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ABSTRACT 
 

This thesis presents a new wireless inductive power transfer topology using half bridge 

current fed converter and a full bridge active single phase rectifier. Generally, the efficiency of 

inductive power transfer system is lower than the wired system due to higher power loss in 

inductive power transfer coils. The proposed converter reduces these limitations and shows 

more than 4% overall efficiency improvement comparing with such system in battery charging 

of low-voltage light-load electrical vehicles such as passenger cars, golf carts etc. This is 

realized by synchronous rectification technique of the vehicle side converter. Simulation results 

obtained from Matlab Simulink are included to validate the analysis and performance of the 

proposed converter. A scale-down 250 W lab prototype is developed and experimental results 

are presented to verify the comparative study results. 
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Chapter 1 

1. INTRODUCTION  

1.1 Introduction 

Based on the report of Statista in 2015, near 1.3 billion vehicles are currently operational in 

the world [1]. Majority of the vehicles use petroleum-powered internal combustion engine that 

is costly and causes environmental pollution. Electrical Vehicles (EVs) are increasingly 

becoming popular due to less air pollution, cheaper to run, maintain and come along with 

several other benefits. This trend is apparent from more than six-fold increase of annual EV 

sales from 2011 to 2015 [2].  

Saving energy, environment, and other reasons promoted transportation electrification in 

recent years. For instance the wireless power transfer (WPT) technologies for railway systems 

have already been well developed. It should be noticed that since a train operates on a fixed 

track, it is not challenging to transfer power through a conductive rail. On the other hand, since 

electric vehicles have high flexibility of speed, acceleration and motion, it is not easy to get 

electric power in a similar way [3]. 

Onboard chargers are a profitable part of EVs as they eliminate the need for quick dc 

charging stations. Presently, chargers for EVs are supplied as an independent units when they 

are set on board. Comparing with a vehicle without a locally available charger, these units 

adversely affect the cost, weight and extra space in the vehicle. Nonetheless, control electronic 

parts that frame a normal installed charger do not vary from the components that as of now 

exist on board and that are required for impetus [4]. 

Plug-in chargers are considered as a conventional method of charging EVs which comes 

with challenges such as heavy battery packs and high battery cost. From the energy 

consumption standpoint, heavy battery packs make critical negative influences. In contrast, the 

wireless charging of electrical vehicles due wireless power transfer technology, may overcome 

the challenges of plug-in chargers. 

Frequent charging of electrical vehicles can be achieved by wireless charging methods, 

which leads to battery downsizing and vehicle mass reduction. Furthermore, the fuel economy 

which is defined as the ratio of electricity consumption in batteries, is improved, comparing to 
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plug-in charging as an advantage of vehicle light-weighting. Equation (1.1) describes the 

relationship between the total amounts of energy charged in a battery, due to a frequent 

charging process [5]. 

Ὁ Ὡ –ὖὝ 
(1.1) 

Where E is the total amount of electricity charged during the vehicle operation time, ei is 

the amount of electricity charged at each stop, N is the total number of stop, – is the average 

charging efficiency, P is the charging power and finally T shows the total amount of charging 

time at charging stops. According to the research done in [5], 10% vehicle mass reduction for 

a conventional bus in the Autonomy model provides about 5% reduction in energy 

consumption. 

Nikola Tesla proposed the first Inductive Power Transfer (IPT) without a magnetic core 

about a century ago. During the past century a tremendous development has been achieved on 

low power, closely coupled wireless charging methods, while the wireless chargers are 

available for portable and wearable devices [6]. 

A number of wireless inductive power transfer (IPT) were proposed in [2], [7]-[9]. These 

topologies have different combinations of transmitter and receiver coil resonances. Another 

new inductive wireless power transfer topology is proposed in [10], which is based upon a 

current-fed half bridge CLC transmitter and LC receiver. A diode rectifier is used to get the 

DC output voltage. Owing to uncontrolled rectification, the conduction losses of rectifier 

diodes are significantly high for low voltage battery charging applications. This thesis proposes 

a new IPT topology with full-bridge active rectifier at receiver side to enable synchronous 

rectification. This considerably improves overall efficiency, thereby making it more suitable 

for practical use. 

 

1.2 Motivation  

The main advantage of wireless inductive charging is the absence of the need of the vehicle 

to be plugged in and hence, the charging process can occur in a wide range of places such as 

in a garage overnight, at bus stops, dynamic charging on the go, commercial lots, at workplace, 

etc. [11]. Although, this technology has several advantages but it has lower efficiency than the 

wired charging system due to higher copper loss in IPT coils. This research presents a new 

wireless inductive power transfer topology using half bridge current fed converter and a full 
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bridge Active Single Phase Rectifier (ASPR). Generally, the efficiency of inductive power 

transfer system is lower than the wired system. The proposed converter achieves an overall 

efficiency of more than 4% compared to the existing systems used in battery charging of low-

voltage light-load electric vehicles such as passenger cars, golf carts etc. This has been achieved 

by using synchronous rectification in vehicle side converter, which is the secondary side of IPT 

coils. A scale down lab prototype of 250W was built and tested to verify the results in the 

comparative study. 

 

1.3 Research Objectives 

The objectives of this research are listed below: 

¶ To analyze and design a new topology for wireless power using a current-fed high-

frequency converter at source or transmitter circuit and active rectifier at vehicle or 

receiver circuit for battery recharging applications of low-voltage light-load electric 

vehicles such as golf carts, passenger cars, campus vehicles, etc.. 

¶ To develop a proof-of-concept hardware prototype in laboratory and experimentally 

demonstrate the performance.  

¶ Conduct a comparative study from efficiency standpoint with wireless power 

transfer system with diode based rectifier on receiver circuit. 

 

1.4 Contributions 

In this thesis, a new power electronic circuit topology using an active rectifier is proposed for 

wireless recharging of light-load low-voltage electric vehicles battery. The proposed circuit 

topology shows 4% improvement in overall efficiency compared to diode rectifier based 

existing systems. Proposed active rectifier at receiver side adopts synchronous rectification 

technique for power flow control. The mentioned converter was designed and simulated to 

confirm the designed parameters. Further, a scale down lab prototype of 250W is implemented 

to verify the analysis and simulation results, and to compare the proposed topology from 

efficiency perspective with a similar converter using diode rectification. 
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1.5 Outline of the Thesis 

The thesis is outlined as follows: 

¶ Chapter 2: In this chapter, the key topologies of different parts of a Wireless Power 

Transfer (WPT) systems are classified and presented as a literature review. Further, 

some novel contributions relating to wireless pads design, diode rectifiers and active 

rectifiers are also mentioned as well. 

¶ Chapter 3: The basic theories of energy transformation, wireless pads and 

compensation networks are presented in this chapter. Moreover, a WPT topology using 

a full-bridge passive rectifier has been analyzed with diligence and simulated in Matlab 

Simulink. Finally, a scale down lab prototype was built to validate the analysis and 

simulation results are presented in chapter 3. 

¶ Chapter 4: A new wireless power transfer topology using an active single phase 

rectifier has been proposed, analyzed and simulated in this chapter. The experimental 

results of such topology and efficiency analysis is presented and compared to the 

converter with passive rectifier. 

¶ Chapter 5: Summary of this work and its results are presented in chapter 5 to conclude 

the thesis. 

 

1.6 Concluding Remarks 

This chapter reported the motivation behind the proposed work on wireless power transfer 

for EV recharging applications and discussed the outline of the thesis in various chapters. Next 

chapter deals with the literature review on wireless power transfer. Major focus is on the power 

electronics part.  
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Chapter 2 

2. LITERATURE REVIEW  

2.1 Wireless Charging Technology 

Wireless charging for electrical vehicle (EV) technology are categorized into two main 

sections; Stationary wireless charging and Dynamic (in-motion) charging. An EV can be 

charged by the stationary wireless charging device only in parked position, since the charging 

process takes time. Figure 2.1 illustrates a catalogue for wireless charging technology. 

 

Figure 2.1. Wireless charging technology 

Stationary wireless charging process starts when the vehicle is within a relatively small air-

gap with the transmitter coil, since the couplers should be correctly aligned. The coupling 

mechanism usually happens via inductive power transfer, magnetic resonance coupling transfer 

or permanent magnet coupling transfer. On the other hand, dynamic/in motion wireless 

charging takes place when the vehicle is in operation on the road or highway. In this case, 

charging units must be charged quickly and it is very difficult  to establish a small air-gap with 

the road. 

 

2.2 Stationary Wireless Charging 

Stationary wireless charging achieves whenever an electric vehicle is parked and being 

charged such as overnight in garage or at residence. Also, charging process can happen in 
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stationary position in short pauses at intersections or fast charging stations. Charging over a 

short period could only be considered if the energy storage units as batteries or ultra-capacitors, 

are designed to accommodate fast power transfer. Moreover, for stationary wireless charging, 

the transmitter side should be installed and fixed under the ground or surface while the receiver 

side mounts underneath of the vehicle to reduce the electromagnetic leakage and interference 

with other objects and vehicles [12].  

 

2.2.1 Inductive Power Transfer 

Power transfer through contactless converters happens by using a loosely coupled 

transformers (wireless coils/pads/couplers). The couplers have to transfer the power via the air 

gap since no core exist to link the transmitter and receiver coils. The first generation of 

stationary IPT systems and systems using impedance matching for EVs are represented in 

Figure 2.2 and Figure 2.3, respectively. 

 

Figure 2.2. Early IPT charging system 

 

Figure 2.3. IPT charging system with compensation network 

The main difference between an ñearly IPT systemò and ñIPT charging systemò is using a 

compensation network which is the tuning capacitors. Based on the capacitors connection in 

series or parallel with the wireless pads, there are four major compensation network topologies 

which are presented in section 3.2.2, chapter 3. 
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One of the main concerns for IPT systems is the clearance and the air gap between wireless 

pads. The fact that impedance matching is more efficient by adding the capacitors in series or 

parallel with both primary and secondary sides, has been researched in [13]. 

2.2.2 Magnetic Resonance Coupling Transfer 

Magnetic Resonance Coupling Transfer (MRCT) is proposed in [14] that is based on the 

coupled mode theory and, by using this technology, transferring power is achieved in a higher 

range of air gap comparing with IPT technologies. The efficiency of WPT system proposed in 

[14] is calculated as 90% with a meter air-gap. The theory for resonance coupling is very 

similar to IPT systems with resonant winding but it should be noted that the self-inductance of 

antennas, the integrated capacitance from the resonance and the operating frequencies are in 

the range of MHz. the details on different methods to improve above technology are covered 

in [15] and [16]. Since the application of MRCT is to transmit medium to high power, the 

limitation of this technology is related to the cutting-edge technology of semiconductor devices 

as they have poor efficiency in MHz range.  

2.2.3 Permanent Magnet Coupling 

Permanent magnet coupling technology was proposed by the University of British Columbia 

and the power transmission is through ñmagnetic gear effectò. In this technique a magnetic gear 

is used as a coupler [17] [18]. The rotor on primary side is magnetized permanently by rotation 

and makes the secondary side rotor to rotate with the synchronous speed. A lab prototype was 

developed in [19] validates the power is transferred by 81% efficiency across 150 mm distance 

with relatively low frequency of 150 Hz. Utilizing a number of mechanical components in this 

technology might be a disadvantage, due to its alignment and maintenance concerns. 

 

2.3 Dynamic/In Motion Wireless Charging 

Dynamic wireless charging was used for decades to supply trolley buses and in some cities 

they are functional. Vehicle needs continuous power for traction drive and a high amount of 

power for acceleration. In order to provide and deliver this power a limited battery resource 

may not be enough. For wireless supply, the couplers use a lumped pad structure [18] and 

distributed lines [20], as the primary side. 
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Figure 2.4 depicts a lumped on-road charging topology presented in [19]. Lumped on-road 

charging contains a series of wireless pads on the road to make the power track along road 

lanes. 

 

Figure 2.4. Lumped on-road charging 

According to Figure 2.4, as the vehicle drives on the road, wireless pads provide a 

continuous magnetic field that the secondary pickups, couple with. Hence, a motion detection 

technique is needed to turn on and off the power flow through the transmitter coils to reduce 

power losses, since when there is no vehicle passing by, the primary pads being excited but not 

coupled [12]. 

Based on the research in [21] and [22] circular pads are not the ideal option for wireless 

charging due to a null in their profile when horizontally offset by 38% of the pad diameter. A 

variety of high performance pads are presented in [23] to [25]. Furthermore, a dual type and a 

mono type of power transfer couplers are designed in [26] that concludes when a dual type has 

two opposite power lines, a large amount of power can be transferred with a better coupling 

coefficient compared to mono type. However, the mono type has a better misalignment 

tolerance. 

 

2.4 Wireless Pads 

There are a wide range of designs for wireless pads regarding their applications and power 

ratings. Figure 2.5 shows a circular rectangular pad, which was proposed and used in early 

development of WPT. Although this topology improves the flux area and the decline in flux 

leakage on the edges, the large total flux leakage and low efficiency are considerable [27]. 
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Figure 2.5. Typical single-coil circular rectangular pad 

Figure 2.6 illustrates the schematic of a typical single-coil circular wireless pads where 

ferrite bars are added to the back of coil pad, to reduce the flux leakage and to facilitate a low 

reluctant path. Further, an aluminum shield is also placed at the back of the whole coil to hold 

up the flux distribution [28]. This topology is easy to assemble but it should be mentioned that 

the transfer distance is limited by the diameter of the pad. The process for designing a circular 

pads is discussed in detail in section 3.2.1.1. 

 

Figure 2.6. Typical single-coil circular non-polarized pad 

A new structure of transmitting side wireless pad called, multiple-coil homogeneous pad, is 

proposed in [29] and the schematic is shown in Figure 2.7. The main application of this 

topology is for EVs used in a specific and limited area. As an advantage of this topology, the 

average magnetic flux density is increased and the corresponding field distribution variance is 

improved. However, low power rating, the drawbacks of high conduct losses and difficulties 

in fabrication are the disadvantages and limits of this topology for its potential applications. 
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Figure 2.7. A multiple-coil homogeneous pad 

In previous decades, researchers have proposed a verity of wireless coils for different 

applications. Double-D polarized pad or DDP pads are proposed in [30] where, the 

transmission distance is extended with high frequency through using ferrite bars to create flux 

path narrower and taller. Furthermore, there are some other remarkable topologies that should 

be mentioned as multiple-coil Double-D Quadrature Polarized Pad (DDQP) and multiple-coil 

Bipolar Polarized Pad (BPP) that are covered [31] and [32], respectively. 

 

2.5 Diode Rectifiers 

In recent years, a considerable amount of research was performed on construction of static 

converters with high efficiency and high gain. Although the voltage-fed DC-DC converters are 

popular but has usage of electrolytic capacitors, and high transformer turn ratio [33]. As DC-

DC current fed converters do not have these issues, they are more preferred for wireless 

charging application of electrical vehicles. The first two-inductor current-fed isolated DC-DC 

converter was proposed via duality principle from half bridge voltage fed converter [34]. 

An important part of a DC-DC converter for wireless charging of EVs is the rectification 

process on the receiver side to provide DC voltage and current for battery charging application. 

A full -bridge diode rectifier and a voltage doubler topology and a lab prototype was built to 

validate the analysis and simulation results [35]. Further, a comparison of diode full-bridge 

rectifier and voltage-doubling diode rectifier is presented in [33] along with experimental 

results. 
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2.6 Active Rectifiers 

An experimental comparison of single phase active rectifiers is presented in [36]. In this 

paper, four major topologies of active rectifiers are listed: 

¶ Traditional Power-Factor Correction (PFC). 

¶ Symmetrical bridgeless, Half Active Rectifiers (HAR). 

¶ Asymmetrical bridgeless. 

¶ Full-bridge full controlled. 

Figure 2.8 demonstrates the traditional power factor correction topology where a full-bridge 

diode rectifier is followed by a boost DC-DC converter. This design contains 5 diodes which 

is a disadvantage due to high conduction losses compared with MOSFETs. 

 

Figure 2.8. Traditional power factor correction 

The symmetrical bridgeless active rectifier or the half active rectifier is presented in Figure 

2.9. This design is formed by a diode and a fully controlled switch in each leg. A phase shift 

control of a half active rectifier is investigated with diligence to apply this topology for wireless 

charging applications in [8] and [37]. 
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Figure 2.9. Half active rectifier 

Similar to half active rectifier, asymmetrical bridgeless active rectifier is formed by a leg of 

two diodes and a leg of two MOSFETs, as it is shown in Figure 2.10. 

 

Figure 2.10. Asymmetrical bridgeless 

Figure 2.11 shows the topology of a full-bridge full-controlled rectifier. Since the efficiency 

of WPT system is highly dependent on the output load and detuning conditions, an active single 

phase full-bridge rectifier is adopted in [7] to track the maximum efficiency during load 

variation and a corresponding control method is also proposed for such purposes. Furthermore, 

a variety of control strategies and efficiency analysis of active single-phase full-bridge 

converters are presented in [38] to [44]. 
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Figure 2.11. Full-bridge full-controlled rectifier 

Another benefit of replacing rectifier diodes by active switches, is bidirectional WPT 

function which allows the WPT systems to inject power into grid. It is recognized that by 

optimizing EV charging procedure, loads could be balanced by valley filling and peak shaving 

[3]. 

 

2.7 Matrix Converter 

In general, for plug-in EV battery recharging application, AC-DC-AC converter topologies 

are used where the AC-DC rectifier and DC-AC inverter are interconnected by a dc link. 

However, the AC-DC-AC converters can be replaced by AC-AC converter topologies such as 

the classic matrix converters. Matrix converters are able to converter the AC input to high 

frequency AC output with advantages of eliminating energy storage devices, reliability and 

reaching high power density [45]. Specifically, for bidirectional wireless power transfer 

systems for EV charging applications, the three-phase to single-phase, and single-phase to 

single phase matrix converters have been studied in [46] and [47]. 

 

2.8 Safety 

Since the power level and the transmission distance of wireless EV charging goes up to 

20kW and 250 mm, respectively, a major concern for practical applications is the 

electromagnetic field hazards from human perspective. For instance, the magnetic field 
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strength distribution outside the EV for a practical wireless charger, has been researched in 

[48]. 

 

2.9 Concluding Remarks 

In this chapter, two methods of WPT systems are briefly reviewed as stationary wireless 

charging and dynamic wireless charging. Future a literature review is performed on different 

parts of a WPT system as wireless pads, diode rectifiers and active rectifiers. 

In following chapter, the basics of WPT systems theory are given. Moreover, a WPT 

topology using diode rectification is introduced and analyzed in section 3.3. In order to confirm 

the mathematical analysis and simulation results, a scale down lab prototype is built and the 

experimental results are discussed in section 3.3.3. 
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Chapter 3 

3. WIRELESS POWER TRANSFER WITH DIODE RECTIFICATION  

3.1 Introduction 

In this chapter the basics of wireless charging theory such as energy transformation through 

wireless pads and compensation networks are presented. Moreover a topology of WPT using a 

full -bridge diode rectifier is analyzed with diligence in two main parts, steady state operation 

and AC equivalent circuit analysis. In order to validate the mathematical analysis, the WPT 

topology presented in section 3.3 is simulated using MATLAB Simulink software. The 

simulation results and designed components values are provided in 3.3.2. Finally a scale down 

lab prototype is constructed to verify both mathematical analysis and simulation results. 

Section 3.3.3 represents the selected values of components and the experimental results of the 

WPT setup using diode rectification. 

3.2 Fundamental Theory of Wireless Charging 

Figure 3.1 depicts a typical process of wireless charging of EVs, which contains four 

mandatory and one optional subsystems: 

¶ The utility ac power is converted to a dc power source using an AC to DC converter 

with power factor correction. 

¶ The DC power is converted to high frequency AC using a variety of inverter topologies 

to drive the transmitting coils via a compensation network.  

¶ According to the probability of insulation failure of the transmitting coils, a high-

frequency isolating transformer might be inserted between the DC-AC inverter and 

transmitter coil for additional safety and protection purposes (optional). 

¶ An alternating magnetic field would be generated by the high-frequency current 

through the transmitting coils. As a result, an AC voltage is influenced on the receiving 

coils. 

¶ The AC power is rectified and filtered for battery charging applications. The 

rectification process can be done using different methods such as passive rectification 

and active rectification. 
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Figure 3.1. Typical Wireless EV Charging System 

3.2.1 Wireless Pads 

The main difference between wired chargers and wireless chargers is that transformer is 

replaced by a set of loosely coupled coils. 

 

Figure 3.2. Two Coils Wireless Power Transfer System 

Figure 3.2 illustrates the connection between both primary and secondary side compensation 

networks and coils where: 

¶ Uɜ21: The voltage in the transmitting coil induced by the current in receiver coil due 

to coupling or mutual inductance between the primary and secondary side coils. 

¶ Uɜ12: represents the voltage in secondary side induced by the current in transmitting 

side. 

¶ I1 and I2: Currents going through primary and secondary coils, respectively. 
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¶ L1 and L2: The self-inductance of transmitting and receiving coils. 

¶ M: The mutual inductance of wireless coils. 

¶ S1 and S2: apparent power passing by L1 and L2, respectively 

¶ S3: The apparent power generated by inverter and goes into compensation network. 

¶ S4: Apparent power by the rectifier side and goes into compensation network at the 

secondary side. 

¶ S12 and S21: The apparent power exchange between two coils. 

Neglecting the coil resistance and magnetic losses, the exchanged of complex power from 

L1 and L2 derived as: 

Ὓ Ὗ Ὅᶻ Ὦ‫ὓὍὍᶻ •‫ὓὍὍίὭὲ Ὦ•‫ὓὍὍὧέί  (3.1) 

Ὓ Ὗ Ὅᶻ Ὦ‫ὓὍὍᶻ •‫ὓὍὍίὭὲ Ὦ•‫ὓὍὍὧέί  (3.2) 

Where I1 and I2 are the RMS value of current going into the coils and ű12 is the phase 

difference between Ὅ and Ὅ. The system shown in figure 3.2. presents a bidirectional system 

which can transfer active power in both directions. Without the loss of generality, can be 

assumed that power is transferred from L1 to L2. The active power transferred from the 

transmitting coils to receiving coil can be expressed as: 

ὖ •‫ὓὍὍίὭὲ  (3.3) 

From equation (3.3), the maximum power can be transferred when Ὅ leads Ὅ by a quarter 

cycle or • “Ⱦς. The total complex power passing through wireless coils can be derived 

as: 

Ὓ Ὓ Ὓ Ὦ‫ὒὍ ‫ὓὍὍ
ᶻ
Ὦ‫ὒὍ ‫ὓὍὍ

ᶻ

Ὦ‫ὒὍ ὒὍ ςὓὍὍὧέί•  

(3.4) 

Hence, the total reactive power goes into wireless coils is: 

ὗ ‫ὒὍ ὒὍ ςὓὍὍὧέί•  (3.5) 

To improve wireless pads efficiency, the ratio between the active power and reactive power 

should be maximized. The ratio can be expressed as: 

Ὢ•
ȿὖ ȿ

ȿὗȿ

•‫ὓὍὍίὭὲ

‫ὒὍ ‫ὒὍ ς•‫ὓὍὍὧέί
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(3.6) 
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Where • “, 

ὼ
Ὅ

Ὅ

ὒ

ὒ
π 

(3.7) 

and k is the coupling coefficient between L1 and L2. 

Ὧ
ὓ

ὒὒ
 

(3.8) 

In order to achieve peaks values of f (ű12), the following equations should be solved: 

‬

‬•
Ὢ• πȟ

‬

‬•
Ὢ• π 

(3.9) 

Which leads to solutions of: 

ὧέί•
ςὯ
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ὼ

 

(3.10) 

For a conventional transformer, k is close to 1. For this application, if Ὅ is an induced current 

by Ὅ, x will be close to 1. Thus, cosű12 å -1 or the phase difference between Ὅ and Ὅ is very 

close to 180º. On the other hand, for induction power transfer systems, the ideal k is very close 

to zero. f (ű12) is maximized at sinű12=1, which also leads to maximum power transferring 

through wireless pads. Also, the phase angle between Ὅ and Ὅ is about 90º instead of 180º. 

Every wireless power transfer system needs at least two magnetic pads to transfer power 

from primary side (transmitting coil) to secondary side (receiver coil). In order to achieve 

higher efficiency, high coupling coefficient factor, k, and high quality factor, Q, are required. 

The quality factor, Q, is defined by the ratio of inductance, L, to resistance, R, for a coil which 

remains constant for winding arrangements in the same volume and shape. 

ὗ
‫ὒ

Ὑ
 

(3.11) 

In order to achieve a higher k, it should be considered that an increase in the ratio of size to 

gap for a particular wireless pad would cause a corresponding increment in coupling coefficient 

factor, k. Furthermore, the value of quality factor depends on the thickness of the wire and the 

ferrite section area as, thicker the wire and larger the ferrite section area is, higher the Q is. On 

the other hand, the values of k and Q are limited by engineering design consideration, such as 

dimensions and costs. According to the equation (3.11), by adopting high frequencies, Q would 

be increased [3]. 
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One of the most important factors in WPT systems is coupling coefficient factor k, which is 

remarkably affected by the design of wireless pads. With similar dimension and materials, 

coupling coefficient is highly dependent on wireless pads geometry and configuration. A better 

wireless pad design may lead to a 50% to 100% improvement compared with some non-optimal 

design topologies. 

3.2.1.1 Self-Induction 

A wireless coil is used to run a current through a closed circuit. Assuming a coil has N turns 

and the current, I is passing through each turn, As a result the magnetic flux density B, is 

proportional to the number of turns, N carrying the current I: 

ὄᶿὔὍ (3.12) 

The flux leakage is determined by: 

ὔ  (3.13) 

The flux leakage  can be used to calculate the self-inductance L of the coil: 

ὒ
Ὅ

 
(3.14) 

Since, L is proportional to Nū, ū is proportional to B and finally B is proportional to NI, 

the self-inductance is proportional to the square of N (the number of turns of the coil): 

ὒθ ὔ  (3.15) 

An air-core inductor is an inductor that does not depend upon a ferromagnetic material to 

achieve its rated inductance, some inductors are wound without a bobbin and only air is used 

as the core. Some others are wound on a bobbin made of Bakelite, plastic, ceramic etc. In 

contrast with coils using ferromagnetic, cores which inductance tends to reach a peak at 

moderate field strengths before dropping towards zero as saturation approaches, the inductance 

of an air-core coil is unaffected by the current it carries. Furthermore, air-cores have no iron 

losses, which is another issue with ferromagnetic coils. As frequency is increased, this 

advantage becomes progressively more important, as it gains a better Q-factor. Additionally, 

greater efficiency, greater power handling and less distortion are the other outcome results of 

using an air-core coil operating at high frequencies. Lastly, air-core coils can be designed to 

perform at frequencies as high as 1 GHz while mostly ferromagnetic cores tend to be rather 

loosely above 100MHz [51]. 

On the other hand, without a high permeability core, higher number of turns are required to 

achieve a given inductance value. Having more turns leads to larger coils, lower self-resonance 
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due to higher inter-winding capacitance and higher copper loss but, generally, at higher 

frequencies there is no need for high inductance so this is then less of a problem. 

Using ñHarold A. Wheelerò approximation [50], according to the schematic of a wireless 

pad shown in Figure 3.3, the self-inductance of a flat spiral coils can be calculated as: 

ὒ
ὔȢ  ὃ

σπὃ ρρὈ
 

(3.16) 

Where, 

ὃ
Ὀ ὔ ὡ Ὓ

ς
 

(3.17) 

and Di represents inner diameter in inches; S is the distance between windings in inches; W 

shows wire diameter in inches; N is the number of the turns; Do represent the outer diameter. 

 

Figure 3.3. Wireless Pads Schematic 

It should be noticed that ñHarold A. Wheelerò approximation applies at low frequencies 

(<30MHz) using enameled copper wire. 

3.2.1.2 Mutual Induction 

Mutual induction is a phenomenon when a coil gets induced in EMF across it, due to the 

rate of change current in adjacent coil, in such a way that the flux of one coil current gets 

linkage of another coil. Mutual inductance can also be defined as: 

ὓ ὓ
‗

Ὅ

‗

Ὅ
 

(3.18) 

https://www.electrical4u.com/what-is-flux-types-of-flux/
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Where ‗  and ‗  are the flux linkages from the first coil to the second one and 

contrariwise, respectively. The mutual inductance for two circular single turn wire coils which 

are parallel and perfectly aligned is related to their distance as ὓ ᶿρȾὨ . For two circular 

single coils with radius r1 and r2 the mutual inductance can be formulated by: 

ὓ
ς‘

‌
ὶὶ ρ

‌

ς
ὑ‌ Ὁ‌ Ƞ ‌ ςȢ

ὶὶ

ὶ ὶ Ὠ
 

(3.19) 

ὑ‌
Ὠ‰

ρ ‌ÓÉÎ‰
ȠὉ‌ ρ ‌ÓÉÎ‰ Ὠ‰ 

(3.20) 

Hence, the equation of mutual inductance for multiple turn coils is given by: 

ὓ ὓ  

(3.21) 

3.2.2 Compensation Network 

In a WPT system, the pads are loosely coupled with a large leakage inductance. In order to 

reduce the VA rating in the coil and power supply, a compensation network is required. In early 

inductive charging technologies, the compensation network was set either on primary side or 

secondary side. When the coupling coefficient is reduced to less than 0.3, it is recommended 

to employ compensation network at both sides in order to have more flexibility and advanced 

characteristic. To compensate a leakage inductance, an insure way is to add a capacitor at each 

side. Depending on how the capacitors are connected to the coils there are four basic 

compensation topologies as is shown in Figure 3.4:  

¶ Series-Series (SS) 

In order to apply series-series topology as a compensation network the capacitors in 

both primary and secondary side should be connected in series with the wireless pads, 

which is shown in Figure 3.4(a). SS topology is the simplest topology among four 

basics in terms of designing. However, during no load, or light load the series RC tank 

network provides almost zero reflected impedance to TC coil. Hence, when TC side 

tank is LC series type, the Voltage Source Inverter (VSI) output current surges when 

RC is uncoupled to TC the system becomes unstable. This problem is generally solved 

by very fast closed loop control. 

¶ Series-Parallel (SP) 

Primary series and secondary parallel compensation, which is shown in Figure 

3.4(b), is also one of the four basic compensation topologies. The parallel LC tank at 
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receiver side in series-parallel compensation always reflects some impedance to 

transmitter coil, hence current flow does not appear. However, surge current will also 

appear at voltage source inverter output for this case if RC coil is moved out. 

¶ Parallel-Series (PS) 

Generally the PS and PP compensation networks are quite limited to low power. 

However in an application where stiff current is readily available these compensation 

topologies are comparatively more suitable than the SS and PP topologies. PS topology 

is presented in Figure 3.4(c). 

¶ Parallel-Parallel (PP) 

The parallel-parallel topology is shown in Figure 3.4 (d).The major advantages of 

the parallel-series and parallel-parallel compensation network topologies are discussed 

in [3]. 

 

Figure 3.4. Basic Compensation Network Topologies, (a) SS, (b)SP, (c) PS, (d) PP 

At primary side, if the capacitor is connected in series, a voltage source converter could be 

connected directly to the coil and if the capacitor is connected in parallel, usually an inductor 

is inserted to change the converter to a current source. 

At secondary side, the capacitor is usually designed to resonant with L2 to reduce the VA 

capacity of the coils. When the transmitter coil has a constant current, a series compensation at 

the receiver side makes the output as a voltage source, while a parallel compensation makes 

the output like a current source. Several works highlighted the compensation using Series (S) 

or Parallel (P) connections and made comparisons between them [10], [41], [42]. The design 

of the resonant IPT system will depend upon the chosen topology. In some applications, the 

type of resonant topology is imposed by the designer. However, comparisons between the 

topologies can be made, and a decision for a suitable type will be drawn depending on the result 

obtained from numerical calculations, simulations and experimental tests [3]. 
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3.2.3 Analysis and study approach 

In general, to study WPT systems, 5 steps should be considered: 

¶ Analysis of circuit topology and calculation of mutual inductances through analytical 

approaches. 

¶ Numerical tools such as finite element method, finite boundary method, high-frequency 

system analysis. 

¶ Simulation of WPT topology involving designed parameters and the relationship of 

coupling coefficient with overall efficiency. 

¶ Experimental results for confirmation of mathematical analysis and simulation results. 

¶ Soft switching of the applicable power converters in a wireless power transfer system 

which contains a variety of methods to study power electronics circuits. 

3.2.4 Safety Concerns 

In contrast with the traditional contact charging method, WPT avoids the electrocution 

danger. The main concern of safety for WPT is the high-frequency magnetic field existing 

between the transmitting and receiving coils, during charging process. Generally, the air gap 

between wireless coils varies from 15 cm to 30 cm, which causes a high leakage field. The 

frequency and amplitude of the leakage magnetic field should be intricately controlled to meet 

the safety regulation. Furthermore, a safe area should always be defined for a wireless charging 

of EVs. In other words, it should be always ensured that the magnetic flux density meets the 

safety guidelines when people are in expected positions, such as standing outside a car or sitting 

inside. Fortunately, transport vehicles are usually made of steel, which is a considerably 

effective shielding material. In this thesis no research was done according to the safety of 

wireless chargers, yet a variety of researches on safety issues of WPTs can be find in [51]. 

3.3 Wireless Power Transfer with Diode Rectification 

A variety of wireless inductive power transfer (IPT) topologies based on different types of 

transmitter and receiver coils resonances are discussed in [2], [7]-[9]. A new inductive WPT 

topology using current-fed half bridge CLC transmitter LC receiver configuration has been 

proposed in [10], where a passive rectifier and a voltage doubler is used to get the DC output 

voltage. Owing to diode rectification, the conduction loss of rectifier diodes are significantly 

high for low voltage battery charging applications. 
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3.3.1 Analysis of Wireless Power Transfer Using a Diode Rectifier 

Figure 3.5 presents an IPT topology using a full-bridge diode rectifier. A current-fed half-

bridge inverter is used on the transmitter (TC) side to convert the DC input voltage to AC 

voltage as an input of compensation network. To make this topology suitable for higher power 

application, as a charger for EVs, some topological changes have been made. Instead of using 

a series or parallel capacitor as the compensation network a series-parallel compensation 

topology is selected. Also a capacitor, Cs is connected in series with the transmitter coil to 

reduce the impedance of TC due to high leakage, decreased to: 

‫ὒ
ρ

‫ὅ
 

(3.22) 

Where L1 represents the transmitter coil impedance. 

 

Figure 3.5. Wireless Power Transfer Topology using diode Rectifier 

Another capacitor, Cp in connected in parallel with TC and Cs to deliver the remaining 

reactive power consumed by transmitter coil. Furthermore, a square wave current is injected 

from the half-bridge current-fed inverter to the transmitter side resonant tank network. In order 

to achieve the minimum value of the input current magnitude, Ii, the series-parallel 

compensation network capacitors, Cs and Cp should be designed carefully. The higher harmonic 

current in Ii passes through the capacitor Cp and TC gets almost pure sinusoidal currents, since 

the parallel capacitor, Cp, implements much lower impedance to the higher order harmonics 

comparing with the TC branch 10]. 

In the receiver side capacitor, C2 is connected in series with the receiver coil to compensate 

the reactive power consumed by the receiver coil. Because of mutual coupling between 

transmitter coil and receiver coil, a voltage proportional to mutual inductance (M), TC coil 
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current (I1) and operating frequency (‫  is induced to the receiver coil. Finally, the power at 

the secondary side compensation network is rectified though a full bridge passive rectifier and 

feeds the load. The steady state analysis of the converter is described in the following section. 

3.3.1.1 Steady State Operation 

Figure 3. 6 shows steady state waveforms of voltages and currents of different components 

for one switching cycle. To explain the steady state analysis of this converter, consider the 

inverter leg switches, S1 and S2, are conducting at fixed duty cycle of 0.5 and their gating signals 

are complimentary. To ensure that the DC link current, remains continuous, a slight overlap is 

applied to S1 and S2. This small overlap is considered in steady state operation. Furthermore, 

to achieve Zero Voltage Switching (ZVS), the operating power factor at the output of the half 

bridge current fed inverter is considered to be lagging. 

Interval 1 [t 0-t1-t2]:  

Consider at t0 instant switch S1 is on and switch S2 is off. During t0-t1-t2, the complete DC 

link current passes through S1, while at the same time period the voltage across (S2-D2) is equal 

to vi. S2 blocks this positive voltage. On the rectifier side during t0-t1 period, the rectifier input 

current, i2 is negative. During the interval t0-t1 the RC current, i2 goes through D5 and D6 as 

shown in Figure 3.7(a). At instant t1, the diodes D5 and D6 turn off since the RC current crosses 

zero. From t1 to t2 diodes D3 and D4 rectify the RC current as represented in Figure 3.7(b). 

Interval 2 [t 2-t3]:  

The power factor at the output of inverter is considered to be slightly lagging. Hence, at 

instant t2, the inverter output voltage, vi changes polarity. During t2-t3 a negative voltage 

appears at the second leg of inverter (S2-D2) and D2 blocks this voltage. Yet the equivalent 

circuit remains the same during this time interval, as shown in Figure 3.7(b). 

Interval 3 [t 3-t4-t5]:  

At instant t3, switch S2 is triggered due the mentioned overlap, but the first leg of inverter 

keeps conducting since the voltage across the other leg is still negative. Thus, simultaneous 

zero voltage and zero current turn on, is achieved for S2. Furthermore, switch S1 is turned off 

at instant t4 and the total DC link current passes through the led S2-D2 as shown in Figure 3.7(c). 

A positive voltage, vi appears on the first leg of the inverter and S1 blocks this voltage. It should 

be considered that the overlap for S1 and S2 is exaggerated in Figure 3.6 for time interval 
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analysis and in practical experiments this overlap is less than 0.5 ɛs, but sufficient enough to 

turn on switch S2. During this time period on the rectifier side, diodes D3 and D4 are conducting 

as presented in Figure 3.7(c). 

Interval 4 [t 5-t6-t7-t8]:  

At instant t5 the polarity of the current at the receiver side is changed and the second pair of 

diodes (D5-D6) rectifies this current to the output resistive load. At instant t6 the output voltage 

of inverter crosses the zero point and enters to its negative cycle which leads to a situation that 

the first leg of inverter (S1-D1) gets a negative voltage and diode D1 takes this voltage. At 

instant t7, S1 is triggered but due to presence of negative voltage across S1-D1, the second leg 

(S2-D2) keeps on conducting which leads to soft switching of S1. Finally, at instant t8, S2 turns 

off and S1 takes the total DC link current again as shown in Figure 3.7(d). 

 

Figure 3.6. Steady State Voltage and Current Waveforms of Different Components 
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Figure 3.7. Equivalent Circuits for Different Intervals of WPT Converter with Diode Rectification 
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3.3.1.2 AC Circuit Analysis 

The AC side equivalent circuit of the converter is shown in Figure 3.8 where R1 and R2 are 

the transmitter coil and receiver coil resistances, respectively. The main application of this 

converter is low-voltage and light-load EV battery charging. In order to achieve higher current, 

TC to RC turns ratio has to be greater than unity or in other words n, as shown in Figure 3.8 

should be less than 1. 

 

Figure 3.8. AC side equivalent circuit of the converter 

Figure 3.9 shows the T equivalent circuit of the transformer referred to primary side. The 

equivalent impedance at the transmitter side, Z1, and the secondary side, Z2, shown in the box 

in Figure 3.9 are derived by: 

ὤ
ρ

Ὦ‫ὅ
Ὑ Ὦ‫ὒ ὓȢὲ 

(3.23) 
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(3.24) 

Where M is the mutual inductance between TC and RC and n is the turn ratio of the 

transformer which is always less than one, for the mentioned application. Furthermore, the total 

impedance at the output of the inverter, i.e. input to the TC tank network, is derived as: 

ὤ  ȿȿὮ‫ὒ ὓὲ Ὑ Ὦ‫ȿȿὮύ      (3.25)  

 

Figure 3.9. T equivalent circuit of the transformer referred to primary side 
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According to the waveforms of the diode single phase rectifier the input current and voltage 

presented in Figure 3.5, rectifier switches operate in a way to keep the input voltage, Vr and 

current, I2 of diode rectifier in the same phase. The DC output current, Io is filtered by the 

output capacitor Co and the DC output Voltage, Vo can be derived by: 

Ὅ
ςЍς

“
Ὅ 

(3.26) 
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ὠ (3.27) 

Using equations (3.26) and (3.27), the equivalent load from rectifier input side according to 

the output resistive load, R, can be given as: 

Ὑ
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“
Ὑ 

(3.28) 

The inverter output current i i can be calculated by applying Kirchhoff's current law (KCL) at 

transmitter side in Figure 3.9 as: 

Ὥ
“

ςЍς
‫
ὓ

ὲ
ὅὍ Ὦ

ςЍς

“

ὲὅὠ

ὓ
 
ρ

‫ὅ

ρ

‫ὅ
‫ὒ Ȣ 

(3.29) 

Similarly by applying Kirchhoff's voltage law (KVL), RMS value of inverter output voltage, 

vi can be derived by: 
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(3.30) 

Furthermore, by applying KCL at the node between Z1 and Z2 and using KVL at the secondary 

loop shown in Figure 3.9 the current, I1, passing by the transmitter side inductance Z1, is derived 

by : 
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(3.31) 
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3.3.2 Simulation Results 

Simulation results obtained from Matlab Simulink are reported to validate the analysis and 

performance of the mentioned wireless converter using a diode rectifier shown in Figure 3.5. 

Impedance and power factor angle at the input of transmitter coil resonance network for 

Vo/Io=2 is shown in Figure 3.10. It is clear that when the inverter switching frequency is 

decreased from unity power factor line, the input impedance will be reduced. Therefore, power 

transferred is also diminished. Operating frequency is calculated through Figure 3.10 which 

shows the best power factor appears at 46.8 kHz. Moreover, based on the main application of 

the converter, which is light-load low-voltage EV charger, the step-down transformer ratio is 

designed to be 1: 0.33. The converter is being fed by a 200 V DC voltage source. The output 

voltage Vo, output current Io and rated power are 50 V, 25 A and 12.5 kW respectively. Table 

3.1 shows the selected values of different components for simulation based on the mathematical 

analysis. 

 

Figure 3.10. Impedance and phase angle at the output of inverter for V0/Io=2 

 

 










































































