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ABSTRACT 

The acquisition of inductive power transfer (IPT) technology in commercial electric 

vehicles (EVs) alleviates the inherent burdens of high cost, limited driving range, and long 

charging time. In EV wireless charging systems using IPT technology, power electronic 

converters play a vital role to reduce the size and cost, as well as to maximize the efficiency 

of the overall system. Conventionally, the IPT systems utilize two power conversion stages 

to generate a high-frequency primary current/voltage from low-frequency utility supply, 

causing the lower power density and higher cost of the system. Recent research shows that 

the use of direct AC/AC converters in the IPT systems can mitigate these limitations. 

However, these topologies still have the drawbacks such as large switching component 

count, poor input current quality, or complex control schemes. 

In this thesis, a novel direct AC/AC active-clamped half-bridge (HB) converter for 

the wireless EV IPT charging application is proposed and implemented. The proposed 

converter can overcome the aforementioned limitations of the existing power converter 

topologies. It offers several appealing features such as high efficiency, less component 

requirement, continuous sinusoidal input current, and zero voltage switching (ZVS) 

operation. Moreover, a new simple hybrid (nonlinear and linear) dual-loop control strategy 

for the AC/AC active-clamped HB converter based IPT charging system is developed. It 

enables the input current correction and charging current regulation in a single power 

conversion stage. The performance of the proposed charging system is verified by 

simulation and experimental results on a 1.0-kW prototype. The experimental verification 

shows that the proposed IPT system with a peak overall efficiency of 93.4 % is more 

efficient than the existing single-stage converter based IPT systems. In order to have a 
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knowledge foundation for the successful analysis, design and implementation of the 

proposed AC/AC converter system, an active-clamped half-bridge boost inverter (HBBI) 

based IPT charging system is initially studied. The ZVS operation principles, mathematical 

model, design methodology, and control strategy of the active-clamped HBBI based system 

are derived and developed in detail. Simulation and experimental results are given to verify 

the theoretical analyses and system performance. 

 

 

Keywords: AC/AC converter; active-clamped circuit; DC/AC inverter; EV charger; 

inductive power transfer. 
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Chapter 1. Introduction  

1.1 Wireless Power Transfer 

Wireless power transfer (WPT) enabling transferring energy from a source to a load 

without electrical contact has been extensively studied and successfully demonstrated 

using various techniques namely acoustic power transfer (APT) [1, 2], radio frequency 

power transfer (RFPT) [3, 4], optical power transfer (OPT) [5, 6], capacitive power transfer 

(CPT) [7], and inductive power transfer (IPT) [8]. The WPT techniques are differentiated 

based on their power transfer medium; however, their system configuration is similar. It 

basically comprises a power source, a load, a coupler, and primary/secondary electronic 

circuits. The WPT systems can be powered by a utility AC or DC supply, and their loads 

vary from AC to DC depending on different applications. For example, an induction-

heating load is AC, whereas a wireless battery charging system has a DC load. The WPT 

coupler including a transmitter and a receiver is different for different WPT technologies. 

The couplers of the APT, RFPT and OPT systems are Piezo transducers, antenna/rectenna, 

and laser diode/photovoltaic diode, respectively. For the CPT and IPT systems, their 

mutual couplings are formed by metal plates and inductive coils, respectively. The primary 

and secondary electronic circuits are usually composed of power electronic converters 

(inverters, rectifiers, and DC/DC converters…) and compensators. In the CPT and IPT 

systems, the compensators are LC circuits which play an important role in achieving 

reactive power compensation, unity power factor, low volt-amp (VA) rating, low 

electromagnetic interference (EMI), high power transfer capability, and high efficiency [9-

11]. The compensators in the RFPT systems are the RF resonant circuits or filters, while 

the DC filters or current balancing circuits are the compensators in the OPT systems. 



 

2 

 

Among aforementioned WPT technologies, the IPT technology has been recognized 

in many applications such as implantable devices [12-14], home appliances [15, 16], and 

mobile phones [17, 18]. Especially, it has been proven that the IPT technology is the most 

suitable for the EV charging applications where the output power is from few to several 

kilowatts, and the air gap varies from a few centimeters to a few meters [19, 20]. Recently, 

researchers and engineers have been fitting the outcomes of the IPT to the EV battery 

charging systems in various commercial products (Witricity [21], Qualcomm [22], 

Evatran/Plugless Power [23], Brusa [24], and Momentum Dynamics [25], etc.) and 

standards [26-29]. The EV charging systems using the IPT technology are focused in this 

thesis. 

1.2 Necessity of Wireless Charging Systems for Electric Vehicles 

Vehicular emissions across the globe are rapidly increasing, contributing a 

significant portion of global greenhouse gas (GHG) emissions, and causing the climate 

change. In Canada, the transportation sector was the second largest source of the GHG 

emissions, occupying 24.3% (equivalent 174 megatons (Mt) of carbon dioxide) of the total 

emissions in 2017 [30], as shown in Figure 1.1. Alternative to conventional internal 

combustion engine (ICE) vehicles, the EVs can be considered as a promising solution to 

reduce the emissions in transportation [31]. In the recent year, the wide adoption of the 

renewable energy sources in power production has been even making the EVs gain more 

attentions due to possible zero-emission achievement [32, 33]. In March 2019, one of 

globally leading EV manufacturers, Nissan, reported that its Nissan Leaf owners 

worldwide achieved the mileage of over 10 billion kilometers, and saved 3.8 million barrels 

of oil per year since 2010 [34]. 
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In order to achieve a greater commercial success for the EVs, their main inherent 

drawbacks such as bulky and costly energy storage unit, and long charging time must be 

addressed. The primary energy source of the EVs is the battery that should have high 

energy and power density, reliability, safety, and long lifespan. Although the lithium-ion 

batteries with the high energy density (100-265 Wh/kg) and power density (250-340 W/kg) 

are being commonly used in the EVs, the battery packs are still significantly heavy and 

cumbersome [35]. For instance, the 24-kWh battery pack of Nissan Leaf is around 200 kg, 

and the 85-kWh battery pack of Tesla Model S weighs 540 kg. Moreover, the high cost of 

the battery packs, approximately $180/kWh - $350/kWh, makes the EVs less affordable 

compared to the conventional ICE counterparts. Constantly, the driving range of the EVs 

has been extended. Modern electric cars such as Chevrolet Bolt, Kia Niro EV, and Hyundai 

Kona Electric offer the range of nearly 250 miles on a single charge; even Tesla Model S 

can achieve 370-mile range, which is comparable to the gasoline vehicles. Nevertheless, 

recharging the EVs usually takes from an hour to several hours depending on the how full 

the battery pack is and the type of chargers that is used. It is much longer than refueling the 

gasoline vehicles, which takes only few minutes. For example, it takes four hours to charge 

            

Figure 1.1: GHG emissions of the economic sectors in Canada in 2017. 
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the 24-kWh battery pack of the Nissan Leaf from empty to full with a Level-2 home charger 

(7.7 kW). In addition, EV charging stations are not as widely accessible as gas stations. 

Wireless chargers using IPT technology can mitigate the aforementioned issues [19, 

36-43]. With the fully-automated wireless chargers, the EVs can obtain more opportunity 

charging, which allows charging the EVs little and often during the day when they are not 

employed [44]. As a result, the deep discharge on the battery can be avoided with the EVs’ 

driving range extension [45]. Moreover, a 20-percent reduction of the battery capacity 

requirement can be achieved through the opportunity charging techniques, which 

consequently reduces the weight and price of the EVs [46]. The wireless chargers can be 

deployed in residential garages, and office/service/shopping center parking lots for static 

wireless charging [47], or they can be placed at bus stops, taxi ranks, and traffic lights to 

implement quasi-dynamic wireless charging [48, 49]. Moreover, dynamic wireless 

charging systems can be installed on the roads to constantly charge the EVs, in turn to 

extend the driving range and reduce the battery volume of the vehicles [50-52]. 

Additionally, the wireless chargers are safe and convenient because they have inherent 

galvanic isolation, and enable WPT via an air gap between the power source and the 

vehicles without any direct electrical contacts. As a result of that, long electric cables 

between the charging points and the vehicles are removed in the wireless chargers, which 

eliminates the drawbacks of the conventional plug-in chargers, e.g., plug-in failure, 

tripping hazards, and the risk of electrocution due to aging or eroded cables/connectors 

[42]. Last but not least, the wireless charging process is not unaffected by hostile 

environment because the power transfer takes place through an electromagnetic link where 

the transmitting pad can be buried underground. Consequently, the wireless chargers are 
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safe in extreme weather conditions such as rain or snow, and require less maintenance or 

replacement [36, 53].  

Compared to the conventional conductive charging systems, the main drawback of 

the wireless charging systems is the high initial investment in the infrastructure including 

road construction, installation work, constituent materials and components, etc. However, 

this high initial cost can be significantly reduced by optimizing design and planning for the 

charging infrastructure (number and locations of wireless chargers, power level, and 

transmitter length) [54]. Additionally, this large initial cost can be compensated by the 

battery size reduction and driving range extension [55]. 

1.3 EV Wireless Charging Standards 

Recently, SAE J2954 [26], IEC 61980 [28], and ISO 19363 [29] are available 

standards for the EV wireless charging application, and they have many common points. 

In this thesis, the wireless charging prototypes are designed following the standard SAE 

J2954. The standard SAE J2954 is established by the Society of Automotive Engineers 

(SAE), a global association based in the United States. Its essential role is to develop 

international standards for industry, especially in the transportation sector. It has recently 

involved over 128,000 global members who are engineers and experts in the aerospace, 

automotive and commercial vehicle areas. The standard SAE J2954 is developed to define 

criteria for interoperability, electromagnetic compatibility, electromagnetic field (EMF), 

minimum performance, safety, and testing for static wireless charging of light-duty EVs. 

Table 1.1 shows the power classes, operating frequency and efficiency performance 

targets of the WPT systems specified in the SAE J2954. As can be seen from Table 1.1, 

four WPT classes are defined based on the maximum input VA drawn from the grid by the 
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primary side/ground assembly (GA) electronics. The input real power depends on the input 

power factor, while the output power depends on the efficiency of the system. The SAE 

J2954 also specifies that the WPT systems should be operated at a single nominal frequency 

of 85 kHz. However, for the WPT systems using frequency control to compensate system 

variations, their operating frequency must be in the band of 81.38 to 90.00 kHz. The 

interoperability requirements among the WPT classes are shown in Table 1.2. It can be 

explained that the primary and secondary coils of the WPT 1 and WPT 2 systems are 

necessarily compatible, whereas the WPT 3 primary coils must be compatible with the 

WPT 2 secondary coils. There are no interoperability requirements for the WPT 4 coils. 

Another important specification of the WPT systems is the air gap between the primary 

and secondary coils. Although it is not exactly specified in SAE J2954, but can be estimated 

from the Z classification which is defined based on the secondary or vehicle assembly coil 

ground clearance, as shown in Table 1.3. 

In this thesis, the developed wireless charging prototypes comply with SAE J2954 in 

terms of operating frequency (85 kHz), coil air gap (Z2), and efficiency (> 93%). Although 

their output power is only 1.0 kW, it can be scaled up to the power levels specified in SAE 

J2954. 

Table 1.1: WPT power classifications for light duty vehicles  

WPT power classes 1 2 3 4 

Maximum AC input power (kVA) 3.7 7.7 11.1 22 

Minimum target efficiency at nominal alignment (%) > 85 > 85 > 85 TBD 

Minimum target efficiency at offset position (%) > 80 > 80 > 80 TBD 

Operating frequency (kHz) 81.38 – 90 (typical 85) 
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1.4 Purpose of the Thesis 

1.4.1 Motivations 

In recent years, the wireless EV charging systems via the IPT technology have been 

intensively studied, and their performance has been continuously improved. However, 

those systems have still needed further improvements regarding cost, deployment, 

efficiency, infrastructure, interoperability, and magnetic field emissions before gaining 

wide commercial acceptance. The research aspects of the IPT systems are 1) Power 

converters 2) Inductive coil design, 3) Compensation network topologies, 4) Control 

system, 5) EMI shielding methods, and 6) Communication.  

Table 1.2: Interoperability by power class 

Secondary coils 

Primary coils 

WPT classes 

WPT 1 WPT 2 WPT 3 WPT 4 

WPT classes 

WPT 1 Required Required Optional Optional 

WPT 2 Required Required Optional Optional 

WPT 3 Optional Required Required Optional 

WPT 4 Optional Optional Optional Required 

 

 

 

Table 1.3: Z-classes specifications 

Z-class 
VA coil ground clearance range 

(mm) 

Z1 100 – 150 

Z2 140 – 210 

Z3 170 – 250 
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Power electronic converters play a vital role in the IPT-based EV charging systems 

regarding maximizing the system efficiency, power density, and cost-effectiveness. 

Nowadays, most IPT systems are directly supplied from the mains, thus a front-end AC/DC 

rectifier and an inverter are required to generate a high-frequency current/voltage exciting 

the IPT systems. Those power supply topologies take large installation space and may 

unnecessarily increase cost. It is desirable but challenging to design structurally simple and 

compact power supplies with high performance. Some power-conversion-stage-reduction 

topologies have been proposed for the IPT charging systems to alleviate the limitations, as 

presented in Chapter 2 and 3. However, they still have drawbacks, e.g., large switching 

component count, discontinuous input current leading to a bulky input filter, or high control 

complexity. These issues are the main motivations of this thesis to develop a new single-

stage AC/AC converter that has high efficiency, simple structure, low component count, 

and low control complexity to improve the overall performance of the IPT charging 

systems. 

1.4.2 Research Goals and Objectives 

Many review studies including charging standards, coil structures, power converters, 

and compensation networks for both static and dynamic wireless charging have been 

reported in the literature [40, 42, 43, 53, 56-59]. However, design considerations and 

comparative analysis focusing on the power converter topologies for the wireless charging 

systems have not been discussed in detail. This thesis initially aims to fill this gap by 

providing the detailed design procedure of the widely used dual-stage and single-stage 

power conversion topologies in the IPT charging application. Then a comprehensive 

comparison of their performance is presented to provide a deeper understanding of their 
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properties and constraints, which is useful for engineers to design better IPT charging 

systems. Consequently, by considering the limitations of the existing power converter 

topologies, a novel direct AC/AC active-clamped half-bridge converter with several 

benefits such as less component requirement, high-quality input current, and low control 

complexity is developed and implemented in this thesis. Before exploring the proposed 

AC/AC converter, an active-clamped HBBI based IPT charging system has been 

investigated with operation principles, modeling, design methodology and control strategy 

to create a foundation for analysing the proposed AC/AC converter system. 

Review, design and comparative assessment of the existing power supply 

converter topologies for the EV IPT charging systems. An extensive overview of single-

phase power conversion topologies employed in the EV wireless charging applications is 

presented. Then, the design procedure and performance comparison of the common 

topologies including conventional dual-stage (power factor correction (PFC) and full-

bridge voltage-source inverter (FB VSI)), single-stage buck-derived full-bridge matrix 

converter (FBMC), and single-stage boost-derived FBMC are provided. The comparison 

involves the input power factor, input current distortion, power losses, switching stress, 

and normalized cost, while taking into account the requirements of Standard J2954. It 

concludes that the buck-derived FBMC surpasses the other counterparts with the 

advantages of high efficiency, less component count and cost reduction. On the other hand, 

the conventional dual-stage topology has the low stress on switching devices, and 

maintains a comparable efficiency over wide load range. Although the single-stage 

converter topologies have the advantage of the DC-link capacitor removal and cost 

reduction, they still require many active switches and complex control schemes. A novel 
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direct AC/AC active-clamped HB converter is proposed in this thesis will address these 

issues.  

Analysis, design, and control of soft-switched, active-clamped HBBI for the IPT 

charging system. A comprehensive investigation on the IPT charging system fed by the 

active-clamped HBBI is realized. Firstly, the ZVS operation principles of the active-

clamped HBBI in the IPT charging system are presented. Then, both the steady-state model 

and the small-signal model are correctly derived using the extended describing function 

(EDF) method. The derived steady-state model is employed to develop a new design 

approach to achieve zero-voltage switching (ZVS) for the inverter. The proposed ZVS 

design methodology enables not only reducing switching losses but also avoiding 

bifurcation. The dynamic behavior of the system is investigated based on the derived small-

signal model, and then a digital controller is designed to regulate the charging current. 

Simulation and experimental results on a 1.0-kW laboratory prototype are provided to 

verify the accuracy of the theoretical analyses. Also, the experimental results demonstrate 

that the developed controller can effectively regulate the charging current with a fast 

response and no steady-state errors, and the inverter can achieve ZVS over a wide variation 

of the charging current and the battery voltage. The hardware prototype achieves a peak 

DC-to-DC efficiency of 93.4% at a 170-mm air gap. 

Analysis, design, and control of direct AC/AC active-clamped half-bridge 

converter for the IPT charging system. A new direct AC/AC active-clamped half-bridge 

converter feeding the IPT charging system is proposed. The proposed converter eliminates 

the rectification stage, resulting in an actual single-stage (AC-to-AC) conversion with less 

the number of switching devices. Furthermore, it avoids the use of bulky life-limited 
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electrolytic DC-link capacitors. Based on the analyses on active-clamped HBBI for the IPT 

charging system, the operation principles, steady-state model, and design considerations of 

the proposed AC/AC converter are explored. Moreover, a new hybrid control scheme 

combining a predictive dead-beat controller for grid current correction and a linear average 

charging current controller is developed for the proposed converter. It enables the power 

factor correction and charging current regulation in a single conversion stage. The 

performance of the proposed IPT charger is validated through simulation and experimental 

results on a 1.0-kW laboratory prototype. It is observed that the battery charging current is 

effectively controlled, and the unity power factor is obtained under  the variation of the 

charging current command, the battery voltage, mutual inductance, compensation 

capacitors. The input current harmonic content complies with the IEC 61000-3-2 Class A 

standard. Due to single-stage-power-conversion and soft-switching features, the proposed 

charging system achieve the maximum overall (AC-to-DC) efficiency of 93.4 %, which is 

higher than that of the dual-stage converter based and single-stage converter based IPT 

systems reported in literature. 

1.5 Thesis Outline 

Chapter 1: It includes an overview of the WPT technologies, the reasons of adopting 

wireless IPT charging for the EVs, and the basic specifications of the static wireless EV 

charging systems defined in the Standard SAE J2954. The statements of the main research 

motivations, goals and objectives are also presented in this chapter. 

Chapter 2: It provides an overview of the structure of the IPT systems. The 

compensation networks, inductive coupling structures, power converter topologies and 

control strategies of the IPT systems are reviewed. 
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Chapter 3: It describes the design considerations and comprehensive simulation 

assessment of the conventional dual-stage (PFC+VSI) topology and the single-stage 

counterparts including the buck-derived FBMC and boost-derived FBMC in the EV IPT 

charging application. 

Chapter 4: The theoretical background of the proposed AC/AC active-clamped half-

bridge converter is initially established through an investigation on the active-clamped 

HBBI based IPT charging system. In Chapter 4, the detailed operation principles, modeling 

analysis, and design methodology of the active-clamped HBBI based IPT charging system 

are given. 

Chapter 5: In this chapter, the simulation and experimental results on a 1.0-kW 

active-clamped HBBI based IPT charging prototype with a developed closed-loop current 

controller are given to verify the theoretical analyses and design methodology presented in 

Chapter 4. 

Chapter 6: Based on the foundation provided in Chapter 4, the operation principles, 

steady-state model, and design procedure of the proposed AC/AC active-clamped half-

bridge converter are established in detail in Chapter 6. 

Chapter 7: In this chapter, a hybrid dual-loop control strategy composed of the 

predictive dead-beat current control and the linear average current control is developed for 

the IPT charging system fed by the direct AC/AC active-clamped half-bridge converter. 

The feasibility and performance of the proposed controller are verified by simulation and 

experimental results. 
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Chapter 8: It concludes the thesis with a summary of the accomplishments, and an 

outlook on possible future work. 
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Chapter 2. Background and Literature Review 

An IPT charging system essentially comprises an inductive coupling coil pair, 

compensation networks, primary converters to generate high-frequency inputs, and a 

secondary rectifier to convert AC to DC current to charge the battery. In this chapter, an 

overview of the existing compensation configurations, inductive coupling structures, 

primary conversion topologies, and power control strategies for the EV IPT charging 

systems are presented. 

2.1 Compensation networks 

Figure 2.1 illustrates the electric circuit of an inductive coupler and its equivalent 

models, which are T-circuit and mutual inductance models [60], where Lp and Ls are the 

self-inductances of the primary (transmitting) and secondary (receiving) coils, rp and rs are 

their parasitic resistances, M is the mutual inductance between two coils, and RL is the AC 

load resistance.  

Assume that the primary coil is excited by a sinusoidal voltage vLp with angular 

frequency . The steady-state equations in the phasor domain can be obtained from the 

equivalent circuits as follows 

 Lp p p p p sV r I j L I j M I 
   

    (2.1) 

 p s s s s L sj M I j L I r I R I 
   

    (2.2) 

where LpV


is the voltage across the primary coil, pI


and sI


are the currents flowing in the 

primary and secondary coils, respectively.  
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From (2.2), the equations (2.3) and (2.4) can be derived as follows 
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where s s L sZ r R j L    is the secondary equivalent impedance. 

Substitution of (2.3) in (2.1) results in 
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 (a)  (b) 

 

 (c) 

Figure 2.1: Inductive coupler. (a) Electric circuit, (b) Equivalent T-circuit model, and (c) 

Equivalent mutual inductance model. 
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where 
p p pZ r j L   is the primary coil impedance. 

Then, the output power is derived as follows 
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From (2.3), the reflected impedance from the secondary side to primary side can be 

derived as 
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The total impedance seen from the primary side end is given by 
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the real and imaginary parts of the total impedance Zt seen from the primary side end. 

From (2.4) and (2.8), the system efficiency is given by  
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It can be seen from (2.6) and (2.9) that for a given mutual inductance, frequency and 

load resistance, the efficiency and power transfer capability can be enhanced by 

compensating secondary reactance. Additionally, by including a compensation network in 

the primary side to compensate the reactance component of the total impedance Zt, the VA 

rating of the source is minimized, thus the size of the source is reduced.  

The simplest compensation topologies use only a single capacitor on each side. 

Depending on the placement of the capacitor on the primary and secondary side, there are 

four basic compensation topologies [61], namely series-series (SS), series-parallel (SP), 

parallel-parallel (PP), and parallel-series (PS), as shown in Figure 2.2. The design summary 

of basic compensation topologies is listed in Table 2.1. The studies conducted in [19, 56, 

62-64] to compare the basic compensation topologies reveal that the SS topology is suitable 

for the EV charging applications since it is simple, load/mutual coupling-independent 

compensation, constant output current, efficient, cost-effective, and has low coil-

fabrication copper mass. 

 

 

 (a) (b) 

 

 (c) (d) 

Figure 2.2: Basic compensation topologies for IPT. (a) SS, (b) SP, (c) PP, and (d) PS. 
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These basic compensation topologies are not so efficient for varying load conditions 

and coil position misalignments, which affects the maximum power transfer [65]. Several 

high-order compensation topologies including more than one reactive component on each 

side have been proposed to improve the system performance [56]. However, the increase 

of compensation elements is limited to avoid the significant extra power losses and cost. 

The most common high-order compensation networks are the inductor-capacitor-inductor 

(LCL) [66-68], inductor-capacitor-capacitor-inductor (LCCL) [69-71], and parallel-series 

capacitor-capacitor (CC) [72, 73]. The double-sided LCL and LCCL topologies are suitable 

to the dynamic chargers [74, 75], bidirectional systems [66, 67, 69, 76-78], and multiple 

pick-up systems [79, 80]. 

Table 2.1: Design summary of compensation topologies [61]. 
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2.2 Inductive Coupling Structure  

The high-frequency inductive coupler is the most crucial part of the IPT systems, which 

comprises the transmitting and receiving coils separated by air as a medium. The desired 

characteristics for the couplers are the high coupling coefficient, maximum power transfer 

capability, high misalignment tolerance, and low losses. The IPT couplers are usually planar 

structures. The Litz wire-based planar coils with ferrite spokes have minimized leakage 

inductance and improved misalignment tolerance [61, 81]. The planar couplers can be 

divided into non-polarized and polarized pads based on the orientation of magnetic path. 

The most popular non-polarized coupler structures are circular, rectangular, and 

square-shaped pads, as shown in Figure 2.3 [82].  Ferrite cores are added to these couplers 

with the optimal arrangement so that maximum flux lines are guided from the primary to 

the secondary side, which increases coupling [83]. These structures are characterised by 

the single-sided direction of the magnetic field. It means their flux lines come in and out 

from one side [84]. Despite its lower coupling coefficient, the circular charging pads 

employing symmetrical Archimedean spiral coil pairs is one of the widely adopted pad 

shapes in static EV battery charging applications. This is because of its identical 

misalignment tolerance in all directions, facilitating vehicle parking [85]. The rectangle 

and square-shaped coil structures have better power transfer capability and higher flux 

areas with effective design [86]. 

The polarized charging pads use the parallel/horizontal component of the flux. The 

most popular coil structures are DD, DD-Q, and bipolar, as shown in Figure 2.4 [56, 82]. 

These coupling structures provide a greater misalignment tolerance in horizontal directions 

(X and Y). It is demonstrated that bipolar pad (BP) exhibits identical performance in terms 
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of coupling coefficient and misalignment tolerance to DDQ structure, but it has simple 

structure and requires 25-30% less copper mass [87]. 

2.3 Power Converter Topologies  

Until recently, dual-stage conversion (AC/DC/AC) were popularly employed in the 

GA of IPT systems where power factor correction (PFC) is necessary during rectification 

from AC main voltage to DC voltage in order to assure the quality of AC input power. 

Then a high-frequency inverter connected to the PFC rectifier via a DC-link capacitor 

 

 (a) (b) (c) 

Figure 2.3: Non-polarized planar couplers. (a) Circular, (b) Rectangular, and (c) Square. 

 

 (a) (b) (c) 

Figure 2.4: Polarized planar couplers. (a) DD, (b) DD-Q, and (c) Bipolar. 
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generates high-frequency inputs feeding the primary coil. The dual-stage converter 

topologies are intensively studied and widely used in industry [88-90]. The main advantage 

of the IPT systems using dual-stage conversion is that the PFC rectifier and the inverter are 

decoupled through the DC-link capacitor; therefore, they can be separately designed and 

controlled to optimize specific performance indices. However, the presence of multiple 

conversion stages and a bulky DC-link capacitor increases cost, size and weight of the 

system. Figure 2.5 (a) shows an EV IPT charging system using dual-stage conversion. 

In recent years, the use of matrix converters (MCs) for feeding the IPT systems has 

drawn increasing attention [91-101]. MCs enable direct conversion of low-frequency AC 

inputs (50-60 Hz) to high-frequency outputs (up to 85 kHz) without any intermediate 

conversion stage; therefore, they enhance the system performance in terms of power 

density, reliability, and cost [93, 102]. The single-phase MC based IPT systems remove the 

DC-link energy storage elements in primary side to absorb double line frequency ripple, 

thus it appears on the battery side. Sinusoidal ripple current (SRC) charging technique 

reported in [101, 103-110] allows batteries to be charged by double line frequency (100 or 

120 Hz) current with minor side effects on their performance. Therefore, the MC based 

IPT systems can use the sinusoidal charging technique advantageously and remove the 

intermediate DC-link capacitor. The single-stage EV IPT charging system using MCs is 

illustrated in Figure 2.5 (b). 

In this section, an overview of front-end converter topologies for IPT applications is 

provided. They can be classified into two groups namely dual-stage and single-stage based 

on the power conversion stages. The classification of single-phase converter topologies for 

IPT systems is shown in Figure 2.6. 
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Figure 2.5:  Classification of front-end converter topologies for IPT applications. 

 

(a) 

 

(b) 

Figure 2.6: Configuration of EV IPT systems with (a) Dual-stage power conversion and 

(b) Single-stage power conversion. 
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2.3.1 Dual-stage Conversion 

A front-end AC/DC converter is used to convert the supply AC voltage to an 

intermediate DC-link voltage and to shape the input current for both PFC and harmonic 

reduction. A comprehensive review for the PFC rectifiers is presented in [111] and [112]. 

For the inversion stage, a current-source inverter (CSI) or a voltage source-inverter (VSI) 

can be employed. 

The CSI topologies commonly used in IPT systems are push-pull, half-bridge (HB) 

[72, 113-117] and full-bridge (FB) [73, 118]. Figure 2.7 shows the configuration of CSIs. 

The requirement of blocking diodes and bulky inductors that increases the size and cost of 

the whole IPT system is one of the major drawbacks of the CSIs. A single parallel 

compensating capacitor in the primary circuit is usually used with CSIs. The blocking 

diodes of the CSIs can be removed if the inverters are operated at zero voltage switching 

(ZVS) to prevent momentary short circuit. A variable frequency control scheme is normally 

used to regulate load variation and to achieve ZVS. However, the CSI based IPT systems 

using the variable frequency control suffer the start-up and bifurcation issues. Moreover, 

 

 

 (a) (b) (c)  

Figure 2.7: Current-source inverter topologies. (a) Push-pull, (b) Half-bridge, and (c) Full-

bridge. 
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the inverter switches will experience high voltage stress in high-power applications if only 

single parallel capacitor compensation is used [113, 115, 117, 118]. In order to overcome 

this drawback, a parallel-series CC compensation circuit is introduced in [72, 73]. The 

fixed-frequency controlled FB CSI combining with the parallel-series CC compensation 

circuit can mitigate the problems of start-up, bifurcation and switching stress. 

For VSI topologies, buck, HB and FB topologies shown in Figure 2.8 can be used in 

the IPT systems, and they are compatible with single capacitor series, LCL, and LCCL 

compensation networks [36, 53, 66, 69, 81, 119-130]. The SS compensation is simple and 

cost-effective. However, under light load conditions or in the absence of the receiver, the 

system experiences severe instability [56, 63]. The LCL or LCCL tanks can overcome these 

issues, they also have a higher tolerance to coil misalignments, and improve power transfer 

capability [56]. Therefore, the LCL or LCCL topologies are suitable to the dynamic 

chargers [74, 75], bidirectional systems [66, 67, 69, 76-78], and multiple pick-up systems 

[79, 80]. However, a significant amount of lower-order harmonics in the output current of 

the VSIs connected with LCL and LCCL compensation circuits deviates zero-phase-angle 

 

 (a) (b)  (c) 

Figure 2.8: Voltage-source inverter topologies. (a) Buck, (b) Half-bridge, and (c) Full-

bridge. 
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operation of the inverters [131]. Moreover, the inductors in LCL and LCCL compensation 

circuits must be designed precisely as the effective power transfer capability is highly 

sensitive to the inductance value [66, 69]. Figure 2.9 shows the compatibility of the inverter 

types and primary compensation circuits of the IPT systems.  

2.3.2 Single-stage Conversion 

MCs are considered as a prominent candidate for powering the WPT systems with 

only single-stage power conversion. Several MCs including buck [98, 99], HB [91, 101], 

and FB [96, 132]  have been introduced to IPT applications in literature. All MCs reported 

in [91, 96, 98, 99, 101, 132] have a buck-derived configuration, as shown in Figure 2.10, 

so they are compatible with series, LCL, and LCCL compensation networks. Due to the 

buck-derived configuration, the line-current regulation of these topologies is compromised. 

In the EV charging applications, if a highly nonlinear diode-bridge rectifier is used at the 

battery side, there will be severe line current distortion and power factor deterioration, as 

 

 (a) Series C (b) LCL (c) LCCL 

                   

 (d) Parallel C (d) Parallel-series CC 

Figure 2.9: Compatibility between inverter types and primary compensation circuits in IPT 

systems. 
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explained in [133]. In [96], a secondary active full-bridge rectifier whose phase shift angle 

follows the line-voltage waveform is used to shape the line current. In this topology, the 

primary and secondary converters must be controlled synchronously in every switching 

cycle, which increases implementation complexity. 

In order to overcome the above issue, a boost-derived FBMC compatible with a 

primary parallel-series CC compensation network is proposed in [100]. The proposed 

converter topology is able to shape the line current and regulate power flow through two 

control loops which are similar to those of a conventional boost converter. In [102], a 

single-stage topology integrating bridgeless boost PFC converter and FB VSI is proposed 

for IPT applications. The converter is operated in discontinuous conduction mode (DCM), 

thereby the line current control loop is eliminated. However, the converter incurs more 

current stress, losses, and EMI problems in DCM, which is not suitable for high-power 

applications. Figure 2.11 shows the configuration of the boost-derived FBMC and the FB 

VSI-integrated bridgeless boost PFC converter in the IPT systems.  

 

 

 (a) (b)  (c) 

Figure 2.10: Buck-derived MCs. (a) Buck, (b) Half-bridge, and (c) Full-bridge. 
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2.4 Power Control Schemes 

Figure 2.12 shows the classification of power control schemes for IPT systems. Power 

control in IPT systems can be implemented on the primary, secondary side, or both sides. 

The secondary side control is suitable for the IPT applications where multiple secondary 

coils are coupled to a single primary coil. In these applications, the frequency and the 

magnitude of primary current are fixed, and the power flow is controlled on the secondary 

side by an active rectifier or a back-end DC/DC converter illustrated in Figure 2.12 for 

each secondary coil [79, 101, 120, 121, 134-136]. These topologies are normally employed 

in long-power track systems where a constant track current is required to power 

independent secondary coils. However, in charging applications where only one secondary 

coil is coupled to a primary coil and keeping the secondary-side configuration as simple as 

possible is a priority, the primary side control is selected. The primary side control can be 

divided into three groups: fixed frequency, variable frequency and discrete energy 

injection. In fixed frequency control, the switching frequency of the inverter is kept at a 

constant value, which is slightly different from the primary resonant frequency to offer 

soft-switching operation. In order to control the power flow, the phase (phase shift control) 

 

 (a) (b) 

Figure 2.11:  (a) Boost-derived MC, and (b) FB VSI-integrated bridgeless boost converter. 
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or the duty cycle of the inverter switches is varied [137, 138]. This allows the inverters to 

produce output voltage/current with variable pulse width. The other way to regulate the 

power flow with the fixed switching frequency is controlling the input DC voltage of the 

inverter using a front-end DC/DC converter [113]. For the variable switching frequency 

control scheme, the duty cycle of the gating signals is maintained constant at 50% and the 

switching frequency is varied to regulate the output power [114]. However, if the operating 

frequency is largely different from the resonant frequency, the resonant tank will incur a 

large circulating current, causing an efficiency drop in the overall system due to large losses 

in switches and in the coils. Moreover, the bifurcation phenomenon must be carefully 

considered in this control technique [139].  

In [98], a discrete energy injection control is used for the matrix buck converter in 

order to control the magnitude of the primary current. The control technique reduces 

switching frequency and enables soft switching. However, the zero-crossing detection of 

primary high-frequency current which is required to ensure the converter to be operated in 

zero current switching (ZCS) conditions is an implementation challenge. Moreover, current 

 

Figure 2.12:  Classification of power control schemes for IPT applications. 
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sag occurs during the zero-crossing of its single-phase input voltage, which degrades the 

average power transferred. The dual-side control is suitable for bidirectional IPT systems 

where power flow can be regulated in both directions by controlling the duty cycle of the 

primary and secondary converters and the phase-shift between them [66, 119, 140]. Table 

2.2 shows the compatibility of power conversion topologies and control schemes.  

2.5 Summary 

An extensive overview of the compensation networks, power conversion topologies, 

coupling structure, and control schemes of the IPT systems was presented. Table 2.2 shows 

the comparison summary of the power converter topologies in terms of component count 

and control schemes. It can be seen that the CSIs have more components but less control 

scheme options compared to the VSIs. The parallel-series CC compensation network is a 

good choice for the CSIs in the high-power applications, since it mitigates the current and 

voltage stresses on the inverter switches. Although the single-stage converter topologies 

have the advantage of the removal of the front-end rectifier and the DC-link capacitor, they 

still require many active switches, and complex control schemes, as shown in Table 2.2.  

Although the power converter topologies for the EV charging applications was 

generally reviewed with their own advantages and disadvantages in this chapter, they need 

to be more intensively evaluated based on several other performance indices such as  input 

power factor, input current distortion, power losses, switching stress, and cost to obtain a 

sound understanding of their properties and constraints. A more intensive performance 

evaluation on the most common converter topologies including the conventional dual-

stage, single-stage buck-derived FBMC, and boost-derived FBMC topologies will be given 

in the next chapter along with their design considerations. 
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Table 2.2: Compatibility of power conversion topologies and control schemes of the IPT 

systems 

Power conversion 

topologies 
Figure 

Component requirement 
Control schemes 

Switches Passive components 

Dual-

stage 

(excluding 

front-end 

PFC 

stage) 

push-pull 2.4 (a) 
2 reverse 

blocking 

1 inductor,  

1phase-splitting 

transformer 

 Variable switching 

frequency 

 DC-link voltage control 

 Secondary-side control 

 Dual-side control 
HB CSI 2.4 (b) 

2 reverse 

blocking 
2 inductors 

FB CSI 2.4 (c) 
4 reverse 

blocking 
1 inductor 

 Variable switching 
frequency 

 DC-link voltage control 

 Pulse width modulation 

(duty cycle control ) 

 Secondary-side control 

 Dual-side control 

Buck VSI 2.5 (a) 
2 reverse 

conducting 
None 

 Discrete energy injection 

 Variable switching 

frequency 

 DC-link voltage control 

 Pulse width modulation 
(duty cycle control) 

 Secondary-side control 

 Dual-side control 

HB VSI 2.5 (b) 
2 reverse 

conducting 
2 capacitors 

FB VSI 2.5 (c) 
4 reverse 

conducting 
None 

 Discrete energy injection 

 Variable switching 

frequency 

 DC-link voltage control 

 Pulse width modulation 

(phase-shift control) 

 Secondary-side control 

 Dual-side control 

Single-

stage 

Buck MC 2.7 (a) 
2 
bidirectional 

None 
 Discrete energy injection 

 Pulse width modulation 

(duty cycle control) 

 Secondary-side control 

 Dual-side control 

Buck-

derived half-

bridge MC 

2.7 (b) 
2 

bidirectional 
2 capacitors 

Buck-

derived 

FBMC 

2.7 (c) 
4 

bidirectional 
None 

 Discrete energy injection 

 Pulse width modulation 

(phase-shift control) 

 Secondary-side control 

 Dual-side control 

Boost-

derived 

FBMC 

2.8 (a) 
4 

bidirectional 
1 inductor 

 Pulse width modulation 

 Secondary-side control 

 Dual-side control 

Bridgeless 

boost 
2.8 (b) 

2 diodes, 

4 reverse 

conducting 

1 inductor,  

1 capacitor 

 Pulse width modulation 

 Secondary-side control 

 Dual-side control 
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Chapter 3. Design Considerations and Comparative Assessment of 

Typical Single-phase Power Converter Topologies of 

Inductive Wireless Electric Vehicle Charging Systems  

In this chapter, the design considerations and comprehensive performance 

comparison of the conventional dual-stage (PFC and FB VSI) and single-stage topologies 

including the buck-derived FBMC and boost-derived FBMC in the EV IPT charging 

application are presented. The IPT charging systems are designed based on the 

requirements of the WPT 1 system in the SAE J2954 wireless charging standard. The 

performance comparison are realized by using the simulation PSIM software that is 

developed by Powersim to specifically simulate power electronic and motor drive systems. 

The comparison takes account into input power factor, input current distortion, power 

losses, switching stress, and cost.  

3.1 Design Considerations 

The conventional dual-stage IPT charging system is illustrated in Figure 3.1. At the 

front end, a conventional boost rectifier is used to shape the grid current and maintain a 

constant DC voltage Vdc across DC-link capacitor Cdc. As a bulky and costly inductor is 

required for the CSIs, an FB VSI is the most common choice at the primary side to generate 

a high-frequency voltage (vp) feeding the primary coil. A SS compensation topology is 

used because it is simple, cost-effective, and primary compensation is independent of the 

coupling coefficient and load [56, 62]. In order to maximize the power transfer capabilities 

and minimize the VA rating of the primary inverter, the resonant circuits at both sides of 

the coupling are usually tuned to the same resonant frequency equal to switching frequency 

(ωs) of the inverter. 
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    (3.1) 

where Lp and Ls are primary and secondary coil self-inductances, and Cp and Cs are primary 

and secondary tuning capacitors. 

Power regulation is conducted using the phase-shift control at the primary inverter 

side. According to [126, 130], considering an ideal IPT system operating at the resonant 

frequency, power transferred from the primary to the secondary side can be given by 

 2

8
sindc b

o p

s

V V
P D

M


 
  (3.2) 

where Dp is the duty cycle of the primary voltage (vp), and M is mutual inductance and can 

be calculated as 

 p sM k L L  (3.3) 

In EV wireless charging applications, the coupling coefficient k may be in the range 

of 0.1- 0.3. In dual-stage topology, the major drawback is low power density due to 

multiple conversion stages and a bulky DC-link capacitor. The reduction of the number of 

power conversion stages can be obtained using MCs. Figure 3.2 shows the IPT charging 

 

Figure 3.1: IPT charging system fed by dual-stage power converter (PFC and FB VSI).  
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system using a buck-derived FBMC [132]. The FBMC constituted by four bidirectional 

switches can directly convert low frequency (50-60 Hz) grid voltage to resonant frequency 

(85 kHz) voltage feeding the inductive coil. During the positive half cycle of the grid 

voltage vg, switches Spnb (n = 1, 2, 3, 4) are turned on and switches Spna are controlled by 

the phase-shift pulse-width modulation (PWM) strategy. Otherwise, during the negative 

half-cycle, the switches Spna are kept on and switches Spnb are controlled by the phase-shift 

PWM strategy. 

An active rectifier is employed in the battery side for shaping the input current. The 

primary and secondary converters are synchronized in every switching cycle so that 

primary voltage vp is 900 lagging with secondary voltage vs, and the duty cycle of the 

secondary voltage is controlled following grid voltage waveform to correct input current 

as shown in Figure 3.2. In [132], The power transferred is controlled by adjusting the duty 

cycle of the primary voltage. 

 

Figure 3.2: IPT charging system fed by buck-derived FBMC.  
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where Vg is the RMS value of the grid voltage. 

Although the buck-derived FBMC based IPT charging system removes the 

intermediate conversion stage, high-frequency communication is required to synchronize 

the PWM patterns of the primary and secondary converters in every switching cycle, which 

increases the control complexity. The boost-derived MC can solve the above issue. It is 

capable of correcting the grid current and regulating power flow through two control loops 

which are similar to those of a conventional boost converter. Figure 3.3 shows an IPT 

topology fed by a boost- derived FBMC  [100]. On the primary side, parallel-series CC 

compensation is used to reduce voltage stress on the MC switches. The tuning capacitor 

Cps is selected so as to limit the maximum peak of vp across the converter switches. It is 

desirable to restrict vp to 0.5~0.7 of the rating voltage of the switches [113]. The switching 

scheme and controller design for boost-derived FBMC are described in [100]. Table 3.1 

shows the component design of the converter components. 

 

Figure 3.3: IPT charging system fed by boost-derived FBMC.  
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Table 3.1: Power conversion topologies and control schemes of the IPT systems 

Topologies Components Parameters 

Dual-stage 

[130] 
Boost inductor Li Inductance Peak current 

2

(max)

21
1

%

g g

i

i o s dc

V V
L

I P f V

 
  

 
 

 ˆ 2
2

o i
Li

g

P I
I

V


   

DC-link capacitor Cdc Capacitance Peak voltage 

2

1

%

o
dc

dc g dc

P
C

V V




 ˆ
2

dc
dc dc

V
V V


   

Boost switch Sb and diode 

Db 

Peak current Break down voltage 

ˆ ˆ 2 2Sb Db o g iI I P V I    ˆ ˆ 2Sb Db dc dcV V V V    

Compensation capacitors  

Cp and  Cs 

Capacitance Peak voltage 

2

0

1
;p

p

C
L


 

2

0

1
s

s

C
L

  
2

0

4ˆ ;b
Cp

p

V
V

C M


 
2

0

4ˆ dc
Cs

s

V
V

C M
  

Primary inverter switches 

Spn  
(n = 1, 2, 3, 4) 

Peak current Break down voltage 

0
ˆ 4Spn bI V M  ˆ 2Spn dc dcV V V   

Secondary rectifier diodes 

Dsn (n = 1, 2, 3, 4) 

Peak current Break down voltage 

0
ˆ 4Dsn dcI V M  ˆ

Dsn bV V  

Buck-
derived FB 

MC  

[132, 141] 

Compensation capacitors 
Cp and  Cs 

Capacitance Peak voltage 

2

0

1
;p

p

C
L


 

2

0

1
s

s

C
L

  
2

0

4ˆ ;b
Cp

p

V
V

C M


2

0

4 2
ˆ g

Cs

s

V
V

C M
   

Primary inverter switches 

Spnx (n = 1, 2, 3, 4 and x = 

a, b) 

Peak current Break down voltage 

0
ˆ 4Spnx bI V M  ˆ 2Spnx gV V  

Secondary rectifier 

switches Ssn (n = 1, 2, 3, 4) 

Peak current Break down voltage 

0
ˆ 4 2Ssn gI V M  ˆ

Ssn bV V  

Boost-

derived FB 

MC 

[100] 

Boost inductor Li Inductance Peak current 

2 2i g i sL V I f   ˆ 2 2Li o g iI P V I   

Compensation capacitors 

Cpp, Cps, and  Cs 

 

Note: Cps is designed to 

limit the peak of primary 

voltage vp, which is the 

voltage stress on MC 

switches. 

Capacitance Peak voltage 

2

0

1
;s

s

C
L

  

2

0

2
4 4

20
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1
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Primary inverter switches 

Spnx (n = 1, 2, 3, 4 and x = 

a, b) 

Peak current Break down voltage 

ˆ 2 2Spnx o g iI P V I   ˆ ˆ
Spnx pV V  

Secondary rectifier diodes 

Dsn (n = 1, 2, 3, 4) 

Peak current Break down voltage 

ˆ
Dsn o bI P V  ˆ

Dsn bV V  
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3.2 Specifications of the IPT charging systems 

The IPT charging systems are designed in compliance with the level 1 (WPT1) of 

static wireless charging standard for light-duty vehicles provided in SAEJ2954 technical 

information report [26] with power rating Po = 3.3 kW, operating frequency fs = 85 kHz, 

grid voltage Vg = 208 V, and battery voltage Vb = 300–400 V.  The parameters of the 

charging system with each type of power conversion configuration are shown in Table 3.2. 

All the parameters are calculated based on Table 3.1.  The selection of components is based 

on their maximum current and voltage stresses. Note that, available discrete Rohm SiC 

MOSFETs and Schottky diodes are considered for all power conversion topologies. 

 

Table 3.2: Specifications of IPT charging systems 

Topologies Parameter Symbol Value Unit 

Dual-stage Primary, secondary, mutual 

inductance 

Lp, Ls, M 356, 328, 65 H 

Compensation capacitors Cp, Cs 10, 11 nF 

Boost inductor Li 0.215 mH 

DC-link capacitor Cdc 1540 F 
DC-link voltage Vdc 400 V 

Grid filter inductor Lg 0.215 mH 

Grid filter capacitor Cg 0.78 F 
Output filter capacitor Co 500 F 

Buck-derived 

FBMC 

Primary, secondary, mutual 

inductance 

Lp, Ls, M 111, 111, 24 H 

Compensation capacitors Cp, Cs 32, 32 nF 

Grid filter inductor Lg 0.215 mH 

Grid filter capacitor Cg 0.78 F 
Output filter capacitor Co 500 F 

Boost-derived 
FBMC 

Primary, secondary, mutual 
inductance 

Lp, Ls, M 111, 111, 24 H 

Compensation capacitors Cps, Cpp, Cs 43, 115, 32 nF 

Boost inductor Li 0.215 mH 

Grid filter inductor Lg 0.036 mH 

Grid filter capacitor Cg 0.136 F 
Output filter capacitor Co 500 F 

 



 

37 

 

Moreover, LC filters are used as interfaces between the grid and the charging systems to 

limit current harmonic injection due to the switching power converters. The LC filters are 

designed based on the spectrum analysis of the input current waveforms (ii). The details of 

selected components for different power conversion stages are listed in Table 3.3.  

Figure 3.4, 3.5 and 3.6 show the typical waveforms of IPT charging systems with 

different power supply topologies. It can be seen that the absence of DC-link energy storage 

Table 3.3: Main components of power conversion stages 

Topolo

-gies Components Symbol Part number Quantity Rating 

Unit 

cost 

($) ** 

Dual-
stage 

Front-end rectifier 
diodes 

Dgn
* SCS240AE2C-ND 4 

650 V/40 A 12.75 

Boost diode Db SCS240AE2C-ND 1 650 V/40 A 12.75 
Boost switch Sb SCT3060ALGC11-ND 1 650 V/39 A 8.74 
Primary inverter 
switches 

Spn
* 

SCT3120ALHRC11-ND 4 650 V/21A 7.02 

Secondary rectifier 
diodes 

Dsn
* 

SCS230AE2HRC-ND 4 650 V/30 A 8.97 

Boost inductor Li HF5712-561M-25AH 2 parallel 25 A/430 H 29.25 

DC-link capacitor Cdc LGN2X221MELC50 7 parallel 600 V/220 F 7.78 

Grid inductor Lg HF5712-561M-25AH 2 parallel 25 A/430 H 29.25 

Grid capacitor Cg B32656T7394K000 2 parallel 500 V/0.39 F 4.23 

 Gate driver IC N/A UCC5390SCD 5 N/A 2.16 
 Gate driver supply N/A R12P21503D 4 +15 V/-3 V/2 W 7.11 

Buck-
derived 
FBMC 

Primary MC 
switches 

Spna, Spnb
 * 

SCT3030ALGC11-ND 8 650 V/70 A  19.46 

Secondary rectifier 
diodes 

Ssn
* 

SCT3060ALGC11-ND 4 650 V/39 A 8.74 

Grid inductor Lg HF5712-561M-25AH 2 parallel 25 A/430 H 29.25 

Grid capacitor Cg B32656T7394K000 2 parallel 500 V/0.39 F 4.23 

 Gate driver IC N/A UCC5390SCD 12 N/A 2.16 
 Gate driver supply N/A R12P21503D 7 +15 V/-3 V/2 W 7.11 

Boost-
derived 

FBMC 

Primary MC 
switches 

Spna, Spnb
 * 

SCT2080KEC-ND 8 1200 V/40 A 17.77 

Secondary rectifier 
diodes 

Dsn
* 

SCS240AE2C-ND 4 650 V/40 A 12.75 

Boost inductor Li HF5712-561M-25AH 2 parallel 25 A/430 H 29.25 

Grid inductor Lg HF467-980M-25AV 2 parallel 25 A/72 H 21.15 

Grid capacitor Cg B32654A1683K000 2 parallel 500 V/68 nF 1.01 
 Gate driver IC N/A UCC5390SCD 8 N/A 2.16 
 Gate driver supply N/A R12P21503D 4 +15 V/-3 V/2 W 7.11 

                *n = 1, 2, 3, 4. 
           ** Pricing source: Digikey and Mouser, June 20, 2020. 
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in MC based topologies causes a double line frequency fluctuation in transferred power. 

This results in a fluctuating charging current as shown in Figure 3.5 and 3.6. As reported 

in [101, 103-108], batteries can be charged by double line frequency (100 or 120 Hz) 

current with negligible side effects on their performance, and the MC based IPT systems 

advantageously adopt the low-frequency sinusoidal current ripple charging technique and 

remove the intermediate DC-link capacitors to improve their power density. However, the 

power fluctuation in the MC based topologies causes higher current stresses on the 

switching devices, which is demonstrated in Section 3.3.2. 

 

 

     

Figure 3.4: Simulation waveforms of IPT charging systems fed by dual-stage converter 

with the horizontal magnification of the high-frequency signals (vp, ip, vs, and is). 
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Figure 3.5: Simulation waveforms of IPT charging systems fed by boost-derived FBMC 

with the horizontal magnification of the high-frequency signals (iip, vp, ip, vs, and is). 

  

     

Figure 3.6: Simulation waveforms of IPT charging systems fed by buck-derived FBMC 

with the horizontal magnification of the high-frequency signals (ii, vp, ip, vs, and is). 
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3.3 Performance Comparison 

3.3.1 Input Power Factor and Input Current Distortion 

An EV charger must ensure a good grid power quality with high power factor and 

low current distortion. All three topologies provide sinusoidal grid currents with the power 

factor of 0.99. Figure 3.7 shows total harmonic distortion (THD) of the grid current under 

different load conditions (20%, 50% and 100% of load). It can be seen that the three 

topologies can be preferred in order of boost-derived FBMC, dual-stage converter, and 

buck-derived FBMC regarding grid current distortion. Despite having the identical input 

LC filter, the buck-derived FBMC injects higher current harmonics to the grid than dual-

stage topology since its input current is discontinuous. The boost-derived FBMC has the 

continuous input current with ripple frequency at a twice switching frequency, thereby 

gaining the significant harmonic reduction of grid current with a smaller input filter. 

3.3.2 Switching Stress 

Figure 3.8 (a) and (b) show maximum current and voltage stress on the converter 

switches. Although the parallel-series CC compensation is used, the switches of boost-

derived FBMC still suffer from high voltage stress. The buck-derived FBMC is 

 

Figure 3.7: Total harmonic distortion (THD) of grid current. 



 

41 

 

characterized by low switch voltage stress (grid voltage peak) and high switch current 

stress. The dual-stage topology exhibits the lowest switch current stress in the primary 

inverter and secondary rectifier. As the result of the large charging current ripple as shown 

in Figures 3.5 and 3.6, the current stresses on the secondary rectifiers of the MC-based 

systems is higher compared to the dual-stage system. The high current or voltage stresses 

on the switching devices of the MC topologies might lead to high thermal stresses and 

challenging thermal management. However, this issue can be mitigated by using the SiC 

switching devices. These devices have a low voltage drop, thereby generating lower heat 

during operation. 

  

(a) 

 

(b) 

Figure 3.8: Switching stresses. (a) Current stress, and (b) Voltage stress. 
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3.3.3 Efficiency and Loss Distribution 

The losses on the conversion stages of each system are simulated and analyzed using 

the thermal modules in PSIM simulation. The efficiency of the power conversion stages of 

each system versus various output power is illustrated in Figure 3.9. It is clear that the 

efficiency of the buck-derived FBMC system is the highest (almost 98%) at full load 

conditions, but it decreases gradually to 93% at the light load conditions. In contrast, the 

efficiency of the boost-derived FBMC system steadily increases from 92.5% to 96% when 

the load decreases from 100% to 20%. The dual-stage system remains fairly high efficiency 

(94%~96.5%) in a wide load range. The detailed loss distribution of the three systems is 

shown in Figure 3.10. It can be observed that the conduction losses of primary converters 

dominate the total losses of power conversion stages. In the dual-stage system, the 

conduction losses of the front-end rectifier and the primary inverter are the two major parts. 

For the single-stage systems, the conduction losses of MCs contribute to the largest 

proportions (> 60%). 

 

Figure 3.9: Power-conversion-stage efficiency. 
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 20% of load 100% of load 

(a) 

 

 20% of load 100% of load 

(b) 

 

 20% of load 100% of load 

(c) 

Figure 3.10: Loss distribution. (a) Dual-stage topology, (b) Buck-derived FBMC, and (c) 

Boost-derived FBMC. 
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As shown in Figure 3.10 (c), the conduction loss of the boost-derived MC converter 

dramatically increases with the increase in load, and its maximum value at the full-load 

condition is much higher compared to the other topologies. As a result, a higher heat is 

produced, which requires a larger cooling system. Moreover, based on the detail loss 

distribution, the opportunities of efficiency improvement can be explored. Particularly, the 

PFC rectifier (front-end diode rectifier and boost converter) contributes significant losses 

in the dual-stage topology, as shown in Figure 3.10 (a), so it can be replaced with an active 

FB PFC rectifier with lower losses [111], in turn to increase the system efficiency.  

3.3.4 Cost 

Cost is also an important quantity to evaluate the performance of a power converter. 

The cost structure of each charging system excluding inductive coupling coils and 

compensation networks is illustrated in Figure 3.11. The costs of the power conversion 

stages are calculated based on the component cost, referred to Digikey and Mouser on June 

20, 2020, given in Table 3.3. In order to simplify the cost analysis, the auxiliary cost 

including printed circuit board (PCB) cost, cooling system cost and housing cost is assumed 

to be 10% of the power converter cost. Note that, MOSFETs are driven by isolated gate 

drivers, and MOSFETs having common-source connection utilize a common gate driver 

power supply to reduce the system cost. This shows that the cost of single-stage systems is 

lower than that of the dual-stage counterpart. The buck-derived FBMC system is the most 

cost-effective solution, it presents 6.3 % less cost than the dual-stage system. It is found 

that the costs of the passive components dominate in the dual-stage system, whereas the 

semiconductor devices of MCs occupy the largest portions in the total cost of the single-

stage systems. 
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3.4 Discussions  

From the above analysis, it can be observed that the three IPT charging systems have 

their own advantages and disadvantages. The MC based IPT systems advantageously adopt 

the SRC charging technique and remove the intermediate DC-link capacitors. A 

comparison summary of the three IPT charging systems is shown in Figure 3.12, where 

performance indices are presented on a scale range from 1 (worst) to 3 (best). In order to 

evaluate the efficiencies of the three systems, their average values under all load conditions 

are considered. The switching stresses are assessed based on the product of the maximum 

current and voltage stresses. It is concluded that the buck-derived FBMC surpasses the 

other counterparts with the advantages of high efficiency, cost reduction and possible 

power density improvement due to less component count, while the boost-derived FBMC 

 

Figure 3.11: Component cost structure of the charging system excluding inductive 

coupling coils and compensation networks. 
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has the greatest input current quality due to the feature of the continuous input current with 

ripple frequency at a twice switching frequency. The conventional dual-stage topology has 

the lowest stress on switching devices, and its efficiency maintains a comparable level over 

wide load range.  

3.5 Summary 

This chapter presented design considerations of the conventional dual-stage topology 

and two potential single-stage topologies including buck- and boost-derived FBMCs were 

presented with detailed design equations. In addition, the comprehensive performance 

comparison of these topologies was provided through the simulation results. The 

comparison strengthened the understanding of the properties and issues of the systems, 

which is a crucial guideline for improving the IPT systems. It can be seen that although the 

DC-link capacitors are removed in the single-stage topologies, they still have the 

drawbacks of many active switches (4 bidirectional switches = 8 MOSFETs), complex 

control strategies, or low input current quality. In order to further improve the system 

 

Figure 3.12: Comparison summary of the dual-stage and single-stage IPT systems. 
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performance, new switch-count-reduced single-stage topologies with a simple control 

scheme and high-quality input power should be developed. 
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Chapter 4. Soft-switched, Active-clamped Half-bridge Boost Inverter 

for Inductive Wireless Charging Applications  Operation 

Principles, Modeling and Design 

4.1 Introduction 

An inductive wireless charging system basically consists of a loosely coupled coil 

pair, compensation networks, a primary inverter, and a secondary rectifier. Both the 

primary and secondary capacitive compensation networks are required in IPT systems to 

compensate reactive power consumed by the coils, consequently to reduce the VA rating 

of the power converters, and to increase the power transfer efficiency of the system [139]. 

Based on the placement of compensation capacitors, the four basic topologies of 

compensation networks can be classified such as SS, SP, PS, and PP [80, 142-144]. Among 

the aforementioned compensation networks, the SS topology is suitable for the EV 

charging applications since it is simple, load/mutual coupling-independent compensation, 

constant output current, efficient, cost-effective, and has low coil-fabrication copper mass 

in high-power applications [19, 56, 62-64]. 

In the inversion stage, the CSIs or the VSIs can be employed to generate a high-

frequency AC current or voltage feeding the primary coil through the compensation 

network. The VSIs are widely utilized in the IPT applications due to high efficiency, low 

component count, and low control complexity [81, 121-123, 127, 137]. However, the 

discontinuous input current in the VSIs requires a bulky input EMI filter which is the major 

drawback. The CSIs are preferable in applications where a continuous and low-ripple input 

current is demanded. However, CSI based IPT systems have some of following drawbacks: 

1) Extra blocking diodes are required, which increases the inverter design complexity, the 
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size and the cost of the systems; 2) The CSIs are compatible to the primary parallel 

compensation topologies, in which the compensation capacitor values varies with the 

variation of mutual inductance and load, and the inverter switches suffer from high voltage 

stress; and 3) CSI based IPT systems usually adopt the variable frequency control technique 

for load regulation, which causes the start-up and bifurcation issues, as well as a significant 

efficiency degradation due to a large circulating current when the switching frequency 

highly deviates from the resonant frequency.  

The use of an active-clamped half-bridge boost inverter (HBBI), in which a boost 

converter is integrated with a HB VSI, can overcome the above issues. According to [145], 

the major advantages of this particular inverter are listed as follows:  

1) Switching component count is less compared to the CSIs and FB VSI; 

2) Low-ripple input current minimizes input filter;  

3) Unlike conventional CSIs, the active-clamped HBBI generates a high-frequency 

voltage, so it is naturally compatible to the SS-IPT system; 

4) The active-clamped HBBI can adopt both the fixed-frequency and variable 

frequency control techniques for the load regulation. 

In the fixed frequency control, the switching frequency of the inverter is kept at a 

constant value, which is slightly different from the primary resonant frequency to obtain 

soft-switching operation. In order to control the power flow, the duty cycle of the inverter 

switches is varied. For the variable switching frequency control scheme, the duty cycle of 

the gating signals is maintained constant at 50% and the switching frequency is varied to 

regulate the output power. However, in the EV charging applications with a wide variation 



 

50 

 

of the mutual inductance and load, the frequency control method requires a wide operating 

frequency band to regulate output power. It causes the difficulties to comply the light-duty 

EV static wireless charging standard, SAEJ2954, with a limited operating frequency band 

of 81.39 kHz - 90 kHz, and to design passive components. Moreover, it exacerbates EMI 

problems, and efficiency degradation [53, 143, 146]. In this chapter, the analysis, modeling, 

and design for the fixed-frequency-controlled active-clamped HBBI based SS-IPT 

charging system are presented in detail. Figure 4.1 shows the topology of the active-

clamped HBBI based SS-IPT charging system.  

The achievement of an accurate modeling plays a vital role in the design and control 

of switching power converters. The well-known state-space averaging method [147] is 

successfully used to model switching power converters; however, this method is invalid to 

model resonant converters, where the switching frequency of the converters is close to the 

natural frequency of the resonant circuits. Among the modeling techniques for the resonant 

converters, the EDF method [148] is widely used because it is simple, intuitive and 

accurate. Here, the EDF method is adopted for modeling the active-clamped HBBI based 

 

 

Figure 4.1: Active-clamped HBBI based SS-IPT charging system. 
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SS-IPT charging system. By using the EDF method, the large-signal model, steady-state 

model and small-signal model are obtained. The steady-state analysis is used to develop an 

effective design approach to achieve ZVS operation for the active-clamped HBBI based 

SS-IPT charging system. In addition, the proposed design approach allows the system to 

avoid the bifurcation. 

4.2 Operation Principles 

The key steady-state waveforms of the active-clamped HBBI based SS-IPT charging 

system are shown in Figure 4.2. The steady-state duty cycle D is defined as the ratio 

between the on-time of the upper switch S1 and the switching period, Ts, without 

considering dead time. However, in practical implementation, a dead time td is introduced 

to prevent the short circuit through the clamping capacitor Ci. For operation analysis, the 

system is simplified by replacing the secondary circuit with an equivalent impedance Zeq 

[63]. Eight operation modes can be classified in one switching cycle as shown in Figure 

4.3. 

Mode 1 (t0 – t1): This mode begins with ip > iLi. During this mode, the boost inductor 

Li discharges its energy into the resonant tank. The difference between the input current iLi 

and the primary current ip is compensated by capacitor Ci through the upper switch S1, 

which has been turned ON in the previous interval. This mode finishes when S1 is turned 

OFF. 

Mode 2 (t1 – t2): The upper switch S1 is turned OFF at t = t1. Due to the dead time, 

the lower S2 is still OFF, and the difference between iLi and ip is shared to charge and 

discharge the output capacitors of the switches, Coss1 and Coss2, respectively. This mode 
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finishes at t = t2 when the voltage across Coss1 reaches VCi, and the voltage across Coss2 

becomes zero. The interval of this mode can be given as 

 
)()(

)(

11

21
122mode

titi

VCC
ttt

Lip

Ciossoss




  (4.1) 

Mode 3 (t2 – t3 – t4): As soon as voltage across S2 reaches zero, the body diode of S2 

starts conducting a current equal ip – iLi. The input current iLi flows through the resonant 

tank to charge the boost inductor Li, and it begins linearly increase. At t = t3, S2 is turned 

 

Figure 4.2: Steady-state waveforms of the active-clamped HBBI based SS-IPT charging 

system. 
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ON with ZVS because its body diode has been conducting in the previous interval. This 

mode finishes at t = t4 when iLi is equal to ip. 

Mode 4 (t4 – t5): This mode begins with ip < iLi. The current flowing through S2 

reverses its direction. The input current iLi is still linearly increasing. This mode finishes at 

t = t5 when ip becomes zero. 

    

    

    

    

Figure 4.3: Circuit states of the operation modes during one switching cycle. 
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Mode 5 (t5 – t6): During this mode, ip becomes negative, and S2 carries both ip and iLi. 

The input current iLi keeps linearly increasing. This mode finishes at t = t6 when ip returns 

to zero. 

Mode 6 (t6 – t7): This mode begins with ip > 0, and it is identical to mode 4. 

Mode 7 (t7 – t8): The switch S2 is turned OFF at t = t7. Due to the dead time, S1 is still 

OFF, and the difference between iLi and ip is shared to discharge and charge Coss1 and Coss2, 

respectively. The input current iLi starts decreasing. This mode finishes at t = t8 when the 

voltage across the capacitor Coss1 is zero and the voltage across Coss2 reaches VCi. The 

interval of this mode can be expressed as 
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  (4.2) 

Mode 8 (t8 – t9 – t10): As soon as the voltage across S1 becomes zero, the body diode 

of S1 starts conducting a current equal iLi – ip. The boost inductor Li discharges its energy 

into the resonant tank and the capacitor Ci. The current iLi linearly decreases. At t = t9, S1 

is turned ON with ZVS because its body diode has been conducting in the previous interval. 

At t = t10, ip equals iLi, and the circuit state returns to mode 1 to restart a new cycle. 

4.3 Modeling Analysis 

Figure 4.4 shows the equivalent circuit of the proposed IPT charging system. The M-

equivalent circuit is used to model the loosely coupled coils for the analysis in. In order to 

simplify the analysis, some assumptions are made as follows:  

1) All switches and diodes are ideal. 

2) Dead time is neglected. 
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3) Inductors, capacitors and coils have no parasitic resistance 

4) Boost inductor Li is sufficiently large to maintain constant low-ripple current. 

 5) Capacitors Ci and Co are sufficiently large to maintain constant low-ripple voltages. 

6) Primary and secondary currents (ip and is) are nearly sinusoidal. 

4.3.1 Nonlinear State Equations 

Based on the equivalent circuits shown in Figure 4.4, the nonlinear state equations 

can be derived as follows 

 Cii
Li

i mvv
dt

di
L   (4.3) 

  pLi
Ci

i iim
dt

dv
C   (4.4) 

             

 (a)  (b) 

 

  (c) 

Figure 4.4: Equivalent circuits. (a) Inversion stage, (b) Resonant inductive coupling, and 

(c) Rectification stage.   
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where m in (4.3) and (4.4) is the switching function of the inverter. It equals 1 when S1 is 

ON and S2 is OFF, otherwise it equals 0. 
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where d is the duty cycle defined with respect to the on-time of S1.  

By rearranging (4.5) and (4.6), we have 
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where 
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The output voltage vo is given as 

 bobo virv   (4.13) 

where rb is the internal battery resistance. 

4.3.2 Harmonic Approximation and Extended Describing Functions 

In the resonant inductive coupling circuit shown in Figure 4.4 (b), the primary and 

secondary currents, ip and is, and the primary and secondary compensation capacitor 

voltages, vCp, and vCs, are nearly sinusoidal. Thus, they can be approximated to their 

fundamental components which are described in sine and cosine terms [149]. Equations 

(4.14)–(4.17) show their approximation and the derivative of these quantities  

 titii sxcsxsx  cossin   (4.14) 

 tvtvv sCxcsCxsCx  cossin   (4.15) 
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  (4.17) 

where x refer to p and s. 

Also, the nonlinear terms, vp and vs, in the resonant inductive coupling circuit can be 

approximated to their fundamental components 
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where the operator )(sign is the sign function, and 
22

scsssp iii  . 

In the inversion and rectification stages, the state variables, iLi, vCi, io, and vo, are 

dominated by DC components, so they are approximated to their DC components. The DC 

approximation of the terms Cii mvv  ,  pLi iim  , and si  in (4.3), (4.4), and (4.9) can be 

obtained as follows 
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where the operator 
dc

 denotes the DC approximation function. 

4.3.3 Harmonic Balance 

By applying (4.14)–(4.22) to (4.3)–(4.4), (4.7)–(4.9), and (4.11)–(4.12), we obtain    

1
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Equating the coefficients of sine, cosine and DC terms in (4.23)–(4.29), the following 

equations can be derived 
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The equations (4.13), and (4.30)–(4.40) represent the large-signal model of the 

active-clamped HBBI based SS-IPT charging system. The steady-state model and small-

signal model can be extracted from this model. 

4.3.4 Steady-state Model 

In the steady-state condition, all variables in (4.13), and (4.30)–(4.40) are constant, 

thus their derivatives equal zero. Upper-case letters are used to denote the steady-state 

values. The detailed derivation of the steady-state equations can be found in Appendix A. 

The steady-state solution is given as follows 

 ststst BAX 1  (4.41) 

  Ci iV V D  (4.42) 

 D
D

I
I

ps

Li 


sin  (4.43) 

 2o spI I π  (4.44) 

 bobo VIrV   (4.45) 

where  

2 2 2

1 1

1 1

2

0 0 1 0 0

0 0 1 0 0

0 0 0 0 1

0 0 0 0 1
,

0 1 0 0 0 0 0

0 0 0 1 0 0 0

1 0 0 0 0 0 0

0 0 1 0 0 0 0

s s m m

m s s m m

s s m

s m s m

st

s p

s s

s p

s s

L L R L L L

L R L L L L

L R L L

L R L L
A

C

C

C

C

 
 


 
 
 
 
 
 

 
 
 

  

 



 

62 

 

2 sin 2 sin
0 0 0 0 0 0 ,

T

i i
st

V D V D
B

D D

 

 

 
  
 

 

,
T

st ps pc ss sc Cps Cpc Css CscX I I I I V V V V     

2

8
( ) ,b

s b

o

V
R r

I
    

2 2 .sp ss scI I I   

4.3.5 Small-signal Model 

The small-signal model can be derived by perturbing and linearizing the large-signal 

model. Firstly, each variable in (4.13), and (4.30)–(4.40) is decomposed in a steady-state 

value and a small perturbation. Then by linearizing the nonlinear terms (using Taylor’s 

series expansion in Appendix A.1) and separating perturbation terms from the steady-state 

terms. The detailed derivation of the small-signal equations can be found in Appendix A. 

The small-signal model in a state-space representation can be expressed as 
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 uDxCy ˆˆˆ   (4.47) 

where the operator ̂ denotes the perturbation term, and  
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Control-to-output transfer functions can be obtained as follows 
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where s is the Laplace operator, and I is the identity matrix. 

4.4 Design Approach for ZVS 

In order to reduce the switching losses of the inverter, soft switching is necessary. In 

this section, a design approach is proposed to achieve ZVS for the active-clamped HBBI 

based SS-IPT charging system controlled by the fixed-frequency PWM scheme. In the 

proposed design procedure, the secondary coil is tuned to the switching frequency to 

maximize the power transfer capability. The design guidelines in [130] are employed to 

avoid the bifurcation phenomenon. 

4.4.1 Boost Inductor (Li) 

Regarding the input voltage and the rating voltage of the inverter switches, the 

minimum value for duty cycle D is obtained using (4.42). It is desirable to restrict VCi to 
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50% ~ 70% of the peak device voltage. Once the minimum duty cycle is obtained, the boost 

inductor is designed to meet the input current ripple requirement 
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where ILi is the input current ripple. 

The average input current ILi is given by  
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where Po is the output power, and  is the system efficiency. 

4.4.2 Mutual Inductance (M) 

As shown in Figure 4.5, the ZVS for S1 can be obtained when it is activated during 

ip < iLi, and their difference is sufficiently large to fully discharge and charge Coss1 and Coss2 

during the dead time. On the other hand, the ZVS for S2 is achieved when it is activated 

during ip > iLi, and their difference is sufficiently large to fully charge and discharge Coss1 

and Coss2 during the dead time. Thus, the ZVS conditions for S1 and S2 are as follows 
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 In the steady-state condition, the primary current ip can be represented as 

 tItIti spcspsp  cossin)(   (4.55) 

Substituting (4.55) into (4.51)–(4.54), the ZVS conditions for S1 and S2 are given as 

follows  
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Figure 4.5: Key waveforms of the primary inverter.   
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where VCi and Ips are calculated using (4.42) and (4.43). 

To meet all the ZVS conditions of the switches S1 and S2, Ipc is selected to be less 

than or equal to the lowest value from (4.56)–(4.59). Once the Ipc is selected, the mutual 

inductance M is designed. Assumed that rb is small and ignorable, M is obtained as 
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where 22

pcpspp III  . 

4.4.3 Primary and Secondary Self-inductance (Lp and Ls) 

The secondary self-inductance Ls is calculated based on secondary quality factor Qs. 

The Qs can be selected in the range of 2 to 10 [150]. The value of Ls is given by 
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  is the AC equivalent resistance seen at the input of the secondary 

rectifier. 

The primary self-inductance Lp is derived as following 
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where k is the coupling coefficient. In [130], in order to avoid bifurcation, the k should be 

 2
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4.4.4 Primary and Secondary Compensation Capacitors (Cp and Cs) 

The secondary compensation capacitor Cs resonates with the secondary self-

inductance Ls at the switching frequency, so it is obtained as 
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The phase angle between vp and ip is given by 
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where p is primary resonant frequency, and Qp is the primary quality factor  
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Substituting (4.66) into (4.65), the primary resonant frequency p can be found 
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Then the primary compensation capacitor Cp is given by 
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4.4.5 Clamping Capacitor (Ci) 

To avoid affecting primary resonant tank (Lp and Cp), the clamping capacitor Ci 

should be sufficiently larger than Cp. Here, Ci is selected to be 50 times the Cp. 

  pi CC 50  (4.69) 

The average voltage across the clamping capacitor is given by (4.42). As shown in 

Figure 4.5, during [Ts/4 – DTs/2, tx], iLi is larger than ip, so Ci is charged, and vCi gradually 

increases. Contrarily, during [tx, Ts/4 + DTs/2], iLi is smaller than ip, so Ci is discharged, and 

vCi decreases. The voltage ripple ΔVCi across Ci can be approximated as 
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where 
 arcsin Li pp p

x

s

I I
t






  is the instant when iLi intersects with ip. 

4.5 Summary 

The comprehensive analyses including the operation principles, modeling and ZVS 

design method for the active-clamped HBBI based SS-IPT charging system under the 

fixed-frequency control were presented in this chapter. The derivation of the large-signal, 

steady-state, and small-signal models using the EDF method was provided in detail. The 

derived steady-state model was employed to develop a design methodology to achieve ZVS 

and eliminate bifurcation. The derived eleventh-order small-signal model can be used to 
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gain all the transfer functions of the system, which is useful for the system dynamic analysis 

and controller design. The accuracy and feasibility of the derived models and proposed 

design methodology will be verified by simulation and experimental results in the next 

chapter. 
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Chapter 5. Validation of Soft-Switched, Active-clamped Half-bridge 

Boost Inverter based Inductive Wireless Charging System 

5.1 Hardware Description 

To verify the theoretical analysis in Chapter 4, a 1.0-kW laboratory prototype with a 

closed-loop current controller is designed and implemented as shown in Figure 5.1. The 

major specifications are as follows: the input voltage Vi = 150 V, the nominal battery 

voltage Vb = 72 V, and the rated output power Po = 1 kW. A switching frequency of 85 

kHz is selected based on the light-duty EV static wireless charging standard, SAEJ2954. 

SiC MOSFETs (SCT3060AL) are employed for S1 and S2 to enhance the system efficiency. 

The rated voltage of the switches is 650 V. The proposed design method to obtain ZVS and 

avoid bifurcation in Section 4.4 in Chapter 4 is utilized to design the prototype. The 

minimum value of the duty cycle D should be about 0.33 when the voltage VCi is limited 

to 70% of the rated device voltage. It is assumed that the overall system efficiency  is 0.9. 

The output capacitance across the switches (Coss1 = Coss2 = Coss = 600 pF) includes parasitic 

output capacitance of the switches (130 pF) and an external capacitor (470 pF). The 

addition of the external capacitors is to reduce the turn-off losses of the switches. The dead 

time td is 0.4 s, the secondary quality factor Qs is 4.4, and the coupling coefficient k is 

about 0.15. A programmable DC power electronic load (Chroma 63205A-1200-200) at 

constant voltage mode is utilized to emulate the battery voltage in the experimental 

verifications. Film capacitors are used to implement the compensation capacitors. They are 

arranged in array forms to obtain the required capacitance values, voltage and current 

ratings. A film capacitor (WCAP-FTXX-890334026020) is used for the clamping 

capacitor. The secondary rectifier is implemented using schottky diodes (APT100S20BG).  
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The inductive coils are fabricated in a planar circular geometry with 26 turns on the 

primary side and 6 turns on the secondary side. The outer diameters of the primary and 

secondary coils are 490 mm and 440 mm, respectively. The litz wire with 1050 strands of 

AWG 38 is used to fabricate both coils. The nominal air gap between primary and 

secondary coils is 170 mm, where the mutual inductance is 15 H. The detailed prototype 

parameters are listed in Table 5.1. The calculation of these parameters is shown in 

Appendix B. 

Moreover, the dynamic behavior of the designed charging system is investigated, and 

a digital controller for charging current regulation is developed based on the derived small-

signal model. The SmartFusion FPGA, A2F200M3F, is utilized to implement the close-

loop control and generate PWM signals driving the inverter. 

 

Figure 5.1: Experimental setup.   
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5.2 Verification of Small-Signal Model 

Various control-to-output transfer functions can be derived from the small-signal 

model presented in Section 4.3.5. Based on the transfer functions, close-loop controllers 

can be designed to regulate. i.e., the input current, output current and output voltage. In the 

battery charging applications, the output current and output voltage should be controlled. 

In this chapter, the fixed-frequency PWM control scheme is employed, thus the duty cycle-

Table 5.1: IPT charging system specifications 

Parameter Symbol Value Unit 

Maximum output power Po 1 kW 

Battery voltage Vb 72 V 

Input voltage Vi 150 V 

Switching frequency fs 85 kHz 

Maximum input current ripple ILi 1 A 

Peak device voltage Vds(max) 650 V 

Output capacitance of switch Coss 600 pF 

Dead time td 0.4 s 

Primary self-inductance Lp 298 H 

Secondary self-inductance Ls 35 H 

Mutual inductance M 15 H 

Primary compensation 

capacitor 

Cp 12.9 nF 

Secondary compensation 

capacitor 

Cs 100.2 nF 

Boost inductor Li 1.36 mH 

Clamping capacitor Ci 0.68 F 

Output capacitor Co 520 F 
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to-output current transfer function, Gid(s), and duty cycle-to-output voltage transfer 

function, Gvd(s) should be derived. In order to verify the accuracy of the derived transfer 

functions, their Bode plots are compared with the circuit-based AC-sweep results by using 

PSIM software. Figure 5.2 and 5.3 illustrate the Bode plots for Gio_d(s) and Gvo_d(s) at D = 

0.34 and Vb = 72 V. It can be observed that the AC-sweep results follow closely the Bode 

plots of the transfer functions. The –180-degree phase angle of Gio_d(s) and Gvo_d(s) at low 

frequencies indicates that the output current and the output voltage are inversely 

proportional to the duty cycle. 

 

   

Figure 5.2: Bode plots at D = 0.34 and Vb = 72 V (Simulation results). (a) Duty cycle–to–

output current. (b) Duty cycle–to–output voltage. 
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5.3 Output Current Controller Design 

In the EV applications, the constant-current constant-voltage (CC-CV) charging 

technique, where both battery current and voltage are controlled, is widely employed [151-

153]. Another charging method, namely multi-step constant-current (MCC), was proposed 

in [154, 155]. Note that, the output voltage controller is not necessary in the MCC method. 

Instead of that, the magnitude of the charging current in each step is controlled to optimize 

the charging process. As a result of that, accurately controlling the battery current is 

essential in this charging technique. 

 

Figure 5.3: Bode plots at D = 0.34 and Vb = 72 V (Simulation results). (a) Duty cycle–to–

output current. (b) Duty cycle–to–output voltage. 
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The derived small-signal model in Chapter 4 is used to design a controller regulating 

the output current. Figure 5.4 shows the block diagram of the current control loop, where 

KPWM = 1/400 is a PWM gain, KC = 0.06 is a current sensing gain, and KADC = 1024/2.56 is 

a 10-bit analog-to-digital converter gain. As the output current is inversely proportional to 

the duty cycle, a gain –1 is added in the loop. Since the controller and PWM modulator are 

digitally implemented on the FPGA platform with the uniform single sampling and single 

duty update mode as shown in Figure 5.5, a time delay, 1.5Ts, including the computational 

delay and the PWM modulator delay is added in the loop [156]. 

 

  

Figure 5.4: Block diagram of the current control loop. 

 

Figure 5.5: Timing diagram of current sampling and duty cycle update.  
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Dominant pole compensation method is used to design the current controller with 

two objectives: 1) The loop gain at DC and low frequency is as high as possible to minimize 

steady-state error, 2) The loop gain at the dominant pole should be less than or equal to 0 

dB to ensure a positive phase margin, in turn stability. For those purposes, an integral 

controller given by (5.1) is employed. The integral controller can help to eliminate the 

steady-state error. 

 
830

( )cG s
s

  (5.1) 

Figure 5.6 shows the Bode plot of the loop gain at the nominal condition (Vi = 150 

V, Vb = 72 V and Io = 14 A). The crossover frequency (fc) is 300 Hz, the phase margin (PM) 

is 68o, the DC gain is infinite, and the gain of the dominant pole at 2000 Hz is – 6 dB. 

Once the continuous time controller has been designed, a discretization method is 

used to transform the controller into the z domain. By using the backward Euler method 

with the sampling frequency equaling to the switching frequency, the discretized controller 

is given 

 1

0.00976
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 (5.2) 

The differential algorithm for the digital integral controller is given by 

      0.00976 1u k e k u k    (5.3) 
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where e[k] is the error between the command and the feedback signal at the sampling 

instant kth, u[k] and u[k1] are the outputs of the controller at the sampling instant kth and 

(k1)th, respectively. 

5.4. Verifications and Discussions 

5.4.1 Current controller performance 

Figure 5.7 shows the steady-state current and voltage waveforms at the input, output, 

primary and secondary coils when the system is operating at the nominal condition. It can 

be seen that the output current contains no steady-state error, the converter duty cycle 

maintains about 0.34, and the input current ripple is 0.9 A. The designed inverter and 

 

Figure 5.6: Bode plots of the current control loop. 
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controller meet the demands of the output current steady-state error, the minimum duty 

cycle, and the input current ripple. 

Figure 5.8 shows the step response of the converter when the output battery voltage 

maintains 72 V, and the current command changes from 8 A to 14 A and from 14 A to 10 

 

  (a)   

 

  (b) 

Figure 5.7: Steady-state waveforms at Vi = 150 V, Vb = 72 V and Io = 14 A (Experimental 

results). (a) Input voltage, input current, primary voltage and primary current. (b) Battery 

voltage, battery current, secondary voltage and secondary current. 
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A. It is observed that the system retains stability with nearly no overshoot or undershoot, 

and the rising time and falling time are about 1.2 ms. 

Figure 5.9 shows the dynamic response of the converter when the output current 

command maintains 14A, and the output battery voltage steps from 58 V to 72 V, and vice 

versa. Although the output battery voltage suddenly increases or decreases, the system 

stability is always obtained, and the output current undershoot and overshoot are 3.5 A and 

 

(a) 

 

(b) 

Figure 5.8: Dynamic response with reference current step change (Experiment results). (a)  

From 8 A to 14 A. (b) From 14 A to 10 A. 
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2 A, respectively. It can be said that the step change of the battery voltage is unrealistic in 

the charging applications. However, experimental waveforms under the output battery 

voltage step changes are showed to validate the dynamic performance of the current 

controller at the worst scenarios. 

 In order to correctly emulate the battery behavior during the charging process, the 

experimental waveforms under the linear increase of the battery voltage are shown in 

Figure 5.10.  Figure 5.10 illustrates the ramp response of the system when the output battery 

 

(a) 

 

(b) 

Figure 5.9: Dynamic response with battery voltage step change (Experiment results). (a)  

From 58 V to 72 V. (b) From 72 V to 58 V. 
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voltage linearly increases from 58 V to 72 V with a rising time of 2 s, and the command 

output current maintains 14 A. Again, the system stability is obtained. 

5.4.2 ZVS verification 

The ZVS operation of the designed system under the variation of the mutual 

inductance is depicted in Figure 5.11. It can be seen that the ZVS operation areas (shaded 

areas) are restricted by the minimum duty cycle and the ZVS conditions of the lower switch 

S2. The ZVS for S2 is more difficult to achieve at the low battery voltages and the high 

output currents. The switch S2 loses ZVS at the low battery voltages when the mutual 

inductance increases. At the low mutual inductance, the ZVS operation area of S2 is 

extended to the low battery voltages. It is noted that the maximum output current at the 

nominal battery voltage, Vb = 72 V, is reduced by the limited duty ratio when the mutual 

inductance differs from the nominal value, M = 15 H. Figure 5.12, 5.13 and 5.14 shows 

the experimental waveforms to verify the ZVS operation of the inverter at the different 

values of mutual inductance, output current and battery voltage. It can be seen that the 

 

Figure 5.10:  Dynamic response with battery voltage linear increase from 58 V to 72V at 

Io = 14 A (Experiment results). 
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drain-to-source voltages vds1 and vds2 of S1 and S2 always reach to zero before their driving 

signals vgs1 and vgs2 are activated. It means that ZVS is maintained for both the switches. 

 

  

 (a) (b) 

 

 (c) 

Figure 5.11: ZVS operation region of the converter with different mutual inductance 

(Calculation results). (a) M = 18 H.  (b) M = 15 H. (c) M = 12 H. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 5.12: Experimental waveforms validating the ZVS operation of the inverter at 

nominal mutual inductance M = 15 H. (a) Vb = 58 V and Io = 14 A. (b) Vb = 72 V and Io 

= 14 A. (c) Vb = 80 V and Io = 8 A. (d) Vb = 88 V and Io = 4 A. 
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It is harder to achieve ZVS for S2 at the low battery voltage and high output current 

conditions since a small difference between ip and iLi makes completely charging and 

discharging Coss1 and Coss2 more difficult, as shown in Figure 5.12 (a). On the other hand, 

the large difference between ip and iLi facilitates ZVS for the upper switch S1.  

The ZVS area extension of S2 when the mutual inductance decreases is demonstrated 

in Figure 5.13 and 5.14. The minimum battery voltage to obtain ZVS for S2 at M = 12 H 

(the air gap of 190 mm) is as low as 46 V, whereas it is 64 V at M = 18 H (the air gap of 

150 mm). These values are in a good agreement with the depiction in Figure 5.11. 

 

Figure 5.13: Experimental waveforms validating the ZVS operation of the inverter at M = 

12 H, Vb = 46 V, and Io = 14. A. 

 

Figure 5.14: Experimental waveforms validating the ZVS operation of the inverter at M = 

18 H, Vb = 64 V and Io = 14 A. 
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5.4.3 Clamping voltage variation 

The average voltage and voltage ripple across the clamping capacitor at different 

charging currents are depicted in Figure 5.15. Note that, the battery voltage and mutual 

inductance are kept at their nominal values. Theoretical calculation from (4.42) and (4.70) 

and experimental measurement are in a reasonably good agreement. It can be seen that the 

voltage ripple increases with the output current decrease due to a large difference between 

iLi and ip causing a rise in the charging and discharging currents on the clamping capacitor. 

At Io = 2 A, the voltage ripple is 39 V, which is 15% of the average voltage. 

5.4.4 System efficiency 

The overall system (DC-to-DC) efficiency was measured at different operating 

points to verify the performance of the designed charging system. The efficiency curves of 

the designed system at the nominal battery voltage, Vb = 72V, at three different mutual 

inductance values are depicted in Figure 5.16. It is clear that the efficiency is reduced when 

the mutual inductance decreases. This is because a higher primary current which is required 

to transfer the same power level at the lower mutual inductance causes more losses on the 

 

Figure 5.15: Average voltage and voltage ripple across clamping capacitor (Calculation 

and experimental results).   
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primary coil, compensation capacitor, and switching devices. At M = 15 H, a peak 

efficiency of 93.4% is achieved at Io = 10 A while an efficiency of 93% is measured at the 

nominal output current, Io = 14 A. 

An efficiency comparison between the charging systems with ZVS and non-ZVS 

design is shown in Figure 5.17. For the non-ZVS system, it is designed with Ipc = 0, at 

 

Figure 5.16: Measured efficiency curves of the designed system at different mutual 

inductance values (Experimental results). 

 

Figure 5.17: Measured efficiency curves of ZVS-designed and non-ZVS-designed systems 

(Experimental results). 
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which the mutual inductance is 18 H and the primary circuit is tuned at the switching 

frequency (Cp = 11.7 nF). Note that, the mutual inductance is increased by reducing the air 

gap between the primary and secondary coils. It can be observed that the ZVS-designed 

system is more efficient than the counterpart at different battery voltage levels. Especially, 

it has a noticeable improvement at the high output current conditions (1.1 %). Table 5.2 

shows a comparison between the proposed active-clamped HBBI based SS-IPT system and 

various IPT systems in literature. It is clear that the proposed IPT system demonstrates a 

higher or comparable efficiency compared to the other systems at similar power levels. 

 

Table 5.2: Comparison of various IPT systems 

Ref. 
Inverter/Switching 

devices 
Rectifier 

Coil 

shape 

Air 

gap 

(mm) 

Coupling 

coefficient 

Control 

scheme 

Switching 

frequency 

(kHz) 

Power 

(kW) 

Peak 

efficiency 

(%) 

Soft 

switching 

[157] 
HB CSI/ 

SiC MOSFET 

HB diode 

rectifier 
Circular N/A 0.2 

Variable 

frequency 
46-50 1.2 92 ZCS 

[158] 
FB CSI/ 

SiC MOSFET 

HB diode 

rectifier 
Circular 250 0.22 

Fixed 

frequency 
50 1.6 91.5 ZCS 

[159] 
HB VSI/ 

GaN 

FB diode 

rectifier 
Circular 50 0.36 

Variable 

frequency 
85-150 0.7 92.3 ZVS 

[152] 
FB VSI/  

Si MOSFET 

FB diode 

rectifier 
Circular 200 0.2 

Fixed 

frequency 
85 1.0 92.3 ZVS 

[160] 
FB VSI/  

SiC MOSFET 

FB diode 

rectifier 
Circular 150 0.25 

Fixed 

frequency 
89 2.0 92.65 No 

[161] 
FB VSI/  

SiC MOSFET 

FB diode 

rectifier 
Circular 150 0.18 

Fixed 

frequency 
93.5 1.4 94 ZVS 

Proposed 
HHBI/  

SiC MOSFET 

FB diode 

rectifier 
Circular 170 0.15 

Fixed 

frequency 
85 1.0 93.4 ZVS 
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5.4.5 Loss distribution 

The power losses of the switching devices and passive components are simulated and 

analyzed using the thermal modules in PSIM simulation. The detailed loss distribution of 

the designed charging system is shown in Figure 5.18. It can be observed that the rectifier 

conduction losses and the coil losses dominate the total system losses at the high output 

current conditions. As S1 and S2 are operated in ZVS, their switching losses are well 

mitigated. The conduction losses of S2 is much higher than that of S1 when the output 

current is high. It can be explained that S2 carries both ip and iLi during the large interval of 

the mode 5 described in Section 4.2, Chapter 4. On the other hand, the conduction losses 

of S1 exhibits a high profile at the low output current due to the larger duty cycle D. There 

is a deviation between the simulated efficiencies and measured efficiencies, especially at 

the high output currents (1.2 %). The deviation might be caused by ignoring inductor core 

losses, and PCB copper losses in the simulation. 

 

Figure 5.18: Loss distribution of the designed system at different battery voltages and 

output currents (Simulation results). 
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5.5 Summary 

In this chapter, a 1.0-kW active-clamped HBBI based IPT charging prototype with 

the charging current controller was designed and implemented to validate the accuracy of 

the theoretical analyses in Chapter 4. The simulation and experimental results 

demonstrated the accuracy and the feasibility of the small-signal model and ZVS design 

approach proposed in Chapter 4. The derived small-signal model was used to investigate 

system dynamic response and to design the charging current controller. The developed 

controller was realized on an FPGA (A2F200M3F). It can be seen that the charging current 

was effectively controlled with fast response and no steady-state errors, and the inverter 

was operated with ZVS over a wide range of the charging current and the battery voltage. 

The ZVS operation boundary of the inverter under the variation of the mutual inductance 

was also successfully investigated by the theoretical analysis and experimental results. An 

efficiency improvement of 1.1 % was achieved with the proposed ZVS design method 

compared to non-ZVS design method. Due to ZVS achievement, a maximum efficiency of 

93.4% at the nominal coupling coefficient of 0.15 (an air gap of 170 mm) was recorded, 

which is comparable to other IPT systems at similar power levels in literature. 
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Chapter 6. Direct AC/AC Active-clamped Half-bridge Converter for 

Inductive Charging Applications  

6.1 Introduction 

Recently, the IPT charging systems powered through two power conversion stages 

(AC/DC/AC) have been widely used because the power converters can be separately 

controlled to optimize specific performance indices, e.g. input power factor correction and 

output power regulation. However, the presence of multiple conversion stages and a bulky 

DC-link capacitor increases the cost, size and weight of the system.  

 Alternatively, the MCs feeding the IPT systems enable direct conversion of low-

frequency AC inputs (50-60 Hz) to high-frequency outputs (up to 85 kHz) without any 

intermediate conversion stage; they enhance the system performance in terms of power 

density, losses, and cost. The MC based IPT systems advantageously adopt the SRC 

charging technique and remove the intermediate DC-link capacitor. The major challenge 

of using MCs in the IPT charging systems is developing a control scheme for both power 

regulation and power factor correction. Recently, the buck-derived MC [96] and boost-

derived MC [100] have been employed for IPT systems. Moreover, in [102], a single-stage 

topology integrating bridgeless boost PFC converter and FB VSI was proposed for IPT 

applications. The detailed description and comparison of the single-stage converters were 

presented in Chapter 2 and 3.  

The main drawbacks of the single-stage conversion topologies are the requirements 

of many active switches and complex control schemes. To overcome those issues, a new 

direct AC/AC active-clamped HB converter feeding the IPT charging system is proposed 
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in this chapter. The proposed converter eliminates the front-end rectifier and the 

electrolytic DC-link capacitor providing a single-stage power conversion and thus 

improves the system performance regarding efficiency, size, and weight. The output of the 

proposed converter is high-frequency voltage; therefore, the SS compensation network is 

utilized. Instead of diode-bridge rectifiers, an active rectifier is used on the battery side to 

further improve system efficiency and to avoid the discontinuous conduction phenomenon 

due to the nonlinear characteristic of the diode-bridge rectifiers. The SRC is adopted for 

the proposed IPT charging system. 

6.2 Circuit Configuration of the Proposed Inductive Charging System 

The IPT charging system fed by the proposed direct AC/AC active-clamped HB 

converter is shown in Figure 6.1. The proposed AC/AC converter is the integration of an 

AC/AC boost converter and HB matrix converter. Two bidirectional switches are 

employed to configure the AC/AC converter. Each bidirectional switch enabling 

conducting current and blocking voltage in both directions is formed by an anti-serial 

connection of two semiconductor switching devices (Sp1a/Sp1b or Sp2a/Sp2b). In the proposed 

IPT system, input current correction and charging current regulation are realized by 

controlling the duty cycle of the primary AC/AC converter through two control loops. 

During the positive half cycle of the input voltage, switches Sp1a and Sp2a are switched 

complementarily at the switching frequency fs, while Sp1b and Sp2b are permanently turned 

on. Conversely, in the negative half cycle of the input voltage, Sp1a and Sp2a are always kept 

conducting, while Sp1b and Sp2b are driven by complementary pulses at fs. The duty cycle 

dp of the AC/AC converter is defined as the ratio between the on-time of the upper switches 

Sp1a/Sp1b and the switching period. The output of the direct AC/AC active-clamped HB 



 

93 

 

converter is a high-frequency unipolar-square-wave voltage (vp), and its amplitude and 

polarity depend on the clamping voltage (vCi). As a result, a series compensation circuit is 

required in the primary side. Here, the SS compensation network is selected due to 

simplicity, cost-effectiveness, high efficiency, and load-independent compensation. In 

order to maximize the power transfer capability and minimize the VA rating of the 

converter, the primary and secondary resonant circuits are tuned to the switching 

frequency. An active HB rectifier is used on the secondary side circuit, and its switches, 

Ss1 and Ss2, are operated at fs with a fixed duty cycle of 0.5. As a result, the secondary 

voltage vs is a positive unipolar square wave with duty cycle ds = 0.5. In order to transfer 

power from the grid to the battery, the phase displacement  between vp and vs must be 

maintained from 0 to , which is explained in Section 6.4. 

6.3 Operation Principles 

Figure 6.2 and 6.3 illustrate the steady-state waveforms of the AC/AC active-

clamped HB converter based IPT charging system in one switching cycle. In this section, 

only the operation modes during the positive half cycle of the input voltage are describe in 

detail. Similarly, the operation of the charging system during the negative half cycle of the 

 

Figure 6.1: Proposed inductive charging system fed by the direct AC/AC active-clamped 

HB converter.  
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input voltage can be investigated where Sp1a and Sp2a are always kept conducting, while 

Sp1b and Sp2b are driven PWM signals. Note that, during the negative half line cycle voltage, 

the clamping voltage (vCi) is negative, resulting in a negative unipolar-square-wave primary 

voltage (vp). Therefore, vp must be shifted 1800 to remain a fixed phase displacement () 

between vp and vs during the negative half line cycle voltage, as shown in Figure 6.3. During 

the positive half line cycle, ten operation modes can be categorized based on 

primary/secondary current directions, and the switching state of the primary AC/AC 

converter and the secondary rectifier in one switching cycle, as shown in Figure 6.4. 

  

Figure 6.2: One-switching-cycle steady-state operating waveforms of the proposed 

inductive charging system at vi > 0 
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Mode 1 (t0 – t1 – t2): As soon as Sp2a is deactivated at t = t0, the body diode of Sp1a 

starts conducting a current equal ii – ip. Thus Sp2a suffers from hard turn off. After a dead 

time, at t = t1, Sp1a is activated with zero-voltage switching (ZVS) because its body diode 

has been conducting. During this mode, the input inductor Li releases its energy through 

the resonant tank and the clamping capacitor Ci. As a result, the input current ii starts 

decreasing whereas the clamping voltage vCi starts increasing. The secondary current is 

flows to the load through Ss1 in this mode. This mode is completed at t = t2 when ii is equal 

to ip. 

 

Figure 6.3: One-switching-cycle steady-state operating waveforms of the proposed 

inductive charging system at vi < 0 
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Mode 2 (t2 – t3): This mode begins with ip > ii. The current flowing through Sp1a 

reverses its direction. During this mode, the input inductor Li and the clamping capacitor 

Ci release energy into the resonant tank. Therefore, the input current ii and the clamping 

voltage vCi decrease. The secondary current is keeps flowing to the load through Ss1 in this 

mode. This mode is completed when is reaches zero at t = t3. 

Mode 3 (t3 – t4): This mode begins with is < 0. The current flowing through Ss1 

reverses its direction. During this mode, the input inductor Li and the clamping Ci keep 

releasing energy into the resonant tank. 

Mode 4 (t4 – t5 – t6): As soon as Ss1 is deactivated at t = t4, the body diode of Ss2 starts 

conducting the secondary current is. Thus Ss1 suffers from hard turn off. After a dead time, 

at t = t5, Ss2 is activated with ZVS because its body diode has been conducting. In this mode, 

the state of the AC/AC converter is unchanged. This mode is completed at t = t6 when ip is 

equal to ii. 

Mode 5 (t6 – t7 – t8): This mode begins with ip < ii. The current flowing through Sp1a 

reverses its direction. At t = t7, Sp1a is deactivated with ZVS because its body diode is still 

conducting. In this mode, the input inductor Li releases its energy through the resonant tank 

and the clamping capacitor Ci. Therefore, the input current ii keeps decreasing, but the 

clamping voltage vCi starts increasing. The secondary current is keeps circulating through 

Ss2 during this mode. This mode finishes when Sp2a is turned on. 

Mode 6 (t8 – t9): As soon as Sp2a is activated at t = t8, a current equal ii – ip commutates 

instantaneously to it. Therefore, Sp2a suffers hard turn on. The input current ii is shared 

through the resonant tank and Sp2a to charge the input inductor Li, and it starts linearly 



 

97 

 

rising. During this mode, the state of the secondary rectifier is unchanged. This mode is 

completed when the direction of ip is reversed at t = t9. 

Mode 7 (t9 – t10): This mode begins with ip < 0, and Sp2a carries both ip and ii. The 

input inductor Li keep being charged. During this mode, the state of the secondary rectifier 

is unchanged. This mode is completed when is reaches zero. 

Mode 8 (t10 – t11): This mode begins with is > 0. The current flowing through Ss2 

reverses its direction. In this mode, the state of the AC/AC converter is unchanged. This 

mode finishes when Ss2 is turned off. 

Mode 9 (t11 – t12 – t13): As soon as Ss2 is deactivated, the body diode of Ss1 starts 

conducting the secondary current is to deliver power to the load. As a result, Ss2 suffers 

from hard turn off. After a dead time, at t = t12, Ss1 is activated with ZVS because its body 

diode has been conducting. This mode is completed when the direction of ip is reversed. 

Mode 10 (t13 – t14): This mode begins with ip > 0. During this mode, Sp2a carries a 

current equal ii – ip only. The input inductor Li keep being charged until Sp2a is deactivated 

at t = t14, and the circuit state returns to mode 1 to restart a new cycle. 

It can be seen that Sp1a achieves both zero-voltage turn on and turn off whereas Sp2a 

suffers hard turn on and hard turn off during the positive half line cycle. Similarly, during 

the negative half line cycle, both zero-voltage turn on and turn off are obtained for Sp1b 

whereas Sp2b experiences hard turn on and turn off. The secondary rectifier is operated with 

ZVS in both half line cycles. 
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Figure 6.4: Operation modes of the proposed inductive charging system in one switching cycle 

at vi > 0.  
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6.4 Mathematical Steady-state Model 

In this section, the steady-state model of the proposed charging system is derived. 

For the analysis of SS compensated IPT systems, the fundamental harmonic model is 

widely used, and it is adopted to analyse the proposed charging system with some 

assumptions as follows: 

1) The switching frequency is much higher than the line frequency, the input voltage vi 

can be considered as constant over a switching period; 

2) All switches and diodes are ideal;  

3) The dead time is neglected;  

4) Parasitic resistances of inductors, capacitors and coils are ignorable; 

5) Boost inductor Li is sufficiently large to maintain a constant low-ripple input current 

over a switching period; 

6) Clamping capacitor Ci is sufficiently large to maintain constant clamping voltage 

over a switching period; 

7) Primary and secondary currents (ip and is) are nearly sinusoidal. 

Here, the steady-state analysis is realized in the positive half line cycle. A similar 

analysis can be done for the negative half line cycle. Figure 6.5 shows the equivalent circuit 

of the proposed IPT charging system.  

In order to maximize the power transfer capability and minimize the VA rating of 

the converters, the primary and secondary resonant circuits are tuned to the switching 

frequency. 
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where Lp and Ls are the primary and secondary self-inductances, Cp and Cs are the primary 

and secondary compensation capacitances, and s = 2fs is the switching angular 

frequency. 

The primary and secondary voltage, vp and vs, are unipolar square waves, and they 

can be approximated to their fundamental components 
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where Vb is the battery voltage, dp and ds are the duty cycles of the primary AC/AC 

converter and secondary rectifier, and  is the initial phase of the secondary voltage. 

As derived in Section 4.3.4, the clamping voltage in steady state is given as 

  i
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v
v

d
   (6.4) 

 

Figure 6.5: Equivalent circuit of the charging system.  
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Substitution of (6.4) in (6.2) results in 
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The primary and secondary voltages can be represented in the phasor domain as 

follows 
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As both the primary and secondary circuits are turned to the switching frequency, the 

primary and secondary currents in the phasor domain can be derived as 
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And their time-domain expressions are given as 
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where 
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   are the peaks of the sine and 

cosine components in the primary current. 

According to the analysis in Section 4.3.4, the input current is given as 
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It can be seen that the input current ii(t) can be controlled by primary/secondary duty 

cycles, and the phase displacement . In order to transfer power from the grid to the battery, 

the input current ii(t) must be positive during the positive half line cycle, thus the phase 

displacement  must be maintained from 0 to . Here, the input current is controlled by 

varying dp while  and ds are constant. The secondary duty cycle ds is fixed at 0.5, and the 

phase displacement  is selected to obtain ZVS for the switches of the secondary rectifier. 

For this purpose, as presented in Section 6.3, the currents flowing the switches Ss1 and Ss2 

must be negative before they are deactivated. In other words, the secondary current is must 

lead the secondary voltage vs. From (6.3), (6.5), (6.10), (6.11) and (6.12),  should be 

slightly less than /2 to achieve ZVS for the secondary rectifier switches and to minimize 

the VA rating of the converters.  

6.5 Design Procedure 

The charging system is designed at the peak of the input voltage. It is assumed that 

the input power factor is unity, thus the input voltage vi and the input current ii are as 

follows 

  sini m iv V t , sini m ii I t  (6.13) 



 

103 

 

where Vm and Im are the peak input voltage and the peak input current, and i is the line 

angular frequency. The peak input current is calculated by 
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  (6.14) 

where Po is the output power and η is the system efficiency. 

A minimum duty cycle Dpm is selected to limit the peak clamping voltage at the peak 

input voltage  
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where Vcm is the peak clamping voltage, and it should be 50% ~ 70% of the peak  switching 

device voltage.  

Once the minimum duty cycle is obtained, the input inductor is designed according 

to the maximum input current ripple requirement, Im, at the peak input voltage 
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Then the phase displacement  that is slightly less than /2 is selected to achieve 

ZVS for the secondary rectifier and to minimize the VA rating of the converters. Once  is 

selected, the mutual inductance M can be designed. As the primary and secondary resonant 

circuits are tuned to the switching frequency, the mutual inductance M is obtained from 

(6.12) at the peak of input current where ii = Im, dp = Dpm, and ds = 0.5. 
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Once the mutual inductance is identified, the coil self-inductances Lp and Ls are 

determined depending on the coil geometry and power transfer distance (air gap). For a 

predefined M, a longer air gap results in larger coupling coils with higher self-inductances, 

and vice versa. 

Since primary and secondary resonant circuits are tuned to the switching frequency, 

the primary and secondary compensation capacitances are obtained as 
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The clamping capacitor, Ci, is chosen corresponding to the allowable switching 

voltage ripple, Vc in the clamping voltage. The maximum value of Vc is reached around 

the zero-crossing area of the input voltage where the input current ii reaches zero, and the 

clamping capacitor Ci is charged and discharged by the primary current during a half 

switching cycle. The clamping capacitor Ci is obtained by 
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where Q is the amount of charge injected in (or extracted from) the clamping capacitor 

Ci, and Ts = 1/fs is the switching period, and 
2 b

pp

s

V
I

M
  is the peak of the primary 

current. 
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6.6 Summary 

In this chapter, a new direct AC/AC active-clamped HB converter feeding the SS 

IPT charging system was proposed. The operation principles, switching scheme, steady-

state analysis, and design procedure of the proposed charging system were presented in 

detail. The proposed AC/AC converter has several advantages as follows: 

1) The front-end rectifier is eliminated, resulting in an actual single-stage (AC-to-AC) 

conversion with less the number of semiconductors (only 4 active switches); 

2) The use of the life-limited electrolytic DC-link capacitors is avoided; 

3) The switching scheme is simple; 

4) The ZVS can be achieved for the primary AC/AC converter and secondary rectifier 

to improve the system efficiency, which will be experimentally verified in the next 

chapter.  

However, the main weakness of the proposed converter is that the lower switches 

experience the high current stress, and hard switching. By reducing the phase displacement 

, the ZVS operation for all switches of the AC/AC converter and the rectifier can be 

achieved in constrained operating regions, as demonstrated in Appendix C. However, the 

significant reduction of  makes the reactive power circulating in the converters and 

inductive coils increase, in turn exacerbates their conduction losses. In addition, the power 

transfer capability of the system decreases with the decrease of  when the minimum duty 

cycle of the AC/AC converter is limited, as shown in (6.12). In the next chapter, a hybrid 

dual-loop control strategy for the proposed charging system will be developed. It enables 

the unity power factor and charging current regulation. 
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Chapter 7. Control Design for Direct AC/AC Active-clamped Half-

bridge Converter Based Inductive Charging System  

Operation Principles, Modeling and Design  

7.1 Introduction 

In this chapter, a hybrid dual-loop control strategy comprising a predictive dead-beat 

current controller and a linear average current controller is developed for the direct AC/AC 

active-clamped HB converter based IPT charging system. This proposed control scheme 

enables regulating the input power factor and charging current in a single power conversion 

stage. The detailed control diagram is shown in Figure 7.1. Due to the absence of the DC-

link capacitor in the AC/AC converter to absorb double line frequency ripple, the battery 

current, ib contains a double line-frequency ripple. The SRC charging technique reported 

in [107, 108] allows batteries to be charged by double line frequency (100 or 120 Hz) 

current with minor side effects on their performance. The outer loop is established to 

regulate the average line-cycle battery current. The average battery current feedback Ib can 

be obtained using an infinite impulse response (IIR) filter. The output of the outer control 

loop is the peak input current reference Im
*

 which is multiplied by vi/Vm to generate the 

sinusoidal reference current ii
* for the inner current loop. Since a wide bandwidth inner 

current control loop is required to rapidly track variable current reference, a digital 

predictive deadbeat controller with a very fast dynamic response is used in the inner control 

loop. The performance of the deadbeat control is superior to that of the conventional linear 

controller [162-164]. Another advantage of using the deadbeat control is that the load and 

coupling coefficient variations are not considered in controller design, and it can be easily 
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implemented with the measurement of the input current, input voltage, and clamping 

voltage. 

7.2 Inner Current Control Loop 

The inner control loop is implemented to correct the input current following the input 

voltage, in turn, to obtain unity power factor at the direct AC/AC converter input. In this 

loop, the average switched input current is controlled using a predictive deadbeat 

controller. The dual edge/triangle modulation is adopted to generate the PWM signals 

driving the direct AC/AC converter. For such a PWM generation technique, the average 

value of the input current can be obtained by synchronizing the sampling at the peak or 

valley of the carrier signal [165]. Figure 7.2 shows the triangle modulation waveforms and 

resulting inductor current waveform during positive half line cycle. It is assumed that the 

input voltage and the clamping voltage are constant during a switching period.  

The input current at the instant (n + 1)Ts can be predicted as  

 [ 1] [ ] [ ] [ ] [ ]s s
i i i p Ci

i i

T T
i n i n v n d n v n

L L
     (7.1) 

where ii[n], vi[n], vCi[n] are the average switched values of input inductor current, input 

voltage, and clamping voltage at the sampling instant nTs.  

 

Figure 7.1: Control block diagram. 
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From (7.1), it would be possible to calculate the duty cycle dp[n] to make ii[n + 1] 

reach its reference value by the end of the following modulation period, (n + 1)Ts. 

Therefore, a one-cycle-delay dynamic response for the deadbeat control is achieved. In 

practice, as sampling required signals, ii[n], vi[n], vCi[n], and calculating duty cycle dp[n] 

occupy part of the modulation period. As a result, it cannot guarantee that, in all cases, the 

duty cycle computation can be completed and updated before the instant Tlim when the 

switches have to change their states, as shown in Figure 7.2. Especially, in the cases of low 

duty cycles, the instant Tlim is very close to the instant nTs, thus giving a very short time for 

computation. 

In order to mitigate the aforementioned timing problem, the duty cycle can be 

computed for one step forward. For example, instead of the duty cycle dp[n], the duty cycle 

dp[n + 1] is computed. This allows a whole modulation period to complete the computation. 

By shifting (7.1) one step forward, the input current at the instant (n + 2)Ts can be predicted 

as 

 

Figure 7.2: Triangle modulation waveforms and sampling instants of input current. 
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 [ 2] [ 1] [ 1] [ 1] [ 1]s s
i i i p Ci

i i

T T
i n i n v n d n v n

L L
         (7.2) 

By substituting (7.1) to (7.2), and assuming that vi[n + 1] = vi[n], vCi[n + 1] = vCi[n] 

and i[n + 2] = ii
*[𝑛], the duty cycle dp[n + 1] can be found as 

  * [ ]
[ 1] [ ] [ ] 2 [ ]

[ ] [ ]

i i
p i i p

s Ci Ci

L v n
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T v n v n
      (7.3) 

where ii
*[n] is the input current reference at the instant (n + 2)Ts,. From (7.3), the duty cycle 

dp[n + 1] for modulation period [(n + 1)Ts, (n + 2)Ts] can be determined to make the input 

current reach its reference at the instant (n + 2)Ts with a two-cycle delay. 

The main drawback of the current control law (7.3) is the dependency of its gain, 

kc= Li Ts⁄ vCi[n], on parameters such as Li and vCi. These parameters can differ from their 

nominal values due to the operation environment change, aging, or the inaccurate 

measurement of the converter parameters. Therefore, the controller robustness to the 

parameter variations must be investigated through a stability analysis. The equation (7.3) 

can be rewritten as 

  * [ ]
[ 1] [ ] [ ] 2 [ ]

[ ] [ ]

i i
p i i p

s Ci Ci

L v n
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T v n v n




      (7.4) 

where  and  are the mismatch factors of the input inductor and clamping voltage, 

respectively. Both  and  are unity when the input inductor and clamping voltage perfectly 

match their actual values. 

The impact of the mismatch factors on the system stability can be investigated by 

applying the Z-transform to (7.1) and (7.4), then deriving the closed-loop transfer function, 
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ii(z) ii
*(z)⁄ , and determining its poles (the roots of the characteristic equation). The closed-

loop transfer function is stable if its poles are inside the unit circle.  

The closed-loop transfer function is given as  
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 (7.5) 

Therefore, the poles of the closed-loop transfer function can be found as 

 1,2 1pz



    (7.6) 

It can be observed that the condition for the closed-loop transfer function to obtain 

stability is  < 2. Therefore, the worse cases of the system stability occurs when the input 

inductor is overestimated ( > 1), and the clamping voltage is underestimated ( < 1). For 

example, if the clamping voltage is accurately measured ( = 1), the maximum input 

inductor tolerance to keep the system stable is less than 100% ( < 2). However, when the 

measured clamping voltage is 10% less than the actual value ( = 0.9), the maximum input 

inductor tolerance for the system stability is less than 80% ( < 1.8). The above stability 

analysis reveals that the controller has a considerable robustness against the parameter 

mismatches. 

7.3 Outer Current Control Loop 

The peak input current reference Im
*

  is generated the outer current control loop, in 

which the average battery current over a line cycle is regulated. It is assumed that power 
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losses are ignorable, the peak input current reference Im
*

 can be approximated using the 

average power balance at the input and output. 

  
* *2 b
m b

m

V
I I

V
  (7.7) 

where Ib
*
  is the average battery current reference. 

The peak input current reference Im
*

 can be generated using (7.7) without battery 

current feedback measurement. However, the equation (7.7) is valid only when the system 

efficiency is unity, which cannot be satisfied in the real system. Therefore, a steady-state 

error between the actual battery current and its reference is always maintained, and it 

becomes worse when the efficiency is low or the parameter mismatches happen in the inner 

control loop. 

By adding a variation Ib into battery current term, the equation (7.7) can be rewritten 

as 
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As expressed in (7.8), the peak input current reference comprises a nominal term Imn 

and a variation term Im as follows 
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The feedback controller is designed to nullify the steady-state error based on the 

variation term. For this purpose, a simple integral controller given by (7.11) can be 

employed. 

 ( ) i
c

K
G s

s
  (7.11) 

where Ki is the integral gain, and is tuned to provide a very low-bandwidth outer control 

loop (much slower than double line frequency), which avoids distorting the input current. 

Once the continuous time controller has been obtained, it can be transformed to the discrete 

domain using the using the backward Euler method 
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In order to improve the dynamic response of the outer control loop, the nominal term 

can be added as a feedforward value, as shown in Figure 7.1.  

The outer current control loop requires the average value of the battery current as a 

feedback signal. An exponential moving average IIR filter is used to obtain the average 

value of the battery current, a sinusoidal-like DC current with double line frequency. The 

 

Figure 7.3: Block diagram of the exponential moving average IIR filter. 
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major advantage of using this filter is less computational requirement with a multiplier and 

two adders, as shown in Figure 7.3. The z-domain transfer function of the filter is given 
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where Kw is the weight coefficient (0 < Kw  < 1), and is chosen based on the desired cut-off 

frequency fc and the sampling frequency fs = 1/Ts. 
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7.4 Verifications and Discussions 

A 1.0-kW laboratory prototype shown in Figure 7.4 is designed and implemented to 

verify the theoretical analysis. The prototype is designed by following the procedure in 

Section 6.5 in Chapter 6 with the major specifications as: the input voltage is 120 Vrms/60 

Hz, the nominal battery voltage is 250 V, the rated output power is 1 kW, and the switching 

frequency is 85 kHz. The system efficiency  is assumed to be 0.9. The angle  = 800 is 

selected to achieve ZVS for the secondary rectifier switches and to minimize the VA rating 

of the converters. The minimum duty cycle Dpm is 0.28 to limit the peak clamping voltage 

at 600 V. SiC MOSFETs, C2M0040120D (1200 V/60 A), are used to implement the direct 

AC/AC active-clamped converter, while the secondary rectifier switches are SiC 

MOSFETs SCT3060AL (650 V/39 A). A film capacitor, F340X153348MPP2T0 (3.3 

F/480 V), is employed for the clamping capacitor. The compensation capacitors are 

formed by arranging 700-V TDK film capacitors in parallel and series.  
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The circular inductive coils are fabricated using the Litz wire with 1050 strands of 

AWG 38. The primary coil has 26 turns, and its inner and outer diameters are 226 mm and 

490 mm, respectively. The secondary coil’s turn number, inner and outer diameters are 8 

turns, 368 mm and 450 mm. The nominal air gap between primary and secondary coils is 

170 mm. An electronic load (Chroma 63205A-1200-200) at constant voltage mode is 

adopted to emulate the battery. The dual-loop control strategy and PWM generation are 

implemented in an FPGA (A2F200M3F). The integral gain of the outer loop controller is 

tuned to 18, and the weight coefficient of the IIR filter is 7.3×10-4. Table 7.1 shows the 

detailed prototype parameters. The calculation of the parameters is shown in Appendix D. 

Figure 7.5 shows the steady-state current and voltage waveforms at the input, output, 

primary and secondary coils at the full load (Vb = 250 V and Ib = 4 A) and half load (Vb = 

250 V and Ib = 2 A) conditions. It can be observed that the input current ii is sinusoidal and 

in phase with the input voltage vi. The absence of a DC-link capacitor in the direct AC/AC 

 

Figure 7.4: Experimental prototype. 
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converter causes a double line frequency fluctuation in transferred power. This results in a 

fluctuating battery current and secondary current at double line frequency (120 Hz) as 

shown in Figure 7.5. The variation of the clamping voltage over a half line cycle can be 

calculated using (6.4) and (6.12) with the assumption of the unity input power factor. The 

calculated and measured clamping voltages are depicted in Figure 7.6. There is a good 

agreement between the theoretical calculation and experimental measurement, which 

verifies the accuracy of the steady-state analysis in Section 6.4 in Chapter 6. 

 

Table 7.1: Charging system specifications 

Parameter Symbol Value Unit 

Nominal output power Po 1.0 kW 

Battery voltage Vb 250 V 

Input voltage Vi 120 Vrms 

Line frequency fi 60 Hz 

Switching frequency fs 85 kHz 

Maximum input current ripple Im 2 A 

Maximum clamping voltage ripple Vc 20 V 

Primary self-inductance Lp 297.2 H 

Secondary self-inductance Ls 52.8 H 

Mutual inductance M 20.6 H 

Primary compensation capacitor Cp 11.88 nF 

Secondary compensation capacitor Cs 66.3 nF 

Boost inductor Li 1.02 mH 

Clamping capacitor Ci 3.3 F 

Output filter capacitor Co 520 F 
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Figure 7.7 shows the experimental waveforms to verify the ZVS of the AC/AC 

converter and the rectifier. On the AC/AC converter, it can be seen that the primary voltage 

vp is unchanged when Sp1a is activated or deactivated, whereas the primary voltage vp 

changes its status whenever Sp2a is turned on or turned off. Therefore, Sp1a obtains both 

zero-voltage turn on and turn off whereas Sp2a suffers hard turn on and hard turn off. On 

the secondary rectifier, the secondary voltage vs does not change its status when Ss1 or Ss2 

is turned on. It means that zero-voltage turn on is maintained for both the switches. 

 

 (a) (b) 

Figure 7.5: Experimental steady-state waveforms of the charging system at (a) Vb = 250 

V and Ib = 4 A, and (b) Vb = 250 V and Ib = 2 A. 
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Figure 7.8 shows the dynamic response of the charging system under the step change 

of the average battery current reference.  It is observed that the system obtains a fast 

response and retains stability even when the current command steps from 100% load (4 A) 

to 50% load (2 A) at the peak of the input voltage. Moreover, the average battery current 

follows the command values after and before the transition time. Figure 7.9 shows the 

dynamic response of the charging system when the average battery current command 

maintains 4 A, and the output battery voltage steps from 200 to 250 V.  Although the step 

    

Figure 7.6: Analytical and experimental comparison of clamping voltage over half line 

voltage (Calculation and experimental results). 

         

Figure 7.7: Experimental waveforms validating the ZVS of the AC/AC converter and 

rectifier. 
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change of the battery voltage is unrealistic in the charging applications, the experimental 

waveforms under its step change are showed to validate he dynamic performance of the 

controller at the worst scenarios. It can be seen that the system stability is still obtained 

even when the output battery voltage suddenly increases. The battery current drops by 1.3 

A, then recovering back to initial value after 1.45 s. 

Figure 7.10 illustrates the input current total harmonic distortion (THD) and system 

efficiency at the nominal battery voltage, Vb = 250 V, but at different average charging 

  

Figure 7.8: Dynamic response of the proposed charging system under the average battery 

current command step change from 4 A to 2 A at Vb = 250 V (Experimental results). 

   

Figure 7.9: Dynamic response of the charging system under the battery voltage step change 

from 200 V to 250 V at Ib = 4 A (Experimental results). 
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current values. The input current quality and efficiency are evaluated using Fluke 438-II 

Power Analyzer. The THD of the input current is 3.4% at the full load condition (Ib = 4 A), 

it achieves the minimum value of 3% at Ib = 3 A, and then it increases with the decrease of 

the charging current. The input power factor remains at 0.99 or above in a wide charging 

current range from 1.5 A to 4 A. Figure 7.11 shows the harmonic contents of the input 

current at the full load (Vb = 250 V and Ib = 4 A) and half load (Vb = 250 V and Ib = 2 A) 

conditions. It can be seen that input current harmonic contents comply with the IEC 61000-

3-2 Class A standard [166]. The classification and current harmonic limit in the IEC 61000-

3-2 are provided in Appendix F. 

For the system efficiency, as shown in Figure 7.10, a peak efficiency of 93.4% is 

achieved at Ib = 3 A while an efficiency of 93.2% is measured at the nominal charging 

current, Ib = 4 A. Table 7.2 shows a comparison between the proposed direct AC/AC active-

clamped HB converter based SS-IPT system and various single-stage converter based IPT 

systems in literature. It is clear that the proposed IPT system demonstrates a higher 

 

Figure 7.10: Input current THD and system efficiency at different charging currents 

(Experimental results). 
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performance compared to the other systems regarding component count, input current 

quality, and efficiency. 

Figure 7.12 shows the detailed loss distribution of the designed charging system. The 

system loss distribution is simulated by using PSIM. It can be observed that the primary 

coil losses dominate the total system losses. The conduction losses of Sp2a and Sp2b are 

significantly high when the charging current is high. This is due to the fact that they carries 

both ip and iLi during the large interval of the modes 7, 8 and 9 as shown in Figure 6.2.  

 

(a) 

 

(b) 

Figure 7.11: Input current harmonic contents at (a) Vb = 250 V and Ib = 4 A, and (b) Vb = 

250 V and Ib = 2 A (Experiment results). 
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Table 7.2: Comparison of various single-stage converter based IPT systems 

Ref. 
Coupling 

coefficient 

Number of 

semiconductor 

devices 

Switching 

frequency 
(kHz) 

Power 

(kW) 

Input current  
THD 
(%) 

Peak 

efficiency 
(%) 

Buck-derived 

MC [96]   
0.29 12 switches 20 1.0 

3.3 (with input 

LC filter) 
89.6 

Boost-derived 

MC [100] 
0.22 

4 diodes + 8 

switches 48 1.2 

4.5 (with input 

capacitor 
filter) 

N/A 

Bridgeless boost 

PFC converter 

and FB-VSI 
[102] 

0.19 
6 diodes + 4 

switches 
111.6 2.56 

15.4 (with 
input  LC 

filter) 

90.1 

Proposed 0.16 6 switches 85 1.0 
3.4 (without  
input filter) 

93.4 

 

 

Figure 7.12: Loss distribution of the proposed charging system (Simulation results). 
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Some simulation results are given to evaluate the performance of the charging system 

under the variation of the mutual inductance and compensation capacitors. Note that, the 

simulation validation is realized by a PSIM-ModelSim co-simulation with PSIM 

simulating the power stage and ModelSim running Verilog code implemented in FPGA 

(controllers and PWM generation). 

Figure 7.13, 7.14, and 7.15 show the steady-state waveforms of the currents and 

voltages in the charging system at the different conditions of tuning and misalignment 

when Vb is 250 V and Ib is 4 A. It can be observed that the charging current and input 

current are effectively controlled, the input current remains sinusoidal and in phase with 

the input voltage in all conditions of the parameter variations. The simulating input current 

THD is in the range of 3.2 % - 4.0%, and the simulating input power factor is always higher 

than 0.99. 

Figure 7.13 shows that the higher primary current is required to maintain the output 

power when the mutual inductance is reduced, causing higher losses on the primary coil, 

the primary capacitor and the switches of the AC/AC converter, as illustrated in Figure 

7.16. Note that the thermal modules in PSIM are utilized to simulate the power losses of 

the switching devices and passive components, and the internal resistances of the primary 

and secondary coils are also included in simulation to evaluate their losses.  

The secondary current is sensitive to the reduction of the primary capacitance. 

Particularly, the secondary current increases by 30% when the primary capacitance 

decreases by 5%, as shown in Figure 7.14 (b). As a result, the losses of the secondary coil, 

the secondary capacitor and the rectifier increase, as shown in Figure 7.16. In this 

simulation, the variation of the primary capacitance is limited at 5% to prevent exceeding 
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the current rating of the rectifier’s switches (Rohm SCT3060AL 650V/39A). On the other 

hand, the primary current is sensitive to the variation of the secondary capacitance. A 

double line frequency fluctuation can be observed in the primary current when the 

secondary circuit is in the off-resonance condition, as depicted in Figure 7.15. That is 

because the fluctuation of the voltage across the secondary coil is not cancelled by the 

voltage of the secondary compensation capacitor. As can be seen in Figure 7.16, the 

primary current increases significantly when the secondary capacitance reduces, which 

causes more losses on the primary side. 

 

Figure 7.13: Simulation steady-state waveforms in the charging system when M decreases 

by 30%. 
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(a) 

 

(b) 

Figure 7.14: Simulation steady-state waveforms in the charging system (a) when Cp 

increases by 5%, and (b) when Cp decreased by 5%. 
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(a) 

 

(b) 

Figure 7.15: Simulation steady-state waveforms in the charging system (a) when Cs 

increases by 20%, and (b) when Cs decreased by 20%. 
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7.5 Summary 

In this chapter, a hybrid dual-loop control scheme which enables the input power 

factor correction and the average charging current regulation was proposed. A 1.0-kW SiC-

based prototype was designed and implemented to verify the feasibility of the proposed 

control scheme and the theoretical analyses in Chapter 6. The controller is realized on an 

FPGA controller (A2F200M3F). The experimental results showed that the battery charging 

current is effectively controlled, and a unity power factor is achieved over a wide range of 

the charging current command and the battery voltage. All input current harmonics are in 

compliance with the IEC 61000-3-2 Class A standard. Due to single-stage-power-

conversion and soft-switching features, the proposed charging system obtained the 

 

Figure 7.16: Loss distribution at the different conditions of tuning and misalignment 

(Simlation results). 
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maximum efficiency of 93.4 %, which is higher than that of other single-stage converter 

based IPT systems reported in literature. However, the high current stress and hard 

switching on the lower switches of the AC/AC converter are the weaknesses of the 

proposed charging system, and they might become worse at lower input voltage where a 

higher input current is required to provide the same output power. These issues can be 

overcome by paralleling switches. The performance of the charging system at different 

conditions of tuning and misalignment are also evaluated by simulation. It can be observed 

that the input and charging currents are still effectively controlled under the parameter 

variations. 

 

 

 

 

 

 

 

 

 

 

 



 

128 

 

Chapter 8. Conclusions and Future Work  

8.1 Conclusions 

A comprehensive study on power supply converter topologies for EV IPT charging 

applications has been undertaken in this thesis. Initially, Chapter 1 presented a general 

introduction to the WPT technologies such as APT, RFPT, OPT, CPT, and IPT. It is found 

that the IPT has been widely accepted in for many practical WPT applications, especially 

for the EV charging applications. The IPT-based EV chargers bring several benefits such 

as safety, convenience, flexibility, weather immunity, as well as possibility of range 

extension and cost reduction for the EVs. Among various research topics, the development 

of the high-frequency power supply converters is a primary importance for the IPT 

charging systems. The dual-stage and single-stage power conversion topologies for the IPT 

systems were overviewed in Chapter 2. The commonly used CSIs and VSIs in the dual-

stage topologies were presented, followed by the exhibition of the single-stage topologies 

including matrix and integrated structures that enable providing a direct AC/AC 

conversion. In addition, the compatibility of the power converters, compensation 

topologies and power control schemes in the IPT applications was discussed. 

In Chapter 3, a comprehensive comparison of the conventional dual-stage power 

conversion topology (boost PFC and FB VSI) and the potential single-stage counterparts 

including the buck-derived FBMC and boost-derived FBMC was carried out. The 

performance of the power converters was assessed regarding input current quality, 

switching stresses, efficiency, and cost. The simulation results revealed that all of the power 

conversion topologies have advantages and constraints. Particularly, the conventional dual-

stage topology has the lowest stress on switching devices, and the boost-derived FBMC 
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provides the greatest input current quality. On the other hand, the superiorities of the buck-

derived FBMC over the other topologies are high efficiency, low component count and 

cost. Despite eliminating the bulky DC-capacitors, the single-stage MCs still have many 

switching devices, and require complex control schemes. A novel direct AC/AC active-

clamped HB converter was proposed in Chapter 6 to address these issues. 

The exploration of the proposed AC/AC converter was initialized by investigating 

the active-clamped HBBI based IPT system. A comprehensive analysis of the soft-

switched, active-clamped HBBI in the IPT battery charging applications was performed in 

Chapter 4. Since its output is a high-frequency voltage, thus it can feed the SS-IPT system 

with the benefits of simplicity, cost-effectiveness, high efficiency, constant output current, 

and load-independent compensation. The active-clamped HBBI based SS-IPT charging 

system was mathematically modeled using the EDF technique. This has resulted in the 

steady-state and dynamic models that are useful for the system design and analysis. The 

ZVS mechanism of the fixed-frequency-controlled active-clamped HBBI based SS-IPT 

charging system was described in detail through the circuit operation modes. Then, the 

ZVS design methodology that was formulated based on the derived steady-state model 

equations. In the proposed design approach, the secondary circuit was tuned to the 

switching frequency to maximize the power transfer capability, whereas the primary circuit 

was tuned to a resonant frequency that slightly deviates from the switching frequency to 

obtain ZVS. With the proposed design approach, the bifurcation phenomenon that can 

cause the loss of ZVS is also eliminated.  

In Chapter 5, the theoretical analyses on the active-clamped HBBI based IPT 

charging system presented in Chapter 4 were validated by the simulation and experimental 
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results. A 1.0-kW prototype with an FPGA based charging current controller was 

developed. The derived small-signal model was used to design the charging current 

controller after having been successfully validated using the AC-sweep analysis in the 

PSIM simulation software. The controller was realized on an FPGA (SmartFusion 

A2F200M3F). The experimental results showed that the controller tightly regulated the 

charging current even with the variations of the charging current command, battery voltage, 

and mutual inductance. The feasibility of the proposed ZVS design approach was also 

proven through investigating the effect of the mutual coupling on the ZVS boundary of the 

inverter. It noted that the ZVS region is extended when the mutual inductance reduces. The 

experimental results revealed that the theoretical analyses are correct. In comparison with 

the non-ZVS system, the ZVS system is more efficient with an efficiency improvement of 

1.1 %. A maximum DC-to-DC efficiency of 93.4% was measured at the nominal coupling 

coefficient of 0.15 (an air gap of 170 mm), which is comparable to other IPT systems at 

similar power levels in literature. 

Based on the analysis in Chapter 4 and 5, the novel direct AC/AC active-clamped 

HB converter proposed for the IPT charging applications was studied in Chapter 6. It 

possesses many appealing features such as less switching devices (only 4 switches), 

continuous sinusoidal input current, electrolytic DC-link capacitor elimination, simple 

switching scheme, and ZVS operation. Moreover, the proposed AC/AC converter adopting 

the SS compensation topology is suitable for the static IPT charging applications. The 

operation principles were illustrated. A mathematical steady-state modeling and ZVS 

conditions of the converter were explored. Based on the steady-state analysis, a basic ZVS 
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design procedure for this converter was developed with the necessary design equations 

being presented in detail.  

In Chapter 7, a hybrid control strategy to achieve the unity power factor and the 

average charging current regulation was proposed for the IPT charging system fed by the 

direct AC/AC active-clamped HB converter. It consists of two control loops, a linear outer 

control loop and a nonlinear inner control loop. In the proposed charging system, the SRC 

charging technique where the battery current contains a double line frequency ripple was 

adopted. The outer control loop including an integral feedback controller and a feedforward 

controller was designed to regulate the average battery current with the fast dynamic 

response and steady-state error elimination. The feedback average battery current for the 

outer control loop was obtained using the IIR filter that has less computational effort. The 

output of the outer control loop is the peak input current reference that was consequently 

synchronized with the input voltage to generate the grid current command for the inner 

control loop. A digital predictive deadbeat controller with a very fast dynamic response 

was used in the inner control loop. The implementation of the inner controller is simple 

with measuring the input current, input voltage, and clamping voltage, but not considering 

the load and coupling coefficient variations. The stability analysis revealed a considerable 

robustness of the controller to parameter mismatches. The experimental verifications of the 

whole charging system with the proposed control scheme were conducted through a 1.0-kW 

laboratory prototype. The SmartFusion A2F200M3F FPGA was utilized as the core control 

unit. Experimental results showed that the battery charging current was effectively 

controlled, and a unity power factor was achieved under the variations of the charging 

current command and the battery voltage. The input current harmonic emissions complied 
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with the IEC 61000-3-2 Class A standard. Due to less component count and soft-switching 

features, the proposed charging system obtained the maximum efficiency of 93.4 % at the 

air gap of 170 mm, which is higher than that of other single-stage converter based IPT 

systems reported in literature. However, the high current stress and hard switching on the 

lower switches of the AC/AC converter are the weaknesses of the proposed charging 

system. They might be overcome by paralleling switches. 

8.2 Future Work 

Active power-decoupling circuits 

The proposed direct AC/AC active-clamped HB converter based IPT charging 

system adopts the low-frequency (120 Hz) SRC charging technique with a negligible 

negative impact on the battery performance [101, 106, 108, 109, 167-169]. In the case of 

requiring charging current ripple reduction, active power-decoupling topologies presented 

[170-172] can be utilized with the minimized capacitance requirement and no additional 

power switches, enhancing the performance of the charging system in terms of efficiency, 

power density, and cost. 

Bidirectional IPT systems 

For the active-clamped HBBI fed IPT system presented in Chapter 4 and 5, the 

bidirectional power transfer can be implemented by replacing the diode rectifier on the 

battery side with the active rectifiers. The modelling analysis, ZVS investigation, and 

control strategies for the system can be developed in the future research work. 

The structure of the direct AC/AC active-clamped HB converter based IPT system 

proposed in Chapter 6 enables the bidirectional power transfer capability; however, only 
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the gird-to-vehicle (G2V) operation mode was explored. The reverse operation mode, 

vehicle-to-grid (V2G), can be studied in the future. Particularly, the primary duty cycle-to-

input current transfer functions, derived in Appendix E, show right-hand-plane (RHP) 

zeros when the system is operated in the V2G mode, which requires advanced control 

strategies. The developed controllers must insure the system stability, fast dynamic 

response and grid power quality. 

Solar-powered IPT charging systems 

The wireless charging systems powered by solar energy sources possibly provide a 

zero-emission solution for the transportation sector. The features of the continuous input 

current and galvanic isolation make the active-clamped HBBI based IPT system suitable 

for photovoltaic (PV) applications. The research on the solar-powered IPT charging system 

using the active-clamped HBBI can be carried out. The system can be analyzed and 

modeled to develop the effective maximum power point tracking (MPPT) and maximum 

efficiency point tracking (MPET) control strategies under the influences of shading, panel 

mismatch, and general variance. 

Interleaved structure 

The power converter can be modularized as multi-parallel-interleaved converter 

modules with identical technology to enhance power transfer capability of the IPT systems. 

As a result of the interleaving configuration, the current stress on each module, input 

current ripple, and EMI filter size are significantly reduced. 
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Appendix A. Modelling Equation Derivation of Active-clamped Half-

bridge Boost Inverter Based IPT Charging System 

A.1 Basic Taylor’s Series Expansion Equations 

( )
ˆ ˆ( ) ( ) ( )

df X
f x f X x f X x

dX
     (A.1) 

( , ) ( , )
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A.2 Linearization of Nonlinear Equations 

The nonlinear equations (4.13), and (4.30)–(4.40) by using (A.1)–(A.3) 
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A.3 Steady-State Model Equations  

In the steady-state equations can be derived by separating steady-state terms, upper-

case letters, from (A.14)–(A.15), and then nullifying the derivative terms. The steady-state 

equations are given as follows 
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A.4 Small-Signal Model Equations  

The small-signal equations can be derived by separating perturbation terms from 

(A.14)–(A.15). The small-signal equations are given as follows 
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ˆ 1 ˆ ˆˆ
Cpc

pc s Cps Cps s

p

dv
i v V

dt C
    (A.30) 
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ˆ 1 ˆ ˆˆCsc
sc s Css Css s

s

dv
i v V

dt C
    (A.31) 

ˆ 1 ˆ ˆˆ
Cps

ps s Cpc Cpc s

p

dv
i v V

dt C
    (A.32) 

ˆ 1 ˆ ˆˆCss
ss s Csc Csc s

s

dv
i v V

dt C
    (A.33) 

ˆ 1 1 1 ˆˆ ˆLi
i Ci Ci

i i i

di
v Dv V d

dt L L L
    (A.34) 

ˆ 1 1 1 ˆˆ ˆsin ( cos )Ci
ps Li Li ps

i i i

dv
D i Di I I D d

dt C C C
 


       (A.35) 

ˆ 2 2 1 1ˆ ˆ ˆ ˆo ss sc
ss sc o b

o sp o sp b o b o

dv I I
i i v v

dt C I C I r C r C 
     (A.36) 

1 1ˆ ˆ ˆ
o o b

b b

i v v
r r

   (A.37) 
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Appendix B. Detailed Parameter Calculation of 1.0-kW Active-

clamped Half-bridge Boost Inverter based Inductive 

Wireless Charger 

 

Minimum Duty Cycle 

150
0.329

0.7 (max) 0.7 650

i

ds

V
D

V
  

 
 

D = 0.33 is selected. 

Boost Inductor (Li) 

   1 1 0.33 150
1.18 (mH)

1 85000

i

i

Li s

D V
L

I f

  
  

 
 

Li = 1.36 mH is selected. 

Mutual Inductance (M) 

 The average clamping voltage 

150
 454.54 (V)

0.33

i
Ci

V
V

D
    

 The average input current 

1000
7.41 (A)

0.9 150

o
Li

i

P
I

V
  


 

 The sine component magnitude of the primary current 
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0.33
7.41 8.92 (A)

sin sin 0.33
ps Li

D
I I

D

 

 


   


 

 The cosine component magnitude of the primary current, which is designed to 

obtain ZVS for S1 and S2 

 

 

 
 

6

2 cos 2

sin 2

7.41 1 2 8.92 cos 0.33 2 0.4 10 85000

sin 0.33 2 0.4 85000

2.52 (A)

Li Li ps d s

pc

d s

I I I D t T
I

D t T

 

 

 

  



   




       


   



 

 

 

   

 

1 2

12 6

2 ( ) cos

sin

7.41 1 2 (600 600) 10 454.54 0.4 10 8.92cos 0.33

sin 0.33

2.33 (A)

Li Li oss oss Ci d ps

pc

I I C C V t I D
I

D









 

    


       






 

 

 

 
 

6

2 cos 2

sin 2

7.41 1 2 8.92 cos 0.33 2 0.4 10 85000

sin 0.33 2 0.4 85000

4.32 (A)

Li Li ps d s

pc

d s

I I I D t T
I

D t T

 

 

 

  



   
 



       
 

   

 

 

 

 

   

 

1 2

12 6

2 ( ) cos

sin

7.41 1 2 (600 600) 10 454.54 0.4 10 8.92cos 0.33

sin 0.33

4.34 (A)

Li Li oss oss Ci d ps

pc

I I C C V t I D
I

D









 

     


        




 

 

Ipc =  7 A is selected. 
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 The mutual inductance 

2 2 2 2

4 4 4 72
15.14 (μH)

2 85000 8.92 7

b b

s pp s ps pc

V V
M

I I I   


   

    
 

The actual value of the mutual inductance is M = 15 H. 

Primary and Secondary Self-Inductance (Lp and Ls) 

 The secondary self-inductance 

2 2

2 2

0 0

8 8 72
4.4

1000
34.62 (μH)

2 85000

b
s

s eq o

s

V
Q

Q R P
L

 

  

   
   

      


 

The actual value of the secondary self-inductance is Ls = 35 H, and then the actual 

value of the secondary quality factor is Qs = 4.45. 

 The coupling coefficient 

2 2

2 2

4 1 4 4.45 1
0.22

2 2 4.45

s

s

Q
k

Q

  
  


 

k = 0.15 is selected. 

 The primary self-inductance 

 
2

62

2 2 6

15 10
285.71 (μH)

0.15 35 10
p

s

M
L

k L






  

 
 

The actual value of the primary self-inductance is Lp = 298 H, and then the actual 

value of the coupling coefficient is k = 0.147. 
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Primary and Secondary Compensation Capacitors (Cp and Cs) 

 The secondary compensation capacitor 

 
22 6

1 1
100.17 (nF)

2 85000 35 10
s

s s

C
L  

  
  

 

The actual value of the secondary compensation capacitor is Cs = 100.2 nF. 

 The primary resonant frequency 

 
   

2 3 2

2

2

232 6

2

6 2

8

( 7) 2 85000 15 10 1000
2 85000

8 8.92 298 10 72

513567.19 (rad/s)

pc s o

p s

ps p b

I M P

I L V

 
 

 






 

     
  

   



 

 The primary compensation capacitor 

 
22 6

1 1
12.72 (nF)

513567.19 298 10
p

p p

C
L 

  
 

 

The actual value of the primary compensation capacitor is Cp = 12.9 nF. 

Clamping Capacitor (Ci) 

950 50 13 10 0.65 (μF)i pC C       

Ci = 0.68 F is selected. 
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Table B.1: Component specifications of the 1.0-kW active-clamped HBBI based IPT 

charger 

Circuit configuration Components Part Number Rating  Quantity 

Active-clamped HHBI SiC MOSFETs 
Rohm    

SCT3060AL 
650 V/39 A 2 

Secondary rectifier Schottky diodes 
Microsemi 

APT100S20BG 
200 V/120 A 4 

Boost inductor (Li) 
Unshielded 

toroidal inductors 

Wurth Elektronik 

750343810 
340 H/15 A 4  340 H  

Clamping capacitor (Ci) 

Metallized 

polypropylene 

film capacitor 

Wurth Elektronik 

WCAP-FTXX 

890334026020 

0.68 F/300 VAC/ 
630 VDC 

1 

Primary compensation 
capacitor (Cp) 

Metallized 
polypropylene 

film capacitors 

TDK 
B32652A2472K000 

4.7 nF/700 VAC/ 
2000 VDC 

11  4.7 nF/4  

Secondary compensation 

capacitor (Cs) 

Metallized 

polypropylene 

film capacitors 

TDK 

B32652A2472K000 

&  TDK 

B32652A2152J000 

4.7 nF/700 VAC/ 

2000 VDC 

1.5 nF/700 VAC/ 

2000 VDC 

21  4.7 nF 

+ 1  1.5 nF 

Output capacitor (Co) 

Metallized 

polypropylene 

film capacitors 

Kemet 

C4DEFPQ6260A

8TK 
260 F/600 VDC 2  260 F 

Gate driver 

Gate driver power 

management 

evaluation boards 

Texas Instruments 

UCC5390SCDEV

M-010 

+18 V/-4 V/0.8 W 2 
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Appendix C. All-switch ZVS Operation of Direct AC/AC Active-

clamped Half-bridge Converter Based Inductive 

Wireless Charger 

 

Since only the duty cycle dp of the primary AC/AC converter is manipulated for the 

input current and charging current regulation, the switches of the proposed AC/AC 

converter cannot achieve ZVS in the whole line cycle, especially the lower switches. In 

order to simplify the ZVS analysis, the output parasitic capacitors of the switches are 

assumed small and ignorable. Due to the symmetry of the configuration and operation of 

the charging system, only the ZVS of the switches during the positive half cycle of the line 

voltage are derived in detail. Similarly, their ZVS operation during the negative half cycle 

of the line voltage can be analyzed. 

As demonstrated in Chapter 6 and 7, the ZVS condition for the switches of the 

secondary rectifier is that the secondary current is must lead the secondary voltage vs, 0 < 

 < /2. However, in order to minimize the VA rating of the primary and secondary 

converters, the  should be slightly less than /2. For the primary AC/AC converter, 

according to Section 4.4 in Chapter 4, during the positive half line cycle, Sp1a can be turned 

on with ZVS if it is activated at ip < ii. On the other hand, Sp2a can be turned on with ZVS 

if it is activated at ip > ii. As shown in Figure C.1, the ZVS conditions of Sp1a and Sp2a 

during the positive half line cycle can be formulated as (C.1) and (C.2), respectively. 

  4 2p s p s d i ii T d T t i i      (C.1) 

  4 2p s p s d i ii T d T t i i      (C.2) 
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where    
2

sin 2b
p s

s

V
i t t

M
  


   , 

sin2 sin pb
i

s p

dV
i

M d



 
 , 

 1 p i

i

i s

d v
i

L f


  , 

and td is the dead time. 

 

Figure C.1: Key operating waveforms on the primary side.   

 

Figure C.2: All-switch ZVS operation region of the charging system at  = 60o, Vb = 250 

V and Ib = 3.5 A during the positive half line cycle.   
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For the charging system given in Table 7.1 in Chapter 7,  = 800 is selected, the lower 

switches of the AC/AC converter, Sp2a and Sp2b, always suffer hard turn-on and hard turn-

off while the other switches are operated with ZVS. However, when  reduces to 600 with 

td = 0.4 s, the ZVS for the all the switches of the charging system can be achieved in the 

certain areas over the line cycle. The theoretical all-switch ZVS region of the charging 

system at  = 600, Vb = 250 V and Ib = 3.5 A during the positive half line cycle is depicted 

in Figure C.2. It can be observed that the ZVS region (shaded areas, 1.17 rad  it  1.97 

rad) is constrained by the ZVS condition (C.2) of the lower switch Sp2a. The ZVS of Sp2a 

cannot be maintained in the whole line cycle, especially in the low grid voltage area. 

Figure C.3 shows the simulation waveforms verifying the ZVS of the switches in the 

charging system. At it = 1.8 rad, the primary and secondary voltages are unchanged when 

the switches are turned on as shown in Figure C.3 (a). Therefore, all the switches are 

operated with ZVS. On the other hand, at it = /3 rad, the primary voltage vp changes its 

status whenever Sp2a is turned on or turned off, so it loses ZVS as shown in Figure C.3 (b), 

which agrees with the theoretical analysis. 
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 (a)  (b) 

Figure C.3: Simulation waveforms of ZVS verification at  = 60o, Vb = 250 V and Ib = 3.5 

A. (a) it = 1.8 rad. (b) it = /3 rad.   
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Appendix D. Detailed Parameter Calculation of 1.0-kW Direct AC/AC 

Active-clamped Half-bridge Converter Based Inductive 

Wireless Charger 

 

Minimum Duty Cycle 

120 2
0.282

600

m
pm

cm

V
D

V
    

Dpm = 0.28 is selected. 

Boost Inductor (Li) 

   1 1 0.28 120 2
0.72 (mH)

2 85000

pm m

i

m s

D V
L

I f

  
  

 
 

Li = 1.02 mH is selected. 

Mutual Inductance (M) 

 The input current peak 

2 2 1000
13.09 (A)

0.9 120 2

o
m

m

P
I

V


  


 

 The mutual inductance 

 sin sin 0.282 sin 2 250 sin80
19.64 (μH)

2 85000 13.09 0.28

o
pmb

s m pm

DV
M

I D

 

    

 
  

   
 

The actual value of the mutual inductance is M = 20.6 H. 

Primary and Secondary Self-Inductance (Lp and Ls) 
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The inductive coupling coils are designed to obtained the desired mutual 

inductance at the air gap of 170 mm. The primary and secondary self-inductance 

values are 297.2 H and 52.8 H, respectively. 

Primary and Secondary Compensation Capacitors (Cp and Cs) 

 The primary compensation capacitor 

 
22 6

1 1
11.8 (nF)

2 85000 297.2 10
p

s p

C
L  

  
  

 

The actual value of the primary compensation capacitor is Cp = 11.88 nF. 

 The secondary compensation capacitor 

 
22 6

1 1
66.4 (nF)

2 85000 52.8 10
s

s s

C
L  

  
  

 

The actual value of the secondary compensation capacitor is Cs = 66.3 nF. 

Clamping Capacitor (Ci) 

6

4 4 250
2 2 85000 20.6 10 2.7 (μF)

2 85000 20

b

pp s
i

s c s c

V

I M
C

V V

  
  





      
   

 

Ci = 3.3 H is selected. 
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Table D.1: Component specifications of the 1.0-kW AC/AC active-clamped HB converter 

based IPT charger 

Circuit configuration Components Part Number Rating  Quantity 

Active-clamped HHBI SiC MOSFETs Cree     C2M0040120D 1200 V/60 A 4 

Secondary rectifier SiC MOSFETs Rohm    SCT3060AL 650 V/39 A 2 

Boost inductor (Li) 
Unshielded 

toroidal inductors 

Wurth Elektronik 

750343810 
340 H/15 A 3 (series) 

Clamping capacitor (Ci) 

Metallized 

polypropylene 

film capacitor 

Vishay           
F340X153348MPP2T0 

3.3 F/480 VAC/ 
800 VDC 

1  3.3 F 

Primary compensation 

capacitor (Cp) 

Metallized 

polypropylene 

film capacitors 

TDK 

B32652A2472K000 

& TDK  
B32652A2332J000 

4.7 nF/700 VAC/ 

2000 VDC 

3.3 nF/700 VAC/ 
2000 VDC 

8  4.7 nF/4  

+ 3  3.3 nF/4  

Secondary compensation 

capacitor (Cs) 

Metallized 

polypropylene 

film capacitors 

TDK 

B32652A2472K000 

& TDK  
B32652A2332J000 

4.7 nF/700 VAC/ 

2000 VDC 

3.3 nF/700 VAC/ 

2000 VDC 

12  4.7 nF  

+ 3  3.3 nF 

Output capacitor (Co) 

Metallized 

polypropylene 

film capacitors 

Kemet 

C4DEFPQ6260A8T

K 
260 F/600 VDC 2 (parallel) 

Gate driver 

Gate driver 

power 

management 

evaluation boards 

Texas Instruments 

UCC5390SCDEVM-

010 

+18 V/-4 V/0.8 W 6 
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Appendix E. Duty Cycle–to–Input Current Transfer Function 

Derivation of Direct AC/AC Active-clamped Half-bridge 

Converter Based Inductive Wireless Charger 

 

In this Appendix, the derivation of the duty cycle-to-input current transfer function of 

the direct AC/AC active-clamped half-bridge converter based IPT charging system will be 

provided in detail. Figure E.1 shows the equivalent circuit of the AC/AC conversion stage 

and its typical waveforms during the positive half line cycle. In order to simplify the 

analysis, some assumptions are made as follows: 

1) The switching frequency is much higher than the line frequency, the input voltage vi 

can be considered as constant over a switching period; 

2) All switches and diodes are ideal;  

3) The dead time is neglected;  

4) Parasitic resistances of inductors, capacitors and coils are ignorable; 

5) Boost inductor Li is sufficiently large to maintain a constant low-ripple input current 

over a switching period; 

6) Clamping capacitor Ci is sufficiently large to maintain constant clamping voltage 

over a switching period; 

7) Primary current ip is nearly sinusoidal. 
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During the turn-on period of Sp1a with duty cycle dp, the nonlinear state equations are 

given by 

  
1i

i Ci

i

di
v v

dt L
   (E.1) 

  
1Ci

i p

i

dv
i i

dt C
   (E.2) 

where ip is given by (6.10). 

During the turn-off period of Sp1a, the nonlinear state equations are given as follows 

 
i i

i

di v

dt L
  (E.3) 

 0Cidv

dt
  (E.4) 

       

 (a) (b) 

Figure E.1: (a) Equivalent circuit of AC/AC conversion stage, and (b) Its typical 

waveforms over the positive half line cycle.   
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The input current (ii) and clamping voltage (vCi) are approximated to DC values over a 

switching period, thus their average rate of change over a full switching period can be 

derived as follows: 

22 2

0

2 2

1
( )

2

1 1

p p

p p

d d

i
i Ci s i s i s

i
d d

i p Ci

i i

di
v v d t v d t v d t

dt L

v d v
L L

 
 



 
 

  


 

 

 
 

   
 
  

 

  
 (E.5) 

2

2

1 1 1
( ) sin

2

p

p

d

Ci
i p s i p ps p

i i i
d

dv
i i d t i d I d

dt C C C







 
 





 
 

   
 
  

  (E.6) 

where 
2 sin sinb s

ps

s

V d
I

M

 


 . 

The nonlinear differential equations (E.5) and (E.6) contain the steady-state and 

small-signal model of the AC/AC conversion stage. The steady-state equations are given 

as 

 

sin p

i ps

p

d
i I

d




  (E.7) 

 
i

Ci

p

v
v

d


 (E.8) 

By perturbing and linearizing (E.5) and (E.6), the small small-signal equations can 

be obtained as 
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ˆ 1 ˆˆ ˆ
pi Ci

i Ci p

i i i

ddi v
v v d

dt L L L
    (E.9) 

  
ˆ 1 ˆˆ cos

pCi
i i ps p p

i i

Ddv
i i I d d

dt C C
    (E.10) 

The duty cycle-to-input current transfer function can be derived by rearranging 

(E.9) and (E.10) in the state-space matrix representation, and then taking the Laplace 

transform  

 2 2

( )

( )

p p Cii Ci

p i p i i

s K d vi s v

d s L s d L C


 


 (E.11) 

where  
1

cosp i ps p

i

K i I d
C

  . 

Similarly, the duty cycle-to-input current transfer function during the negative half 

line cycle can be derived as  

 2 2

( )

( )

n p Cii Ci

p i p i i

s K d vi s v

d s L s d L C


 


 (E.12) 

where  
1

cosn i ps p

i

K i I d
C

  . 

It can be seen that the transfer functions (E.11) and (E.12) contain RHP zeros when 

the direct AC/AC active-clamped HB converter based IPT system is operated in the V2G 

mode. 
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Appendix F. Classification and Current Harmonic Limits in IEC 

61000-3-2 

 

 

 

 

 

 

 

 

Table F.1: Classification of IEC 61000-3-2 

Classes Applications 

A 

 Balanced three-phase equipment 

 Household appliances excluding equipment identified as class D 

 Tools, excluding portable tools 

 Dimmers for incandescent lamps 

 Audio equipment 

 Other equipment, except that stated in classes B, C, and D 

B 
 Portable tools 

 Arc welding equipment which is not professional equipment 

C  Lighting equipment 

D 

 PCs, PC monitors, radio, or TV receivers with Input power P  

600W 

 Refrigerators and freezers having one or more variable-speed 

drives (VDS) to control compressor motor(s) 
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Table F.2: Current harmonic limits for class A equipment 

Harmonic orders                          

n 

Maximum permissible harmonic current 

(A) 

Odd harmonics 

3 2.30 

5 1.14 

7 0.77 

9 0.40 

11 0.33 

13 0.21 

15  n  39 0.15  15/n 

Even harmonics 

2 1.08 

4 0.43 

6 0.30 

8  n  40 0.23  8/n 
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Table F.3: Current harmonic limits for class B equipment 

Harmonic orders                          

n 

Maximum permissible harmonic current 

(A) 

Odd harmonics 

3 2.30  1.5 

5 1.14  1.5 

7 0.77  1.5 

9 0.40  1.5 

11 0.33  1.5 

13 0.21  1.5 

15  n  39 0.1515/n  1.5 

Even harmonics 

2 1.08  1.5 

4 0.43  1.5 

6 0.30  1.5 

8  n  40 0.23  8/n  1.5 
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Table F.4: Current harmonic limits for class C equipment 

Harmonic orders                          

n 

Maximum permissible harmonic current 

expressed as the percentage of the input 

current at the fundamental frequency (%) 

2 2 

3 30  PF (PF is the circuit power factor) 

5 10 

7 7 

9 5 

11  n  39 (odd harmonic only) 3 

 

Table F.5: Current harmonic limits for class D equipment 

Harmonic orders                          

n 

Maximum permissible harmonic 

current per watt (mA/W) 

Maximum permissible 

harmonic current (A) 

3 3.40 2.30 

5 1.90 1.14 

7 1.00 0.77 

9 0.50 0.40 

11 0.35 0.33 

13  n  39  

(odd harmonic only) 
3.85/n See Table F.2 
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Appendix G. Printed Circuit Board of Direct AC/AC Active-clamped 

Half-bridge Converter 

 

 

Figure G.1: Schematic diagram of the direct AC/AC active-clamped half-bridge converter. 

 

Figure G.2: PCB layout of the direct AC/AC active-clamped half-bridge converter. 
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clamping half-bridge boost inverter for inductive wireless charging applications," 

IEEE Trans. Transport. Electrific., vol. 5, no. 4, pp. 1027-1039, Dec. 2019. 

• P. S. Huynh, D. Ronanki, D. Vincent, and S. S. Williamson "Overview and 
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