

coil is canceled out and resulted in a very low induced voltage on them. However, 

the magnetic structure is not symmetrical when Y-direction misalignments happen.  

 

(a) Induced voltage versus Y-Mis 

 

(b) Induced voltage versus Y-Mis 

Fig. 4-10. Induced voltage on the auxiliary coils versus X-Mis. and Y-Mis. 
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Therefore, the value of mutual inductances can induce a low voltage on the 

integrated coils. Since the circuit seen by the induced voltage on the integrated coil 

behaves as a low-pass filter, the 85 kHz voltage generated by the WPT is not 

affecting the DC-DC conversion stage and not contributing to generating more 

power loss. Moreover, since a closed-loop controller is used on the DC-DC converter, 

any ripple caused by the induced voltage will be eliminated.  

Due to the limited space available in the magnetic coupler of the wireless 

charger, the size of the integrated DC-DC inductor is limited too. In some 

applications that need more inductance value, this issue needs to be considered. By 

increasing the volume of the utilized ferrite in the structure, both main coil self-

inductance and integrated coil self-inductance will increase. However, increasing 

the volume of ferrite is contradicting with the idea of reduction of the utilized ferrite 

material. Alternatively, by increasing the number of turns the value of the self-

inductance can be controlled. In this case, if the same plane with the secondary 

side coils was not enough, the back of the ferrite material can be considered to be 

fully covered by the integrated inductor. The third solution for increasing the value 

of the inductance in the proposed integration method is swapping the integrated 

inductor and main coils. In that case, the value of the integrated coil self-inductance 

will be much higher than the presented design in this section. 
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D. Dynamic Performance 

The dynamic performance of the integrated buck converter is similar to the 

conventional buck converter. The impedance seen from the unwanted induce 

voltage (Vab) is a low-pass filter. Therefore, high-frequency components of the 

voltage will not change the performance and dynamic response of the buck 

converter. The presented charging system is for stationary charging applications in 

which the coupling factor will not change during the charging process. Therefore, 

except for the start-up of the system, no transient and dynamic response is expected 

in the operation of the buck stage.  

In order to evaluate the dynamic response of the integrated buck converter 

variation of output power from half to full-load at k=0.32 and k=0.22 is presented 

in Fig. 4-11. It can be seen that at lower coupling factors, there are less fluctuations 

in the output voltage. Because at lower coupling factors both the unwanted induced 

voltage and input voltage of the buck stage have lower amplitudes compared to the 

fully-aligned condition.  
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(a) k=0.32 

 

(b) k=0.22 

Fig. 4-11. Dynamic response of the buck converter from half to the full-load loading condition 

E. Comparison with Conventional Buck Converter 

Compared to a conventional buck converter, the proposed integrated converter 

has slightly lower efficiency. The magnetic coupling between the main coils and 

integrated coils generates an induced voltage on the buck converter inductor. This 
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voltage causes more losses in the system. However, the output ripple is not affected 

because of the filtering effect of the low-pass filter in the output of the buck stage.  

In order to compare the losses of the proposed integrated structure with the 

conventional WPT system with a regular buck converter, the core and conduction 

losses are calculated using 3D-FEA. In this comparison, the DC-DC inductor of the 

regular buck converter is made by an E65 ferrite core with 15 turns of Litz wire. 

At the nominal loading condition, the total magnetic elements loss of the 

conventional WPT system including the conventional DC-DC inductor and main 

couplers is calculated 44.1 W. The total magnetic elements loss of the proposed 

integrated structure in the fully-aligned position at rated load is calculated 52.21 

W. Although the total magnetic loss of the proposed system is slightly higher, 

considering the rated power of 3.3 kW, the difference of efficiency is ~ 0.2% increase 

which is negligible.  

 Experimental Results 

To validate the proposed integrated magnetic structure, a prototype of the 

WPT system with rectangular magnetic coupler is built. The rated power for the 

system is 3.3 kW and the nominal air-gap is set to 150mm. Fig. 4-12 illustrates the 

3.3-kW setup built in the lab. The realized integrated magnetic structure is shown 

in Fig. 4-13.  
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Fig. 4-12. Realized prototype of the WPT system. 

 

 

(a) primary side coil (b) secondary side coil 

Fig. 4-13. Realized proposed integrated magnetic structure. 

Since the inner rectangle of the auxiliary coils was small compared to the large 

diameter of the Litz wire, their shape turned into a circular form. In this setup, the 

coils are made by 500 strands of AWG 38 and the ferrites are type N87 from 

EPCOS. In the primary side converter, IPW65R037C6 CoolMOS is used which has 
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a 37 mΩ turn-on resistance. The resonant capacitors are selected based on their 

withstand voltage at 85 kHz operation. In this design, film metalized polypropylene 

capacitors from EPCOS are used to reduce the capacitor losses. The switching 

frequency of the buck converter is selected to be 120 kHz.  

The 3D-model of the designed PCB for the secondary side converter and its 

realized final assembly is shown in Fig. 4-14. In order to ensure the reliable 

operation of the converter, additional thermal analysis based on the calculated 

power losses is also performed on the 3D-model. According to the thermal analysis, 

heatsinks and PCB dimensions are selected after several iterations which are out of 

the scope of this thesis. The value of the DC-link capacitors is selected based on 

the time-domain analysis. For simplicity, the DC-DC integrated coils are used for 

a simple buck converter. However, these inductors can be used for any other DC-

DC converter on the secondary side too.  

 

 

(a) 3D-model (b) Final assembly 

Fig. 4-14. The secondary side converter including the resonant network, rectifier, and DC-DC 

converter. 
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Fig. 4-15 shows the experimental results at three different loading condition 

coils at the nominal air-gap and fully-aligned condition and under misalignment 

occurrence. In this figure, the input voltage of the buck converter is shown which 

is the WPT system output voltage before the final DC-DC conversion stage. The 

ZVS operation can be verified in Fig. 4-15 which the inverter current has a phase 

lag compared to the inverter output voltage. Besides, the output voltage remained 

almost constant as expected when the output power changed from full-load to half-

load condition.  

 

Iin

Vin

Vd

Io

ZVS

 

ZVS
Iin

Vin

Vd

Io

 

(a) Full load - 3 kW at k=0.32 (b) Half load - 1.5 kW at k=0.32 

Iin

Vin

Vd

Io

ZVS

 

ZVSIin

Vin

Vd

Io

 

(c) Full load - 3 kW at k=0.22 (d) Half load - 1.5 kW at k=0.22 

Fig. 4-15. Experimental output waveforms. 
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The measured efficiency and output voltages of the system are close to the 

calculated values. Moreover, the efficiency of the system maintained higher than 90 

% even at partial output power conditions. Fig. 4-16 (b) illustrates the output 

voltage of the WPT system (input of the buck stage) at three different coupling 

factors from low output power to the rated power.  

 

(a) Efficiency of the WPT system 

 
(b) Output voltage of the WPT system before buck stage Vd 

Fig. 4-16. Comparison of the experimental and simulation results versus output power under 

different coupling factors. 

It can be seen that the output voltage presented an almost constant profile for 

the whole range. Therefore, the duty cycle of the buck converter will almost remain 

constant at each coupling operating point are shown in Fig. 4-16. Moreover, it can 
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be seen that the measured voltage is slightly different from the simulation results 

which can be caused by the tuning of the resonant network errors or magnetic 

couplers. 

In order to verify the proposed integration method, the output voltage of the 

buck converter in the CV mode is presented in Fig. 4-17. It can be seen that the 

output voltage is regulated at 300 V. Moreover, the induced voltages from the 

primary side coil on the DC-DC coils are eliminated in the output voltage in any 

operating condition. 

ZVSIin

Vin

Vload

Iload

 
(a) k=0.32 

ZVSIin

Vin

Vload

Iload

 
(b) k=0.22 

Fig. 4-17. Experimental waveforms under different coupling factors at rated load.  
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 A Fully-Integrated Magnetic Structure 

 This section proposes a full integration of resonant inductor with the 

transmitter side coil and the DC-DC inductor with the receiver side coil to save 

the overall cost and improve the power density. This full integration approach leads 

to new challenges; when the DC-DC inductor integrates into the receiver side coil, 

the cross-coupling effect will induce an extra voltage on integrated coils especially 

under misalignment conditions. The additional induced voltage results in more 

conduction loss in the system. Having two integrated coils in the magnetic couplers 

results in an additional cross-coupling between the resonant inductor and DC-DC 

inductor. The cross-coupling is large enough to affect system efficiency. 

In this section, the side effects of the integration of the magnetic components 

on the efficiency of the system are analyzed and sensitive parameters are discussed 

in detail. The magnetic structure is simulated through finite element analysis. The 

losses of the magnetic structure are modeled. An optimization problem is defined 

to select the optimal magnetic structure and determine the optimal value of 

resonant elements. The optimization problem is based on the design requirements 

and constraints, the FEA results of the magnetic structures, and losses of the 

system including core losses. The result of the proposed integration method is an 

efficient wireless charger with a lower number of components and compact 
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converters. The performance of the proposed integration method is evaluated 

through experiments in both steady-state and transient operation modes. 

 The Layout of the Fully Integrated Magnetic 

Structure 

In order to integrate the resonant and DC-DC inductors (called integrated 

inductors) into the transmitter/receiver coils (called main coils), the integrated 

inductors should be decoupled from the main coils. The integration can be done in 

two methods: Integration into a Unipolar (IU) structure and Integration into a 

Bipolar (IB) structure [122]. Fig. 4-18 illustrates the layout of IU and IB integration 

structures.  

Lf

Lp

ϕp ϕf1
ϕf2

ϕp

 

Lf

Lp

ϕp1 ϕf

ϕp2

 

(a) Integration to Unipolar (IU) (b) Integration to Bipolar (IB) 

Fig. 4-18. Integration methods of the inductor into the main magnetic couplers. 

In the IU structure, the main coil is unipolar (i.e., rectangular coil) and the 

integrated coil is a DD coil. The DD coil is made by two rectangular coils that are 

connected in series (Lf1 and Lf2) as shown in Fig. 4-18 (a). The electrical connection 

of the bipolar coil is in a way that the two rectangular coils generate opposite 
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magnetic flux. In an ideal condition, the amplitude of the generated flux of the first 

coil (ϕf1) is equal to the flux of the second rectangular coil (ϕf2). Ideally, the total 

magnetic flux of the integrated coil that passes through the primary side coil (Lp) 

would be zero and the main coil of the magnetic coupler (Lp) would be decoupled 

from the integrated inductor (Lf).  

 In the IB structure, the main coil is a DD coil and the integrated coil is a 

rectangular coil placed in the middle of the main coil as shown in Fig. 4-18 (b). In 

this layout, the sum of the flux of the main bipolar coil (ϕp1 and ϕp2) that passes 

through the integrated rectangular coil (Lf) should be zero. In this layout, the 

electrical connection of the main coil is in a way that the two main rectangular 

coils are generating magnetic flux in the opposite direction [150].  

It has been studied and concluded that the IU structure has more misalignment 

tolerance and a better efficiency profile for different loading conditions compared 

to the IB structure [122]. In this thesis, the IU structure is used to design the 

transmitter (Lp) and receiver (Ls) coils.  

Fig. 4-19 illustrates the structure of the proposed approach with the integration 

of both resonant inductor and DC-DC inductor into the transmitter and receiver 

coils respectively. Similar to the resonant inductor (Lf), the DC-DC inductor (Lb) 

of the vehicle side converter is integrated with the receiver main coil (Ls). The 
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bipolar coils are placed in the middle space of the main wireless couplers to be 

decoupled from the main wireless charging coils. It should be noted that the shape 

of the integrated coils can be selected differently. For instance, a rectangular bipolar 

coil could be used for Lf and Lb. In this thesis, a circular coil layout is used due to 

its simplicity of implementation.  

Lf (Resonant Inductor)

Lp (Transmitter Coil)

Ferrite

Ferrite

Ls (Receiver Coil)

Lb (DC-DC Inductor)

Df

Db

 

Fig. 4-19. The proposed fully-integrated magnetic structure. 

Fig. 4-20 shows the schematic of the circuit with the proposed fully integrated 

magnetic structure. The coupling coefficient between the coil i and j can be 

expressed as: 

 , , , ,ij ij i jk M LL i j p s f b=   (4.13) 

where p refers to the transmitter coil (Lp), s refers to the receiver coil (Ls), f refers 

to the resonant inductor (Lf), b refers to the DC-DC converter (buck) inductor (Lb) 

and Mij is the mutual inductance between the coil i and coil j.  
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Fig. 4-20. Circuit diagram of the LCC-S resonant topology with the fully-integrated magnetic 

structure. 

 Circuit Modeling 

According to FHA, the circuit shown in Fig. 4-20 can be simplified and shown 

in Fig. 4-21. In this simplification, the inverter can be replaced by a voltage source 

that its RMS value is equal to the first harmonic voltage dc( 8V π)sin( 2),RMS
inV =  

and the equivalent load seen by the resonant network is equal to 

( )
228 π 8 Dπeq L oR R R= = ; where is the switching phase-shift between the inverter 

legs and D is the duty cycle of the buck converter. Although the equivalent 

resistance cannot represent the battery model completely, it simplifies the analysis 

of the circuit. The battery can be modeled by Ro=Vbat/Ibat where Vbat and Ibat are 

the battery voltage and current respectively.  
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(a) Resonant network 
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    (b) Integrated buck converter             (c) Simplified integrated buck converter 

Fig. 4-21. Simplified circuit of the proposed integrated wireless charging system. 

As the battery charges in the CC mode, the SOC increases, and the battery 

voltage will increase until the battery voltage reaches the CV set point. Then, the 

DC-DC converter switches from CC mode to CV mode to charge the battery in 

this stage. During the CC mode, the voltage of the battery will change, and during 

the CV mode, the current of the battery will change. Therefore, the battery 

equivalent resistance can be considered as a time-dependent variable. However, due 

to the selection of LCC-S topology, a load-independent output voltage is provided. 

The DC-DC converter will regulate the output voltage or current by changing the 

duty cycle.  
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Since the buck converter acts as a low-pass filter that absorbs high-frequency 

components, the buck converter seen by the resonant network is modeled as a loop 

with the inductance of Lb and its resistance, rb [151]. The circuit of the buck 

converter with an integrated magnetic structure is presented in Fig. 4-21 (b). In 

this circuit, Vbi is a square waveform voltage generated by the switch and diode of 

the buck converter.  

Assuming that the induced voltage on the buck converter coil (Vb) is negligible, 

the equivalent circuit seen by the integrated buck converter is shown in Fig. 4-21 

(c). This assumption is evaluated in Section 4.3.4. According to Kirchhoff’s Voltage 

Law (KVL), the currents can be calculated by 1I Z V−= ; where    ,0,0,0
T

inV V= , 

  , , ,
T

in p s bI I I I I =   . KVL in the circuit loops gives: 

1

1
( ) ( )in f f in in p pf p sf s fb bV r j L I I I j M I j M I j M I

C
   


= + + − − + −  (4.14) 

1 1

1 1
0 ( ) ( )p in p p p ps s pf in pb b

s

I I r j L I j M I j M I j M I
C j C

   
 

= − + + + − − +  (4.15) 

2

1
0 ( )sf in sp p s s s eq sb b

s

j M I j M I r j L I R j M I
j C

   


= − + + + + −  (4.16) 

0 ( )b b b fb in pb p sb sr j L I j M I j M I j M I   = + − + −  (4.17) 
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Therefore, the impedance matrix, Z, is defined by:  

11 12 13 14

12 22 23 24

13 23 33 34

14 24 34 44

Z Z Z Z

Z Z Z Z
Z

Z Z Z Z

Z Z Z Z

− − − 
 − − −
 =
 − − −
 
− − − 

 (4.18) 

The non-diagonal elements of the impedance matrix for the integrated LCC-S 

circuit can be expressed by: 

12 11 pfZ j C j M = +  , 13 sfZ j M= −  , 23 psZ j M= , 14 fbZ j M= , 

24 pbZ j M= − , 34 sbZ j M=  

(4.19) 

The diagonal elements of Z are defined by the sum of the total impedance of 

each current loop as follows: 

( )2
11 11f fZ r j L C = + −  ,                  

( )2 2
22 1 11 1p p sZ r j L C C  = + − −  

( )2
33 21eq s s sZ R r j L C = + + −  ,      44 b bZ r j L= +  

(4.20) 

The output voltage of the WPT system (Vo), output dc-link voltage (Vd), and 

load voltage (VLoad) are calculated as follows: 

o eq sV R I=  (4.21) 

8 8d o eq sV V R I = =  (4.22) 
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8Load d eq sV V D R I D= =  (4.23) 

By solving the circuit according to the impedance matrix, the output voltage 

can be expressed by: 

2

13 14 24 12 14 34 11 24 34 12 13 44 11 23 44 14 23 14 34 13 44

o eq p in

Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z
V R I V

+ + + + − +
= −

 

 
 
 

 

2 2 2
44 13 13 14 34 33 14 11 34 11 33 442Z Z Z Z Z Z Z Z Z Z Z Z = + + + −  

(4.24) 

By letting the cross-coupling zero, and assuming the circuit tuned at the 

resonant frequency (
( )

0

1 21

1 1 1

f s sp f s
L C LCL L C

 = = = =
−

) the output 

voltage can be simplified to: 

( )
12 23

2 2
22 12 11 23 22 33

ps

o eq in in

f

MZ Z
V R V V

LZ Z Z Z Z Z

 
 = =
 + −
 

 (4.25) 

 

 Design Challenges 

One of the main challenges with the fully-integrated magnetic structure design 

is the cross-coupling between the main coils (Lp and Ls) and the integrated 

inductors (Lf and Lb). The mutual inductance between the main coils and integrated 

coils can generate unwanted induced voltages if the magnetic structure is not 

designed appropriately.  
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Assuming a DC current flows through the DC-DC inductor with a small AC 

ripple, the induced voltage from Lb on the other coils can be neglected. According 

to the simplified circuit presented in Fig. 4-21, the induced voltages are calculated. 

The unwanted induced voltages on the integrated inductors are expressed by: 

( )ind
f pf p sf sV j M I M I= +  (4.26) 

( )ind
b fb in pb p sb sV j M I M I M I= − +  (4.27) 

where Vf and Vb are the induced voltages on Lf and Lb respectively. It can be seen 

that the induced voltages are dependent on the mutual inductances of the 

integrated coils with the main coils. The induced voltage on the DC-DC coil, ,ind
bV  

results in higher conduction losses. According to the simplified model shown in Fig. 

4-21, this voltage will generate conduction power loss on the DC-DC inductor 

associate with its AC resistance, rb. Therefore, the magnetic couplers need to be 

designed such that to achieve almost zero cross-coupling and eliminate the 

unwanted induced voltages.  

On the other hand, the cross-coupling between the resonant inductor and the 

transmitter side coil (Mpf) as well as the cross-coupling between the resonant 

inductor and the receiver side coil (Msf) has some other effects. The induced voltage 
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on the resonant inductor affects the values of the resonant elements as follows  

[118]: 

f f pfL L M = +  (4.28) 

1
1 2

11 pf

C
C

M C
 =

+
 (4.29) 

where fL and 1C  are the equivalent values of the resonant elements due to the 

presence of the cross-coupling. These equivalent values should be used for designing 

the LCC network based on conventional methods presented in [119, 123]. Moreover, 

it can be seen that by having the cross-coupling between the resonant inductor and 

main primary side coil (Mpf), the actual value of the required Lf will be reduced 

and the actual value of C1 will be increased. 

According to (4.28) and (4.29), the resonant frequency of the system does not 

affect by cross-coupling [123]. However, the value of the output voltage and output 

power for a given resistance will be affected. Therefore, it is necessary to include 

these mutual inductance values in the designing of the resonant network of the 

integrated wireless charging system. In this thesis, it is assumed that the self-

inductance of the main wireless charging system is predefined.  

The induced voltage on the Lb as described in (4.27) increases the system losses 

[151]. Therefore, the value of the mutual inductances between the DC-DC coil and 
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other coils should be minimized. The details of optimal designing of the system 

with the fully integrated magnetic structure will be discussed in Section 4.3.4. 

 Design Procedure and Optimization 

The summary of the proposed design optimization procedure is presented in 

Fig. 4-22. This procedure helps to design the resonant elements and magnetic 

structure to ensure the highest efficiency of the system. The design of the proposed 

fully-integrated WPT system can be divided into four steps: 

1. Transmitter/Receiver Coil Design (Main Coils) 

2. Resonant and DC-DC inductors Design (Integrated Coils) 

3. Core Loss Calculation and Modeling 

4. Optimal Resonant Network Design 
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Fig. 4-22. Proposed design optimization procedure for the fully-integrated magnetic structure. 



Ph.D. Thesis - Ali Ramezani              McMaster University – Electrical & Computer Engineering 

163 

The main coils consist of the transmitter coil, receiver coil, and ferrite bars. In 

the first step, the main coils are designed based on the defined design requirements 

such as power rating, desired coupling factor, available space, maximum current, 

maximum voltage, and physical constraints. In the main coil design block, the size 

of the windings, the number of turns, and the volume of the ferrite of the main 

coils will be determined. At this step, it is assumed that there is no resonant 

inductor and DC-DC inductor. The output of the first step is the value of the 

transmitter self-inductance (Lp), receiver self-inductance (Ls), and total dimensions 

of the main coils. The dimension of the main coils is essential as the integrated 

inductors will be located inside the main coils, and the dimension will limit the size 

of the integrated inductors.  

In the next step, an optimization problem is defined to find the optimal 

dimension of the resonant inductor and DC-DC inductor to fit into the transmitter 

and receiver coils, respectively while minimizing cross-coupling. This optimization 

problem is solved for a range of Lf (
min max
f f fL L L  ) and Lb (

min max
b b bL L L  ) and 

the output of this step generates a table (Table 4-4) that shows the optimal 

dimension for each combination of Lf and Lb. This dimension includes the number 

of turns (Nf and Nb) and the distance of the coils from the center (Df and Db). The 
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range of Lf and Lb is defined as a set of discrete values. These sets are named by 

LF and LB respectively as follows: 

min{ }fi I LF L i L  = +    (4.30) 

min{ }bi I LB L i L  = +    (4.31) 

where I is the set of FEA designs, i  is the number of FEA cases, and L is the 

steps between the desired values. For instance, in this thesis, 64 FEA design cases 

are considered; therefore, I= (1, 2, ...,64). The value of min
fL and min

bL  are equal to 40 

µH and L  is considered 10 µH.  

Core loss and conduction loss of all the inductors should be considered in power 

loss calculations to have an optimal design with respect to efficiency. Therefore, in 

this step, the core loss versus the excitation current is calculated. These calculated 

power losses will be used in the next step to design the resonant network, where a 

mathematical model of the core loss is required to provide a closed-form relationship 

between the transmitter coil current (Ip), receiver coil current (Is), and the core 

loss.   

The last step is the optimal design of the resonant network. In this step, the 

output of the integrated coil design is used and an optimization problem is defined 

to select the best resonant capacitors to achieve the design requirements. These 
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requirements are power rating, maximum current, desired voltage, and zero voltage 

switching (ZVS) conditions. The resonant network optimization process will find 

the best values of the Lf and Lb combination from Table 4-4. The details of each 

step are explained in the following: 

 

A. Magnetic Coupler (Main Coils) Design 

To design the main wireless charging coils, it should be noted that the coupling 

factor of the magnetic couplers (kps) and its quality factor (Q) are the two important 

parameters that affect the power transmission efficiency significantly [11, 64]. To 

increase the quality factor of the magnetic couplers, the AC resistance of the coils 

should be reduced which can be achieved by using the appropriate Litz wire for the 

operating frequency. Moreover, the coupling factor of the magnetic couplers should 

be maximized for a specific area to increase the power density of the design [64, 

100, 152]. To avoid insulation issues due to large terminal voltage, a high number 

of turns should be avoided [67].  

A main magnetic coupler with exterior dimensions of 510mm×510mm is 

selected to avoid a large magnetic coupler on the vehicle side. The number of turns 

and ferrite volume is designed according to the presented guidelines in [74, 100, 

153]. The selected design has 20 turns and the coil width is 460mm×460mm. In 
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order to reduce the weight and cost of the design, a lower volume of ferrite is 

preferable.  

To evaluate the effect of ferrite material in the magnetic couplers, an FEA 

study is done. In this study, the thickness and width of the ferrite bars are changed 

and the magnetic coupling factor between the main wireless charging coils and their 

self-inductance values are calculated as shown in Fig. 4-23. It can be seen that 

adding the ferrite material to the magnetic couplers significantly increases the 

magnetic coupling coefficient (kps). However, the coupling factor changes versus the 

covered area by ferrite are increasing with a low slope. As an example, in the 

structure with a ferrite bar with a thickness of 7mm, by increasing the covered area 

from 20% to 80%, the coupling factor is only increased by 14.8%.  

 

No Ferrite

Fully Covered
Selected Design

Ferrite Covered Area (%)  

No Ferrite

Fully Covered

Selected Design

Ferrite Covered Area (%)  
(a) Main coils coupling factor (b) Main coils self-inductance 

Fig. 4-23. Ferrite dimension effect on the coupling factor and self-inductance. 
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Similarly, the self-inductance of the main couplers increased by increasing the 

covered area by ferrite. Having a magnetic coupler with high self-inductance results 

in high voltage on the coil terminals due to high-frequency operation (85 kHz). 

Therefore, it is more desirable to keep the self-inductance lower to avoid insulation 

issues. Moreover, it can be concluded that the ferrite thickness is not affecting the 

coupling factor and self-inductance considerably. The thickness of the ferrite 

material can affect the magnetic field density and impact core loss. 

 
Fig. 4-24. Coupling factor variation of the proposed integrated magnetic structure under different 

misalignments. 

In the selected design, five ferrite bars with dimensions of 510mm×38mm×7mm 

are placed in the back of the magnetic couplers. This selection is based on the 

availability of ferrite in the market. Fig. 4-24 shows the variation of the main coils 

coupling coefficient (kps) of the selected design versus X and Y-direction 
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misalignment conditions. The nominal coupling factor of the main coils is around 

0.32 which is desired for EV wireless charging.  

B. Integrated Coil Optimization 

After the selection of main coils, the integrated coils can be optimally designed. 

According to the results given in Section 4.3.1, the cross-coupling between main 

coils and integrated coils significantly affects the efficiency of the overall system. 

Inappropriate design of the fully-integrated structure reduces the system efficiency 

and as a result, the cross-couplings should be reduced.  

Each integrated coil is constructed by two unipolar coils that are connected 

reversely. The generated flux by each unipolar coil is in the opposite direction of 

the other coil of the same integrated coil. The distance between the two unipolar 

coils (Df and Db) and their number of turns (Nf and Nb) are considered as design 

variables. It should be noted that a limited number of design variables should be 

considered to minimize the search region for the solver; otherwise, due to the 

nonlinearity of the design, the optimization problem may not converge.  

To achieve a fully-integrated magnetic structure with high overall efficiency, 

minimizing the cross-coupling is considered as the objective function of the 

magnetic structure optimization. This objective function is defined by: 
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 ( ) ( )parasitic pf sf pb sb fbmin M min M M M M M= + + + +  (4.32) 

The weighting factors can be considered in the objective function; however, 

this approach requires a precise selection of the weight factors. A two-layer 

optimization is proposed in this chapter to address this issue; FEA optimization 

and system optimization. With this approach, the weighting factors can be 

eliminated. An equal weighting factor is considered for all the mutual inductances. 

The second layer of the optimization includes the individual effect of the cross-

couplings on the system efficiency. In the second layer, the values of the resonant 

elements are selected, and the best integrated coil design is selected among the 

optimized magnetic designs (Table 4-4).  

In this optimization, the resonant inductor outer diameter (Dof) is limited to 

the inner width of the main coils (W). The value of Dof can be calculated based on 

the resonant inductor number of turns (Nf), its inner diameter (Dif), and the 

diameter of the Litz wire (DLitz). In this study, the inner diameters of integrated 

coils (Dif and Dib) are fixed at 50 mm to allow the integrated coil to occupy the 

surface area with the maximum number of turns if needed. The diameter of the 

Litz wire is selected according to the nominal current. Moreover, the distance 

between the two coils for each integrated coil (Df or Db) should be limited according 
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to the number of turns. These parameters are included as a system of constraints 

into the optimization problem as follows: 

2f Litz f ifD D N W D+   −  (4.33) 

2b Litz b ibD D N W D+   −  (4.34) 

For each set of required values for Lf and Lb, an optimized design exists where 

the cross inductance is minimized. Using the optimization toolbox of ANSYS 

Electronics, this optimization problem is solved for each set of Lf and Lb.  

The result of this optimization is presented in Table 4-4 and this data is used 

for designing the converter of the wireless charging system. This table lists all the 

optimal integrated coil designs with minimum cross mutual inductances that can 

be considered for the magnetic couplers. For instance, if a resonant inductor with 

the value of 90 µH and DC-DC inductor with the value of 110 µH is desired, the 

value of Db, Df, Nf, and Nb to achieve minimum total cross inductance can be found 

in Table 4-4. The resonant network optimization process will search among the 

listed designs in this table and select the best integrated coil design among them. 
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TABLE 4-4 

OPTIMIZED INTEGRATED COIL DESIGNS 

Design 

Number 

Lb 

(μH) 

Lf 

(μH) 

Db 

(mm) 

Df 

(mm) 
Nb Nf 

Mpf 

(nH) 

Mpb 

(nH) 

Msf 

(nH) 

Msb 

(nH) 

Mfb 

(nH) 

1 110 110 100 100 20 20 28.2 202.5 254.4 133.2 7670.7 

2 110 100 100 90 20 20 54.8 203.4 227.2 131.5 7055.2 

3 110 90 100 110 20 17 68.0 191.7 163.0 153.6 6511.2 

4 110 80 100 130 20 16 1.10 213.6 196.6 144.0 6343.0 

5 110 70 100 120 20 15 77.9 221.2 194.9 111.9 5242.9 

6 110 60 100 100 20 15 175.1 213.2 236.3 107.0 4604.7 

7 110 50 100 80 20 15 147.3 213.8 208.0 110.8 3825.2 

8 110 40 100 60 20 15 60.4 215.6 156.1 114.6 2872.5 
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57 40 110 60 100 15 20 51.0 133.7 241.6 29.43 2922.1 

58 40 100 60 90 15 15 8.38 129.9 253.4 21.81 2708.2 

59 40 90 60 110 15 18 62.6 139.5 240.4 33.68 2495.7 

60 40 80 60 140 15 16 37.9 128.3 156.6 18.21 2110.0 

61 40 70 60 120 15 15 259.6 135.7 307.5 25.04 2008.7 

62 40 60 60 100 15 15 166.4 120.7 225.9 11.24 1813.2 

63 40 50 60 80 15 15 150.5 142.8 211.2 42.77 1538.5 

64 40 40 60 60 15 15 65.38 133.8 158.5 29.85 1197.6 

 

C. Core Loss Calculation and Modeling 

Since the main coils contain a magnetic material, core loss should be included 

in the optimization problem. This inclusion of core loss helps to design the optimal 

resonant circuit to achieve maximum efficiency.  

The ferrite material is N87 made by EPCOS which has a low magnetic loss 

profile at high-frequency operation. The nonlinear B-H curve and magnetic loss 

versus frequency, provided by the datasheet, are imported into ANSYS Maxwell. 

The core loss of the proposed magnetic structure is calculated through the FEA. In 

the FEA simulation, transient time-domain analysis is performed at different 

operating points. The amplitude of the transmitter (Ip), receiver (Is), resonant 
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inductor (If), and DC-DC inductor (Ib) currents are varied from 0 to 12 A, and the 

average value of the core loss is calculated. According to the FEA results, the value 

of If and Ib have a negligible effect on the core loss (less than 3% of the total core 

loss) of the magnetic structure. Therefore, to simplify the analysis and reduce the 

complexity of the model, the core loss is defined as a function of Ip and Is. The FEA 

results for the core loss versus amplitude of the excitation currents are shown in 

Fig. 4-25.  

 
Fig. 4-25. The core loss of the proposed magnetic structure versus primary and secondary side 

currents. 

It can be seen that the core loss value showed a quasi-quadratic pattern versus 

the Ip and Is. Therefore, the core loss can be expressed by a polynomial as a function 

of primary and secondary side currents. This model is used in the resonant 

converter optimization to find the best resonant network considering the core loss 

versus transmitter and receiver currents. 
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 Resonant Network Optimization 

The following components can define an optimization problem: 

1. Objective function 

2. Equations and constraints 

3. Fixed parameters 

A. Objective Function 

In this section, the main objective is to maximize the efficiency of the system. 

The efficiency of a wireless charging system is dependent on the coupling factor 

and loading condition. As discussed in Section 4.3.1, the equivalent resistance of 

the load seen by the LCC-S network is a time-dependent variable in the stationary 

battery charging application. To keep the efficiency of the converter high for a wide 

range of loads, the whole charging profile of the battery should be considered. The 

variation of the load resistance can be analyzed by the output power condition and 

the amount of time that the converter will operate at each point. Therefore, points 

that have a longer duration should be prioritized for maximum efficiency. In order 

to achieve this goal, a Time Weighted Average Efficiency (TWAE) function is 

defined as the objective function to achieve this goal. In this objective function, the 

sum of the efficiency at different points multiplied by their associated time weight 

factors should be considered [143]. In this objective function, the important points 
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have larger weighting factors. Compared to the conventional design of the resonant 

converters for a specific nominal point (Constant Req), the TWAE method includes 

the nonlinear changes of the battery profile, which maximizes the efficiency of the 

resonant network for the whole charging process [143]. 

The resonant network for this circuit is optimally designed for a 3.3 kW WPT 

system based on the presented method in [55]. The nominal power and nominal 

coupling factor sets are defined by  1540 1760 980 396nP =  and 

 0.22 0.27 0.32nK = , respectively. The maximum average efficiency is defined 

as the objective function of the optimization as follows: 

n n

,

K P

W
i i

i i

Pi P k

k P n



 


   (4.35) 

where  0.033 0.767 0.126 0.074piW =  is the time weight factors, Kn is a set of 

the nominal coupling factors and ,i iP k is the efficiency at each operating condition 

and n is equal to 4. According to this TWAE function, the design point with the 

power of 1760 W has the highest weight and the design point with 1540 W has the 

lowest weight on the objective function. In other words, the weight factors define 

the priority of the design points for the optimization problem.  
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B. Equations and Constraints 

The equations that describe the proposed fully-integrated wireless charging 

system are presented in Section 4.3.2. These equations are included in the 

optimization problem to calculate the input current, coil current, losses, output 

voltage, and efficiency of the system.  

The core loss of the system is modeled according to the presented results in 

Section 4.3.4. Moreover, the conduction losses of the inverter, vehicle side diode 

bridge, resonant capacitors, and conduction loss of the magnetic couplers are 

included according to each loss component equation presented in [55, 154]. 

In this optimization problem, practical constraints are also considered. These 

constraints are including maximum input current (Iin), main coil current (Ip and 

Is), maximum and minimum output voltage (Vo), and ZVS condition. The 

boundaries for resonant components are also defined by: 

max
11

max
1 1

max
2 2

max

s s

s s

f f

CC

C C

C C

L L

  
  
      
  
    

 (4.36) 

where the value of Lf should be selected according to the physical boundaries of the 

magnetic structure dimensions. As discussed in Section 4.3.4, the value max
fL is 

selected according to the available space in the magnetic structure where this value 
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is limited to 110 μH in this study. Based on the presented FEA results in section 

4.3.4, the variable Lf should be defined as an integer vector in the optimization 

problem as follows: 

1

1. .

f

f i

fi

L

L n n

L

 
 

 = =    
 
 

fnL  (4.37) 

1ii
n =  (4.38) 

where n is a vector of binary variables, i I is the number of FEA cases, and fL  

is a vector of the calculated optimized designs in Section 4.3.4. Each element fL  

refers to a unique optimized design with minimum cross-coupling. Since only one 

design should be selected in the optimization problem, the sum of the binary values 

should be equal to one as expressed in (4.38). In this section, 64 different FEA cases 

are optimally designed; therefore, the index i  is equal to 64 and fL  has 64 elements. 

Similarly, the vector of variable Lb is defined. In the next step, the cross mutual 

inductance values are included in the optimization problem as follows: 

1 1 1 1 1

1. .

pf pb sf sb fb

i

pfi pbi sfi sbi fbi

M M M M M

n n

M M M M M

 
 

 = =    
 
 

parasitic_i parasiticM nM  (4.39) 
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where parasiticM is calculated cross mutual inductance for each optimized design. The 

optimization problem outputs the resonant elements values and the non-zero 

elements of the binary vector n show the best magnetic coupler design. In other 

words, the optimization problem finds the best resonant elements values and picks 

the best integrated magnetic coupler design for a wireless charging system. 

In this problem, the switching and conduction losses of the inverter (Pinv), 

resonant capacitor loss (Pcap), core losses (Pcore), diode bridge losses, and coils 

conductions losses, and integrated coils conduction losses are included according to 

[30, 55, 151]. Soft switching should be considered as another constraint in the design 

process to reduce the switching losses of the inverter. The soft switching condition 

can be defined as follows: 

0 2    (4.40) 

in inV I =  (4.41) 

where ϕ is the input current phase angle which should have a lag phase angle to 

satisfy the ZVS condition. The constraints and range of the variables are listed in 

Table 4-5. 
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C. Fixed Parameters 

Some fixed parameters as input should be considered in the optimization 

problem. The operating frequency of the light-duty EV wireless charger is fixed to 

85 kHz according to SAE [155]. The value of the component specifications such as 

MOSFET on-state resistance (Rds(on)), rise-time (tr) and fall time (tf) of the 

switches, and diode forward voltage are included in the optimization. Moreover, 

the value of the self-inductance and mutual inductances are extracted from FEA 

and included in the optimization problem. A summary of the design fixed 

parameters is listed in Table 4-5. 

TABLE 4-5 

CONSTRAINTS AND FIXED PARAMETERS 

Parameter Symbol Fixed Min. Max. 

Resonant inductor Lf - 50 µH 150 µH 

Transmitter parallel capacitor C1 - 1 nF 150 nF 

Transmitter series capacitor Cs1 - 1 nF 150 nF 

Vehicle side series capacitor Cs2 - 1 nF 150 nF 

Self-inductance of the main coils  Lp, Ls - 384 µH 391 µH 

Main coils coupling factor  kps - 0.22 0.32 

Vehicle side integrated coil self-inductance Lb - 50 µH 110 µH 

Main wireless charging coil current Ip, Is - 0 15 A 

Output voltage range Vo - 200 600 

Input voltage Vdc 200 V - - 

Switching frequency fsw 85 kHz - - 

Output power range Po - 396 W 2200 W 

Mosfet on-state resistance Rds(on) 37mΩ - - 

Switch rise time and fall time tr, tf 32 ns, 7 ns - - 

Diode bridge forward voltage at 70A Ud0_bridge 1.12 V - - 

Resonant capacitor dissipation factor tan(δ) 1×10-3 - - 
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D. Solution 

The optimization of the fully integrated system can be solved using any 

optimization software such as General Algebraic Modeling System (GAMS) or 

MATLAB. The optimization results and other system specifications are presented 

in Table 4-6. It can be seen that a design with a lower value of Lf that satisfy the 

wireless charging requirements, and a larger value of Lb is selected. The larger value 

of Lb increases the loop impedance value of the buck converter as shown in Fig. 

4-21. Therefore, the amplitude of the AC current on that branch (Ib) will be smaller 

and the integration loss would be smaller. Moreover, a larger DC-DC inductor 

results in less output ripple.  

 

TABLE 4-6 

SYSTEM SPECIFICATIONS AT NOMINAL OPERATING CONDITION 

Parameter Symbol Value 

Optimized resonant inductor Lf 50 µH 

Optimized distance of Lf Df 80 mm 

Optimized resonant inductor turns Nf 15 

Optimized transmitter parallel capacitor C1 72.7 nF 

Optimized Transmitter series capacitor Cs1 10.43 nF 

Optimized Vehicle side series capacitor Cs2 9.69 nF 

Main coils self-inductances Lp, Ls 387 µH 

Integrated coil self-inductance Lb 110 µH 

Optimized distance of Lb Db 100 mm 

Input voltage Vdc 200 V 

Switching frequency fsw 85 kHz 

Switching frequency of the buck converter fb 120 kHz 

Optimal output power Po 2.2 kW 

Air gap - 125 mm 

Ferrite dimension - 510mm×38mm×7mm 

Magnetic coupler dimension - 510mm×510mm 

Nominal coupling factor k 0.32 
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In general, a smaller value of Lf results in smaller mutual inductance between 

the resonant inductor and other coils such as Mfb and Mpf; thus, the total loss will 

be reduced. Therefore, it can be concluded that larger Lb and smaller Lf results in 

better performance. The output voltage and efficiency profile of the designed 

wireless charging system under different coupling factors are calculated and 

compared with the experimental results.  

 Integrated Coil Rotation Angle 

It is possible to have a rotation of the integrated coils in the design of the 

integrated wireless charging magnetic couplers. Having a rotation in secondary, 

primary, or both sides may reduce the cross-coupling and improve the magnetic 

structure. To evaluate the effect of the rotation of the integrated coils on the cross-

coupling, three cases are considered: zero rotation, 90-degree rotation of Lb, and 

±45-degree rotation of both Lf and Lb. The FEA results of these three cases with 

the specification listed in Table 4-6 are shown in Fig. 4-26 

Since the misalignment of the magnetic couplers is inevitable, a range of 

±200mm misalignment is considered in this simulation. To compare different 

rotation angles, the cross-coupling between Lf and Lb and the total cross-coupling 

is studied. Moreover, the RMS value of the mutual inductance should be considered 

to evaluate the layout for the whole range of misalignment. According to Fig. 4-26 
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(d)-(f), it can be seen that 90-degree rotation shows a minimum value of Mfb which 

is desired for an integrated magnetic structure. The RMS value of the Mfb of the 0-

degree and ±45-degree layouts is slightly higher than the 90-degree layout. 

 
(a) 0-degree rotation 

 
(b) ±45-degree rotation 

 
(c) 90-degree rotation 

 
(d) 0-degree rotation 

 
(e) ±45-degree rotation 

 
(f) 90-degree rotation 

 
(g) 0-degree rotation 

 
(h) ±45-degree rotation 

 
(i) 90-degree rotation 

Fig. 4-26. The effect of the integrated coils angle on the: (a) 0-degree rotation (b) 45-degree rotation (c) 90-

degree rotation (d) Mfb with 0-degree rotation (e) Mfb with 45-degree rotation (f) Mfb with 90-degree rotation (g) 

Cross coupling with 0-degree rotation (h) Cross coupling with 45-degree rotation (i) Cross coupling with 90-

degree rotation. 
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Although RMS lower value Mfb is desirable, other cross-couplings should be 

considered for selecting the rotation angle. The total cross-coupling is also 

calculated and the results are shown in Fig. 4-26 (g)-(i). It can be seen that the 0-

degree rotation layout showed the minimum total cross-coupling and the other two 

layouts showed a similar value of total cross-coupling. Therefore, in this thesis, a 

0-degree rotation angle is selected to minimize the total cross-coupling. 

 Performance Analysis 

A. Operation 

Based on the parameters given in Table 4-6 the induced voltage on the DC-

DC inductor ( ind
bV ) is calculated under different misalignment conditions, and the 

results are illustrated in Fig. 4-27. In Fig. 4-27 (a) and (b), the output power is 500 

W and 2.2 kW respectively.  

  

(a) 500 W (b) 2.2 kW 

Fig. 4-27. Calculated induced voltage on the integrated DC-DC coil.  
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It can be seen that the induced voltage is much lower than the rated output 

voltage (500 V) (almost negligible), and its corresponding power loss is much lower 

than the rated power (2.2 kW). Moreover, the amplitude of the induced voltage is 

not affected significantly by the variation of the output power. Therefore, the UI 

integration structure successfully eliminated the induced voltage at different 

misalignment conditions.  

 

  
(a) 500 W (b) 2.2 kW 

Fig. 4-28. Magnetic field density (B) of the ferrite bars under different loading conditions.  

In the next step, a time-domain transient FEA is performed on the magnetic 

structure to study the magnetic field distribution. The amplitude of the magnetic 

field density (B) of the fully integrated magnetic structure under full and partial 

loading conditions at the same time step and the maximum value is presented in 

Fig. 4-28.  
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It can be seen that the field density is higher in the region that is covered with 

main coils, as expected. The field density of the ferrite bars located on the 

transmitter side does not change when the load power changes from 500 W to 2.2 

kW. The unchanged field density of the transmitter side is due to the constant 

current characteristic of the LCC topology. The field density in the core material 

is lower than the saturation field density of the selected ferrite material (Bsat= 300 

mT). Moreover, the DC-DC inductor current effect on the field density is negligible. 

B. Comparison 

The fully-integrated system can be compared with conventional designs from 

three design aspects: integrated coil design, resonant network design, and cost: 

B.1) Integrated Coil Design 

In this case study, the design with Lf=60 µH and Lb=110 µH is considered. It 

is also assumed that the DC-DC inductor value is fixed, and the overlap distance 

(Df) and the number of turns of the resonant inductor (Nf) are varied. Fig. 4-29 

shows the FEA results of the self-inductance of the resonant inductor (Lf) and the 

total cross-coupling.  
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Minimum Point

 
(a) Lf (b) Mcross 

Fig. 4-29. Example of designing the resonant inductor with low cross-coupling.  

The value of Lf=60 µH can be achieved by a different number of turns and 

overlaps; these points are marked in Fig. 4-29 (a). The corresponding total cross-

coupling value of each design is shown in Fig. 4-29 (b). It can be seen that there 

exists a point that shows a minimum total cross-coupling which is the desired 

design. The proposed optimization method finds the optimal point among all 

different design points in a single optimization problem. Therefore, no trial and 

error is required.  

B.2) Resonant Network Design 

In this case, the effectiveness of the resonant network optimization is evaluated. 

It is assumed that the magnetic structure is optimally designed and Table 4-4 is 

available. According to Table 4-4, the cross-coupling values for design number 8 

(Lf=40 µH) are generally lower than design number 7 (Lf=50 µH). For instance, 

one may look at the cross-coupling values and select design 8 with the lowest 
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parasitic mutual inductance (Lf=40 µH) and conventionally tune the resonant 

network on the resonant frequency (
( )

0

1 21

1 1 1

f s sp f s
L C LCL L C

 = = = =
−

). 

Fig. 4-30 compares the efficiency of the integrated wireless charging system with 

the optimized magnetic structure with two different resonant inductor values. 

 
Fig. 4-30. Comparison of the optimized fully-integrated wireless charging system versus the 

conventional design. 

It can be seen that the optimized value of Lf=50 µH showed a better 

performance in terms of efficiency in the range of nominal output power. However, 

as the output power increases beyond the nominal point (2.2 kW), the conventional 

design shows a better efficiency profile. Therefore, the proposed optimization of the 

fully-integrated wireless charging system picks the best value of the resonant 

inductor among the optimized magnetic couplers which results in higher efficiency 

in the desired range of the output power. Moreover, the proposed optimization 

method includes practical constraints. Therefore, using the proposed optimization 
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method, no iterations, and trial and error are required and all the constraints are 

considered at the same time in a single optimization problem.  

B.3) Cost and Volume Comparison  

Different types of inductors are studied to investigate the cost and volume 

reduction of the proposed fully-integrated structure. Typically, the inductors can 

be built using air core, EE type ferrite core, and integrated structure as shown in 

Fig. 4-31. As an example, a wireless charging system with inductor values of Lf=50 

µH and Lb=110 µH is considered. The cost of ferrite, Litz wire, and volume for 

different types of inductors is listed in Table 4-7. It can be seen that the cost of the 

inductor will be reduced by using integrated inductors. Since the integrated 

inductors are placed in the unoccupied space in the center of the main wireless 

charging coils, the required space for the integrated coils is zero.  

 

  

 

(a) Air core (b) EE core (c) Integrated 

Fig. 4-31. Different types of inductors that considered for cost and volume comparison. 
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TABLE 4-7 

COMPARISON OF THE COST AND VOLUME OF THE DIFFERENT TYPES OF INDUCTORS 

Type Inductor Wire Cost ($) 
Ferrite Cost 

($) 

Total Cost 

($) 

Required Space 

(mm3) 

Air Core 
Lf 18 0 18 989100 

Lb 30 0 30 1661688 

EE Ferrite 

Core 

Lf 3 22 25 139425 

Lb 4 22 26 152100 

Integrated 
Lf 12 0 12 0 

Lb 20 0 20 0 

 

Compared to the use of an EE-type structure for both resonant and DC-DC 

inductors, the fully-integrated system reduces the estimated cost by around 35% 

and saves 2.91×105 mm3 of the volume. If a partially integrated is used, which 

means that Lf is integrated and Lb is built by EE core, the proposed fully-integrated 

system can reduce the total estimated cost by around 15% and save 1.52×105 mm3 

of the volume. 

 Experimental Results 

To evaluate the proposed fully-integrated wireless charging system, a 3.3 kW 

system was built in the lab. The switching frequency of 85 kHz was selected 

according to the SAE standard for stationary chargers. In this setup, the magnetic 

couplers were made by 500 strands Litz wire of AWG 38 to reduce the skin effect 

at the operating frequency and the ferrite cores were N87 from EPCOS. The 

controller is implemented with a Texas Instruments TMS320F28379D DSP to 

generate gating signals for the inverter and the DC-DC converter. The power 
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MOSFET switches used in the inverter were IPW65R037C6 CoolMOS series with 

37 mΩ on-state resistance. Fig. 4-32 shows the experimental setup of the proposed 

fully-integrated magnetic structure. 

Buck Converter

Main Transmitter Coil

Lf

Resonant 

Capacitor Inverter

Series Network

Main Receiver Coil

DC-DC inductor

 
Fig. 4-32. The laboratory prototype of the wireless charging system with a fully-integrated 

magnetic structure. 

In this experiment, the magnetic coupler position was changed from zero to 

120 mm misalignment. Fig. 4-33 shows the inverter output voltage (Vin), inverter 

current (Iin), output voltage (Vd), and current (Io) waveforms at the nominal 

loading (2.2 kW) and partially loading (500 W) conditions. It can be seen that ZVS 

was achieved for this converter in the whole operating range. Furthermore, to 

investigate the accuracy of the efficiency and output voltage calculations, different 

operating points are measured and compared with calculation results. Fig. 4-34 

compares the efficiency and output voltage of the WPT system to the experimental 

results. It can be seen there is good accordance between the simulations and 
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experimental results. It should be noted that in this experiment only X-direction 

misalignment is considered. According to the simulation results, X and Y-direction 

misalignment have a negligible difference in terms of efficiency, and the system 

efficiency is more sensitive to the main coils coupling factor.    
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(c) 2 kW at k=0.22 (d) 500 W at k=0.22 

Fig. 4-33. Experimental output waveforms. 
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(a) Efficiency (b) Output voltage (Vd) 

Fig. 4-34. Comparison of the experimental and simulation results versus output power under 

different coupling factors.  

Finally, the dynamic performance of the proposed integrated system was 

evaluated by changing the load from 1 kW to 2.2 kW. In this experiment, the 

coupling factor was 0.32, and the load change by a single step. Fig. 4-35 shows the 

dynamic performance of the proposed wireless charging system with the integrated 

DC-DC inductor. It can be seen that the output voltage (VLoad) is stabilized with 

a very short transient time. 

Iin

Vin

Vload

Io

 

Fig. 4-35. Dynamic performance of the DC-DC converter from half load to full-load condition. 
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 Conclusion 

This chapter studied challenges with the partially-integrated and fully-

integrated magnetic structures for EV wireless charging. The proposed integrated 

structure helps to improve the power density and reduce the cost of the magnetic 

design by reducing the required ferrite material. A new procedure for the optimal 

design of the proposed structure is presented. In this chapter, an LCC-S topology 

is selected to minimize the number of required components on the vehicle side.  

In the proposed fully-integration method, the resonant inductor of the LCC 

network is integrated into the transmitter coil, and the DC-DC inductor is 

integrated into the receiver main coil. It was shown that the integrated coils have 

a cross-coupling with each other and with the main wireless charging coils which 

affects the performance of the system. To reduce the cross-coupling effect, the 

magnetic structure is optimally designed for different values of self-inductance. The 

optimized magnetic structures are imported into the resonant network optimization 

problem to select resonant capacitors. Moreover, the core and conduction losses of 

the magnetic coupler, inverter, and diode-bridge losses, and resonant capacitor 

losses are included in the resonant network optimization. The optimization problem 

also picks the best optimized magnetic structure based on the design requirements 

and cross-couplings and finds the best values for the resonant capacitors.  
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According to the system optimization, a lower value of the resonant inductor 

and a higher value of the buck converter inductor is preferable which results in 

lower cross inductance, higher overall efficiency, and less output ripple. The 

converter is analyzed, and the effect of the negligible mutual inductances is studied. 

A 3.3 kW/85 kHz system was built and compared with the simulation studies to 

validate the feasibility and performance of the proposed integration and 

optimization method. 
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PCB Based Magnetic Couplers for EV 

Wireless Charging 

 Introduction 

As discussed, the EV wireless charging system is operating at 85 kHz. 

Operating at this frequency results in higher coil AC resistance due to skin effect 

and proximity effect caused by eddy current. As the AC resistance of the coils 

increases, the quality factor and the efficiency of the system reduces consequently. 

Therefore, Litz wire is typically employed to overcome this issue. However, as the 

number of strands increases and the diameter of the strands of the Litz wire reduces 

the cost of the Litz wire increases significantly. Therefore, finding alternatives for 

replacing the Litz wire is an objective of this chapter.  
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In this chapter, a conventional Litz wire–based magnetic coupler is replaced 

with a PCB-based planner magnetic structure. Instead of a self-resonator coil, the 

printed coil is only operating as an inductive coupling between the transmitter and 

receiver side. Furthermore, the effect of the ferrite material on the structure of the 

PCB-based magnetic coupler is studied. The PCB layer is analyzed using FEA 

software to calculate the AC resistance at the operating frequency. The 2-

Dimensional (2D) FEA studies are presented to provide a guideline for designing 

the PCB-based magnetic couplers. In this study, the effects of the copper cross-

section, thickness and width, number of the parallel branches per turn, board layer 

thickness, and dimensions of the ferrite core on the AC resistance are analyzed in 

depth. The 3-Dimensional (3D) FEA studies are also presented in this chapter to 

validate the 2D analysis and find a PCB layout with a low conduction loss. 

The sensitivity functions of the WPT system efficiency with respect to the coil 

AC resistances are also calculated. According to the sensitivity functions, possible 

cases for using PCB-based magnetic couplers are investigated. The magnetic 

couplers are designed for a 3.3 kW wireless EV charging application. The efficiency 

of the conventional and proposed PCB-based wireless charging systems are 

compared through simulation and experiments. The proposed magnetic coupler 
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design based on PCB shows low AC resistance and competitive efficiency results 

compared to the system using Litz wire in the magnetic couplers. 

 Moving Toward the PCB Magnetic Coupler and 

Design Challenges 

A typical EV wireless charging system based on the inductive coupling is shown 

in Fig. 5-1.  

AC/DC

Wireless 
Charger

 

Fig. 5-1. A typical EV wireless charging system based on the inductive coupling.   

 Conventional Magnetic Couplers 

The switching frequency for a light-duty wireless charger is set to 85 kHz 

according to SAE standard. At this frequency, due to skin effect, the AC resistance 

of the single strand wire will be increased significantly compared to its DC 

resistance. To overcome this issue, multiple insulated strands of copper (Litz wire) 

are typically employed [18]. The diameter of each strand of the Litz wire is selected 

according to the skin depth (δ) at the operating frequency (f) and the total number 
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of the strands (ns) will be selected according to the total current of the wire and 

the desired current density (Jw). In this way, the skin effect could be mitigated and 

the AC resistance of the wire will be close to its DC resistance. However, due to 

the proximity effect, the AC conduction losses cannot be eliminated.  

Fig. 5-2 shows the layout of a conventional rectangular magnetic couplers made 

by Litz wire. In this structure, the total diameter of the wire is Dw consist of 

multiple insulated copper strands with a diameter of Ds. The value of skin depth 

(δ) of the copper in the operating frequency determines the maximum strand 

diameter of each strand of the wire as follows [29]: 

2



=  (4.42) 

2sD   (4.43) 

 

FerriteStrand Insulation

Dw

Ds

Wire Insulation

 

Fig. 5-2. Rectangular magnetic coupler made by Litz wire 
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where   is the conductor resistivity,   is the permeability, and   is the angular 

frequency. The effective cross-section area of each strand is given by: 

2 4eff sS D =  (4.44) 

where Ds is the diameter of each strand in the Litz wire. The required cross-section 

area of cupper based on the branch current and maximum allowable current density 

can be calculated as follows: 

req

w

I
S

J
=  (4.45) 

where I is the branch current and Jw is the desired current density. The current 

density is restricted to the maximum allowable temperature rise of the wire. The 

total number of strands can be selected according to the required cross-section as 

follows: 

s req effn S S=  (4.46) 

The wire total diameter can be calculated according to the filling factor of the 

Litz wire as follows: 

w f s sD k n D=  (4.47) 

where kf is the Litz wire fill factor which is a constant value typically around 1.3-

1.6 [78]. Ideally, kf should be one but due to the shape of the strands, strand 

insulation, and manufacturing process, some space of the wire will not cover by 

copper which results in higher kf values.  
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According to (4.42), the selected strand size should be smaller than twice the 

skin depth to reduce the skin effect. However, having very thin strands results in a 

higher value of kf [64] that results in larger diameter wires compared to single strand 

wire with equivalent copper cross-section area.  It should be noted that the high 

value of kf results in lower copper in a specific area which leads to a low power 

density design. Additionally, the availability of the Litz wires with a high number 

of strands and low strand diameter is another limiting factor [64]. Although the 

Litz wire can mitigate the skin effect and reduce the AC resistance, the cost of the 

Litz wire increases significantly as the number of strands increases. The price of 

the Litz wire produced by different manufacturers is considered and the normalized 

average cost per meter of them versus the number of strands is shown in Fig. 5-3. 

 

Fig. 5-3. Normalized cost of Litz wire versus number strands. 

 Besides the significant increase in the cost of the Litz wire for high power 

applications, the manufacturing errors should be considered. These errors could be 

related to building the coil or elements of the magnetic coupler including Litz wire. 
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In the case of using a high gauge wire for the strands (tiny strands), it is possible 

to have more broken strands due to their fragility [64]. Therefore, the effective 

number of strands will be reduced and thus increasing the conduction loss. The 

insulation layer of the Litz wire has some manufacturing tolerance that affects the 

spacing between the turns. Moreover, space between the wire and ferrite core can 

have some errors during manufacturing. 

 PCB Based Magnetic Couplers 

A. Layout 

A PCB-based magnetic structure offers a simple manufacturing process 

compared to a conventional Litz wire-based structure. The design tolerance will be 

limited to PCB production error which is significantly lower compared to 

manufacturing a conventional wire-wound coil. Additionally, the parasitic elements 

of the circuit are predictable and thus can be considered and mitigated in the 

analysis. Moreover, the manufacturing costs will be reduced due to simplicity and 

machine assembly instead of labor work. Considering the advantages of the PCB-

based magnetic structure over conventional wire-wound coils, a planner magnetic 

structure based on the PCB can be used for wireless charging applications. The 

proposed magnetic coupler is utilizing a multi-layer PCB as shown in Fig. 5-4. 
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PCB

Ferrite

Board (FR4)
Copper Layer

 

Fig. 5-4. Proposed magnetic coupler made by multi-layer PCB. 

In this structure, the coils are printed on the board material. It is possible to 

have multiple layers to increase the current capability and reduce the conduction 

loss. The layers of the structure can be connected in parallel to reduce the AC 

resistance. Similarly, by increasing the trace width and copper weight (thickness), 

the coil resistance can be reduced. It should be noted that different layers are 

insulated from each other by a dielectric material (FR4).  

Estimation of the cost of the PCB production versus different board parameters 

is gathered and the normalized values are shown in Fig. 5-5.  

  
(a) quantity of boards with 3oz copper weight (b) number of layers 

Fig. 5-5. Normalized cost of PCB versus. 
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The size of the board is consistent for all the points. According to Fig. 5-5 (a), 

the cost of each board will decrease as the quantity of the order increases and it 

will be an almost constant value for a high number of boards. The cost of PCB 

production versus the number of layers is shown in Fig. 5-5 (b). It can be seen that 

as the number of layers increases, the total cost increases too. Moreover, increasing 

the copper weight also increases the production cost as expected. According to this 

data, the minimum number of layers and lower copper weight (oz) is preferable.  

B. Design Challenges 

As discussed, the quality factor of the coils should be high to ensure a high-

efficiency profile for the wireless power transmission system. Since the operating 

frequency for EV application is restricted to 85 kHz, the self-inductance of the coil 

and its AC resistance are the remaining design parameters to achieve high-quality 

factor magnetic couplers. The self-inductance is dependent on the number of turns, 

the dimension of the coil, and the magnetic core material. The coil AC resistance 

is dependent on the copper cross-section, the spacing between the turns (proximity 

effect), and its length.  

The size of the magnetic couplers should be optimally selected to avoid large 

structures. Especially for EV applications, the vehicle-side coil size is limited to the 

available space underneath the vehicle. Moreover, the vehicle side magnetic 
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structure and pickup converter should be light-weight. Therefore, the core material 

should be optimally selected.  

In a PCB-based magnetic structure, each turn can be made by a limited 

number of strands compared to the Litz wire-based structure. Therefore, finite 

element analysis is required to optimally design the PCB-based structure and select 

the track width (Tw) and the number of parallel branches (Nbr). Moreover, the 

current capability of the PCB tracks is limited due to the coil conduction loss. 

Having high conduction loss on the coils reduces the efficiency of the system and 

may violate the allowable temperature of the board material. 

 Circuit Modeling 

An LCC-S topology is selected for the compensation network shown in Fig. 

5-6. By using the fundamental harmonic analysis, the circuit schematic could be 

further simplified as shown in Fig. 5-7.  
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Fig. 5-6. Circuit diagram of the LCC-S compensated WPT system and battery control scheme. 
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Fig. 5-7. Equivalent circuit of LCC-S topology according to fundamental harmonic approximation. 

When the circuit is excited with the resonant frequency, the secondary side 

circuit reactance will be eliminated ( 2
2 1s sLC  = ) and the output voltage will be 

equal to the induced voltage. In this condition, the output voltage is independent 

of the load variation and the voltage source feature of the LCC-S network is 

achieved. The output power is given by: 

2

2out in o

eq f

M
P V V

R L
=  (4.48) 

where M is the mutual inductance between the primary and secondary side, Vin is 

the RMS voltage of the inverter and Vo is the RMS value of the output voltage 

before rectification.  

 Sensitivity Analysis 

In this sensitivity analysis, only conduction losses of the magnetic couplers are 

considered to simplify the analysis and evaluate their effect on the performance of 

the system. The power loss in the coils and efficiency of the WPT system can also 

be defined by [55]: 
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2 2
loss p p s sP r I r I= +  (4.49) 

out

out loss

P

P P
 =

+
 (4.50) 

In the next step, the sensitivity of the system efficiency to the coil resistances 

at the resonant frequency of ω=ω0 is calculated as follows: 
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It can be seen that the sensitivity functions are independent of the magnetic 

couplers' self-inductances and resonant elements values. The value of Req can be 

calculated according to the desired nominal voltage and power. For a 3.3 kW 

wireless charging system, typically the output voltage is in the range of 300-600 V; 

therefore, the value of load resistance is around 27-109 Ω. The sensitivity functions 

versus output power for a typical 3.3 kW WPT system are calculated and the 

results are shown in Fig. 5-8. 



Ph.D. Thesis - Ali Ramezani              McMaster University – Electrical & Computer Engineering 

206 

 
Fig. 5-8. The sensitivity of the efficiency to the primary and secondary side coil resistances. 

According to Fig. 5-8, the efficiency of the wireless charging system is highly 

sensitive to the primary side coil resistance (rp). The negative sign of the sensitivity 

value means that by any small variation of the coil resistance, the efficiency of the 

system will decrease as expected. Moreover, it can be seen that at light-load 

conditions, the sensitivity of the efficiency to the primary side coil resistance is 

higher. Therefore, more power loss during light-load operation is expected for a 

system with higher primary side coil resistance. 

Having an LCC compensation on the transmitter side generates a constant 

current in the transmitter coil. Therefore, the total conduction loss of the 

transmitter side will remain constant in the charging process. In this case, a slight 

change of the rp results in the high variation of efficiency which is leading higher 

sensitivity at light load conditions. It can be concluded that the small change of 

the secondary side coil resistance (rs) has a negligible effect on system efficiency. 
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Therefore, instead of the high-cost Litz wire-based magnetic coupler, other 

alternatives such as the proposed PCB-based magnetic structure could be used for 

the receiver side coil. 

 Magnetic Coupler Design 

A rectangular Litz wire based magnetic structure is considered to be 

predetermined. The conventional magnetic structure is used as a benchmark to 

evaluate the proposed PCB-based magnetic structure. The power rating, input, and 

output voltage, and misalignment range are considered to be the same for both 

systems. The coil AC resistance and self-inductance are considered as a figure of 

merit in this section.  

To design the PCB-based structure, 3D-FEA studies are required. However, 

due to the computationally intensity and complexity of the modeling, 2D-FEA 

studies are employed. The 2D-FEA study illustrates the effectiveness of each design 

parameter that leads to minimum coil resistance. The result of the 2D analysis will 

be used to design the 3D model for further evaluations. Accordingly, the optimal 

design is selected and misalignment analysis is performed.  Finally, the PCB design 

is compared with the reference design built by Litz wire. 
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 Two-Dimensional Studies 

In this part, the effect of different design parameters is studied through a 2D 

simulation to reduce the computation time. The results and conclusions of this part 

can be used as the guidelines for designing the 3D model of the PCB. In order to 

have a fair comparison, the range of the design variables of the PCB structure is 

selected to be in the range of the reference design (coil made by Litz wire). 

Therefore, the total coil width is 80 mm, and the PCB coil has 20 turns on each 

layer. Fig. 5-9 illustrates the procedure of generating the equivalent model of the 

3D structure for 2D studies. In this study, the frequency is swept from 10 Hz to 

200 kHz to study the skin effect on the coil resistance. This procedure is repeated 

for boards with 1 to 4 layers. 

 

(a) procedure of transformation 

Ferrite

Board (FR4) Copper Layer

 

(b) final 2D model 

Fig. 5-9. Simplification of the 3D model to a 2D model. 
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A. Copper Cross Section 

In a solid conductor, as the cross-section area increases, the DC resistance 

decreases. However, due to the skin effect, the AC resistance of the wire will not 

decrease as the cross-section increases. To evaluate the effect of the track cross-

section on the coil resistance, the copper track width (Tw) and copper weight (Tcu) 

is changed in the range of 0.5-3.5 mm and 1-6 oz, respectively. In this part, only 

the effect of the copper cross-section on the AC resistance is studied. The effect of 

the ferrite material is studied in the next part. 

Fig. 5-10 shows the FEA results of the coil resistance versus the copper cross-

section for one, two, and four-layer boards. It can be seen that generally the coil 

resistance will be reduced as the copper thickness increases. However, the effect of 

copper thickness will be negligible as the track width is high enough. Moreover, as 

the number of layers increases, the AC resistance of the coil decreases. However, 

the designs with a track width of larger than 1.5 mm showed negligible changes to 

the number of layers and copper weight increase. Therefore, the coil quality factor 

will not benefit from having an excessive number of layers. Additionally, the lower 

number of layers is preferable due to the high cost of multi-layer PCB designs. This 

could be achieved by optimal designing of the copper layer. 
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(a) 1-Layer board 

 
(b) 2-Layer board 

 
(c) 4-Layer board 

Fig. 5-10. Track AC resistance versus copper weight (thickness) at different track width 
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B. Parallel Branches 

Similar to the Litz wire design, the PCB tracks could be designed. In this way, 

each turn of the coil is divided into multiple parallel branches (Nbr) as shown in 

Fig. 5-11. In this part, designs with different numbers of parallel branches are 

considered to study its effect on the coil AC resistance. Since the skin depth at 100 

kHz is around 0.2 mm, the width of parallel branches should be selected close to 

0.4 mm according to (4.43). Similar to the previous part, single-layer, two-layer, 

and four-layer board layouts are considered and the FEA results are shown in Fig. 

5-12. 

 

(a) 

 

(b) 

Fig. 5-11. Coil turns layout: (a) single branch for each turn (b) two parallel branches for each 

turn. 

By comparing the FEA results between the cases with two and three branches, 

it can be seen that the changes in the minimum achievable value are negligible. It 
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should be noted that the designs with track width smaller than twice the size of 

the skin depth are showing the highest resistance even at high copper weights 

(thickness). It can be seen that as the branch width is larger than 0.4 mm, the 

resistance of the coil is reduced significantly. However, beyond the 0.4 mm track 

width, the changes are negligible and the reduction rate of the resistance versus 

copper weight and track width is saturated. Furthermore, the designs with a 0.2 

mm track width showed higher changes when the number of parallel branches is 

increased. 

   

(a) 1-layer, Nbr=2 (b) 2-layer, Nbr=2 (c) 4-layer, Nbr=2 

   

(d) 1-layer, Nbr=3 (e) 2-layer, Nbr=3 (f) 4-layer, Nbr=3 

Fig. 5-12. Track AC resistance versus copper weight at different branch widths. 

Comparing the presented results in Fig. 5-12 to the single branch layout (Fig. 

5-10), it can be seen that when the copper cross-section is lower than twice the skin 
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depth in each direction, having a higher number of parallel branches (Nbr) is 

beneficial. A design with a low copper cross-section can be selected in two scenarios: 

cost limitation, and space limitation. In any of these cases, the presented results 

could be helpful for the designer to appropriately select the optimal sizes for the 

copper layer of the coils. As the copper cross-section or number of layers increases, 

the parallel branches' effect on the coil resistance is reduced.  

Moreover, it can be seen that the minimum achievable resistance for a single 

branch per turn is lower than multiple parallel branches. This pattern can be seen 

in all the number of layers. Because of the restriction of the coil total width to 80 

mm (to match the reference Litz wire design), as the number of branches increases, 

the clearance between the branches and different turns will be reduced. It should 

be noted that in this high-power application, the clearance between the turns is 

essential to avoid insulation issues. Therefore, the proximity effect will be increased, 

and coil AC resistance will be increased compared to the single branch case 

presented in Fig. 5-10. Depending on the requirements of each application, the 

designer can select the optimal value of the coil width to minimize the coil AC 

resistance. In this chapter, a comparable equivalent for the reference Litz wire based 

magnetic coupler is considered as the baseline. 
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C. Layer Thickness 

Due to the proximity effect at high-frequency operation, the AC resistance of 

the coils could be affected by nearby turns and layers. The layer insulation thickness 

(TL) is considered as another design variable in this part as shown in Fig. 5-13. In 

this study, the dielectric thickness is varied from 0.2 mm to 1.8 mm, and copper 

thickness (Tcu) is changed between 3-6 oz. The branch width is changed between 

1.5-3.5 mm, 0.6-1.8 mm, and 0.4-0.8 mm for the single branch, two branches, and 

three branches designs, respectively. The FEA results of this study are presented 

in Fig. 5-14 and Fig. 5-15 with the same color maps as Fig. 5-12.  

TL

Fig. 5-13. Layer thickness in a multi-layer board. 

In Fig. 5-14, the results for 0.5 mm and 0.2 mm are not presented due to high 

coil resistance according to Fig. 5-12 (dark blue curves). According to Fig. 5-14, it 

can be seen that in all three types of designs with different copper weights (Tcu), 

the coil resistance is reduced as the spacing between the layers (TL) reduces. 

However, as the branch width (Tw) is increased, the variation of the AC resistance 
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with respect to the layer thickness is increased. However, the changes in the 6 oz 

designs are close to the 3 oz designs. In another word, the coil resistance is more 

sensitive to the board layer thickness when wider tracks are used. According to Fig. 

5-14 (b) and (e), having wider branches does not necessarily result in lower 

resistance. It can be seen that the resistance of the designs with Tw=1.8 mm is 

higher than the designs with Tw=1.4 mm due to the proximity effect as discussed 

before. 

   

(a) 2-layer, Nbr=1, Tcu=3 oz (b) 2-layer, Nbr=2, Tcu=3 oz (c) 2-layer, Nbr=3, Tcu=3 oz 

   

(d) 2-layer, Nbr=1, Tcu=6 oz (e) 2-layer, Nbr=2, Tcu=6 oz (f) 2-layer, Nbr=3, Tcu=6 oz 

Fig. 5-14. Track AC resistance versus layer thickness at different branch widths of a 2-layer board. 

Another important point that can be seen in Fig. 5-14 (a) and (d) is that by 

changing the copper thickness from 3 oz to 6 oz the resistance of the design with 

3.5 mm is increase beyond the resistance of 1.5 mm track width design. Having 

higher copper thickness significantly increases the production cost; it was shown 
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that it can be nullified if the layer thickness is not selected optimally. Moreover, 

changing the thickness of the board typically does not affect the production cost. 

Therefore, the optimal selection of the board thickness is a vital step in designing 

the PCB magnetic couplers.  It should be noted that the effect of layer thickness is 

only observed on the high-frequency excitation of the coils. The coil resistance under 

DC or low-frequency operation remains constant versus layer thickness. 

Similarly, the 4-layer PCB layout is studied and the FEA results are presented 

in Fig. 5-15. It can be seen that similar results are achieved and by reducing the 

layer thickness the coil AC resistance is reduced. Additionally, the minimum 

possible AC resistance is around 0.54 Ω/m corresponding to the 4-layer board with 

a branch width of 2.5 mm and 6 oz copper thickness. Although the 2-layer board 

showed a comparable low resistance at the same design point (Fig. 5-14 (d)), other 

parameters such as current density and temperature rise should be considered in 

practice.  
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(a) 4-layer, Nbr=1, Tcu=3 oz (b) 4-layer, Nbr=2, Tcu=3 oz (c) 4-layer, Nbr=3, Tcu=3 oz 

   

(d) 4-layer, Nbr=1, Tcu=6 oz (e) 4-layer, Nbr=2, Tcu=6 oz (f) 4-layer, Nbr=3, Tcu=6 oz 

Fig. 5-15. Track AC resistance versus layer thickness at different branch widths of a 4-layer board. 

In order to study this effect in more depth, magnetic field density (B) and 

current density (J) distribution in this magnetic system is studied. As an example, 

the field distribution for the 2-layer board with two different design points is 

presented in Fig. 5-16. By comparing Fig. 5-16 (a) and (b), it can be seen that the 

magnetic field density is distributed more uniform in the design with a lower layer 

thickness (TL=0.2 mm). Therefore, as it is shown in Fig. 5-16 (c) and (d), the 

current density is distributed to move evenly with a lower peak-to-peak value at 

TL=0.2 mm. In another word, the proximity effect is reduced when the layers are 

placed close to each other. Therefore, the coil resistance is reduced as shown in Fig. 

5-14 and Fig. 5-15.  
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Copper Layer

 

Copper Layer

 
(a) B at TL=0.2 mm (b) B at TL=0.8 mm 

Jmax=4431A/cm2

 

Jmax=4583A/cm2

 
(c) J at TL=0.2 mm (d) J at TL=0.8 mm 

Fig. 5-16. Magnetic field density (B) and current density (J) distribution in the 2-layer board with 

Tw=3.5 mm. 

 

D. Magnetic Core Material 

Magnetic core material such as Ferrite can be added to the magnetic couplers 

to improve the coupling factor, increase the self-inductance and quality factor, and 

reduce the field emission in the backside of the magnetic couplers. Due to the high 

permeability of the ferrite, adding it to the magnetic structure can change the 

magnetic field distribution. Changes in the magnetic field could result in the 

variation of the coil resistance due to the eddy current effect. Therefore, in this 

part, the ferrite blocks are added to the 2D analysis to investigate its effect on the 

AC resistance of the coil at the operating frequency. In this study, different 
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thickness of ferrite material (Tf) is placed underneath the board and FEA is 

performed on the 2D model. To save space, as an example, the FEA results for a 

single branch and 3 branches layouts with the board thickness of 0.2 mm and 6 oz 

copper thickness are presented in Fig. 5-17.  

   

(a) 1-layer, Nbr=1, TL=0.2 

mm 

(b) 2-layer, Nbr=1, TL=0.2 

mm 

(c) 4-layer, Nbr=1, TL=0.2 

mm 

   

(d) 1-layer, Nbr=3, TL=0.2 

mm 

(e) 2-layer, Nbr=3, TL=0.2 

mm 

(f) 4-layer, Nbr=3, TL=0.2 

mm 

Fig. 5-17. Track AC resistance versus ferrite thickness at different branch widths. 

As can be seen, the ferrite core has a negligible effect on the coil AC resistance 

at this frequency. Generally, having ferrite blocks in the structure leads to slightly 

higher AC resistance. Although introducing the ferrite material will change the 

magnetic field distribution around the ferrite blocks, the changes in the coil 

resistance are not large. This is because of the fact that the size of the core is 

smaller compared to the air surrounding the magnetic couplers.  
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The changes of the magnetic field due to the ferrite core for a 4-layer board 

with a single branch per turn are shown in Fig. 5-18. In this figure, the range of B 

and J are limited to make the differences visible in the plot.  

Copper Layer

 

Copper Layer

Ferrite

 

(a) B at no ferrite (b) B at 7 mm ferrite thickness 

 

Ferrite

 

(c) J at no ferrite (d) J at 7 mm ferrite thickness 

Fig. 5-18. Magnetic field density (B) and current density (J) distribution in the 2-layer board with 

Tw=3.5 mm. 

It can be seen that the magnetic field density distribution is changed as 

expected. The magnetic field has a higher density inside and around the ferrite 

blocks. This has a small impact on the current density as shown in Fig. 5-18 (c) 

and (d). It can be seen that the points with high current density are on one side of 

the track in the no-ferrite design. In contrast, the current density is distributed 

more evenly in the structure with ferrite blocks but the average of the field 
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magnitude is higher. These small changes in the magnetic field and current density 

result in changes in the AC resistance of the coil. 

 Three-Dimensional Studies 

Based on the presented 2D-FEA results, the 3D design (Fig. 5-9) parameters 

can be selected optimally. The 2D FEA results provided the guidelines to optimize 

the PCB layout of the magnetic couplers. For instance, the effect of the parallel 

branches and board dielectric thickness on the coil AC resistance is studied in the 

2D modeling and the conclusions can be applied to the 3D model. In this way, the 

computation time and complexity are reduced.  

It should be noted that these designs are restricted to the same outer and inner 

dimensions of the reference Litz wire structure. Therefore, a fair comparison 

between the two cases can be done. In this study, several iterations are done to find 

one of the optimal designs which are suitable for EV charging application. To avoid 

overlength, only a few numbers of 3D iterations are presented in this part as an 

example.  

A. Copper Cross-section 

The effect of the copper cross-section on the current density distribution (J) of 

a 10 A current excitation with the frequency of 100 kHz is illustrated in Fig. 5-19. 

In this figure, only one corner of the 3D model is shown for better visibility of the 
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results. It can be seen that as the copper thickness (Tcu) increased, the current 

density is reduced and the surface of the maximum current density is reduced. 

Moreover, it can be seen that as Tcu increased, the proximity effect is reduced. 

Therefore, having a higher copper weight can be beneficial to avoid hotspots in the 

PCB-based magnetic structure.  

When the track width (Tw) is increased from 1 mm to 1.5 mm, the current 

density is distributed more evenly. Up to 2.5 mm track width, similar behavior is 

observed. However, beyond the track width of 2.5 mm, the proximity effect caused 

higher current density in the corners of the track as shown in Fig. 5-17 (e) and (g), 

and (f) and (h). This result is similar to the presented results for a 4-layer board 

in Fig. 5-15 (d). The calculated AC resistance at 100 kHz of the presented designs 

and the minimum values for 3 oz and 6 oz copper thickness is shown separately for 

better visibility in Fig. 5-20 (a) and (b).  
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(a) 4-layer, Nbr=1, Tw=1 mm, TL=0.2 mm, 

Tcu=3 oz 

(b) 4-layer, Nbr=1, Tw=1 mm, TL=0.2 mm, 

Tcu=6 oz 
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(c) 4-layer, Nbr=1, Tw=1.5 mm, TL=0.2 mm, 

Tcu=3 oz 

(d) 4-layer, Nbr=1, Tw=1.5 mm, TL=0.2 mm, 

Tcu=6 oz 
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(e) 4-layer, Nbr=1, Tw=2.5 mm, TL=0.2 mm, 

Tcu=3 oz 

(f) 4-layer, Nbr=1, Tw=2.5 mm, TL=0.2 mm, 

Tcu=6 oz 
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(g) 4-layer, Nbr=1, Tw=3.5 mm, TL=0.2 mm, 

Tcu=3 oz 

(h) 4-layer, Nbr=1, Tw=3.5 mm, TL=0.2 mm, 

Tcu=6 oz 

Fig. 5-19. Current density distribution in the 3D models of the 4-layer PCB. 
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(a) (b) 

Fig. 5-20. Calculated AC resistance of the single branch 4-layer PCB designs versus track width. 

 

B. Layer Thickness 

In this part, the effect of the dielectric thickness (TL) on the AC resistance of 

the actual 3D model is studied. Similar to the 2D studies, a reduction of the coil 

AC resistance versus TL is observed. As an example, the current density of a 4-

layer PCB layout with a dielectric thickness of 0.7 mm and 0.2 mm is shown in 

Fig. 5-21 (a) and (b), respectively. It can be seen that there are fewer points that 

have a current density of 30 A/mm2 and beyond in the layout with a 0.2 mm layer 

dielectric thickness. The AC resistance of the coils is also dropped from 1.78Ω to 

1.105Ω when the layer thickness is reduced which is close to a 30 % reduction of 

the AC resistance similar to Fig. 5-15 (d).  
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(a) 4-layer, Nbr=1, Tw=3.5 mm, TL=0.7 mm, Tcu=6 oz 
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(b) 4-layer, Nbr=1, Tw=3.5 mm, TL=0.2 mm, Tcu=6 oz 

Fig. 5-21. Current density distribution in the 3D models of the 4-layer PCB. 

C. Integrated Coil Design 

An integrated DC-DC inductor is also designed for the proposed PCB-based 

magnetic coupler. At first, the effect of the aspect ratio of the integrated coils, and 

ferrite bar direction on the self-inductance of the integrated coil is calculated. In 

this case, it is assumed that the number of turns is set to 20 turns. The aspect ratio 

is the ratio of the inner rectangle X edge size to the Y-direction size (Xb/Yb). The 

FEA results of this study are shown in Fig. 5-22. 

It can be seen that as the aspect ratio increased the self-inductance value 

increased. However, when the inner size is larger (Yb), the effect of the aspect ratio 
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on the self-inductance is larger. Moreover, as the inner size increased the self-

inductance value increased significantly. By comparing Fig. 5-22 (a) and (b), it can 

be seen that for Yb=40 mm and Yb =50 mm, when the ferrite bars are in zero 

degrees the self-inductance is slightly higher. In another word, the ferrite bars are 

aligned with the larger side of the integrated coils (x-direction) the self-inductance 

is slightly larger. According to this result, the aspect ratio of 1.5 is selected for the 

integrated coils to maximize the self-inductance.  

In the next step, the number of the coil turns and the inner size of the coils is 

changed to study their effect on the self-inductance of the integrated coil. In this 

study, the aspect ratio is set to 1.5 according to the previous conclusions. The FEA 

results of this simulation are shown in Fig. 5-23. It can be seen that as the number 

of the integrated coil turns increases the self-inductance increases as expected. 

Similar to the previous case, as the inner size of the coil increases the self-inductance 

increases as well. Moreover, the ferrite direction showed a similar effect here.  

  
(a) 0-degree ferrite (b) 90-degree ferrite 

Fig. 5-22. Calculated self-inductance of the integrated coil in the 4-layer PCB designs. 
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(a) 0-degree ferrite (b) 90-degree ferrite 

Fig. 5-23. Calculated self-inductance of the integrated coil in the 4-layer PCB designs. 

 

 Selected Design 

According to the 2D analysis, 3D designs were analyzed and compared. After 

several iterations, an optimal design is selected and the specification is listed in 

Table 5-1.  

TABLE 5-1 

SELECTED MAGNETIC COUPLER SPECIFICATIONS 

Parameter Symbol Design Value 

Primary side number of turns (Litz) Np 20 

Secondary side number of turns (PCB) Ns 20 

Copper thickness Tcu 6 oz 

Number of parallel branches Nbr 1 

Track width Tw 2.5 mm 

Board dielectric thickness TL 0.2 mm 

Ferrite Thickness Tf 7 mm 

Ferrite width Tfw 35 mm 
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Based on the FEA results, one of the designs which showed the minimum AC 

resistance is found and selected for the magnetic structure. The aspect ratio of the 

integrated coil is around 1.5 and the Xb and Yb are 74 mm and 47 mm respectively. 

The calculated AC resistance of the main coil and integrated coil are 1.05 Ω and 

0.878 Ω at 100 kHz, respectively.  

A. Thermal Analysis 

To calculate the maximum temperature rise of the board, a steady-state 3D 

thermal finite element analysis is done. Noting the symmetry of the design, a 50 

mm cut of the board is considered to reduce the complexity of the simulation and 

required computational power.  

Fig. 5-24 shows the surface temperature of the PCB when the 10 A sinusoidal 

current is flowing to the copper traces. In this study, the ambient temperature is 

assumed to be 23˚C. The maximum temperature of the copper versus the RMS 

value of the current is calculated and the results are shown in Fig. 5-25. Since the 

board material used in this thesis is Tg=180˚C, the calculated values of the 

maximum copper temperature are in the safe operating region. 
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Fig. 5-24. The surface temperature of the proposed magnetic coupler based on PCB flowing Is=10 

A RMS. 

 

Fig. 5-25.  Maximum temperature of the copper versus RMS current. 

 Comparison 

To evaluate the proposed PCB-based magnetic coupler, the secondary side of 

the conventional wireless charger is replaced by the PCB, and the system efficiency 

is compared. The efficiency of the two systems with identical parameters except for 

the coil resistance versus the output power under full-aligned conditions is shown 

in Fig. 5-26. It can be seen that replacing the secondary side coil with a PCB has 
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a negligible effect on the efficiency at low power operation and at high power 

operation conditions, the difference is low. It worth mentioning that the proposed 

PCB-based magnetic coupler can reduce the volume of the magnetic coupler by 

around 55% compared to a conventional design due to the small thickness of the 

coil.    

 

Fig. 5-26. Comparison of the conventional and the proposed wireless charging systems. 

 Experimental Results 

To evaluate the performance of the proposed magnetic coupler based on PCB, 

a 3.3 kW wireless power transfer system is built. The LCC-S resonant network is 

designed optimally for this study. In this design, it is assumed that the input voltage 

is 200 V and the output voltage is in the range of 200-600 V for the coupling factor 

in the range of 0.22-0.32. The selected parameters of the LCC-S network are listed 

in Table 5-2. The efficiency and output voltage of this system will be compared in 

this Section. 
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TABLE 5-2 

RESONANT NETWORK AND SYSTEM SPECIFICATIONS 

Parameter SYMBOL Design Value 

Primary side resonant inductor Lf 49.18 μH 

Primary side parallel capacitor Cf 71.05 nF 

Primary side series capacitor C1s 10.19 nF 

Secondary side series capacitor C2s 9.23 nF 

Maximum Power Pmax 3.3 kW 

Nominal power range Pn 540W~3300 W 

Nominal coupling factor range Kn 0.22~0.32 

Air gap - 125 mm 

Switching frequency f 85 kHz 

Input DC voltage Vdc 200 V 

 

In this setup, the inverter is built by IPW65R037C6 power Si MOSFET 

switching at 85 kHz. The diode bridge on the receiver side is built with DSEI120-

06A. The output of the diode rectifier is connected to a DC-DC converter supplying 

the load and provide a regulated output voltage. The resonant capacitors are 

Metalized Film Propylene (MFP) from EPCOS with a low Equivalent Series 

Resistance (ESR) and high rated AC voltage withstand at 85 kHz.  

The conventional Litz wire coils are built with 500 strands of AWG38 Litz 

wire. The four-layer PCB-based magnetic coupler is built according to the 

specification listed in Table 5-2. The magnetic couplers based on Litz wire and 

PCB-based magnetic coupler are shown in Fig. 5-27 (a) and (b), respectively. The 

dimension of the ferrite bars is 510 mm × 38 mm × 7 mm and the material of the 

ferrite core is N87 from EPCOS which has core loss at the high operating frequency.  



Ph.D. Thesis - Ali Ramezani              McMaster University – Electrical & Computer Engineering 

232 

  

(a) Litz wire (b) PCB coil 

Fig. 5-27.  Magnetic couplers built by Litz wire and PCB. 

In the proposed configuration, the transmitter side coil is built using the Litz 

wire and the receiver side is built using a PCB. The measured self-inductance of 

the magnetic coupler made by Litz wire on the primary side, Lp, is 386.6 μH and 

the self-inductance of the PCB-based magnetic coupler on the secondary side, Ls, 

is 380.1 μH.  

 The output voltage of the inverter (Vin), inverter current (Iin), output DC 

voltage (Id), and output DC 20 (Id) waveforms in the aligned position under 3.3 

kW and 500W loading conditions are shown in Fig. 5-28. It can be seen that the 

Zero Voltage Switching (ZVS) is realized due to the inverter current phase lag. In 

another word, the current is passing through the anti-parallel diode of the Mosfet 

before the switching moment. Therefore, the turn-on voltage of the switch is close 

to zero and soft switching is realized.  
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Fig. 5-28.  Experimental output waveforms when magnetic couplers are fully aligned: (a) 3.3 kW 

(b) 500W. 

The efficiency of the proposed configuration is measured experimentally and 

compared with calculation results as shown in Fig. 5-29. In this figure, the measured 

DC to DC power efficiency is reported. It can be seen that the measured efficiency 

is close to the calculation results. In the next step, the proposed combination that 

has PCB coil on the secondary side and Litz wire on the primary side is compared 

with the conventional dual-side Litz wire magnetic couplers. The coil inherent 

quality factor comparison is presented in 5-30. In this figure, the interpolation 

between the measured data is plotted as solid lines. It can be seen that the proposed 

PCB-based magnetic coupler, offers a competitive quality factor compared to the 

conventional magnetic coupler which ensures high efficiency of the proposed PCB-

based magnetic coupler. 
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Fig. 5-29. Measured experimental efficiency values versus calculation results. 

 

Fig. 5-30. Coil quality factor comparison between the conventional magnetic coupler made by Litz 

wire and PCB coil on the receiver side. 

 Conclusion 

In this chapter, a cost-effective, simple to manufacture, and efficient magnetic 

coupler based on the Printed Circuit Board (PCB) is developed. The main 

advantage of the proposed magnetic coupler is the reduction of weight, fabrication 

error, cost, and maintaining high efficiency.  

To design a competitive and efficient coil based on PCB, different design 

parameters are considered. In this study, copper cross-section, the number of 
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parallel branches, dielectric layer thickness, and magnetic core effect on the AC 

resistance is studied. To evaluate the effect of each design parameter on the AC 

resistance of the coil, finite element analysis is presented. According to the FEA 

results, when the track width is smaller than twice the size of the skin depth, the 

design showed the highest resistance even at high copper weights. Although having 

multiple parallel branches resulted in lower AC resistance as the number of 

branches increases, the changes are not large. As the number of branches increases, 

the clearance between the turns will be reduced; therefore, having many parallel 

branches results in higher AC resistance due to the proximity effect.  

The dielectric layer thickness is also considered in the FEA analysis. It was 

shown that generally as the layer thickness reduces, the AC resistance reduces as 

well. When the copper tracks are wider, the coil AC resistance is more sensitive to 

the dielectric thickness between the layers. Moreover, it was concluded that the 

presence of the ferrite material has a negligible effect on the AC resistance. An 

optimal 4-layer PCB design was selected to replace the Litz wire in the magnetic 

couplers. To investigate the temperature rise of the proposed printed coil, a thermal 

analysis based on FEA is presented. It was shown that the maximum temperature 

of the copper will remain in the safe operating region of the board material.  
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Finally, a 3.3 kW wireless charging system based on the PCB coil on the 

receiver side is built. The efficiency of the system versus output power is measured 

experimentally which showed good accordance with the simulations. It was shown 

that the proposed PCB coil can replace the vehicle side Litz wire without sacrificing 

considerable system efficiency. 
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A New Modular Resonant Topology for 

High-Power WPT Systems 

 Introduction 

Electric vehicles already showed a great performance in terms of efficiency, and 

greenhouse gas emissions compared to conventional gasoline vehicles. Despite these 

outstanding features, few barriers need to be addressed to expect full domination 

of the EVs in the future market. One of the challenges is the range anxiety of the 

EVs which is related to the battery technology and charging time. In order to move 

the competition to the next level, EVs should offer a fast, convenient charging 

process close to gasoline refueling. Fast chargers are the solution to this challenge 

by reducing the changing time from several hours to few minutes.  
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Besides the battery technology that needs to be further improved, the power 

converters should be adopted for high-power applications as well. Increasing the 

power level of the converters and magnetic couplers faces several practical 

challenges that require introducing new topologies. The power level of the magnetic 

coupler can be increased by increasing the Litz wire gauge or using multi-phase 

systems [71]. In order to increase the power level of the transmitter side inverter, 

the current or the voltage level of the input needs to be increased.  

Besides, commercial and fleet vehicles such as electric buses require huge a 

battery pack, and a high-power charging infrastructure. Wireless charging can 

address some of the shortcomings such that the vehicles equipped with wireless 

charging can carry smaller batteries because they can be charged throughout the 

day. This also means that the fleet does not have to account for wired charging 

time and thus the fleet can purchase fewer EVs and still maintain service levels 

[156]. 

Fig. 6-1 shows a high-power wireless charging system. In these applications, a 

high-power transmitter circuit to supply hundreds of kW is a requirement [18].  
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AC/DC

High-Power 
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Charger

 

Fig. 6-1. Concept of high-power wireless charging application. 

Increasing the power rating of the inverter could be achieved by increasing the 

rating of the semiconductors, using multilevel topologies [124-126], and modular 

structures [127]. Currently, the voltage rating of high-frequency switches such as 

SiC devices is limited in commercialized products. Moreover, at high voltage 

operation, the dv/dt and maximum current rating of the switches are other limiting 

factors [128]. Furthermore, the cost of the inverter switches increases significantly 

by increasing the switch ratings. 

In order to increase the power level of the transmitter side inverter, modular 

structure is proposed in [128, 134, 136]. This topology is shown in Fig. 6-2. This 

topology requires multiple Intercell Transformers (ITC) to eliminate the circulating 

current between the inverter legs.  
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Fig. 6-2. Modular inverter topology for WPT applications proposed in [128]. 

In this structure which uses a half-bridge topology, a DC blocking capacitor 

should be connected to each ITC to avoid transformer saturation. These bulky 

transformers and DC blocking capacitors increase the complexity of the system and 

implementation cost. Moreover, this structure employs a series resonant network 

on the transmitter side. In this resonant topology, the impedance seen by the 

inverter is close to zero when the receiver side (vehicle) is not present which causes 

inverter failure. Furthermore, the resonant capacitors, Cp and Cs should be rated 

for the nominal power. Therefore, the size, rating, and cost of the resonant network 

are similar to a conventional high-power WPT system. 

To address the associated issues with high-power wireless charging, a new 

modular inverter based on an LCC resonant network is proposed in this chapter. 

By using the proposed modular topology, no ICT is required for surpassing the 

circulating current.  
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The proposed modular system is compared with a conventional high-power 

wireless charging system from different aspects. The proposed system showed a 

better component rating, lower resonant element energy, and lower kVA/kW ratio 

which is an indicator of the higher power density. The proposed modular topology 

is simulated and the performance of the proposed topology is evaluated under 

different operating conditions. 

 The Proposed Modular Resonant Network 

The proposed structure is shown in Fig. 6-3. The objective of the proposed 

structure is to have a modular resonant network that can be used to scale the 

output power of the WPT system. 
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Fig. 6-3. The proposed modular resonant network for high-power wireless charging application. 

In the proposed structure, the legs of the inverter are connected to an LCC 

network and the output of the LCC modules are connected in parallel to feed the 

transmitter side coil. Due to the current source behavior of the LCC network, the 
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output current of the LCC modules is constant and independent of the loading 

condition. Therefore, the transmitter coil current, Ip, is equal to the sum of the 

output currents of the LCC modules. 

In the following, the tuning of the resonant network will be discussed and the 

problem of current sharing will be addressed. 

 Resonant Network Tuning 

In a modular topology with n legs, each LCC network is connected to the 

primary side coil. Therefore, it can be assumed that each LCC network feeds n×Lp 

inductor and the total value of these parallel inductances would be equal to the 

primary side self-inductance, Lp. Therefore, at the resonant frequency the following 

equations should be satisfied for each LCC network: 

2

1
f

f

C
L

=  (5.1) 

2

1

( )
s

p f

C
n L L

=
 −

 (5.2) 

where n is the number of cells and ω is the angular operating frequency of the 

inverter. The value of the resonant inductor, Lf, should be selected according to the 

required output power or primary side coil current. An interesting point to design 

the series capacitor Cs is that n, the number of modules, is located in the 
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denominator of the Cs in (5.2). Therefore, the Cs value decreases as the number of 

modules increases. This reduction of the required capacitance for each module will 

help to reduce the cost of the design.  

Assuming all the modules has identical components and neglecting the parasitic 

elements, the transmitter side circuit of each module can be described by: 

( )

1 1

1 1 1
0

in fi ini pi

fi fi
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fi fi is
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C j C j
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= + −      

   

   −
= + + + +      

   

 (5.3) 

where Iini is the inverter leg current of module i, Ipi is the generated output current 

of the LCC module i, and Zr is the reflected impedance of the receiver side circuit 

to the primary side which is given by: 

2 2

sec

r

M
Z

Z


= . (5.4) 

Zsec is the secondary side circuit impedance. By solving (5.3) at the resonant 

condition, Iini and Ip can be defined by: 

( )ini fi r piI C nZ j I=  (5.5) 

( ) in
pi fi in

fi

V
I C j V

j L



= − =  (5.6) 

in
p pi

f

V
I I n

j L
= =   (5.7) 

where Ipi is the output current of each LCC network.  
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It can be seen that the primary side coil current, Ip, is load-independent and 

its value is only dependent on the selected resonant inductor, Lf. Therefore, the 

current source feature of the LCC network is realized at the resonant frequency.  

 Current Sharing 

In practice, the resonant elements can have some manufacturing error or their 

value deviates from the nominal value due to temperature changes. These changes 

in the component’s values can cause imbalanced current sharing between the 

modules. Therefore, it is essential to study the effect of the component tolerance 

on the current sharing between the modules. 

The multi-parallel LCC network on the primary side is studied here using the 

features of the two-port networks. In this analysis, the effect of each resonant 

element of the LCC network on the module input and output current is 

investigated. Here, it is assumed that there is no delay between the inverter legs.  

A. Generalized Model 

For a general system with n modules, the total admittance matrix, Yt is given 

by: 

   
1

n

t i
i

Y Y
=

=   (5.8) 
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where Yi is the admittance matrix of module i. For each module, the Y parameters 

can be calculated by using the impedance matrix, Z, as follows: 

   
1

i iY Z
−

=  (5.9) 
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In this system, the relation of the input and output current of parallel networks 

and each module can be expressed by: 
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where Iini is the module input current and Vp is the primary side voltage (voltage 

of the coil terminals) defined by: 

 ( )p p p p r pV Z I j L Z I= = +  (5.13) 

where Zp is the impedance seen by the LCC network. By substituting (5.13) and 

(5.10) into (5.12), the input current of each module (inverter leg current) and the 

LCC output current, Ipi can be calculated.  
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In order to consider the tolerance of the components and its effect on current 

sharing a deviation factor for each parameter of the LCC network is assumed as 

follows: 

fi i f

fi i f

is i s

L L

C C

C C







=

=

=

 (5.14) 

where Lf, Cf, and Cs are the designed resonant elements tuned at the resonant 

frequency. It is assumed that the first module has α1=β1=γ1=1. Without losing the 

generality, two parallel modules are studied here: 

B. Two Parallel Modules 

In this case, n is equal to 2 and there are only three deviation factors for the 

second module. According to the presented analysis, the input and output current 

of the first module is calculated as: 

( )
( )

2

1

1 2 2 2

1 1

2
1

1
1

p

fp fin

in pf f

p

in

f

j
Z

LL LV

I Zj L L

I

V

j L



 

  





   
−     −   

+ +     − 
   += 

      
 
 
 

. (5.15) 

It can be seen that the deviation of the second module parameters can affect 

the input current of the first module too. Similarly, the input and output current 

of the second module is calculated as: 
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where: 
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It can be seen that when α2.β2 is equal to 1, the effect of mistuned Cis (γ2) on 

the current will be eliminated. This will happen because, at this condition, the 

mistuned Lf and Cf on the second module are operating at resonant too (α2Lf.β2Cf 

=1/ω2). Therefore, the output current of the mistuned LCC network is not 

dependent on the output load. However, if these values are not unity or α2.β2≠0, all 

the deviation factors affect the current sharing of the parallel modules. Moreover, 

if α2=β2=γ2=1, all the equations presented in Section 6.3 will be achieved.  

To solve this issue, a passive current sharing method can be used [157]. This 

method can be simply applied to this modular structure by connecting point P  of 
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all the cells as shown in Fig. 6-3. In this circuit, any difference between the values 

of resonant capacitors will not affect the power-sharing between the phases of the 

inverter. In this case, the impedance seen by each inductor is the parallel network 

of the ||p fiZ C . Therefore, the voltage of the capacitor Cfi, and output current 

of the modules, Ipi would be all equal to Ip/n. Consequently, the voltage of the 

series capacitors, Cis would be equal too. The effectiveness of this method will 

further be evaluated in Section 6.4. 

 Output Characteristics 

For transportation applications, typically an LCC resonant topology is adopted 

on the primary side due to its outstanding performance. On the secondary side of 

the WPT system, two cases can be considered: LCC-LCC or LCC-S [154]. Both 

LCC and Series resonant topologies on the vehicle-side show a high-efficiency profile 

for the whole output power range and show a good constant output current and 

constant voltage, respectively. In this chapter, the LCC-LCC topology is selected; 

however, this modular transmitter side can be extended to other vehicle side 

topologies such as LCC-S. 

For a given output voltage, and assuming perfect tuning, the output power of 

a conventional LCC-LCC (Pout) topology can be expressed by [38]: 
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out in o

f b

M
P V V

L L
=  (5.18) 

where Lf, and Lb are the resonant inductors of the LCC networks on the primary 

and secondary side, respectively. M is the mutual inductance between the primary 

and secondary.  

The parameters of the LCC-LCC resonant network can be designed according 

to (5.18) assuming Lf=Lb. In a modular WPT system for given output power, input 

and output voltage, the value of Lf and Lb can be designed as follows: 

fi o in
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It can be seen that each LCC module of the primary side is designed for 1/n 

share of the total power and the LCC of the secondary side will be designed for the 

total power. In the case of using a module LCC network on the secondary side, the 

value of Lf=Lb can be used and the inductance can be calculated according to 

(5.20). According to (5.19), the value of the required inductance as the power level 

increases will be reduced. On the other hand, as the number of modules, n, 
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increases, the required inductance will be increased by the factor of n , compared 

to the conventional single-cell LCC-LCC topology.  

The value of resonant capacitors can be calculated according to (5.1), and (5.2)

Similarly, the secondary side resonant capacitors can be selected, assuming n=1. 

The current of the inductor (ILfi=Iini) and voltage of the resonant capacitors on the 

primary side is calculated as follows: 

ini o

fi b
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nL L
=  (5.21) 

fiC in fi iniV V j L I= −  (5.22) 

2si

pi in
C

si fi si

I V
V

j C nL C 
= =  (5.23) 

It can be seen that as the number of parallel LCC modules on the primary side 

increases, the current of the inductor reduces 1 / n . Moreover, for a given output 

power value, as the number of modules increases, the value of Lfi increases by a 

factor of n ; therefore, the inductor current rating will be reduced by 1 / n . 
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 Design and Simulation Studies 

 Design 

A modular structure can help to reduce the manufacturing cost, rating of the 

resonant elements and semiconductor devices, and cost of the devices. Moreover, a 

modular structure increases the reliability, flexibility, and scalability of the system. 

In this part, a comparison between the proposed modular topology and the 

conventional system and the design procedure of the proposed modular system are 

presented.  

In this analysis, the values of the output voltage (Vout), input voltage (Vdc), 

magnetic coupler parameters, nominal coupling factor, and the number of paralleled 

modules are known parameters and the output power will change. The magnetic 

coupler is a rectangular type with the nominal coupling factor of kn=0.32. It is 

assumed that the input DC voltage is 900 V, and the nominal output voltage is 

800 V. It should be noted that at each power rating the designed values of the 

resonant elements are identical for any number of the modules except the primary 

side series capacitor, Csi. Therefore, the values of the resonant elements for each 

power level are selected.  
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Besides the switch and inductor current rating, and rated voltage of the 

resonant capacitors, the total energy of the resonant inductor (ELp) and resonant 

capacitors (ECp) of the primary side are considered as follows: 

( )21
2.Lp fi iniE n L I=  (5.24) 

( )2 21 1
2 2.Cp fi Cfi si CsiE n C V C V= +  (5.25) 

Similarly, the energy of the resonant capacitors and inductors of the vehicle 

side LCC network can be calculated. The energy of the resonant inductor is 

proportional to the physical size of the inductor [41]. Therefore, the lower energy 

of the resonant inductor is preferable to achieve higher power density designs. 

Similarly, the apparent power rating of the resonant components to the total output 

power of the system (kVA/kW) can be considered as an index of the physical size 

of the resonant networks defined by [41]: 

( )2 2 2. . /n fi ini fi Cfi si Csi outr n L I C V C V P= + +  (5.26) 

 

Two steps are considered: 

• Determining the module power rating 

• Determining the number of the modules 
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 Determining the Module Power Rating 

At first, the conventional LCC-LCC (n=1) is compared with a modular LCC-

LCC topology with a different number of the LCC modules on the primary side 

(n=2, 3, 4). In this analysis, the input and output voltage, and output power is the 

same for all the WPT systems. In this section, the power rating is changed and 

consequently, the values of the resonant networks are changed. Fixed power rating 

of the modules will be considered in the next step. In the following, different aspects 

of the modular and conventional WPT systems are compared: 

A. Device Rating 

Fig. 6-4 shows that for designing a system for a given total output power how 

the rating of the component will change as the number of modules increases. 

According to Fig. 6-4, the input currents of the modular systems are 1/n of the 

conventional WPT systems as expected. Therefore, the inverter switches current 

rating and resonant inductor current rating are 1/n of the conventional system. It 

should be noted that since the resonant topologies are operating at the perfect 

resonance mode, the input phase angle is zero.  
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Fig. 6-4. Comparison of the input current rating (inverter, and inductor current). 

The voltage rating of the parallel resonant capacitor, Cf is calculated according 

to (5.22) and the results are shown in Fig. 6-5. It can be seen that the voltage 

rating of Cf is reduced as the number of the modules increased at each power rating.  

 

Fig. 6-5. Comparison of the parallel resonant capacitor voltage rating. 
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The voltage rating of Cs is also calculated versus the variation of the nominal 

output power and the results are shown in Fig. 6-6. It can be seen that the voltage 

rating of the series primary side capacitor versus output power is increased as the 

number of the parallel modules increased. Because at each power rating, by 

increasing the number of the modules, the value of this capacitor will be reduced. 

For the same current flowing through the capacitor, the voltage rating of the 

capacitor will be increased consequently.   

 

Fig. 6-6. Comparison of the series resonant capacitor voltage rating. 

B. Components Energy 

The inductor energy is calculated according to (5.24) and the results are 

presented in Fig. 6-7 for a different number of modules.  
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Fig. 6-7. Comparison of the resonant inductor energy (ELp). 

It can be seen that due to the reduction of the input current, the energy of the 

resonant inductor is reduced as expected. Similarly, the total energy of the primary 

side resonant capacitors, ECp, is calculated and the results are presented in Fig. 6-8. 

 

Fig. 6-8. Comparison of the resonant capacitor energy (ECp). 
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C. Apparent Power to Real Power Ratio 

The apparent power ratio to the output power of the resonant topologies is 

compared in Fig. 6-9. It can be seen that as the nominal output power increases 

the kVA/kW ratio of the conventional and modular topologies increases. Moreover, 

it can be seen the conventional LCC-LCC topology is showing better performance 

for low power rating below a specific point (15 kW) by gaining lower nr values. The 

two-cell LCC network performed better than the conventional system from 15 kW 

up to 80 kW. Above 80 kW, the modular topology with three LCC networks 

outperforms the other designs.  

 

Fig. 6-9. Comparison of the rating of the components between the conventional WPT system with 

modular LCC topology with a different number of cells. 

From the designer's perspective, it can be concluded that the maximum power 

rating in which the conventional design is performing better than modular 

structures should be selected as the module power rating. In this example, the 
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optimal power rating of the module is around 15-20 kW. Although this analysis can 

help the designer to select an optimal power rating for the modules, other 

parameters such as cost, availability of the components (such as switches, 

capacitors, etc.), and thermal concerns should be considered. 

 Determining the Number of Modules 

Although Fig. 6-10 presents a comparison of the conventional topology and 

modular topologies designed for specific output power, it does not reflect the 

modularity of the system. In order to evaluate the modularity of the proposed LCC-

based WPT system, fixed values of the module power should be considered. In 

practice, the manufacturer would select the power rating of each cell based on the 

cost, availability of the components, and thermal concerns. In this case, an LCC 

module with a fixed power rating of 20 kW is designed. In this part, all the resonant 

parameters are fixed except Csi which should be changed with the number of 

modules and according to (5.2).  

Fig. 6-10 illustrates the comparison between the conventional (n=1) and 

modular topologies designed for 20 kW. It can be seen that the current of the switch 

(inductor current) is reduced by increasing the number of modules.  
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Fig. 6-10. Comparison of the input current of different number of modules designed for specific 

power versus total output power. 

According to (5.7), the coil current is the sum of the LCC modules output 

currents (Ipi). Fig. 6-11 shows the primary side coil current. It can be seen that Ipi 

increased as the number of the modules increased. However, the value of the current 

is not affected by increasing the output power; because the LCC network operates 

as a current source independent of the loading condition. 
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Fig. 6-11. Comparison of the transmitter coil current of different number of modules designed for 

specific power versus total output power. 

To realize ZVS for the inverter switches, the impedance seen by the inverter 

should have an inductive characteristic. The input impedance phase angle is 

calculated and the results are shown in Fig. 6-12. It can be seen that the 

conventional LCC-LCC network stays in the inductive region (positive phase angle) 

for the whole operating region. Similarly, the modular topologies showed a positive 

input impedance phase angle. 
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Fig. 6-12. Comparison of the input phase angle of different number of modules designed for 

specific power versus total output power. 

Finally, the efficiency of the WPT system versus output power is presented in 

Fig. 6-13. According to this figure, at low power applications, up to 32 kW, the 

efficiency of the system with a single LCC module designed for 20 kW is superior. 

However, as the total power increases, the system with two modules (each rated 

for 20 kW) is performing at higher efficiency compared to the other topologies. 

Similarly, as the output power reaches a specific point (96 kW), the efficiency of 

the system with three modules would be the highest. This can be concluded, when 

the modules are designed for specific rated power, there is an optimal operating 

range according to the number of the modules. 
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Fig. 6-13. Comparison of the efficiency profile of different number of modules designed for specific 

power versus total output power. 

 

 Current Sharing 

To investigate the current sharing between the modules in the case of the 

resonant component tolerance. The analysis of these deviation parameters is studied 

in Section 6.3. Here, a time-domain simulation of a 22kW/85 kHz LCC3-LCC 

modular system with three modules on the primary side (n=3) is presented.  

Fig. 6-14 (a) and (d) show the inverter current and primary side currents under 

normal operation of the system. It can be seen that the Ip is the sum of the LCC 

modules output current (Ipi) which is according to (5.7). To study the current 

sharing of the system due to component tolerance, the value of the parallel resonant 
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capacitor, Cf1 (first module) is increased by 5%, and the inverter currents and LCC 

modules currents are shown in Fig. 6-14 (b) and (e), respectively.  

 

 
(a) Input currents in normal operation (d) Modules output current in normal operation 

 
(b) Input currents when Cf1=1.05Cf 

 
(e) Modules output current when Cf1=1.05Cf 

  
(c) Input currents with passive current sharing 

when Cf1=1.05Cf 

(f) Modules output current with passive current 

sharing when Cf1=1.05Cf 

Fig. 6-14. Current sharing of the modular WPT system in case of component tolerance in one 

module. 
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It can be seen that the first module's input current (Iin1) is decreased compared 

to the normal operation. Additionally, the input current of the other two modules 

increased to compensate for the reduction of the input power. Similarly, the primary 

side coil currents are shown in Fig. 6-14 (e). It can be seen that the changes in the 

amplitude of the currents are negligible; however, the output current of the first 

module (Ip1) showed a small phase difference compared to the other modules. 

To solve the current sharing issue due to component tolerance, a passive 

current sharing method is used as discussed in Section 6.3.1. The inverter current 

and LCC modules output currents are shown in Fig. 6-14 (c) and (f). It can be seen 

that the inverter currents and output currents are balanced and there is no phase 

shift between the currents. This can be concluded that the proposed passive current 

sharing method can effectively, eliminate the issue of component tolerance. 

 Modular Magnetic Structure 

An extended version of the proposed modular structure is presented here. In 

this system, the single-phase magnetic coupler is replaced by a decoupled magnetic 

structure. Therefore, the total power rating can be scaled up. The proposed fully-

modular system is shown in Fig. 5-15. In this structure, the magnetic couplers 

should be decoupled from each other to avoid any interreference between the 

modules. 
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Fig. 6-15. Proposed modular system with modular inverter and modular magnetic structure. 

 Magnetic Coupler Design 

In order to study the decoupling feature and design procedure, at first a one 

primary to two decoupled secondaries with overlapped coils is modeled. In this 

magnetic coupler a ferrite plate is placed and the 3D model is shown in Fig. 6-16. 

The coupling factor between the primary side and receiver coils and the coupling 

factor between the receivers are shown in Fig. 6-17 respectively. It can be seen that 

at 100 mm spacing between the centers of the receiver coils their mutual coupling 

is zero. At this point, the coupling factor between the primary and receiver coils is 

around 0.24. It can be concluded that by applying a specific distance between the 

coils a null point can be find where the mutual coupling between the receivers is 

eliminated. 
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Fig. 6-16. One-primary and two-secondary magnetic structure with a full ferrite cover. 

 
(a) Between the primary and receiver coils 

 
(b) Between the receiver coils 

Fig. 6-17. FEA results of the overlapped one-transmitter two-receiver magnetic coupler. 

Similarly, a one-transmitter and three-receiver magnetic coupler with 

overlapped configuration is modeled. The 3D model and FEA results are presented 

in Fig. 6-18 and Fig. 6-19, respectively. According to Fig. 6-19 (b) there is a null 

point that the mutual inductance between the three receiver coils is zero. The 

corresponding point of the coupling factor between the transmitter and receivers is 

also shown in Fig. 6-19 (a). It can be seen that by increasing the distance of the 

coils from the center of the structure, the main coupling factor between the 
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transmitter and receiver coils decreases. Moreover, the coupling factor of the three-

receiver coil structure is lower than the two-receiver coil at the null point.  

Transmitter (Lp)
Db

Ferrite Plate

Receiver Coils (Ls)

 

Fig. 6-18. One-primary and Three-secondary magnetic structure with a full ferrite cover. 

 
(a) Between the primary and receiver coils 

 
(b) Between the receiver coils 

Fig. 6-19. FEA results of the overlapped one-transmitter three-receiver magnetic coupler. 

By using this feature, a three transmitter and three-receiver coil structure is 

modeled in as shown in Fig. 6-20. Similarly, the distance of the center of the 

transmitter and receiver coils from the center of the ferrite pad is changed to find 

the null point. FEA results of the coupling factor between the primary and 

secondary side coils and between the secondary side coils are shown in Fig. 6-21 (a) 
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and (b), respectively. According to Fig. 6-21 (b), the null point is achieved by 

applying 110 mm spacing to the center of the ferrite plate. At this point the 

coupling factor between the primary and secondary is not affected because of having 

three coils on the transmitter side. Compared to the one-primary configuration the 

value of the nominal coupling factor at the null point is larger which helps to 

increase the power level, quality factor of the coil and efficiency of the system. 

Transmitter Coils (Lp)
Db

Ferrite Plate

Receiver Coils (Ls)

 

Fig. 6-20. Three-primary and three-secondary magnetic structure with a full ferrite cover. 

 
(a) Between each primary and receiver coils 

 
(b) Between the receiver coils 

Fig. 6-21. FEA results of the overlapped three-transmitter three-receiver magnetic coupler. 
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 Loss Analysis and Optimization 

Since the proposed magnetic structure offers a decoupled transmitter and 

receiver coils, different phase angles can be considered for excitation of the 

transmitters. In order to present a more practical analysis, ferrite plate is replaced 

by the ferrite bars as shown in Fig. 6-22. At first, the phase angle of the excitation 

currents is assumed to be zero. The core loss and maximum amplitude of the 

magnetic field density (B) for a 20 A maximum current is shown in Fig. 6-23. 

Db Transmitter Coils (Lp)

Ferrite Bars

Receiver Coils (Ls)

 

Fig. 6-22. Three-primary and three-secondary magnetic structure with ferrite bars. 

 
(a) Core loss whith no phase angle 

 
(b) Magnetic field density whith no phase angle 

Fig. 6-23. FEA results of the overlapped three-transmitter three-receiver magnetic coupler with 

magnetic bars. 
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In the next step, the phase angle between the phase set to 120˚to compare the 

losses and amplitude of the magnetic field density. The FEA results of this case are 

shown in Fig. 6-24. Compared to the previous case, the amplitude of the magnetic 

field density and core loss increased. In order to find the optimal phase angle of the 

excitation currents, the phase angles changed between 0 to 180 and the results are 

shown in Fig. 6-25. It can be seen that the when β and θ are equal to 1.8 rad the 

average loss of the magnetic structure is minimized. As discussed before, the phase 

angles of the excitation currents can be applied independently due to the decoupling 

of the adjacent coils. Moreover, the magnitude of the field magnetic density is 

decreased compared the two previous cases. 

 

 
(a) Core loss with 120˚phase angle 

differnece 

 
(b) Magnetic field density with 120˚phase 

angle differnece 

Fig. 6-24. FEA results of the overlapped three-transmitter three-receiver magnetic coupler with 

magnetic bars. 
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Fig. 6-25. Core loss versus the phase angle of the modules for a three-coil transmitter. 

 
(a) Core loss with optimal phase angle 

 
(b) Magnetic field density with optimal phase 

angle 

Fig. 6-26. FEA results of the overlapped three-transmitter three-receiver magnetic coupler with 

magnetic bars. 

 Experimental Results 

A scaled-down wireless power transfer system is implemented. However, the 

design principle of the modular design is the same for different power ratings. A 

modular LCC network with three LCC parallel networks is designed. Each module 

is designed for 500 W to deliver 1.5 kW at full load conditions.  
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In this setup, the magnetic coupler is a rectangular coil made by 500 strands 

of AWG 38 Litz wire. The transmitter and receiver side coils are identical with 20 

turns on each side. The total dimension of the magnetic coupler is 510×510 mm2. 

Five ferrite bars are placed in the back of the magnetic coupler. The ferrite core is 

N87 from EPCOS and its dimension is 510×38×70 mm3. The nominal coupling 

factor, kn, is around 0.32 at the nominal air-gap of 125 mm. 

The transmitter converter is made of three half-bridge inverters and each half-

bridge is supplying one module. The inverter is built by IPW65R037C6 CoolMOS 

and the gate signals are generated by TMS320F28379D DSP. The inductor of the 

LCC network is constructed by an E-type ferrite core and the resonant capacitors 

are 2 kV metalized polypropylene film capacitors made EPCOS. Fig. 6-27 shows 

the experimental setup of the proposed modular system.  

At first, the normal operation of the proposed modular system is studied. In 

this case, the system is operating at the full-load condition and the resonant 

networks of the modules are identical. The first leg inverter voltage (Vin1), the first 

leg inverter current (Iin1), output voltage, and output current are measured and the 

results are shown in Fig. 6-28 (a). It can be seen that the inverter current has a 

small lagging phase angle relative to the inverter voltage which satisfies the ZVS 

condition for the inverter switches.  
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Fig. 6-27. Structure of the proposed modular LCC-based wireless charging system. 

In Fig. 6-28 (b), the first leg inverter voltage (Iin1), and the inverter output 

currents (Iin1, Iin2, Iin3) are shown. It can be seen that the currents are balanced 

and there is no phase difference between them at normal operating conditions. The 

primary side coil current (Ip), and the output currents of the LCC modules (Ip1, 

Ip2, Ip3) are shown in Fig. 6-28 (c). It can be seen that Ip is the sum of the modules 

currents as expected. Moreover, it can be seen that the currents are balanced and 

their amplitude and phase angles are equal. 

In the next step, the current sharing of the modular system is studied. When 

the LCC modules are identical, the inverter currents are balanced without any 

phase difference as shown in Fig. 6-29 (a). In the normal condition, the RMS value 

of the inverter currents is around 4.2 A. To study the component tolerance effect 
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on the modules current sharing, a 42% error for the value of the first module 

capacitor is considered, Cf1=1.42×Cf. Although in practice the component tolerance 

is around 10%, in this experiment a 42% error is considered to magnify the 

component tolerance effect in the experimental waveforms.  

Id(t)

Vd(t)

Vin1(t)

Iin1(t)

 
(a) 

Vin1(t)

Iin1(t)

Iin2(t)

Iin3(t)

 
(b) 

Ip(t)

Ip1(t)

Ip2(t)

Ip3(t)

 
(c) 

Fig. 6-28. Normal operation of the proposed modular wireless charging system: (a) Input and 

output waveforms (b) Inverter voltage and input currents of the LCC modules (c) output currents 

of the LCC modules and the primary side coil current.  
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Vin1(t)

Iin1(t)

Iin2(t)

Iin3(t)

 
(a) 

Vin1(t)

Iin1(t) Iin2(t)

Iin3(t)

 
(b) 

Vin1(t)

Iin1(t)

Iin2(t)

Iin3(t)

 
(c) 

Fig. 6-29. Operation of the proposed modular wireless charging system under: (a) Normal 

condition (b) 42% tolerance of Cf1 (c) passive current sharing.  

The inverter currents under unbalanced condition are shown in Fig. 6-29 (b). 

It can be seen that the amplitude and phase of the currents are not equal. The first 

module inverter current is reduced to 3.7 A and the second and third cell currents 
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are 4.3 A and 4.8 A, respectively. As discussed before, the component tolerance 

involves all the modules and unbalances the current sharing among all the modules.  

Using the passive current sharing method, the inverter currents can be 

balanced as shown in Fig. 6-29 (c). It can be seen that there is no phase difference 

and a negligible amplitude difference among the module’s currents. In this case, the 

inverter currents are 4.15 A, 4.0 A, and 4.0 A. The small difference between the 

currents is due to the imperfection of the other components in the experiment. It 

can be seen that the proposed passive current sharing method successfully balanced 

the current of the modules.  

 Conclusion 

In this chapter, a new LCC-based modular resonant network is proposed for 

high-power wireless charging applications. The proposed system employs multiple 

LCC modules in parallel to build a high-power transmitter side converter. In this 

way, the rating of the switches and resonant elements would be lower compared to 

a conventional wireless charging system. Moreover, the reliability, scalability, and 

thermal management of the system will be improved.  

The proposed modular system is analyzed and the effect of the tolerance of the 

resonant components on the power-sharing of the modules is studied in detail. A 
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passive current sharing method is used in this chapter to solve this issue. It was 

shown that when the systems are designed for a given power, by using the modular 

topologies the inverter current (switch and inductor current), the voltage of the 

resonant capacitor, and the energy of the resonant elements are lower compared to 

the conventional system. Moreover, the reactive power to the output power ratio 

(kVA/kW) which can be interpreted as the reflection of the physical size of the 

resonant elements is considered as another figure of merit to compare to a modular 

system with the conventional wireless charging system. It was shown that by 

increasing the total rated power, the modular topologies have superior performance.  

The normal operation and component tolerance effect on the current sharing 

is studied through a time-domain simulation study. It was shown that the primary 

side coil current is the sum of the LCC modules output currents as expected. 

Moreover, the passive current sharing method successfully surpassed the 

unbalancing of the modules' power-sharing.  
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Conclusions and Future Work 

 Conclusions 

This thesis is focused on the analysis, design, optimization, and implementation 

of novel magnetic structures and converter topologies for wireless charging 

applications. The outcome of this thesis is a high-power cost-effective wireless 

charging system with improved power density.  

At first, the fundamentals of the wireless charging system were introduced. 

Different types of wireless charging systems and key features of each type were 

described. A review of different components of the wireless charging system was 
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presented. Inverter topologies and high-power application requirements were 

studied. The advantages and disadvantages of each resonant topology are outlined 

in detail and practical design considerations were presented. It was shown that 

rectangular and circular magnetic structures are suitable for stationary charging 

applications due to higher power density, lower loss, and lower cost. Finally, 

different types of control methods based on the converter architecture are described. 

A comprehensive analysis of common resonant networks used in wireless 

charging was presented. Loss modeling and efficiency calculations for each topology 

described in detail. Besides the efficiency, sensitivity function with respect to the 

misalignment of the magnetic couplers is derived for each resonant topology. A new 

optimization procedure for tuning the resonant network was proposed and four 

resonant topologies were optimally designed for maximum efficiency and minimum 

voltage variation respect with to the misalignment of the magnetic couplers. Among 

the different resonant topologies, LCC-LCC presented the best performance in 

terms of output voltage variation (4.7%) for the wide range of coupling factors 

between 0.18 to 0.32. However, the number of components and their values in the 

LCC-LCC topology are higher than the other topologies. The next best candidate 

considering the number of components is LCC-Series with 5.3% output voltage 

fluctuation in the desired misalignment range. Moreover, the average efficiency of 
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LCC-Series was slightly lower than LCC-LCC. Therefore, taking the volume and 

weight of the design (power density) into account, especially in EV applications, 

LCC-Series can be considered as the best candidate with the least output voltage 

sensitivity and good average efficiency over a wide range of coupling factor 

variations.  

 A new integrated magnetic structure was proposed to save ferrite material 

and increase the power density of the converter. At first, partial integration of the 

DC-DC inductor into the vehicle side main wireless charging magnetic coupler was 

analyzed. The loss modeling and efficiency calculations were presented in detail. It 

was shown that by appropriate design of the integrated coil, the parasitic effect, 

and cross-coupling can be minimized. Similarly, the resonant inductor of the 

transmitter converter is integrated with the transmitter side main wireless charging 

magnetic coupler. It was shown that unwanted magnetic coupling between the 

integrated coils could affect the system performance. Therefore, a two-level 

optimization was proposed to minimize the cross-couplings and select the best 

magnetic structure and tune the resonant network accordingly. Moreover, the core 

and conduction losses of the magnetic coupler, inverter, and diode-bridge losses, 

and resonant capacitor losses are included in the resonant network optimization. 

The optimization problem picks the best optimized magnetic structure based on 
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the design requirements and cross-couplings and finds the best values for the 

resonant capacitors.  

An efficient PCB-based wireless charging magnetic coupler was also introduced 

to replace the Litz wire. This approach results in improving the power density, 

simplification of the fabrication, and cost reduction. In order to compete with a 

conventional Litz wire design, the proposed PCB-based magnetic coupler is 

designed to show a low AC resistance. At first, 2D-FEA studies were presented to 

evaluate the effect of different design parameters such as track width, copper cross-

section, etc. It was shown that there exists an optimal copper cross-section that the 

AC resistance is minimized. Moreover, it was shown that ferrite material does not 

have a meaningful effect on the AC resistance. The layer thickness showed a 

significant effect on the coil AC resistance. Considering these conclusions from 2D 

studies, the search for the 3D design was limited to feasible designs. An optimal 

integrated PCB-based magnetic design considering practical aspects was selected. 

Thermal analysis showed that the proposed PCB-based magnetic coupler can 

operate safely with a considerable margin. It was shown that the proposed design 

reduced the volume by around 50% while presenting a competitive efficiency profile 

compared to a conventional magnetic coupler made by Litz wire. 
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To overcome the issues with high-power wireless charging, a new modular 

inverter based on the LCC resonant network was proposed. The proposed system 

eliminates the requirement of bulky ICTs on the transmitter side. At first, an 

analytical model of the system for a generalized system was presented. In the next 

step current sharing between the modules due to resonant network elements 

tolerance was analyzed. A simple passive current sharing method was used to solve 

the current sharing issue. In order to design a high-power modular wireless charging 

system, two steps were considered. First, the module power rating was selected 

according to the kVA/kW ratio to maximize the power density. It was shown that 

the primary side coil current will scale up linearly as the number of the modules 

increases. Second, the number of modules is selected according to the system 

efficiency versus the output power. Time-domain simulation results were presented 

to verify the operation of the proposed modular topology. It was shown that the 

primary side coil current is the sum of the LCC modules output currents as 

expected. Moreover, the passive current sharing method successfully surpassed the 

unbalancing of the modules' power-sharing. 
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 Future Work 

Regarding the future work on wireless charging for EV application, the 

following improvements are suggested: 

In Chapter 3, a new optimization procedure for designing the resonant network 

of the wireless system was proposed. Although the optimization guarantees the best 

resonant elements for different loading and misalignment conditions, magnetic 

structure optimization was not included. Including the optimization of the magnetic 

couplers into the resonant network design can result in finding the global maximum 

efficiency of the system for given output power and misalignment range. Moreover, 

other practical design objectives such as converter weight, cost, and power density 

can be added to the optimization problem.   

The integration of the DC-DC inductor and resonant inductor into the main 

wireless charging system was presented in Chapter 4. It was shown that the power 

density of the system can be improved, and implementation cost reduced by a 

considerable margin. However, the size of the DC-DC inductor was limited to the 

available space in the middle of the coil. Therefore, the achievable inductance value 

is restricted to a limited range. Proposing a new integrated magnetic structure that 

can offer larger inductance values and mitigate the cross-coupling effect while 
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offering a high-efficiency profile can be considered as an improvement of the 

proposed magnetic integration in this thesis.  

In direct continuation of the presented work in Chapter 5 on the PCB-based 

magnetic coupler, the pickup converter including the DC-DC converter can be 

integrated with the PCB of the wireless charging coils. In this way, the cable 

connecting the integrated coils to the converter will be eliminated and will reduce 

EMI issues and conductive losses. Moreover, by using wide-bandgap devices such 

as GaN the size of the converter can be further reduced. Additionally, larger PCB-

based magnetic couplers can be considered to increase the power level and 

efficiency. For instance, instead of a single-phase PCB-based magnetic coupler, 

multi-phase structures can be used. The final design would be a high-power 

magnetic coupler with integrated DC-DC inductors and a DC-DC converter 

mounted on the same PCB that improves the power density significantly.  

In Chapter 6, a new modular LCC-based resonant network was proposed for 

high-power applications. Although the proposed configuration solves the issues 

regarding the inverter and resonant network, other improvements can be 

considered. For instance, the front-end AC-DC converter topology can be further 

modified for this high-power application. Moreover, the magnetic coupler can be 

improved by using multi-phase structures that are suitable for high-power 
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applications. The pickup converter topology including the DC-DC converter can be 

further improved by introducing new topologies.  
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